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CO 2 Sequestration

Plume development around well KB-502 at
the In Salah CO2 storage site
Philip Ringrose,1* Mansour Atbi,2 David Mason,2 Marianne Espinassous,2 Øyvind Myhrer,2
Martin Iding,1 Allan Mathieson,3 and Iain Wright3 report on the lessons learned so far from
early phase monitoring of the pioneering In Salah CO2 storage project in Algeria by joint
venture partners BP, Sonatrach, and StatoilHydro which has a planned operational lifetime
of more than 20 years.

T

he In Salah project in Algeria is an industrial-scale CO2
storage project that has been in operation since 2004.
CO2 from several gas fields, which have a CO2 content
of 5-10%, is removed from the production stream to
meet the sales gas export specification of 0.3% CO2. Rather
than vent the separated CO2 to atmosphere (as was normal
industry practice for such gas plants), BP and its joint venture (JV) partner, Sonatrach, invested an incremental $100
million in a project to compress, dehydrate, transport, and
inject that CO2 into a deep saline formation down-dip of

the producing gas horizon. StatoilHydro then joined the JV
at production start-up in August 2004. The investors derive
no commercial benefit from the CO2 storage at In Salah,
so it is being used as an experimental and demonstration
project – to learn about CO2 geological storage in deep
saline formations.
The injection formation (Figure 1) is a 20-m thick
Carboniferous sandstone, 1900 m below ground with around
15% porosity and 10 mD permeability. Three state-of-the-art
horizontal CO2 injection wells were drilled perpendicular to the

Figure 1 Summary of the In Salah CO2 injection and storage site at Krechba with the main monitoring activities.
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Figure 2 PSInSAR velocity map (Envisat) over the In Salah area for the period
December 2003 to March 2007 (Vasco et al., 2008).

stress field, and therefore the dominant fracture orientation,
to maximize the injection capacity. By the end of 2008, over
2.5 million tonnes of CO2 have been stored underground.
A joint industry project (JIP) was set up to monitor the
CO2 storage using a variety of geochemical, geophysical,
and production techniques over an initial five year period.

Monitoring results to date
Monitoring data includes geological, geochemical, geophysical, and satellite data (Figure 1). Standard oil industry geological characterization data have been acquired,
including wireline and LWD well logging suites, core
sampling, and 3D seismic. Geochemical monitoring data
collected to date include surface and soil gas monitoring,
down-hole gas measurements (head gas and isotubes samples), and production monitoring. Different tracer chemicals (perflurocarbons) have been used to ‘tag’ the CO2
injected at each injection well, so that any CO2 detected,
can be differentiated from the natural CO2 in the subsurface and traced back to an individual injection well.
Geophysical monitoring data will gain momentum in 2009
with the deployment of a down-hole geophone detector
string in a dedicated well to monitor microseismic events,
and the first time-lapse 3D seismic survey to monitor saturation and pressure changes.
Perhaps the most valuable, and initially surprising,
monitoring method so far has been the use of satellite airborne radar interferometry (InSAR) to detect subtle ground
deformation above the injection wells (Mathieson et al.,
2008). Permanent Scatterer Interferometry (PSInSAR) is
a proprietary, multi-interferogram approach that draws
on the phase changes occurring between a series of radar
images and is specifically designed to overcome the
effects of atmospheric noise and thereby determine surface
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movement histories over periods of several years (Vasco
& Ferritti, 2005). PSInSAR gives an accuracy of around
5 mm/year and up to 1 mm/year for a longer term average.
Another related approach is Differential Interferometry
(DInSAR), which measures changes in a single interferogram developed from two radar images.
Surface uplift has been detected over all three of the In
Salah CO2 injection wells (Vasco et al., 2008; Onuma and
Ohkawa, 2008; Rutqvist, et al., 2008) with corresponding
subsidence also observed over the gas production area.
Figure 2 shows one of the first PSInSAR datasets based
on a two year time sequence of data from Envisat (Vasco
et al., 2008). The observed surface uplift rate is around
5 mm/year. Forward and inverse modelling (Rutqvist,
et al., 2008) of the subsurface pressure increase due to
CO2 injection demonstrates that the surface deformation
is consistent with measured geomechanical data, and is
caused by propagation of the subsurface pressure increase
through the overburden rock sequence to the surface. In
fact, similar millimeter-scale surface movements can be
detected over most onshore oilfields as well as numerous
civil engineering projects, such as bridges, causeways,
and tunnels. Using the satellite observations, we are able
to indirectly ‘image’ the subsurface plume propagation
which follows the expected elongation along the NE-SW
fracture direction (Figure 2). Onuma and Ohkawa (2008)
have also derived surface deformation data for this site
using DSInSAR, and a continuous SAR data acquisition
programme is underway.
A further valuable constraint to the subsurface plume
development was gained by the detection of CO2 breakthrough at a suspended appraisal well (KB-5) 1.3 km to the
NW of injection well KB-502. Tracer analysis confirmed
that the CO2 detected at KB-5 came from KB-502. Reservoir
modelling and history matching of the CO2 breakthrough,
pressure data, and satellite deformation data have allowed
us to build up a detailed picture of the CO2 plume around
injection well KB-502, as outlined below.
The detection of CO2 at the KB-5 wellhead has generated considerable interest, because the greatest risk of CO2
leakage from geological storage sites is expected to be
associated with old wells. The In Salah project had, and
still has, a continuous programme of wellhead inspections,
fluid sampling, and analysis. The KB-5 well history is
summarized below:
a) KB-5 was drilled by Total Exploration in 1980 and
intersects the aquifer leg of the C10.2 reservoir unit.
b) The CO2 breakthrough occurred at sometime between
the two wellhead inspections (August 2006 and June
2007).
c) On 28 June 2007 a gas leak was noticed at the wellhead and
the JV personnel immediately replaced a missing flange on
the wellhead, which stopped the leak. The actual leakage
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at wellhead amounted to no more than a few ft3/day (a very
small volume compared to the volumes injected – around
30 MMscf per day).
d) A KB-5 permanent decommissioning operation is underway (December 2008).
e) Perfluorocarbon tracers were injected into the three CO2
injectors on 1 June 2007. The KB-502 tracer was first
detected at KB-5 in March 2008 confirming that the
source of the CO2 breakthrough was injected CO2. CO2
injection at well KB-502 started in April 2005.
f) Pressure measurement and analysis of the well annuli
show that the wellhead closed-in pressure at both KB-5
and KB-502 are stable and in pressure communication
with the reservoir - therefore not leaking.
As a precaution, the KB-502 injection well has been temporarily shut-down and the compressed CO2 is currently
being injected only into the other two wells, KB-501 and
KB-503. Injection at KB-502 is planned to recommence
soon after permanent decommissioning of KB-5.

Reservoir and aquifer characterization
Using detailed geological characterization and reservoir
modelling, we are able to model the likely development of
the CO2 plume, constrained by these observations. This
integrated analysis illustrates the geological controls on the
movement and dispersion of the CO2 plume, giving invaluable insights into the long-term performance assessment of
this storage site.

Eighteen wells intersect the Carboniferous reservoir
and aquifer zone and have been used to create a detailed
reservoir characterization of the storage system (Figure 3).
In addition to conventional wire line and core data, three
wells have image log data and two have detailed geochemical gas analyses (isotubes). Together with the seismic data,
these data have been used to construct geological and
reservoir models of the reservoir, aquifer, and cap rock
system.
The structural geological setting for the storage site has
been assessed using regional geological analysis (Coward
and Ries, 2003), seismic data, image logs, and core data.
The reservoir at Krechba comprises a broad anticline
caused by mid to late Carboniferous basin inversion and
influenced by strike-slip faults propagating up from the
underlying Devonian sequence. The structural character at
the reservoir level is illustrated in Figure 4, with CO2 injection on the margins of a gentle anticlinal structure. Image
log and core analysis show the presence of conductive
fractures aligned with the present-day stress field (NW-SE),
with fracturing locally controlled by fault and fold architecture. Burial history has included significant periods of
uplift during the Tertiary, resulting in stress relief joints.
The structural setting, integrated with well data, allow us
to construct models of the reservoir and aquifer system
(Iding and Ringrose, 2008) that can best be described as a
fracture-influenced, matrix-dominated sandstone reservoir.
The reservoir matrix comprises tidal deltaic sandstones
with mean porosity of 15% and a mean permeability of

Figure 3 Subsurface dataset around the KB-502 injection well (view from north). Well logs show porosity in red, gamma in coloured spectrum, calliper in grey,
and pre-injection CO2 concentrations in purple. The base reservoir surface and overburden model section also shown.
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Figure 4 Structural geological setting inferred from seismic data at the Carboniferous reservoir level.

10 md. Variable cementation leads to highly variable rock
properties, with permeability measurements ranging from
0.1 to 300 md. The reservoir and aquifer are overlain by a
thick 900 m Carboniferous mudstone sequence.

monitoring of CO2 storage at this site, including time-lapse
seismic, continued satellite monitoring, microseismic data,
tiltmeter data, and geochemical data are likely to shed further
light on the nature of the injected CO2 at In Salah.

Reconstruction of CO2 plume development

Summary

The dynamics of plume development around this injection well
are complex and require further analysis using coupled geomechanical, fracture-flow and multiphase-flow models. Further

Figure 5 Summary of observations constraining the likely CO2 plume development around injection well KB-502.

Using the available subsurface and wellhead observations,
together with the surface deformation data, we have reconstructed and modelled the most likely development of the
CO2 plume around injection well KB-502 (Figure 5). The
main findings are as follows:
n The plume has migrated 1.3 km from KB-502 to KB-5 in a
NW direction within a period of two years – about three
times faster than would have occurred with an homogeneous cylindrical plume.
n Enhanced plume migration in this direction is consistent
with the preferred conductive fracture orientation identified from image-log analysis, geological models, and rock
mechanical studies.
n Reservoir modelling (Figure 6) shows that a corridor, with
a permeability of 1-4 Darcy, gives a consistent match to the
breakthrough observation. The high permeability corridor
appears to correspond to a subtle fault (at the limit of seismic
resolution).
n Surface deformation data indicates plume migration has
probably also occurred to the east of the observation well,
probably following another zone of enhanced permeability.
Pressure data also indicates a more dispersed plume (outside
the permeability corridor towards KB-5).
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These observations relate to early phase monitoring of a CO2
storage project with a planned operational lifetime in excess
of 20 years. There are clearly many remaining uncertainties in
modelling and forecasting the CO2 storage performance at this
site and an ongoing monitoring programme will continue to
provide valuable constraints to the operational and post-clo-
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Figure 6 Example reservoir simulation (Eclipse 300) around injection well KB-502 with flow along the inferred permeability corridor towards KB-5 (CO2 distribution
at circa two years, immediately prior to breakthrough at KB-5).

sure phases of this project. At this stage in the project we can
identify the following key issues that have been shown to be
important at this site and which will contribute to an improved
understanding of CO2 storage elsewhere:
1. CO2 plume development is far from homogeneous and
requires high resolution reservoir characterization and modelling.
2. Advanced wire-line logging and LWD methods together with
geochemical and core analysis have proven to be essential in
reconstructing a realistic picture of the subsurface.
3. Satellite InSAR data has proven highly valuable to monitor
subtle mm-scale surface deformation related to subsurface
pressure changes caused by injection and production.
4. Rock mechanical data and fractured rock characterization
efforts are more important than initially anticipated and
current efforts are focussed on improved geomechanical
modelling and fracture flow processes.
5. Four years of CO2 storage at this site has been successfully
demonstrated and longer-term storage continues to be guided
by a comprehensive, cost effective, and fit-for-purpose storage monitoring programme.

Lawrence Berkeley National Laboratory and Lawrence
Livermore National Laboratory, supported by the US
Department of Energy.
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