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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

34 C. Schütze et al.



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.

MONACO—Monitoring Approach for Geological CO2 Storage Sites … 47



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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