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Foreword

“Advanced Technologies in Earth Sciences” is based on the German Geoscientific
Research and Development Programme “GEOTECHNOLOGIEN” funded by the
Federal Ministry of Education and Research (BMBF) and the German Research
Foundation (DFG).

This programme comprises a nationwide network of transdisciplinary research
projects and incorporates numerous universities, non-university research institu-
tions and companies. The books in this series deal with research results from
different innovative geoscientific research areas, interlinking a broad spectrum of
disciplines with a view to documenting System Earth as a whole, including its
various sub-systems and cycles. The research topics are predefined to meet scien-
tific, socio-political and economic demands for the future.

Ute Münch
Ludwig Stroink

Volker Mosbrugger
Gerold Wefer
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Preface

Over the next decades global energy consumption will continue to increase. Despite
advances in the transition to renewable energy sources, fossil fuels will nevertheless
continue to dominate global primary energy consumption and their combustion will
further fuel atmospheric carbon dioxide (CO2) concentrations and global warming.
While energy efficiency and increasing share of non-fossil energy generation will
contribute to the de-carbonization of the energy system, Carbon Capture and
Storage (CCS) is the only available technology that allows reducing CO2 emissions
arising from usage of fossil fuels. CCS may be applied to fossil-fuel-based power
generation, industrial processes (steel, cement, refineries) and power generation
from biomass; in the latter case, CCS may also result in net negative CO2 emis-
sions. Central to CCS is the secure and long-term storage of the captured CO2 in
deep geological formations preventing the CO2 from escaping into the atmosphere.
Although geological CO2 storage builds on experiences from hydrocarbon industry
and underground storage of natural and town gas, it poses specific challenges on,
amongst others, geochemical and geophysical reservoir understanding, reservoir
engineering and storage operation, monitoring techniques, material properties,
long-term security and risk assessment and management, as well as communication
strategies with the different stakeholders. These challenges have to be addressed
and solved to ensure industrial implementation readiness of CCS in the near future.

To address these challenges, the German Federal Ministry of Education and
Research (BMBF) has initiated and funded several scientific projects for the
development of the necessary scientific and technological knowledge base for
geological CO2 storage in the framework of its Research and Development Pro-
gramme GEOTECHNOLOGIEN. Since 2005, a total of 33 research projects on the
different aspects of geological CO2 storage have been and are still funded within
three successive funding periods. Due to this effort, Germany has gained substantial
scientific and technological know-how in the field of geological CO2 storage. From
a scientific and technological perspective, the results and outcomes of the different
projects lay the fundamentals for secure and reliable implementation of demo-scale
projects on CO2 storage.
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In eleven individual chapters, this volume compiles and reviews the main results
from the most recent research and development projects on geological storage of
CO2 funded by the third funding period under the GEOTECHNOLOGIEN Pro-
gramme. The projects concentrate on the development of innovative technologies
and processes for the reliable assessment of the operational/long-term safety of
potential and existing CO2 storages. The main goals were the development
of methods for the identification and comprehension of security relevant processes
of possible weak points (e.g. faults) of the cap rock—from the reservoir to the
surface as well as the prognosis of the influence of industrially sequestered CO2 on
reservoir rock and cap rock. Furthermore, experimental analysis of thermodynamic
and kinetic data were carried out to model complex reactions between injected CO2,
associate material, natural formation water and mineral phases. In addition, further
developments on reactive multiphase transport models were realized. In this con-
text, the analysis of coupled hydraulic and geo-mechanical processes in the reser-
voir and cap rock with regard to the deformation and mechanical reactions of the
cap rock and alterations at the surface are explained in the volume. Furthermore,
hydrodynamical reservoir modelling with regard to the replacement of formation
fluids to avoid contaminations (e.g. of the groundwater) were developed to ensure
the long-term security of a CO2 storage site. Therefore, the development and
realization of effective and efficient technologies to monitor the lateral CO2 and
pressure extension and footprint and the replacement of brines were investigated.

Geophysical methods, numerical modelling procedures, microbiological inves-
tigations as well as the development of new optical sensor technologies and their
combination will be explained in detail in this volume. Laboratory as well as field
studies in Germany, e.g. at the Ketzin pilot site, but also with international partners
in Canada and Australia were carried out to merge the already existing expertise in
the field of Carbon Capture and Storage (CCS).

In addition to the technical natural science-dominated methods and techniques,
social scientists were involved in several projects to evaluate the opportunities and
limits for the acceptance of CCS in Germany. On the basis of data from completed
projects, using new research approaches to close the existing gaps in acceptance
research were investigated. Furthermore, analyses of factors influencing acceptance
as well as an assessment of participatory methods were analysed.

Axel Liebscher
Head of Centre for Geological Storage CGS,

GFZ German Research Centre for Geosciences

Ute Münch
Head of the GEOTECHNOLOGIEN coordination office
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Joint Research Project CO2MAN
(CO2MAN Reservoir Management):
Continuation of Research
and Development Work for CO2 Storage
at the Ketzin Pilot Site

Sonja Martens, Ronald Conze, Marco De Lucia, Jan Henninges,
Thomas Kempka, Axel Liebscher, Stefan Lüth, Fabian Möller,
Ben Norden, Bernhard Prevedel, Cornelia Schmidt-Hattenberger,
Alexandra Szizybalski, Andrea Vieth-Hillebrand, Hilke Würdemann,
Kornelia Zemke and Martin Zimmer

Abstract The joint project CO2MAN (CO2 Reservoir Management) was a scien-
tific programme accompanying geological CO2 storage at the Ketzin pilot site in the
German Federal State of Brandenburg. The project which was funded by the
German Federal Ministry of Education and Research (BMBF) from 1 September
2010 to 31 December 2013 enclosed six scientific institutions and seven industry
partners. The Ketzin pilot site is the longest-operating on-shore CO2 storage site in
Europe. In advance of the CO2MAN project, CO2 injection had already started in
June 2008 and storage operation had been accompanied by one of the world’s most
extensive scientific research and development programmes. The CO2MAN project
took advantage of this unique potential of the site in order to answer further
technical and scientific questions on CO2 storage and to inform about this highly
debated technology. The CO2MAN project demonstrates safe geological CO2

storage at the Ketzin site on a pilot scale.

1 Introduction

CO2MAN which stands for CO2 Reservoir Management was a scientific pro-
gramme accompanying geological CO2 storage at the Ketzin pilot site. Within the
framework of CO2MAN a total of six German scientific institutions and seven
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industry partners from Norway, Austria and Germany participated (Fig. 1). The
joint project was coordinated by the GFZ German Research Centre for Geosciences
in close cooperation with all partners.

The Ketzin pilot site for geological storage of CO2 is located about 25 km west
of Berlin in the German Federal State of Brandenburg (Fig. 2). It is the longest
operating European on-shore CO2 storage pilot site and provides an in situ labo-
ratory for CO2 storage in a saline aquifer of the Northeast German Basin. Injection
of CO2 at Ketzin started on 30 June 2008 and was accompanied by one of the most
comprehensive scientific research and development (R&D) programmes worldwide
with key objectives being R&D on injection operation, monitoring and modelling.
The first results that had been achieved at the pilot site Ketzin were promising
(Schilling et al. 2009a; Würdemann et al. 2010). However, for a final assessment of
the technology further investigations were necessary (Stroink et al. 2009). Hence
the aim of the CO2MAN project was to take advantage of the unique potential and
the infrastructure of the Ketzin pilot site and to continue CO2 injection and the
R&D activities with a dedicated public outreach programme. The key objectives of
the joint research project were:

• to monitor the migration of the injected CO2, to determine the sensitivity of
individual monitoring methods and to test and develop geophysical monitoring
concepts for CO2 storage sites,

• to characterize and quantify CO2-induced interactions between fluid, rock and
microbial community in the storage system,

• to validate tools for static modelling and dynamic simulations for the Ketzin
pilot site, and

• to inform the public, stakeholders, decision makers and regulatory authorities
about CO2 storage.

Fig. 1 CO2MAN partners from academia and industry. The consortium includes GFZ German
Centre Research for Geosciences (coordinator) in Potsdam, Friedrich-Alexander University of
Erlangen-Nürnberg, University of Stuttgart (Department of Hydromechanics and Modelling of
Hydrosystems (LH2)), University of Leipzig and the Helmholtz Centre for Environmental
Research -UFZ in Leipzig. Industry partners are Dillinger Hüttenwerke, OMV, RWE, Saarstahl,
Statoil, Vattenfall and VGS

2 S. Martens et al.



The core of the project consisted of the four work packages “Research Infra-
structure”, “Geophysical Monitoring”, “Reservoir Processes” and “Modelling and
Simulations”. Each work package comprised three to five sub-projects (Fig. 3). The
work packages were complemented by the activities “Data Management”, “Infor-
mation Centre Ketzin” and “Project Management”. This contribution comprises an
overview of the work carried out and the results obtained under the joint research
project CO2MAN.

2 Research Infrastructure at the Ketzin Pilot Site

The Ketzin project on CO2 storage was initiated by the GFZ German Research
Centre for Geosciences in 2004 (Würdemann et al. 2010). Hence, there was already
a certain research infrastructure available at the pilot site and the CO2 injection was
on-going since June 2008 when the CO2MAN joint project started in September
2010. The infrastructure consisted of an injection facility (Fig. 4) with two inter-
mediate CO2 storage tanks and four large ambient air heaters as well as the
injection/observation well Ktzi 201 and the pure observation wells Ktzi 200 and
202. In the course of the CO2MAN project the CO2 injection was continued until
the end of August 2013 and two additional monitoring wells were drilled.

Fig. 2 Geographic location of the Ketzin pilot site in the Federal State of Brandenburg and aerial
picture of the site with its research infrastructure in June 2013

Joint Research Project CO2MAN (CO2MAN Reservoir Management) … 3



2.1 Storage Operation

Injection of CO2 at the Ketzin pilot site started already prior to the CO2MAN
project on 30 June 2008 and ended on 29 August 2013. The CO2 was delivered by
road tankers in a liquid state and stored at about −18 °C and 21 bars in the two
intermediate storage tanks on site (Fig. 4). Prior to injection the pressure was raised
by plunger pumps to the necessary injection pressure and the CO2 was heated by
ambient air heaters and an electrical heater. Then the CO2 was transported via a
pipeline of about 100 m length to the injection well Ktzi 201. A total amount of
67 kt of CO2 was safely injected over the more than 5 years period. Thereof,
29,337 t were injected within the CO2MAN project (Fig. 5). During most of the
time food-grade CO2 (purity > 99.9 vol%) was used with monthly injection rates
between 1,000 and 2,300 t. From May to June 2011, 1,515 t of CO2 captured from
the Vattenfall Schwarze Pumpe oxyfuel pilot plant (purity > 99.7 vol%) were used.

CO2 injection was accompanied by a comprehensive operational pressure-tem-
perature monitoring programme (Liebscher et al. 2013). Due to CO2 injection the
reservoir pressure increased to about 76–79 bars already after eighth months of
injection (Fig. 5). After this initial increase the reservoir pressure slightly decreased

Fig. 3 Organization chart of the joint project CO2MAN, showing the different work packages,
sub-projects and respective lead scientists
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Fig. 4 Injection facility at Ketzin with two intermediate CO2 storage tanks (left) and ambient air
heaters (middle) before decommissioning in December 2013

Fig. 5 Overall injection history at the Ketzin pilot site showing cumulative mass of injected CO2

(orange) and measured pressure at 550 m depth in well Ktzi 201 (blue) from June 2008 to
December 2013. The reservoir pressure at 630 m is about 2 bars higher than the measured pressure
at 550 m. The red line refers to the maximum permitted pressure of 85 bars at reservoir depth
(=83 bars at 550 m) given by the Mining Authority

Joint Research Project CO2MAN (CO2MAN Reservoir Management) … 5



and stabilized between about 72 and 75 bars reflecting a stable injection regime
(Liebscher et al. 2013). Between March and July 2013, the injection temperature
was lowered stepwise down to 10 °C to demonstrate the feasibility of a “cold
injection” process, i.e. without pre-heating the CO2. Despite high dynamics of the
measured pressure within the injection well Ktzi 201 (Fig. 5), the entire injection
process ran smoothly and the experiment could be carried out successfully.

Longer shut-in phases, e.g. during drilling of the Ktzi 203 well, and the
beginning of the post-injection phase at the end of August 2013 were characterized
by a continuous decrease of the reservoir pressure. The maximum approved res-
ervoir pressure as defined by the Mining Authority is 85 bars at 630 m depth, which
transforms into 83 bars at 550 m depth, i.e. installation depth of the pressure sensor
in well Ktzi 201. During the entire storage operation the reservoir pressure was
always well below this maximum approved value. The injection facility was dis-
mantled in December 2013 whereas post-injection monitoring continues.

During the CO2MAN project the four deep wells at Ketzin were inspected by
comprehensive wellbore logging campaigns on an annual basis. Logging included
magnetic measurements, saturation measurements using pulsed neutron gamma
(PNG) logging and borehole inspections with a video camera to enable visual
inspection. Based on the results of the logging campaign and the video material the
good condition of the wells could be repeatedly confirmed. Fluid samples from the
wells were gained during all logging campaigns and used for further investigations
on reservoir processes (compare Sect. 4).

The storage operation at Ketzin is carried out under the framework of the
German Mining Law. The injection phase was realized with well trained personnel
from the gas storage industry and monitored, in addition to the scientific investi-
gations, by two consulting engineering companies. The consultants reported to the
mining authority independently from the GFZ on a regular basis. This constellation
proved to be successful in the way that over more than 5 years of injection no
health, safety or environmental issues occurred. The safe storage of CO2 at Ketzin
was only possible due to a close and trustful cooperation between the storage
operator, the consultants, the mining authority and of course all scientific personnel.
This also ensured that all scientific experiments within CO2MAN could be carried
out while at the same time all legal requirements were met.

2.2 Drilling and Well Abandonment

Prior to the start of the CO2MAN project three wells (Ktzi 200, Ktzi 202, Ktzi 202)
had already been drilled at Ketzin in 2007 and were completed with a smart casing
concept (Prevedel et al. 2009). To meet the scientific needs of the CO2MAN project
two additional monitoring wells (P300, Ktzi 203) were drilled in 2011 and 2012.

The well P300 was drilled in summer 2011 to 446 m depth into the lowermost
aquifer (Exter Formation) above the cap rock of the CO2 storage reservoir (Fig. 6) to
allow for above-zone monitoring in the indicator horizon. The geological succession

6 S. Martens et al.



encountered at well P300 (Martens et al. 2013) was very similar to the geology
observed at the other Ketzin boreholes (Förster et al. 2009). 40.9 m of best quality
cores could be retrieved, allowing a detailed analysis of the mineralogy and geo-
chemical properties of the Exter Formation. The well was completed with a combined
high resolution pressure and temperature sensor at 418m depth, a level sensor at 21m
and a non-cemented monitoring string with a U-tube fluid sampling system to allow
for pressure and fluid monitoring of the indicator horizon (compare Sect. 3.4).

In August and September 2012, the well Ktzi 203 was drilled about 25 m apart
from the injection well Ktzi 201 (Fig. 2) to 701 m depth to gain cores of the cap
rock and reservoir sandstones that were in contact with the injected CO2 for more
than 4 years. This well was planned and drilled in accordance with a slim-hole
concept and recovered 90 m of cores. The well showed a geological profile very
similar to the Ktzi 201 borehole. At the top of the storage (Stuttgart) formation the
approximately 18-m thick reservoir sandstone is present. At final depth the reservoir
section was cased and cemented with fiber glass casing pipe for testing the appli-
cability of corrosion resistant composite pipe material for future storage operation
and abandonment steps. The well Ktzi 203 was completed with a combined 3.5″
steel/fiber glass production casing with two distributed temperature sensing (DTS)
cables and two pressure-temperature sensors on the outside at 305 and 610 m depth.
Subsequent wireline logging runs in the Ktzi 203 well revealed an obstruction

Fig. 6 Schematic vertical profile of the Ketzin pilot site showing its four deep wells (Ktzi 200 to
Ktzi 203) and one shallow observation well (P300). Both wells P300 and Ktzi 203 were drilled in
the course of the CO2MAN project. A plug cementation was carried out in the lower part of the
observation well Ktzi 202 in autumn 2013

Joint Research Project CO2MAN (CO2MAN Reservoir Management) … 7



inside the 3.5″ production casing at 557 m that required a work-over operation in
order to remove this section which was blocked by cement. This operation was
conducted in April/May 2013 and freed the inside of the casing so that logging tools
and a perforation gun could reach the CO2 injection horizons and finally connect
the well to the reservoir.

As the begin of a staged well abandonment at the Ketzin pilot site, a plug
cementation in the form of a partial abandonment of well Ktzi 202 (Fig. 6) was
carried out in autumn 2013. As this well was a monitoring borehole since 2007 it
was entirely filled with CO2 under elevated pressure. In order to start the aban-
donment the well had to be pressure killed by injecting NaCl brine from the surface
into the wellhead and such pushing the CO2 back into the storage formation. By
that means a brine filled and secured borehole situation could be established and the
wellhead could be safely removed and replaced by a blow-out preventer for the
subsequent plug cementing work in the reservoir section. A special CO2 resistant
cement (EverCrete) was chosen which will be partly core-drilled and analyzed in
the course of the follow-up project COMPLETE in 2015.

3 Monitoring of the Ketzin Pilot Site

R&D on monitoring of the Ketzin pilot site was one of the key objectives of the
CO2MAN project. Already in advance of this joint research project, a compre-
hensive monitoring concept which combined operational, geophysical, geochemical
and microbiological monitoring techniques had been tested and established at the
pilot site (Würdemann et al. 2010).

In the framework of CO2MAN, geophysical techniques including borehole
monitoring, active seismic and geoelectric methods were continued in order to
further monitor the migration of the injected CO2 on different scales. Gas geo-
chemical monitoring focused on CO2 soil flux measurements at the surface and
fluid sampling from the wells via permanently installed capillary riser tubes and a
U-tube system.

3.1 Borehole Monitoring

The migration of the injected CO2 close to the boreholes was monitored using a
combination of different well logging techniques. The temperature distribution along
the deep boreholes was continuously recorded with permanently installed distributed
temperature sensing (DTS) cables. The saturation conditions within the CO2 storage
horizon and the cap rock were investigated using pulsed neutron-gamma (PNG)
logging. Furthermore, the heat-pulse method was tested for monitoring of saturation
changes. Here the formation thermal conductivity is determined based on temperature
changes under the influence of a controlled heat source. For this purpose, a combined
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opto-electric sensor-heater cable was installed behind casing in the new observation
well Ktzi 203.

After filling up with CO2 the temperature conditions in the deep observation
wells are controlled by a heat-pipe process (Henninges et al. 2011). Temperature
changes are caused by phase transitions during evaporation and condensation of
CO2, and characteristic temperature gradients are established in the two-phase zone.
The pressure evolution along the borehole depends on the composition and the
phase distribution within the fluid column (Loizzo et al. 2013).

For the Ktzi 203 well, in situ thermal conductivities were calculated by
numerical inversion of the data acquired during heat-pulse measurements. The
thermal conductivity profiles show a good correlation with lithological changes,
with values ranging between 1 and 4.5 Wm−1K−1. They display similar charac-
teristics as the profiles previously determined for the other wells (Freifeld et al.
2009). Within the storage horizon, changes of thermal conductivity in the order of
20–30 % could be observed between different measurements, but the results show a
high sensitivity against external thermal influences.

PNG logs were acquired within all deep wells in about annual intervals and
saturation conditions were calculated by comparison of the data with previously
recorded baseline and repeat measurements (Fig. 7). The highest CO2 saturations

Fig. 7 PNG logging data and calculated CO2, brine (br) and halite (NaCl) saturations in the wells
Ktzi 200 (left), Ktzi 201 (middle) and Ktzi 202 (right). SIGM: measured macroscopic formation
capture cross-section; b: baseline (June 2008), r4: repeat 4 (March 2011), r6: repeat 6 (October
2012). The positions of the brine levels within the wells are indicated with black markers.
Lithology after Förster et al. (2010)
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occur at the injection well Ktzi 201, with average values of 68 %, and up to 100 %
locally. At the observation wells CO2 saturations are lower, with average values of
> 60 % at well Ktzi 200, and a further decrease towards well Ktzi 202 (aver-
ages < 60 %). A new PNG saturation model for CO2 and NaCl brine was developed
which besides displacement also accounts for evaporation and precipitation pro-
cesses (Baumann 2013; Baumann et al. 2014). Based on this model and the PNG
measurements salt precipitation at the CO2-brine contact in the Ktzi 201 near-well
area could be shown for the first time.

Within the cap rock, no indications for accumulation of CO2 in shallower
aquifers were observed. This is important evidence that no significant migration of
CO2 along the boreholes is occurring. The calculated saturations were used as input
parameters for estimates of the CO2 mass contained within the storage horizon
based on seismic data (Ivanova et al. 2012; see below) and for evaluation of
electrical resistivity tomography data (Bergmann et al. 2012; see below). The
established fiber-optic sensor cable network also exhibits favorable properties for
seismic surveys using the newly emerging method of distributed acoustic sensing
DAS (Daley et al. 2013).

3.2 Seismics

The main task of seismic monitoring at the Ketzin pilot site is to image the lateral
and vertical propagation of the injected CO2 in the reservoir. To this end, high-
resolution vertical seismic profiling (VSP), star-profile surveys close to the injection
location (Ivandic et al. 2012) and large scale 3D surface seismic surveys (Ivanova
et al. 2012, 2013) were repeated providing time-lapse observations at various
scales. Additionally, the emerging technology applying a fiber optic cable as a
seismic (acoustic) receiver array DAS was investigated on site (Daley et al. 2013).
As all four deep wells on the site are equipped with a fiber optic cable, conditions
are ideal for a simultaneous four-well acquisition of multi-offset DAS-VSP data.

The VSP and star-profile surveys, acquired in February 2011, revealed a clear
CO2 related amplitude signature at the top of the storage formation. Due to the
limited spatial aperture of these measurements the CO2 signature was restricted to
the close vicinity of the injection well and showed only a part of the complete CO2

signature imaged by the previous and subsequent full 3D repeat surveys. An
analysis of time-lapse amplitude variations in the vertical direction showed clearly
that no CO2 signature was detected above the top of the storage (Stuttgart) for-
mation indicating there is no leakage detected by high resolution reflection seismic
surveys. It could also be shown that the sparse acquisition geometry, concentrating
on seven profiles (“star”) in the area close to the injection site, is able to detect the
CO2 in the reservoir. However, the time-lapse data are characterized by a smaller
degree of repeatability than are the time-lapse data of the full 3D repeat measure-
ments (Ivandic et al. 2012).
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The second 3D repeat survey was acquired in autumn 2012 after 61 kt CO2

injected in the storage formation. The data were time-lapse processed and amplitude
variations were extracted for the top of the Stuttgart Formation. The lateral distri-
bution of time-lapse amplitudes at the top of the Stuttgart Formation shows a high
degree of anisotropic propagation and confirms several features of propagation
detected by the first repeat survey (2009) which is shown in Fig. 8. After the
injection of 61 kt the CO2 could be imaged with a west-east extension of about
700 m in autumn 2012 (Fig. 8, right).

For seismic reservoir monitoring, the use of fiber optic cables is currently
discussed as an emerging technology with considerable potential of replacing
conventional wireline-based seismic acquisition in boreholes and also in surface
applications (Parker et al. 2014). In May 2013, a simultaneous DAS-VSP survey
was acquired using 23 vibro points and acquiring the seismic wave field along the
fiber optic cable deployed in four wells and with a spatial sampling of 1 m. The
survey was performed within 4 days. The acquired DAS-VSP shot gathers show
clear onsets of the downgoing compressional wave and of reflected upgoing waves.
The data acquired in this survey are the basis for a high-resolution 3D imaging of
the reservoir layer between the injection and monitoring wells of the Ketzin pilot
site.

Fig. 8 Map displaying the normalized time-lapse amplitudes at the top of the Stuttgart Formation
for the first 3D repeat survey in 2009 (left) and the second repeat survey in 2012 (right). Time-
lapse amplitudes exceeding a background noise level of 0.3 are displayed in grey-scales. The
location of the injection well (Ktzi 201) is indicated by a white circle. For the comparison of the
lateral extents of the CO2 in 2009 and 2012, the contour of the 2009 image (black line) has been
projected onto the 2012 image
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3.3 Geoelectrics

The geoelectrical monitoring programme at Ketzin comprised direct current (DC)
geoelectric measurements in three different setups: (1) surface-to-surface, (2) sur-
face-to-downhole and (3) crosshole data acquisition. The first two setups were
performed as dipole-dipole measurements on two crossed profiles (length *4.8 km
each of them) and two sparsely settled rings with radii of 0.8 km and 1.5 km,
respectively. In addition, the setups (2) and (3) made use of 45 electrodes perma-
nently installed in the wells Ktzi 200, Ktzi 201 and Ktzi 202 (Fig. 9).

At a detection level of about *600 t of injected CO2 the geoelectric measure-
ments indicated relevant subsurface resistivity changes associated with the

Fig. 9 a Schematic of the DC geoelectric measurement concept at the Ketzin pilot site. Large-
scale surveys were acquired in 2008, 2009, 2011 and 2012. Weekly-measured crosshole surveys
were conducted in the wells Ktzi 200, Ktzi 201 and Ktzi 202 (see inlay for the borehole distances).
The major results are: b 3D resistivity distribution from inversion of the crossed profiles and the
surface-downhole survey in 2011, c Resistivity change (repeat 3/2009 vs. baseline) from
constrained inversion of surface-downhole data (modified after Bergmann et al. 2014), and
d Corresponding crosshole results in the major observation plane Ktzi 200–Ktzi 201
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migration of CO2 in a depth of about 630 m. The measured resistivity contrast was
in consistency with laboratory measurements on Ketzin sandstone core samples,
where Archie fluid substitution revealed a resistivity increase of a factor of about 3
(Kiessling et al. 2010). The permanent downhole electrode array was the subject of
engineering developments, such as modular system components, automated opti-
mization of data pre-processing and remote-controlled data acquisition in order to
achieve the operational requirements of CO2 storage sites. From the weekly-mea-
sured crosshole data (Schmidt-Hattenberger et al. 2012) and the periodically
measured large-scale surface-downhole surveys (Bergmann et al. 2012) consistent
time-lapse images of the CO2 plume migration were derived which correlated fairly
well with other monitoring results obtained from seismic surveys, borehole logging
and geochemical data.

As a promising tool of geophysical data integration, a structurally constrained
inversion approach was applied that incorporates seismic structural information as a
priori information into the resistivity inversion (Bergmann et al. 2014). The
resulting time-lapse resistivity signature of the constrained inversion was found to
collocate clearer with the time-lapse signature from the repeated 3D seismic
investigations. The asymmetrical extension of this signature indicates preferential
CO2 migration towards the northwest direction which was also in good agreement
with the results from the seismic interpretation.

3.4 Gas Geochemistry

Long-term background data on the natural spatial and timely CO2 distribution and
variability are indispensable for a reliable monitoring and the detection of a
potential leakage. In order to obtain this information for the Ketzin pilot site, gas-
chemical and isotope investigations have been performed since 2005. Up to now,
no indication of any CO2 leakage has been detected with this comprehensive gas
monitoring network system.

The monitoring network comprises 20 sampling locations for soil gas flux, soil
moisture and temperature measurements distributed across an area of approximately
2 km × 2 km around the pilot site. In March 2011, eight permanent automated soil
gas samplers were added in the direct vicinity of the boreholes together with a
meteorological station. Since the start of injection in 2008, no change in soil CO2

gas flux could be detected as compared to the pre-injection baseline (Zimmer et al.
2011a; Martens et al. 2013). Mean CO2 flux as averaged over all sampling locations
ranged from 2.4 to 3.5 µmol/m2s for the pre-injection period and from 2.2 to
2.5 µmol/m2s after the start of injection (Zimmer et al. 2011a). The spatial vari-
ability of soil CO2 gas flux is 1.0–4.5 µmol/m2s for all sampling locations reflecting
the different organic carbon and nitrate contents, both serving as nutrients for
bacterial life in the soil. The data show that soil temperature is the key factor
controlling the biogenic CO2 production and subsequently the CO2 flux rate.
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A U-tube system in the shallow observation well P300 enables above-zone
monitoring and the possible detection of a potential leakage through the first cap
rock at an earliest possible stage. Formation water from well P300 was permanently
sampled from a depth of 417 m (Exter Formation) and analyzed for dissolved
cations, anions, gases and 12C/13C isotope ratio of CO2 and revealed no impact of
the injected CO2 on the Exter Formation.

From March 2010 to October 2011 a riser tube was installed in well Ktzi 200
which allowed for continuous sampling and analyses of gas from 600 m depth. The
measured gas composition was relatively constant with about 99 % CO2 and traces
of nitrogen, helium and methane. Two tracer tests were performed where both
krypton and sulfur hexafluoride were added in the injection well Ktzi 201 in May
and June 2011. Both gaseous tracers were detected in well Ktzi 200 after the
injection of 608 and 701 t of CO2, respectively, since the tracer test started. In
October 2011 the riser tube was transferred to well Ktzi 202. The analyzed gas
composition from 600 m depth showed constant values until the end of the mea-
surements in October 2013 and consists of 99.5 % CO2 with traces of nitrogen,
helium and methane. Following the partial closure of the observation well Ktzi 202
in autumn 2013, a gas membrane sensor (Zimmer et al. 2011b) for real time
observation of gas at depth was installed at 500 m (21 m above the cement head) to
monitor the tightness of the cementation.

Since the beginning of the CO2 injection in 2008, stable isotope measurements
have been conducted for a detailed geochemical characterization of the reservoir
and overlying formations, comprising δ13C and δ18O data of brine dissolved
inorganic carbon (DIC) and H2O (Nowak et al. 2013). Isotope measurements in
connection with gas tracer tests were also carried out when CO2 from the Schwarze
Pumpe oxyfuel pilot plant was used for injection in May and June 2011 (Martens
et al. 2012). The δ13C of DIC proved to effectively trace the migration of the
injected CO2 at Ketzin (Myrttinen et al. 2010). When the δ13C CO2 isotopic
composition of gas samples from the wellhead of Ktzi 201 and well Ktzi 200 were
analyzed, a change in the 13C/12C composition of the CO2 was detected during the
temporary use of CO2 from Schwarze Pumpe (Martens et al. 2012).

4 Fluid Experiments and Processes in the Storage
Reservoir

In order to examine the potential interactions between injected CO2, formation
fluid, the storage system and its microbial community at the Ketzin pilot site,
laboratory experiments and investigations of samples from the site were carried out.
On the one hand, the processes occurring in the reservoir should be characterized
and quantified. On the other hand measurements were taken to monitor these
processes. The main focus was on the study of fluid, gas and rock samples from
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Ketzin, especially from the newly drilled observation well Ktzi 203. The work on
the natural samples was supplemented by experimental studies under defined lab-
oratory conditions.

4.1 Fluid Experiments and Petrophysics

Geochemical experiments on the fractionation of Fe, Cu and Zn between CO2 and
formation fluid showed that CO2 acts as a solvent for trace elements and mobilizes
small but measurable amounts of Fe, Cu, Zn regardless of the CO2 density. By CO2

dissolved organic compounds act as potential complexing agents and increased the
extraction ability for trace elements. In terms of long-term CO2 storage, the
potential consequences of these results include the precipitation of carbonate
minerals in shallower, more distal regions of the aquifer and the transferal of metals
to adjacent aquifer systems (Rempel et al. 2011).

Several batch experiments under in situ conditions have been performed using
CO2, formation fluid and rock samples from Ketzin wells (Ktzi 201, 202). Results
neither show clear changes nor uniform trends over time (up to 40 months) with
regard to porosity, pore-size distribution, capillary pressure or geomechanical
parameters. Nuclear magnetic resonance (NMR) spectroscopy and mercury injec-
tion porosimetry (MIP) were used to characterize samples before and after exper-
iments. For two core sets geomechanical parameters were determined before and
after CO2 treatment. Baseline measurements are consistent with porosity logging
data of corresponding wells and show high variability due to the heterogeneous
lithology of the Stuttgart Formation. This natural variability of the reservoir ham-
pers the comparability of whole rock samples before and after the experiments.
Nonetheless, several lines of evidence indicate that mineralogical-geochemical
changes occur due to CO2 exposure; but these are quantitatively subordinate. In
conclusion, effects of injected CO2 on the reservoir system integrity are minor
(Fischer 2013; Fischer et al. 2013).

Porosity measurements on core samples recovered before the injection and the
corresponding NMR log (Ktzi 201) compared with porosity measurements of
approximately 100 cores of the newly drilled well Ktzi 203 (gained after about
4 years of CO2 exposure) show that the impact of CO2 injection on pore size related
properties of reservoir and cap rocks is minor and within the natural variability
(Fig. 10). The variation of the porosity estimated by different methods is generally
low for the corresponding depths of the lithological sections. The mineralogical
investigations on the samples show also no significant dissolution or precipitation
of minerals and find only minor quantities (usually < 2 vol%) of various species of
newly precipitated carbonates with three potential CO3

2− sources: dolomite dis-
solution, reactions of injected CO2 with the formation fluid, and the drill mud (Bock
et al. 2013). The influence of the potash-containing drilling fluid of the well Ktzi
203 could be determined by porosity investigation on twin samples from inner and
outer parts of the cores. Especially for porous outer core samples NMR core
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measurements show a reduced fraction of larger pores together with lower poros-
ities and so only inner core samples were used for further investigation.

Comparison with data from the open hole logging (e.g. gamma ray, neutron-
neutron, resistivity, sonic, PNG) of the neighboring wells show clear difference for
corresponding units before and after the injection for the reservoir sandstone and no
difference in the overlaying cap rock units, because methods are more sensitive to
the CO2 in the pore fluid and do not exhibit changes in the rock matrix, which affect
the capacity, injectivity or integrity of the storage system.

Due to the heterogeneous character of the Stuttgart Formation it is difficult to
estimate definite CO2-induced changes from petrophysical measurements. How-
ever, given the only minor differences between rock samples from pre- and post-
injection, it is reasonable to assume that the potential dissolution-precipitation

Fig. 10 Porosity—cross plot
of neighboring wells with
similar lithology: Ktzi 201
before the injection of CO2

and Ktzi 203 after four years
of injection with schematic
lithology. Ktzi 201: porosity
from NMR log and from
Helium pycnometry reported
by Norden et al. (2010).
Depth was shifted by 2.7 m to
correlate the cemented
sandstone at 640 m. Ktzi 203:
porosity from NMR, Helium
pycnometry and brine
saturation after Archimedes
from laboratory
measurements of cores
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processes appear to have no severe consequences on reservoir and cap rock
integrity or on the injection behavior. This is also in line with the continuously
recorded injection parameters which do not point to any changes in reservoir
injectivity.

4.2 Microbiology

The microbial biocenosis was monitored in fluids taken from the deep wells of the
Ketzin pilot site before and during the CO2 injection. Drilling fluids, cleaning
procedures and the CO2 injection itself affected the microbial community of the
fluids in its composition and abundance as detected by genetic fingerprinting
(SSCP) and fluorescence in situ Hybridisation (FISH). Before CO2 injection, up to
107 cells ml−1 with up to 40 % sulphate reducing bacteria (SRB) were enumerated
in well fluids with DAPI staining (Morozova et al. 2010). The clean-up of wells
prior to CO2 injection reduced temporarily the total cell numbers by one order of
magnitude, the numbers of SRB were below detection limit and the TOC declined
from 600 to 20 mg l−1. However, after 5 months of exposure to CO2 cell numbers
and the microbial activity increased again (Morozova et al. 2010). SRBs were
quantified to 20 % of total cell numbers and remained at a high level until the third
year of storage. Subsequent to the CO2 exposure and during 5 years of monitoring
the TOC concentration showed high variations between 1 and 160 mg l−1 in the
injection and observation wells. Going along with decreasing TOC contents over
the years also the cell numbers declined slowly. After 5 years, the SRB numbers
were again below the detection limit in all wells.

The results indicate that the microbial community was able to adapt to the
changes of the deep biosphere environmental conditions caused by the CO2

injection and was mainly influenced by the availability of TOC strongly affected by
technical procedures. Thus, a decrease in total cell numbers and the SRB numbers
was first observed after 3 years of CO2 exposure and corresponded to the decreasing
concentrations of organic carbon in the well fluids. This long-term effect of organic
carbon to the deep subsurface on the microbial biocenosis clearly emphasizes the
need to limit the use of organic substances for drilling and maintenance procedures.
Especially the high abundance of SRB in the first 3 years of CO2 storage might pose
a risk as SRB are known to be involved in microbial induced corrosion processes.
The increase of iron concentrations after start of the CO2 injection and arrival of the
CO2 at the observations wells was suspected to be a result of mobilization effects
due to the injected CO2 and/or of corrosion processes. However, in the Ketzin case,
well inspections gave no indications for technical relevant corrosion effects to the
casings.

The quantity and diversity of subsurface microorganisms differed significantly
between fluid- and sediment-associated populations within the same formation,
which is in accordance with other studies in deep aquifers (Fry et al. 1997; Hazen
et al. 1991). Cell numbers enumerated in sandstone cores of the Stuttgart Formation
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(Wandrey et al. 2010) were at least four orders of magnitude lower than in the well
fluids collected via hydraulic testing and downhole sampling. In the reservoir
sandstones, the concentration of low molecular weight organic acids like acetate
and formate were below 0.1 % (Scherf et al. 2011). However, activity and numbers
of microorganisms could be significantly increased if organic carbon is introduced
by drilling procedures or mobilized and enriched by injected CO2.

4.3 Organic Geochemistry

At typical CO2 storage conditions, CO2 is known as an excellent solvent for low to
medium polar organic compounds (Hawthorne 1990) and extraction and mobili-
zation of the organic matter present in the reservoir by the injected CO2 is most
likely. When studying storage of CO2 in coal seams, the release of hydrocarbons
from the coals has been investigated in more detail (Kolak and Burruss 2006).
During and after CO2 injection into a deep saline aquifer (Frio Formation, USA) a
strong increase in DOC (dissolved organic carbon) as well as an increase in con-
centrations of formate, acetate and toluene has been observed in fluid samples
(Kharaka et al. 2009). At the Ketzin pilot site, rock samples from the reservoir
formation have been tested for the mobilization of different organic compounds
during extraction with CO2 at in situ reservoir conditions in lab experiments (Scherf
et al. 2011).

Within the CO2MAN project, the effects of injected CO2 on the natural organic
matter in reservoir and cap rock have been characterized using three different
approaches: (i) characterization of natural organic matter in reservoir and cap rock
samples prior and after the injection of CO2; (ii) monitoring of changes in DOC in
fluid samples from the wells Ktzi 200, 201 and 202 prior and during the injection of
CO2; (iii) monitoring of organic compounds being transported with the injected CO2.

To characterize the quality and quantity of organic compounds that are trans-
ported with the injected CO2, one riser tube (stainless steel, inner diameter 5 mm,
total volume 12 l) installed in well Ktzi 202 was used for the continuous sampling
of fluids from the reservoir horizon (compare Sect. 3.4). Fluids were produced from
a depth of 600 m with a flow rate of 5 l/min. The produced gas was percolating
through a gas washing bottle filled with distilled water or dichloromethane (DCM)
over different times. In general, the amount of organic compounds increases with
increasing washing times. This clearly shows that solubility is not limiting the
extraction and that these compounds are not strongly degraded in the gas washing
bottle. Variable yields of total DOC and of different aliphatic acids have been
detected in the water samples over the monitoring period (Fig. 11). In all samples,
yields of propionate, butyrate and valerate are very low whereas yields of acetate
and formate are much higher. It seems as if the yields of individual organic acids are
quite variable within our monitoring but that yields are not related to the duration of
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the washing experiment or to the observed decrease in distilled water volume in the
gas washing bottle. Using size exclusion chromatography DOC was separated into
different fractions. Dominant DOC-fractions were low molecular weight (LMW)
acids (30–50 %) and LMW neutrals (40–60 %).

DCM extracts from the washing bottle contained a huge amount of phthalates.
These esters are commonly used as plasticizers and are derived from the tube
connection between riser tube and gas washing bottle. Composition of hydrocar-
bons (n-alkanes from nC14 to nC26, hopanes and steranes) in all DCM extracts is
comparable. In DCM extracts the distribution of hopanes is comparable to some
technical additives that have been used in drilling and injection activities at Ketzin.
Thus, it cannot be easily distinguished if the organic compounds detected in gas
washing bottle extracts are derived from natural organic matter of reservoir, cap
rock or formation fluids or from anthropogenic activities at the pilot site.

5 Modelling, Simulations and Data Management
for the Ketzin Project

Sound geological models are a prerequisite to the sustainable and safe use of the
subsurface. They consist of the structural geometry of geological bodies and their
properties. Like for all models, appropriate simplifications of the in situ conditions
are necessary to allow e.g. the simulation of complex dynamic processes.
Depending on the purpose of the applied simulation, different models need to be
considered, for example for the evaluation of the long- or short-term behavior of the
CO2 distribution in the subsurface or for the evaluation of rock-fluid interactions. In

Fig. 11 Yields of LMW organic acids (in µg/h) and DOC (in µg C/h) washed out from produced
gas into distilled water (well Ktzi 202; February–October 2012)
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the course of the CO2MAN project, the geological models of the Ketzin project
including reservoir models of the storage formation and structural models of the
wider area were updated. The static model was then used for further dynamic
reservoir simulations taking into account hydrodynamics as well as geochemical
and geomechanical processes.

5.1 Integrative Geological Modelling

For the Ketzin pilot site, like for many other sites worldwide, the challenge is to
integrate a diversity of information of both local and regional origin as well as of
different data types and formats and combine it for consistent models. Data avail-
able for the Ketzin project include reconnaissance data (e.g. regional geological
maps, borehole reports, logging data, core data, hydraulic test data, seismic surveys
from the 1960s and 1970s) and data collected during development and operation of
the storage site. Important details are given for the first evaluation of open-hole
logging data by Norden et al. (2010), for the first interpretation of the seismic data
by Juhlin et al. (2007), Kazemeini et al. (2009) and Yordkayhun et al. (2009), and
for the near-surface groundwater system by Norden (2011). The characterization of
the storage formation is presented by Förster et al. (2009, 2010) and hydraulic and
monitoring data is presented by Würdemann et al. (2010), Martens et al. (2012,
2013), Wiese et al. (2010) and Ivanova et al. (2012).

Data was integrated using the commercial software package Petrel. As neither the
Ketzin seismic 3D data nor the borehole data is supplying sufficient information to
resolve the internal structure of the complex fluviatile Stuttgart Formation in any
detail and thus do not allow a deterministic modelling of the facies architecture and
related properties of the reservoir, geostatistical approaches were used (Norden and
Frykman 2013). The resulting geological models were step-wise adapted if neces-
sary, guided by observations based on new drillings at the Ketzin site and based on
the results of the monitoring. In return, the geological models supported the inter-
pretation of the monitoring data (e.g. Bergmann et al. 2012, 2014; Chen et al. 2014).

The geological models of the Ketzin pilot site consist of reservoir models of the
storage formation and structural models of the wider Ketzin area, including the
overburden with its multi-barrier cap rock system. At the top of the anticlinal Ketzin
structure, a Graben fault zone is present which is related to the updoming of the
Roskow-Ketzin salt pillow (Fig. 12a). The faults of this graben extend from the
Base Tertiary (see e.g. Juhlin et al. 2007) to the Buntsandstein and do most likely
reach down to the Zechstein salt (although not resolved by the Ketzin 3D seismic
data). These faults were not present at the time of deposition of the Stuttgart
Formation. The shown petrophysical characterization of the Stuttgart Formation is
one possible scenario taken into account the general geological setting and the
existing borehole data (facies, porosity, permeability etc.; Fig. 12b). Based on such
a scenario, dynamic simulations were performed to model the distribution of CO2 in
the reservoir (e.g. Kempka et al. 2010; Kempka and Kühn 2013).
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5.2 Reservoir Simulations

Numerical multi-phase flow simulations were already carried out in the planning
phase of the Ketzin project by different modelling groups to account for sustainable
injection rates in terms of reservoir pressure elevation and expected CO2 arrival
times at the two observation wells Ktzi 200 and Ktzi 202. A prediction of CO2

arrival times at both observation wells was undertaken in advance of the start of
injection in June 2008. While the numerical simulators applied showed relatively
small differences in simulation results, all numerical modelling groups were only

Fig. 12 a Regional S–N section of the Ketzin pilot site. Length of profile approx. 40 km. The inlet
map shows the Top Stuttgart surface. Drilling paths and offsets along faults could be recognized.
Exaggeration is 3-fold. b Average facies and porosity maps of the uppermost 20 m of one
realization of the Stuttgart facies model. Plotted are mean facies distribution (left), average total
porosity (middle), and effective porosity (right). The location of the Ketzin pilot site is indicated by
a black dot. The size of the reservoir model is 5 km × 5 km (Figure adapted from Norden and
Frykman 2013)
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able to match the CO2 arrival time at the Ktzi 201 well, while that predicted for the
Ktzi 202 well was underestimated by a factor of three (Kempka et al. 2010).

Integration of new monitoring data becoming available with the increasing
amount of monitoring activities and campaigns at the Ketzin pilot site with time
allowed us for revisions of the geological model (Norden and Frykman 2013;
Kempka et al. 2013a) resulting in an excellent agreement of the simulation results
with the CO2 arrival times at both wells and of downhole pressures determined at the
Ktzi 201 and Ktzi 202 wells (Kempka and Kühn 2013). Using the resulting cali-
brated (history-matched) numerical models, we were able to predict the Ktzi 201
downhole pressure for more than 1 year of operation (January 2012 onwards)
including an injection stop of about 6 months with low deviations only (Class pers.
comm.).

Furthermore, we were able to carry out long-term predictions on reservoir sta-
bilization by means of development of CO2 trapping mechanism contribution
illustrated in Fig. 13 (Kempka et al. 2013b). Thereto, innovative hydro-chemical
coupling concepts as discussed by Klein et al. (2013) were employed to account for
long-term mineral trapping at reservoir scale for the Ketzin pilot site. Our simu-
lation results show that at a simulation time of 16,000 years almost all CO2 is
dissolved in the formation fluid (0.2 % remaining residually trapped in gaseous
state), while 11.7–30.9 % precipitate as siderite and dolomite depending on the
assumptions underlying the hydro-chemical simulation model (compare Sect. 5.3).

The numerical reservoir simulation results were coupled to hydro-mechanical
simulations to account for mechanical system integrity (compare Sect. 5.4).

Fig. 13 Left General CO2 trapping mechanisms in geological formations (IPCC 2005). Right
simulated trapping mechanisms of CO2 for the Ketzin pilot site

22 S. Martens et al.



5.3 Geochemical Simulations

The quantification of water-rock interactions in reservoir and cap rock triggered by
the injection of CO2 at the Ketzin pilot site was carried out by means of batch
geochemical models and coupled reactive transport simulations based on the
available characterization of the Stuttgart formation and the pristine formation fluids
(Förster et al. 2006, 2010; Norden et al. 2010 for the mineralogical analyses on core
samples and Würdemann et al. 2010 for fluid analyses).

3D reactive transport models on computationally affordable coarse grid predict
that mineral trapping of CO2 at the Ketzin pilot site will be dominated by siderite,
dolomite and magnesite, with only transient appearance of calcite (Fig. 14). Sig-
nificant precipitation in the reservoir will start only about 500 years after injection
stop and is expected to continue for at least 10,000 years (the considered simulation
time). Clay minerals such as illite and chlorite and anhydritic rock cement will be
dissolved by the CO2-charged fluids. The net predicted result is a negligible loss of
porosity, since the largest predicted change in mineral volume amounts to only
about 3,000 cm3/m3 of rock (=0.3 vol%). However due to the spatially quite large
extent of the reservoir affected by chemical reactions due to the CO2 migration, up
to 40 % of the total injected carbon is predicted to be minerally trapped after
10,000 years. However this result could be overestimated due to the coarse grids
used for the simulations and consequent poor matching of observation data and
migration pattern of CO2 in the reservoir. Thereto, a novel one-way coupling
strategy for multiphase hydrodynamics and chemistry has been developed (Klein
et al. 2013) and validated for the Ketzin pilot site. Through this strategy it is
possible to consider much larger, heterogeneous grids for multiphase flow and more

Fig. 14 Top view of 3D reactive transport models 2,200 years after injection stop at Ketzin. The
size of the model is 2.5 km × 3.5 km. The injection well Ktzi 201 is marked by a black dot.
Depicted are the main CO2 sink minerals, the iron carbonate siderite (left), the transient appearance
of calcium carbonate calcite (middle) and the overall amount of carbon-bearing precipitates in
reservoir (right). Coarseness of the grid, boundary conditions and spatial heterogeneity of porosity
and permeability are in these reactive simulations simplified due to constraint on the number of
grid elements allowable for the computationally expensive coupled simulations. This is reflected in
differences in the migration pattern of the CO2 in comparison with seismic monitoring and non-
reactive modeling and therefore in the distribution of mineralization
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complex chemistry without the oversimplifications necessary for the fully-coupled
simulations. The resulting error is acceptable, mainly arising from the assumptions
about the minimum CO2 gas saturation and dissolved CO2 concentration that can be
considered geochemically active. It was confirmed by extensive validation that
choosing reasonable cut-offs for these quantities achieves good matching with fully-
coupled simulations. This method contributed to the evaluation of the mineral
trapping potential using the history matched simulations of Kempka and Kühn
(2013) and predicted that between 11.7 and 30.9 % (following a conservative or
optimistic cut-off choice, respectively) of the injected CO2 will be mineralized after
16,000 years (Kempka et al. 2013b). 1D reaction-diffusion models of dissolved
CO2 into the first layers of mudstone cap rock predict that CO2 would penetrate for
about 5 m in the cap rock after 500 years. The models show an overall tendency of
loss of porosity through newly precipitated carbonates and thus highlight the self-
healing potential of the covering horizon.

The results of 3D coupled reactive transport models point towards a long-term
stabilization of the reservoir at the Ketzin pilot site, with no significant mineral
alteration during the operational time.

5.4 Geomechanical Modelling and Simulation

Mechanical system integrity taking into account reservoir rock, cap rock and fault
integrity was assessed by hydro-mechanical simulations for the Ketzin pilot site
(Kempka et al. 2014). For that purpose, history matched reservoir simulations (Ke-
mpka and Kühn 2013) were considered as a basis for our one-way hydro-mechanical
model simulations. Thereto, a 40 km × 40 km × 5 km hydro-mechanical model with
twelve lithological units and 24 discrete major faults was implemented based on a
previously elaborated 3D structural geological model considering 2D/3D seismic and
well log data as well as available geological maps. The mechanical model was
discretized by about 1.4 million elements with sizes of 50–800 m in horizontal and
20–160 m in vertical direction. A refinement of the lateral grid discretization was
carried out to capture hydro-mechanical processes in the near-well area.

An initial stress regime with a maximum horizontal stress azimuth of 150° ± 5°
and a magnitude of SHmax = Shmin = 0.85 Sv (normal faulting stress regime), with
SHmax representing the maximum horizontal stress, Shmin the minimum horizontal
stress and Sv the vertical stress, was assigned to the hydro-mechanical simulation
model in agreement with the interpretation of sonic logs from the Ktzi 201 well
(Sinha et al. 2010). Hereby, Sv was determined from the gravitational load of the
overburden using numerical simulations.

Mechanical model parameterization followed the data on the Northeast German
Basin given by Ouellet et al. (2010), Nagelhout and Roest (1997) and Kopf (1965).
The Mohr-Coulomb plasticity model was applied for the rock matrix and the
FLAC3D ubiquitous joint model (Itasca 2012) for fault representation. Thereto, an
element-wise representation of fault geometries by means of dip direction angle and
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dip angle was taken into account to allow for a detailed fault analysis. After running
the hydro-mechanical model to a mechanical equilibrium, spatial pore pressure
distributions calculated for 14 different time steps by the numerical reservoir sim-
ulations (compare Sect. 5.2) were integrated as coupling parameter into the hydro-
mechanical simulations.

Simulation results show maximum vertical displacements of about 6 mm at the
reservoir top and about 4 mm at the ground surface in March 2010 with a maximum
vertical displacement radius of up to 3 km. Both are in good agreement with the
hydro-mechanical simulations carried out by Ouellet et al. (2010) considering the
first 500 days of CO2 injection only. Neither shear nor tensile failure is observed at
any time step in the rock matrix and ubiquitous joints elements (representing the
faults) in the hydro-mechanical model due to the limited increase in pore pressure
resulting from the CO2 injection (Fig. 15). The reservoir and coupled numerical
simulation results, therefore, suggest safe and reliable CO2 storage operation at the
Ketzin pilot site.

5.5 Data Management

Comprehensive understanding of subsurface processes of CO2 storage at the Ketzin
pilot site requires reliable geological interpretation and modelling at multiple scales
which only become possible by a careful integration of results derived from drilling
and different monitoring approaches (Behrends and Conze 2012). Thus, the

Fig. 15 Initial stress state
(blue) and state at maximum
pore pressure elevation (red)
at most upper element of
storage formation at injection
well Ktzi 201 based on
numerical hydro-mechanical
simulations
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integrative compilation of geological, operational and scientific monitoring data
which had started with the CO2SINK project was continued and extended in the
CO2MAN project.

Since the first wells for research purposes were drilled at Ketzin in 2007, a data
entry system was provided during the acquisition phase of geological field data and
continuously extended throughout the subsequent projects. Hence, this system was
also used when the wells P300 and Ktzi 203 were drilled in 2011 and 2012,
respectively.

A web-based data management system (DMS) contributes to a close cooperation
among scientists from different disciplines. The main functions of the DMS
implemented for the CO2MAN project were:

• Information: Dissemination of project management material (planning docu-
ments, internal reports, conference abstracts, papers etc.) and new science data
sets.

• Archiving: Provision of metadata-, long-term storage-, reporting- and down-
loading-services; integration of published data with new unpublished working
data sets and legacy data sets from predecessor projects and external partners.

• Collaboration: Exchange platform to internal data sets, benchmarking, quality
and version control of data sets and models.

The data management system was implemented using a secured web-based
platform. Target audiences were all members of the project consortium. Science
data sets stored in the system comprise e.g. basic geological data, technical drilling
data, down-hole measurements, monitoring time series along the injection history
up to geological models of the storage formation. The software development project
had to deal with heterogeneous data sets of diverse origin, different scales and data
file formats. It is required to extend the workflow of curating science data to later
project phases. All these services can be continuously used and will be further
developed during the follow up project COMPLETE.

6 Public Outreach

For the Ketzin project, public outreach was a key element from the very beginning
and already started in 2005 to ensure an open and transparent dialogue with all
stakeholders (Schilling et al. 2009b). During the course of the project, it turned out
to be important to provide up-to-date information and keep the dialogue with the
public (Martens et al. 2013). Thus, public relations were also a central component
of the CO2MAN project. In order to inform the general public about the background
of CO2 storage and the research results from Ketzin manifold information material
was developed and disseminated using various communication tools (Szizybalski
et al. 2014).

The main contact point is the information centre at the Ketzin pilot site where a
visitor service is offered on a weekly basis. With the expansion of the centre in
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2011 larger visitor groups could be welcomed and more permanent exhibits pre-
sented. About 2,140 people from Germany and abroad visited the pilot site
throughout the CO2MAN project phase whereof most were students and scientists
(*50 %) and the general public (*25 %).

Since 2011, an annual open house day was held at the pilot site (Fig. 16). At
these events, visitors can inform themselves about the research activities during
guided tours and presentations and talk to scientists (Martens et al. 2013). The open
day is carried out in close cooperation with the city of Ketzin as we also include the
local fire brigade and the local retail, e.g. musicians, bakery, and the Ketzin tourist
information. At the annual “Long Night for the Sciences” in Berlin and Potsdam the
Ketzin project is also presented already since 2007. For educational activities it is
important to provide comprehensible information materials and experiments, for
example, demonstrating the presence of CO2 in everyday life or the concept of CO2

trapping mechanism. Therefore, five mobile experiments were added as information
tools and used, for example, during school visits.

The initial Ketzin project website, which was developed during the CO2SINK
project, was superseded by the public website http://www.co2ketzin.de in 2011.
Besides background information on the Ketzin project, the history of the pilot site,
the objectives and current status of CO2MAN were presented in both German and
English. In addition, a bilingual Ketzin brochure was regularly updated according to
the current status of the project and also made available on the website. The
information material was complemented by a film entitled “The geological storage
of CO2” made up of seven short segments (Hübner et al. 2013) funded by the
CLEAN project also including an overview of the Ketzin pilot site. A further short
film which was produced within the CO2MAN project documents the drilling
activities at Ketzin in 2011 and 2012. These short films are available on the public
website, on DVD and are also shown during visits at schools.

Our public outreach activities are reflected by a mainly positive media resonance
and a wide public acceptance for the research activities at Ketzin, allowing the
research on CO2 storage, e.g. large-scale seismic measurements, to be conducted
without severe restrictions.

Fig. 16 Annual open house day at the Ketzin pilot site (left: June 2012; right: June 2013)
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7 Conclusion

The Ketzin project is one of the world’s most significant sites for investigating CO2

storage on a pilot scale. In the course of the CO2MAN project, two new boreholes
could be drilled at the site and the CO2 injection was continued and finally ceased
after the injection of a total amount of 67 kt of CO2 on 29 August 2013. The
accompanying scientific activities in the work packages “Research Infrastructure”,
“Geophysical Monitoring”, “Reservoir Processes” and “Modelling and Simula-
tions” as well as in the fields of data management, public outreach and project
management were completed as planned and afforded a rich learning experience.
The results obtained in the joint research project show that:

• the geological storage of CO2 at the Ketzin pilot site runs safely and reliably,
• a meaningful, site-specific combination of geochemical and geophysical mon-

itoring techniques is able to detect even small amounts of CO2 and to image its
spatial distribution,

• fluid-rock interactions induced by the injected CO2 have no significant effects at
the Ketzin pilot site and do not affect the integrity of the reservoir and cap rocks,

• numerical simulations are able to predict timely and spatial behavior of the
injected CO2 and to provide prognosis on the long-term behavior of the storage
formation

• a targeted communication and dissemination programme is able to establish a
wide public acceptance for research activities like the Ketzin project and to
overcome critical public perception even for highly debated technologies.

Although the CO2 injection at Ketzin ceased in August 2013 and the CO2MAN
project ended in December 2013, R&D activities on CO2 storage are still underway
in order to address and close the entire life cycle of a storage site. Hence post-
injection monitoring and well abandonment are the main focus of the on-going
post-injection phase and part of the COMPLETE project which has started in
January 2014.
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for Geological CO2 Storage Sites Using
a Hierarchical Observation Concept
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Abstract The reliable detection and assessment of potential CO2 leakages from
storage formations require the application of assurance monitoring tools at dif-
ferent spatial scales. Such tools also play an important role in helping to establish a
risk assessment strategy at carbon dioxide capture and storage (CCS) facilities.
Within the framework of the MONACO project (“Monitoring approach for geo-
logical CO2 storage sites using a hierarchical observation concept”), an integrative
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hierarchical assurance monitoring concept was developed and validated with the
aim of establishing a modular observation strategy including investigations in the
shallow subsurface, at ground surface level, and in the atmosphere. Numerous
methods and technologies from different disciplines (such as chemistry, hydro-
geology, meteorology, and geophysics) were either combined or used comple-
mentarily to one another, with results subsequently being jointly interpreted.
Patterns of atmospheric CO2 distributions in terms of leakage detection can be
observed on large scales with the help of infrared spectroscopy or micrometeo-
rological methods, which aim to identify zones with unexpected or anomalous
atmospheric CO2 concentrations. On the meso-scale, exchange processes between
ground surface level and subsurface structures need to be localized using geo-
physical methods and soil gas surveys. Subsequently, the resulting images and
maps can be used for selecting profiles for detailed in situ soil gas and geophysical
monitoring, which helps to constrain the extent of leakages and allows us to
understand controlling features of the observable fluid flow patterns. The tools
utilized were tested at several natural and industrial analogues with various CO2

sources. A comprehensive validation of the opportunities and limitations of all
applied method combinations is given and it shows that large spatial areas need to
be consistently covered in sufficient spatial and temporal resolutions.

1 Introduction

In recent years, global concerns about greenhouse gas emissions have stimulated
considerable interest in carbon capture and storage (CCS) as a climate change
mitigation option which can be used to reduce man-made CO2 emissions. This is
achieved by separating and capturing CO2 from emission sources, then injecting
and storing it in the subsurface. While the public perception of CCS nowadays is
rather negative, the IPCC states that the majority of CCS deployment will occur in
the second half of this century (IPCC 2005). Therefore, techniques are needed to
measure the amount of CO2 stored at a specific sequestration site, to monitor the site
for leakages and storage integrity over time, and to verify that the CO2 is safely
stored and not harmful to the host ecosystem (Hovorka 2008).

The IPCC also states that CO2 storage risks are comparable to those associated
with similar industrial operations, such as underground natural-gas storage (UNEP
2006). However, the greatest environmental risk associated with CCS technology is
gradual leakage through undetected faults, fractures or wells, or the potential prob-
lems caused by leakages due to injection well failure or leakages up through an
abandoned well. These potential leakages could negate the initial environmental
benefits of capturing and storing CO2 emissions and may have harmful effects on
human health (Georgiou et al. 2007). Successful monitoring plans need to cover
different areas at different scales to enable detection of any significant irregularities, or
CO2 migration paths and any leakages at the surface. The detection of atmospheric
releases is especially necessary to establish an early warning system and to plan
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mitigating actions. Benson (2006) stated that an effective monitoring program should
first of all focus on detecting whether or not emissions are occurring. Once any actual
or possible emissions are detected, more detailed investigations are necessary for
precise localization and quantification. Therefore, a monitoring concept combining
appropriate methods is needed to gain timely information about the location of
migration paths, seepages, and the CO2 distribution in the shallow subsurface.

2 Application of a Hierarchical Monitoring Approach

There are two distinct purposes for undertaking monitoring at CO2 storage sites: (1) to
ensure conformance by tracking the pressure buildup and CO2 inside the storage
complex, thereby helping to indicate the long term security of the site (‘integrity
monitoring’) and (2) to ensure containment by triggering timely control measures to
mitigate any unexpected leakage, helping to demonstrate the current security situation,
especially in the area surrounding the storage complex (‘assurance monitoring’)
(Bourne et al. 2014). Several geochemical and geophysical (such as time lapse seis-
mics) techniques allow for monitoring of the regional distribution of CO2 in the storage
complexes, seal integrity and the pressure evolution in response to injection. They can
therefore be used to verify storage conformance and are valuable tools for integrity
monitoring (IEA 2012). Assurance monitoring is used to compare pre- and post-
injection properties to verify containment and the absence of any environmental effects
outside the storage complex. These assurance monitoring tools must consider various
monitoring zones (atmosphere, biosphere, ground surface, aquifer/vadose zone, and
storage formation), their lateral variabilities and transport-relevant flow paths.

The aim of the MONACO project was to apply and validate a near-surface
monitoring concept covering different scales to enable reliable detection of CO2

migration and seepage. Our approach focuses on the development of assurance
monitoring techniques—especially in the atmosphere, at surface level and in the
vadose zone or the saturated zone. Applied groundwater, soil, soil gas, and atmo-
spheric monitoring tools provide data about environmental integrity at increasing
distances from the reservoir. Large-scale atmospheric monitoring methods are
applied to investigate air composition to help determine unexpected CO2 levels.
Subsequently applied meso- and point-scale surface and near-surface monitoring
techniques focus on structural settings in the subsurface and CO2 interaction pro-
cesses with the aim of identifying areas of risk for human beings and ecosystems.

According to Bourne et al. (2014), a successful monitoring plan complies with
regulatory requirements (e.g., requirement to perform adequate pre-injection char-
acterization and baseline monitoring), clearly defines monitoring objectives for risk
assessment (risk based monitoring); selects appropriate monitoring tools for the site
(site-specific monitoring); and continuously evaluates the monitoring systems
(adaptive monitoring) (Bourne et al. 2014). Appropriate site monitoring requires a
suitable and modular design to select the right tool, to meet the right need, at the
right phase of the implementation (Fig. 1).
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Results and lessons learned from the MONACO approach were primarily
obtained by applying the integrative monitoring concept including the practical
field work and the necessary data processing. Field work was carried out on several
test sites with normal ambient CO2 conditions in the Altmark region (Northern
Germany) and on two natural CO2 degassing sites in the Cheb Basin (Czech
Republic) and Starzach (Baden-Württemberg, Germany).

The Cheb Basin (NW Bohemia) is a CO2 leaking natural analogue and is a
promising location for directly investigating processes along preferential migration
paths and verifying monitoring tools. Here, mantle-derived CO2 is emitted from
both isolated gas vents (mofettes) and from extensive diffuse degassing zones. This
is caused by a structural fault as preferential pathway (Weinlich et al. 1999). The
degassing vents are in some cases characterized by vegetation anomalies. Similar
conditions concerning enhanced natural CO2 exhalations were found at the Starzach
site which was used for CO2 mining in previous times.

By using a web based information system established within the MONACO
project, different web map services (WMS), digital elevation models, aerial pho-
tographs, borehole information and processed monitoring data enable a compre-
hensive database of these sites for data interpretation.

Fig. 1 Illustration of measurement, monitoring and verification (MMV) principles (Bourne et al.
2014) and different monitoring zones to monitor CO2 accumulation, possible migration paths and
CO2 leakages. The project MONACO considers near-surface monitoring zones and applies
monitoring methods with different resolution and applicable at different scales
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2.1 Tools for Large-Scale Monitoring—Atmospheric
Monitoring

Methods applied at large scales can provide key information about CO2 leakage
occurrences and therefore help identifying potential areas for further meso-scale
investigation. The impact on the land surface and near-surface atmosphere caused
by elevated CO2 concentrations may even alter spectral reflectance or emissivity
characteristics and can be detected using remote sensing techniques. Examples of
such techniques include multi- and hyperspectral airborne remote sensing, as well
as ground-based remote sensing infrared or laser spectroscopy (Shuler and Tang
2005).

Within a CCS site, atmospheric monitoring in the vicinity of the storage project
is designed to detect and quantify emissions from potential leakage sources (e.g.,
permeable faults, abandoned wells). An effective atmospheric monitoring tool
should satisfy the following requirements: (1) be capable of large-scale observation
with sufficient spatial and temporal resolution, (2) fast application and rapid data
interpretation, and (3) have sufficient sensitivity to increased atmospheric CO2

concentrations and fluxes, triggering control mechanisms for subsequent steps.
Sensors that can measure atmospheric CO2 anomalies over open paths which are
hundreds of meters long are especially useful in helping us to obtain an initial
overview and first assessment of leakages, and provide the required information so
that further efficient observations can be made.

2.1.1 Open-Path Fourier-Transform Infrared (OP FTIR) Spectroscopy

A promising approach for detecting elevated CO2 concentrations along an open
optical path is the measurement of absorption loss using OP FTIR spectroscopy and
open-path tunable diode laser absorption spectroscopy (TDLAS) (Seto and McRae
2011; Etheridge et al. 2011; Shuler and Tang 2005; Reiche et al. 2014). These
ground-based remote sensing methods are proven to be flexible long-path tech-
niques for the characterization of larger areas, and are able to simultaneously detect
various volatile atmospheric compounds relevant for environmental assessment
with a single rapid measurement.

OP FTIR spectroscopy is based on the analysis of ambient (passive mode) or
artificial infrared radiation (active mode) in the 700–4,000 cm−1 wave-number
range along optical pathways (in km-range). Many greenhouse gas molecules (e.g.,
CO2, H2O, CH4) have unique signatures (absorption or emission bands) in the
spectral range under consideration. IR spectroscopy allows spatial characterization
of emissions and can be applied non-invasively as an automated surveillance
method in large and potentially inaccessible areas. It is proven to be a powerful
technique, enabling online monitoring of fugitive emissions for industrial, envi-
ronmental and health applications (Griffith et al. 2002; Harig et al. 2006; Harig and
Matz 2001; EN_15483 2008).
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The application of both active and passive ground-based OP FTIR spectroscopy
was validated within this project as one possible method for achieving large-scale
scanning of atmospheric composition, in terms of identifying areas of higher
leakage vulnerability where detailed subsurface investigations (on meso- or point-
scale levels) are subsequently required. Based on investigation of natural CO2

degassing sites and analysis of industrial emissions, OP FTIR spectroscopy proved
itself to be a robust and suitable monitoring method. To ensure reliable results,
certain ‘best practice’ recommendations have to be taken into account:

• OP FTIR spectroscopy is an optical technique. Hence, unobstructed optical
pathways to target zones are required. In denser industrial or urban areas, this
restriction might pose a significant challenge.

• The measurements result in integral concentration values along the optical
pathway. The integrative character of the measurement needs to be considered
when designing monitoring schemes and when interpreting measurements with
respect to the localization and quantification of emissions.

• The detection of small scale sources (e.g., point emissions) might be chal-
lenging. A dense grid of optical pathways (resulting in a large data amount) is
required. However, when measuring along large distances, the ability to identify
emission sources improves with increasing concentration variations. The sen-
sitivity of the method can also be increased when considering relative temporal
variability instead of absolute values.

• Site-specific influences including parameters such as principal wind direction,
meteorological conditions, topographic influences, infrastructure, other artificial
emission sources, and biological background need to be monitored prior to and
during atmospheric monitoring.

• Atmospheric dispersion effects can have a strong impact on the detectability of
CO2 anomalies. Mixture and dilution processes in the near-surface atmosphere
have to be considered and can be simulated using atmospheric dispersion
models, in order to assess observed data (Flesch et al. 2005; Gal et al. 2012;
Leuning et al. 2008).

• Passives open-path measurements offer the chance of achieving robust surveys
in various arbitrary measurement directions, which are useful for gaining an
overview. Furthermore, the large optical path lengths which can be achieved
represent a key advantage when surveying large areas (several km2). However, a
passive system is not best suited for the retrieval of high-precision quantitative
gas concentration data. Reasons for this include: an undefined path length and
width for long pathways, complex signal behavior due to the combined emission
and absorption behavior of the target gas, and problems caused by weak signals
due to low temperature differences between the target gas and the background
environment.

• To improve quantitative analysis in the case where weak sources are present, the
application of a robust active open-path spectrometer is recommended.
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In contrast to weak passive IR-radiation emitted in the background, an active
source of radiation is used, which emits a constantly high signal level leading to
outstanding detection capabilities. Since the radiation path length is known, the
spectrometer, by design, is sensitive to its own artificially emitted radiation only;
high-precision gas concentration measurements are possible.

In our study, OP FTIR spectroscopy was evaluated and is considered to be a
suitable tool for use as part of an early warning monitoring concept. A fully
automated high resolution active OP FTIR spectrometer system was designed
within the frame of the MONACO project, fulfilling the requirements for reliable
large-scale atmospheric monitoring at CCS sites (Bruker 2014). Monitoring oper-
ation and spectral analysis can be carried out permanently and automatically with
high temporal resolution. While concentration retrieval is performed in real-time,
reliable interpretation of concentration values with respect to stored CO2 leakages
may require expert knowledge for each specific site. A combination with other
atmospheric monitoring techniques is recommended (Fig. 2).

Fig. 2 Validation of OP FTIR spectroscopy to identify atmospheric CO2 anomalies based on
MONACO project results. a Passive monitoring equipment including passive OP FTIR
spectrometer with stand-alone power supply and controlling notebook. b New active OP FTIR
spectrometer system consisting of retroreflector (left) and open-path spectrometer with collimation
optics (right) with a maximum investigation distance of 600 m. c Results of passive monitoring
scan at a natural carbon dioxide degassing site (Czech Republic). Zones with distinctly increased
atmospheric CO2 concentration can be observed in the direction of known soil gas anomalies
(modified after Schütze et al. 2013; aerial photo: Google Earth 2014)
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2.1.2 Eddy Covariance Method

Looking back on more than 30 years of experience in micrometeorological and
ecological studies, the eddy covariance method (EC) has often and consistently
been proposed times as a potential suitable method for the monitoring of geologic
CO2 storage sites (e.g., Leuning et al. 2008). The main reason for this is the
technique’s capability to derive accurate gas fluxes as spatially-integrated expres-
sions of the related exchange between the ground surface and the atmospheric
boundary layer (spatial coverage range: from several hundred m2 to a few km2,
temporal resolution: from several minutes to hours). However, previous studies
have also shown that a relatively high leakage rate would be required for leakage
detection via EC (Lewicki et al. 2009; Etheridge et al. 2011).

For technical and methodological comparisons, complementary near-surface
CO2 monitoring methods were deployed, along with EC equipment—namely CO2

accumulation chambers, permanent soil CO2 monitoring stations and air CO2

monitoring sensors.
All aspects considered, deduction of gas exchange rates using the EC method is

a complex statistical approach that is based on several restricting model assump-
tions that form boundary conditions for the deployment of this method (Burba
2013). Key constraints include:

• Topographical pre-conditions (necessity for a flat and homogeneous ground
surface, the measurement point (location of tower) represents an upwind area)

• Technical prerequisites (instruments are able to detect minimal variations at high
frequencies)

• Meteorological assumptions (fully turbulent flux, total vertical flow is negligi-
ble, steady state conditions during the flux averaging interval, air flow con-
vergences or divergences as well as atmospheric gravity waves are negligible,
air density fluctuations do not exist or can be corrected, measurements capture
the boundary layer of interest).

The EC technique requires careful selection of the observation site and special
precautions when undertaking technical handling of the essential instruments.
Problems related to equipment setup include several sources of errors, e.g., selec-
tion of the measuring height, a possible tilting of the instruments, effects of sensor
separation (namely distance between gas analyzer and anemometer), as well as
distortions caused by the installations themselves. Other technical and operational
demands to be considered include:

• The installed technical equipment should be constructed and set up in a way that
does not disturb the existing nature of turbulence.

• The equipment must be environmentally robust and suitable for performing remote
operations (e.g., low power consumption, assured power supply), while the setup
and maintenance of system components (cleaning, calibration, replacements etc.)
should be as easy as possible, in order to facilitate and ensure an accurate config-
uration of the instruments and their performance during operation.
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The demands the EC method imposes regarding instrumentation, survey design
and implementation, as well as data processing, are still great. However, the
instrumental and data processing aspects of this approach have reached a high level
of maturity. This method can be classified as being robust and reliable, even if it
still benefits from technical processes concerning the instruments involved and
software applications. If the boundary conditions are met, the EC technique pro-
duces accurate flux information on a medium scale with good temporal and spatial
resolution. During the field experiments in our project, the instruments showed a
very high availability and any system downtime was almost exclusively caused by
common maintenance work or due to external factors, such as power cuts or data
transfer problems. The quality of the calculated flux data depended notably on the
prevailing wind conditions and, in some cases, on the influence of air moisture
(relative humidity >90 %, fog, drizzle, rain). Thus, the meteorological constraint
“no wind = no flux data” can unfortunately be extended to mean “weak wind = poor
data quality”. Nonetheless, typical data coverage in literature is in the range 65–
75 % over the course of a year (Falge et al. 2001), although our experiments had
slightly better temporal coverage. As a rule of thumb, the general total EC mea-
surement error seems to be between 5 and 20 %, while Baldocchi (2003) indicates
that an error of less than 7 % occurs during the day and less than 12 % at night.

Currently, there is no overall agreement on a single, standardized methodology
for the EC technique, although much work towards harmonization has already been
carried out by the international EC research community and its networks. Since
each observation site has its own characteristics, almost every EC experiment needs
to consider different parameters. Thus, the applicability of EC technique remains, to
a certain extent, a site-specific monitoring approach. Use of the EC method
demands expert knowledge and it is presently not a “simple, transparent technique
for day-to-day monitoring practice”.

If the monitoring concept focuses on CO2 fluxes on a medium scale, the EC
technique has a unique position, despite the limitations mentioned above. It has the
capability to act as a methodological link between integral large-scale monitoring
efforts on one hand, and small-scale approaches distributed over large areas on the
other—even if some methodological developments still must be made in order to
ensure a logical combination of data from different scales.

However, with regard to CO2 storage practice, one important question arises: At
what stage of storage operations is the quantification of CO2 fluxes required? For all
intents and purposes, extended baseline flux quantification, i.e., the identification of
the natural background and its variability, is mandatory—otherwise, additional CO2

flux caused by potential leaks cannot be quantified. Furthermore, once leakage is
detected by any monitoring approach, flux quantifications are also needed in order
to obtain information on how much CO2 escapes from the storage site into the
atmosphere and to identify potentially hazardous areas, initiate project remediation
strategies, and to verify the success of the corrective measures. In all other phases of
normal storage operations, near-surface monitoring might routinely rely on other
indicators; indicators that can be more easily determined and in a more transparent
way than the complex computation required for CO2 fluxes using the EC approach.
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Monitoring of CO2 concentrations instead of fluxes would, for example, cover such
an easy-to-use indicator. Strategically well-placed and fitted with elementary wind
sensors, simple air CO2 sensors can measure CO2 concentrations straightforwardly.
They provide sufficient information to ensure continuous near-surface monitoring
by identifying recurring data patterns including their normal variations on one hand,
but also detect potential anomalies on the other.

Both OP FTIR spectroscopy and the EC technique have been validated in our
study as suitable monitoring techniques. They are near-surface atmosphere moni-
toring methods that work on larger scales. However, it needs to be noticed that
geologic CO2 storage is realized deep underground. It is therefore evident that it
cannot cover all monitoring aspects of industrial CCS operations and must be an
integral part of a comprehensive monitoring concept consisting of methods that focus
on other environmental compartments or on different temporal and spatial scales.

2.2 Tools for Meso-scale Monitoring—Surface-Based
Monitoring

Within our study, patterns of atmospheric CO2 variability were observed with the
help of FTIR and EC methods. In zones of increased CO2 concentration, the source
processes (man-made, natural) need to be clarified and the surface or near sub-
surface areas should be monitored in detail. Ground-based deformation studies,
geophysical methods such as electromagnetics (EMI), electrical resistivity tomog-
raphy (ERT) and self-potential (SP), soil gas concentration, flux measurements and
soil moisture and temperature mapping are efficient methods for identifying near-
surface structures which favor gas accumulation and migration applied in the
MONACO approach. Combinations of various geophysical methods and soil-gas
investigations (CO2 concentration and flux rate) provide insights into the physical
properties of sediments (e.g. resistivity variations), structural features (e.g., sec-
ondary traps) and transport processes (e.g., migration of fluids, CO2 solution). Such
an integrative approach derives information about preferential degassing pathways
(e.g., Buselli and Lu 2001; Byrdina et al. 2009; Lamert et al. 2012; Pettinelli et al.
2010; Schütze et al. 2012).

2.2.1 Geophysical Methods

The application of geophysical methods is motivated by two main processes. Firstly,
CO2 (dissolved, volatile) in the pore space has an impact on physical sediment prop-
erties (e.g., electrical resistivity). Secondly,fluidmovementmay induce dynamic, time-
dependent processes (e.g., temporal variations in geophysical parameters, generation of
electro-kinetic effects). Within the MONACO project the supposed variation in geo-
physical parameters due to the presence of CO2 was investigated using a combination
of several geophysical methods—such as SP monitoring and mapping, EMI mapping,
ERT survey and refraction seismic measurements.
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The self-potential (SP) method measures a natural electrical potential field dis-
tribution at the ground surface. It is used to map distinct anomalies or to monitor
temporal changes caused by dynamic processes. For field applications, it is often
difficult to separate the variously superimposed sources of SP signals in the measured
data induced by a combination of electrokinetic effects, electrochemical potential
differences and thermoelectric coupling effects. However, the determination of
streaming potentials (electrokinetic effects) could be a possible parameter to feature
CO2 migrations or could at least be an indicator for fluid transport in the subsurface
(Byrdina et al. 2009; Revil et al. 1999a; Smaczny et al. 2010; Sprunt et al. 1994). It
must be considered that SP anomalies are influenced by soil structure, rock variations,
meteorological conditions and/or groundwater flow. Streaming potentials are sensi-
tive to variations in hydrological parameters, which are expressed in considerable
time dependence (Ernstson and Scherer 1986). Furthermore, the effect of more
intense chemical reactions due to higher CO2 concentrations in the subsurface can
encourage evolution of an increased electrochemical effect on the SP values
(Zlotnicki and Nishida 2003). In our measurements, the observed anomalies are
potentially driven by gas flow associated with transport of a water phase within the
permeable zones (Fig. 3). These effects are also observed by Byrdina et al. (2009),
Revil et al. (1999b), Sauer et al. (2014), Sandig et al. (2014). Following ‘best
practice’ recommendations, the reliable identification of influencing subsurface
properties (e.g., porosity, gas or water saturations, conductivity) on the SP signal
requires additional geophysical methods (e.g., ERT) and environmental data (e.g.,
soil gas concentration measurements) (Flechsig et al. 2008; Jardani et al. 2007).

Resistivity and electrical conductivity can act as geophysical indicators for the
presence of CO2 in pore space. Variations in resistivity depend on physical sedi-
ment properties such as conductive mineral components, porosity, clay content,
water saturation, and electrolyte concentration (Flechsig et al. 2008; Knödel et al.
2007; Reynolds 2011). Recent field tests, laboratory experiments, and numerical
simulation studies show that electrical resistivity is highly sensitive to the presence
of CO2 (Bergmann et al. 2012; Börner et al. 2013; Kharaka et al. 2009; Lamert et al.
2012). Gaseous CO2 intrusion into shallow groundwater systems generally causes
increased gas phase content in the soil pore space, which accordingly leads to
increased bulk resistivity. However, subsequent dissolution of CO2 in partly-
groundwater saturated sediments leads to the occurrence of carbonic acid followed
by generally decreased pH values and increased alkalinity. These circumstances
lead to decreased bulk resistivity.

Electromagnetic induction mapping (EMI) is a non-invasive method for mea-
suring the apparent electrical conductivity. EMI methods are considered as being a
promising approach for monitoring CO2 storage (Börner et al. 2010). Due to the
small expected differences in electrical conductivity in the shallow subsurface,
careful device calibration, operation, and interpretation is necessary. Our results
indicate that EMI can be used as an appropriate tool for a fast and rough outline
survey of the recent main geological structures. For more detailed insights, the
subsequent application of geoelectrical investigations is recommended.
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Electrical resistivity tomography (ERT) is a non-invasive geophysical method
providing information on the subsurface resistivity pattern. Knowledge about the
resistivity distribution can be applied to map shallow subsurface structures
depending on the investigation depth—and is subject to electrode spacing, electrode
configuration, and the resistivity distribution of the subsurface. The determination
of resistivity anomalies is considered to be useful when investigating disturbances
caused by variations in lithological parameters and fluid content (Flechsig et al.
2010; Schütze et al. 2012). Within the frame of the MONACO project, ERT surveys
were used to reveal internal structures responsible for fluid migration or trapping in

Fig. 3 Example for validation of the hierarchical approach at a natural analogue site in the Cheb
basin (CZ). Atmospheric monitoring: Scanning passive OP FTIR spectroscopy was applied. The
image shows atmospheric CO2 concentration in relation to normal conditions. Atmospheric CO2

concentration maximum value occurs above the main soil CO2 degassing anomaly.Ground surface
monitoring: Soil gas concentration distribution and soil flux measurement displays an anomaly
indicating the main degassing zone. The CO2 flux measurements using the accumulation chamber
method show two distinct flux maxima above the anomaly threshold of 50 g m−2 d−1. Soil CO2

concentration values measured along the same soil gas profile show also two distinct concentration
maxima with nearly 100 %CO2 concentration. SP distribution at ground level: negative SP anomaly
correlates with CO2 concentration anomaly in the atmosphere and near surface. Subsurface
monitoring: In the ERT results a distinct disturbance in the resistivity layers is obvious beneath the
main degassing zone. Lithological units shown were derived from a drilling log
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the shallow sedimentary layers. It turned out that the ERT method is a valuable tool
for monitoring temporal and spatial changes in resistivity patterns due to variations
in fluid transport processes. Furthermore, the analysis of resistivity anomalies is
crucial when it comes to understanding the observed SP patterns (Fig. 3).

Additional shallow refraction seismic investigations were validated in the project
as suitable method which helped us obtain supplementary structural information
from the seismic velocity models. This method yields high resolution images
concerning the structural geological setup and provides valuable data to minimize
the ambiguity of geophysical models.

2.2.2 Soil Gas Surveys

Surface-based measurements of CO2 concentration and CO2 flux provide reliable
insights in leakage processes, which can allow us to constrain the extent of potential
leakages and to understand the controlling features of the observable fluid flow
patterns (Schütze et al. 2012).

Reliable soil gas sampling requires a thorough sampling technique. The soil gas
CO2 concentration is measured in shallow depths (minimum sampling depth 0.5 m
below ground level) and the mixture of gas samples with fresh air have to be
avoided. Flux measurements are typically based on the accumulation chamber
method (Chiodini et al. 1998). Both investigation techniques were validated at the
test sites in the Cheb Basin and Starzach. These techniques are considered to be
valuable tools for the mapping and quantifying of CO2 seepage to the surface via
preferential pathways. However, detailed soil flux and concentration investigations
of larger areas are time-consuming. Changes in meteorological conditions during
measurement need to be carefully considered during subsequent interpretation.

In different measuring campaigns during the project, we observed a high spatial
variance of the soil gas concentration and flux on small scales with respect to location,
spatial extent and amplitude. Land use, meteorological and soil moisture conditions
especially influence gas migration and seepage. Therefore, the joint interpretation of
soil gas measurements with geophysical data and soil moisture/temperature data is
important, to gain a realistic site-specific overview for risk analysis (Fig. 3).

2.2.3 Soil Parameter Measurements

Soil temperature and soil moisture are influencing parameters on geophysical and
geochemical parameters (SP, ERT, EMI and CO2 concentration) and, as an
immediate response to meteorological conditions, must be considered when car-
rying out data interpretation. These parameters can be mapped and monitored using
standard devices such as temperature probes and soil moisture sensors based on
time domain reflectometry (TDR).

Results achieved from integrative measurement taken at our test site in the Cheb
basin indicate that the hierarchical monitoring approach represents a successful
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multidisciplinary modular concept (Sauer et al. 2013; Schütze et al. 2013). The
application of OP FTIR spectroscopy in combination with soil gas surveys and ERT
investigations has proven to be a valuable tool for comprehensive characterization of
the atmospheric and near-surface CO2 distribution, as well as subsurface structural
features (Fig. 3).

2.2.4 Ground-Based Deformation Studies

Precise measurements of ground deformation (uplift or subsidence) can be acquired
remotely using geodetic techniques e.g., radar satellites positioned above CO2 stor-
age sites can be used to determine the surface-level impacts of injection. It can be seen
that the amount of geomechanical deformation caused as a result of CO2 injection is
likely to be a function of the volume of CO2 injected (Verdon et al. 2013). The
satellite-based Interferometric Synthetic Aperture Radar (InSAR) has proven to be
successful for monitoring (to centimeter level degree of accuracy) volcanic and
earthquake deformation (Zhao et al. 2012; Biggs et al. 2009) and was especially
valuable when used at the In Salah CCS site (Ringrose et al. 2013; White et al. 2014).

Differential Global Navigation Satellite System (DGNSS) observations were
evaluated within the project for high precision monitoring of surface deformation
and movement. GNSS observations obtained from a four station reference network
were post-processed using GNSS networking software. One of the reference sta-
tions was replaced by a monitoring unit consisting of a GNSS receiver and a crank
unit with a mounted GNSS antenna. By using the crank unit, the height of the
monitoring station were adjusted to the required level. Monthly height adjustments
that were undertaken were recorded and compared with the height results obtained
by GNSS post-processing analyses. Applying a special filter for the determination
of coordinates for the monitoring station, the standard deviation of the time series
was reduced down to 1 mm (height). Figure 4 shows the post-processing results,
indicating the detectability level of the manual height changes of the crank unit.

Fig. 4 Post-processing results—monitoring station MONA, The manual height changes of the
crank unit are seen in the coordinate time series very clearly. Event #13 shows that the manual
height change was detected in its whole magnitude after around 15 h
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The results of the analyses show that when using DGNSS measurements, surface
deformations of even a few millimetres can be reliably detected. Compared to other
satellite based observation methods, permanent coordinate monitoring of a CCS site is
possible using the GNSS approach. Deformations can be detected within a few hours.

2.3 Tools for Small-Scale Monitoring—Subsurface in Situ
Monitoring

The distribution of geophysical indicators in conjunction with observed charac-
teristic CO2 concentration and flux patterns is useful for identifying site locations
for detailed in situ monitoring. These can then be used for a further detailed
determination of the lithological setting and spatial distribution of the site’s per-
meability, while simultaneously assessing the spatial and temporal migration
behavior of CO2. Geophysical methods (e.g., ERT and seismics), in situ installa-
tions (e.g., for CO2 concentration and flux measurements and isotope analysis of
sampling probes) are examples of monitoring tools which can be used to identify
deeper geological structures responsible for gas migration and trapping, and to
characterize the CO2 source.

2.3.1 In Situ Measurements and Sampling

Direct Push technology (DP) is a minimally invasive and highly efficient tool used
for in situ measurement of different physical and chemical parameters (e.g., elec-
trical conductivity logging, hydraulic conductivity logging) and the installation of
monitoring sensors into depths of up to 30 m in unconsolidated to weakly-con-
solidated sediments (Leven et al. 2011; Zschornack and Leven 2012; Dietrich and
Leven 2006). Direct Push can also be used for retrieving soil, gas and water
samples needed for chemical analysis. Soil samples provide especially valuable
lithological information, which can be used to validate geophysical data.

2.3.2 In Situ Installations

At a field site in Starzach (Baden-Württemberg, Germany), a location with
enhanced natural CO2 exhalation and which was used for CO2 mining in previous
times, soil sensors designed to measure soil temperature (T), volumetric water
content, and electrical conductivity (σ) were installed at two different depths (0.3
and 0.6 m below ground level). The reason for doing so was to investigate the
influence of mofettes (focused CO2 degassing) on soil parameters such as electrical
conductivity and soil CO2 concentration at different locations with characteristic
low, intermediate, and high soil CO2 concentrations.
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Figure 5 shows the measured CO2 concentration at a depth of 0.5 m and some of
the sensor data (T, σ) recorded at the site. The shallow sensors (0.3 m) exhibit a
general trend of decreasing temperature and increasing electrical conductivity near
the mofettes. In contrast, the deeper sensors show almost no variations. The fol-
lowing processes could be responsible for the observed trends: (1) Movement of
groundwater along the degassing channels, which reduces the soil temperature and
which in general has a higher electrical conductivity than rain water infiltrating the
soil (Flechsig et al. 2010; Hölting and Coldeway 2013). (2) Higher dissolution
effects in the soil near the mofettes. The higher amount of CO2 leads to more
dissolution of CO2 in the soil water and the resulting increase in ion load occurs due
to reactions of the CO2 with the aquifer and soil matrix, causing an increase in
electrical conductivity.

Based on the project experiences, a network of soil sensors placed above a CO2

storage site can serve as a suitable monitoring tool. In the event of a leakage, the
in situ sensors are able to identify subsurface areas of increased soil CO2 con-
centrations. Although temperature and electrical conductivity could be detected in
areas of increased CO2 concentration at our investigated field site, the hydrogeo-
logical situation influencing the soil temperature is site-specific. Therefore, only
electrical conductivity can be recommended as a more general parameter for
indicating areas with potential CO2 leakages.

To investigate the effect of variations in atmospheric parameters on intensity of
mass fluxes from the two mofettes, a hood-shaped metal sheet with an opening for
free gas outflow was placed over a mofette with an airtight seal. Gas fluxes out of
mofettes are mainly driven by advection and therefore are much stronger than
diffusive fluxes (Kämpf et al. 2013). The total amount of free gas outflow from a
single mofette was estimated by simultaneously measuring flow velocity, static

Fig. 5 Left Measured CO2 concentration in 0.5 m depth on a 3 × 3 m grid at the field site in
Starzach. Location of two mofettes (circles), location of six soil sensors (A_1, A_2, B_1,B_2,C_1,
C_2; _1 indicate depth 0.3 m; _2 indicate 0.6 m) (black crosses), sample locations (black dots).
Right Measured soil temperature (T) and electrical conductivity (σ) with in situ sensors placed in
areas with low soil CO2 concentration (10–30 vol%: soil sensors A_1 and A_2), intermediate
concentration (31–60 vol%: soil sensors B_1 and B_2) and high concentration (61–80 vol%: soil
sensors C_1 and C_2)
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pressure, and gas temperature. Measurements of the volumetric CO2 content
revealed a concentration of almost 100 vol.%. The resulting mass flux of CO2 gas is
shown in Fig. 6 for a period of 24 h compared with air temperature (Ta) and
pressure (pa), recorded at a nearby meteorological station. Variations in these
meteorological parameters have no obvious influence on mass flux. However, the
trend in air temperature correlates with the trend in mass flux. For smaller or more
diffuse mass fluxes, changes in outside temperature and possibly also in air pressure
could have a larger impact on mass flux intensity (Vodnik et al. 2009; Chiodini
et al. 1998).

As a consequence, monitoring technologies should aim to measure small and
diffusive-dominated mass fluxes, where natural variations that occur due to atmo-
spheric parameters are known, so that anomalies can be clearly detected.

The project partner SARAD GmbH developed a new device for in situ flux
measurements so that CO2 flow can be directly measured in the ground and over
large measurement distances.

2.3.3 Analysis of Isotopic Composition

Studies of the isotope signature of the soil CO2 are essential to help distinguish
between different CO2 sources and to characterize the origin of soil CO2.

The usefulness of analyzing the isotopic composition of soil CO2 was tested at
two sites with natural channel-like CO2 degassing with CO2 concentrations up to
90 vol%. In the Cheb Basin, the deep source of CO2 (mantle derived) is confirmed
by the isotope signature (Bräuer et al. 2008, 2011), whereas the origin of the CO2

degassing in Starzach is still under discussion.
The measurement of the isotopic composition was validated to be an appropriate

method to characterize the origin of CO2 and was successfully used to confine
clearly the boundaries of CO2 soil degassing from areas with degassing of deep
originated CO2 in shallow subsurface (Fig. 7). However, it is a time-intensive,
complex analysis method which requires profound expert knowledge.

Fig. 6 Left Calculated mass flux from a mofette at the field site. The mean mass flux is 92 kg/d.
Right Outside temperature (Ta) and air pressure (pa) recorded at a nearby meteorological station
over 24 h. Mean Ta for this period is 14.4 °C and mean pa 1,013.4 mbar
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2.4 Validation of Methods for Atmospheric, Surface
and Subsurface Monitoring

The methods applied for monitoring were evaluated by means of several criteria:
robustness, availability, reliability, data accuracy, spatial resolution, spatial inte-
gration, temporal resolution, and effort based on practical requirements (e.g.,
equipment handling, data processing). For an assessment of the different monitoring
techniques, the applicability of methods was classified into three groups: (−) limited
compliance, (o) acceptable compliance, (+) appropriate compliance (Table 1).

2.4.1 Evaluation and Conclusion

The effectiveness of monitoring methods for CO2 leakages depends on several
factors including the contrast between the physical properties of CO2 and the pore
fluid displaced by CO2, the lithology and structure of the reservoir, pore fluid
pressure and temperature, field setups and surveys, well spacing, and injection
patterns (Hagrey et al. 2013; Hoversten and Myer 2000). All methods applied
within the MONACO project were evaluated and classified into three criteria:

• (o) Useful supplementing method: The application of methods is affiliated with
various limitations with respect to the criteria and stand-alone application cannot
guarantee suitable results. However, the method can provide additional infor-
mation for joint interpretation.

Fig. 7 Project results of investigations at the Cheb Basin site. A natural degassing zone was
determined by increased CO2 soil gas concentration and decreased δ 13Cco2 values. The isotopic
signature with a δ 13Cco2 value of −2‰measured in the degassing area indicates the deep magmatic
source of CO2
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• (+) Appropriate method: Methods provide valuable information. However, the
application has some restrictions/limitations, which have to be taken into
account for interpretation.

• (++) Favored method: Applications of methods are suitable and provide sig-
nificant results concerning assurance monitoring.

This classification for the common assurance monitoring tasks is shown in
Table 2.

OP FTIR spectroscopy and EC method are considered to be suitable tools as part
of an early warning monitoring concept, enabling detection of diffuse or focused
CO2 degassing over larger scales. OP FTIR spectroscopy can supply information on
the distribution of CO2 concentration under natural air conditions as an input
parameter for the subsequent quantification of emission rates. The requirements for
EC regarding wind conditions, instrumentation, survey design, implementation, and
data processing are still very high. If the measuring requirements are met, the EC
technique can provide flux information on a medium scale with sufficient temporal
and spatial resolution. In addition, continuous wind speed measurements in com-
bination with air CO2 concentration registration at different heights, as well as CO2

concentration monitoring with a handheld infrared gas analyzer, have some
potential as an appropriate basic monitoring technique. However, due to the scale of

Table 2 Classification of the methods applied in MONACO project for nine pre-defined
assurance monitoring tasks
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CO2 storage, these atmospheric methods could only be an integral part of a com-
prehensive monitoring concept consisting of methods that focus on other envi-
ronmental domains or on different temporal and spatial scales.

Within the MONACO hierarchical approach the GNSS approach for detecting
ground deformation was tested. It was shown that GNSS is suitable for continuous
monitoring and investigation of contemporary ground surface deformation in mm
range. However, information about height variation is based on distinct measure-
ments at monitoring stations and cannot provide extensive information such as that
obtained when using InSAR data.

Interpretation of various geophysical data can yield important information
regarding fluid flow and transport processes in permeable near-surface layers, as well
as structural and hydraulic properties. The selection of an appropriate method for the
fulfillment of assurance monitoring tasks (such as detection of migration and pref-
erential pathways, investigation of structural trapping) depends on site characteris-
tics. The combination of geophysical methods, soil gas investigations and in situ
installations concerning e.g., chemical properties of the groundwater, soil gas com-
position, soil gas ratios, and isotope ratios are necessary to improve the understanding
of both gas migration processes and the resultant geophysical response functions, and
to minimize ambiguities concerning the investigated geophysical parameter distri-
bution. Furthermore, the influence of environmental conditions on geophysical and
soil gas parameters needs to be considered when attempting to establish ‘best prac-
tice’ recommendation for CO2 storage monitoring concepts.

The results of the MONACO project demonstrated that a successful near-surface
monitoring plan should base on a hierarchical approach to cover different areas at
different scales enabling a reliable detection of CO2 migration paths and any
leakages at the surface.
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Results from the Project CO2ISO-LABEL

Johannes A.C. Barth, Michael Mader, Anssi Myrttinen, Veith Becker,
Robert van Geldern and Bernhard Mayer

Abstract The BMBF project CO2ISO-LABEL (Carbon and Oxygen ISOtopes
under extreme conditions LABoratory EvaLuations for CO2-storage monitoring)
investigated stable isotope methods in laboratory studies for transferral to carbon
capture and storage (CCS) field sites including enhanced gas and oil recovery (EGR
and EOR). The isotope composition of injected CO2 and water are useful tracers for
migration and water-rock-gas interactions during such operations. However,
quantification of carbon and oxygen equilibrium isotope effects at elevated pres-
sures and temperatures are so far scarce. They thus need more investigations under
p/T conditions that are characteristic for reservoirs and overlying aquifers. With
this, the main objective of the project was to improve stable carbon and oxygen
isotope methods for monitoring CO2 storage sites and their impact of injected CO2

on reservoir geochemistry under controlled laboratory settings. An important
finding was that isotope fractionations of carbon between CO2 and dissolved
inorganic carbon (DIC) were not significantly different from each other in experi-
ments with pure CO2 and pressures between 59 and 190 bar. Furthermore, influ-
ences of rock types (limestone, dolomite and sandstone) and fluid salinities were
found to be negligible for carbon isotope fractionation between CO2 and DIC.
Another finding was that water oxygen isotope ratios changed systematically in
response to different CO2/H2O molar ratios in closed system equilibration experi-
ments. This helps to reconstruct the amounts of CO2 that equilibrated with for-
mation waters. Results of the project will enable better assessment of geochemical
conditions in underground carbon storage sites or other subsurface systems where
large amounts of CO2 interact with water and rocks.
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1 Project Description and Its Most Important Aims

The main objective of this work was to improve stable isotope methods for mon-
itoring CO2 and dissolved inorganic carbon (DIC) migration within CO2 storage
sites. In order to test application of isotope fractionation effects to reservoir con-
ditions under elevated temperatures, pressures and salinities that are encountered in
field conditions, investigations were carried out in the laboratory under controlled
conditions. Such new experimental results are important for tracing the movement
and fate of CO2 during and after geological storage of CO2.

Specifically, the aim of the project was to improve carbon and oxygen stable
isotope methods as monitoring tools in carbon storage projects at p/T ranges of
close to 200 bar and over 100 °C with increased fluid salinities. The target of these
investigations were changes in carbon stable isotope compositions of CO2 and
dissolved inorganic carbon (DIC) as well as shifts in 18O/16O rations in water. One
important pre-requisite of the project was to obtain original fluids from well-known
field pilot projects such as the Canadian Weyburn and Pembina EOR sites. This
enabled comparison of results from experiments conducted with original reservoir
fluids from field sites with artificial analogue fluids. In this chapter we cover two
important aspects of stable isotope applications for CCS with artificial fluids:

(i) effects of p/T conditions of up to 105 °C and 190 bar on carbon isotope ratios
of CO2 under variable reservoir fluid salinities and rock types (limestone,
dolomite and sandstone) and

(ii) changes of oxygen isotope ratios of water in response to large amounts of
CO2.

Temperature-dependence of isotope fractionation between the species of dis-
solved inorganic carbon (H2CO3

*, HCO3
− and CO3

2−), CO2 and precipitated car-
bonate minerals have previously been investigated in various studies (Chacko and
Deines 2008; Deines 2004; Halas et al. 1997; Inoue and Sugimura 1985; Mook
et al. 1974; Zhang et al. 1995). However, these investigations were usually con-
ducted at lower salinities that are typical for fresh waters and under ambient
pressure conditions. Higher pressures and temperatures conditions for CO2 of over
100 °C and up to 190 bar represent a knowledge gap for the application of stable
isotope methods in carbon storage monitoring. With this, one important question for
stable isotope investigations at CO2 storage sites (including EGR and EOR) is
whether CO2 is subject to different stable isotope fractionation effects under higher
p/T conditions. Moreover, it was unknown if high salinities influence carbonate
chemistry and associated carbon isotope fractionations. Such knowledge is
important, if we systematically want to apply stable isotope measurements as
monitoring tools during and after CO2 injection into geological formations.

Another useful aspect of stable isotope applications in CCS operations is that
CO2 and water are known to equilibrate their 18O/16O ratios. For CCS operations
this has been investigated in a few selected studies (Johnson and Mayer 2011;
Johnson et al. 2011a, b; Lécuyer et al. 2009). These studies are promising to yield
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new tools that indicate how formation waters become influenced by large amounts
of CO2. For instance, if oxygen isotope changes of water depend on the amount of
present CO2, they may also help to reconstruct the molar amounts of gas and water
that have equilibrated. Johnson and Mayer (2011) conducted experiments with CO2

and water at high pressures of up to 190 bar at 50 °C. They worked with 18O-
enriched water in order to avoid that isotope effects are masked by similar isotope
ratios of waters and CO2.

Here, we present first results that evaluate oxygen isotope exchanges between
CO2 and H2O at natural abundance (i.e. without addition of 18O-labelled water or
CO2) and at ambient pressures. Even though CCS operations have higher p/T-
boundary conditions, our results afford comparison of this isotope technique with
changes of water isotopes at room temperature and normal atmospheric pressures.
This comparison can reveal if the observed systematic alterations of oxygen iso-
topes in water also apply to lower temperature- and pressure environments. If so, p/
T conditions that lie between CCS storage sites and ambient ones can also apply
this isotope technique. These may occur for instance in potential leakage scenarios,
in which large amounts of CO2 can enter near-surface aquifers. In addition, the data
presented here enable comparisons to these previous techniques by Johnson et al.
(2011a, b) at higher p/T conditions and introduce a method that relies on water
oxygen isotope changes alone.

2 Methods

2.1 High p/T CO2 Experiments

A total of 32 experiments were carried out to test carbon isotope changes at various
salinities and p/T conditions (Table 1). They were performed in metal vessels that
were filled with water and CO2 directly from a gas cylinder with starting pressures
of 59 bar (Fig. 1a). Tests were carried out with distilled water and also with saline
solutions of 50 g L−1 NaCl and 500 mg L−1 NaHCO3 and with 30 g of ground rock
(limestones, dolomites, and sandstone). Grain sizes of the ground rock samples
were 0.5–2 mm and the fluid to gas ratio was 400–100 mL. Once the vessels were
pressurised, they were placed into an oven at temperatures of 25, 50, 75 and 105 °C
in separate experiments. Resulting pressures increased to maximum values of 190
bar after the metal reaction cells reached temperatures of up to 105 °C. In a similar
study, Myrttinen et al. (2014) showed that equilibration between CO2 and DIC was
reached after 5 hours. Once this equilibrium was established, the fluid was first
sampled into an attached 50 mL steel vessel and subsequently transferred into a gas
sampling bag that contained 6 mL of 85 % phosphoric acid (H3PO4). This gas bag
was then agitated for at least one hour on an orbital shaker with 60 rotations per
minute. This was necessary to convert all DIC into CO2 gas for further isotope
analyses. Once the fluid sampling was complete, the remaining gas in the 500 mL
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vessel was also transferred into a separate pre-evacuated gas-sampling bag for
carbon isotope analyses of the CO2. For these experiments, carbon isotope ratios of
DIC and the CO2 headspace were analysed on a Thermo Fisher MAT 253 with
measurement uncertainties of less than ±0.2 ‰.

Table 1 Carbon isotope results of pressure experiments using vessel type A (Fig. 1) and solutions
with 50 g of NaCl and 500 mg of NaHCO3

Fluid Rock type Temp (°C) pCO2 (bar) δ13CDIC (‰) VPDB δ13CCO2 (‰) VPDB ln α (‰)

aq. dest. Only water 25 59 −35.2 −34.6 −0.68

aq. dest. Only water 50 88 −35.7 −35.3 −0.40

aq. dest. Only water 75 105 −35.2 −34.8 −0.39

aq. dest. Only water 105 158 −35.0 −34.3 −0.71

aq. dest. Sandstone 25 60 −34.9 −34.4 −0.52

aq. dest. Sandstone 50 95 −35.7 −34.4 −1.36

aq. dest. Sandstone 75 123 −35.3 −34.5 −0.80

aq. dest. Sandstone 105 152 −34.6 −34.2 −0.41

aq. dest. Limestone 25 65 −34.2 −34.2 0.00

aq. dest. Limestone 50 98 −35.3 −34.9 −0.41

aq. dest. Limestone 75 130 −34.1 −34.3 0.24

aq. dest. Limestone 105 158 −34.3 −33.9 −0.35

aq. dest. Dolomite 25 60 −34.1 −33.5 −0.56

aq. dest. Dolomite 50 88 −35.3 −34.8 −0.51

aq. dest. Dolomite 75 110 −34.8 −34.5 −0.29

aq. dest. Dolomite 105 190 −34.6 −34.2 −0.36

brine Only water 25 60 −34.7 −34.2 −0.56

brine Only water 50 80 −35.4 −35.2 −0.19

brine Only water 75 120 −34.8 −34.7 −0.05

brine Only water 105 150 −35.0 −34.1 −0.97

brine Sandstone 25 60 −34.8 −34.2 −0.68

brine Sandstone 50 100 −34.6 −34.6 0.00

brine Sandstone 75 110 −34.6 −34.4 −0.25

brine Sandstone 105 130 −32.9 −34.1 1.18

brine Dolomite 25 60 −34.5 −34.0 −0.50

brine Dolomite 50 78 −35.1 −35.0 −0.10

brine Dolomite 75 115 −34.7 −34.4 −0.31

brine Dolomite 105 150 −34.5 −34.0 −0.47

brine Limestone 25 60 −34.6 −33.9 −0.63

brine Limestone 50 98 −34.9 −34.8 −0.11

brine Limestone 75 105 −34.2 −34.0 −0.26

brine Limestone 105 160 −33.7 −33.6 −0.13
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2.2 CO2-Water Experiments with Oxygen Stable Isotopes

A total of 27 experiments were carried out for investigations of oxygen isotope
exchanges between CO2 and water. Each of these experiments had 3–5 sub-samples
and the averages are displayed in Table 2. For the experiments 1-L glass-flasks with
septa and two inlet faucets were used (Fig. 1b). These are known as gas-mouse-
vessels. For these equilibration tests various amounts of water (i.e. 5, 10, 30, 50 and
100 mL) were exposed to pure CO2. The vessels were shaken for up to 222 h on an
orbital shaker with 60 rotations per minute at room temperature (22 °C). They were
then sampled for CO2 directly from the septum with a gas-tight syringe and
transferred into helium-flushed 12-mL-Exetainer® vials. Water from these experi-
ments was also subsampled in 5-mL open wide mouth vessels. From these the water
was transferred immediately by pipette into 1.5-mL vials and then closed with butyl
rubber caps for further analyses.

For stable isotope measurements of the CO2 in these experiments, a Delta V
Advantage mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was
modified at its Gasbench® inlet system with additional helium dilution to accom-
modate CO2 concentrations of 100 %. Water samples were analysed on a Picarro
L1102-i cavity ring-down stable isotope analyser (Picarro Inc., Santa Clara, USA).
All data were corrected for instrumental drift, memory, and linearity effects (i.e.
changes of isotope ratios in dependence of peak size).

Fig. 1 Reaction vessels for
experiments with CO2-water-
rock interaction: a 500 mL
stainless steel vessel for
water-rock-CO2 interaction
experiments with starting
pressures of 59 bar attached to
a 50 mL steel sampling
vessel, b glass flask for
experiments at ambient
pressure and temperature
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2.3 Isotope Measurements

All isotope measurements were normalized to international scales by analyses of
multiple laboratory standards that were directly calibrated against international
reference materials. The isotope ratios of water, dissolved carbon and CO2 are
expressed in the delta notation as a per mille (‰) deviation from a standard. These
are the Vienna Standard Mean Ocean Water (VSMOW) for water samples and
Vienna Pee Dee Belemnite (VPDB) for DIC and CO2 samples. The delta notation is
defined as

Table 2 Water isotope
values after various
equilibration times with
100 % CO2 in 1 L flasks on a
shaker with average oxygen
isotope values of the water

Time (h) H2O in 1 L flask (mL) δ18OH2O (‰) SMOW

2.0 5 −10.7

9.2 5 −13.6

22.1 5 −14.8

46.8 5 −14.9

66.5 5 −15.0

67.6 5 −14.9

93.9 5 −14.6
138.8 5 −14.4
171.5 5 −15.1
192.0 5 −14.5
2.0 10 −10.2

8.6 10 −11.9

22.0 10 −12.3

56.3 10 −12.2

94.5 10 −12.1
120.0 10 −12.1
138.9 10 −11.9
194.1 10 −12.1
2.1 30 −9.5

12.8 30 −9.8

19.9 30 −9.8

66.5 30 −9.8

94.5 30 −9.9
138.8 30 −9.9
196.1 30 −9.8
222.0 50 −9.6
71.3 100 −9.0
Starting values were δ18 OH2O = −8.7‰ and δ18 OCO2 = + 9.3‰
VSMOW. Cells marked in bold were used to calculate the
averages for Fig. 4, because their equilibration times were longer
than 94 hours.
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d ¼ Rsample=Rreference
� ��1
� � ð1Þ

where R is the ratio of the numbers (n) of the heavy and light isotopes of an element
(e.g. n(18O)/n(16O)) in the sample and the reference (Coplen 2011). This delta
notation systematically expresses the stable isotope ratios of O (18O/16O) or C
(13C/12C) in water, CO2 and DIC, respectively. According to this definition samples
with more negative values are relatively depleted with respect to heavy isotopes and
those with more positive values are enriched in heavy isotopes. When two phases
are involved (i.e. CO2(g) and DIC) it is useful to express the isotope fractionation
between them as a difference. This difference between delta-values (Δδ) of two
phases A and B is defined by

Dd ¼ dA�dB ð2Þ

The difference in isotope distribution between these two phases is also known as
the isotope enrichment factor, ε, and can be expressed as

e A�Bð Þ ¼ a A�Bð Þ�1 ð3Þ

where A and B denote the phases and α is the isotope fractionation factor (Coplen
2011). Thus, the isotope fractionation and isotope enrichment factors are related to
the isotope difference by the following approximations

Dd � e A�Bð Þ ð4Þ

and

Dd � lna ð5Þ

All values are usually multiplied by 1,000 to enable better comparison of the per
mille values.

3 Selected Results and Discussion

3.1 High p/T CO2 Experiments

Results of the investigations for carbon isotope changes between DIC and CO2 are
listed in Table 1. Unlike known temperature dependencies of stable isotope frac-
tionation, influences of elevated pressures of up to 190 bar CO2 on isotope
fractionations have hardly been investigated to date. This is however a necessity for
using stable isotope approaches as tracers for injected CO2 in geological forma-
tions. In addition, reservoir fluids in geological CO2 storage formations are often
saline. This in turn reduces CO2 solubilities and with this mineral dissolution
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(Portier and Rochelle 2005). However, the effects of higher salinity have hardly
been tested for stable isotope systematics of carbon when CO2 is present in over-
abundance such as during CCS operations.

Figure 2 shows differences in carbon isotope values between pressure experi-
ments using reaction vessel type 1A with CO2 and DIC at pressures between 59 and
190 bar, salinities of 50 g L−1, and with limestone, dolomite and sandstone,
respectively. The ε values between CO2 and DIC (i.e. δ13CDIC-δ

13CCO2 ≈ lnαDIC-
CO2) ranged around −0.5‰ and no significant differences between the experiments
with distilled water and brines or varying rock types were detected (Fig. 2a, b).
Moreover, no noticeable differences in ε between CO2 and DIC were found at the
various tested pressures between 59 and 190 bar. This implies that for carbon
isotopes the exchange between CO2 and DIC did not depend on the tested p/T
conditions of the CO2 when CO2 was the dominant phase. These results confirm
that if the injected CO2 is present in excess, it dominates isotope equilibrations
between CO2 and DIC.
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3.2 CO2-Water Experiments

Unlike the above homogeneous carbon isotope distributions, the CO2-H2O equili-
bration experiments with the gas mouse vessels revealed systematic changes in the
oxygen isotope composition of the water due to the presence of various amounts of
CO2 (Fig. 3). The initial δ

18O value of the water was −8.7‰ and the one of the CO2

was +9.3 ‰. Generally, changes in δ18O values of the water were larger for smaller
volumes of water. These experiments had relatively larger amounts of CO2 that
could influence the lower number of water molecules. With this, the δ18O of the
water changed from its original value by 6.0, 3.4, 1.1, 0.9 and 0.3 ‰ for corre-
sponding oxygen contributions from CO2 of 22.8, 12.8, 4.6, 2.7, and 1.3 %
(Table 3). The latter was determined as the percentage of total oxygen (i.e. from H2O
and CO2) present within the closed experimental systems. They derive from molar
ratios of CO2 and H2O with the 5, 10, 30, 50 and 100 mL of water in the 1-L flasks.

The isotope composition of the water started to stabilise after about 50 h of
shaking, however more constant values were reached after about 94 h. Note that
CO2 injection operations may cause similar turbulent interactions between CO2 and
formation waters in the vicinity of the injection well. These may compare to
shaking the glass vessels in the laboratory. However, during most times at field
injection sites the interaction between CO2 and H2O may be less dynamic.
Therefore, further experiments are required to determine equilibration times under
static or almost-static conditions.

When using the difference between equilibrated and initial δ18OH2O values, we
can use the relationship in Fig. 4 to determine how much CO2 equilibrated with the
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Fig. 3 Changes of the oxygen isotope composition of water (δ18OH2O) after exposure to pure CO2

in a 1-L glass flask (gas mouse vessel, i.e. type B in Fig. 1) at 22 °C and ambient pressures.
Control samples were exposed to air during the experiment and showed no change of initial
δ18OH2O values. The different colours correspond to the different volumes of water added to the 1-
L vessels
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water. In similar experiments under higher pressures and with 18O-labelled water,
Johnson et al. (2011a) introduced a formula with the initial and final isotope
compositions of CO2 and H2O and the temperature-dependent isotope enrichment,
ε, between both phases with

XO
CO2

¼ d18Oi
H2O � d18Of

H2O

d18Oi
H2O þ e� d18OCO2

ð6Þ

whereas
XO
CO2

proportion of oxygen in the system that stems from CO2 (in % when
multiplied by 100)

d18Oi
H2O

measure for 18O/16O ratio of the water before contact with CO2

d18Of
H2O

measure for 18O/16O ratio of the water after equilibration with CO2

e temperature-dependent isotope fractionation between oxygen isotope
ratios of H2O and CO2

d18OCO2
measure for 18O/16O ratio of the injected CO2

When applying formula 6 with the used δ18OCO2 values of +9.3 ‰ and δ18OH2O

of −8.7 ‰ (both in VSMOW), we obtained values of 26.4, 14.9, 5.2, 3.9 and 1.5 %
for XO

CO2
for the experiments with 5, 10, 30, 50 and 100 mL water, respectively.

These results show good agreement with the values obtained by the method that
used differences between initial and final water isotope values (Table 3). For
instance, the maximum offset between both methods of determination was 3.6 % for
the experiment that used the lowest volume of water (5 mL). The experiments with
such small volumes of water were more difficult to control and analytical results
showed more scatter. This may also have caused the larger offset between the two
methods for this experiment.

The above comparison shows that natural abundance experiments at ambient
pressures in the laboratory can transfer to reactions of CO2 in formation waters to
determine if interactions occur between the gas- and fluid phases. When differences
in the isotope composition of water can be detected after equilibration, this

Table 3 Average changes of δ18OH2O from water baseline δ18OH2O = −8.7 ‰ VSMOW for
equilibration times longer than 94 h and corresponding percent-contributions of oxygen from CO2

H2O in
1-L flask
(mL)

Change in δ18OH2O

from baseline value
(‰) SMOW

Oxygen
contribution of
CO2 in 1-L flask
(%)

Calculated oxygen
contribution of CO2 after
Johnson et al. (2011a) (%)

5 6.02 22.8 26.4

10 3.40 12.8 14.9

30 1.18 4.6 5.2

50 0.89 2.7 3.9

100 0.34 1.3 1.5
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technique can help to evaluate how much CO2 has been present relative to for-
mation fluids in the pore space. Note that the experiments were carried out at room
temperature and under closed system conditions. The good match with the data
calculated using Eq. 6 shows that this method is independent of pressure and
temperature conditions. Our results also show that similar results can be achieved
with water that has not been labelled with heavy isotopes. Such natural abundance
waters usually occur in CCS scenarios. The method can thus transfer from the
laboratory to CCS field sites. Further experiments should test for other boundary
conditions such as variable amounts of salt in formation waters and possible longer
equilibration times when samples are not agitated.

4 Conclusions

This chapter outlined the project CO2-ISOLABEL that helped to expand knowledge
on isotope systematics and stable isotope fractionation effects for oxygen and carbon.
These are important monitoring tools during CCS, EOR, and EGR operations.

One key finding is that pressure, salinity and various rock types tested had
negligible effects on carbon isotope fractionation magnitudes at p/T conditions
between 25 and 105 °C and 59 and 190 bar. This holds true when CO2 is the
dominant phase. This dominance of CO2 caused the magnitude of carbon isotope
fractionation to become independent of salinity and rock type. These findings are
important because stable isotope tools can apply in CCS operations without
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concerns about their validity under different reservoir conditions. In addition,
transition of CO2 from the reservoir to more shallow aquifers as a result of potential
leakage will not compromise the application of the same isotope principles.

Changes of water isotope compositions as a result of contact with CO2 have so
far been investigated in few studies and also offer an emerging monitoring tool to
determine molar ratios of CO2 and water that have equilibrated isotopically. When
using water isotopes alone, this offers an easy to use mapping tool to identify parts
of an underground reservoir that have been affected by large amounts of injected
CO2. This method requires that the oxygen isotope ratios of the water and the CO2

are sufficiently different to identify isotope changes. Alternatively, injected CO2 or
the formation waters could be labelled in their oxygen isotope composition.
However, this is difficult to achieve with constant inputs during large-scale injection
operations. In case changes in the water isotope composition are evident when
compared to baseline data (i.e. before injection of CO2), they enable reconstruction
of the amounts of CO2 that have equilibrated with the water.

Overall, the project expanded possibilities of stable carbon and oxygen isotope
techniques for assessing water and carbon cycles in the subsurface. Its results
demonstrate that isotope techniques are valuable tools that can help in monitoring
programmes during and after CCS.
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CO2BioPerm—Influence of Bio-
geochemical CO2-Transformation
Processes on the Long-Term Permeability

Nils Hoth, Claudia Gniese, Jana Rakoczy, Anne Weber,
Steffen Kümmel, Susan Reichel, Carsten Freese, Michaela Hache,
Andrea Kassahun, Alexandra Schulz, Heike Fischer, Martin Mühling,
Robert Starke, Rene Kahnt, Carsten Vogt, Hans-Hermann Richnow,
Martin Krüger, Axel Schippers and Michael Schlömann

Abstract The RECOBIO projects (Hoth et al. in Recycling of sequestrated CO2 by
microbial—biogeochemical transformation in the deep subsurface—RECOBIO
2009a; Geotechnol Sci Rep 14:58–65, 2009b; Untersuchung der biogeochemischen
transformation von im tiefen Untergrund gespeichertem CO2—RECOBIO 2 2011)
have shown the relevance of biogeochemical processes, related to CO2 injection.
These processes represent an additional pathway for biogeochemical CO2 storage.
The main result was the microbial transformation (binding) of injected CO2 (for-
mation of organic compounds). This can also influence the pressure behaviour of
the system. Furthermore the organic layers can act as nucleation sites and so
catalyse the carbonate solid formation. So the main focus of the CO2BIOPERM
project was now to investigate the influence of these processes on the permeability
behaviour of the system. Furthermore other aquifer structures, not related to natural
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gas fields, were characterised by microbiological, molecular genetic investigations.
The biocenosis is also often dominated, like in natural gas fields, by sulphate
reducers and fermenting bacteria. The study of CO2 effects to the cultivation of
microorganisms showed for deep aquifer microorganisms a strategy to survive the
CO2 stress by spore forming. The proteomic analysis gave a first view how many
and which proteins were down and up regulated under CO2 stress. A part of the
flow experiments, which were operated in discontinuously flowed batch mode, are
presented in detail. There is no strong influence of the processes on the permeability
behaviour for high permeable reservoir sandstones. Nevertheless the sequential
extractions on the solid materials, after the tests, underline the ongoing biogeo-
chemical reactions.

1 Introduction—Previous Work and Overall Goals

Related to CCS the topic of geochemical interactions, induced by large scale
injection of CO2 is clearly on the agenda. But the influence of microbial catalyzed
biogeochemical transformation processes is often neglected.

The RECOBIO projects showed for the first time the importance of these pro-
cesses in a wide range of investigations (Hoth et al. 2009a, b; Ehinger et al. 2009;
Gniese et al. 2013).

• There was evidence for the presence of active Bacteria and Archaea in produced
formation waters of the natural gas field Schneeren. All Archaea belonged to the
group of methane producing microbes. Moreover, 75 % of these Archaea use the
CO2-fixing metabolic pathway (Methanoculleus spp.).

• The fast microbial mediated transformation of injected CO2 was the main output
from RECOBIO. Autoclave experiments under ideal conditions (with H2) with
formation waters, the microbial community and milled rock materials resulted in
a fast build-up of dissolved organic carbon (DOC) from CO2. Therefore, this
process represents an additional pathway for biogeochemical CO2 storage. It is
important to know about this mechanism, because it has an influence on the
pressure behaviour of the system. Without this knowledge decreasing pressures
could be otherwise erroneously interpreted as leaky systems. These effects are
known also from former town gas operations in the 1970s (Frei et al. 1986;
Smigan et al. 1990).

• Autotrophic (means CO2 transforming) sulphate reduction, which is coupled to
sulphide formation, has also be kept in mind. And the importance of biofilm
interactions has been demonstrated, in connection to the evidence of long-term
H2-generation on silicate rock materials.
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The main results of RECOBIO can be summarised as follows:

(a) A biogeochemical, microbial transformation (binding) of injected CO2 is
relevant for deep storage formations.

(b) These reactions result in the formation of organic compounds, which on the
one hand dissolve in the formation waters and on the other hand appear as
biofilms on the surfaces of the formation rocks.

(c) These organic layers act as nucleation sites in the catalysis of carbonate solid
phase formations.

From these results the question arises of the long-term permeability behaviour
related to these processes. The interaction of biogeochemical transformed CO2 as
DOC or biofilms with silicates or cements, can lead not only to a reduction but also
an increase in permeability, under pressure conditions typical of reservoirs.

While organic acids accelerate the dissolving processes of silicates, the forma-
tion of organosilicate gel coatings, can reduce permeability.

So the idea of the CO2BIOPERM project was now to transfer this “RECOBIO-
knowledge” into the investigation of core flow experiments.

Beside these core flow experiments high-pressure incubations were also carried
out, with already existing enrichment cultures from relevant formation sites, pure
cultures of ecological relevant microorganisms, as well as biocenosis from new
investigated sites. So the idea was to look, if the RECOBIO results of specialised
microorganisms (related to formations waters of natural gas fields) are transferable
to “normal” deep aquifer systems.

2 Microbial Communities in Deep Aquifers—On Basis
of the Geothermal Waters of Molasse Basin, Germany

2.1 Experimental Approach

Understanding microbial communities (and their metabolic capabilities), which live
in designated CO2 storage sites, is an important condition to evaluate the long-term
safety of these sites. This is because microorganisms might be able to transform
CO2 into permeability-altering compounds (e.g. carbonates, short fatty acids). In
order to gain insight into the microbial life of deep aquifers, the composition of
microbial communities at two sites with geothermal usage of formation waters was
investigated, along with some geochemical data.

The formation waters were extracted at two geothermal plants located in the
Bavarian Molasse Basin near Munich. The water samples were analysed for total
cells numbers using SybrGreen for DNA staining with subsequent cell counting.
Thereby the microbial community composition was investigated using PCR
amplification of the 16S rRNA gene and subsequent cloning and sequencing.
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Additionally, sampling depth, water temperature and pH value were recorded. The
microbial communities were compared among themselves and with samples taken
from deep saline aquifers in the North German Basin.

2.2 Results

The formation waters were extracted from aquifers at depths of 3,300 m (site 1) and
1,700–2,000 m (site 2) with temperatures of 100 and 65 °C. At both sites, a strong
sulphidic odour was noticeable, indicating sulphate reduction in these formations.
The pH values, measured directly on-site after sampling, were around neutral, 6.8
(site 1) and 7.3 (site 2). As typical for the Molasse Basin, the salt content was low
for both sites (<1 % of weight).

The bacterial communities of the water samples of the Molasse Basin strongly
differed from each other (see Fig. 1). Site 1 was dominated by Thermodesulfovibrio
(Nitrospira, 80 % relative abundance in clone library), a thermophilic sulphate-
reducing genus. At site 2, Proteobacteria (mainly α and β) were the most abundant
group (65 %) whereas Thermodesulfovibrio made up for only 6 % of the total
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Fig. 1 Phylogenetic composition of microbial communities from deep aquifers located in the
Bavarian Molasse Basin
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bacterial community. The second most dominant group at both sites was Firmi-
cutes, with an equal share of the total bacterial community of 13–14 %. At site 1,
the Firmicutes group was entirely formed by members of spore-forming Clostridia
(fermenting or sulphate-reducing bacteria) whereas site 2 mainly comprised
members of Bacillus (aerobic or facultative bacteria). These two dominant groups
were followed by less abundant members of Bacteroidetes, Chloroflexi, Actino-
bacteria (1–3 % each), and unclassified bacteria (3–9 %).

In contrast, archaeal communities at the sampling sites were almost identical.
Both sites were dominated by the same genus, Methanothermobacter (>84 %),
which comprises thermophilic hydrogenotrophic methane-forming archaea.

Prior to this project, the microbial community from a deep saline aquifer in the
North German Basin was investigated (Hoth et al. 2009a, 2011; Ehinger et al.
2009). The most distinctive feature of the water from deep aquifers in the North
German Basin is its high salinity. The microbial community clearly differed from
the samples taken from the deep (‘low-saline’) aquifers in the Molasse Basin. The
most dominant group was Firmicutes (42 %), followed by Deltaproteobacteria
(21 %, typically sulphate reducers), and Bacteroidetes (19 %). Additionally,
Thermotogae (10 %) were detected, a thermophilic phylum which was not detected
in the samples from the Molasse Basin.

Despite the differing microbial communities, all three sites have in common a
quiet rather low total cell number (103–105 cells per ml water).

In general, the comparison of the microbial communities of the different sam-
pling sites reveals that the phylogenetic composition not only differs between
distinct geological settings (i.e., North German Basin versus Molasse Basin) but
also between sampling sites within the same formation (i.e., site 1 and 2 of the
Molasse Basin). The phylogenetic data collected from the sampling sites investi-
gated here imply that theoretically the same processes could happen, for example,
sulphate-reducers have been detected at all sites, hence, sulphate reduction may take
place at all sites. However, such a conclusion about actual metabolic activities
should not be drawn from phylogenetic data only but rather from further laboratory
growth and/or activity studies which could demonstrate whether, and to what
extent, certain metabolic processes may take place.

In conclusion, these data emphasize that each geological setting, which will be
designated for CO2 storage, should be considered individually in terms of its
microbial community.

3 Effects of CO2 on Different Microorganisms

3.1 Cultivation of Petrotoga Sp.

The following set of experiments was performed in order to understand how CO2

affects microorganisms on a molecular level. The experiments were performed
using the thermophilic thiosulphate-reducing Petrotoga sp. (Thermotogae), which
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was isolated from a natural gas field rendering it a suitable model organism to study
CO2 effects in potential storage formations. To simulate the high-pressure condi-
tions of the deep underground, Petrotoga sp. was incubated in high-pressure ves-
sels. 100 bar of CO2 or N2 or as hydrostatic pressure was applied. Furthermore,
different pH values were adjusted, in order to mimic the lowered pH-values caused
by high CO2 concentrations. All incubations were conducted at 60 °C and maltose
was used as a carbon source.

The highest growth yield (related to the optical density measured at a wave-
length of 600 nm—OD600) and maltose consumption was observed under 100 bar
hydrostatic pressure and pH 7 (the control experiment). Also, neither high gas
pressure (100 bar N2) nor slightly lowered pH (pH 6, at 100 bar hydrostatic
pressure) inhibit growth or substrate consumption (see Fig. 2).

In contrast, the addition of CO2 (10 or 100 bar) fully inhibited both growth and
maltose consumption and neither of these activities could be detected after CO2 had
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been released and the cells had been transferred to fresh medium (data not shown).
The reason for this irreversibly inhibiting effect will be clarified during proteomic
and transcriptomic analyses (see Sect. 3.2). So far it seems that the low pH value
plays an important role as the incubation at low pH 5 partly mirrored the inhibition
effects of high pressure CO2 (i.e., no cell growth). Yet, little maltose consumption
was observed which indicates that the cells might use the energy gained for
housekeeping functions (i.e., pH stability) rather than for cell growth.

3.2 Microbial Response to Different Levels of CO2

3.2.1 Proteomic Investigations

Indigenous microbes can be present in many compartments of the subsurface
(Lovley and Chapelle 1995; Chivian et al. 2008), even in hot deep reservoirs due to
the remarkable temperature adaptation of thermophiles and hyperthermophiles
(Hendry 2006; L’Haridon et al. 1995). Consequently, microorganisms play a major
role in subsurface carbon cycling, and thus may severely affect geochemical pro-
cesses in CO2 storage formations, if they can cope with extraordinary high CO2

concentrations. Hence, the impact of different CO2 concentrations (0–80 % CO2 in
water under atmospheric conditions) on microbial growth and metabolism was
investigated with the genome-sequenced model subsurface microorganisms Pseu-
domonas putida F1, Bacillus subtilis 168 (both aerobic) and Desulfovibrio vulgaris
Hildenborough (sulphate reducing). Increasing CO2 concentrations inhibited the
growth of all investigated strains. However, cells were still alive and could divide
under CO2 stress. Verification of microbial stress response, towards increased CO2

partial pressures, was done by analyzing the microbial proteome and comparing the
protein expression patterns by a volcano plot analysis (Fig. 3). The most significant
change was observed for B. subtilis. Here, the expression of 83 proteins varied
when B. subtilis was cultivated in the presence of 50 % CO2; 21 proteins were
down-regulated and 62 were up-regulated. This pattern shifted in the presence of
80 % CO2, leading to a change in the expression of 105 proteins of which 103 were
down-regulated. Identified down-regulated proteins were mainly involved in DNA
regulation and replication, as well as protein biosynthesis. In comparison, the effect
for P. putida was less pronounced. At 50 % CO2 the expression of 46 proteins was
changed; 42 proteins were down-regulated and 4 up-regulated. This pattern was
nearly the same for P. putida in the presence of 80 % CO2. Then a total of 57
proteins showed a varying expression whereat 54 proteins were down-regulated.
Here, identified proteins were involved in the DNA replication and the general
metabolism (citric acid cycle). A significant lower influence of CO2 on protein
expression was observed for D. vulgaris, the anaerobic model microorganism. In
the presence of 50 or 80 % CO2, the expression of only 16 or 14 proteins was
changed.
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In summary, the protein expression pattern of the aerobic strains B. subtilis and
P. putida indicated that several metabolic pathways were affected by CO2 stress. In
contrast, the strictly anaerobic D. vulgaris, which is more representative for deep
anoxic geological formations, seems to be more resistant to high CO2 concentra-
tions, indicated by a less pronounced proteomic stress response.

3.2.2 Transcriptomic Investigations

Flow through experiments with sediment cores (see Sects. 4.1 and 4.2) were
designed to evaluate whether microbial growth potentially impacts on the perme-
ability within the cores by, for instance, clogging pores, microfaults or fissures. A
prerequisite for such a scenario is, however, that the microorganisms survive the
changing environmental conditions. Studies into the growth behaviour and the
survival of various microbial strains under CO2 stress indicated that microorganisms
are indeed able to deal with drastically increasing CO2 pressures (see Sect. 3.1).
Further experiments were designed with the aim to better understand at the
molecular (i.e. genetic) level this adaptive potential of the microorganisms to deal
with CO2 stress. Such a level of detail is of relevance when predictions are to be
made as to the long-term behaviour of microorganisms in a changing environment.

Petrotoga sp. strain Sch_Z2_3 was chosen as model microorganism since it was
isolated from produced formation waters at the natural gas field Schneeren
(Lower Saxony, Germany). The experimental approach decided on involves
exposure of cultures of Petrotoga sp. strain Sch_Z2_3 under various conditions.

Fig. 3 Volcano plot comparative analysis of the protein expression pattern of B. subtilis, D.
vulgaris and P. putida cultivated in the presence of different CO2 partial pressures. The
significance determined by Welch’s t-test (p-value) was plotted versus the fold change (log2 ratio).
Changes in protein expression were regarded as being significant when the p-value was lower than
5 % (red dots) and the log2 ratio either higher than +2 indicating up-regulation or lower than −2 in
terms of down-regulation
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This was followed by extraction of the total cellular RNA from which the infor-
mation on expressed genes (i.e. the messenger RNA—mRNA) can be extracted via
nucleotide sequencing (i.e. a RNA-Seq approach). Experimental hurdles of this
approach, however, require a minimum amount of biomass from which to extract
RNA. This demand on biomass, in turn, prevents the use of sediment cores (see
Sects. 4.1 and 4.2) for the exposure due to insufficient pore and, hence, culture
volume. Therefore incubations need to be conducted in bioreactors specifically
designed for conditions of high pressure and high temperature (see Sect. 3.1). Since
increasing CO2 concentration and pressure also result in increasing acidity of the
growth medium environmental conditions for the exposure were defined as
explained in Sect. 3.1, so that they permit differentiation between pH and CO2

effect: 100 bar N2 pressure at pH 7 versus 100 bar N2 pressure at pH 6 versus
100 bar CO2/N2-pressure at pH 6 whereby the pH is adjusted purely via the fraction
of CO2 added to the gas mix (87 % N2, 13 % CO2).

3.3 Potential Mobilization of Organic Carbon from Rocks
by CCS—Extraction with Supercritical Carbon Dioxide
(ScCO2)

In order to investigate the potential mobilization of organic carbon from geological
storage formations, scCO2 experiments with low mature organic matter were per-
formed. So a brown coal sample was extracted with scCO2. A CO2 mass flow of
10 kg/h was streamed through 250 g grinded brown coal for 2 h at 400 bars and
40 °C. Pre-tests showed that scCO2 by self doesn’t produce a mobile organic phase.
Therefore methanol with a mass flow of 0.75 kg/h was added as modifier. The
extract obtained consisted of a dark yellow solution. Subsequently, the remaining
methanol was evaporated and the extract was dried yielding 3 g of an ochre humic
acid like solid material. For a qualitative analysis of the chemical composition,
dichloromethane (DCM) was added to the extract, as well as to the original brown
coal sample and the soluble components were analyzed by a gas chromatograph
coupled to a mass spectrometer. The major quantities of the scCO2 extract consisted
of humic like materials and were not amenable to gas chromatography. Identifi-
cation of compounds was done by analyzing the mass spectra of the obtained peaks
(Table 1). For the DCM-extract a total of 53 different compounds were detected.
Monocyclic aromatic hydrocarbons (toluene, ethylbenzene, xylene) as well as
polycyclic aromatic hydrocarbons (naphthalene) were identified in low amounts. In
addition, higher alkanes (from hexacosane—C26H54 to hentriacontane—C31H64)
and hopanoids were found in small quantities. However, the number of detected
organic compounds increased to 75 for the scCO2/DCM extraction. In comparison
to the original brown coal sample, the fraction of low-molecular aromatic hydro-
carbons was rather low. In contrast, the portion of higher alkanes ranging from
heneicosane (C21H44) to tetratriacontane (C34H68) and hopanoids was increased. In
conclusion, the results indicate that scCO2 can potentially mobilize organic carbon
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that might be used by microorganisms as carbon and energy source for their
metabolism, thus altering the biogeochemical conditions in CO2 storage formations.

4 Permeability Behaviour in Discontinuous Flow
Experiments With and Without Microbial Influence

4.1 Experimental Setup and Performance of Flow
Experiments

The idea of these experiments was to investigate the influence of the biogeo-
chemical processes on the permeability behaviour of the flow system.

So each flow experiment consisted of one biogeochemical setup (=BIO) and one
geochemical setup (=GEO). Both were performed in parallel, with core plugs of
Ø = 10 cm and L = 10 cm. For the first tests Postaer sandstone were used as model
sandstone for high permeable reservoirs. Later tests were carried out with reservoir
samples from the CO2 test site Ketzin (courtesy German Research Centre for
Geosciences GFZ; see Martens et al., this volume). The previously sterilized cores
were put into a rubber sleeve and fixed vertically in a temperature-controlled
retainer (60 °C). To avoid edge flow, the cores were subjected to a confining
pressure (see Fig. 4).

The sterilized BIO-cores were once inoculated with microorganisms at the
beginning of the experiment, while the GEO-cores remained sterile. Hence, variations
in permeability behaviour and chemical results can be traced back to either geo-
chemical or biogeochemical processes. The flow medium was aseptically placed in
the piston accumulator. The red parts in Fig. 4 correspond to the sterile facility area.

The flow experiments were generally performed as batch tests. So a sterile
medium was discontinuously flowed through the cores every 8–14 days and the out

Table 1 Detected hydrocarbons in brown coal samples extracted with dichloromethane (DCM) or
extracted with supercritical CO2 (scCO2) and subsequently dissolved in DCM

Compounds Brown coal
treated with
DCM

Brown coal
extracted with
scCO2/treated
with DCM

Biodegradability under
in situ conditions

Saturated
hydrocarbons/alkanes

C26H54–C31H64 C21H44–

C34H68

Yes (Widdel and Rabus 2001;
Gieg et al. 2010)

Aromatic
hydrocarbons

Derivatives of
BTEX and PAH

Derivatives of
BTEX and
PAH

Yes (Davidova et al. 2007; Foght
2008; Vogt et al. 2011)

Pentacyclic
hydrocarbons/
hopanoids

C31–C32 C31–C33 No

Based on literature the biodegradability of extracted hydrocarbons under in situ conditions was
evaluated
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flow was sampled and analysed. The sampling was carried out under inert gas
(anaerobic) or pressure-holding to prevent out gassing of the dissolved gas. Inlets
and outlets of the cores were closed pressure-tightly during the intermediate phases,
when no flow was performed. So within these periods always new semi-equilibrium
conditions are developed.

A flow experiment was started after the core plugs were saturated, using at least
four pore volumes of sterile inflow medium. Temperature and pressure within the
cores were recorded over the whole test duration. The inlet and the outlet pressure
were used to calculate the permeability behaviour during the flow cycles.

The volumetric rate of the flow regime was selected, so that required sample
volumes were possible. So the flow rate was held at 10 ml/min, which corresponds
unfortunately to a high velocity of 1 cm/min.

In the CO2-step of the batch tests CO2 was added dissolved in water, at a
saturation state of 5 bar and 20 °C.

Table 2 summarizes the specific characteristics and main findings of four flow
experiments.

4.2 Microbial Effect on Permeability Behaviour of High
Permeable Rock Materials

The flow experiments one to three (E1–E3, Table 2) comprised Postaer sandstone
as core material and Petrotoga sp. Sch_Z2_3 as microbial component in the bio-
geochemical setups.
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Postaer sandstone represents a rock material that serves as analogue to high
permeable reservoir sandstones (K of around 10−14 m2). Petrotoga sp. had been
isolated from produced formation water of the natural gas field Schneeren (Lower
Saxony, Germany) and was also detected with molecular-genetic methods in for-
mation water of the almost depleted natural gas field Altmark (Saxony-Anhalt,
Germany), which would be suitable as CO2 storage site in Germany (Hoth et al.
2009a, 2011). That’s why, Petrotoga sp. was applied as test organism. Petrotoga
species are anaerobic and thermophilic bacteria with the ability to ferment various
sugars or to reduce thiosulphate or elemental sulphur to hydrogen sulphide (Davey
et al. 2001).

The first flow experiment demonstrated the successful infiltration of Petrotoga
sp. Sch_Z2_3 into the biogeochemical core plug for the first time. In addition, using
13C-labelled glucose in the second flow experiment, it was proven that Petrotoga
sp. actively fermented glucose within the biogeochemical setup (Fig. 5).

The third flow experiment showed that the fermentation of 13C-glucose by
Petrotoga declined during CO2 stress. However, it was not proven if the fermenting
metabolism of Petrotoga sp. could have been recovered after the CO2 stress.

Figure 6 shows the permeability measurements for test 3. There is a small
increase in the permeability for the BIO-setup. But these changes are, compared to
the initial permeability, quite small and more in the range of the measuring
accuracy.

Table 2 Summary of characteristics and main findings of four flow experiments (E1–E4)

E1 E2 E3 E4

Core
material

Postaer sandstone Reservoir rock Ketzin
(GFZ Potsdam)

Inflow DSMZ 718 DSMZ 718 (modified) Produced formation
water Schneeren (sterile
filtration)

Labelling − 13C-Glucose, 15N-NH4Cl
13C-CO2/

13C-NaHCO3

Microbes
(only BIO)

Petrotoga sp. Sch_Z2_3 (GU938475) Microbial community
Schneeren

CO2 stress – – +(43d) +(56d)

Duration
[d]

176 118 142 190

Finding Successful
infiltration of
Petrotoga

Active
fermentation of
13C-glucose

Decline of
fermentation due
to CO2 stress

Microbial community
sustains CO2 stress

Conclusion The microbial- or CO2-depending influence on the permeability behaviour of high
permeable rocks is small and more in the range of measurement uncertainties

DSMZ German Collection of Microorganisms and Cell Cultures; DSMZ 718 Petrotoga medium;
DSMZ 718 (modified) DSMZ 718 without Na2S, lower concentration of TOC (0.75 g/l tryptone,
0.2 g/l yeast, 2.0 g/l glucose)

84 N. Hoth et al.



For flow experiment 4, core plugs of reservoir rock (initial permeability
10−14 m2) from the CO2 pilot site Ketzin (Brandenburg, Germany) were used (E4 in
Table 2). In addition, formation water produced freshly from the borehole Z3 of the
natural gas field Schneeren was used as inflowing medium, after sterile filtration
and as inoculum for the biogeochemical setup after incubation at 60 °C with a
headspace of N2:H2:CO2 (75:20:5) for 7 days.

The incubation of the formation water resulted in an enrichment of specific
bacteria. In particular, the relative abundance of Petrotoga increased by 11 %
compared to the formation water before the incubation. In addition, Anaerobaculum,

Fig. 5 Fermentation of 13C-glucose to 13C-DIC by Petrotoga sp. Sch_Z2_3 in the biogeochem-
ical setup of flow experiment two. Symbols diamonds—δ13C-DIC signature of flow-through of
biogeochemical core, closed triangles—δ13C-DIC of sterile inflowing medium, open triangle
—δ13C-DIC of the inoculum of the biogeochemical core comprising Petrotoga sp. Sch_Z2_3,
which was incubated with 13C-glucose for 5 days prior to inoculation

Fig. 6 Permeability behaviour of the biogeochemical (diamonds) and the geochemical core (open
squares) in flow test 3

CO2BioPerm—Influence of Bio-geochemical … 85



an anaerobic, thermophilic (up to 65 °C) and halophilic (up to 70 g/l NaCl) genus,
was enriched. Anaerobaculum reduces thiosulphate, elemental sulphur and L-cys-
tine and is able to produce hydrogen from sugars, amino acids and other organic
acids (Maune and Tanner 2012). Beside Petrotoga and Anaerobaculum, Thermo-
anaerobacter and a sulphate-reducing bacterium whose metabolic lifestyle is not yet
known were also assigned to peaks in the TRFLP1 profile of the formation water
(Fig. 7). The genus Thermoanaerobacter comprise anaerobic, thermophilic (up to
62 °C) and heterotrophic species, which are able to disproportionate thiosulphate to
elemental sulphur and hydrogen sulphide (Wagner et al. 2008).

The permeability of both setups in test 4 started, after saturation with sterile
formation water, at a similar level—BIO: 1.4 × 10−14 m2, GEO: 2.9 × 10−14 m2

(Fig. 8).
The inoculation of the BIO-core caused initially a drop of its permeability to

1.7 × 10−16 m2 that recovered after 20 days to the permeability level of the geo-
chemical core. During the period of CO2 stress (days 41–97), the calculation of
permeability was not possible, because of interference by the CO2 pressure
(5–6 bar) at the outlet. Interestingly, after the CO2 stress, the permeability of both
cores was almost equal to the permeability before the CO2 stress and increased to
values of 2.3 × 10−14 m2 for the BIO-core and 3.0 × 10−14 m2 for the GEO-core
until the end of flow experiment four (day 190). The release of CO2 and the
dissolving of substances that had been precipitated during the CO2 stress might be
of concern when interpreting the permeability behaviour after the CO2 stress.

Whole cell counts showed an increase from 1.5 × 104 cells/ml to a maximum of
1.5 × 105 cells/ml at the end of the period of CO2 stress. This indicates that the
microbial community was actively living within the BIO-core, but also that the

Fig. 7 TRFLP profiles of the fresh formation water from a borehole of gas field Schneeren before
and after incubation at 60 °C with a headspace of N2:H2:CO2 (75:20:5) for 7 days. Whole cell
numbers were determined by fluorescence microscopy using the DNA-stain DAPI
(Diamidinphenylindol)

1 TRFLP—Terminal Restriction Fragment Length Polymorphism, a molecular-genetic method.
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microbes were constantly discharged from the BIO-core. The lowest cell number
(8.6 × 103 cells/ml) was counted after the CO2 stress when the CO2 pressure was
relieved. But the microbial community recovered to 4.5 × 104 cells/ml in the flow-
through until the end of flow experiment four.

TRFLP analyses of the out flowing water revealed that Thermoanaerobacter
predominated (*75 % relative abundance) the biogeochemical core, 27 days after
inoculation. However, species of Petrotoga were most abundant (up to 60 %)
during the period of CO2 stress (days 41–97). After the CO2 stress, the microbial
community became more divers and comprised Petrotoga, Thermoanaerobacter
and a sulphate-reducing bacterium. This recovery of the microbial community
demonstrated that it was able to sustain the CO2 stress.

4.3 Microbial Impact on Mineral Alteration of Reservoir
Rock

Sequential extraction (SE) is a common method to get an overview of (reactive)
mineral phases and element binding forms in soil or rock samples (e.g. Rao et al.
2008). By applying SE to rock samples prior and after the flow through experi-
ments, the influence of microbial activity on mineral transformations was investi-
gated. 5–10 g of rock material was extracted, according to the procedure cited in
(Graupner et al. 2007) (Table 3). Sequential extractions were performed at unaltered
rock and at the rock core samples of test 1–3 after the experiments, taken from the
inflow, middle and outflow region.

Fig. 8 Permeability behaviour of the biogeochemical (diamonds) and the geochemical (open
squares) core in flow experiment four. Circles depict whole cell counts from flow-through of the
biogeochemical core using fluorescence microscopy and the DNA-stain DAPI
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Figure 9 shows amounts of selected elements extracted from unaltered rock and
the three samples of the Geo- and Bio-Cores after experiments 1 and 3, respec-
tively. The assessment of extracted elemental amounts per extraction step indicated
the following processes as being influenced by activity of Petrotoga sp.:

• Sulphur added as Na2S in test 1 and was partly precipitated as sulphide in Geo-
Core 1 and as more readily available possibly organic sulphur in Bio-Core 1.

• High amounts of S were extracted from Bio-Core 3 which were not balanced by
equivalent amounts of a cation, supporting the finding of accumulation of
organically bound or elemental sulphur as concluded from experiment 1.

• Al and Si (congruent behaviour, not shown) became more readily available
through activity of Petrotoga in experiment 1. It seems to be that Al and Si were
transferred from feldspars in fraction VI to less stable feldspars/phases in
fraction Vb and to solution in fraction I.

• The microbial influenced transformation of alumosilicates and feldspars was
supported by findings in experiment 3, where microbes enhance the dissolution
of Na-feldspar (fraction VI).

4.4 Geochemical Modelling: Process Identification
and Estimation of the Resulting Porosity Change

For identification of mineral reactions with influence on the rock porosity and the
estimation of the porosity change, the high-pressure bioreactor experiments of the
RECOBIO-project (Hoth et al. 2011) were geochemically modelled. Table 4 gives
an overview on experimental conditions. Each experiment was performed as
microbial test reactor (TR = BIO) with a parallel sterile control reactor
(CR = GEO). The experiments were modelled using PHREEQC 3.1 by stepwise

Table 3 Sequential extraction protocol modified from (Zeien 1995; Graupner et al. 2007)

Step Solvent Extracted mineral fraction

I Distilled water Pore water, water soluble salts

II 1 M NH4NO3 Ion exchanger

IIIa 1 M NH4OAc; pH 6 Carbonates, specifically sorbed complexes

IIIb 1 M NH4OAc + NH4OCl; pH 6 Easily reducible (Mn-)phases

IV 0.025 M NH4-EDTA; pH 4.7 Organic matter

Va 0.2 M NH4-oxalate; pH 3.3 Poorly crystalline Fe oxyhydroxides

Vb Va + 0.1 M ascorbic acid; pH 3 Crystalline Fe oxides, Al oxyhydroxides,
alumosilicates

VII 8.8 M H2O2; pH 2 Sulphides, alumosilicates

VI Aqua regia; pH 0 Sulphides enclosed in silicates, alumosilicates
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implementing (a) mixing of pore and formation water, (b) cation exchange, (c)
equilibrium with gas phase, (d) mineral reactions, (e) microbial reactions (chemo-
lithoautotrophic SO4

−2 reduction, autotrophic formic acid formation) for the
microbial TR-reactor.

In addition to water and gas analyses during the experiments, the rock materials
of reactor 8 were sequentially extracted (procedure see Table 3). Table 5 compares
the mineralogical analysis of the unaltered rock sample with the mineral assemblage
determined from SE prior and after experiments CR8 and TR8.

With a good reproduction of measured water composition, the modelling of all
three experiments identified the following reactions:

Fig. 9 Extracted amounts of selected elements per extraction step for experiment 1 (upper part—
S, Al) and experiment 3 (lower part—S, Na)—the BIO-cores are marked with green colours, the
GEO-cores with red colours. The initial material is marked white
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• dissolution of calcite, magnesite by CO2 and rhodochrosite at higher p(CO2),
• precipitation of siderite coupled to a dissolution of iron-silicates by CO2,
• formation of ankerites Ca(Fe,Mg)(CO3)2 at lower p(CO2),
• microbial sulphate reduction causes enhanced dissolution of siderite with pre-

cipitation of excess Ca in CaCO3 and formation of sulphides,
• intensified carbonate dissolution after microbial formation of organic acids.

Using molar volumes and an initial porosity of 0.12, the changes in porosity
caused by these mineral transformations were calculated for the experiments
(Fig. 10). In most cases, dissolution effects balance volume changes, due to mineral
precipitation and so the porosity changes are small. For one scenario (microbial TR
5) a significant decrease in porosity was modelled. Thus, CO2 and CO2 induced
microbial activity may cause mineral transformations that in many cases leave
overall porosity unchanged, but in some cases the decrease of rock porosity within
CO2 storage units could be significant.

Table 4 Experimental conditions of the high-pressure bioreactors

Reactor R 5 R 6 R 8

Sampling date 27.11.2007 27.05.2008 07.04.2009

Temperature (°C) 40 40 40

Initial pressure (atm) 11.9 12.1 14.5

p CO2:H2:N2 (atm) 4.7:3.6:3.6 6.5:2.8:2.8 6.5:4.0:4.0

Duration: test, control 79 d, 163 d 121 d, 121 d 202 d, 202 d

Always 350 mL freshly sampled formation water from the Schneeren bore hole Z3 was used.
Furthermore as solid material always 50 g of milled rock from the bore hole Z3 (depth of 2,800 m)
of the drill core archive

Table 5 Composition of the original formation rock from XRF analysis compared with results
from sequential extraction of the unaltered rock and material after the experiments CR8, TR8

Original composition from
RFA analysis

Related reactive minerals from
sequential extraction

Initial CR8 TR8

Quartz: 78 % (quartz: inert) pore water pH 7.6 9.3 5.2

Ankerite: 1 % Ankeritea mmol/100 g 1.5 0.15 0.01

Siderite: 1 % Siderite mmol/100 g 4.16 0.02 <0.01

Calcite: 1 % Calcite mmol/100 g 2.37 4.73 0.17

Rhodocrosite mmol/100 g 0.08 0.01 <0.01

Plagioclas: 4 % Anorthite mmol/100 g 0.52 0.23 0.27

Iron-chlorite: 1 % Chamositeb mmol/100 g 1.16 1.04 1.07

Clay minerals: 14 % K in silicates mmol/100 g 4.55 49.6 32.5
a CaFe0.6Mg0.4(CO3)2
b As representative for iron-chlorite: Fe2+ 3Mg2Fe

3+
0.5Al0.5(Si3Al)O10(OH)8
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5 Risk Assessment by Application of GoldSim Modelling

5.1 Overview of the Process Model Applied for Dynamic
Modelling of Microbial Processes

As shown in the sections before there are biogeochemical reactions, which are rel-
evant for deep geological storage formations. The reaction mechanisms of these were
captured by process models and simulated by using the software GoldSimTM. The
model concept relies on data from high pressure autoclave experiments of the project
RECOBIO. In addition experimental data from the literature were included and
suitable boundary conditions were set (Fig. 11). Accordingly, the biogeochemical
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Fig. 11 (Left) Model concept for modelling CO2-affected bio-geochemical processes and (Right)
partitioning of the experimental reactor for GoldSim modelling
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reactions take place under CO2 and H2 consumption. Important biogeochemical
reactions are sulphate reduction, coupled to sulphide formation, TOC consumption
(Acetogenese) and partly methane formation.

The experimental modelling is accomplished by calculating growth rates of
relevant microbial groups, bacterial yields, biomass concentrations, metabolic rates,
dissolution of gases into the liquid phase and diffusion processes. The model
concept (Fig. 11) was converted in GoldSimTM by partitioning the reactor in sep-
arate cells. The modelling includes diffusion processes and the dissolution of

Fig. 12 a Time-resolved course of CO2 consumption and b time-resolved course of H2

consumption—red—experimental data, green—simulation/model data
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pressurized gases into the liquid phase, microbial conversion reactions and pre-
cipitation/dissolution of solid phases.

It was possible to verify the model by the RECOBIO test results and to identify
key parameters. In addition, the model enables forecasting conclusions about
substrate consumption and precipitation behaviour. Figures 12, 13 and 14 shows
selected results of the re-modelling of the RECOBIO experiments.

Fig. 13 a Time-resolved course of CO2 partial pressure and b time-resolved course of H2 partial
pressure—red—experimental data, green—simulation/model data
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6 Conclusions

A microbial- or CO2-depending influence on the permeability behaviour of high
permeable rock (10−13–10−14 m2) could not be detected in the flow experiments.
However, results of batch experiments during the RECOBIO projects (2005–2011)
(see Hoth et al. 2009a, b, 2011; Ehinger et al. 2009) showed that a metabolic active
microbial community could produce organic substances such as organic acids from
CO2 that might represent a further CO2 storage mechanism. On the other hand, the

Fig. 14 a Time-resolved course of sulphate concentration and b time-resolved course of sulphide
concentration—red—experimental data, green—simulation/model data
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production of organic acids might also cause a pH-drop that can result in a
decreased CO2 solubility.

Although the microbial community sustained the CO2 stress in the flow
experiments, a significant influence on the permeability behaviour of the core
material was not detected. Hence, serious variations on the permeability behaviour
during the operation of a CO2 storage site with a high permeable reservoir rock are
not expected according to the flow experiments. Nevertheless, beside the geological
constitution of a putative CO2 storage site, the microbial community should always
be known in order to predict possible disturbances in the operation of the CO2

storage.
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Seismic and Sub-seismic Deformation
Prediction in the Context of Geological
Carbon Trapping and Storage

Charlotte M. Krawczyk, David C. Tanner, Andreas Henk,
Henning Trappe, Jennifer Ziesch, Thies Beilecke, Chiara M. Aruffo,
Bastian Weber, Andrea Lippmann, Uwe-Jens Görke, Lars Bilke
and Olaf Kolditz

Abstract In the joint project PROTECT (PRediction Of deformation To Ensure
Carbon Traps) we predicted and quantified the distribution and the amount of sub-/
seismic strain in the proximity of the CO2 reservoir in the Otway Basin. Three
approaches fill the sub-seismic space: seismic multi-attributes stabilized the inter-
pretation of the 3-D depth model by imaging small lineaments; retro-deformation
revealed in the seal ca. 3 % as highest strain magnitudes; numerical forward mod-
elling shows that the minimum horizontal stress at reservoir is locally overprinted by
faults. We calibrated our predictions with new near-surface reflection seismic
measurements and used advanced visualization tools. Thus, this seismo-mechanical
workflow reveals possible migration pathways, and as such provides a tool for
prediction and adapted time-dependent monitoring for subsurface storage in general.

1 Introduction

In saline aquifer and depleted gas fields, storage mechanisms depend, in the first
decades of CO2 injection, to a large extent on the overburden geology of a site, as
well as on the reservoir rocks themselves. Thus, the main processes that have to be
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investigated are structural and stratigraphic trapping. To assess propagation and
storage of CO2 in the subsurface prior to drilling, as well as to detect possible
pathways and CO2-induced alteration, seismic imaging and deformation prediction
techniques are essential (Krawczyk and Tanner 2010). If leakage does occur, CO2

can migrate upwards and dissolve in the groundwater close to the surface, which
has been proven for some natural CO2 and gas reservoirs (Lewicki et al. 2007).
Also, repeated reflection seismic measurements in the Sleipner Field prove that
seals are not totally leakproof (Zweigel et al. 2004).

A geomechanical assessment is generally undertaken at storage sites, and stress
field changes due to gas injection must be determined to estimate fault reactivation
(see van Ruth and Rogers 2006; Vidal-Gilbert et al. 2010; Aruffo et al. 2014, for the
Otway Basin). The reservoir stress path is one of the key points of any fault stability
analysis, but at the same time a major source of uncertainty is the accuracy of the
baseline geometrical model (Rogers et al. 2008). The models can be enhanced by
the addition of sub-seismic structures, which are defined as structures that are below
seismic resolution, but above core/outcrop scale (for more detail and definition of
sub-seismic gap, see Krawczyk et al. 2011, 2015).

Filling this general gap in knowledge and working across seismic and sub-
seismic scales is the aim of the joint project PROTECT (PRediction Of deformation
To Ensure Carbon Traps). The project combines seismo-mechanical behaviour of
reservoirs based on both inverse kinematic deformation modelling and forward
numerical simulation with in situ observation. Such joint studies for the detection
of potential migration paths towards the surface are rare (e.g., Raistrick 2008;
Krawczyk et al. 2015). Here, we present the principle components of the workflow,
illustrated by a field example from the Otway Basin where the Australian dem-
onstration project is operated by the CO2CRC (see Jenkins et al. 2011).

2 The Seismo-Mechanical Workflow

The workflow developed in PROTECT covers seismic and sub-seismic scales to
predict deformation and possible pathways with an enhanced resolution.

As first input for model building the workflow comprises both 3-D seismic
volumes on the large scale and well data on the small scale (Fig. 1, left). Using the
different modelling procedures outlined in detail below deformation at various
seismic and sub-seismic scales is investigated and validated (Fig. 1, middle). The
approach ultimately results in the prediction of the complete picture of deformation
(Fig. 1, right). These independently-derived results can be inspected using visual-
ization tools, and most importantly, the predicted areas of enhanced deformation
can be additionally surveyed by dedicated new reflection seismic measurements
(Fig. 1, right).

Applying this workflow at the site of the Australian demonstration project
(Fig. 2), we contribute to the monitoring and verification plan of the Australian
Otway CO2 project (Dodds et al. 2009).
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3 Area of Investigation

The Otway Basin is a NW-striking, passive margin, rift basin (Fig. 2) that formed
during the break-up ofGondwana and theAntarctic-Australian separation (Williamson
et al. 1990). The first phase of extension began in the Late Jurassic–Early Cretaceous.

Fig. 1 Workflow of the joint project PROTECT for seismic and sub-seismic deformation
prediction. Different scales and wavelengths of deformation are combined and the predictions
validated (after Krawczyk et al. 2011)

Fig. 2 Map of the investigation area in the Otway Basin (insert: location in Australia). The
structural map of the Otway Basin (green) shows major faults (after Ziesch et al. 2015, see
references therein). The large-scale, 3-D seismics used in this study is within the red rectangle
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The second phase was a period of inversion in the mid-late Cretaceous (Norvick
and Smith 2001). Renewed extension (in a NE-SW direction) and rift-related subsi-
dence began in the Turonian (93 Ma). The formation of the incipient Southern
Ocean at the end of the Maastrichtian (65 Ma) initiated the third phase of the break-
up. During the Miocene, inversion began again (Norvick and Smith 2001).

The area investigated here lies in the onshore part of the Otway Basin. The major
structures in the surrounding area are NW-SE striking normal faults (Fig. 2).
Australia’s first carbon capture and storage (CCS) demonstration project has been in
operation at Otway since 2003 (Jenkins et al. 2011). 65.445 t of CO2-rich gas were
injected into the 2,050 m deep, depleted gas reservoir. Subsequently, further
injection experiments were carried out on a shallower saline aquifer (Sharma et al.
2011).

4 Three-Dimensional Geological Depth Model

The detailed geological 3-D model of the investigation area includes eight strati-
graphic horizons (ranging from Late Creteaceous Top Turonian-Top Waarre Fm.,
up to Oligocene Top Rupelian-Top Narrawaturk Fm.) and 24 major faults, inter-
preted at depths between 0.45 to 4.0 km (Fig. 3). The area surrounding injection
well CRC-1 is dominated by 60° SW-dipping, NW-SE striking normal faults that
have listric character in the SW and planar character in the NE. In addition, sec-
ondary, north-dipping, antithetic faults developed due to movement on the major
faults (for detail see Ziesch et al. 2015). The seal formation of the CO2-reservoir is
between Top Waarre Fm. (top reservoir) and Top Skull Creek Mst. (Fig. 3).

Fig. 3 Geological 3-D depth model between 0.45 and 4.0 km depth (modified from Ziesch et al.
2015). The location of injection well CRC-1 is marked, and faults used for further study are
labelled.
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The fault offset increases from north to south, to a maximum of 800 m (at the
reservoir level-Top Waarre Fm.). The 3-D model shows major sediment accumu-
lation on the hanging-walls of the faults (with respect to the footwall thicknesses),
which is typical for passive margins such as the Otway Basin. Most faults only exist
below 800 m depth (Late Paleocene Top Thanetian-Top Pebble Point Fm.) and die
out above this level. Only Fault Buttress NW and Fault 2 displace all the interpreted
stratigraphic horizons (Fig. 3), and appear to tip out in the seismically-unresolved,
near-surface area (0–450 m depth). Fault kinematic analyses show that 60 % of the
faults have dip-slip movement and 40 % of the faults have a small component of
dextral strike-slip movement (Ziesch et al. 2015).

5 Sub-seismic Approaches

In our new seismo-mechanical workflow, sub-seismic scale information and pre-
diction is achieved using three different approaches (c.f., Fig. 1, middle). By
kinematically restoring the seismically-acquired volumes, i.e. retro-deforming the
faulted strata, we show the spatial distribution of the strain and therefore possible
fracture orientation caused by the faulting process. As a complementary approach
forward finite element modelling (FEM) based on the same subsurface structure is
used. This approach incorporates the mechanical properties of rocks and faults to
predict the in situ stress distribution, in particular the local stress perturbations near
faults and lithological boundaries. Both these methods are compared critically with
coherency analysis of the equivalent seismic volumes, to reveal and categorise the
seismic evidence of faulting and fracturing. Coherency estimates are obtained from
seismic data as a volume-based measurement. Different coherency measures ensure
an optimum resolution of fault systems and associated fault attributes that can be
related to sub-seismic deformation.

5.1 Retro-deformation

One of the main challenges is to reconstruct the timing of geological movements
within the area and to predict and quantify the amount of seismic and sub-seismic
strain between reservoir and surface.

For this purpose we created volumes of tetrahedral elements between all eight
interpreted stratigraphic horizons, separated by all major faults. For each stratigraphic
horizon, beginning with the youngest and from oldest to youngest fault movement,
each fault block is restored to the pre-faulted geometry (retro-deformation; c.f. Ziesch
et al. 2014). We thereby image the sub-seismic deformation that occurs in the
hanging-wall volume during this process and infer that this sub-seismic strain
occurred during the movement on the fault. During restoration each tetrahedral ele-
ment is attributed with the 3-D strain tensor.
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We demonstrate this method on two fault blocks of the seal horizon, Fault 18 and
Naylor South Fault (Fig. 3). The hanging-wall volume is colour-coded by e1-strain
magnitude (the major strain eigenvector), which is a direct proxy for the amount of
fracturing. In the example shown the strain is diffuse throughout the hanging-walls
with a maximum of *3 % (Fig. 4). Assuming fractures are sub-perpendicular to e1,
i.e. they are parallel to the e2-e3 plane, then the strike of the fractures can be shown
by plotting the trajectories of the e2-e3 plane (Fig. 4).

Analysis of the trajectories of the e2-e3 plane indicates that the fracture strike
mainly changes in two areas (in the centre and to the west of the faults, Fig. 4). This
shows that sub-seismic deformation is dependent on fault morphology, because the
changes in fracture orientation correlate with corrugations in the faults (compare
Fig. 3).

5.2 Coherency and Curvature Analyses

Highlighting similarities and dissimilarities in the seismic data is the aim of various
coherency processing algorithms to improve the structural resolution, and to better
identify subtle lineaments (Trappe and Hellmich 2003; Endres et al. 2008; Lohr
et al. 2008a). Advanced coherency analysis with IHS (intensity, hue, and saturation
are used to combine coherency, dip, and azimuth) and shaded-relief has the
potential to reveal small-scale features that are important, especially for reservoir
analysis (Gazar et al. 2011).

Fig. 4 Map view of the top seal horizon after sequential retro-deformation of Faults 18 and
Naylor South (c.f. Fig. 3), colour-coded for e1 strain magnitude. Red lines indicate strike of the
e2-e3 plane and therefore the strike of sub-seismic fractures
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A subvolume of the Otway 3-D exploration seismic data set (depth domain,
9.5 km × 8.4 km) was used to develop and demonstrate various processing tools.
New implementations are curvature analysis (following the principle of Roberts
2001) applied to horizons and faults, the determination of geological fault dip
direction, and 3-D attribute mapping and multi-attribute evaluation (Fig. 5). The
multi-attribute tool allows the individually calculated attributes, such as curvature
and coherency, to be combined with various mathematical operations. Here, the
coherency and curvature analyses focused on the main reservoir horizon, Top
Waarre (c.f. Fig. 3). The sizes of the analysis windows were 50 m for the coherency
and 25 m for the curvature processing.

3-D imaging with multi-attributes enables the detailed analysis of complex fault
and lineament systems. While the depth representation of top reservoir (Fig. 5a)
yields the general trend and morphology of the horizon, additional small-scale
features can be detected in the multi-attribute display, thus complementing the main
structures and providing greater fault density (Fig. 5b). For the Top Waarre horizon
the combination of median coherency and minimum curvature (Fig. 5b) yields the
clearest image (for further examples see Krawczyk et al. 2015). Especially the
Naylor South Fault may be interpreted here as a zone of parallel faults rather than a
single fault trace (Fig. 5b, transition to fracture zones is indicated by red colour).

5.3 Forward Modelling

Geomechanical models based on numerical methods (e.g. Fischer and Henk 2013)
provide an effective tool to study the state of stress in the subsurface and to analyse
the changes that may occur in response to CO2 injection and long-term storage.
Two different approaches varying spatially and methodologically have been used
for a comprehensive geomechanical analysis in this case study.

Fig. 5 Three-dimensional attribute images of the top reservoir level. The perspective views of the
Top Waarre horizon a at depth, and b as combined median coherency and minimum curvature
attributes (dimensionless summed and scaled) reveal the higher resolution achieved by seismic
attribute processing
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A steady-state geomechanical model based on finite element (FE) techniques
was used for the Otway data to gain insights into the total stress distribution in the
reservoir and entire overburden. The model geometry, including six lithostrati-
graphic layers and ten faults (Fig. 6a), was adopted from the seismic interpretation
(Ziesch et al. 2015). Furthermore, the 3-D seismic velocity distribution was used as
a proxy to incorporate both vertical and lateral changes in rock mechanical
parameters (e.g. Young’s modulus, Poisson Ratio, density). Forward modelling
results provide detailed information on the 3-D stress distribution as well as the slip
and dilation tendencies of the faults. For example, the minimum horizontal stress
shows a dependence with depth overprinted locally by perturbations due to faults,
with lowest values in the northern part of the study area (Fig. 6b).

In addition, a dynamic simulation coupling flow and mechanical calculations was
performed (Aruffo et al. 2014). Modelling focused on the immediate vicinity of the
injection area to estimate the response of the in situ stress field to changes in pore
pressure due to CO2 injection. The main aims of this model were to assess cap-rock
integrity and potential fault reactivation during CO2 injection operation, and to infer
the maximum safe injection pressures. The critical pore pressure at which failure
occurs in the numerical model is 1.15 times greater than the original pore pressure,
while the analytical model predicts values of 1.2 and 1.5 for constant and variable
stress fields (Aruffo et al. 2014). This may be due to the fact that numerical models
consider much greater complexity that leads to a more conservative estimation.

6 Calibration

The deformation predictions derived above determined areas of enhanced interest
regarding the possible extent of deeper faults towards surface, as well as the sub-
seismic strain contained in different layers. To compare our results (c.f. Fig. 1,
right), visualization tools and new field measurements were realized.

Fig. 6 Geomechanical model setup and stress magnitude for the reservoir level. a Cutaway
showing setup of steady-state model with lithostratigraphic layers and faults (diameter 8 km,
thickness 2.8 km; c.f. Fig. 3). b Distribution of minimum horizontal stress magnitudes at mid-
reservoir level in map view
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6.1 Advanced Visualization

Three-dimensional visualization and interaction techniques are crucial to gain a
better understanding of complex and heterogeneous data sets, especially in the field
of geological reservoir characterization, as well as to support decision making
processes. For the Otway Basin data set, we generated an integrated, interactive
visualization that combines original geophysical data (i.e. seismic data, coherency
and borehole data), the geological 3-D model as well as modeling results (from
static and dynamic reservoir simulations) into an immersive presentation that can be
shown on virtual reality (VR) display systems such as the UFZ’s TESSIN VISLab,
via mobile 3-D projectors or head-mounted displays (HMDs).

The agreed software protocol for data exchange between all partners is Petrel. To
enhance the visualization data converting tools were developed and used to import
data sets such as grids (Park et al. 2014) and borehole information from Petrel, 3-D
seismics (Bilke 2014) from standard SEG-Y format, and geological horizons from
GOCAD into the general-purpose scientific visualization software ParaView as well
as the OpenGeoSys Data Explorer (Rink et al. 2013). Both of these are built using
the graphics library VTK (The Visualization Toolkit) which provides a wide range
of visualization algorithms and data analysis tools.

As a main achievement of the visualization analyses in the PROTECT project,
the complete procedure for the integrated visualization of different types of data
were developed including software components necessary for the interaction of the
used software systems (for details see Zehner 2012). These tools are used in a
virtual reality environment that allows interactive exploration, selection of inter-
esting subsets, and modification of visualization parameters. The example for the
visualization of geophysical data of the Otway site (Fig. 7) used the transparency
tool. Thereby, a consistent tracing of elements for vertical, horizontal, and arbitrary
slices enables the consolidation of the interpretation (c.f. sub-chapters 3, 4).

6.2 Reflection Seismic Shear-Wave Measurements

High-resolution validation of interpretation and predictions was gained in
November 2013 by a near-surface 2-D shear wave (SH) reflection seismic survey.
Using LIAG’s equipment for SH-wave seismic acquisition (hydraulic vibrator
MHV4S with source point spacing of 4 m, and SH-geophones mounted on a 240-
m-long land streamer with 1 m spacing; see Krawczyk et al. 2013) five reflection
seismic profiles were acquired (for details of seismic acquisition and processing see
Beilecke et al. 2013, 2014a).

Here, we present profile PROTECT2 because it spans across the Buttress NW
fault zone that can be traced in the large-scale, 3-D data set from reservoir up to ca.
350 m depth but not further upwards (c.f. Fig. 3). Data processing of this profile
comprised geometry setup, elevation statics, surface-wave noise suppression via
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fk-filtering, velocity determination after DMO-correction, stacking, and post-stack
depth migration (Beilecke et al. 2014a).

The ca. 1.5 km long profile PROTECT2 achieved good imaging quality down to
ca. 750 m depth confidence level (Fig. 8), which is unexpectedly deep for SH-wave
surveying.

The post-stack depth-migrated section shows several continuous reflectors from
10 m depth downwards and with variable amplitude at depth. From both the
northern and the southern ends of the profile, these horizontal layers can be traced
for ca. 450 m distance towards the profile centre. However, all of them are cut
abruptly in the central part of the section (Fig. 8, 650–900 m distance, transparent
trapezoid). This southern boundary of the weakly-imaged central part of the section
is presumably the near-surface expression of the Buttress NW fault zone that can be
imaged here with a vertical resolution of ca. 8 m in the upper part and ca. 10 m at
350 m depth (Fig. 8, red line). The northern limit of the less-resolved central part of
the section is characterized by smaller, north-dipping events that are also faintly
indicated in the variance cube of the 3-D data set. Thus, the new 2-D data ideally
complement the 3-D exploration volume that has a resolution limit of ca. 20 m at
350 m depth.

The combined analysis of 3-D data variance and 2-D shear wave structure
further suggests to interpret the Buttress NW fault zone as the southern boundary of
a ca. 500 m wide zone with hard-linked splay faults that indicate some dextral
movement along the fault.

Fig. 7 Interactive 3-D seismic visualization in the UFZ visualization centre: the transparent grey-
scaled cross-sections allow a fast exploration, while coloured contours and isolines help to easily
identify major seismic features
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7 Discussion

Tectonic features are important for reservoir characterization, since fractures and
faults may represent predominant pathways for migration and possible leakage out
of the reservoir. These features range from small-scale fractures to large-scale faults
that are imaged either by 3-D seismic exploration data or in wells. The different
sub-seismic approaches and steps constituting our workflow aim to decrease the
sub-seismic resolution gap, and have shown for the Otway Basin case study that
this is possible.

Having worked from the large towards the smaller scales, we finally compare
our findings with the results from FMI data in the injection well CRC-1 (see Fig. 3
for location). From borehole breakouts, the present-day maximum horizontal stress
direction was determined to be 142° (van Ruth and Nicol 2007). Together with
nearby mini-frac and leak-off tests (van Ruth 2007; Tenthorey et al. 2010) it is
confirmed that the Naylor Fault is presently in an extensional regime. This corre-
lates with the results from our study.

Fig. 8 Interpreted depth-migrated section of shear-wave reflection seismic profile PROTECT2
crossing the Buttress NW fault zone. The Top Narrawaturk reflector (yellow) is calibrated by
the reflector interpreted in the 3-D seismic data. The trace of the almost vertical boundary of the
Buttress NW fault is seen itself in the near-surface data (red line), and it continues the fault trace
transferred from the exploration volume in the deeper part of the section (dark red line). White
dashed lines-minor north- and south-dipping faults, white arrows-out-of plane features,
transparent area-area of distorted reflectivity
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In general, more features are observed in the 3-D seismic data set, while the well
data refer to several electrically conductive and resistive fractures and only few
faults (Fig. 9). However, a consistent trend is seen in all cases; they all show faults
and fractures that dip between 50° and 60° SW and strike ESE–WNW. Only the
3-D seismics exhibits an additional component, which are antithetic faults that dip
NE by 60°. This may be caused by the one-dimensional direction of the well profile
and the fact that the FMI data only come from depths between 600 to 2,000 m
(M. Lawrence, pers.com. 2014), while the seismics covers the 450–3,000 m depth
interval. Another possible effect may be simple undersampling of well data.

Research at the onshore Ketzin pilot site in Germany (see also Martens et al.
2015) showed that the application of simple seismic attributes helps to identify
more complex geological features than anticipated from the first interpretation of
the seismic volume (Kling 2011), and suggested that multi-attribute processing as
developed in this case study, would provide constraints for the geological inter-
pretation and subsequent numerical modelling of, for instance, CO2 arrival times
(e.g. Kempka and Kühn 2013).

A hydrocarbon-related study in the North German Basin provided comparable
first steps towards the workflow presented here (Lohr et al. 2008b), but validation
with newly-acquired data for calibration was not possible. Thus, with the case study
presented here, we can evidence the first time that the approaches of the workflow
enable an enhanced understanding of a faulted area, and that it is capable of cali-
brating the predictions made.

The structural component provided by the new reflection seismic shear-wave
measurements not only supplements the large-scale exploration data towards sur-
face and provides a high-resolution near-surface image. In addition, the specific
setup using the horizontally-polarized shear-wave component for source and
receivers allows the derivation of the shear-wave velocity (Vs) from surface

Fig. 9 Comparison of fault and fracture analyses based on 3-D seismic interpretation (c.f., Ziesch
et al. 2015) and nearby well data (provided by M. Lawrence, pers.com. 2014; see Figs. 3 and 5 for
location of well CRC-1); equal-area stereographic projection of planar data as great circles in the
lower hemisphere
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measurements and along profiles. Combining this with P-wave velocity (Vp)
information determined from former surveys (e.g. Pevzner et al. 2011), we can
provide petrophysical parameters away from the well, and also use it to populate
geomechanical or other models. Exemplified for the PROTECT3 profile, slightly
variable Vp/Vs (Fig. 10a) and the Poisson’s Ratio (Fig. 10b) down to ca. 350 m
confidence depth are defined. As expected, they follow in the first order the sedi-
mentary layering with rather homogeneous values in vertical direction. The extre-
mely high values in the uppermost layer (Fig. 10; −45 to −35 m) are due to the road
construction and the weathering layer. The laterally-varying values will be analysed
further for their robustness, and will contribute to better constrained geomechanical
predictions in the future.

Since the shear-wave seismic survey was 2-D, sideswipe energy related to near-
surface splay-fault reflections may have been projected onto the 2-D line, and thus
distorting the image. However, the survey has locally greatly improved resolution,
showed its capability as seismic validation tool at the CO2CRC project site, and
forms the reference for future local high-resolution near-surface 3-D seismic

Fig. 10 Elastic parameters, derived from available and newly-gained seismic data, are colour-coded
and overlain on the shear-wave seismic structural image of profile PROTECT3. The shear-wave
velocities (Beilecke et al. 2014b) are combinedwith P-wave information (fromPevzner et al. 2011) to
image a the velocity ratio, and b the Poisson’s Ratio
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structure mapping. This may be further supported by high-resolution elevation
mapping for the detection of possible indicators for blind near-surface structures.

The independent sub-seismic approaches have been proved capable of narrow-
ing the sub-seismic gap. Especially the high-resolution 3-D coherency and curva-
ture processing including multi-attribute evaluation is a tool applicable also to large
depths where structural resolution decreases. If combined iteratively with the
structural interpretation, backward and forward modelling results are also stabilized.

8 Summary and Conclusion

The seismo-mechanical workflow of PROTECT considers both the physical data
base for processing and modeling of seismic data, as well as the interpreted geo-
logical 3-D depth model for backward and forward modeling approaches. The
independently-derived predictions of areas with enhanced sub-seismic strain were
investigated by additional seismic measurements and advanced visualization tools.
To this end the near-surface structural inventory is imaged at a higher resolution,
physical properties for model population are provided from surface seismic mea-
surements, and areas for monitoring are better defined which additionally supple-
ments safety measures.

Our recommendation for a safe storage and monitoring of CO2 thus comprises:

(a) deformation quantification using large-scale reconnaissance seismic surveys,
(b) characterisation of in situ tectonic stress distribution and magnitude,
(c) identification of potential areas with a high sub-seismic deformation risk,
(d) surveying in more detail using high-resolution seismics or other methods,
(e) setup of a both spatially and temporally variable monitoring plan.

We consider the whole approach to be a very powerful tool to categorise,
validate and demonstrate the potential of existing pathways in the overburden of a
reservoir. It is applicable to many tasks, and can be used to detail management and
monitoring plans.
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Long-Term Safety of Well Abandonment:
First Results from Large Scale Laboratory
Experiments (COBRA)
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Abstract A long-term safe and reliable abandonment of wells is a crucial
prerequisite for a secure abandonment of underground storage sites, while con-
sidering the long-lasting environmental impact, e.g. leakage through wells. To
study the impact of the cementation on the tightness of wells, both, the cementation
of a well during completion and abandonment are investigated in Full-scale labo-
ratory experiments. Different autoclaves from small to Full-scale have been
developed to test cementations under various conditions and to perform long-term
tests under in situ conditions of a CO2 storage site. The experiments show that the
surface-texture (e.g. roughness) of the drilled well has a significant influence on the
formation of mud-channels—for rough surfaces, up to 75 % of the serrations
consist of non-displaced mud and only 25 % are well hardened cement, creating
possible leakage pathways. Even under idealized cementation conditions using a
cement recipe characterized by a very low shrinkage, micro-annuli are formed.
These micro-annuli are connected throughout the whole oil-field casing in the
Full-scale experiments for which the widths of the micro-annuli in the order of
10–20 µm could be deduced. Along the micro-annuli the cement is carbonated due
to the flow of CO2-bearing fluid. The fluid flow could also be verified by a Spatial
Time-Domain-Reflectometry (TDR) setup embedded in the cementation, which
was successfully tested as an in situ monitoring system. In the Full-scale experi-
ments, chemical reactions in the system casing—cement—rock—fluid were
examined. The geochemical analyses during and after the experiment show varia-
tions in pH, conductivity and chemical composition of the brines, which are well
described by an interplay of corrosive processes and precipitations of carbonate
minerals.
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1 Introduction

The development of strategies for a sustainable and safe reduction of greenhouse
gas emissions to the atmosphere is one of the major challenges of this century.
Geological CO2 storage has been identified as one of the most promising tech-
nologies to effectively reduce anthropogenic greenhouse gas emissions to the
atmosphere (IPCC 2005). However, the sustainability of the technology strongly
depends on the quality of the leak tightness of a storage site—especially after the
abandonment of the site. Migration of CO2 along wells has been identified as one of
the major leakage pathways for CO2 storage sites (e.g. Koorneef et al. 2012).
Ensuring a highly durable, long lasting well abandonment is therefore considered as
an important task for a long-term safe storage of CO2. According to Kühn et al.
(2013) a proper well abandonment has to prevent

• all physical hazards potentially induced by the well,
• any migration of contaminants between various formations and,
• the possibility of hydrologic communication between originally separated

aquifer systems.

In this context the quality of the cemented well bore is of particular interest. For
both, prior to CO2 injection (Nelson and Guillot 2006) and as a part of the aban-
donment (Randhol et al. 2007), a cement slurry is pumped through the casing
downward and displaces the drill-mud and further fluids present in the borehole.
The durability of a hydraulic sealing strongly depends on the success of this dis-
placement (Jamot 1974). Different cementation flaws may arise in the displacing
process, especially sections with remaining mud, so called mud channels, may
significantly impede the leak tightness of the well (Brice and Holmes 1964). The
effects of interactions between cement and mud during the displacement process,
especially the combination of rheology and density differences between cement and
mud are not yet sufficiently understood (Abdu et al. 2012; Jakobsen et al. 1991;
Lajeunesse et al. 1999; Nguyen et al. 1992). Micro-annuli or gaps, which form due
to fracturing of the cement, can form further effective pathways for gas migration
and emission (Fig. 1).

Besides the test of abandonment strategies at field test sites such as at Ketzin,
various laboratory experiments have been performed to test the suitability of dif-
ferent materials for abandonment (e.g. Hirsch et al. 2013; Kamali et al. 2008; Lesti
et al. 2013; Nasvi et al. 2014). In this context, the degradation of various cement-
recipes has been tested in small-scale experiments. Other studies were carried out
either in small scale autoclaves (Marbler et al. 2012) or under non-realistic pressure
and temperature conditions for storage sites (Druckenmiller and Maroto-Valer
2005). However, the long-term safe abandonment for CO2 storage sites does not
only depend on the long-term resistance of the single materials (rock, cement,
steel), but also—and possibly much more pronounced—on the physical, chemical
and mechanical interaction of the different materials of the seal in the vicinity of a
CO2-rich brine. With our real scale experiments, the time dependent interaction of
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rock, cement and casing in contact with CO2-rich brine can be studied in Full-scale
under quasi in situ conditions of a reservoir.

Within the COBRA project (Full-scale borehole—simulator) different experi-
ments have been performed in order to assess abandonment strategies. As the
processes leading to a leakage of the borehole may act on different spatial scales,
experiments in small to Full-scale autoclaves are performed to quantify the trans-
port and transformation processes in abandoned wells. The thus obtained results
allow quantifying of different leakage pathways of storage sites.

2 Experimental

2.1 Small-Scale Autoclave

The Small-scale autoclave system consists of four separate small autoclaves, each
0.99 dm3 of volume with a pressure generator and a control panel (Fig. 2). The
autoclaves are operated independently and can be heated up to 150 °C. Samples of
hardened cement or rock are placed on polytetrafluoroethylene (PTFE) racks within
the pressure vessels (Fig. 2 right). Brine (up to 230 g/dm3 NaCl) or pure water were
filled into the vessels. The autoclaves can be operated at pressures up to 300 bar
(30 MPa), pressure is built up with CO2 with a constant rate of up to 40 bar/h.
During the experiments, continuous temperature and pressure control is ensured.
The experimental conditions as well as the CO2 supply are recorded digitally. The
key advantage of this autoclave system lies in the possibility to investigate the
chemical processes inside the autoclaves during the experiments by fluid sample
extraction and the option to replace the attack medium during tests under nearly

Fig. 1 Backfilled borehole with casing and cementation flaws in cross-section (left) and in
longitudinal section (right) with various defects: 1 and 2 channels filled with and without mud,
which can form during cementation, 3 cracks, 4 gap, 5 micro-annuli, 6 higher permeable area and
7 invaded gas (Kromer et al. 2014)
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unchanged pressures and temperature conditions (pressure variations <10 bar,
temperature variations <5 K).

Different cement mixtures, all based on ClassG well cement, have been studied
with regard to their corrosion behaviour in the autoclave system. An overview of
the main constituents is given in Table 1. Details regarding the investigated raw
materials, mixtures and experimental techniques can be found elsewhere (e.g.
Hirsch et al. 2013).

2.2 Full-Scale Autoclave

To investigate the long-term integrity of well bore abandonments at Full-scale and
under reservoir conditions a large-scale borehole simulator has been developed.
This facility is designed to test standard oilfield casings with a diameter of 5.5″

Fig. 2 Small autoclave system; pressure generator with control panel (top left); frame with two
separate autoclaves (bottom left); schematic sectional view of a filled autoclave (right)

118 F.R. Schilling et al.



(140 mm) and a length of up to 10 m. Experiments can be performed at pressures
and temperatures up to 100 bar and 100 °C, respectively. First experiments were
carried out with a well casing of 2.5 m in length.

The Full-scale autoclave system (Fig. 3) comprises of three parts: (i) a lower
reaction chamber (lower vessel) to investigate the alteration processes within the
cement/steel/rock/fluid system, (ii) the connecting (cemented) oilfield casing, and
(iii) an upper reaction chamber (upper vessel) to study processes of cementation and
transport within the well casing. The pressure in the lower and upper vessel can be
controlled independently, allowing for the establishment of a defined pressure
gradient through the cemented oilfield casing.

The lower vessel has a volume of 30 dm3 and can be filled with water, brine,
CO2, rock, and cement samples or a combination of the prior mentioned media. The
fluid in the lower vessel can be circulated through a sampling chamber with a flow
rate of 0–10 l/h. The sampling chamber has a volume of 250 cm3 and can be
removed from the circulation system using a bypass. The set-up enables for an
in situ fluid sampling during the experiment.

The metal parts in the autoclave system are protected from corrosion by a
polyetheretherketone (PEEK) coating, except for the materials with are intention-
ally to be corroded during the experiment, such as the well casing. The lower
reaction chamber is connected to the upper vessel through a cemented standard
oilfield casing (5.5″). The upper reaction chamber is partially filled with tab-water,
to prevent dehydration of the cement plug, which can create additional cracks. The
upper vessel can be pressurized with gas, in order to stabilize the plug and adjust a
defined pressure gradient between the lower and upper vessel.

Potential upward migration processes of carbon dioxide through leakage path-
ways in the cemented borehole casing is determined by recording the temporal
development of the pressure in the upper vessel. The pressure in the upper vessel
was not controlled whereas the pressure in the lower vessel was kept constant.
Rising carbon dioxide concentrations within the upper vessel are monitored by gas

Table 1 Composition of cement mixtures

Mixtures Raw materials

ClassG
well cement

Water Salt Quartz
powder

Black coal
fly ash

Super-
plasticizer

Latex
dispersion

ClassG + + − − − − −

ClassG+Salt + + + − − − −

SaltCem24 + + + − − + +

SaltCem36 + + + − − + +

MWC-FA + + − + + + +

MWC-1 + + − + − + +

MWC-2 + + − + − + +

MWC-01-A + + − + − + +

+ incorporated in the mix; − not incorporated in the mixture
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sampling from the upper vessel. Besides thermocouples and pressure gauges, a
Time-Domain-Reflection-Monitoring (TDR) system is implemented into the auto-
clave to monitor the migration of CO2 (see below).

2.3 Borehole Cementation Simulator

In order to investigate formation mechanisms of cementation flaws, the borehole
geometry as well as the topography of the borehole surface and the rheology of the
fluids and cement suspension were varied systematically. The borehole-cementa-
tion-simulator (BCS) developed within the COBRA project is a replica of a bottom
11 m section of a borehole in scale 1 to 1. The simulator consists of cylindrical
segments (cap-rock segments) with a height of 1.20 m and a diameter of 500 mm
each, which can be stacked to a total height of approximately 11 m (Fig. 4). The
inner void in the segments represent the borehole. The inner surface of the segments
is designed to represent the surface topography (especially its roughness) of the
geological formation, in which a borehole is drilled. In order to ensure a defined
roughness and repeatable geometry and topography of the borehole, artificial cap-
rock segments made out of a low thermal strain concrete are used (Fig. 5). A
polypropylene matrix is inserted in a formwork for casting artificial cap-rock
segments. After hardening of this artificial cap-rock, the matrix is removed, pro-
viding a model-borehole with a defined and reproducible geometry.

Within this study, the mean inner diameter of the cap-rock—i.e. the diameter of
the artificial borehole—is fixed to 75/8″ (200 mm). The artificial borehole is con-
toured with circumferential serrations with a defined depth d and a defined height

Fig. 3 Full-scale autoclave consisting of two parts: A lower vessel to investigate the alteration
processes within the cement/steel/rock/fluid system, and an upper vessel to study processes of
cementation and transport within the well casing. The setup can be operated up to 100 °C and
100 bar
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h (Fig. 5). In the first step h/d ratios between 5 mm/5 mm and 40 mm/40 mm are
chosen, corresponding to typical borehole conditions (Lux et al. 2012). As all cap-
rock rings are dividable into semi-rings along their longitudinal axis, the rings are
not able to take up radial forces. Hence, the rings are surrounded by a 5 mm thick
steel formwork to adsorb forces and guarantee sufficient sealing. Furthermore, the
formwork can also be equipped with a drilled core of formation rock.

Fig. 4 Sketch of the borehole-cementation-simulator (left) and the two segments at the bottom
without insulation (right)

Fig. 5 One semi-ring of the borehole-cementation-simulator (Fig. 4) with a borehole diameter of
200 mm (75/8″), circumferential serrations with a depth and height of 5 mm in the lower and
20 mm in the upper part, respectively (left). Sketch of serrations with height h and depth d (right at
top) and magnified section of the surface in the longitudinal section A–A (right at the bottom)
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Each artificial cap-rock segment is equipped with up to eight temperature and
four pressure sensors to monitor the cementation process. The sensors are posi-
tioned in the artificial cap-rock, with the sensor surface being in line with the
surface of the borehole, allowing a direct contact to the fluids. To simulate in situ
conditions, each segment can be heated up to a temperature of max. 100 °C. The
applied eight heating and control circuits allow the simulation of constant tem-
peratures or heat gradients over the height of the borehole. The lowest part of the
borehole-cementation-simulator can be placed on a Full-scale autoclave (under
construction).

In the unfilled artificial borehole, different kinds of monitoring instruments such
as pressure p or temperature T-sensors can be installed. After this, the cementation
of the annulus between casing and the formation rock is simulated (scenario 1). In a
second set-up, the borehole is completely filled and sealed with a cement suspen-
sion, simulating abandonment (scenario 2).

The simulator is limited to a maximum pressure of up to 2.5 bar and therefore
able to take the hydraulic pressure of the cement suspension during cementing. As
the fluid dynamic of the drill-mud and cement-suspension is mainly affected by
temperature, the much smaller isostatic pressure effect on the flow behavior is
neglected in this study.

2.4 Corrosion Experiments

The experimental set-up includes four types of potential reservoir rocks and one
seal rock from Triassic and Jurassic sediments. These rocks are a Lower Triassic
Bunter Sandstone, three different Keuper Sandstones (Carnian, Norian and Rhaetian
Sandstones) and as seal rock the Jurassic Opalinus-Clay. The reason to use the
different types of rocks is to evaluate specific alteration effects caused by different
mineralogical compositions and to compare results with other working groups, e.g.
CO2—brine interactions studied by Marbler et al. (2012) and Fischer et al. (2013).
The rocks are cut to a cylindrical shape of 10 cm length and 5 cm in diameter and
are used for petrophysical investigations. Before starting the experiments, all
samples were mineralogically, geochemically and petrophysically characterised.

Fluids were analysed immediately after sampling during the experiments (in situ
sampling—for details see above) for various hydrochemical parameters (tempera-
ture, pH, electrical conductivity and alkalinity). Small portions of the fluid are
extracted for major cations (inductively coupled plasma optical emission spec-
trometry—ICP-OES) major anions (ion chromatography—IC) and H- and O-isotope
(cavity ring-down spectroscopy—CRDS) measurements. To study alteration pro-
cesses, rock samples were taken from the reaction chamber at the end of the
experiments to analyse their mineralogical and chemical composition by X-ray dif-
fraction (XRD) and X-ray fluorescence (XRF), respectively. Optical microscopy on
thin sections in combination with µXRF as well as by using powders from a micro-
mill preparation make it possible to observe geochemical processes on a µm-scale.
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In the first experiments, the Bunter Sandstone and the Norian Sandstone were
considered as reservoir rocks. Together with PTFE sticks (to protect the coating of
the reaction chamber), 15 cylinders of one type of the rocks were placed into the
lower vessel of the Full-scale autoclave which was flooded with brine prior to the
pressurizing with CO2. The synthetic brine was mixed from tab water and food
quality sodium chloride with a concentration of 50 g/l NaCl and initial concen-
trations of 75 mg/l Ca2+, 40 mg/l K+, and 47 mg/l Mg2+.

Two experiments have been performed. Experiment 1 is subdivided in three
phases. In the first phase the heating system was tested to maintain constant tem-
perature conditions within the simulator of 55 °C at ambient pressure (without CO2)
within the entire autoclave. During this experiment, the lower reaction chamber was
filled with ca. 20 l of brine and 15 cylindrical rock samples of the Norian Sand-
stone. The fluid was sampled daily over 13 days. In the second phase (30 days), the
upper vessel was pressurized in three steps [2 bar (2 days), 4 bar (3 days) and 6 bar
(15 days)] with compressed air to perform a permeability experiment. For the third
phase of experiment 1 the brine was exchanged. The pressure was increased to
60 bar by CO2 injection into the lower vessel at a rate of 1–2 bar/h. Simultaneously,
the pressure in the upper vessel was increased by nitrogen injection to maintain a
constant pressure in the upper and lower vessel. During the third phase, fluids were
sampled over a period of 17 days from the autoclave. About 180 ml fluid are
required for the analyses. Water was refilled to keep the water table constant. Two
additional fluid samples were extracted after finishing the experiment and the rock
samples were removed from the reaction chamber.

The second experiment was carried out at slightly higher temperature (70 °C)
and pressure (80 bar). Bunter Sandstone was used as reservoir rock. The brine
composition was the same as in the first experiment. Eight fluid samples were
extracted during the experiments directly from the autoclave. The pressure of the
upper vessel was systematically varied to perform permeability experiments.

3 Time Domain Reflectometry (TDR) for Monitoring
the Integrity of Cemented Casing

Spatial TDR has been developed originally to determine soil moisture profiles using
variations of dielectric properties of involved components (soil, water, air; Sch-
laeger 2005). Within this study TDR is tested as a monitoring technology for the
surveillance of deep wells, e.g. abandoned wells for carbon dioxide storage sites.
The focus is to quantitatively observe and detect both, defects in the cemented plug
and the migration of CO2 through the cemented casing. Therefore, different labo-
ratory tests were performed in order to identify dielectric properties of relevant
cements and to investigate the ability of TDR in detection of imperfections in a
cementitious vicinity.
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3.1 Dielectric Material Properties of Various Cements

The complex dielectric permittivity ε = ε′ + i ε″ of the investigated carbonated and
non-carbonated cements was examined in the frequency range between 1 MHz and
5 GHz at room temperature and under atmospheric pressure with a network ana-
lyzer (VNA, Agilent E5061B ENA). Prior to the dielectric measurements, a
mechanical calibration kit (Agilent 85032F) is used to calibrate the VNA mea-
surement port(s) to effectively eliminate systematic errors and imperfections from
the experimental setup. For the accurate determine of dielectric properties further
calibration and algorithms are used to calibrate the sample cell and the adapters
(Chen et al. 2014); setup shown in Fig. 6.

3.2 Investigations for Testing the Ability of Spatial TDR
in Detection of Imperfections in a Cementitious Vicinity

Based on the different types of potential defects in backfilled boreholes with casing
(Fig. 1) by means of large-scale laboratory tests, the sensitivity of Spatial TDR for
defect detection has been investigated. For this purpose, artificial defects were
placed in cemented pipes with a diameter of 150 mm and length between 1.2 and
5.5 m (cf. Fig. 7). The tests were performed at ambient temperature and pressure
conditions with analogue materials (e.g. air, styrofoam, glass beads, glass-beads-
water mixtures—Fig. 7) to simulate defects with dielectric properties similar to the
high p-T conditions of reservoirs.

Fig. 6 Measurement of the dielectric properties at various frequencies of relevant cements by
means of small coaxial samples (left) with a network analyser (right)
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4 Results and Discussion

4.1 Cement Alteration

The cement alteration studies are based on prior studies (Hirsch et al. 2013; Kromer
et al. 2014); out of eight types of cement suspensions (see Table 1), results for three
are presented here. Mixtures ClassG and MWC-2 were examined in the small-scale
autoclaves. ClassG contains an API ClassG HSR Well Cement at a water/cement-
ratio of 0.4 (reference material). In MWC-2 (MWC stands for “modified well
cement”) a total of 46 wt% of API ClassG cement was replaced by quartz powders
with defined particle size gradation curves at a water/cement-ratio of 0.48. The
MWC-01-A-cement that has been used in the Full-scale autoclave experiments is a
development based on MWC-2. MWC-01-A and MWC-2 differ in the amount of
additives as well as in the used quartz powders and thereby in their particle size
gradation curves. Details regarding the composition of the mixes can be found in
Hirsch et al. (2013) and Kromer et al. (2014).

The experimental conditions in the small scale-autoclaves (samples submerged
in carbonic acid at 40 °C and 90 bar for 28 days) led to a strong cement alteration in
the contact zone between hardened cement and carbonic acid (named carbonation in
the following) resulting in e.g. changes of petrography, pore space distribution or
pH-value of the pore fluid (Fig. 8). After the experiment, X-ray powder diffraction
shows considerable amounts of newly formed calcium carbonates (Calcite, Ara-
gonite and Vaterite) especially in the ClassG samples.

Fig. 7 Large scale test setup for defect determination with spatial TDR
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The porosity of a non-carbonated ClassG-sample is comparatively high (30 vol.
%) whereas that of a MWC-2-sample is only 15 vol.%. The 28 days carbonation
experiment reduces both porosities, that of ClassG to only 15 vol.%, that of MWC-
2 to 10 vol.% (Fig. 8 left).

The right side of Fig. 8 shows carbonated samples of hardened ClassG-cement
and MWC-2-cement. The carbonation front is clearly visible (white arrows). In both
samples the front has reached a depth of 1–2 mm after 28 days. In contrast to
ClassG, MWC-2 shows a more uniform front and a slightly higher carbonation
depth.

Complementary to the Small-scale autoclave tests, first investigations were
carried out on the carbonation of a cement core (MWC-01-A) in the Full-scale
Autoclave. The top of Fig. 9 shows a cut of the open casing and the cement core
after experiment 1 (56 days at a max. temperature of 70 °C and pressure of 80 bar).
The bottom of the casing and the cement core (Fig. 9, bottom left) were in contact
with CO2-saturated brine throughout the experiment, whereas the top was covered
with water and N2 at the beginning. Figure 9 (bottom right) illustrates that the
bottom of the cement core is distinctly carbonated after the experiment (carbonation
depth approx. 5 mm). However, a much thinner but yet present carbonated layer is
detectable on the whole lateral surface and on the top of the cement core.

As detected by XRD, carbonated samples of the two presented cements from the
small-scale autoclave tests (ClassG and MWC-2) show different contents of calcium
carbonates after the experiment. The formation of calcium carbonates is directly
related to the amount and type of calcium source that is present in the non-carbonated
cements. The calcium mainly originates from the dissolution of calcium hydroxide
and CSH-phases (Wigand et al. 2009). As the non-carbonated ClassG-cement

Fig. 8 Pore space distribution determined by mercury intrusion porosimetry (MIP) of ClassG- and
MWC-2-cement samples; samples non-carbonated and carbonated for 28 days at 40 °C and 90 bar
(left); scan of ClassG- and MWC-2-cement samples carbonated for 28 days at 40 °C and 90 bar,
carbonation front indicated by white arrows (right)
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is richer in calcium hydroxide than the quartz-powder rich MWC-2-cement, the
alteration of the ClassG sample is stronger than that of the MWC-2 sample. There-
fore, a mixture very similar to the MWC-2-cement was used for the large-scale
experiments.

The carbonation of the cement has direct consequences on the porosity of the
materials. The observed reduction of porosities in both cement types (ClassG: from
30 to 15 vol.%, MWC-2: from 15 to 10 vol.%—Fig. 9) is explained by the pre-
cipitation of calcium carbonates in the pore space of the hardened cement. In
addition, calcium carbonates possess a larger volume than the main precursor
mineral calcium hydroxide, which further reduces the pore space. As the non-
carbonated ClassG-cement contains more calcium hydroxide than the MWC-2-
cement, the porosity reduction is much higher in ClassG than in MWC-2.

The slightly lower carbonation depth for cement ClassG shows that pronounced
calcium carbonate formation in the cement’s pore space might lead to a “clogging”
of the pore system and thus a slowing down effect of cement carbonation, at least
for short durations (28 days).

The carbonation depth at the bottom of the cement core in Full-scale experiments
after experiment 1 (56 days at 70 °C and 80 bar) is in accordance with the results of
the small samples. The observed carbonation of the lateral surface and the top of the
cement core proves that the boundary surface between cement and casing (steel)
forms a micro-annulus acting as a pathway for CO2 migration.

Fig. 9 Cement core after autoclave experiment of 56 days at 70 °C and 80 bar; whole cement core
and casing cut open (top); bottom part of cement core and casing (bottom left); bottom part of split
cement core wetted with phenolphthalein, yellow/brown areas are carbonated, pink areas are non-
carbonated (bottom right)
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4.2 Cementation Experiments

To investigate the influence of the surface roughness on the formation of cemen-
tation flaws, first tests were carried out with a borehole replica of 3 m height
(Borehole-Cementation Simulator—Fig. 4). Before as well as during the cemen-
tation process, the rheological properties [such as the viscosity, e.g. flow spread
(DIN EN 1015-3 2007)] and specific weights of the cement slurry and bentonite
suspension were determined. The resulting change of the properties (e.g. viscosity,
density) by the pumping process was smaller than 2.0 % compared with the
properties prior to pumping.

In Fig. 10 sections of the hardened cement, i.e. the filled borehole, are shown.
Obviously, the cement slurry did not completely displace the borehole fluid in the
vicinity of the serrations and various cementation flaws developed. For a complete
displacement of the borehole fluid by the cement suspension, the serrations of the
hardened cement in the annulus should not fall below a height of 20 mm and a
depth of 20 mm (Fig. 10a, b) or a height of 5 mm and a depth of 5 mm (Fig. 10c, d),
respectively.

During casting, the casing was replaced by a pipe of transparent acryl, to observe
the non-displaced borehole fluid. Further cementation flaws are shown in Fig. 11.

The cementation flaws are quantified by measuring the volume of the empty
borehole before the cementation and the volume of the hardened cement afterwards.
Figure 12 shows the cementation flaws, i.e. the volume of the non-displaced
borehole fluid divided by the net volume of the serration. A cementation flaw ratio
of 0.75 indicates that 75 vol.% of the serration consists of non-displaced borehole
fluid and only 25 vol.% of the serration is formed by hardened cement.

The formation mechanisms of the cementation flaws strongly depend on the
borehole geometry and especially the borehole surface (Figs. 10 and 12). The
results show that very rough borehole topography with large serrations of h/
d = 20 mm/20 mm have a higher flaw ratio than the smaller serrations with h/
d = 5 mm/5 mm. Further studies are required to define constitutive laws for the
prediction of the formation mechanism of cementation flaws in dependence of the
rheological behavior of borehole fluids and cement suspensions as a function of the
borehole surface.

In addition to the large-scale cementation experiments with the borehole-
cementation-simulator, the used cement suspension was evaluated regarding its
durability. The porosity was determined by mercury intrusion porosimetry. The
used cement (MWC-01-A) has a reduced porosity, compared to the reference
cement. Gas migration via the pore space of the cement is unlikely. Therefore, the
tightness of the cementation will be dominated by cementation flaws (Kromer et al.
2014).

Furthermore, the autogeneous shrinkage was investigated on prisms based on
DIN 52450 (1985) and Acker et al. (1998). The shrinkage deformations corre-
sponded to 0.182 mm/m after 28 days and were smaller than the deformation
measured on the reference cement (w/c = 0.44, according to DIN EN ISO 10426-1
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2010), which showed a deformation of 0.309 mm/m. After 28 days, the used
cement exhibited a compressive strength of 64 N/mm2 and a bending tension
strength of 9.5 N/mm2 determined according to DIN EN 196-1 (2005).

4.3 Development of Fluid-Chemistry in the Vicinity
of Cemented Bore-hole Casing

The mineralogical composition of potential reservoir rocks has been determined by
X-ray diffraction. Whereas the Bunter Sandstone has an initial mineralogical
composition of quartz, feldspars, hematite and accessory mica, clay minerals,

Fig. 10 Filled borehole strand with cap-rock geometry h/d = 20 mm/20 mm (left) and with h/
d = 5 mm/5 mm (right) in longitudinal section (Fig. 6—A–A); top row lighter sections are areas of
non-displaced borehole fluid; bottom row identical areas after cleaning with water
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carbonates (dolomite and calcite) and goethite, the Norian Sandstone shows a
mineral assemblage of quartz, kaolinite, carbonates (calcite and dolomite) feldspars
and accessory mica/clay minerals and iron hydroxides.

During the first alteration experiments the evolution of the composition of the
CO2-rich brine was determined. Variations in dissolved concentrations of major
cations (Ca2+, K+, Mg2+, Na+ and Si4+) during experiment 1—phase 3 are presented
in Fig. 13. Three events can be determined that affect the fluid composition within
the reaction chamber significantly. The first CO2 injection into the system after
136 h led to an increase of the dissolved Ca2+-concentration up to approx. 200 mg/l.
The maximum Ca2+ concentration of 266 mg/l was reached after 284 h. The same

non-displaced borehole fluid

(brighter areas)

hardened cement

(darker areas)

Fig. 11 Areas of non-displaced borehole fluid (brighter areas) at the inner side of the annulus,
which is typical for a channel or micro-annulus

Fig. 12 Definition of the cementation flaw ratio (red area in the left picture) and the volume of
the cementation flaws referred to the volume of the net serration dependent on the cap-rock
geometry
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trend but smaller in extent was observed for Mg2+ (75 mg/l) and Si4+ (20 mg/l).
After the drop in concentration during refill, the concentrations of Ca2+, Mg2+ and
Si4+ increased again to the same maximum concentrations. The K+ concentration
was increasing continuously up to the refill from 42 to 52 mg/l with small fluctu-
ations. Prior to the CO2-injection (event 1), the quench pH-value slightly increased
from 8.3 to 8.5 due to the contact with the saline brine. After the start of injection,
the expected rapid decrease to a constant value of pH 6.0 was observed.

Prior to the CO2-injection, Ca
2+ shows a decrease in concentration. This is

interpreted as precipitation effects due to the observed increasing pH-value and the
high Ca2+-concentration of the initial brine. The change in the pH-value can be
interpreted through the contact of the brine with the cemented casing.

The CO2-injection led to a strong decrease in pH-value and thus the dissolution
of minerals, which raised the concentration of dissolved ions in the fluid—espe-
cially of Ca2+ cations, but also of Mg2+ and Si4+. Only K+ seems nearly unaffected
by the CO2 alteration during the time of the experiment (Fig. 13).

The decreasing of the concentrations during refill can be explained as a dilution
effect by refilling of 5 l fresh brine [Fig. 13, point (2) and (3)]. Our first data show a
complex interaction of solution and precipitation processes which seems to be
dominated by the pH value. The contact of the brine with the cement results in an
increase of pH value. While increasing the pressure through CO2 injection carbonic
acid is formed and the pH-value decreases which results in an increase of the

Fig. 13 Main cations of experiment 1 phase 3. 1 start of CO2 injection, 2 refilling of the reaction
chamber with 5 l fresh brine, 3 end of daily sampling

Long-Term Safety of Well Abandonment: First Results … 131



solubility of carbonate and silicate minerals. Calcite could be identified as one of
the major phases contributing to the observed behaviour, however, the involvement
of other carbonates are required to explain the observed behaviour which involves
besides Ca2+ cations, Mg2+ and Si4+.

4.4 Spatial TDR Results

The measurements of the dielectric spectra of cements under investigation (non-
carbonated and carbonated) are shown in Fig. 14. The results of these measure-
ments can be summarized as follows:

• Analysed cements show unusually high frequency dependence (dispersion) in
dielectric properties up to 2 GHz. In addition, a high attenuation on TDR-signals
is observed.

• Increasing salt content in the composition of the cements increases frequency
dependence.

• Increasing additive content (e.g. quartz, fly ash, polymers) in the composition of
the cements decreases the dispersion.

• Carbonation of the cements decreases frequency dependence.

Fig. 14 Dielectric spectra (real part) of cements under investigation (several types of modified
well cement (MWC) and cement with additional salt content)
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• Cement mixtures with salt additions are most suitable to differentiate between
non-carbonated and carbonated material.

The ability of the TDR method to detect imperfections in the cement has been
analyzed using large-scale tests (Fig. 7). One aspect of this investigation was to
determine the maximum possible length of the sensor in order to identify given
imperfections or gaps. Imperfections with a size of 5 cm could be securely deter-
mined in sensors of up to 4 m length, whereas imperfections with a size of 2 cm
required a reduction of the sensor length to 2 m. The minimum imperfection size,
which could be determined using a 1.2 m sensor, was for enclosures of at least 1 cm
in size. Smaller enclosures, such as mud conglomerates could not be detected.
Therefore, it was decided to use a maximum sensor length of 90 cm in the Full-
scale Autoclave experiments with carbon dioxide. The frequency dependence of the
dielectric permittivity of the cements resulting in an enhanced attenuation of the
TDR-signal makes it difficult to use longer sensors if small imperfections should
be detected. As one main result a new TDR-sensor has been developed to fulfill the
requirements of resolution, precision and practicability for future application.

The results of first TDR-measurements in the standard oilfield well with a
cement plug in the Full-scale Autoclave show that pressure variations in the lower
and upper vessel of the Full-scale Autoclave can be observed as significant sensor
signals. Variations of the chemical composition of the fluids could be identified
from the sensor signal. Different processes seem to be responsible for the observed
behavior in the experiments:

• pressure effects—resulting in a very fast change of the sensor signal,
• Variation of the chemical composition of the fluid (e.g. water, gas, CO2)—

resulting in a fast change of the sensor signal,
• chemical reactions of the cements—probably resulting in a comparably slow

change of the sensor signal.

To fully deconvolute the sensor signal, new algorithms need to be implemented
which include the strong frequency dependency of the complex dielectric permit-
tivity. As these different processes influence the sensor-signal in a complex manner
and with different time constants, further studies are required to separate the dif-
ferent processes quantitatively.

4.5 Fluid Flow Through a Cemented Well

While systematically varying the pressure difference between the lower and upper
vessel of the Full-scale Autoclave (Fig. 3) a fluid flow through the cemented casing
is forced. This fluid flow could be detected by TDR (see above) and by the pressure
equilibration in the vessels. For the data shown in Fig. 15, the applied pressure in
the lower vessel was kept constant (automatically controlled) whereas the pressure

Long-Term Safety of Well Abandonment: First Results … 133



of the upper vessel was reduced by about 4 bar for three times. The resultant
pressure increase due to a fluid flow through the cemented casing is shown in
Fig. 15.

The flow of CO2 through a cemented casing may have different reasons:

1. Macroscopic fluid/gas flow via flaws, mud channels etc.
2. Diffusion and/or permeation through the cement matrix
3. Transport through cracks or micro-annuli

For the cementation of the casing, idealized conditions have been applied; no
drill mud or spacer has been used prior to the cementation of the oil field casing.
Therefore, mud channels or flaws due to a complex flow pattern of poly-phase flow
are eliminated. In a more realistic environment, these additional fluid-pathways
would have to be taken into account (Figs. 10 and 12, see above, experiments with
Borehole-Cementation Simulator).

A fluid flow through the cement matrix could be an effective pathway for highly
permeable cements. To distinguish between different pathways, the permeability of
the cement matrix was studied in Small-scale experiments, where the reaction front
(carbonization) was determined to reach a few millimetres (Fig. 8). The perme-
ability amounted to 0.01–0.02 mD. For the Full-scale experiments, the same pen-
etration depth of the reaction front was observed (Fig. 9). The additional
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Fig. 15 Three times pressure reduction of the upper vessel by about 4 bar and reequilibration due
to CO2 migration during experiment 2. The steps in the pressure readings represent the accuracy of
the upper pressure sensor
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determination of the pore structure (Fig. 8 left) shows that the average pore space is
rather small—which results in a very small bulk permeability (Kromer et al. 2014).
As a consequence, the observed (Fig. 15) rapid pressure equilibration in the upper
vessel cannot be the result of permeation through the cement matrix.

As shown in Fig. 9, the interface between steel and cement shows a significant
carbonation. As the contact surface of the cement is not entirely carbonated, one can
roughly assume that only half of the interface forms an annulus capable of a fluid
flow.

No cracks reaching from the lower vessel to the upper vessel are observed after
dismantling the cemented well. However, some cracks—mainly perpendicular to
the rod axis—are identified as carbonated. As a consequence, the observed flow can
be mainly linked to the formed micro-annulus.

To model the fluid flow through a micro-annulus an in-house Finite-Difference-
program was used, assuming an annulus, which covers half of the steel-cement
interface. Mainly CO2 or CO2-rich fluids seem to reach the upper vessel. Therefore,
for the applied p, T-conditions the dynamic viscosity and compressibility of CO2

are set to 0.02 10-3 Pa s and 9.3 10-8 Pa−1, respectively (IPCC 2005). The width of
the annulus was varied to match the observed pressure-time relation. The flow rate
was calculated using a Hagen-Poiseuille relation

Fig. 16 Averaged and smoothed data for the three permeability experiments (x) (Fig. 15) and
modelled data (lines). A good approximation while using an FD-algorithm is obtained for a semi-
circular micro-annulus between casing and cement with an annular gap of *13 µm
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1 for the applied dimensions, h is the width of the annulus, b is half the perimeter of
the casing, η the dynamic viscosity and Δp/Δl the pressure gradient. As h is very
small with respect to b, the curvature of the annulus was not taken into account.

The approximation (Fig. 16) leads to a width of the annulus in the order of 10–
20 µm (best approximation 13 µm), which is in good agreement to published data
(Nelson and Guillot 2006). Consequently, even for an idealized cementation under
optimal conditions with minimal shrinkage (see above) a micro-annulus in the order
of 10–20 µm will develop.

5 Conclusion

The interpretation of the suite of results from Full-scale experiments enables to test
and improve abandonment strategies, and to evaluate monitoring techniques. The
first results of the Full-scale experiments indicate that in a chemical complex
system, which includes rock–cement–steel–brine, different solution and precipita-
tion processes interact.

The reaction controlled processes in and diffusion through the solid matrices of
rocks, cement and steel can be neglected as efficient pathways for fluid migration.
However, the experimentally observed mud-channels and micro-annuli have a
considerable higher leakage potential. The leakage could be monitored using
Spatial TDR and by pressure equilibration in the first suite of experiments. Further
studies are required

• to better quantify the observed processes,
• to develop and verify constitutive laws for the prediction of the formation

mechanism of cementation flaws in dependence of the rheological behavior of
borehole fluids and cement suspensions as a function of the borehole surface,

in order to further improve and qualify abandonment strategies.
The advantage of Full-scale experiments is their potential to quantify the pro-

cesses, especially those that are not assessable through smaller scale laboratory
experiments. However, the smaller scale laboratory experiments and model cal-
culations are a prerequisite for an optimized layout of the Full-scale experiments, as
well as for the interpretation of the observations on the larger scale in terms of
process understanding and scenario development.
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Abstract While risk assessment for CO2-storage often has been conducted by using
a lot of simplifications and conservatisms, our approach developed in the CO2RINA-
research project is based on the integration of all models, existing at a moment in
time. These models will be coupled by the so called transfer function approach
which has been proven to be very powerful in the risk assessment for low level
radioactive waste. This concept ensures, that the risk assessment is always consistent
with the state of the models existing for a specific site. It can be immediately
improved if the existing models will be improved over time. The approach was
verified by comparison of the direct coupling of different process models in an
overall model with a coupling by transfer functions by conducting a wide range of
test calculations showing very good accuracy of the approach. The new coupling
approach allows the incorporation of a variety of additional effects which are difficult
to handle in an overall model. Examples for such processes are complex chemical
and microbiological interactions, geomechanical feedback loops and migration of
CO2 in the atmosphere. In the project there have been developed specified
models for a generic site with parameters similar to the Ketzin site. These models
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include a reservoir model, a model for the alteration of the cementation of a mature
well, a fault model, a model describing advection and diffusion through the cap rock,
a complex model for the migration in a Quaternary aquifer including complex
chemical interactions and a geomechanical model. Additionally there was shown the
way of integration of microbiological processes which have been modelled in detail
in the CO2BIOPERM project. The new approach is ready to be adapted to a specific
CO2-storage site.

1 Background and Purpose

Risk assessment for CO2 storage projects is mostly conducted using expert
knowledge to evaluate specific scenarios. Features, events and processes (FEPs) are
investigated to assess their impacts on operational and environmental safety.
Oldenburg (2007) suggest an approach similar to a calculation sheet, whereas the
interacting user defines relative parameter weight and processes as well as reliability
of the available information by qualitative input and sorting methods. The draw-
back of such methods is the subjectivity related to decisions made by the interacting
user. Oladyshkin et al. (2009) suggest the utilization of stochastic methods using a
model reduction for specific scenarios to allow a reasonable application of Monte-
Carlo simulations. However, efficient application of this method has to be verified
for CO2 storage projects acting at large spatial scales.

Numerical simulations are an established tool for prediction of thermal-hydraulic
processes in geothermal reservoirs, oil and gas depotsits as well as CO2 storage
formations at different time scales (Bielinski et al. 2008; Flemisch et al. 2007;
Pruess and Spycher 2007; Pruess 2004; Pruess et al. 2003; Helmig 1997, u.v.a.) and
were successfully applied within the scope of the EU-Project CO2SINK to provide
reliable predictions for the CO2 arrival in the observation well CO2 Ktzi 200/2007
(Kempka et al. 2010a).

The thermal-hydraulic-mechanical simulations scheduled for prediction and
evaluation of stress field changes in the vicinity of the storage reservoir were already
successfully applied by parameterization and verification using InSAR data resulting
from the CO2 enhanced gas recovery (EGR) at the In Salah site in Algeria (Krechba
gas field). The simulation results showed very good agreement between InSAR data
and the time-specific modeling results of the coupled numerical tools for different
areas in the near field of the injection wells of a storage formation located at about
1,800 m depth (Rutqvist et al. 2009a). Further studies conducted by Rutqvist and
Tsang (2002), Rutqvist et al. (2002, 2007, 2008, 2009b), Wang et al. (2009), Wa-
tanabe et al. (2010), McDermott et al. (2010), Nowak et al. (2010) and Park et al.
(2010) demonstrate the suitability of the coupled numerical models intended for
application with the proposed project to determine stress field changes in a CO2

storage formation to predict and evaluate failure criteria of relevant parameters in the
storage formation and its cap rocks as well as potentials for reactivation of faults.
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It can be concluded that the extensive national and international efforts in the
research field of CO2 storage in geological formations provided a basic conceptual
understanding of the relevant processes in the CO2 storage formation as well as the
different migration pathways into the overburden and surrounding rocks (CSLF-T
2009; Deel 2007; Metz et al. 2005; Walton 2005; Nordbotten et al. 2005; DOE
2009). Currently, these processes can be reliably described assuming well-known
geological boundary conditions and input parameters (Zhang et al. 2006; Zhou et al.
2005; Celia et al. 2005).

Very different approaches exist to integrate the specific processes relevant for the
risk assessment of long-term geological storage of CO2 (Jagger 2009; Espie 2005;
Cugini et al. 2010; Saripalli et al. 2003; Wildenborg et al. 2005; Pawar et al. 2006;
Condor and Unatrakarn 2010). Suggested methodologies integrate approaches such
as systematic cause and effect analysis (SWIFT) and Monte-Carlo based methods
(RISQUE). In addition, methods based on evidence (TESLA) not considering the
classic Boolean logic, but taking into account that an assumption may be wrong,
correct or even involve an uncertainty. The evidence based method was originally
developed for application in nuclear waste storage. Further approaches for risk
assessment of CO2 storage projects were derived from the evaluation of nuclear
waste storage sites (North 1999). Regarding nuclear waste storage, the methods for
risk assessment were extensively addressed by Ho (1992) and North (1999) and
updated by Maul et al. (2007).

Within the scope of the proposed study we aim to implement and apply an
approach comparable to those developed for nuclear waste storage considering its
methodology (Stauffer et al. 2005, 2006, 2007, 2009; Viswanathan et al. 2005,
2008). However, the targeted approach strongly deviates in the implementation of
the model coupling required for the overall risk assessment. The simulation tool in-
tended to be applied to couple the specific process models will be the GoldSim
software package as already addressed by Stauffer et al. (2007) within the scope of
the CO2-PENS methodology. This probabilistic simulation tool was originally
developed for the assessment of the Yucca Mountain nuclear waste storage site and
provides high flexibility regarding the simulation of arbitrary and highly dynamic
systems. Kahnt (2006, 2008), Kahnt and Paul (2008) developed a methodology for
the assessment of longterm storage of low radioactive waste materials based on the
GoldSim software package (CSM-Approach). The CSM-Approach is based on the
coupling of different dynamical processes. While process models such as FEHM
(Zyvoloski et al. 1997) and TOUGH2 (Zhang et al. 2006) as well as (semi-)
analytical methods (Nordbotten et al. 2005) are directly operated by the GoldSim
software package in the CO2-PENS project, the CSM-Approach provides generic
flexible interfaces. Thus, arbitrary process models can be exchanged and extended
independently. These flexible interfaces have been used for coupling the Box
Model (Module C) applied for coupled 3D-simulations of geochemical processes to
the GoldSim system simulation model (Kahnt 2006, 2008; Kahnt and Paul 2008).

The main goal of the conducted work was the adaptation of the rist assessment
methodology developed for low level radioactive waste for the risk assessment of
CO2 storage in geological media, its numerical realization and specific validation
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based on data from natural analogue studies and a present CO2 storage pilot site.
The newly developed methodology is mainly based on the international risk
assessment concepts described before.

For this purpose, the geological system involving its technical elements is
simulated over a specific timespan in order to assess the probability of CO2 release
with regard to spatial and temporal parameter dependence.

The challenge of risk assessment is the fact that different processes and their
combinations influence CO2 migration into shallow geological formations or the
atmosphere. Here, conceptual uncertainties (which processes will dominate?) as
well as parameter uncertainties (specific process parameters and their variability
cannot be exactly determined due to geological heterogeneities) and parameter
variability have to be considered. Even though a deterministic methodology is
required for the assessment of the multiple specific processes and their interaction, a
probabilistic approach has to be applied at the cross-system level to represent
parameter variability and parameter uncertainties in the quality required for risk
assessment.

To allow for high transparency for the evaluation and selection of potential
storage sites as well as decision support system tools for regulatory authorities, a
common and site-unspecific methodology flexible enough to be adapted to any
specific site location was developed.

The developed approach provides an improved methodology in comparison to
the tools available on the international marked, since it is set up consequently
modular taking into account clearly defined interfaces. By this, existing site-specific
models can be consistently implemented into the risk assessment model and cou-
pled with each other. The single modules can be further developed independently
and be flexibly exchanged.

The methodological solution is based on segmentation of multiple coupled
general problem simulation into single defined problem simulation modules.
Communicating via expert interfaces a combination of sub-solutions from these
single modules can be integrated to solve the main problem module simulation.

An general overview of the integration of the different modules is given in
Fig. 1.

Before the description of single modules is presented in detail, major aspects of
the procedure will be explained here to ensure the understanding of their relevance
in the overall solution approach:

• The project targets the development of a consistent methodology for risk
assessment based on modular description of a main system. At the core of this
work the method of probabilistic modelling and associated correlation analysis
allows the identification of processes and parameters regarding their site-specific
contribution strength to the overall risk, which is an essential step to optimize
objectivity in the assessment process. Processes and parameters from different
fields of work are further investigated regarding the influence of potential cross-
communicating sub-processes by directly simulating the influence of diverse
counteractive measures on different single units and the main system itself.
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This vice versa allows the assessment of effectivity and quality of each
counteractive measure to reduce the overall risk. In a possible additional step the
costs of the different counteractive measures can be compared to the effectivity
(quality) factor of each counteractive measure, giving the basis for optimized
risk assessment solutions. The methodology thus directly reclines to the concept
of specific site conditions that has been developed for clean up decisions in the
field of low radioactive mining wastes.

• The identification of applicable interfaces between the single modules is of
major importance. The basic target behind this approach is the idea to guarantee
the possibility of single module replacement. Following this idea, different
conceptual approaches as well as different software tools are applicable for the
sub-processes simultaneously without communication conflicts. A main focus
was kept on the possibility to further develop the single modules independently.

• In order to demonstrate the applicability of the solution approach it was nec-
essary to test real problem scenarios and use site-specific data streams. This has
been done using generic data from the EC funded project CO2SINK at the
Ketzin-site together with associated modelling tools to verify the applicability of
the single modules. An important aspect of the concept-verification is the
possibility to resort to much more quantitative and qualitative data at the Ketzin-
site, as in comparison to theoretical validation.

• Besides the development of probabilistic risk solutions, the solutions themselves
have been validated for several sub processes using deterministic approaches.

 

Injection drilling
Former drilling

Reservoir

CementationBarrier / Cap-Rock 2

Aquifer

Unsaturated zone

Barrier / Cap-Rock 1

(C) Migration 
throught fractures 

(possibly 
activated)

(D) Advective or 
diffusive 

Migration through 
cap rock pores

(B) Migration via 
damaged 

cementation

(A) Variable 
cap rock 
thickness

 (B) Migration via 
damaged fromer 

wells

(E) Migration in saturated zone

(H) Flexible interfaces for additional modules

(A) CO2 and pressure migration 
in the reservoir

(F) Stress field 
overburden

(E) Migration in unsaturated zone

(F) Uplift / Subsidence 
overburdent
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In this context the coupling was verified not only in modules with defined
interfaces but as well in deterministic models to verify the probabilistic
approaches.

• The methodology of risk analysis was developed on a general basis, allowing to
consider site specific geological conditions as well as potential pre-existent site
specific models and calculation tools.

2 Module Description

2.1 Module (0) System Simulation Model Development

The different modules of the project have been illustrated in Fig. 1. Module (0)
represents the main system simulation model in which all residual modules can be
integrated in. For that integration, the software GoldSim was used. This software
type has been developed with key focus on risk analyses. Subsequently the basic
conceptual idea of the main system simulation model is presented.

Each single module consists of either partly already available and/or new
methodologies which have been developed for the sub-processes. Using the com-
plete spectrum of these methodologies the interrelationship between module input
parameters and target functions can be calculated. Using various simulation sce-
narios the total number of target functions in dependency of sensitive module input
parameters will be determined. The resulting interrelationship data sets will be
stored in multidimensional look-up-tables. These tables are used in the main system
simulation model in order to consider all interrelationships of underlying single
processes. One of the key challenges was to figure out the interface parameters and
the types of interfaces/look up tables.

Within the main system simulations model all single processes are intercon-
nected in a way that, all former single parameter dependencies among each other
are maintained. The total spectrum of key parameters is determined together with
the related uncertainties and integrated into the main system simulation model by
using distribution functions.

Resorting to Monte-Carlo simulations the influence of parameter uncertainties
on target parameters was determined. The target parameters of each module as well
as the interface between the modules have been specified.

Due to the legal foundations, CO2 storage operations have to consider the risks
for the subjects of protection air, water and soil. Especially there have been
calculated concentrations of CO2 and other species at different points in the geo-
sphere as well as mass fluxes. Additionally geomechanical deformations have been
evaluated.

The main simulation model was developed under consideration and awareness
of the possibility to be adapted to different site-specific conditions.
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The presented solution approach offers the possibility to identify the parameter
uncertainties with greatest effect on target parameters using sensitivity analyses.
Subsequent investigations can thus be focussed on the resulting key parameters.
Operating this way, the procedure enforces the reduction of investigation demand
and resulting costs. The structure of the methodological solution into single mod-
ules reflecting the process chain is shown in Fig. 1.

The single modules are interconnected via multi-dimensional look-up tables,
delivering input–output inter-relationships. The definition of appropriate input and
output modes was a major challenge for the development of the methodology,
because the coupling has to ensure consistency.

2.2 Module (A): Reservoir Simulations/Numerical System
Simulation Model

A 3D numerical system simulation model including the CO2 storage reservoir, the
hydraulically conductive fault and the shallow aquifer has been implemented to
serve as reference and for verification of the process and model coupling approa-
ches. Numerical simulation results such as pore pressure and mass flow across
specific interfaces serve as main input for the GoldSim system model in module 0,
and thus for all models coupled to it. Figure 2 shows the employed generic
numerical model grid with an areal extent of 10 km × 10 km and a total thickness of
700 m. Three main areas are distinguished: the reservoir being used for CO2

injection, the leaky fault and the shallow Quaternary groundwater aquifer.
Applied generic porosities and permeabilities are listed in Table 1, while relative

permeabilities were derived from Kempka et al. (2010) and Kempka and Kühn

Fig. 2 Left numerical system simulation model including the reservoir (green), the fault (light
blue) and the quaternary (magenta and red). Right close-up view of the injection and fault area in
the numerical system simulation model indicating the local grid discretization in the reservoir
(green) and at the fault (light blue)
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(2013). Reservoir salinity is set to 25 % by weight (Klein et al. 2013) to represent
realistic conditions for density, Quaternary salinity is zero. This density difference
has major impacts on reservoir pressure which is required for brine flux through the
fault. 1 kg CO2/s is injected for 30 years via the injection well plotted in Fig. 3 (left)
resulting in a total injected CO2 mass of about 0.95 Mt at the end of the simulation.
A post-injection phase of 20 years is applied thereafter, so that the total simulation
time amounts to 50 years. The numerical simulator TOUGH-MP/ECO2N (Pruess
2005a, b; Zhang et al. 2008) was applied for the simulation.

Simulation results indicate that about 73 % of the injected CO2 have been
dissolved in the formation fluid until the end of the simulation time (50 years) as
plotted in Fig. 3 (left). As expected, CO2 dissolution is proceeding even after the
injection stop at 30 years of simulation. Figure 3 (right) illustrates that CO2 and
brine arrive after about 2 years of injection in the shallow Quaternary aquifer, while
water (no mineralization) being present in the residual fault pore volume is
migrating into the Quaternary aquifer from the beginning of CO2 injection. With the
CO2 arrival in the Quaternary aquifer (after about 2 years) the H2O mass flow
through the fault decreases until the saline formation fluid arrives at the Quaternary
aquifer in simulation year 9. This is caused by the increasing density in the fault.
Thereafter, CO2, H2O and NaCl displacement into the Quaternary aquifer increases
to a maximum until the stop of injection in year 30. From then on, a significant
reduction of CO2 and NaCl as well as H2O flux rates can be observed. H2O starts to
flow back into the fault and reservoir after year 32 at a low rate of about 0.05 kg/s.
In total, about 65 % of the injected CO2 is displaced into the Quaternary accom-
panied by 0.7 Mt NaCl originating from the reservoir. Hereby, the maximum
reservoir pressure elevation amounts to about 1.4 MPa at the injection well top. The

Table 1 Porosity and permeability applied in the numerical system simulation model

Model unit Porosity
(%)

Permeability in x- and y-direction
(m2)

Permeability in z-direction
(m2)

Quaternary 25 10−10 3.33−10

Reservoir 25 10−13 3.33−13

Fault 1 10−12 10−12

Fig. 3 Left numerical system model mass balance change during the entire simulation time of
50 years. Right component mass flow of CO2, H2O and NaCl into the shallow quaternary aquifer
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huge part of CO2 displaced into the Quaternary is caused by the boundary condi-
tions of the system which have been chosen such, that during the simulation time
significant leakage effects will show up.

The introduced reference model with the given parameterization is employed in
a simulation framework that allows for automated massive parallel simulations.
Consequently, Monte-Carlo simulations were applied to validate the system model
based on the GoldSim software package based on varying parameter realizations.
Furthermore, the coupled process simulations were implemented for a specific
validation of hydro-mechanical processes related to effective stress dependent fault
aperture as a function of pore pressure.

2.3 Module (B): Migration Through an Abandoned Well

The model for an abandoned well was initially developed in a separate GoldSimTM
model. In this model there is described the transient development of the degradation
of the cementation of the well and the resulting widening of an initially existing
micro fracture. The basic conceptual model is shown in Fig. 4.

Because of that, the module (B) could be used for initial benchmark calculations
of the overall coupling concept, because the GoldSim model can be used separately
and the effects can be incorporated as transfer functions/look up tables on the one
hand side and the model can be incorporated into the overall GoldSim model
directly. By comparison of the results of both modelling concepts, the coupling
approach was verified. The comparison is shown for one example calculation in
Fig. 5. The result demonstrates that the transfer function coupling approach seems
to work very well.
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Using this model for the abandoned well coupled with the reservoir model, there
has been calculated the probability distribution of the CO2 mass flux through the
well as a function of time taking into account all parameter uncertainties. The result
is shown in Fig. 6.

2.4 Module (C): Migration Through Fractured Zones

Faults and fractured zones are of major importance for a safe long-term storage as
they may hydraulically connect various geological units. The width of the fault/
fractured zone and its permeability are determining factors for the CO2-storage.
Faults can show high permeabilities but they can also act as flow barriers. Changing
the stress conditions by injecting CO2 and, thus, increasing the pore pressure can
reactivate previously inactive zones of weakness. Chemical reactions between CO2

and minerals of the host rock or of precipitated minerals in the fault zone can have
an influence on the permeability—both positive and negative.

In geological time frames, induced natural geomechanical processes may lead to
a fracturing of the cap rock or a reactivation of fault zones associated with an
increase in permeability. Here, an increased swelling capacity of the cap rock will
be of particular advantage for the tightness of the storage complex.

In the model used here with a thickness of the cap rock barrier of 120 m with a
displacement of only 20–30 m, a sealing effect is likely to occur. Based on diagrams

Fig. 5 Comparison of the CO2-mass flux through the cementation of an abandoned well
calculated by direct model coupling and alternatively by transfer functions according to module
(B). The green curve is the difference between the two calculations
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showing typical ratios the width of the (typically tight) fault core should amount to
a maximum of 3 m, the (more permeable) damage zone up to 100 m. It has to be
noted, however, that the values can vary in the range of two orders of magnitude!

The modeling in the CO2RINA-frame-project is concentrated to these fault
zones, especially to consider following processes:

• Turbulent flow considering variable gradients with rough-laminar, rough-tur-
bulent, smooth-laminar, smooth-turbulent flow conditions

• Time depended fracture width (coupled with an geomechanical model)
• Two phase flow CO2–H2O
• Reactive multi-migrant-transport with precipitation and dissolution of minerals

in the fault
• Density driven flow

In the first step the 2-phase-flow was adapted into Reacflow3D (an existing
multi-migrant-model) according to the concept of the “fractional flow formulation”
[Niessner] and thoroughly tested in comparison with the modeling systems
[MUFTE-UG] and [Dumux]. Furthermore some plausibility checks carried out,
especially for the control of the density effects in comparison with the modeling
system. [Tough2].

After developing an interface for transferring time depending fractures-widths
and implement turbulent flow laws, the hydraulic situation in the fault was inves-
tigated with the help of the expanded model.

Fig. 6 Distribution function for the time dependent CO2 mass flux through the cementation of an
abandoned well taking into account different parameter uncertainties, like initial opening of the
fracture, reaction rate and initial transmissivity of the fracture. The dotted blue line is the average
value, the green line is the median and the different green areas give the percentiles (5, 10, 25, 75,
90 and 95 %)
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Apart of the new developments in Reacflow3D the emphasis is the investigation,
how several types of models (injection zone, fault, groundwater and geochemistry)
can interact with each other to get a joint result. It is known from series of real
examples that the models of several hydraulic horizons are becoming increasingly
complex, so that the overall model is limited in the numbers of considered pro-
cesses or by the calculation time. As a result a proper coupling procedure is nec-
essary. This means: “decoupling of the complex problem”.

Figure 7 gives an impression about the complex flow process in the fault zone
caused by density effects. In the middle part of the fault zone in a short rectangular
distance to the injection point, the chloride-front is reaching after nearly 10 years
the upper quaternary groundwater layer. A few meters away the pressure in the
injection horizon is not high enough to lift the heavy salt-column up to the
groundwater layer. A circulation of salt water occurs from the middle column to the
sides. It illustrates the sensitivity of the flow field caused by density effects.

Figure 8 simplifies this problem into one dimension. The pressure gradient is
approximately in (very sensitive) equilibrium with the gravity and the pressure in
the injections horizon is increasing up to the level, where the salt water is raising to
the quaternary horizon:

Fig. 7 Distribution of chloride concentration in the fault zone (concentration on a vertical plane
inside the fault zone) 2 years after start of CO2–injection in the reservoir. Red colors indicate
concentration of about 135 g/l representing the initial concentration of the reservoir brine, while
the concentration on top of the fault has been diluted (see concentration legend). The reservoir
below the fault zone is represented by the lowest 8 grid rows (below dotted black line) while the
quaternary aquifer is located above the uppermost grid row
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The original concept to couple the model of the injection horizon with the fault
model by transfer of the boundary-variables “pressure” and “CO2-Saturation”
failed, because little differences in some model internal formulas (e.g. density-
concentration) led to very big differences in flux of CO2-gas and raising salt water
flow, although in principle all models worked correct.

The consequence of this effect was that the fault zone has to be incorporated into
the reservoir model as a boundary condition to maintain an exact overall mass-
balance. Additional processes of higher order can be incorporated separately.

From this point of view there was developed a concept, were the Reacflow3D-
Model is modeling the change of hydraulic condition by different effects, e.g.
fracture width, chemical reactions, and the results were transferred to GoldSim.

GoldSim assigns the different variants with the overall mass balance using the
mass-flow of salt water and the hydraulic gradient.

2.5 Modul (D): Advective and Diffusive Flux Through
the Cap Rock

Two processes have to be taken into account when considering the safe and long-
term sealing capacity of an intact and water-saturated seal (cap rock) that is in direct
contact with the free CO2 phase of the storage layer: (1) Capillary pressure-con-
trolled viscous flow of CO2 through the seal and (2) molecular diffusion of CO2

dissolved in the pore water of the cap rock.
The first process depends on the critical capillary threshold pressure (pbrthr),

which must be overcome for CO2 to displace the water and enter the interconnected
pore system of the cap rock. Whenever this pressure is exceeded viscous flow of
CO2 into the cap rock will occur which can lead to a leakage flow in the long term.

Fig. 8 Left force balance between gravity term and pressure gradient. Right temporal development
of the pressure at the bottom of the fault for the central element of below the fault
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In the worst-case scenario of capillary gas breakthrough the water saturation of
the cap rock pore system successively decreases with increasing CO2 (capillary)
pressure, i.e. the pressure difference between gas (p1) and water phase (p2). In
consequence the conductivity for the gas phase increases, leading to increasing
leakage rates (Q). Successive depletion of the CO2 accumulation leads to a
reduction of gas pressure and the (reverse) process of water re-imbibition into the
cap rock pores. This will reduce the relative gas permeability (krel(gas) = kgas/kintrinic)
until the pore system is completely blocked by the water phase when the capillary
snap-off pressure is reached. This pressure is somewhat lower than the initial
breakthrough pressure (pbrthr > psnap-off) (Busch and Amann-Hildenbrand 2013).
Due to this phenomenon capillary sealing would become effective again and CO2

leakage from the reservoir would stop (Hildenbrand et al. 2003, 2004).
The gas leakage rate after capillary breakthrough can be quantified as function of

the capillary pressure. Based on measured capillary pressure versus relative gas
permeability data (Amann-Hildenbrand et al. 2013) and assuming a log-normal
pore size distribution we have estimated the leakage rates from a CO2 reservoir
using Darcy’s law for compressible media (Fig. 9).

In contrast to capillary controlled transport, diffusion is considered a continuous
and ubiquitous process with low transport capacity. At the reservoir/cap rock
interface CO2 will dissolve in and equilibrate with the pore water. The dissolved
CO2 will diffuse upward, following the concentration (chemical potential) gradient.
This process is described by Fick’s laws of diffusion (Crank 1975).

The process is approximated by assuming diffusion through a homogeneous plane
sheet (cap rock) of given thickness (x = l) (Crank 1975; Krooss et al. 1992a, b;
Schlömer 1998). The bulk CO2 concentration at the base of the cap rock (c1 = cpore
water · ϕ) is a function of temperature, pressure and salinity (Duan and Sun 2003) and
porosity. Because the variations are small this concentration is assumed constant
throughout the process. The concentration at the top of the cap rock (c2) is assumed

Fig. 9 a Relative gas permeability as function of capillary pressure based on data from Amann-
Hildenbrand et al. (2013). b Leakage rate out of the reservoir into the sealing lithology (Qin) by
immiscible viscous gas flow
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to be constantly zero. Figure 10 shows the calculated cumulative masses of CO2

entering (at the bottom) and leaving (at the top) one square metre of a 160 m thick cap
rock layer as a function of time. Input parameters were: l = 160 m, ϕ = 12 %,
T = 34 °C, p1 = 6.3 MPa, salinity 1.1 mol NaCl/kg water. The effective diffusion
coefficient assumed for this calculation (5 × 10−10 m2/s) is at the upper boundary of
values reported in literature, ranging from 10−10 to 10−12 m2/s for shales, clays and
carbonates (Busch et al. 2008; Song and Zhang 2013).

The contribution of the described processes to the overall CO2-leakage risk has
been assessed extensively. These processes only contribute in the long term, i.e. on
time scales of some thousand years to the leakage and therefore can be neglected if
processes during the injection phase become dominant in their risk contribution.
This approach is the consequence of the top-down approach underlying the whole
CO2RINA concept.

2.6 Module (E): Fluid Migration in the Unsaturated
and Saturated Zone

Quantified prognoses for atmospheric CO2 outgassing via the unsaturated zone and
accompanied groundwater chemistry changes like acidification and salinization are
key challenges for reliable integrated long-term CO2 storage risk assessment tools.
In view of numerical solutions a first starting point may thus be set to CO2 phase
partitioning behaviour between liquid and gas phase within the saturated zone.
Referring to exemplary brine and groundwater chemistry data sets near the Ketzin
pilot site (e.g. LUA 2007; Seis et al. 2013) in this context currently various sce-
narios are analysed using the software code boxmodel ReacFlow3D (Eckart 2011).

Fig. 10 a Basic model for diffusion through a cap rock with thickness l, c1 the concentration on
the reservoir/cap rock interface and c2 at the top of the cap rock sequence (c2 = 0 = const.)
(Schlömer 1998). b Cumulative mass of CO2 diffused into (Qin) and out of (Qout) 1 m2 of a cap
rock layer of 160 m thickness
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With regard to the schematic conceptual overview and main aquifer boundary
conditions in Fig. 11 and Table 2, Figs. 12, 13, 14 and 15 provide first rough long-
time saturated zone snapshots of expected CO2 liquid/gas phase partitioning,
chloride- as well as related density-levels, assuming a leaking reservoir brine at a
mass flow rate of 1 kg/s with a CO2/H2O mass-ratio of 0.08.

With focus on main trends under the selected boundary conditions seen so far
commonly >90 % of CO2 remains dissolved in the liquid phase and only marginal
amounts are available in the gas phase for atmospheric outgassing (cf. Figs. 12 and
13). CO2 liquid phase transport is merely controlled by density changes related to
variable brine chemistry Cl- levels, as seen in quite similar spatial distributions.
Simultaneously many scenarios indicate Cl- is likely to exceed the drinking water
limit of 250 mg/l.

Fig. 11 Model aquifer (top view) with different observation points (BI) at which the concentration
histories have been evaluated. The different observation points are marked with different colours.
Same colours have been used for symmetric points which show the same concentrations

Table 2 Aquifer boundary
conditions Length × width × height (m) 1,000 × 1,000 × 50

h-potential well BI 527 (m) 25

h-potential residual aquifer (m) 30

Bottom level well BI 527 (m) −16

Start up groundwater background levels at t = 0

CO2 dissolved liquid phase (mg/l) 290

CO2 gas phase (kg/s) 0

Cl− dissolved liquid phase (mg/l) 70

Density (kg/m3) 1,000
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Within the aquifer overall minor mixed fluid phase upward migration is observed,
in accordance with higher brine related density levels (cf. Figs. 14 and 15).

2.7 Module (F): Geomechanical Modelling of Stress/Strain
State of the Cap Rock and Reactivation of Fault Zones

Module F deals with the geomechanical modelling of an onshore CO2 storage site.
For this the cap rock integrity, the deformation of the ground surface and the
hydraulic reactivation of existing fault zones are investigated. Based on the syn-
thetic model of the CO2RINA project (see module 0), the injection of CO2 into a

fault
Fig. 12 CO2 dissolved in
aqueous phase (mg/l)
distribution after t = 50a

fault
Fig. 13 CO2 gas phase flux
rate (kg/s) distribution after
t = 50a
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saline aquifer was simulated for 25 scenarios (see module A). For this purpose, the
intrinsic permeability of the reservoir was varied between 10−14 and 10−12 m2 and
that of the fault zone between 5 × 10−13 and 10−10 m2. The initial porosity was
25 %. The pore pressure increases, as determined by module A, were imported into
the geo-mechanical model in form of a one-way hydro-mechanical coupling as a
time function. A maximum pore pressure increase of approximately 0.25 MPa at the
lower end of the fault zone was reached.

As a first approximation, a 2D plane strain geo-mechanical simulation was used.
To prevent influences of the boundaries, the synthetic model was extended to a width
of 30 km. For the simulations 4-node plane strain elements were used. Ideal elastic,
ideal plastic material behavior and theMohr-Coulomb failure criterionwere assumed.
The 40 m wide fault zone was modelled with solid finite thickness elements as

fault
Fig. 14 Chloride
concentration distribution in
quaternary aquifer (mg/l)
after t = 50a

fault
Fig. 15 Fluid density
distribution in quaternary
aquifer (kg/m3) after t = 50a
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recommended by Cappa and Rutquist (2011), Gudmundsson et al. (2010) and
Faulkner et al. (2010). Detailed information of the boundary conditions used the
geometry and the rock parameters of the model are given by personal communi-
cation Adams 2014. A cross section of the synthetic model is shown in Fig. 16.

Exemplary, the changes of the opening width of the fault zone, also called
hydraulic aperture Δb, as calculated for the 25 scenarios, are shown in Fig. 17. The
results were generated at a calculation node in cap rock 2 as a function of time. Due
to the high transmissivity of the fault zone, the maximum aperture was determined
for scenario S1 to only about 3.5 mm. As the fault zone was modelled as porous
media, this aperture equates to a very small volumetric strain of 0.009 which in fact
doesn’t result in a significant increase of the intrinsic permeability. Therefore, a
fully hydro-mechanical coupling was not necessary. Furthermore, only elastic
deformations of the fault zone and the reservoir occurred.

Volumetric strains as a function of time at certain depths of the fault zone were
delivered to module 0 as input data for the risk assessment software.

Furthermore, a parametric study with hydro-mechanical single phase flow
simulations was executed in the frame of module F to determine the conditions for
which the volumetric strains of the fault zone are relevant regarding a fully hydro-
mechanical coupling. Therefore, the transmissivity of the fault zone was reduced
and the inclination was varied between 0° and 20°. The reduction of the trans-
missivity by 50 times leads to a maximum pore pressure increase of approximately
1 MPa at the foot of the fault zone, which is four times higher than in the 25
scenarios discussed above. In combination with an inclined fault zone, this pore
pressure increase leads to a plastification of the fault zone, which causes volumetric

Fig. 16 Synthetic model
applied in the present study
(personal communication
Adams, 2014). The fault
width (Δb) and the inclination
angle α have been marked in
red in the figure
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strains up to 0.037. This results in an increase of the intrinsic permeability in about
one order of magnitude.

Taking the results of the parametric study into account (personal communi-
cation Adams 2014) it can be summarized that significant volumetric strains,
which require fully coupled hydro-mechanical simulations, only occur when plas-
tification in the fault takes place.

2.8 Module (H) Flexible Interfaces

Because the general goal of the CO2RINA-project was the development of a
generalized methodology, the incorporated processes are not complete. To be able
to incorporate additional processes, there should be the possibility to incorporate
additional processes or models. This can be done in two ways: Internal coupling/
refinement of process models or external coupling of models for additional risk
pathways.

External coupling means, that the results of a simulation, i.e. concentrations or
mass fluxes can be used as primary input for an additional model. One example is
the CO2 which leaks to the surface can be used as input for any kind of near surface
atmospheric transport model.

Internal coupling means, that process parameters may change due to the
incorporation of additional processes. This kind of coupling was demonstrated by
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Fig. 17 Hydraulic aperture Δb of the fault at 430 m depth (personal communication Adams
2014), The different parameter combinations of reservoir permeability and initial fault permeability
represent the scenarios S1–S25
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incorporation of the effect of microbiological processes onto the porosity and
permeability of the reservoir rocks which has been extensively investigated in the
project CO2BIOPERM (Hoth et al. this volume). The example is described there
more extensively.

For the reservoir a simple form of the transfer function reads:

T _min jðtÞ;Kres;Kfault�! transfer _miðtÞ; piðtÞ; SiðtÞ
� �

with the abbreviations:
_minj tð Þ injection rate
K permeability
θ porosity
_mi mass flux through leakage i
pi tð Þ pressure at point i
SiðtÞ saturation at point i

On the other hand side, for the microbiological effects there can be derived a
transfer function which changes the average porosities and permeabilities due to the
effect of microbiological processes. This transfer function reads:

The transfer function for K and θ to incorporate microbiological effects can be
written:

T K; h; caðtÞ½ ��! transfer eK tð Þ; eh tð Þ
n o

with the abbreviations:
caðtÞ½ � vector of concentrations
~K tð Þ resulting average permeability
~h tð Þ resulting average porosity

The combination of both functions results in a new transfer function, in which
microbial processes are incorporated:

T _min j tð Þ; eKres tð Þ; eKfault tð Þ�! transfer _mi tð Þ; pi tð Þ; SiðtÞ
� �

By using this approach, the results of the CO2BIOPERM project can be inte-
grated into the CO2RINA methodology.

3 Results and Conclusions

The selection of appropriate kinds of independent variables and transfer functions
(=interfaces between the modules) was a major challenge. This has to be done for
each coupling specifically.
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Example for the transport in an alluvial aquifer: Transfer from inflowing mass
flux at point r1 to concentration at point r2 by using convolution integral (aquifer—
module E):

c tð Þ ¼
Zs¼t

s¼0

T t � s; _m sð Þ �!transfer
c

n o
� _m sð Þ � ds

Transfer function for constant mass fluxes:
The concentration has to be calculated for a set of constant mass fluxes in the

related module (aquifer model in this example) which are the base for interpolation.

TðX1;X2; . . .;XN �!transfer
Y1; Y2; . . .; YNÞ

The approach is valid for several independent variables X1,…, and dependent
variables Y1,…,YM by interpolation in a multi-dimensional space.

_mi:T s; _mi sð Þ �!transfer
c

n o
¼ 1

_mi

d
ds

c s; _mið Þ

The validation of the approach by comparison of the overall model which was
developed in module (A) with the coupling concept has been demonstrated at
different examples. In Fig. 18 there is shown a benchmark calculation with the
overall model for the reservoir, the fault and the alluvial aquifer in one model on the
one hand side and the models coupled with transfer function on the other hand side
for two different parameter scenarios. Figure 19 shows preliminary results regarding
the incorporation of geomechanical effects.

The following conclusions can be derived from the work:

• The methodology was implemented and extensively tested
• Most of the interfaces work properly
• Some instabilities for coupling reservoir model and fault model via pressure and

saturation
• A new coupling concept was developed and has to be completely implemented

and tested
• The iterative coupling of reservoir model and geomechanical model is difficult

to be handled
• A new coupling concept for geomechanical effects has been developed and has

to be implemented and tested as well
• Implications to coupling of other modules have to be evaluated

The developed methodology is very general and a universal base for risk
assessment which has to be adapted to a specific site. It can be adapted to each level
of investigation and continuously improved.
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Scenario 3

Scenario 5

Fig. 18 Leakage through fault and migration in shallow aquifer—comparison between direct
implementation in the overall model (red) versus an implementation by transfer functions for two
different parameter scenarios. Upper part—scenario 3 for a low fault permeability and lower part
—scenario 5 for a high fault permeability. For low concentrations the coupling shows very
consistent results, while in scenario 5 with high concentrations there are differences between the
two approaches up to about 20 %
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With required adaptations it can be applied to similar application fields in the use
of the underground like:

• storage of hydrogen and natural gas
• deposition of brine and final waste deposits
• primary production of geothermal energy, especially petrothermal energy and

production of shale gas
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Saltwater Monitoring Using
Long-Electrode ERT

Thomas Günther, Mathias Ronczka and Thomas Voß

Abstract Saltwater rise is a possible result of CO2 injection into deep saline
aquifers that could threaten aquifer quality. Hence, long-term monitoring of the
groundwater system is a required task during and after the injection phase. How-
ever, point measurements in boreholes cannot describe large systems with sufficient
precision. Therefore cost-efficient monitoring methods are needed, like surface
geophysical techniques. Electrical Resistivity Tomography (ERT) is well-suited for
saltwater problems and can be deployed using steel-cased boreholes as electrodes,
so-called long electrode (LE) ERT. In the project Saltwater Monitoring using Long
Electrode Geoelectrics (SaMoLEG) a research institute group focussing on
numerical modelling cooperates with a private borehole logging company that has
long been active in the region of interest, eastern Brandenburg, where CO2 injection
was planned. A numerical framework for simulation and data analysis is developed
and verified using a controlled laboratory experiment. Two differently scaled field
sites in the Federal State of Brandenburg, Germany, where natural saltwater rise
occurs were repeatedly investigated by LE-ERT. The medium-scale site was per-
manently wired and allows cost-efficient monitoring. The inversion results agree
well with geology and measured in-situ fluid conductivities. The large-scale site, at
the area of an existing water works, proves the applicability of the developed
method in the catchment scale and gives valuable insight into deeper salinisation.
The results show that the LE-ERT method is a suitable and cost-efficient method for
saltwater rise and groundwater quality monitoring in the frame of geological CO2

storage and is ready for application at real storage sites.
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1 Introduction

From the variety of different CCS technologies the storage of captured CO2 in
saline aquifers is a promising approach due to the abundance of this type of storage
formations in the sedimentary basins worldwide. Particularly the North German
sedimentary basin (NGSB) features many potential CO2-storage structures, for
example salt pillows overlain by saltwater bearing sandstones, sealed to the surface
by thick claystone formations.

While some of the injected CO2 will be dissolved in the pore water, the major
part of the injected CO2 displaces formation water with an injection pressure
exceeding the hydraulic potential. So, even if the storage structure is tight against
the buoyant force of the CO2, the overall increase of formation pressure might cause
saltwater to migrate into higher, freshwater-bearing aquifers. Due to natural and
anthropogenic causes in many areas of the NGSB the salt-/freshwater boundary is
already close to the surface, as it is the case in the central part of the German federal
state Brandenburg, which is chosen as the study area of the SaMoLEG project. In
some cases, the shallow freshwater/saltwater boundary affects even the production
of water works that have to avoid further rise of saltwater by high production rates.
Therefore, the further development of efficient saltwater monitoring methods that
could be integrated in an early warning system plays an important role in the future
for environmentally safe geological CO2-storage in saline aquifers, not only in the
study area, but for all onshore potential storage sites worldwide where groundwater
is the main source of drinking water.

The basic and still most common method to measure and monitor groundwater
salinity utilizes a network of groundwater measuring wells (GMW) distributed in
the survey area (Hannapel et al. 2007). If properly constructed, these wells allow
taking depth-selective water samples that can be analysed in laboratories regarding
different parameters like ion-sensitive salt contents or even the age of the water by
measuring isotope ratios. The major drawback of GMWs is that only point-wise
information about the groundwater mineralisation can be retrieved. Another dis-
advantage is the fact that if the saltwater/freshwater boundary has already reached
the filter screen of the GMW, information about further saltwater rise cannot be
deduced by sampling anymore.

When salinisation is measured as a total value, GMWs can be also used to
conduct inductive electrical well logging inside the casing which allows the
monitoring of pore water conductivity of all penetrated aquifers. Borehole logging
companies have been applying this method for many years. While the vertical
resolution of induction logging is very high (*10 cm), the information retrieved
from one borehole represents only a thin cylinder of the full underground volume.
Furthermore induction logging works only in electrically non-conductive casings
(e.g., PVC or PE), which are nowadays mostly used for new GMWs.
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Surface geophysical methods can be used to close the gap between boreholes by
providing two-dimensional or three-dimensional images. Amongst them, electrical
and electromagnetic measurements are best suited due to the strong relation of the
imaged bulk resistivity to fluid conductivity. Attwa et al. (2011) gave a comparison
of methods for imaging saltwater intrusion. As a fast method for long 2D profiles
they identified frequency domain electromagnetics (FDEM) on the ground
(Kempka et al. 2015), which is however very sensitive to noise and electric con-
ductors such as fences. Airborne FDEM (e.g., Siemon et al. 2009) is a very
important tool for characterizing aquifers in the catchment scale, but is limited with
regard to investigation depth and cost, particularly if it comes to monitoring. A
classical and cost-saving method is electrical resistivity tomography (ERT) on
surface 2D profiles, but this method is also restricted with regard to investigation
depth. Transient electromagnetics (TEM) can accurately resolve good conductors at
great investigation depth but is mainly limited to layered structures.

The ERT method is geometrically scalable due to its static nature. Large pen-
etration depths can be reached if large distances between the electrodes and large
signal strengths can be accomplished. This requires sufficiently large electrode
surfaces, which is satisfied if steel casings of existing boreholes can be deployed.
The so-called Long-Electrode (LE) ERT method was first suggested by Daily et al.
(2004) to monitor reservoirs during EOR operations at low cost. Rucker et al.
(2010) applied it to near-surface site characterization and used it for monitoring
(Rucker et al. 2011), but all in a rather small scale. For the data inversion process
they simulated the boreholes by adding conductive cells at the borehole location. A
more rigorous approach of simulating extended boreholes was introduced by
Rücker and Günther (2011) and is referred to as complete electrode model (CEM).
The electrode surface is discretised and coupled to the subsurface using a contact
impedance. This approach is followed here.

A special feature of many areas in the eastern part of the NGSB is the excep-
tionally high density of abandoned GMWs, drilled before 1989 during extensive
exploration campaigns for lignite and groundwater with depths ranging from 50 to
300 m. They were mostly equipped with steel casings. The locations of these dense
borehole networks coincide in many cases with potential CO2-storage sites making
them a promising instrument for a cost-efficient saltwater monitoring. The concept
of the SaMoLEG project is to use these steel-cased wells as long electrodes for LE-
ERT measurements. If still accessible, old wells can provide water samples for
calibration of the ERT data inversion. Another advantage of the SaMoLEG
approach is the availability of the usually well documented drilling reports of these
wells (most of them can be found in the archives of the state authorities) which can
be used to extract the geological background from the measured ERT data.
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2 Numerical Techniques

2.1 Modelling

The geoelectrical boundary value problem (BVP) reads

r � ðrruÞ ¼ �r � j in X

@u
@n

þ au ¼ 0 on dX

It is solved using the Finite Element (FE) method (Rücker et al. 2006). Incor-
porating extended electrodes using the complete electrode model (CEM) adds two
further equations to the BVP (Rücker and Günther 2011):

zlr
@u
@n

þ u ¼ Ul on dXEZ
r
@u
@n

ds ¼ I

They define the coupling of the potentials on the electrode surface and in the
subsurface. Furthermore, it is ensured that the total injected current is integrated.
Figure 1 shows the current distribution for a Wenner array with 100 m spaced,
100 m deep boreholes in a two-layer case. Current flow is mainly horizontal in the
upper layer, but significantly stronger and more vertical in the lower.

Figure 2 shows an exemplary synthetic modelling for a laterally moving salt-
water body. Saltwater is already detected far away from the electrodes and the
effects are stronger for boreholes compared to surface electrodes (Voss et al. 2013).

Fig. 1 Distribution of current density amplitude (colour) and direction for a Wenner array (current
injection into A and B and potential measurement through M and N) with 100 m long casings in a
two-layer case (100 Ωm over 1 Ωm)
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Varying contact impedances along electrodes affect quadrupole measurements only
to a limited degree (Ronczka et al. 2013).

2.2 Inversion

We use the open-source software Boundless Electrical Resistivity Tomography
(BERT), which is explained in more detail by Günther et al. (2006). A Gauss-
Newton scheme is used to minimize a combination of error-weighted data misfit
and model roughness that are weighted by a regularization parameter. The CEM is
integrated to allow for borehole electrodes using a total potential approach (Rücker
et al. 2006) for the forward calculation. We make use of triangular prism elements
for both finite element calculations and inversion which allows for improved
handling of predominantly layered structures.

For testing the methodology, we created a synthetic model (Fig. 3a) that is
similar to the first field case. A conductive (3 Ωm) saltwater body penetrates a
sandy layer (200 Ωm) lying on top of an impermeable silt layer (50 Ωm). A grid of
5 × 3 boreholes with 50 m depth was assumed and the synthetic data were con-
taminated with 2 % plus 100 µV Gaussian noise. The inversion result shown in
Fig. 3b demonstrates that both the layer boundaries and the good conductor can be
resolved. However, the latter appears only in the middle part, where resolution is
good, and at greater depth. Furthermore, it dominates the layer boundary in the
whole left part, whereas in the right part the lithology is well reproduced.

Whereas in static inversion the roughness of the model is minimized, in time-
lapse inversion the resistivity ratio between subsequent time steps is constrained
(LaBrecque and Yang 2001). The so-called difference inversion avoids artifacts in
the models and is furthermore able to remove systematic error sources.

Fig. 2 aModel of a saltwater body (1 Ωm; blue box) moving horizontally in a homogeneous half-
space (100 Ωm); b resulting apparent resistivity for radial (blue) and equatorial (red) dipole-dipole
arrays as a function of saltwater position for long electrodes (LE, solid lines) and point electrodes
(PE, dashed lines)
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2.3 Sensitivity and Resolution

The sensitivity function describes how the measured apparent resistivity changes as
a result of a resistivity change in the subsurface. It illustrates the region of detection,
but also helps to understand resolution properties. In Fig. 4 two exemplary sensi-
tivity distributions are illustrated for different dipole-dipole configurations at
homogeneous conditions. Pure LE measurements with equally long electrodes shift
the point dipole-dipole sensitivity down to borehole depth. The constant sensitivity
above indicates a loss of vertical resolution as stated by Rucker et al. (2011).
Varying borehole lengths or combinations with point electrodes can regain some of
the lost vertical resolution (Ronczka et al. 2013).

A more thorough appraisal of resolution properties can be achieved by com-
puting the formal model resolution matrix and deriving a resolution radius (Friedel
2003). Lateral resolution is, as expected, in the range of medium borehole distances,
vertical resolution strongly depends on the distribution of the borehole lengths and
can significantly be improved by additional surface electrodes.

Fig. 3 (a) Synthetic model comprising a saltwater block (3 Ωm; red) moving over the boundary
between a sandy (200 Ωm; green) and a silty (50 Ωm; brown) layer. A 5 × 3 grid of 100 m long
electrodes (purple) is considered for simulating data and reconstructing the resistivity distribution (b)

Fig. 4 Sensitivity distribution (positive/red, zero/white, negative/blue) of dipole-dipole array
(current injection into A–B and potential measurement along M–N) using long electrodes (a) and
mixed borehole lengths with point electrodes (b)
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2.4 Optimization of Experimental Design

The optimization of the measuring protocol, i.e. the choice of quadrupole combi-
nations to be used, is of crucial importance for cost and time of experiments,
particularly if fast processes are to be monitored. The central objective is maximum
resolution for a given number of data or, conversely, the minimum number of data
for a desired resolution threshold. Different from other experiments, the effort of a
large-scale dipole-dipole survey with independent data loggers is the number of
current injections, since all voltages are registered simultaneously. Similar to
Stummer et al. (2004), we use the diagonals of the data information matrix for
predicting the performance of a measuring sequence. Starting with all logistically
possible current injections, we iteratively remove those with the least total contri-
bution of individual information contents until an appropriate trade-off between
resolution and effort for the experiment is reached.

3 Laboratory Measurements

Several laboratory experiments on different tank and electrode geometries were
conducted of which only one is reported here. A tank of 90 × 75 × 45 cm extension
was filled with two layers of sandy material with slightly different grain sizes
(both *1 mm). Twelve electrodes were inserted 20 cm deep in a 4 × 3 grid. An
optimized electrode array of 140 measurements was repeatedly measured (in total
150 frames in *5 h).

First, the tank was fully saturated with tap water (ρf = 20 Ωm). A hydraulic
gradient of 1 cm/m was established between two semi-permeable walls of the tank.
Then, saltwater (ρf = 4.2 Ωm) was mixed with a coloured dye tracer and inserted in
the source chamber. Due to the hydraulic gradient it moved horizontally through the
tank. Repeated photographs at the front-wall were taken to visually verify the
reconstructed resistivity distribution. After the tank was completely flooded, tap
water was injected in the source chamber and displaced the saltwater again. Using
the constant initial state, a formation factor of 4.3 was derived that can be used to
derive fluid conductivity from the inversion results. Tap water corresponds to a bulk
resistivity of 86 Ωm, whereas saltwater leads to 18.1 Ωm.

Figure 5 shows the comparison between photographs and reconstructed resis-
tivity for three time steps (early and late saltwater flooding, freshwater displace-
ment). Generally, the images exhibit similar behaviour and the chosen iso-surface
threshold (30 Ωm) of the smooth resistivity distribution corresponds well with the
sharp infiltration front delineated by the dye tracer. The horizontal hydraulic con-
ductivity in the upper layer is slightly higher than in the lower. Faster movements
seem to occur at the side walls which could be attributed to boundary effects, i.e.
increased porosity and thus hydraulic conductivity at the side walls.
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4 Field Application

4.1 Geology and Description of Survey Areas

Two survey areas were chosen for the medium- and large-scale field experiments
according to the criteria accessibility, knowledge of geological settings, anoma-
lously high saltwater-/freshwater boundary as well as a high density of steel-cased
boreholes. Both are situated in the central eastern part of the federal state Bran-
denburg, Germany, only about 15 km separated from each other. From adjacent
towns or villages the test sites are named Briesen (large-scale) and Müllrose
(medium-scale, see Fig. 6). Geomorphologically the survey areas are part of the

Fig. 5 Photographs (left) and reconstructed resistivity (right) for three time steps (1 h, 1 h 30 min,
2 h 20 min after tracer injection). First, bromide tracer (yellow) was injected from the right before
tap water was re-injected after *1 h 50 min
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ancient Berlin-Warsaw glacial valley. Typically fluviatile sandy deposits of the
Weichselian glaciation form the uppermost geological layer with thicknesses
varying from 20 to 40 m. Due to the morphological condition the water level is
comparatively high. Infiltration rates are high due to the good permeability of the
loosely packed sands. Because both sites are under forest land use with only low
human impact, the upper, unprotected aquifer represents an important regional
groundwater resource. At test site Briesen the aquifer has been used since the 1960s
as main drinking water source for Frankfurt/Oder (*65,000 inhabitants). The
medium-scale test site Müllrose was explored in the 1980s as a possible location for
a second water works. During the exploration campaign, NaCl contents above the
legal limits were surprisingly found in the upper aquifer and prevented the con-
struction of the water works. Also, some wells of the water works Briesen are
currently threatened by high NaCl-contents and are not in operation anymore.

For both test sites numerous well logs and water samples from different depths
showed that this shallow salinisation problem is not caused by vertical flow of salt-
water from deeper aquifers. At Müllrose the upper aquifer is underlain by*60–70 m
thick undisturbed series of Miocene lignite seams and lignite-bearing clays inter-
bedded with thin fine sands, followed by a Miocene-Oligocene aquifer with a total
thickness of about 50 m. At Briesen the upper aquifer is followed down to a depth

Fig. 6 Geomorphology and geology (NW-SE striking Guben-Fürstenwald Mesozoic fault zone
and erosion channels) of eastern Brandenburg with location of the two survey areas. Planned CO2

injection structure Birkholz-Beeskow (black ellipse). Red lines show EM profiles in the brine
project, the purple rectangle shows the zone of assumed vertical migration of saltwater (Kempka
et al. 2015)
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of *100 m by Pleistocene silts, sandy silts or occasionally tills from earlier glacia-
tions, which were deposited on Miocene coal seams and clays. The Fürstenwalde-
Guben fault zone has led to a post-sedimentary subsidence of the basement under the
test site Briesen, whileMüllrose, being located east of this fault zone, was not affected
by these tectonic processes. As in Müllrose, the Miocene coal seams and clays (int-
erbedded with thin fine sand layers) are underlain by the regionally important thick
quartz- and mica sand aquifer, but in a deeper vertical position. At Müllrose the sand
aquifer contains water with a much lower mineralisation compared to the upper
unconfined aquifer. The interbedded fine sands of theMiocene coal series are roughly
in the same vertical position at Briesen and show the same phenomena of lower pore
water mineralisation compared to the increased NaCl contents in the lower parts of the
upper uncovered aquifers in the southern part of Briesen (LGBR 2010).

On both sites, the *40–50 m thick sandy aquifer is underlain by the *50 m
thick Rupelian clay, which forms an important hydraulic barrier in the North
German Basin and typically separates freshwater from deep saline aquifers. While
this separation applies for Müllrose, it does not for Briesen, where the saltwater/
freshwater boundary lies within the quartz and mica sand aquifer. The vertical
position and thickness of the Rupelian clay differs between both test sites according
to the post- and syn-sedimentary movements of the Fürstenwalde-Guben fault zone
(FGFZ). In Briesen the FGFZ is fragmented into smaller blocks that moved dif-
ferently in the past which caused strongly differing vertical positions of the Rup-
elian clay in the area. Locally this might have lead even to a full offset of the clay
which could have opened gaps in the barrier and subsequently formed pathways for
an upward migration of deep saline waters into the overlaying quartz sand aquifer.
Another suspected reason for the increased salinisation on the Briesen test site is the
occurrence of a very small Zechstein salt diapir in the western part of the site, which
moved (presumably caused by tectonics of the FGFZ) with its cap up to 150 m
depth. It is very likely that the water inside the quartz and mica sand aquifer
surrounding the diapir (with a lateral extension of only 300–400 m) can continu-
ously dissolve NaCl from this source, even though the diapir is covered by gypsum
caprock. Still the intermediate freshwater-bearing zone, which can be found on both
test sites in the depth range of *70–120 m, indicates that no direct vertical salt-
water flow takes place there. Instead the reason for the shallow salinisation of the
upper aquifer must be lateral inflow. The regional groundwater salinity mapping
was re-analysed using old well-logs and hydrogeological research of the State
authorities (Hotzan and Voss 2013). The latter data and investigations in the brine
project (Kempka et al. 2015) suggest that vertical upflow of saltwater occurs in
the region between both surveys areas (see PVMZ in Fig. 6). Several factors
promote the rise of saltwater from deeper saline aquifers: (i) the fragmentation of
the basement and the Rupelian by the tectonics inside the FGFZ, (ii) the existence
of a Pleistocene erosion channel (“glacial buried valley”) which partly or fully
eroded the Rupelian clay layer, and (iii) the morphological low position of this spot
close to the Spree river even in comparison with the surrounding terraces of the
ancient glacial valley. The low position of the valley and the subsequently lesser
overload of fresh water act as pump for the deeper aquifers that often show artesian
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behaviour. As shown by well logs, water with a mineralisation of *2–5 g/l reaches
depths of 20–30 m below the surface in areas with vertical upflow. Due to its origin
it can be assumed that the predominant part of this mineralisation is made up of
NaCl, i.e. the values are by far beyond the legal limit for the Cl-content of drinking
water in Germany (250 mg/l). From this area that behaves like a watershed, min-
eralised water is carried away in the Spree floodplain towards Briesen and with the
groundwater flow towards the draining Oder-Spree-channel near Müllrose.

It can be assumed that particularly the shallow salinisation phenomena on both
test sites are strongly influenced by climate, seasonal precipitation, water levels in
the river as well as human impact, such that relatively fast changes of the
groundwater salinisation over time can be expected. For Müllrose water samples
show that the NaCl-concentration varies significantly over small distances. This
makes especially the Müllrose site well-suited for monitoring experiments.

4.2 Medium-Scale Test Site Müllrose

At the eastern part of the area, 12 steel-cased boreholes with typical borehole
distances of 50–100 m were identified and chosen for LE-ERT measurements. An
area of about 500 × 500 m was chosen, since it is small enough to allow a
centralized cable layout. Additionally, seven surface electrodes were installed using
steel rods. After the first experiment with a high-voltage generator, all electrodes
were permanently wired to a central point such that a full measurement can be cost-
efficiently deployed in about 30 min with a standard resistivity meter (4-point light
10W by LGM electronics). Only very low power is needed due to the low contact
impedances of the boreholes and the small distances between them.

At initial stage (autumn 2012), four classic surface ERT profiles with 5 m
electrode distance were spanned across the area for verification of LE-ERT. The
robust Wenner-alpha array (see Fig. 1) was measured due to the relatively bad
coupling in the dry topsoil. Although almost arbitrary arrays could be measured
with LE-ERT, an autarkic bipole-dipole, i.e. smallest possible potential dipole and
logistically possible current bipoles, protocol was defined which is the only choice
if permanent wiring is not possible anymore. An error model of 5 % plus 300 µV
was used for inversion on a triangular prism mesh with 46,126 cells. Figure 7 shows
the retrieved resistivity distribution along with the independently obtained 2D
resistivity models of the classic ERT profiles.

The 2D and 3D distributions are matching very well. Main contrast is the change
from the relatively resistive (50–300 Ωm; orange-yellow colours in Fig. 7) Qua-
ternary sands and silts to the relatively conductive (10–30 Ωm; bluish colours in
Fig. 7) Tertiary lignite silts at a depth of about 40 m. However there is also a
resistive coarse layer that can be attributed to gravelly sediments.

In order to relate the bulk resistivity to fluid conductivity, point conductivities
were extracted from the 3D model and compared to the measured fluid conduc-
tivities excepting those from the central monitoring well group. A modified Archie
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equation (Waxman and Smits 1968) was fitted to the points yielding a formation
factor of F = 5.22 and a surface conductivity of σs = 5.2 mS/m.

In the sequel, repeated measurements were routinely conducted in time intervals
of about 3 months and accompanied by fluid sampling in the monitoring borehole.
As we do not expect any changes in the Tertiary, we decoupled the second layer
from the first and restricted its value to a range of 10–30 Ωm. Figure 8 shows the

Fig. 7 3D resistivity model (volume) retrieved from LE-ERT and 2D resistivity models from
classical ERT profiles (slices). The electrodes (purple columns) mark the position of points or
boreholes representing holes in the mesh

Fig. 8 Resistivity changes (ratio of later by former resistivity) between September and December
2013 (top) as well as between December 2013 and March 2014 (bottom)
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two subsurface resistivity changes as ratios between September 2013, December
2013 and March 2014, retrieved from time-lapse inversion. Due to the decoupling,
there are no changes in the Tertiary. The changes in the Quaternary sand are in the
range of a few per cent. At the surface, a resistivity increase is observed that can be
attributed to both precipitation and temperature effects. At the bottom of the aquifer,
the decreasing resistivity can be explained by increased salinisation, which is
probably caused by lateral inflow. Other time-steps revealed similar changes,
mainly affected by precipitation and water use of the trees. The observed inversion
values agree with the trends of the measured fluid samples. However, full under-
standing of the processes requires longer monitoring periods.

4.3 Large-Scale Test Site Briesen

At the large-scale test site Briesen about 80 steel-cased boreholes are available that
can be used for LE-ERT experiments. The number of used boreholes was reduced to
42 by neglecting boreholes that are either too shallow or too close to others. The first
two-week experiment was focused in the south-eastern part of the area, i.e. between
the artificial recharge ponds of the water works and the river Spree (Fig. 9). Addi-
tional to the boreholes, two surface electrodes and two subsurface electrodes in PVC-
cased boreholes were placed. Eight newly developed three-channel data loggers were
installed and connected to neighbouring points. A set of 30 current injections pro-
viding optimum resolution was computed. The high-voltage generator injected
square waves with a period of 5 s and a maximum amplitude of 25 A into the ground.

Analysis of the time series involved a software solution of the lock-in method
that is usually applied in commercial resistivity meters. Pre-processing excluded
data with unreliably low or high apparent resistivities and high geometric factors.
Inversion was carried out on a triangular prism mesh with smoothness constraints
and a flatness ratio (of horizontal/vertical penalties) of 0.015. Figure 10 shows the

Fig. 9 a Experimental design with potential dipoles (colour by data logger marked by rectangles);
b Optimized current bipoles. x/y positions in m (UTM32)
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resistivity distribution down to the investigation depth of about 500 m. It does not
primarily correspond to geology, but to electrical downhole measurements that
already showed that a salinisation of the deeper aquifers is present. The conductive
iso-body (<3 Ωm) in the south-west of the survey area outlines the saltwater rise
along the Fürstenwalde-Guben fault zone and its intrusion into tertiary aquifers. The
isolated western conductor was not known before.

A second field campaign was conducted in spring 2014 and used part of the
existing potential and current bipoles so that reproducibility could be checked.
Further data loggers were installed in the western part and additional current
injections were accomplished in order to extend the whole measuring area.

5 Conclusions

Long-electrode ERT is a technique that is able to image three-dimensional resis-
tivity distributions on various scales. If steel-cased boreholes are available, it can be
applied up to the size of catchment areas with sufficient spatial resolution for the
monitoring of large-scale salinisation processes. The electrical fields are modelled
using Finite Element techniques involving the Complete Electrode Model. Syn-
thetic models indicate that intruding saltwater, as a possible result of CO2 injection,
can be detected long before it reaches any well so that counteractive measures could
be initiated at an early stage. Inversion of LE-ERT data is achieved by smoothness-
constrained minimisation. The lateral resolution is in the order of borehole dis-
tances, while the vertical resolution strongly depends on borehole depths. On the
basis of resolution matrices the experimental design, i.e. the choice of current
bipoles, is optimized to maximize information content at given cost.

Measurements on the permanently wired medium-scale site Müllrose show
accordance with geology and classical ERT. Increased salinisation at the bottom of
the shallow Quaternary aquifer is supported by fluid measurements. Dedicated

Fig. 10 3D inversion result (with isobodies <3 Ωm) derived from the August 2013 survey at the
large-scale test site Briesen (north is along y axis)
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time-lapse algorithms applied to repeated measurements are able to image small
changes in the subsurface and enable long-term monitoring of groundwater sys-
tems. However, in the relatively short period of investigation only small changes,
mostly of seasonal origin, could be observed.

The method was successfully applied to characterize the deeper aquifer structure
in the production area of the water works Briesen, however with considerable
logistic effort. For monitoring purposes only a subset of the measurements would be
needed and permanent wiring would further reduce the logistic effort. The devel-
oped technology has proved in practice and can be routinely applied to areas where
the necessary long-electrode infrastructure is available. The feasibility of the
monitoring approach for real CO2-storage projects likely depends on this limitation
due to drilling costs. However, for many potential onshore CCS sites in areas with
extensive geological usage in the past (e.g. in the North German sedimentary basin)
the existence of steel-cased boreholes can be assumed. Possible gaps in the elec-
trode networks above a CO2-storage structure can be filled with new installations.
The parameters (e.g. positions for new installations or time intervals between single
measurements) should be optimised beforehand with the modelling and optimisa-
tion know-how acquired with in the SaMoLEG project in accordance with the
peculiarities of each individual storage area.
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Abstract Brine was a scientific joint-project implemented to accompany a
prospective CO2 storage site in Eastern Brandenburg, Germany. In this context, we
investigated if pore pressure elevation in a CO2 storage reservoir can result in shallow
freshwater salinization involving the conceptual design of a geophysical early
warning system. Furthermore, assessments of a potential synergetic geothermal heat
recovery from the CO2 storage reservoir and hydro-mechanical integrity were carried
out. The project results demonstrate that potential freshwater salinization is strongly
depending on the presence and characteristics of geological weakness zones. The
integrated geophysical early warning system allows for reliable monitoring of these
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1 Introduction

Geological CO2 storage can induce far-field pressure elevation in the storage
reservoir resulting in formation fluid displacement via geological weakness zones
such as faults or geological windows (Schwartz 2014; Tillner et al. 2013a; Walter
et al. 2012; Lemieux 2011; Pruess 2011; Oldenburg and Rinaldi 2011; Birkholzer
et al. 2009; Nicot 2008). In this context, we addressed the following questions in
the present study:

1. Does pore pressure elevation in a CO2 storage reservoir result in groundwater
salinization becoming a potential threat for freshwater resources?

2. How to detect and monitor an upward formation fluid migration process induced
by underground pore pressure elevation by means of an early warning system
against freshwater salinization?

3. Is a synergetic geothermal heat recovery from a CO2 storage reservoir feasible
by integration of pressure management wells to overcome potential competition
with other concepts of underground utilization?

We integrated static and dynamic modeling and simulation as well as the
assessment of potentially suitable geophysical monitoring methods to address the
aforementioned questions. In a first step, a 3D structural geological model was
implemented based on available data and extended with the availability of further
data. This 3D static model represented fundamental information for all work
packages involved in numerical simulation and geophysical monitoring of the
Buntsandstein sandstone units. Subsequently, coupled thermo-hydro-mechanical
multiphase flow numerical simulations were employed to elaborate the knowledge
required to assess the project of geological CO2 storage. Further models employed
considered the main fault systems and migration of formation fluids along these
hydraulic conduits. For the assessment of brine migration scenarios, a coupling of
deep reservoir models with shallow hydrogeological models was carried out taking
into account different brine migration scenarios. Numerical simulation results were
used as input data for geophysical inverse simulations on CO2 and brine migration
detectability aiming at the implementation of a conceptual early warning system
against freshwater salinization. Coupled hydro-mechanical simulations were
applied to assess the reservoir, caprock and fault integrity in the study area
depending on different injection and stress regimes.

The geophysical work packages carried out extensive field and monitoring
campaigns in the study area. Besides groundwater sampling and water analyses,
electrical resistivity and electro-magnetic campaigns as well as magnetotelluric
profile measurements were conducted. Furthermore, a conceptual early warning
system was elaborated and verified by numerical simulations. Gathered data sup-
ported the calibration but also verification of geophysical forward models, and thus
were of substantial importance for the success of the entire project.
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2 Study Area Beeskow-Birkholz

The geological structure located in the study area Beeskow-Birkholz (State of
Brandenburg, cf. Fig. 1) is an asymmetric saline uplift with an extent of about
5 km × 15 km striking in NW-SE direction parallel to the major fault zones
(Lausitzer Abbruch fault system in the South and Guben-Fürstenwalde fault system
in the Northeast). The salt structure is limited by significant lineations of Variscan
strike interpreted as tectonic zones (ZGI 1990a, b). Accordingly, the Beeskow-
Birkholz structure is of salt tectonic origin and potentially influenced by the Guben-
Fürstenwalde fault system located 5–10 km to the Northeast. Amplitude of salt
accumulation is about 400 m with the top Zechstein salt at about 1,200 m depth
(ZGI 1990a). The Mesozoic overburden is uplifted and partially eroded resulting
from that salt accumulation. In the centre of the salt structure, Cretaceous and

Fig. 1 Study area Beeskow-Birkholz is located approximately 80 km southeast of Berlin close to
the small town of same name
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Jurassic sediments are missing and the Keuper is in direct contact with the Cenozoic
unconsolidated sediments. At the boundary of the structure, Jurassic elements are
still present. Nevertheless, Cretaceous is only present in the far-field. The potential
storage reservoir is located in theMiddle Buntsandstein sandstone at depths from 800
to 1,000 m and is overlain by the Upper Buntsandstein, Muschelkalk and Keuper.

Jahnke (1999) documented the hydrogeochemistry of the freshwater aquifers
located in Eastern Brandenburg. Characteristic chemical tendencies were deter-
mined in the hydrostratigraphic units of the Cenozoic. As shown in Grube et al.
(2002), the concentration of total dissolved solids (TDS) in the region of investi-
gation is comparatively high, even at shallow depths. It ranges from 1 to 10 g/l
above and 10 to 50 g/l below the Rupelian clay and from 50 to 350 g/l below the
Tertiary base. Isotope hydrogeological investigations in unconsolidated aquifers
were carried out by Trettin et al. (1997), providing an overview on the isotope
fractions and age of the Cenozoic groundwater. Freshwater salinization was
observed close to the study area along the Fuerstenwalde-Guben fault zone by
Trettin et al. (1997) and Stackebrandt and Manhenke (2004). In addition to that,
local salinization was determined along the Spree River in the West of the Bees-
kow-Birkholz structure. The origin of the salinization are brine bearing aquifers of
the Mesozoic, which are in direct contact with Permian and Mesozoic salts (Müller
and Papendieck 1969; Lehmann 1974; Reinsch and Voigt 1975; Tesmer et al.
2007). Brackish groundwater from the Post-Rupelian-Tertiary may also contribute
by a lesser amount to the observed salinization effects. The Oligocenic Rupelian
clay is the aquiclude complex between the overlying freshwater and the brine
bearing aquifers. This unit represents the most important barrier against fluid
migration from the deep underground into the freshwater horizons, and is thus
responsible for availability of the freshwater aquifers for potable water production.
Glacial erosion channels in the Rupelian clay and fault systems can limit the barrier
function of the Rupelian clay, so that brine intrusion into freshwater horizons may
become possible depending on the hydrogeological setting. Presence of salinization
areas in the study area demonstrates that this is partially the case. Dynamics of brine
migration may be triggered by different processes: natural hydraulic gradients (e.g.
Schirrmeister and Voigt 1976) or by free convection resulting from density dif-
ferences determined by the temperature field. Natural migration pathways of brine,
as e.g. fractures and faults in the Rupelian clay may be reactivated by the pore
pressure elevation determined by CO2 storage.

3 Main Project Results

3.1 Structural Geological Modeling

The main goal of the static modeling activities in the brine project was the
implementation of a 3D structural-geological model of the Beeskow-Birkholz
anticline. The focus of the model is on the target formations for CO2 storage,
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namely Hardegsen, Detfurth and Volpriehausen (Middle Bunter) including relevant
structural elements such as the major fault systems. The regional-scale model was
mainly developed from available interpreted data gathered during hydrocarbon
explorations in the 1970s, available by means of isobaths and isopach maps of the
representative geological horizons (Stackebrandt and Manhenke 2010) and log data
from four deep boreholes. The extent of the regional model was 40 km ×
40 km × 3.5 km (Fig. 2).

Eleven 2D seismic reflection profiles of the Beeskow-Birkholz anticline, derived
from hydrocarbon exploration campaigns, were provided by Vattenfall Europe
Mining AG and used for a detailed re-interpretation of the fault system structure as
indicated in Fig. 3. 100 km of 2D seismic reflection profiles with an areal extent of
about 13 km × 18 km were integrated into a core model covering parts of the
Beeskow-Birkholz anticline (Fig. 4).

Especially the representation of fault systems in the Mesozoic and Cenozoic not
considered in the former hydrocarbon exploration could be improved by the inte-
gration of the 2D seismic reflection profiles. The core model differentiates between
subsaline and suprasaline faults (Fig. 5). The model development was carried out
using the Schlumberger Petrel (Schlumberger 2011) and earthVisionTM software
packages.

Fig. 3 Digitized 2D seismic profiles in the study area. See Fig. 4 for location of these profiles

Fig. 2 Schematic workflow of static regional-scale model implementation. Model development
proceeded in three steps following digitizing and georeferencing: (1) development of a fault model,
(2) implementation of a stratigraphic model and (3) integration of the fault and stratigraphic models
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Outcrop analogues (as depth equivalent) for mechanical laboratory testing were
sampled based on surface geology and paleographic facies maps of the Middle
Bunter sandstone to support numerical model parameterization. In total, eight
outcrops have been identified in the Harz Foreland and Thuringian Basin in the
scope of a field campaign and samples were taken at:

1. Marienburg: Volpriehausen Formation
2. Nebra: Bernburg Formation/Volpriehausen Formation/Hardegsen Formation
3. Schoenburg: Hardegsen Formation
4. Beesenstedt: Detfurth Formation

Mechanical testing was carried out on the acquired specimens to determine data
on compressive strength, Young’s modulus, Poisson’s ratio, tensile strength,
cohesion, friction angle and porosity by uni- and triaxial testing, shear and Brazilian
disc tests. A compilation of the interpreted laboratory testing results and verification
against data published for the Northeastern German Basin are given in Magri et al.
(2013) and Röhmann et al. (2013).

Fig. 4 Regional-scale model of the Beeskow-Birkholz anticline (40 km × 40 km × 3.5 km)
including the core model (black bounding box in the center with 13 km × 18 km)

Fig. 5 Subsaline (left) and suprasaline fault systems (right) interpreted from 2D seismic reflection
profiles for the study area Beeskow-Birkholz
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3.2 Dynamic Multi-phase Flow Simulations to Assess Brine
Displacement

Dynamic multi-phase flow simulations were employed to assess the synergetic
potential of production well application for geothermal heat recovery and reservoir
pressure management as well as potential freshwater salinization by brine dis-
placement into shallower aquifers via the fault systems present in the study area.
Thereto, the static structural geological model was revised and further developed to
realize a spatial grid discretization and model parameterization. The resulting model
with a size of 42 km × 42 km × 766 m consists of four reservoirs (Detfurth,
Hardegsen, Muschelkalk and Stuttgart formations) and four regional faults, repre-
senting the Fuerstenwalde-Guben and Lausitzer Abbruch fault zone in the northeast
and southwest, respectively. Three cap rocks mainly made up of anhydrite, clay-
stones and marls from the Upper Buntsandstein to the Lower Keuper separate
the four reservoirs. The proposed CO2 injection well is located at the top of the
Beeskow-Birkholz anticline structure at about 1,080 m and completed over the
entire Detfurth Formation (average formation thickness is 23 m).

Assessment of synergetic reservoir utilization taking into account CO2 storage
and simultaneous geothermal heat recovery was assessed using a numerical model
considering the Detfurth Formation only (Fig. 6). The Detfurth Formation has an
average porosity of 23 % and permeability of 400 mD, whereby further model
parameterization data are discussed in detail in Tillner et al. (2013b).

Fig. 6 3D geological model of the Detfurth formation (storage horizon) applied for assessment of
synergetic reservoir utilization. Brine is produced using the blue production well and then
reinjected together with the CO2 using the red injection well (modified from Tillner et al. 2013b)
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Different scenarios were assessed including varying permeability anisotropy to
account for geological uncertainties. 1.7 Mt CO2/year and 0.65 Mt brine/year were
injected via the injection well at the same time for 20 years. A differential tem-
perature for geothermal heat extraction of 30 K was determined, so that brine
re-injection was carried out at 15 °C into the 50 °C (bottomhole temperature)
reservoir. Simulation results discussed in detail by Tillner et al. (2013b) show that a
geothermal heat recovery is feasible for at least 18 years until CO2 arrives at the
production well for the most unfavorable case of spatial permeability distribution
and taking into account hydraulically non-conductive fault systems. However, an
isotropic horizontal permeability distribution in the Detfurth Formation would
allow for about 67 years of synergetic CO2 storage and geothermal heat recovery.
Radius of temperature decrease in the reservoir is about 2 km after 100 years of
operation. Consequently, extracting geothermal heat from an operating CO2 storage
reservoir can significantly contribute to efficient and sustainable reservoir
utilization.

Brine migration was investigated using a specific numerical model implemen-
tation based on the Virtual Element framework introduced by Nakaten et al. (2013).
Virtual Elements allow for an implementation of additional grid elements at discrete
fault planes to simulate fluid flow along these faults. The simulation model used is
plotted in Fig. 7 and all details regarding model implementation and parameteri-
zation presented by Tillner et al. (2013a).

Fig. 7 3D structural geological model applied for investigation of brine migration via
hydraulically conductive faults. Four geological units and four vertically conductive faults are
present in the simulation model (modified from Tillner et al. 2013a). Color scale shows the total
depth of the uppermost Stuttgart Formation
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Several scenarios considering different fault permeabilities and boundary con-
ditions were assessed by numerical simulations, whereby fault permeabilties ranged
from 100 to 10,000 mD. Simulation results indicate that after an injection of 1.7 Mt
CO2/year over 20 years the average pressure in the Detfurth Formation increases by
6–17 % depending on the chosen fault permeability and boundary conditions,
whereby a pressure elevation by 3.5–5.5 % is achieved in the uppermost Stuttgart
Formation (cf. Fig. 7). About 67.5 Mt brine are displaced out of the Detfurth
Formation mainly into Fault 1 and Fault 2 (Fig. 7) and across the model boundaries.
The average salinity in the Stuttgart Formation increases by 0.24 % (407 mg NaCl/
kg H2O) after 20 years of injection assuming open model boundaries in the lower
Buntsandstein formations (representing an infinite aquifer) and by about 0.17 %
(290 mg NaCl/kg H2O) assuming closed boundaries in the lower Buntsandstein
formations (representing a reservoir compartmentalization). Fault permeability does
not influence the displaced formation fluid amount, but the mass flow only. Max-
imum salinity increase is observed in close vicinity of the fault systems (Fig. 8).
The data on brine migration was further used in order to evaluate specific geo-
physical monitoring tools in inverse and forward modeling as well as the appli-
cability of the conceptual early warning system (Sect. 3.8).

Fig. 8 Local increase in salinity in the Stuttgart Formation for scenarios considering closed
boundary conditions in the lower Buntsandstein formations and four open faults (left) as well as
only one open fault with a higher permeability (right) after injecting 1.7 Mt CO2/year into the
Detfurth Formation over 20 years (modified from Tillner et al. 2013a)
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3.3 Hydro-mechanical Simulations for Assessment of System
Integrity

Pore pressure changes in the storage reservoir, faults and shallow groundwater
aquifers determined by dynamic multi-phase flow modeling (cf. Sect. 3.2) were
integrated into the hydro-mechanical simulations to account for integrity of reser-
voir and caprock as well as of the fault systems present in the study area. The open-
source scientific numerical simulator OpenGeoSys (OGS) (Wang and Kolditz
2007) was employed to carry out the hydro-mechanical simulations. Thereto, the
Petrel-based reservoir model was applied as a common basis for the coupled
numerical simulations. This structural model was first converted from Petrel to
OGS using a conversion tool especially developed for that purpose. Then, hydro-
mechanical parameters (e.g. storage coefficient, porosity, permeability, Young’s
modulus, Poisson’s ratio) were assigned to the numerical model grid as given in
Table 1. During the interaction between the TOUGH2-MP/ECO2N (Zhang et al.
2008; Pruess 2005) and the OGS simulator, we benefitted from the 3D interpolation
procedure already implemented in the OGS software package by means of trans-
ferring corner grid data (OGS) to cell centered data (TOUGH2). A validation of the
TOUGH2-MP/ECO2N and OGS coupling was carried out by application of 2D and
3D simulation model benchmarks discussed in Magri et al. (2015).

Regarding the study area Beeskow-Birkholz, a finite element grid was derived
from the previously implemented Petrel model grid comprising seven different
geological units (Fig. 9). Furthermore, three main faults of the Fürstenwalde-Guben
fault system and one of the Lausitzer Abbruch fault system were integrated into the
model, in addition to two geological units representing the model base (Basement)
and top (Stuttgart Formation).

Table 1 Geomechanical parameters assigned to the geological units (Fig. 9)

Geological unit Hydraulic
permeability
k (m2)

Porosity
Φ (−)

Young’s modulus
E (GPa)

Poisson’s
coefficient ν
(−)

Density ρs
(kg/m3)

Min Med Max

Top 10−16 0.2 4 6 9 0.2 2,600

Stuttgart 10−13 0.25 2 4 5 0.2 2,500

Grabfeld 10−20 0.01 3 6 8 0.27 2,600

Muschelkalk 2 × 10−13 0.2 27 33 45 0.25 2,400

Upper Buntsand 10−20 0.01 6 8 11 0.27 2,670

Hardegsen 3 × 10−13 0.16 25 27 30 0.29 2,100

Detfurth
claystone

10−20 0.01 5 7 9 0.27 2,670

Detfurth 4 × 10−13 0.17 20 23 25 0.29 2,200

Basement 10−20 10−5 60 60 60 0.3 2,800

Faults 10−12 0.17 2 23 30 0.29 2,100

Modified from Magri et al. 2013
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The applied mesh is made up of about one million hexahedron elements with a
spatial discretization of 250 m × 250 m variable in vertical direction. The Detfurth
Formation (CO2 storage reservoir) is discretized by 2.5 m thick elements. Geo-
mechanical parameters applied listed in Table 1 were derived from different sources
including NER (2001), Ocak (2008), Alber and Heiland (2001) and Reyer and
Philipp (2012) in addition to the data determined by laboratory mechanical testing.

Boundary conditions were set by implementing a constant stress at the model top
as well as a constant pore pressure in the entire model. Deformations perpendicular
to the respective lateral and bottom boundaries were not allowed. Pore pressure
distribution was derived from the dynamic multi-phase modeling discussed in
Sect. 3.2. Figure 10 shows the calculated vertical displacements resulting from the

Fig. 9 Hydro-mechanical model representing the relevant geological units related to the brine
project activities in the study area Beeskow-Birkholz (modified from Magri et al. 2013)

Fig. 10 Vertical displacements calculated by hydro-mechanical simulations for 10 days (left) and
20 years of injection (right) (modified from Magri et al. 2013)
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stress changes induced by pore pressure elevation in the reservoir. A maximum
displacement of about 1.4 cm is achieved at a depth of 300 m located at the
injection well.

Deformation potentially able to reactivate the faults is not observed. The Mohr-
Coulomb failure criterion does not exhibit any model elements being at or close to
shear failure. This is supported by supra-regional scale simulations carried out by
Röhmann et al. (2013). Our simulation results indicate that the scheduled CO2

injection amount can be safely stored in the Detfurth Formation at Beeskow-
Birkholz, whereby the integrity of the reservoir and caprock as well as of the main
fault systems is not compromised by the pore pressure elevation.

3.4 Assessment and Simulation of Shallow Groundwater
Salinization

Hydro-chemical investigations of freshwater aquifers in the study area and the
implementation of a Cenozoic hydrogeological 3D model comprising model
parameterization and dynamic flow and transport simulations were carried out for the
assessment of a potential anthropogenic salinization of shallow freshwater aquifers.
Thereto, a coupling between the deep reservoir (Sect. 3.2) and the shallow hydro-
geological model was realized based on the implementation of a Neumann boundary
condition in the shallow hydrogeological model in order to transfer the displaced
brine mass flow. Hydro-chemical investigations carried out were based on a review
and selection of existing groundwater sampling wells, groundwater sampling and
analysis from selected locations and the hydro-chemical assessment as well as data
interpretation. Geological and hydrogeological modeling consisted of review of
available geological data, the implementation of a geological 3D model and its
hydrogeological parameterization based on the study area. In the next step, density-
coupled 3D flow and transport modeling was undertaken to analyze the natural
salinization processes in the freshwater aquifers followed by the coupled approach for
investigation of CO2 storage impacts on brine migration into the shallow aquifers.

Cenozoic sediments are determined by a cumulative thickness of 100–300 m and
consist of five sandy-gravelly main aquifers separated by aquitards (glacial tills,
Quarternary and Tertiary silts and clays). The Rupelian clay with a 50–70 m
thickness in the study area is the base of the freshwater complex and acting as
the major freshwater—brine barrier. The Mesozoic aquifers below the Rupelian
clay generally contain brines with a salinization increasing with depth. The hydo-
chemical investigations show that brine migration from the Mesozoic aquifers
and salt structures is responsible for the partially high salinity in the freshwater
aquifers (Fig. 11). This indicates that flow processes connecting shallow and deeper
aquifers exist, which induce upward brine and downward freshwater migration.
Salinization of shallow aquifers is mainly bound to the flatland areas located
between Fürstenwalde and Müllrose (discharge areas with saline water intrusions).
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Depending on the hydrogeological windows in the Rupelian clay, communication
between the aquifers as well as the hydraulic gradient may occur. However, in the
highland areas (Barnim in the east of Fürstenwalde) infiltration of freshwater into
deeper aquifers is observed down to the Rupelian base sands as a result of
groundwater recharge. Investigations using chemical and isotopic methods revealed
that water composition of the deeper Cenozoic aquifers with salt water influences
exhibit a mixed character. Age determination of the water samples with different
isotope systems (T/He, 3He/4He, 14C) resulted in ages of up to 23,000 years, and
thus can be assigned to Holocene and Pleistocene ages.

The hydrogeological 3D model is based on an extension of the study area
considering the hydrological catchments around the Beeskow-Birkholz area as well
as regional geological underground structures such as salt diapirs and faults.
Hydraulic and chemical impacts of CO2 storage were not known in advance of the
numerical model coupling, and hence a relatively large area was chosen for model
implementation. A structural model of the Cenozoic was elaborated containing
25 sedimentary units (Fig. 12). The Mesozoic strata and major fault systems were
schematized (with average values) and the model was extended down to the
Muschelkalk unit to allow for a direct coupling with the dynamic multiphase flow
model (Sect. 3.2). Based on the geological structural model, a hydrogeological 3D
model with a lateral size of 74 km × 85 km and a vertical thickness is about 2.4 km
was implemented using the finite element simulator FeFlowTM. Details on model
parameterization and boundary condition implementation are presented in Kempka
et al. (2014).

The dynamic flow and transport model was implemented based on density-
driven flow with a constant viscosity. In a first step, long term simulations were

Fig. 11 Chloride concentrations at the sampled groundwater wells in the study area
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used to approximate the current groundwater salinization as an initial state. In a
second step, influences of the storage processes were simulated in different sce-
narios based on the modeled brine displacement in the storage formation (Sect. 3.2).

The results of two scenarios of these coupled simulations are shown in Fig. 13.
The first scenario (Scenario 1) can be taken as worst-case scenario, since the
calculations carried out with the deep reservoir model (Sect. 3.2) assumed that the
storage formation does not have any pore compressibility and that the reservoir is
compartmentalized, and thus not allowing any pressure dissipation into the far-field
(see Sect. 3.2). However, in Scenario 2 reservoir rock pore compressibility is
considered in addition to open boundaries in the reservoir model (infinite aquifer).
As a result, mass flow rates are about one third lower compared to Scenario 1.
Resulting increase in NaCl concentration in the freshwater aquifers at 50 and 0 m
below sea level is plotted for both scenarios before the start and at the end of
injection for two different depth slices (Fig. 13).

The simulation results of the different scenarios demonstrate that brine migration
into the freshwater aquifers is generally possible as a result of brine displacement
out of the CO2 storage reservoir. Simulated freshwater salinization follows the
migration pathways known to be relevant for geogenic salinization already
observed in the study area. Increase in NaCl concentration in the brine upward
displacement zones depends on the brine volume displaced from the reservoir and
on local hydraulic and hydrogeological boundary conditions. A detailed modeling
of these processes requires exact hydrogeological data on geological structures as

Fig. 12 3D hydrogeological model structure illustrated by eight cross-sections plotting vertical
permeabilities (m/s). Vertical exaggeration by 25. Yellow box indicates the image section of
Fig. 13
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well as model parameters that were available only in a limited amount in the present
study, mainly determined from point focused studies. Consequently, the presented
results are rather of general nature and further research is required.

Fig. 13 Increase in NaCl concentration due to brine displacement at −50 m.b.s.l. and at sea level
depth based on coupled numerical simulations. Initial NaCl concentrations (a, b) as well as
Scenario 1 (c, d) considering an incompressible and Scenario 2 (e, f) considering a compressible
storage formation are plotted
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3.5 Large-Scale Monitoring Using Magnetotellurics

The aim of this geophysical monitoring activity was to investigate the resolution
potential of the magnetotelluric (MT) method by natural and controlled sources in
the geological environment given in the study area. The work was carried out in
four phases comprising synthetic modeling using passive MT data, MT field
campaigns for synthetic model calibration, synthetic modeling of controlled source
electromagnetic (CSEM) data and conception of a geophysical early warning
system against freshwater salinization with the two ERT and EM monitoring tasks.

Focus of the first phase was the simulation using general geological structures in
the Northeast German Basin. Thereto, the spatial distribution of resistivity was
derived from the geological model (Sect. 3.1) based on sedimentary horizons.
Resistivity data used were derived from experience with similar geological con-
ditions in Eastern Brandenburg (Fig. 14). 2D and 3D models were employed for
these tasks and discretized according to the geological data.

A MT field campaign was undertaken in March 2012 in the study area based on
26 MT stations to determine the electric and magnetic fields as functions of time in
a frequency range between 10 and 1 mHz. Data processing was carried out with
high developed geophysical methods (e.g. robust stacking, remote reference pro-
cessing, delay line filtering, etc.) and provided transfer functions of good quality,
despite of strong noise signals present in the study area.

Fig. 14 Investigation of the resolution potential for a 40 km profile with a station distance of 1 km
and data in the frequency range of 1 mHz to 1 kHz. The colours represent the apparent resistivity
(in Ωm). The synthetic model (top) comprises the anticline structure and several low-thickness
conductive anomalies (red lines). Inversion results (bottom) allow for a detection of the about
3.5 km deep anomaly location at the anticline flank
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Synthetic 2D and 3D models calibrated using field campaign results demonstrate
that the presence of CO2 is accounted by the transfer functions in a significant way.
Hereby, changes amount to about 20 % in the apparent resistivity and about 5° in
the phases.

The electric field shows a higher sensitivity for CO2 compared to the magnetic
field. Furthermore, monitoring configurations with horizontal sources at the surface
exhibit a relatively low sensitivity to CO2 migration, whereby those with vertical
sources can be improved by positioning the source in about 1 km distance to the
CO2. Configurations using vertical sources in wells show a higher sensitivity, if the
source is at a depth of >300 m. Optimum source to receivers configurations consist
of a vertical source in a well (500–1,000 m deep) with about 1–2 km distance to the
injection well. Hereby, the horizontal distance is almost equal to the target depth.
The vertical magnetic field is the most relevant monitoring component using this
configuration. However, this field component can be only determined inside the
observation wells due to technical reasons. Monitoring configurations with a ver-
tical dipole penetrating the target formation exhibit a very high sensitivity regarding
CO2 resistivity, but a low sensitivity considering the CO2 migration geometry. CO2

migration can be detected with a resolution of about 300 m depending on the
storage operation and phase distribution involving a resistivity of >5 Ωm. In
addition to the CO2 migration scenarios, brine migration scenarios were investi-
gated. Monitoring of brine migration using deep wells is mainly a task carried out
by electrical resistivity tomography (ERT) discussed in Sect. 3.6. Modeling of these
scenarios using the CSEM approach is an interface between both monitoring
applications. A detailed model of the fault zone was established using multiple
dipole sources in one well that penetrates the reservoir and a fault zone. Resistivity
was derived from dynamic flow simulations carried out as discussed in Sect. 3.2.
Hereby, CSEM modeling results show a good agreement with those carried out for
the ERT monitoring technique. Application of higher frequencies allows for a
higher sensitivity regarding small-scale geological structures.

3.6 Local-Scale Monitoring Using Electrical Resistivity
Tomography (ERT)

The main objective of the geoelectrical monitoring activity was the development of
an optimal electrode array design to detect time-lapse effects of the subsurface
resistivity distribution. It was shown in recent scientific studies, that surface-based
ERT was successfully carried out to assess fluid migration processes at different
lateral and vertical scales (Storz et al. 2000; Michot et al. 2003; Daily et al. 2004),
and that cased wells permanently equipped with electrode arrays allow for con-
tinuous time-lapse monitoring in the near-wellbore area (van Kleef et al. 2001;
Bryant et al. 2001). Because ERT provides high spatial resolution on the local scale,
it has been intended for borehole and near surface investigations only. Based on
these experiences, forward modeling studies were performed for different ERT
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acquisition geometries (single borehole, crosshole, surface-downhole) and various
electrode configurations (pole–pole, dipole–dipole and bipole-bipole), supported by
a real-scale three-layer resistivity model. In addition to the field-scale investiga-
tions, the ERT feasibility has been validated under defined laboratory conditions.

A cylindrical sandbox model with a diameter and a height of 0.6 m was set up
for development and verification of appropriate geoelectrical acquisition geometries
as prerequisite of the ERT monitoring task (Fig. 15). First experiments started with
homogeneous Fontainebleau sand filling with a porosity of 45 % and a perme-
ability of 23 Darcy. Synthetic brine with a concentration of 200 g/l NaCl was
injected at the bottom of the sandbox and automated via a LabViewTM control
interface.

Miniaturized electrode arrays of different geometries were developed and
installed in the sandbox. They were modeled as horizontal and vertical strings of
different lengths and with a defined number of metallic pins as electrodes (Fig. 16).
The geoelectrical measurements were accompanied by a fiber-optic sensor to
determine the salinity of the sandbox fluid.

Basic experiments with combinations of 50 surface and 25 borehole electrodes
were carried out as standard measurement configurations (Wenner, Schlumberger,
dipole–dipole) and accompanied by numerical forward and inverse modeling

Fig. 16 Realization of different geoelectrical acquisition geometries consisting of surface profiles
with electrode distances of 0.5 cm (1) and 1 cm (2), 2D arrays (3) and permanent borehole
electrodes (4)

Fig. 15 Cylindrical sandbox with pump and central control unit, mechanical base with load cell
and monitor (left). Graphical user interface of the control unit during a laboratory test (right)
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(Wagner et al. 2013). In the following experiments, the salinity was increased
stepwise from 0 to 250 g/l (NaCl), and aquiclude layers were integrated between the
aquifer layers in the sandbox model. The various miniaturized monitoring layouts
were tested in terms of their spatio-temporal resolution of brine migration in the
sandbox. At laboratory scale, NaCl concentrations of up to 250 mg/l can be
monitored, but the ERT resolution decreases towards higher NaCl concentrations
in a non-linear manner. In general, resistivity changes can be mapped by well-
known inversion techniques as e.g., ratio inversion and difference inversion
methods (Hayley et al. 2011). Because many algorithms tend to smooth the results
especially for small resistivity changes, the use of directly measured and non-
inverted data provides an alternative option (Fig. 17).

From the field-based modeling and underlined by the numerical modeling results
of Tillner et al. (2013a), one can conclude that permanent borehole electrodes have
to be placed above and below the potential brine intrusion zone in order to reliably
detect the migration scenarios in time. An adapted electrode array has been sug-
gested consisting of segments with short electrode distances near the reservoir and
near the aquifer zone as well as larger electrode distances in the other regions. The
simulation results show that the change in salinity occurs in days, weeks or longer
periods of time (Fig. 17). Therefore, ERT readings have to be adjusted in time
according to the present salinization situation. One can conclude that the selected
acquisition geometries with a limited but properly chosen electrode layout provide
meaningful results of the spatio-temporal salinization behavior.

Fig. 17 Detection of brine upward migration through a Rupelian clay defect via shallow guard
wells (left side) and the corresponding relative change of resistivities derived from Dipole–Dipole
(DD) and Bipole–Bipole (BB) configurations (right). The solid line corresponds to timestep t1
(early phase of salinization: 250 days), the dashed line to timestep t2 (advanced phase of
salinization: 7,300 days = 20 years)
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3.7 Monitoring of Potential Brine Upward Migration Zones
Using Electromagnetics

Potential brine upward migration zones in the study area are mainly determined by
geological windows as well as hydraulically conductive faults located in the
Rupelian clay. For that reason, the aim of the electromagnetics task was the
exploration and assessment of existing and potential shallow brine upward
migration zones in the area of the Beeskow-Birkholz structure. Electromagnetic
multi-frequency (EM) and electrical (ERT) methods were employed, since the
expected differences in electric conductivity resulting from potential brine upward
migration allow for detection of such processes.

Following data acquisition for selection of monitoring areas, the geophysical
monitoring methods discussed above were applied for verification but also in order
to achieve a combination of both methods for the same monitoring profiles. EM is
generally more sensitive to highly conductive layers (e.g. brine bearing horizons),
whereby low conductive layers can be better detected by ERT. In total, 22 locations
and about 83 km of profiles were monitored using both geophysical methods (about
63 km by EM and 20 km by ERT) as illustrated in Fig. 18.

An example application of EM and ERT is presented in the following based on
the profile Annenhof, where a salinization in the deeper underground (about 90 m.b.
s.l.) was investigated. The area is located about 5–7 km from known geological
weakness zones like Mesozoic faults and Quaternary erosion channels at about 70 m.
a.s.l. (Fig. 19). Thus, elevated groundwater mineralization had not to be expected
above the Rupelian clay in this area. Results from EM and ERT monitoring (Fig. 19)

Fig. 18 Study area Beeskow-Birkholz with geophysical profiles (EM/ERT) investigated and main
structural characteristics
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show resistivities that correlate well with the geological layering in the area of a
close groundwater well. The shallow sand layer is depicted by higher resistivities
(ρ > 100 Ωm), whereby medium values of ρ < 80 Ωm were observed for the bolder
clay as well as sand and silt intercalations. From a depth of 160 m, a low-resistivity
layer (ρ < 10Ωm) is detected by EM, which can be interpreted as salinization slightly
above the Rupelian clay (horizontal migration of saline water) or the Rupelian clay
itself.

The presented example as well as the ones discussed in Kempka et al. (2014)
demonstrate the complex hydrogeological and geological situation in the study area.
To allow for a comparison between the investigation results, the term saltwater
influenced zone (SWIZ) was introduced defining an area with an electric resistivity
of the rock below 10 Ωm or a groundwater conductivity >1,000 µS. Consequently,
the SWIZ determines the part of the lithological profile with saline water influence.
Geological conditions in the study area allow to define lithological units with
resistivities below 10 Ωm as being influenced by saline water due to the lack of clay
sediments above the Rupelian that may exhibit similar resistivity values. Hence, the
top of the saltwater influenced zone can be interpreted as the saltwater-freshwater
boundary in the study area (Fig. 20). The area north of Beeskow with elevated
SWIZ values is located at the intersection of different zones of weakness (Mesozoic
fault and Quaternary erosion channel) and represents a preferential vertical
migration zone (PVMZ) for saline water.

Fig. 19 ERT and EM investigation results for the profile Annenhof. The different colours indicate
the resistivity distribution of the underground and the lithology of a nearby groundwater well
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3.8 Conceptual Geophysical Early Warning System Against
Freshwater Salinization

Based on the geophysical monitoring results a concept for an early warning system
against freshwater salinization was implemented using MT, ERT and MT moni-
toring methods (Fig. 21). The monitoring goals for the conceptual design were:
monitoring of CO2 migration and changes in salinity in the caprock as well as
monitoring of changes in the freshwater-salt water boundary.

As a result of the physical boundary conditions (resistivity conditions and
contrasts in the underground) and the given methodology only MT and CSEM in

Fig. 20 Depth of the saltwater influenced zone (SWIZ) and position of preferential vertical
migration zone (PVMZ)

Fig. 21 Geophysical early warning system concept against freshwater salinization based on MT,
CSEM, ERT and EM-systems
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combination with ERT in wells are relevant for monitoring of CO2 migration.
Especially low resistivity contrast between reservoir sandstones and the saline pore
fluid (ρ ≈ 3 Ωm) at monitoring depths of about 1,000 m are a challenge and require
a signal to noise ratio that cannot be achieved by MT measurements in anthropo-
genic determined areas. The concept thus foresees mobile MT station installations
at selected locations in the vicinity and at the boundaries of the anticline structure.
Furthermore, fixed installations of CSEM sources and ERT electrode arrays in
scheduled injection and observation wells are part of the concept. Permanently
installed electrodes reaching from the reservoir to the caprock can be applied to
determine the initiation of a NaCl concentration increase at an early stage. Hence,
potential leakage can be detected and mitigated by selected reservoir management
strategies. We expect that a resolution in the ten meter range is feasible with this
concept. Investigation of the freshwater-saltwater boundary can be realized by EM
and ERT methods. Based on the results of the geophysical exploration carried out in
the study area aiming at geological weakness zones and faults as well as those of
the hydrogeological modeling providing saline water migration, installation of
monitoring instruments at neuralgic points are suggested. These locations are
already today determined by vertical brine migration. The focus of the ERT and EM
monitoring methods is laid on these preferential vertical migration zones. EM
installations are scheduled to be mobile and aligned in line at the surface to extend
the point installations of the ERT locations. ERT installations are located in existing
shallow wells (observation wells) and ensure a resolution in the meter range. The
suggested geophysical monitoring concept may be extended by integration of long
electrode ERT using steel casings in existing boreholes as introduced by Günther
et al. (2015).

4 Conclusion

The present study aimed at an investigation of formation fluid migration resulting
from pore pressure elevation in a storage reservoir induced by geological CO2

storage: (1) what are the impacts of brine displacement from the CO2 storage
formation along potential migration pathways on freshwater-bearing aquifers, (2) is
a synergetic utilization of formation fluids for geothermal heat recovery feasible,
and (3) is it possible to employ an integrated geophysical monitoring system to
detect upward formation fluid migration?

Conclusions based on the main scientific results of the present study are:

• Implementation of complex 3D structural models based on data from former
hydrocarbon explorations is generally feasible and the resulting models are
qualitatively sufficient for numerical modeling by means of providing insights
into potential fluid migration.

• Synergetic geothermal heat recovery from storage formation fluids is feasible, if
a pressure management is intended to be used in the storage formation. Thereto,
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production wells can be applied to produce formation fluids and recover geo-
thermal heat from these fluids.

• Hydro-mechanical simulations showed that storing 34 Mt in the anticline
structure Beeskow-Birkholz as initially planned by the prospective site operator
does not compromise the storage, caprock and fault integrity given the available
geological data and models developed in the scope of the present study. Nev-
ertheless, site-specific assessments are required for other study areas of interest.

• Extensive laboratory and field campaigns in the study area were employed to
investigate the detectability of brine migration as well as for calibration of our
forward models. Each of the investigated monitoring methods can provide a
relevant contribution to the early warning system concept. Hence, an integration
of the applied monitoring techniques does allow for implementation of an
efficient early warning system to detect and monitor formation fluid migration
by means of an early warning system against freshwater salinization.

• Based on the investigations carried out and considering specific results from our
field, laboratory and numerical modeling activities, we were able to design an
integrated geophysical early warning system for monitoring potential freshwater
salinization verified against simulated formation fluid migration scenarios.
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Combined Natural and Social Science
Approach for Regional-Scale
Characterisation of CO2 Storage
Formations and Brine Migration Risks
(CO2BRIM)

Holger Class, Alexander Kissinger, Stefan Knopf, Wilfried Konrad,
Vera Noack and Dirk Scheer

Abstract The CO2BRIM project pursues a combined technical-social sciences
approach for investigating participatory modelling applied to different stages of a
characterisation of potential CO2 storage formations. From the technical point of
view, the project deals with two topics: The first one is concerned with an early stage
site screening, where the Gravitational Number (Gr) is used as an indicator for
storage efficiency dependent on the conditions found in German Middle Bunt-
sandstein rock units. The second topic addresses the problem of large-scale salt
water displacement due to the injection of CO2. Both topics are accompanied by a
method called Participatory Modelling, where third parties, i.e. stakeholders with
different background, are involved into the modelling process. This report gives
some details about the methodological aspects of participatory modelling for the two
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technical topics and discusses the results for the Gr-characterisation in detail; first
results and preliminary discussions from work on large-scale brine displacement are
added at the end.

1 Introduction

The idea of setting up a joint technical and social sciences research project origi-
nated in 2009 when research on geological storage of CO2 in Germany and other
countries reached a stage where the next logical step would have been the imple-
mentation of industrial-scale demonstration projects. Such an endeavour would
involve a large number of stakeholders for selecting suitable sites, likely to be
accompanied by conflicts of different interests. The CO2BRIM project aimed at
integrating stakeholders into various ‘virtual’ stages of a site characterisation, using
geological and dynamical modelling, and introducing participatory modelling to the
CO2 storage research community.

By the time when the project started in 2011, the general trend in Germany indi-
cated already that carbon capture and storage (CCS) will probably not be imple-
mented in the near future. The delay in the German CCS law, i.e. the Kohlendioxid-
Speicherungsgesetz (KSpG), eventually its contents, and the missing acceptance in
public opinion have made the CCS option unattractive for the industry, since the
predictability of legal decisions is not given and therefore a reliable planning is not
possible. Thus, the whole CCS debate lost the drive. For the CO2BRIM project this
was a disadvantageous situation since the idea of participatory modelling works best
when stakeholders show a strong interest. The recruiting of sufficient stakeholders to
represent the different parties, like industry, Non-Governmental Organizations
(NGOs), governmental agencies, water suppliers, etc. has been more difficult than
expected. Nevertheless, the project succeeded in involving expert groups in the
technical topics while most of the participants of the social sciences study did not
show up on their own initiative but upon personal requests.

At an early planning stage of a CO2 storage project we assume the screening of
different sites to be a task which, for two reasons, does not allow comprehensive
numerical modelling. First, there is typically a lack of data before the sites are
explored. Second, 3D geological and dynamical modelling is very time-consuming.
Therefore, we attempted in a computationally extremely cheap approach to tag
different regions in the North German Basin with respect to their expected storage
efficiency in the Middle Buntsandstein rock unit. This is realised by evaluating the
Gravitational Number (Gr) on the basis of depth, salinity, and geothermal gradient
found at different locations which have already fulfilled the criteria to be catego-
rised as worthy of further investigation in the Storage Catalogue of Germany
(Müller and Reinhold 2011). The Gravitational Number can be interpreted as a
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qualitative indicator for storage efficiency. It relates gravitational forces to viscous
forces which influence the shape of the CO2 plume and therefore also the space
occupied by the plume. Section 2 explains the method technically and provides a
discussion of how stakeholders influenced the results and conclusions from this
study in the framework of a Delphi workshop.

The second major (technical) topic addresses brine displacement and migration
after CO2 injection, eventually aiming at evaluating the hazards associated with
displaced saline waters. We are aware of the difficulties involved in setting up
generic scenarios that are representative for geologic situations encountered in real
projects. Nevertheless, we believe that it is helpful to think about potential
migration pathways in a generic manner, to include expert opinion in order to
prioritise scenarios, and to develop and test the methods to apply for simulating the
scenarios. This allows for an improved understanding of the uncertainties and
ranges of predicted brine migration when comparing models of different complexity
(and thus: accuracy). Section 3 provides the technical descriptions and the partic-
ipatory approach, here in the form of face-to-face interviews with ten experts.
Further participatory methods are being planned, therefore the results presented
here are preliminary.

One must be aware that within the CO2BRIM project only very selected tasks
are addressed. For example, scenarios related to the leakage of CO2 are not part of
the investigation, although CO2 leakage is likely to be the most important issue for
a real project. The major aim of CO2BRIM is to have two topics as described in
Sects. 2 and 3 as showcases where participatory modelling can be practiced and the
experiences and lessons learnt (see Sect. 4) can hopefully guide future application
of this engineering/social science integration method.

2 Storage Efficiency and Gravitational Number
as a Screening Indicator

The Gravitational Number (Gr) as an indicator for storage efficiency in a given
reservoir is based on its ability to predict the influence of viscous forces versus
buoyancy forces during CO2 migration in a reservoir. Below, we summarise the
theoretical background of the study and the availability of data for the North
German Basin. Thereafter, the results of the study are briefly presented, thereby
discussing how the participatory modelling approach in the frame of a group Delphi
workshop took influence. Detailed explanations on this topic are found in Kissinger
et al. (2014).
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2.1 Background and Available Data

We use here the following definition of Gr:

Gr ¼ ðqB � qCO2
Þgk

lCO2

_mCO2
qCO2

ð1Þ

qB � qCO2
is the density difference between the fluids brine and CO2, k the per-

meability in the formation, lCO2
the dynamic viscosity of CO2, and _mCO2 the

specific mass injection rate. The density differences are the driving force for vertical
flow of CO2. The larger the gravitational forces are in comparison to the horizontal
spreading of the CO2, the more gravity segregation will dominate the spreading of
the plume in the reservoir, where the lighter CO2 spreads along the top of the
reservoir. Strong gravity segregation prevents an efficient usage of available pore
space. Thus, one is interested in having small Gr numbers for good storage
efficiency.

The question emerging for practical use is: Which factors are relevant for the Gr
number and how big is the range of Gr within a region to screen for a storage
project (the focus is here on the Middle Buntsandstein unit in the North German
Basin). In fact, the fluid properties density and viscosity depend on the local
thermodynamical conditions, i.e. pressure and temperature, and on the salinity.
Therefore, the depth of a formation, the geothermal gradient, and the salinity dis-
tribution provide relevant input data for estimating Gr. Furthermore, the perme-
ability appears in the definition of Gr. However, regionalized permeability data is
not available for the North German Basin. Thus, it was decided for this study to
restrict the influences on Gr to depth, geothermal gradient, and salinity. The
obtained regional distribution of Gr can be interpreted as an indicator for storage
efficiency with respect to the encountered initial fluid properties.

The area for this study is selected from the project Storage Catalogue of
Germany, where areas worthy of further investigation for the Middle Buntsandstein
were tagged with the criteria that their depth at the top of the rock unit exceeds
800 m and that they have a net thickness of more than 10 m (Reinhold et al. 2011).
Depth, temperature, and salinity were determined on a raster with a resolution of
1 km × 1 km. Information on depth was gathered from an unpublished depth grid
for the base of the Upper Buntsandstein (corresponding to the top of the Middle
Buntsandstein), see Fig. 1. Temperature information was taken from a map showing
the lateral variation of the mean geothermal gradient published by the Leibniz
Institute for Applied Geophysics (LIAG 2012). Combining the interpolated geo-
thermal gradients with the depth information required the following equation:

Tdepth ¼ T0 þ ðrT � depthÞ ð2Þ

T0 is the average ground temperature. According to Schulz (2009) the average
value in Germany is 8.2 °C. An interpolated distribution of the mean geothermal
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gradient is shown in Fig. 2. Finally, concerning the salinity, we followed the
simplified assumption of an average salinity gradient of about 15 g/l per 100 m
increasing with depth (Wolfgramm and Seibt 2008), applied throughout the area of
investigation. This yields depth-dependent salinity as

Sdepth ¼ rS � depth ð3Þ

The calculated salinity values were capped by the maximum salinity of 360 g/l
(Brasser et al. 2011). Based on the values of depth (pressure), temperature, and
salinity, as explained, Gr was calculated for each grid cell (Kissinger et al. 2014).

2.2 Results Before and After Participation

The Gr mapping on the basis of fluid properties dependent on depth, geothermal
gradient, and salinity is shown in Fig. 3. A range between 4� 1010 and 10� 1010 is
observed. We note again that this does not account for the variability of permeability
and porosity. Also, the injection rate is assumed to be always the same. Thus, we need
to investigate the relevance of this mapping of Gr. Is it useful—as hypothesised—to

Fig. 1 Depth grid for the base of the Upper Buntsandstein (equivalent with the top of the Middle
Buntsandstein), depth information in meter below mean sea level (bmsl). Figure modified after
Kissinger et al. (2014)
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show a tendency towards better storage efficiency at lower Gr numbers? Or will
variations in permeability and porosity dominate the storage efficiency?

A series of numerical studies with the open source simulator DuMux (Flemisch
et al. 2011) are employed to show the influence of Gr on storage efficiency and on
the residual trapping; the latter is considered an important mechanism to increase
safety of storage. As a measure for storage efficiency, we choose the mass of CO2

injected into the homogeneous and radially symmetric reservoir until a “spill point”
is reached by the plume (see Fig. 4), divided by the area up to the spill point (lateral
footprint):

Storage Efficiency ðkg/m2Þ ¼ Mass of CO2 in place

p � ðRadius of Spill Point)2 : ð4Þ

The numerical studies are supplemented in Kissinger et al. (2014) by a com-
parison with an analytical estimate of storage efficiency as proposed by Okwen
et al. (2010). The reservoir setup is kept as simple as possible. It consists of a
radially symmetric domain as illustrated in Fig. 4 with a CO2 injection well in the
middle. The reservoir has a thickness of 25 m. The reservoir is homogenous and has
an effective porosity of 0.2 and a permeability of 10−13 m2. For more details on the
reservoir setup we refer to Kissinger et al. (2014). Different representative points
from the Gr grid are chosen, covering various depths and the range of Gr values.

Fig. 2 Interpolated distribution of the geothermal gradient for the area of interest (LIAG 2012).
Figure modified after Kissinger et al. (2014)
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The varying properties of 7 of these grid cells which are used for the different
simulations are listed in Table 1. The spill point in Eq. 4 can be interpreted as the
maximum tolerable plume extent (here: 1 km at a constant injection rate of 0.1 Mt/
year). Land’s model (1968) is used to determine the residually trapped CO2.

Fig. 3 Gr distribution for the Middle Buntsandstein unit in the North German Basin. Numbers
refer to areas selected for investigating the relevance of the Gr-based ranking (see below and
details in Kissinger et al. 2014; Area 1 low Gr, Area 2 medium Gr, Area 3 high Gr).
Figure modified after Kissinger et al. (2014)

Spill PointCO2  Front

rRadius Spill Point

CO2

Injection

Fig. 4 Schematic setup of the model domain for the numerical simulations. Figure modified after
Kissinger et al. (2014)
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Results are presented in Fig. 5. Gr is tested as an indicator for residually trapped
CO2. The amount of residually trapped gas (circle marker) shows a similar,
although weaker, inversely proportional trend compared to the total CO2 storage
efficiency (residually trapped plus mobile CO2, cross marker).

As outlined before, the influences of permeability, variable reservoir thickness,
and porosity are not considered here. Analysing the significance and relevance of
the Gr criterion should, therefore, include a study on the effect of these parameters.
Therefore, we select three characteristic areas of high, medium, and low Gr, where
additional data on reservoir thickness and porosity was available (see also Fig. 3).
Their characteristic parameters are listed in Table 2.

Table 1 The initial fluid properties of seven different raster points as well as Gr and the storage
efficiency obtained from the simulations

Cases Depth
(bmsl)

qB (kg/
m3)

qCO2

(kg/m3)
lB=lCO2

(−)
Gr
ð�Þ � 1010

Storage efficiency
(kg/m2)

1 1,492 1,140 757 10.4 4.44 381

2 1,735 1,154 668 15.2 6.01 315

3 2,304 1,187 611 11.8 7.19 299

4 1,865 1,150 521 14.5 8.05 230

5 906 1,083 371 32.3 9.60 165

6 1,776 1,161 734 15.2 5.05 362

7 3,305 1,200 758 9.1 4.98 450
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Fig. 5 Correlation of Storage
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Figure modified after
Kissinger et al. (2014)
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For all areas, the calculated storage efficiency includes now the “full” two-phase
flow physics. We performed the same simulations as above with additionally
varying porosity and reservoir thickness. The results of the simulations are dis-
played in Fig. 6. On the left, there is mean storage efficiency and its standard
deviation for each area over the mean Gr value of this area. A clear trend of
decreasing storage efficiency with increasing Gr is visible. The standard deviations
of Area 1 (low) and Area 2 (medium) are higher than for Area 3, due to the small
range of porosities (4–8 %) and constant thickness (10 m) in Area 3. The calculated

Table 2 The characteristics of the three different areas shown in Fig. 3

Data type Area 1 Area 2 Area 3

Range 9 data points Range

Effective porosity (−) 0.11–0.30 0.06–0.25 0.04–0.08

Thickness (m) 6–20 5–20 10

Gr (−) × 1010 4.85 5.73 7.27

Pressure (MPa) 20.14 10.89 10.90

Temperature (K) 331 335 351

Salinity kgNaCl
kgBrine

� �
0.25 0.23 0.23

For Area 1 and 3, there are only ranges of a minimum and maximum value for effective porosity
and thickness. Values for pressure, temperature, salinity and Gr are mean values for each area and
used as initial conditions for the simulations
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Fig. 6 Left Storage efficiency over Gr. The cross marker represents the mean storage efficiency;
error bars indicate the standard deviation. Right Mean storage efficiency for the three areas with
constant Gr for all areas (dashed line) and area-specific Gr (solid line). Note the three means for the
area-specific case (cross marker) on the right plot are identical to the three means on the left plot
(cross marker). Figure modified after Kissinger et al. (2014)
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storage efficiency depends now on Gr and on the joint probability functions of
porosity and thickness for each area. It is not obvious which of the two has more
influence on storage efficiency. Thus, additional simulations were performed with
the same Gr value (here we choose the Gr value of Area 2) for all three areas
(constant Gr case). Figure 6 (right) compares the simulated mean storage effi-
ciencies for the constant Gr case (dashed line) with the previously performed
simulations with the area-specific Gr values (solid line). This gives evidence that
mainly the different distributions of effective porosity and thickness of the three
areas determine the trend. It is only increased by the area-specific value of Gr, i.e. a
small value of Gr leads to an increase of storage efficiency compared to the constant
Gr case and a high value of Gr leads to a decrease of storage efficiency compared to
the constant Gr case. For Area 1 the “contribution” of Gr to the storage efficiency is
much higher than for Area 3.

The expected qualitative influence of the Gr criterion on storage efficiency in the
three areas is supported by the simulation results. However, the trend shown in the
left plot of Fig. 6 is mainly caused by the different distributions of porosity and
thickness. It is only between Area 1 and Area 2 where the significant increase in
storage efficiency can be attributed to the different Gr values.

From a technical/engineering point of view there are different conclusions to be
drawn from this study on the Gr number as a criterion for storage efficiency. Depth,
temperature, and pressure (depth) of a formation have a clearly noticeable influence.
However, their influence is less than that of variable porosity and reservoir thick-
ness, but can still be in the same order of magnitude. Overall, Gr indicates where
fluid properties are favourable for an efficient usage of available pore space.

How did German stakeholders evaluate Gr? Did their views and input influence
the study on the Gr number? In order to discuss Gr principles and draft findings
with stakeholders, a Group Delphi workshop has been carried out (Hannover,
November 2012). A Group Delphi is a participatory method to elicit consensus and
disagreement as to experts evaluations of controversial issues (Schulz and Renn
2009). 14 experts attended the workshop representing business and industry, public
authorities, and the science communities in the fields of geosciences, carbon capture
and storage, and water resources.

On the one hand, workshop participants were rather sceptical about Gr as a
relevant criterion for reservoir characterisation. Concerns were raised that the Gr
approach is difficult to communicate beyond expert communities and Gr results
might be misunderstood by stakeholders and the public. A definite need is to
contextualise the approach by geo-scientists and experts in order to prevent mis-
understandings. On the other hand, experts conceded that Gr may be used as a
screening instrument at early assessment stages in order to back and support other
methods for characterising storage regions. Thereby, attention should be given that
results are not overrated and not used as sole basis for decision making. The Group
Delphi led not only to an overall assessment of the Gr approach. Moreover, the
workshop delivered a couple of highly useful insights in terms of consolidating the
basis of reasoning. One example refers to the data uncertainty in the Gr calcula-
tions. For some parameters there is only an incomplete data base available.
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However, it was not before the Group Delphi discussions that the need to comment
on that issue with more emphasis was fully recognised by the researchers. Notably,
the fact that permeability is not varied raised doubts among some experts as to the
significance of Gr numbers calculated without real permeability data. Furthermore,
the asserted lack of regional permeability data was challenged. Further literature
inquiries have been performed by the researchers which confirmed the expected
result that permeability data for the Middle Buntsandstein rock unit of the North
German Basin is not available. Part of this data search was the futile screening of
research reports that according to some workshop participants should contain
sufficient permeability data to represent a regional data distribution.

Another example of the Group Delphis influence is the investigation of two
instead of just one CO2 injection strategy. A comparison of a rather low (0.1 Mt/
year) with a rather high (1.0 Mt/year) injection rate confirmed the assumed trend
decreasing Gr numbers lead to increasing storage efficiency even under different
conditions.

In addition, the workshop deliberations resulted in a revaluation of the relevance
of the Gr criterion for distinguishing storage regions. Before the workshop, Gr was
considered a quite sound screening criterion comparable to others like minimum
depth. Thereafter, the assessment was revised, assigning Gr the status of a lower-
ranked criterion for the differentiation of regions. This shift of decision-making
assignment reflects the stakeholders sceptical view on the validity of a criterion
based on calculations leaving out a key parameter (permeability) due to the lack of
data. Overall, participants feedback has emphasized that Gr should only be one
among many other indicators in the context of a criteria catalogue. Gr should be
treated as a further screening tool among others. Hence, rankings based on the Gr
score should be handled with care and should not be taken as exclusion criterion in
early decision phases. The reconsideration of Gr as mere supporting tool has further
been emphasized by additional simulations which revealed that both porosity and
reservoir thickness often have a higher influence on storage efficiency as Gr itself.

3 Large-Scale Brine Migration Scenarios

The displacement of resident brine is inevitable during injection of CO2 into a
saline aquifer. Supposably hazardous situations arise when these brines reach
drinking water in caenozoic aquifers. For vast areas of the North German Basin for
example, this requires that brines penetrate from below through the Rupelian clay
barrier. Imaginable scenarios to overcome the Rupelian are manifold. Brine
migration through fault zones into the quarternary was investigated by the Geo-
technologien project BRINE (see Chap. 9 Kempka et al.). A further possibility is
salt water flowing upwards along the flanks of salt diapirs which exist over wide
areas of the North German Basin and which may have broken the Rupelian barrier.
We put the focus of our investigations on the latter type of scenario, since there is
still a poor understanding of the role that salt diapirs would play in CO2 storage
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projects. The participation of experts aims at gathering knowledge and inspires an
intensified discussion while the geological and numerical modelling serves as a
showcase for this type of scenario at realistic temporal and spatial scales.

3.1 Geology and Reference Setup

To construct a geological model for large-scale brine migration scenarios we used
subsurface data from a region in the southwestern German North Sea. This area is
characterised by an anticlinal structure on top of a salt pillow (Permian Zechstein
salt) with overlying Mesozoic and Caenozoic sediments, a configuration repre-
senting a typical structural setting of the North German Basin (NGB). The anticlinal
structure descends gently into a structural low, bordered on an elongated steeply
rising salt wall (diapir) (Fig. 7).

The data base for the 3D structural model consists of digitized depth converted
seismic reflector horizons data (Baldschuhn et al. 2001; Bombien et al. 2012) and
new interpretations (Kaufmann et al. 2014). These data were used to construct
different stratigraphical surfaces by interpolating and gridding the horizons data
using the convergent interpolation technique (software Petrel 2012.1). To account
for the evaluation of risks of pressure increase and accompanied salt water transport
to the near-surface drinking water horizons we added virtual surfaces of important
geological layers which are representative for storage units in the NGB to the final
data set. This modification of the model concerns predominantly the Middle
Buntsandstein unit in which we added a reservoir horizon and the Tertiary. For the
latter we modified the surfaces for the Rupelian-clay to be penetrated by the rising
salt wall. Subsequently, the resultant modified 2D grids of the geological units were
merged into a consistent 3D structural model. Thus, the structural model does not
represent a real location but a realistic spatial configuration. The final 3D structural

Fig. 7 3D view on top of the salt surface. Vertical exaggeration: 2:1
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model covers an area of 58 km × 39 km with a horizontal resolution of 300 m, and a
vertical resolution corresponding to the number of 11 stratigraphical units resolved
in the model. These layers are from top to bottom: Quaternary, Tertiary post-
Rupelian, Tertiary Rupelian, Tertiary pre-Rupelian, Cretaceous, Upper Buntsand-
stein, upper Middle Buntsandstein, the Solling unit of the Middle Buntsandstein
(reservoir horizon), lower Middle Buntsandstein, Lower Buntsandstein and Permian
Zechstein salt. The base of the Zechstein salt varies smoothly over the model with
depth between 3,300 and 4,000 m. In contrast, the depth position of the Zechstein
salt surface is highly differentiated (Fig. 7). This structural pattern affects the
configuration of the overlying Mesozoic and Caenozoic layers and is important for
the temperature and pressure conditions in the Solling reservoir horizon.

To perform brine migration scenarios a 3D volume mesh was developed and
physical parameters depending on the lithology of the respective geological unit
were assigned for each layer. Lithological composition and corresponding geo-
physical parameters of the geological units for the layers are derived from regional
literature data and numerical simulation studies (Larue 2010; Reutter 2011; Schäfer
et al. 2011; Noack et al. 2013). Table 3 shows the main lithological compositions,
the average thickness of the layers, porosity and permeability data assigned to the
model layers. According to the structural configuration of the Zechstein salt layer
the average thicknesses of the geological layers above increase from top of the salt
pillow structure towards the structural low.

Table 3 Properties of the model layers according to Larue (2010), Reutter (2011), Schäfer et al.
(2011), and Noack et al. (2013)

Layer Lithology Thickness (m) Porosity (%) Permeability (mD)

Quarternary Sand, gravel 300 20 1,000

Tertiary post-
Rupelian

Sand, silt 400 15 100

Tertiary Rupelian Clay 80 10 0.001

Tertiary pre-
Rupelian

Sand, sandstone 350 10 100

Cretaceous Chalk, claystone 900 7 10

Upper
Buntsandstein

Salt, anhydrite,
claystone

50 4 0.001

Upper Middle
Buntsandstein

Siltstone 20 4 0.1

Solling Sandstone 20 20 110

Lower Middle
Buntsandstein

Siltstone 110 4 0.1

Lower
Buntsandstein

Clay and siltstone 350 4 0.1

Permian Zechstein Rock salt 1,200a 0 0
a The high thickness of the Zechstein salt layer results from the configuration of salt structures and
varies considerably within the model domain
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For the scenarios we include discontinuities in the regionally important Rupelian
aquitard (Tertiary) and a transition zone (Fig. 8) along the salt flank as such dis-
continuities are supposed to provide permeable pathways for brines which could
reach shallow drinking water horizons. Thereby, the transition zone along the salt
wall represents a higher porous and permeable interface between rock salt and
adjoining rocks.

Based on this model we develop scenarios in which we vary for example hydro-
geological parameters of the geological discontinuities, the injection rate and the
initial state of the system in terms of the salinity distribution. Furthermore we
compare different levels of model complexity with regard to the physical processes
considered and their effects on our results. The aim is to identify the level of model
complexity which is sufficient for this kind of setting with regard to the limited data
availability at hand for the far field.

3.2 Expert Interviews and Evaluation

Stakeholder integration into the process of developing and selecting scenarios was
realised in this context through guideline-based expert interviews. The main
objective to carry out expert interviews focused on eliciting geological structures
and mechanisms that in stakeholders views are most important factors for CO2

induced brine migration. In order to focus interviewees reflections on the geological
model a model sketch has been used to provide the opportunity to fill in drawings of
scenario ideas. As a side effect of sketch use, the expert knowledge should lead to
critical remarks about the model, thus making valuable contributions towards model
construction. In the light of two pre-test interviews carried out the original model
sketch was revised by researchers since interviewees had observed some graphical
inconsistencies. In the following, we used an updated version for carrying out the
interviews. A total of ten face-to-face interviews were conducted in Spring and

Fig. 8 Perspective view of the 3D model with illustrated trend of the transition zone along the salt
wall. Vertical exaggeration: 2:1
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Summer 2013 with interviewees representing public authorities, business and
industry, the science community, and independent experts. These talks referred to
the following key topics:

• Risk evaluation and scenarios for brine migration
• Key parameters and processes influencing brine migration
• Prioritisation of brine migration scenarios
• Specification of brine migration scenarios with the help of the geological model

sketch

A first conclusion resulting from the evaluation of the interviews relates to the
conceptualisation of damage in case brine would come into contact with drinking
water. This issue is assessed from two different angles. Some stakeholders advocate
an ‘absolute’ understanding stressing that as soon as any salt water penetrates
drinking water aquifers, this must be called damage. The others hold the opinion
that the issue of salinisation of groundwater needs to be considered in ‘relative’
terms. For proponents of this perspective damage is not a question of whether there
is, or is not, a contact of brine with groundwater. To their opinion, damage is rather
defined to overcome specific threshold values, i.e. one needs to assess the brine
quantity and its salinity to do risk judgements. This issue remained largely unsolved
during the interviews and hints to differing risk framing among interviewees.
Framing comprises the selection and interpretation what counts as a risk which may
vary among different actors groups due to underlying values influencing their
interests. What is needed is to properly analyse differing framing concepts and start
deliberative processes including all relevant stakeholders in order to identify a
common ground for risk management strategies.

Looking at the suggestions for potential brine migration paths, it became
obvious that the experts clearly differentiate between man-made and geology-
induced risks. The former comprises facilities such as old and new boreholes,
drinking water wells, or open-cut-mining sites. Examples of the latter are cracks and
faults, salt diapirism/dome, thin and non-continuous seal, or non-continuous Rup-
elian clay. The distinction between potential migration paths caused by technical
installations as well as by geological structures comes along with a clear-cut risk
prioritisation. Stakeholders unanimously agreed in estimating geology-based risks
as far more relevant while man-made risks were ranked of minor importance. They
argued, for instance, that faulty abandoned drill holes open the way only for minor
brine flow quantities which can be handled easily with technical measures.

Besides reflecting about the risks of brine migration, the evaluation of the
stakeholder interviews revealed a broad range of key elements for scenario build-
ing. The most important suggestions are outlined in the following:

• Variable boundary conditions: scenarios should consider different boundary
conditions since this has considerable impact on brine displacement and pres-
sure increase mechanisms

• Variable geology: use different geological structures since brine displacement
and pressure increase is highly dependent on the geological structure
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• Variable space dimensions: investigate scenarios with different spatial dimen-
sions (e.g. a large-scale scenario with 100 km)

• Man-made migration paths: integrate drill holes in order to validate expected
impacts such as low displacement quantities and minor increase in pressure

• Variable parameter values: use heterogeneous poro/perm values (rocks) and
pressure/density values (fluids)

• Injection strategy: consider different injection points and volumes
• Pressure management: simulate different volumes of brine production
• Variable discretisation: detailed discretisation of geological weak points against

rough discretisation of huge spatial structures

3.3 Scenario Setup and Preliminary Results

In an internal project workshop in the Spring of 2014 the information obtained from
the expert interviews was condensed to develop scenarios for numerical simula-
tions. The scenarios contain:

• Variable transition zone transmissibility
• Variable injection rates
• Closed and open lateral boundary conditions
• Variable initial salinity distributions
• Pressure management: Additional extraction wells to control the pressure in the

reservoir

The scenario setup and the results will be further reviewed in a stakeholder
workshop. Figure 9 presents a preliminary simulation result that shows the CO2

plume extent after 50 years of injection (injection rate 0.5 Mt per year) for the target
formation (where the CO2 is injected). The model used was an isothermal,

Fig. 9 Top view of the target formation (Solling) showing the CO2 saturation at the end of the
injection period (50 years) as well as two iso-lines of pressure increase. The grey area depicts the
salt wall. The injection rate is 0.5 Mt per year
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immiscible 2-phase flow model already presented in Sect. 2.2. The CO2 plume
extent is small compared to the extent of the pressure increase. Therefore, the study
area needs to be sufficiently large in order to avoid boundary effects. The CO2 is
injected at the flank of an anticlinal structure. Therefore, the CO2 is moving up the
anticlinal structure (away from the salt wall) due to buoyancy forces and the CO2

plume does not gather symmetrically around the injection point. Figure 10 shows
the water mass flux across the transition zone into the Tertiary post-Rupelian during
and after the injection for a scenario where the transition zone along the salt wall is
highly permeable (10−12 m2). After rising to a flux of more than 6 kg/s the flux
gently declines until the end of the injection. This behaviour can be explained by
the movement of the CO2 away from the salt wall. After the injection stops the flux
rapidly drops and even becomes negative as the CO2 is still moving away from the
salt structure with water filling the pore space behind the CO2 plume. The fluxes
slowly return to their initial state as the CO2 reaches the highest point below the cap
rock. It is planned to increase the complexity of the model by including salt
transport along with variable initial salinity distributions.

4 Lessons Learnt

We can already summarise some important lessons that were learnt in the first part
of the project both from the technical and from the socio-scientific point of view.

The Gr number has an undisputed scientific value. However, it is not intuitive to
non-experts and can be used only as a supplementary criterion by geo-scientists and

Fig. 10 Water flux into
Tertiary post-Rupelian across
the transition zone. The
injection ends after 50 years.
The transition zone is highly
permeable with a permeability
of 10−12 m2
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experts. Gr indicates in the absence of permeability data only where the encountered
fluid properties are favourable for an efficient usage of pore space. The participatory
approach led to a revision of the relevance of the Gr criterion and also to a sharp-
ening of the scientific information.

Based on our experiences so far we conclude, that the transfer of scientific
concepts to the practical application can benefit from an early-stage expert evalu-
ation. The Group Delphi appears to be a reasonable method and might be applied to
other fields of CCS research.
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Chances for and Limitations of Acceptance
for CCS in Germany

Elisabeth Dütschke, Diana Schumann and Katja Pietzner

Abstract This chapter presents two studies on the perception and acceptance of
CCS in Germany: the first one is a qualitative case study analysis which examined
four German projects which were initiated for CO2-storage. These include two
commercial projects driven by industry (one in North Frisia, the other one in
Eastern Brandenburg), a joint research and industry project in the Altmark focusing
on Enhanced Gas Recovery (EGR) and a joint research project at Ketzin. Only one
of the four projects, the Ketzin project, was successful in proceeding to CO2

injection and did not elicit local protest. The comparison of the four cases points to
differences in project scale and scope, in the perceived risks and benefits and in the
communication processes, all of which have possibly influenced project acceptance.
The second study investigated and compared the public perception of CO2 offshore
storage, CO2 onshore storage and CO2 transport via pipeline based on a national
and two regional surveys. It shows that CCS is not unknown amongst the German
public; however, the acceptance of CO2 storage is low independent of the place of
storage. Perceived risks and benefits are identified as the main influence factors on
attitudes towards CO2 storage and CO2 transport via pipeline.

1 Introduction

CO2 capture and storage (CCS) is perceived worldwide and in the European Union
(EU) as an important technology which contributes to greenhouse gas (GHG)
emissions mitigation (European Commission 2013; IEA 2013). However, up to
now only few large-scale demonstration projects comprising the complete CCS
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process chain (capture, transport and storage) exist worldwide; none of these
projects includes large fossil fuel power plants yet and none of them has been
implemented within the EU (European Commission 2013; Global CCS Institute
2014). Experience with storing CO2 in Europe has been gained at the storage sites
Sleipner and Snøvhit as part of natural gas extraction. Overall the pace of devel-
opment and uptake of CCS is slow globally and has even stopped in some countries
like Germany where the future of CCS is uncertain at present, despite the enactment
of the CCS law in August 2012 (Fischer 2015). Among other reasons (cp. Stigson
et al. 2012) low levels of acceptance for CCS projects in quite a number of
countries (Brunsting et al. 2010; Dütschke 2010; Pietzner et al. 2010; Bradbury
2012) have been a crucial factor for slowing down CCS deployment. The two
studies presented in this chapter therefore aim to explore the status quo of public
acceptance of CCS in Germany by a combination of methodological approaches
and to extend the knowledge of factors which influence CCS acceptance.

Earlier research on CCS acceptance includes two main streams of analysis: on
the one hand case study research investigates the development of acceptance for
specific CCS projects, on the other hand survey-based research has been under-
taken, usually in order to ascertain awareness and knowledge of CCS among the
general public, and attitudes towards it. In this paper recent work adding to both
streams is included and results are integrated into the discussion section.

Earlier studies about the acceptance of specific CCS projects came to the con-
clusion, that in regions where activities to implement CCS have been started, the
knowledge of the technology is usually higher than among the public in general while
acceptance of CCS is often lower (Reiner et al. 2011, recently also Schumann 2015).
These lower levels of acceptance have also been proven by public and stakeholder
protests against the CCS projects. Earlier case study work has come up with a range
of factors that influence the acceptance of a specific project (Oltra et al. 2012). The
first study presented in this paper draws on these factors and analyzes them specif-
ically for all CO2 storage projects in Germany, adding to the knowledge which
aspects are likely to be relevant for the acceptance of CCS projects in this country.

Earlier research from the second stream focusing on CCS perception has shown
that, although the level of awareness of CCS has been increasing in the past years,
the general public has only limited knowledge of CCS as a technology (special
Eurobarometer 2011; Pietzner et al. 2010; Schumann 2015). This leads to the fact
that public acceptance of CCS can only be reliably assessed if the awareness and
knowledge of the technology is also measured (cp. research on so-called pseudo-
opinions: de Best-Waldhober et al. 2006).

Furthermore, prior research on CCS acceptance has mainly focused on inves-
tigating the capture of CO2 from fossil energy sources (e.g. de Best-Waldhober
et al. 2012; Reiner et al. 2011; Desbarats et al. 2010), with energy production from
coal being predominant. So far acceptance research has hardly differentiated
between different storage options and if so, the focus was on onshore storage
(Pietzner et al. 2010; Pietzner and Schumann 2012; Schumann 2015). Only a few
studies on CCS acceptance have investigated the transport step (see Gough et al.
2014, for a recent exception). In general, the research on public acceptance of CCS
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has been able to point out that the issues around CO2 storage are more likely to
evoke opposition by the public than capture and transport (Hammond and Shackley
2010; Mander et al. 2010; Upham and Roberts 2011; Pietzner et al. 2010; Schumann
2015). This paper tries to extend the current state of knowledge by integrating the
transport step as well as offshore storage. Furthermore, the analysis of CCS per-
ception among the general public is compared to the perception of CCS in two
German regions in order to relate it to the project-specific research.

For the two studies presented in the following sections, two different method-
ological approaches were used (qualitative case studies and quantitative analyses of
the data from the representative surveys)—a combination which supports painting a
differentiated picture of CCS acceptance. More extensive documentation of the
results can be found in published project reports (Dütschke et al. 2014; Schumann
2014) and further publications (Pietzner et al. 2014; Schumann et al. 2014).

2 Case Study Analysis: Public Acceptance of CO2 Storage
Projects

In Germany some pilot installations for carbon capture have been implemented (e.g.
by Vattenfall in Spremberg, by EnBW in Heilbronn). Demonstration projects have
not been realized. For storing CO2 four projects have been started of which three
were finished without injecting CO2 (see Table 1 for an overview). These three
projects include two commercial projects driven by industry, one in North Frisia (led
by RWE), the other one in Eastern Brandenburg (led by Vattenfall), as well as a joint
research and industry project in the Altmark focusing on Enhanced Gas Recovery
(EGR). This last project was based on cooperation between a research consortium
led by Deutsches GeoForschungsZentrum (GFZ) and Gas de France SUEZ (GDF
SUEZ) leading a cooperation of industry partners. The only project proceeding to
store CO2 was the joint research project at Ketzin. All four projects formed the basis
for the case study analysis whose results will be summarized in this section.

The results from the case study analysis presented in this paper follow three
levels of analysis:

• Project characteristics: Comparing project descriptions regarding project aims,
duration, (intended) storage size, project team, comparison of initial plans and
actual implementation etc.

• Communication activities: Documenting communication strategies and actual
activities of the project teams as well as their perception and evaluation by local
stakeholders and citizens.

• Local project acceptance: Qualitative assessment of the local acceptance for the
project by the local public and by local stakeholders. Analysis of the locally
perceived risks and benefits of the projects.

After providing more details about the data base used for the analysis, the
findings will be outlined.
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2.1 Data Base and Analysis

In order to conduct the case study analysis, a broad range of data was collected (see
Dütschke et al. 2014 for more details). The core of the collected data consists of 50
partly standardized interviews that were conducted with individuals from three
major groups: (i) members of the respective project teams; (ii) local representatives
from the four regions, e.g. local opponents, representatives from the churches,
media and local associations, local citizens; (iii) further stakeholders, e.g. from the

Table 1 Overview on project characteristics of the four storage projects

Project Project characteristics

Commercial project North
Frisia

• Led by RWE, a major energy company; to be combined with
joint research project “COAST”
• Long-term aim was to store CO2 from RWE’s coal-fired
power plants
• Active project preparations from 2008 to 2010, officially given
up in 2011
• No field activity at all, research project not started
• Accompanied by local protests

Commercial project
Eastern Brandenburg

• Led by Vattenfall, a major energy company
• Long-term aim was to store CO2 from Vattenfall’s coal-fired
power plants
• Active project preparations from 2009 to 2012
• No field activity at all
• Accompanied by local protests

Research and industry
project Altmark

• Close cooperation of industry project by Gas de France SUEZ
(GDF SUEZ) and Vattenfall with joint research project
“CLEAN”, led by Deutsches GeoForschungsZentrum GFZ,
Potsdam
• Cooperation aimed at combining Enhanced Gas Recovery
(EGR) with CO2 storage in nearly depleted natural gas field
• Project run time from 2009 to 2011
• Necessary technical installations for storage were put into
place, however, no permission issued for CO2 injection (goal:
100,000 t). Geological potential for further storage
• Finished without CO2 injection, but extensive scientific
research was conducted
• Accompanied by local protest since 2010

Joint research project
Ketzin

• Cooperation of research institutes and industry, led by
Deutsches GeoForschungsZentrum GFZ, Potsdam
• Testing all steps of CO2 storage including the injection of a
limited amount of CO2 (max. 100,000 t CO2, injected slightly
more than 67,000 t)
• Site and geological structure has been formerly used for
storage of natural gas albeit in much shallower reservoir
horizons
• Runtime of several research projects from 2004 until today.
Currently closing down activities. No plans for further storage
• No local protests
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permitting authority, funding agency, politicians from the Federal State level. The
interviews were complemented by a broad document analysis which included,
among others, articles from the press, publications on the projects, information
material provided by the project teams or opponents, protest notes e.g. from local
councils, hearings in local, Federal State or national parliaments.

The interviews were fully transcribed and coded along the levels of analysis. The
additionally collected documents were used to validate interview statements. Fur-
ther results from the case study analysis are described in Dütschke et al. (2014) and
Pietzner et al. (2014) and also include an analysis of local media.

2.2 Overall Results

This section summarizes the results of the case study analysis. They will be pre-
sented in an integrated way, i.e. already combining the contributions from the
different levels of analysis. Table 1 gives an overview of the main project char-
acteristics integrating some information about local reactions to the projects as an
indicator of their acceptance.

From the four cases analyzed only the project at Ketzin did not meet public
protest and this is also the only project that succeeded in progressing to actually
injecting CO2. Thus, while public opposition has been dominant in three out of four
projects, a contrasting example exists as well.

The patterns of project characteristics give some idea of hypotheses on the
influence of project characteristics on public acceptance: First of all, the size of the
storage may play a role for public acceptance. The commercial projects North Frisia
and Eastern Brandenburg that aimed for large-scale storage evoked public protest.
Both other projects were limited in storage size for the project duration, however,
while in Ketzin no plans for further storage ever emerged and the focus was always
on a scientific field trial, in the Altmark region commercially sized storage was an
option for the long term.

With regard to communication processes different patterns and reactions were
observed for the four projects: In North Frisia the first contact about the project with
the region took place during official hearings during the permission process. The
project developers were surprised by harsh public reactions which followed the
announcement of the project and had difficulties in responding with a professional
communication strategy. Thus, communication about the project was perceived to
be delayed, that decisions were already taken and that local concerns were not taken
seriously.

In the Altmark, some early contacts with local politicians and information events
about the project took place; however, they were followed by delays in commu-
nication activities and disagreement in the project consortium over the communi-
cation strategy when difficulties in the permission process arose. This led to a
decrease in communication activities which made project opponents the dominant
party informing the public about the project in later stages.

Chances for and Limitations of Acceptance for CCS in Germany 233



In Eastern Brandenburg the project developer sought contact with local stake-
holders in the early phases of the project and came up with information for the
public across various channels including an information office which was installed
in the main town of the discussed storage area shortly after the project was
announced. Still, local stakeholders perceived this information as coming too late
because documents for the permission processes around geological exploration had
been submitted in parallel. Furthermore, information was perceived to be too
positive about CCS.

Finally, in Ketzin, prior to specific planning, the project developer was in contact
with the local community who welcomed the activities. Information campaigns for
the local public emerged in parallel to the actual project implementation and
received varying levels of interests and were generally perceived positively.

Overall, these findings indicate, that professional information strategies do not
necessarily lead to positive effects. Possibly, the affected public and its represen-
tatives seek a participatory role in the siting decision and the further project
development process.

A closer look at local acceptance in the four regions also showed the risks and
benefits discussed on a local level that came up in the interviews in relation to the
projects (see Table 2).

An interview based analysis is always limited as increasing the number of
interviewees might always increase the number of risks and benefits mentioned,

Table 2 Overview on perceived risks and benefits associated with the four storage projects

North Frisia Eastern
Brandenburg

Altmark Ketzin

Perceived
benefits

None None Contribution to
mitigation of
climate change

Contribution to
mitigation of
climate change

Positive effects on
local economy and
infrastructure

Positive
publicity for the
region

Perceived
risks

Risks for
humans,
animals and
wildlife

Risks for
humans,
animals and
wildlife

Risks for humans,
animals and wildlife

Risks due to
high complexity
of technology

Negative
competition
for renewables

Negative
competition
for renewables

Negative
competition for
renewables

Bad publicity
for the region

Risks for drinking
water

Risks for
drinking water

Bad publicity for
the region

Bad publicity
for the region

Local
economic
disadvantages

234 E. Dütschke et al.



i.e. it is not possible to estimate in how far this list is complete or to derive
conclusions about which arguments were most relevant in the local debate. How-
ever, the results show that in the two regions with commercial projects, North Frisia
and Eastern Brandenburg, no benefits through the projects were mentioned in the
interviews. In the research and industry project Altmark some benefits were seen,
however, they are contrasted by a longer list of perceived risks, while the results for
Ketzin are the other way round: On the one hand possible risks are perceived due to
the complexity of the technology in general, however, they are not very specific, on
the other hand benefits are perceived as well. Thus, this finding could lead to the
hypothesis that the uneven distribution of the perception of risks and benefits may
have played a role in different local reactions to the CCS projects.

3 Surveys: Public Perception of CO2 Offshore Storage, CO2

Onshore Storage and CO2 Transport Via Pipeline

Previous research by the authors had shown that the acceptance of CO2 storage
amongst the German public is generally lower than the acceptance of CO2 capture
or CO2 transport (Pietzner et al. 2010; Schumann 2015). However, the previous
studies focused on investigating public acceptance of CCS as a process chain by
which the CO2 would be stored onshore. The question how the German public
would perceive CCS if the CO2 was to be stored under the seabed (CO2 offshore
storage) has not been investigated so far.

Therefore, the aim of this study was to examine the perception of CO2 offshore
storage amongst the German public in comparison to the perception of CO2 onshore
storage and CO2 transport via pipeline. Since a data base which allows investigating
and systematically comparing the public perception of CO2 offshore storage, CO2

onshore storage and CO2 transport via pipeline was not available, three represen-
tative surveys (a nationwide survey and two regional surveys) of the German public
were carried out in 2013.

The survey data was used to analyze and compare the public perception on two
dimensions: firstly between the three regions and secondly across the two storage
options and CO2 pipelines. Furthermore, the factors influencing public attitudes
towards the two CO2 storage options and CO2 transport via pipeline were identified.

In the following the data base and the approaches for the data analysis are
described. Afterwards the results of our analyses are summarized.

3.1 Data Base and Approaches for Data Analysis

In order to generate a sufficient number of cases for statistical analyses, standardized,
representative surveys based on random samples were conducted. Since previous
studies have shown that public perception of CO2 onshore storage differ regionally
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(Schumann et al. 2010), two regional surveys were carried out, in addition to a
nationwide survey. For the regional surveys two regions located on the coast of the
German North Sea were chosen: (1) district of North Frisia (in the following referred
to as “North Frisia”) and (2) district of Aurich plus the islands of Borkum, Langeoog,
Spiekeroog, and Wangerooge (in the following referred to as “Aurich plus islands”).

Coastal regions as study areas were mainly selected because of their proximity to
possible CO2 offshore storage areas. From the coastal regions two regions were
chosen in which activities against CO2 storage already existed, since it was of
interest whether the perception of CO2 offshore storage will differ in regions where
protest against CO2 storage in general is already present. However, an important
difference between the two regions is that in North Frisia the energy company RWE
aimed at exploring the area for the suitability of CO2 storage and failed due to
public resistance (cf. the sections above) while in Aurich plus islands no such
project has been started.

The public perception of CO2 offshore storage, CO2 onshore storage and CO2

transport via pipeline was measured in the surveys by using the indicators self-
reported awareness, factual knowledge, risk perceptions and attitudes (cf. for the
details Schumann 2014). In addition, benefit perceptions of CCS, general values
and socio-demographic characteristics of the respondents were surveyed, because it
was assumed that they can be relevant factors influencing the attitudes towards CO2

offshore storage, CO2 onshore storage and CO2 transport via pipeline.
The questionnaire for the surveys was developed by the authors and is docu-

mented in Schumann (2014). The surveys were conducted by a professional polling
firm with computer-aided telephone interviews (CATI) from mid-March 2013 to
mid-April 2013.

The participants were recruited using multilevel random sampling. 1,000 inter-
views were realized nationwide, 503 interviews in North Frisia and 500 interviews
in Aurich plus islands. The nationwide survey (in the following referred to as “rest
of Germany”) does not include respondents from the two coastal regions. The
representativeness of the samples for the nationwide and regional populations has
been proven by comparing the distributions of the criteria gender, age, professional
qualification and household size with the data of official statistics. Overall, the
comparisons showed that the samples were very representative.

For the analysis of the survey data a two-dimensional comparative approach was
applied: firstly the results according to the three regions were compared, secondly
the perceptions of CO2 offshore storage were compared to the perception of CO2

onshore storage and CO2 transport via pipeline.
The comparisons were conducted along the measured indicators self-reported

awareness, factual knowledge, risk perceptions and attitudes. For this purpose
methods of descriptive statistics (frequencies, means, standard deviations, and cor-
relations) were used. The statistical significance of differences in the results was
tested with non-parametrical tests. Therefore, differences in the results, explained in
the following section, are statistically significant, unless otherwise stated. In order to
identify the factors which determine the attitudes towards CO2 offshore storage, CO2

onshore storage and CO2 pipelines, ordinal regression analyses were carried out.
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3.2 Overall Results

3.2.1 Self-Reported Awareness of CO2 Offshore Storage, CO2 Onshore
Storage and CCS

The results of our descriptive statistical analyses showed that CO2 storage is not
unknown amongst the German public: nationwide half of the respondents has heard
of “storage of CO2 in onshore repositories” and “storage of CO2 under the seabed”,
respectively (cf. Table 3). In the coastal regions the awareness of the terms “storage
of CO2 in onshore repositories/under the seabed” was perceptibly higher than in the
rest of Germany. Furthermore, the percentages of respondents who answered that
they know “quite a bit or a lot” about CO2 storage are approximately twice as high
in the two coastal regions compared to the nationwide average.

In Aurich plus islands the self-reported awareness of the term “storage of CO2 in
onshore repositories” was higher than the self-reported awareness of the term
“storage of CO2 under the seabed”. Nationwide the statistically significant differ-
ences in the awareness of the two terms were only very small, whereas in North
Frisia no statistically significant differences were found.

Table 3 Self-reported awareness of CO2 storage and CCS according to region

Topic Question: “Have you heard about the following topics?”

Region No,
never
heard
of it
(%)

Yes, heard of it, but
know nothing/just a
little bit about it
(%)

Yes, heard of it
and know quite
a bit/a lot about
it (%)

Total
(%)

Storage of
CO2 in
onshore
repositories

Nationwide 49.7 40.6 9.7 100

North
Frisia

32.8 51.1 16.1 100

Aurich
plus
islands

38.8 43.4 17.8 100

Storage of
CO2 under
the seabed

Nationwide 50.2 43.2 6.6 100

North
Frisia

32.4 51.7 15.9 100

Aurich
plus
islands

42.0 44.0 14.0 100

CCS Nationwide 57.3 38.2 4.5 100

North
Frisia

42.5 45.3 12.1 100

Aurich
plus
islands

49.4 38.6 12.0 100
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The self-reported awareness of the term “carbon capture and storage or CCS”
was lower than the awareness of “storage of CO2 in onshore repositories/under the
seabed”. Again, the self-reported awareness was higher in the coastal regions than
in rest of Germany and in North Frisia higher than in Aurich plus islands. The
percentages of respondents who answered that they know “quite a bit or a lot” about
CCS were three times higher in the coastal regions compared to the nationwide
average. The regional differences in the self-reported awareness of CCS are still
statistically significant, when the influence of socio-demographic characteristics is
controlled.

3.2.2 Factual Knowledge About CO2, CO2 Storage and Pipelines

In order to assess the factual knowledge of German citizens, the survey respondents
were asked an open-ended question about CO2. Furthermore they were presented
with five statements about CO2, CO2 storage and pipelines respectively and then
asked to say whether these statements are true or false.

The open-ended question “What does the abbreviation CO2 mean?” was cor-
rectly answered by 63 % of the respondents nationwide. In Aurich plus islands
60 % and in North Frisia 53 % knew that the abbreviation “CO2” stands for carbon
dioxide. An incorrect answer to this question was given by 31 % nationwide, in
North Frisia by 24 % and Aurich plus islands by 26 %. Accordingly, only 6 % of
the respondents nationwide responded that they do not know what the abbreviation
“CO2” means, whereas in North Frisia 23 % and in Aurich plus islands 14 % gave
this answer.

Further analyses also revealed that the majority of the survey participants knew
that CO2 is a greenhouse gas. However, in the coastal regions the shares of the
respondents who gave this correct answer was five percentage points higher in
comparison to the rest of Germany (cf. Table 4). At the same time, the respondents
in the coastal regions more often assigned “CO2” with incorrect negative attributes
than the respondents in the nationwide survey. For example, 77 % of the respon-
dents in North Frisia said that CO2 is poisonous, 38 % answered that CO2 is a water
pollutant and 29 % stated that CO2 is flammable.

The average of correct answers to the knowledge questions on CO2 storage was
considerably higher in the coastal regions than in the rest of Germany. At the same
time the average of incorrect answers was a little higher in the coastal regions
compared to the nationwide survey.

The average of correct answers to the knowledge questions on pipelines was
perceptibly higher in Aurich plus islands compared to North Frisia or the rest of
Germany. The average of incorrect answers was markedly higher in North Frisia
than in the other two regions. The highest average of the answer “don’t know” was
found in the nationwide sample.

The regional differences in the knowledge about CO2, CO2 storage, pipelines are
still statistically significant, when the influence of socio-demographic characteris-
tics is controlled.
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3.2.3 Risk Perceptions of CO2 Offshore Storage, CO2 Onshore Storage
and CO2 Transport Via Pipeline

The results of further statistical analyses showed that the personal and societal risks
of CO2 offshore storage, CO2 onshore storage and CO2 transport via pipeline were
perceived markedly higher in North Frisia than in Aurich plus islands and in the rest
of Germany. The personal risk of CO2 offshore storage was assessed slightly higher
in Aurich plus islands than in the nationwide average. The personal and societal risk
of CO2 transport via pipeline was perceived somewhat lower in Aurich plus islands
than in the rest of Germany.

Concerning the two storage options, our results revealed that nationwide the
personal and societal risk of CO2 onshore storage was assessed higher than the
personal and societal risk of CO2 offshore storage. In North Frisia no statistical
significant differences in the perceptions of the personal and societal risk of the two
storage options were found. In Aurich plus islands the societal risk of onshore
storage was perceived slightly higher than the societal risk of offshore storage,
whereas no statistical significant differences were found with regard to the per-
ceptions of the personal risks of the two storage options.

Compared to CO2 transport via pipeline the personal and societal risks of CO2

offshore/onshore storage were perceived visibly higher in all regions. Furthermore,
the societal risks of CO2 pipelines were assessed higher than the personal risks.

3.2.4 Initial Preference and General Attitudes Regarding CO2 Storage

Regarding CO2 storage, firstly the initial preference of the citizens for CO2 offshore
storage or CO2 onshore storage was surveyed. For this purpose the respondents
received some information about CCS and CO2 storage and were then asked which
storage option they would prefer. Afterwards the respondents were given a second
piece of information and were then asked to assess the risks of CO2 offshore
storage, CO2 onshore storage and CO2 transport via pipeline (cf. section above) as
well as to assess in general the idea to store CO2 under the seabed, to store CO2 in
onshore repositories and to transport CO2 via pipeline, respectively.

Table 4 Knowledge of attributes of CO2 according to region (percentage of respondents who
answered “true”)

Region Question: Please tell me to the best of your knowledge whether each statement
is true or false. CO2 is…

Flammable
(%)

A greenhouse
gas (%)

Poisonous
(%)

Explosive
(%)

A water
pollutant (%)

Nationwide 20.3 75.1 52.6 18.9 20.0

North Frisia 29.4 79.7 76.9 27.4 38.0

Aurich plus
islands

35.6 79.8 68.0 27.2 29.8
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Concerning the question which storage option would be preferred, the survey
results showed that the majority of the German public would spontaneously prefer
that CO2 be stored nowhere at all (cf. Table 5). This general rejection of CO2

storage, which is reflected in the answer “nowhere”, was highest in North Frisia,
and nationwide higher than in Aurich plus islands.

This result is all the more remarkable because the interviewers in the surveys
only read the predefined answers “under the seabed of the North Sea”, “in onshore
repositories, nearby the emission source” and “in onshore repositories, only in
sparsely populated areas” to the respondents. The answers “I don’t care”,
“nowhere” and “elsewhere” were only written down by the interviewers if they
were spontaneously given by the respondents.

The preferences of those respondents who made a choice between the storage
options given also differ regionally: nationwide offshore storage would be preferred
while respondents from the coastal regions would prefer onshore storage close to
the emission source.

The general attitudes of the German public regarding CO2 offshore storage and
CO2 onshore storage were rather negative (cf. Table 6). In the coastal regions both
storage options have been assessed markedly more negatively compared to the
nationwide average. The general attitudes are furthermore visibly more negative in
North Frisia than in Aurich plus islands.

Nationwide the CO2 transport via pipeline was on average generally assessed
neutral (cf. Table 6). In Aurich plus islands the general attitude towards CO2

pipelines was slightly more negative and in North Frisia visibly more negative than
in the rest of Germany.

CO2 onshore storage was evaluated more negatively than CO2 offshore storage
in the nationwide survey. In the regional surveys no statistical differences in the
general attitudes towards the two storage options could be found. In comparison to
CO2 transport via pipeline the attitudes towards CO2 offshore storage/CO2 onshore
storage were perceptibly more negative in all regions.

Table 5 Initial preferences regarding CO2 storage according to region

Question: “Which option for CO2 storage would you prefer?”

Initial preference Region

Aurich plus
islands (%)

North
Frisia (%)

Nationwide
(%)

Under the seabed of the North Sea 18.2 15.3 25.9

In onshore repositories, nearby the
emission source

24.4 21.3 19.9

In onshore repositories, only in sparsely
populated areas

20.0 17.1 14.2

I don’t care 9.0 4.8 7.0

Nowhere 25.6 38.6 31.4

Elsewhere 2.8 3.0 1.6

Total 100 100 100
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3.2.5 Determinants of General Attitudes Towards CO2 Offshore
Storage, CO2 Onshore and CO2 Transport Via Pipeline

In order to investigate the question which factors determine the general attitudes
regarding CO2 offshore, CO2 onshore storage and CO2 transport via pipeline three
ordinal regressions were performed (cf. for the details Schumann 2014; Schumann
et al. 2014).

The results of the regression analyses revealed that the perceptions of the per-
sonal and societal risk of CO2 transport via pipeline/CO2 offshore storage/CO2

onshore storage as well as the perceptions of the personal and societal benefits of
CCS are the most important determinants of general attitudes towards CO2 transport
via pipeline, CO2 offshore storage and CO2 onshore storage. The directions of the
correlations between the risk and benefit perceptions and the general attitudes were
the same in every region and regression model: the lower the personal or societal
risk was perceived by the respondents, the more positive were the general attitudes
regarding CO2 pipelines or CO2 offshore storage/CO2 onshore storage. The lower
the personal or societal benefit of CCS was assessed, the more negative were the
general attitudes regarding CO2 transport via pipeline or CO2 offshore/onshore
storage.

4 Summary of Findings and Discussion

This chapter outlines findings from two studies on CCS perception and acceptance.
The first one, a comparative case study analysis, analysed the four projects North
Frisia, Eastern Brandenburg, Altmark and Ketzin for CO2 storage in Germany of
which only Ketzin proceeded to inject CO2. The Ketzin project is the only one
among the four for which no local protests have been documented. The case study

Table 6 General attitudes towards CO2 offshore storage, CO2 onshore storage and CO2 transport
via pipeline according to regions

Question: “Overall, how do you assess the idea of CO2 offshore storage/CO2 onshore storage/
CO2 transport via pipeline?”

Region CO2 offshore
storage

CO2 onshore
storage

CO2 transport via
pipeline

Meana SDb Meana SDb Meana SDb

Nationwide 3.6 1.8 3.3 1.7 3.9 1.6

North Frisia 2.4 1.8 2.3 1.7 2.9 1.9

Aurich plus islands 2.8 1.9 2.9 1.8 3.6 1.9

Total 3.1 1.9 2.9 1.7 3.6 1.8
a Scale from 1 (=very negative) to 7 (=very positive). The higher the mean the more positive CO2

offshore/onshore storage/transport via pipeline was assessed
b SD standard deviation
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analysis developed assumptions about influence factors on local acceptance on
three levels of analysis: project characteristics, regional context and local project
acceptance. The comparison of the four projects shows that Ketzin was always
clearly limited in scope and scale, i.e. being a research project that stores a limited
amount of CO2. The analysis of communication processes around the projects
clearly indicates that a professional information strategy does not necessarily lead to
an increase of local support for the project. The data suggests that the public and its
representatives may be more responsive to a participatory approach where they can
get involved before decisions are taken as it was perceived by the local stakeholders
at Ketzin. A closer look at the perceptions of the projects themselves additionally
pointed to an uneven distribution of risks and benefits in the four regions with the
most balanced distribution found for the successful Ketzin project. Thus, while the
study points out that storing CO2 may be acceptable to a local community under
certain conditions, it also points out that it is not an easy challenge.

To generalize findings from a post hoc case study analysis means deriving
conclusions under high levels of uncertainty as numerous factors have influenced
the respective outcome of the single case, i.e. determining which single factor has
been decisive for the outcome is not possible. Nevertheless, the findings from the
case study analysis can be interpreted in such a way that finding acceptance for
industry-driven projects does not seem likely in Germany at the moment—inde-
pendent of accompanying measures such as professional and early communication.
Two possible explanations which, however, can not be proven based on this study
are that first trust towards industry is too low and second that higher risks are
ascribed to bigger sized storages. Besides this, balancing perceived risks and
benefits is a further challenge for which so far no effective instruments have been
developed and tested.

The second study investigated the acceptance of CCS by analysing survey data
by descriptive statistics and ordinal regressions. The results of the descriptive sta-
tistical analyses revealed that CO2 storage is hardly accepted by the German public.
Without being provided with this predefined answer, the majority of the respon-
dents answered spontaneously “none at all” to the question which option of CO2

storage they would prefer. In the refusal of CO2 storage no major differences could
be discovered between the two storage options offshore and onshore. The citizens
of the coastal regions refused both storage options in equal measure. In the rest of
Germany CO2 onshore storage was assessed slightly more negatively than CO2

offshore storage. In principle the rejection of CO2 storage was higher in the two
coastal regions than in the rest of Germany and highest in North Frisia. This was
illustrated by higher risk perceptions and more negative attitudes towards both
storage options.

CO2 transport via pipeline was nationwide generally assessed neutrally on
average. In Aurich plus islands the general attitude towards CO2 pipelines was
slightly more negative and in North Frisia visibly more negative than in the rest of
Germany. In comparison to CO2 offshore storage/CO2 onshore storage the attitudes
towards CO2 transport via pipelines were perceptibly more positive in all regions.
Regression analyses showed that the perceptions of the personal and societal risk of
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CO2 transport via pipeline/CO2 offshore storage/CO2 onshore storage as well as the
perceptions of the personal and societal benefits of CCS are the most important
direct determinants of general attitudes towards CO2 transport via pipeline, CO2

offshore storage and CO2 onshore storage.
Taken together both studies point to low levels of acceptance for CO2 storage, in

general in the surveys and, at least for potentially large scale storage, in the case
study analysis. In both studies perceived risks and benefits turned out to be relevant
factors: in the case study analysis they were found to be unbalanced for projects
unsuccessful in storing CO2. In the surveys the perceived risks and benefits turned
out to be the most relevant predictors of attitudes towards CO2 storage and
pipelines.

With regard to the role of information, the case studies suggest that providing
extensive and professional information on CCS does not necessarily lead to a
positive public response. However, as pointed out above, participatory approaches
instead of information focused approaches may be of higher value. The surveys
showed that many people have some knowledge of CO2, CO2 storage and pipelines
while at the same time they have misconceptions about it. This leads to the
assumptions that some information is possibly not accepted by the public or that
information itself can contain misconceptions.

Thus, while this study points out that research on CO2 storage might be
acceptable to the public as demonstrated by the successful project in Ketzin, to find
acceptance for a large scale deployment seems to be a challenge taking into account
the public perception of CCS mirrored in both studies.
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