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SUMMARY Monitoring of CO2 underground is a rather new application of seismic analysis. A 
comprehensive seismic monitoring program is ongoing within the CO2SINK project. It comprises 
baseline and repeat observations at different scales in time and space: surface 3D and multi-line 2D, VSP 
(Vertical Seismic Profiling), MSP (Moving Source Profiling) and cross-well, which investigate the 
detectability of CO2. We present here the results of small-scale monitoring of the CO2 plume by cross-
well seismic. Three time-lapse sessions were so far performed between the observation wells at Ketzin. 
Changes due to injection have been revealed by covariance tomography while changes were not 
confidently detectable by classic P-wave tomography (velocity and amplitude). 
 
 
INTRODUCTION  
 

The CO2SINK project researches geological CO2 
storage in a saline aquifer near the town of Ketzin, 
west of Berlin (Figure 1). The project, started in 
April 2004, operates an in situ laboratory to fuse 
numerous conceptual engineering and scientific 
studies on geological storage into a full-fledged 
demonstration of onshore storage. The injection 
started on June 30th, 2008. Until May 3rd, 2009, 
~14000 tons of CO2 have been injected in the 
underground. 

Seismic surveys are used to define the subsurface 
geological structure and identify faults or fractures 
that could create leakage pathways. Time-lapse 3D 
seismic imaging uses determinations of P and S 
wave velocity, reflection horizons and seismic 
amplitude attenuation to track CO2 movement in 
and above storage formation. With borehole seismic 
imaging (VSP, MSP & cross-well) similar 
determinations, often of higher resolution than with 
3D, are used to detect in detail the distribution of 
CO2 in the storage formation and the faults and 
fractures distribution. 

A comprehensive seismic monitoring program is 
ongoing within the CO2SINK project. It comprises 
baseline and repeat observations at different scales 
in time and space by surface 3D and multi-line 2D, 
VSP, MSP and cross-well measurements. 

The goals of the CO2SINK seismic program are 
to contribute to the understanding of the structural 
geometry of the site, to monitor the expansion of the 
CO2 plume with time and to produce a cohesive 
interpretation of the seismic results at all scales. 
 
CO2SINK SITE – SEISMIC INVESTIGATIONS 
 

Salt structures have formed in the anticlinal 
overburden structures in northern Germany. The 
Ketzin anticline is such a geological structure that 

could act as natural trap gas /Förster et. al. 2008/. 
Here, in the past, natural gas was stored at depths 
between 250m and 400m. The target for the CO2 
storage within the CO2SINK project is a deeper 
reservoir in the sandstone of the Stuttgart formation, 
at ~ 650m. The cap rocks ensuring sealing of this 
reservoir comprise gypsum and clay.  

Seismic techniques basically measure the 
velocity and energy absorption of waves. The 
transmission is modified by the nature of the rock 
and its contained fluids. The baseline surface 3D at 
Ketzin, a wide coverage survey, was aimed mainly 
at the understanding of the structural geometry 
/Juhlin et. al., 2007/. More focused surveys, from 
surface (multi-line 2D) and from surface to wells 
(VSP and MSP) were done before and are planned 
to be repeated in October 2009, approximately 18 
months after commencement of the injection.  

 

 
Figure 1. Location of Ketzin town, where the CO2SINK site is. 

 



 

 
Figure 2. CO2SINK Site at Ketzin, Germany. 

 
Small-scale monitoring of the CO2 plume was 

attempted by cross-well seismic measurements. 
Three time-lapse sessions were so far performed 
between the observation wells KTZI-200 and KTZI-
202 located at 50m and 120m from the injection 
well KTZI-201 (Figure 4). The pre-injection 
baseline survey was performed in May 2008. Two 
repeats followed in July and August 2008, after the 
breakthrough of the CO2 in KTZI-200. A third 
cross-hole repeat is planned for June 2009, 
following the breakthrough of the gas in KTZI-202 
in March 2009.  

The seismic characterization strategy adopted 
within the CO2SINK project aims to cover the site 
at kilometer scale, while resolving the meter scale. 
Hence, time-lapse investigations at all scales are 
being done, together with modeling and data 
integration, through characterization / prediction / 
validation cycles. The time-lapse multi-line 2D 
survey is meant to tie-in the down-well surveys with 
the 3D, while the time-lapse VSP and MSP surveys 
are meant to cover, with higher resolution a smaller 
region (~300m radius) from more diverse view 
angles and identify possible steeply inclined 
migration paths of the CO2.    
 
BOREHOLE SEISMIC DATA 
 
Data acquisition 
 

A time-distributed VIBSIST piezo-electric 
borehole source /Cosma, 2001/ and a 12-level 
hydrophone chain (Figure 3) were used in wells 
KTZI-200 and KTZI-202, respectively, covering a 
depth range from 450m to 740m. CO2 has been 
injected at a depth of approximately 650m in the 
injection well, KTZI-201 (Figure 2).  
 

 
Figure 3. Piezoelectric SPH-54 boreholes source (left) and hydrophone 
receiver, TC-12 (right) used for cross-well data acquisition at Ketzin. 
The swept impact principle used for generation of high-frequency, 
high-energy data is also illustrated (middle).  
 

 
Figure 4. Geometry of the surface to well (VSP & MSP) and 
cross-well seismic surveys at Ketzin. 
 
Data analysis  
 

A two-step procedure was used for picking the P-
wave arrival times for each of the three cross-well 
data sets. Rough estimates were obtained within a 
window around the first arrival. The preliminary 
picking was done on filtered data to increase the 
trace-to-trace covariance. The result, determined 
accurately, in the 1st stage, for more than 75% of the 
data, was used as initial guess for a second pick, 
done in a shorter window around the preliminary 
picks. Figure 5, Figure 6 and Figure 7 display the 
same shot gather from all three data sets, with the 
picked P-wave first arrivals. Figure 8 illustrates the 
distribution the picked P-wave arrivals for all three 
data sets, along each of the wells. No significant 
variation can be observed between these sets. The 
resulting cross-well P-wave velocity distribution is 
presented in Figure 11.  

Estimates of the seismic attenuation has also 
been computed for all three data sets. Figure 9 
displays the distribution of these along the receiver 
well, KTZI-202. The resulting cross-well seismic 
transparency tomograms are shown in Figure 12. 
 



 

 
Figure 5. Baseline shot gather for receiver at 651m in KTZI-202. 
Arrival times picked on the baseline (red), time lapse 1 (pink) and time 
lapse 2 (dark red) profiles. 

 
Figure 6. Time lapse 1 shot gather for receiver at 651m in KTZI-202. 
Arrival times picked on the baseline (red), time lapse 1 (pink) and time 
lapse 2 (dark red) profiles. 

 

Figure 7. Time lapse 2 shot gather for receiver at 651m in KTZI-202. 
Arrival times picked on the baseline (red), time lapse 1 (pink) and time 
lapse 2 (dark red) profiles. 

 
Figure 8. Variation of P wave arrival times along the source well, 
KTZI-200 (right) and the receiver well, KTZI-202 (left) for the three 
data cross-well data sets: baseline (dark blue), time lapse 1 (yellow) and 
time lapse 2 (green). The geological interpretation /Förster et. al. 2008/ 
of the cross-well section is also shown. 

 

Figure 9. Cross-well seismic attenuation, along KTZI-202, estimated 
for the for the three data cross-well data sets: baseline (dark blue), time 
lapse 1 (magenta) and time lapse 2 (yellow). 

 



 
Further analysis has been done on covariance 

sections, as the ones shown in Figure 10, estimated 
in a window along the first arrivals, from the cross-
well data, between baseline and time lapse 1, 
baseline and time lapse 2 and the two time lapse 
data sets. The resulting cross-well tomograms are 
shown in Figure 13. 

 
Figure 10. Covariance sections estimated from the cross-well data, 
between baseline and time lapse 1. 

 
CROSS-HOLE IMAGING 
 

By taking a series of surveys over time, it is 
possible to trace the distribution of the CO2 in the 
reservoir, assuming the free-phase CO2 volume at 
the site is sufficiently high to identify from the 
processed data. A baseline survey with no CO2 
present provides the basis against which 
comparisons can be made. 

The cross-well data available so far within the 
CO2SINK project have been analyzed to assess 
changes induced by injection. The analyses included 
tomographic inversions of P-wave travel-times 
(Figure 11) and amplitudes (Figure 12), as well as 
covariance analyses (Figure 13) between data sets 
measured in subsequent sessions. Significant 
variations of the first arrivals were not observed 
after injection. Conversely, a weak change of the 
amplitude level appeared after injection close to 
borehole KTZI-200 at the depth of the reservoir. 
This observation is consistent with the relatively 
fast break-through of the CO2 in KTZI-200 and the 
absence at the date of the measurements of CO2 in 
KTZI-202.  

More significant changes after injection have 
been identified by examining the covariance in a 
time window containing the first arrival. The 
covariance analysis produces indications of change 
due to both phase and amplitude. 

Further processing the cross-well data sets for 
reflection imaging instead of only for transmission 

will illuminate a volume around the wells, hence 
increasing the chances of finding and mapping the 
CO2 plume. 
 
RESULTS 
 

Changes due to injection have been revealed by 
covariance tomography while changes were not 
confidently detectable by classic P-wave 
tomography (velocity and amplitude), because of 
the relatively small amount of CO2

 
injected (about 

600 tons) until August 2008, and the thin injection 
interval (about 10 m thick at 650 m depth). Classic 
tomography produced however a velocity model of 
main geological units. The bulk of the CO2 injected 
until September 2008 did not migrate within the 
plane section defined by boreholes KTZI-200 and 
KTZI-202, which made its detection by cross-hole 
seismics a challenging task.  

To-date, activities towards extending cross-well 
seismic analyses and integrating them with 
geoelectric data are ongoing within an extended 
CO2SINK Team, including researchers from 
Helmholtz Centre Potsdam - GFZ and Uppsala 
University.  
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Figure 11. Cross-well P-wave velocity tomography. No significant variation of the first arrivals has been observed after injection.  

 
Figure 12. Cross-well seismic transparency tomography. No significant amplitude change has been observed after injection. 

 
Figure 13. Cross-well seismic difference tomography. 


