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injected at the project site near the town of Ketzin, into the heterogonous Upper

Formation, composed of siltstones and sandstones inter

CO2 reservoir are the Weser and Arnstadt formations containing almost 210 m of mudstone and 

evaporite. There is a 10

formation. (Förster et. al. 2006).
 

The seismic characterization of CO

monitoring elements covering different experimental scales mutually validati

complementing each other. The objective has been to cover the kilometer scale encompassing the 

region where the CO

aquifer in the vicinity of the injecti

smallest scale of all measurements performed, between wells approximately 100 m apart. 

were drilled, one serving as the CO

Crosshole tomographic surveys were repeated between the observation wells located at 50m and 

120m from the injection well in order to provide a

injection and to observe the change of seismic velocities between the observation wells. 

measurements were done in May 2008, followed by three time

and in July 2009.
 

Measuring Equipment

The equipment consisted of a time

level hydrophone chain, 

produced as a series of pulses, following a pre

produced (350 Hz to 3500 Hz), which can be recorded at distances of tens to 

source can be set to produce radial P

was set to maximize the production of radial P
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Figure 1

Zhang, 2010) of the three wells drilled at the injection site at Ketzin

sensitivity 
 

The receiver tool was a 12

to exhibit a minimum sensitivity along the hole, to reduce tube waves and casing noise. 

range is from 10 Hz to 20000 Hz.
 

Data acquisition and analysis

The 2008 measurements covered a depth range from 450m to 740m

26 panels, with 37 source positions spaced at 1m intervals being recorded for each 12m long, 1m

interval 
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SINK project has been the first onshore European CO
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(a) Detail of the active head of the VIBSIST

Zhang, 2010) of the three wells drilled at the injection site at Ketzin

and (e) vertical sensitivity diagram

The receiver tool was a 12-level borehole hydrophone chain. 

to exhibit a minimum sensitivity along the hole, to reduce tube waves and casing noise. 

is from 10 Hz to 20000 Hz.

Data acquisition and analysis 

The 2008 measurements covered a depth range from 450m to 740m

26 panels, with 37 source positions spaced at 1m intervals being recorded for each 12m long, 1m

receiver layout. 

Sustainable Earth Sciences Conference & Exhibition

Technologies for Sustainable Use of the Deep Sub

8-11 Novem

SINK project has been the first onshore European CO

injected at the project site near the town of Ketzin, into the heterogonous Upper

Formation, composed of siltstones and sandstones inter

reservoir are the Weser and Arnstadt formations containing almost 210 m of mudstone and 

20 m thick high vel

 

The seismic characterization of CO2 storage at Ketzin consisted of several investigation and 

monitoring elements covering different experimental scales mutually validati

complementing each other. The objective has been to cover the kilometer scale encompassing the 

can migrate, while resolving at a meter scale the potential heterogeneities of the 

aquifer in the vicinity of the injection site. 

smallest scale of all measurements performed, between wells approximately 100 m apart. 

were drilled, one serving as the CO2 injection well and the other two as observation wells (

Crosshole tomographic surveys were repeated between the observation wells located at 50m and 

120m from the injection well in order to provide a

injection and to observe the change of seismic velocities between the observation wells. 

measurements were done in May 2008, followed by three time

The equipment consisted of a time-distributed VIBSIST

1. The VIBSIST is a time

produced as a series of pulses, following a pre

produced (350 Hz to 3500 Hz), which can be recorded at distances of tens to 

source can be set to produce radial P-waves or S

was set to maximize the production of radial P

(c)
(a) Detail of the active head of the VIBSIST

Zhang, 2010) of the three wells drilled at the injection site at Ketzin

) vertical sensitivity diagram

level borehole hydrophone chain. 

to exhibit a minimum sensitivity along the hole, to reduce tube waves and casing noise. 

is from 10 Hz to 20000 Hz. 

 

The 2008 measurements covered a depth range from 450m to 740m

26 panels, with 37 source positions spaced at 1m intervals being recorded for each 12m long, 1m
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SINK project has been the first onshore European CO2 injection experiment. CO

injected at the project site near the town of Ketzin, into the heterogonous Upper

bedded with mudstones. The cap rocks for the 

reservoir are the Weser and Arnstadt formations containing almost 210 m of mudstone and 

ocity anhydrite layer (K2) at the top of the Weser 

storage at Ketzin consisted of several investigation and 

monitoring elements covering different experimental scales mutually validati

complementing each other. The objective has been to cover the kilometer scale encompassing the 

can migrate, while resolving at a meter scale the potential heterogeneities of the 

The crosshole measurements were meant to cover the 

smallest scale of all measurements performed, between wells approximately 100 m apart. 

injection well and the other two as observation wells (

Crosshole tomographic surveys were repeated between the observation wells located at 50m and 

high-resolution model for the reservoir near the 

injection and to observe the change of seismic velocities between the observation wells. 

measurements were done in May 2008, followed by three time-lapse repeats in July and August 2008 

-SPH piezoelectric borehole source and a 12

The VIBSIST is a time-distributed source, the 

programmed time sequence. High frequencies are 

produced (350 Hz to 3500 Hz), which can be recorded at distances of tens to 

waves. For the CO2SINK surveys, the wedging angle 

(d) 

SPH piezoelectric source; 

Zhang, 2010) of the three wells drilled at the injection site at Ketzin, (c) TC 

level borehole hydrophone chain. The units used at Ketzin were designed 

to exhibit a minimum sensitivity along the hole, to reduce tube waves and casing noise. 

The 2008 measurements covered a depth range from 450m to 740m. The recording was performed in 

26 panels, with 37 source positions spaced at 1m intervals being recorded for each 12m long, 1m
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In July 2009, the upper layouts were skipped due to the absence of liquid in the receiver hole KTZI-

202, where the CO2 had arrived and displaced the water. Both the source and the hydrophones were 

installed through lubricator towers (Figure 2) that allowed the tools to be moved while maintaining 

the boreholes pressure-tight. 
 

(a) (b) 

 

 

 

 
(c) 

Figure 2. (a) The hydrophone chain before installation; (b) being installed through the pressure-tight 

lubricator tower and (c) May 2008 (1
st
), July 2008 (2

nd
), Aug 2008 (3

rd
) & July 2009 (4

th
), shot gathers at 

injection layer level. 
 

The frequency band selected for the filter is as wide as possible (350 – 1350 Hz), the rejected spectral 

components corresponding to clearly identified sources of noise. As it can be seen from Figure 2, all 

2008 gathers display very similar tube wave patterns. The 2009 gather displays patterns resembling 

the 2008 records, but differences can be noted. A data preparation and conditioning processing 

sequence was applied, consisting mostly of eliminating high amplitude tube-waves and spectral 

equalization. Picking of the first arrival times was done accurately and without problems on most of 

the traces. The time differences are minimal for the baseline and the two repeats done in 2008.  
 

Tomographic inversions and time-lapse analysis  

With crosshole tomography, access to the region of interest is gained through boreholes, seismic 

signals being generated in one borehole and received in another. This makes the solution of the 

tomographic problem dependent on how accurately the coordinates of the boreholes and the position 

of the instruments along the boreholes can be determined.  

 

To produce a resolved and reliable image, the crosshole tomographic method requires that the 

positions of the sources and receivers are determined with an accuracy of fractions of a meter at 

depths that may exceed hundreds of meters. In this case, it has been difficult to evaluate accurately 

borehole deviations as a part of the velocity inversion, due to the strongly refracted field components 

over the anhydrite (K2) layer, where P wave velocity is ~5500m/s. However, correcting for errors of 

the order of 1m of the actual distance between the holes can produce a better focused picture. The 

areas covered by less rays tend to attract accumulating artifacts. 

 



Bent ray tracing was used for tomographic inversion of all crosshole data sets. 

ray pattern derived from the baseline data. The K2 high velocity layer gathers refracted rays from a 

depth range of nearly 100m. The reservoir depth around 650 m is however well covered. 

displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. 

(d) shows the second repeat (August 2008) data with the same color scale. 

Figure 3

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

limited for

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 

different details are more likely attri
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Bent ray tracing was used for tomographic inversion of all crosshole data sets. 

ttern derived from the baseline data. The K2 high velocity layer gathers refracted rays from a 

depth range of nearly 100m. The reservoir depth around 650 m is however well covered. 

displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. 

(d) shows the second repeat (August 2008) data with the same color scale. 
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3. (a) Tomographic inversion of the baseline crosshole data and (b) ray pattern; Baseline (May 2008, c) 

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

limited for display from 3000 to 3300 m/s, to emphasize details of the target aquifer. The anhydrite layer, K2, 

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 

different details are more likely attri

Attenuation tomographic inversion (A=

baseline, repeat 1 and repeat 2 data sets. The progress of the CO

but the aquifer could be outlined by higher attenuation. 

4. (a) Attenuation maps of the May 2008 and August 2008 crosshole data sets. The maximum 

attenuation is normalized to 1000. (b) Covariant tomographic inversion of sets: difference July

and difference August–

The low amplitude at depth 550 m is likely an artefact produced by ray path noise of the waves 

refracted through the anhydrite layer, K2.

Covariant tomographic inversion of difference sets are also in 

has been multiplied with a symmetric function depending on the amplitudes of two data sets, 

estimated of in window after the P wave arrivals. Lhe left panel of 
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Bent ray tracing was used for tomographic inversion of all crosshole data sets. 

ttern derived from the baseline data. The K2 high velocity layer gathers refracted rays from a 

depth range of nearly 100m. The reservoir depth around 650 m is however well covered. 

displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. 

(d) shows the second repeat (August 2008) data with the same color scale. 
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Tomographic inversion of the baseline crosshole data and (b) ray pattern; Baseline (May 2008, c) 

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

display from 3000 to 3300 m/s, to emphasize details of the target aquifer. The anhydrite layer, K2, 

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 

different details are more likely attributable to time picking and ray path computation noise. 

Attenuation tomographic inversion (A=-Log(amplitude)) results are shown in 

baseline, repeat 1 and repeat 2 data sets. The progress of the CO

but the aquifer could be outlined by higher attenuation. 

(a) Attenuation maps of the May 2008 and August 2008 crosshole data sets. The maximum 
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May 2008 (right). 
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Bent ray tracing was used for tomographic inversion of all crosshole data sets. 

ttern derived from the baseline data. The K2 high velocity layer gathers refracted rays from a 

depth range of nearly 100m. The reservoir depth around 650 m is however well covered. 

displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. 

(d) shows the second repeat (August 2008) data with the same color scale. 
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Tomographic inversion of the baseline crosshole data and (b) ray pattern; Baseline (May 2008, c) 

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

display from 3000 to 3300 m/s, to emphasize details of the target aquifer. The anhydrite layer, K2, 

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 

butable to time picking and ray path computation noise. 

Log(amplitude)) results are shown in 

baseline, repeat 1 and repeat 2 data sets. The progress of the CO2 plume cannot readily be pointed out, 

(a) Attenuation maps of the May 2008 and August 2008 crosshole data sets. The maximum 

attenuation is normalized to 1000. (b) Covariant tomographic inversion of sets: difference July

de at depth 550 m is likely an artefact produced by ray path noise of the waves 

Covariant tomographic inversion of difference sets are also in Figure 

has been multiplied with a symmetric function depending on the amplitudes of two data sets, 

estimated of in window after the P wave arrivals. Lhe left panel of Figure 
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displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. 
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Tomographic inversion of the baseline crosshole data and (b) ray pattern; Baseline (May 2008, c) 

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

display from 3000 to 3300 m/s, to emphasize details of the target aquifer. The anhydrite layer, K2, 

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 

butable to time picking and ray path computation noise. 

Log(amplitude)) results are shown in 

plume cannot readily be pointed out, 

(b) 
(a) Attenuation maps of the May 2008 and August 2008 crosshole data sets. The maximum 

attenuation is normalized to 1000. (b) Covariant tomographic inversion of sets: difference July

de at depth 550 m is likely an artefact produced by ray path noise of the waves 

Figure 4. The correlation coefficient 

has been multiplied with a symmetric function depending on the amplitudes of two data sets, 

Figure 4 (b) 

Figure 3 displays the 

ttern derived from the baseline data. The K2 high velocity layer gathers refracted rays from a 

depth range of nearly 100m. The reservoir depth around 650 m is however well covered. Figure 

displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. 

(d) 
Tomographic inversion of the baseline crosshole data and (b) ray pattern; Baseline (May 2008, c) 

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

display from 3000 to 3300 m/s, to emphasize details of the target aquifer. The anhydrite layer, K2, 

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 

butable to time picking and ray path computation noise.  

Log(amplitude)) results are shown in Figure 4

plume cannot readily be pointed out, 

(a) Attenuation maps of the May 2008 and August 2008 crosshole data sets. The maximum 

attenuation is normalized to 1000. (b) Covariant tomographic inversion of sets: difference July–May 2008 (left) 

de at depth 550 m is likely an artefact produced by ray path noise of the waves 

. The correlation coefficient 

has been multiplied with a symmetric function depending on the amplitudes of two data sets, 

 is shown in 
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ttern derived from the baseline data. The K2 high velocity layer gathers refracted rays from a 

Figure 3 (c) 

displays the same data as (a), with the color scale limited between 3000 m/s and 3300 m/s. Figure 3 

 
 

Tomographic inversion of the baseline crosshole data and (b) ray pattern; Baseline (May 2008, c) 

and second repeat (August 2008, d) velocity fields at the level of the injection layer. The velocity range has been 

display from 3000 to 3300 m/s, to emphasize details of the target aquifer. The anhydrite layer, K2, 

becomes invisible, as its velocity is higher than the range selected. Charts (c) and (d) are not identical, but the 
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(a) Attenuation maps of the May 2008 and August 2008 crosshole data sets. The maximum 

May 2008 (left) 

de at depth 550 m is likely an artefact produced by ray path noise of the waves 
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(a) and compared with the IP-migratied difference of the Repeat 1 (July 2008) and Baseline (May 

2008) data sets.  

 

Conclusions 

The crosshole time-lapse surveys were meant 

to follow the migration of the CO2 during 

injection. As modelling assumptions lead to 

the accurate prediction of the CO2 

breakthrough in KTZI-200, the baseline and 

two repeat surveys were carried out over a 

three-month span in 2008, when the quantity 

of CO2 injected was approximately 1000 

tons. The small quantity injected and the 

evolution of the plume mainly outside the 

plane of the crosshole section measured were 

a serious challenge to routine techniques, e.g. 

travel time and amplitude inversion, which 

could not present convincing evidence of the 

CO2 plume intersecting the crosshole plane.  

 

The covariance inversion method exemplified 

here uses changes in the character of the 

wavelet, including its coda, which apparently 

increases significantly the sensitivity of the inversion.  

 

The IP pre-stack migration identifies a quite similar finger-shaped area at the same depth as the 

covariance inversion. The amplitude calibration prior to subtracting the data has been performed 

based on the response of K2 and extrapolated. Indeed the K2, at 550 m depth, vanishes almost 

completely, but shot footprints can steel be seen near KTZI-200. Nonetheless, the most important 

feature of the difference migration remains the one that can be associated with a CO2 plume touching 

KTZI-200 but avoiding KTZI-202, which is consistent with the situation at the time of the repeat 

measurements. A forth crosshole repeat made in 2009, after the CO2 breakthrough in KTZI-202, not 

presented here, showed clear travel time delays associated with the CO2 plume.  
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