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At the CO
2
storage pilot site near the town of Ketzin (35 kmwest of Berlin, Germany) the sandstone reservoir at 630m–650mdepth

is thin and heterogeneous. The time-lapse analysis of zero-offset VSP measurements shows that CO
2
-induced amplitude changes

can be observed on near-well corridor stacks. Further, we investigate whether CO
2
-induced amplitude changes in the monitoring

data can be used to derive geometrical and petrophysical parameters governing the migration of CO
2
within a brine saturated

sandstone aquifer. 2D seismic-elastic modelling is done to test the processing workflow and to perform a wedge modelling study
for estimation of the vertical expansion of the CO

2
plume. When using the NRMS error as a measure for the similarity between

the modelled and recorded repeat traces, the best match is achieved for a plume thickness of 6-7m within the reservoir sandstone
of 8 m thickness. With band limited impedance inversion a velocity reduction at the top of the reservoir of 30%, influenced by
casing reverberations as well as CO

2
injection, is found. The relation of seismic amplitude to CO

2
saturated layer thickness and

CO
2
-induced changes in P-wave velocities are important parameters for the quantification of the injected CO

2
volume.

1. Introduction

The geological storage of CO
2
, as last step of the carbon

capture and storage (CCS) process chain, is applied and
investigated in several pilot and demonstration projects at
different scales, for example, in Cranfield (USA [1]), Frio
(USA [2]), In Salah (Algeria [3]), Ketzin (Germany [4]),
Nagaoka (Japan [5]), Otway (Australia [6]), Sleipner (Norway
[7]), and Weyburn (Canada [8]). Among these, deep saline
aquifers are the geological structures which have the largest
storage potential worldwide [9]. To study the behaviour
of a reservoir during injection and stabilisation, seismic
time-lapse investigations at different scales were established.
Seismicmonitoring of the spreading ofCO

2
in a saline aquifer

is based on the following time-lapse effects: as CO
2
replaces

saline water, the impedance contrast between the gas filled
reservoir and the caprock is increased,which leads to stronger

reflections from top of the reservoir. Furthermore, due to the
reduced velocities in the gas filled reservoir, time delays of
reflections from underneath can be observed.

The 2D and 3D surface seismicmethods [10–12] generally
are accompanied by high-resolution methods like crosshole
seismic [13, 14] or Vertical Seismic Profiling (VSP, [15]). A
VSP survey, monitoring a small scale CO

2
injection in a brine

aquifer of the Frio Formation, is described by Daley et al.
[16].They find a large (∼70%) increase in reflection amplitude
for the Frio horizon and compared the VSP results with
numerical modelling. A good qualitative agreement of the
plume extent is found. Azimuthal differences in the reflection
amplitudes are attributed to lateral heterogeneities imaged by
the VSP which are not captured in the model.

At the CO
2
storage site near the town Ketzin in Germany,

within 5 years of operation, between June 2008 and August
2013, 67 kt of food-grade CO

2
has been injected into a saline
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Figure 1: Location and structure of the Ketzin storage site. Left: Ketzin is located in the Federal State of Brandenburg (Germany) about 35 km
west of Berlin. The Ketzin site is marked as a dot. Right: schematic and vertically exaggerated block diagram of the Ketzin storage site (not
to scale, modified after Liebscher et al. [27]) illustrating the structure and stratigraphy of the Ketzin anticline. The target CO

2
storage zone in

the upper part of the Stuttgart Formation covers the range of 630m–650m below ground level.

sandstone reservoir [4].The storage site is part of an anticlinal
structure in the northeast German Basin (Figure 1, [17, 18]).
The sandstone reservoir is located at a depth of 630m–650m
below the injection site in the upper part of the Triassic
Stuttgart Formation.

An important part of the scientific program at Ketzin is
the site characterisation and themonitoring of the subsurface
migration of CO

2
with several seismic methods at different

scales, ranging from 3D surface seismic to laboratory mea-
surements. One of the key results of the 3D surface seismic
monitoring is a map of the lateral distribution of CO

2
in

the reservoir [19]. Figure 2 shows the normalised amplitude
difference (repeat minus baseline) at the reservoir horizon
(top of Stuttgart Formation). The amplitude difference is the
result of time-lapse processing of the baseline and repeat
surveys, which were recorded in autumn 2005 and in autumn
2009, respectively. At the time of the repeat survey 22 kt–
25 kt have been injected (Table 1). The CO

2
is visible in the

difference map as strong amplitudes at the time interval of
the reservoir.

In addition, the effect of supercritical CO
2
injection on

the P-wave and S-wave velocities of the Ketzin reservoir is
investigated at laboratory scale [20]. The experiments were
carried out on two sandstone core samples from the Stuttgart
Formation.Themeasurements demonstrated that CO

2
injec-

tion has hardly an effect on the S-wave velocity.The influence
of CO

2
saturation on the P-wave velocity is different for both

samples. For the first sample, the maximummeasurable CO
2

saturation was 50%–60%, associated with a P-wave velocity
reduction of 15%-16%. For the second sample, the maximum
measurable CO

2
saturation was 40%, associated with a P-

wave velocity reduction of 20%-21%. These results reflect the
heterogeneity of the reservoir sandstone [21].
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Figure 2:Mapof the normalised amplitude difference (repeatminus
baseline) at the reservoir horizon (top of Stuttgart Formation).
The difference is the result of time-lapse processing of the 3D
surface seismic baseline (recorded autumn 2005) and repeat surveys
(recorded autumn 2009 [19]). The injection well Ktzi201 and the
observationwell Ktzi202 aremarked as dots.The inline 1172, which is
crossing the observation well Ktzi202, is indicated by the black line.

The surface seismic measurements in Ketzin are accom-
panied by several surface-to-borehole seismic methods like
Moving Source Profiling (MSP, [22]) or offset and zero-offset
Vertical Seismic Profiling (VSP). Borehole seismic methods
are expected to have a higher resolution than surface seismic
methods. The zero-offset VSP was acquired to provide near-
well corridor stacks and information about normal incidence
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Table 1: Timeline of 3D surface seismic and zero-offset VSP measurements in Ketzin with correspondent tons of CO2 injected.

Event Run Date Injected CO2

3D surface seismic Baseline Autumn 2005
Zero-offset VSP Baseline November/December 2007
Start of injection 30 June 2008
Breakthrough in Ktzi202 20 March 2009, after 263 days 11 kt
3D surface seismic 1st repeat Autumn 2009 22 kt–25 kt
Zero-offset VSP 1st repeat February 2011 46 kt
3D surface seismic 2nd repeat Autumn 2012 61 kt

reflectivity. We investigate whether CO
2
-induced amplitude

changes in the zero-offset VSPmonitoring data can be used to
derive geometrical and petrophysical parameters governing
the migration of CO

2
within the sandstone aquifer.

The repeatability is crucial for a successful interpretation
of time-lapse data. Within the zero-offset VSP data, time-
lapse differences which are not related to CO

2
injection

are caused by the usage of slightly different seismic sources
(Section 2.1) and by an unfavourable casing situation giving
rise to casing reverberations (Section 2.2). To compensate
for these effects, the standard VSP processing (Section 2.3)
is followed by time-lapse processing (Section 2.4). Based on
the time-lapse processed data a band limited impedance
inversion (method after Ferguson and Margrave [23]) is
performed to calculate the reduction of P-wave velocity
due to CO

2
injection (Section 4). In order to verify the

quality of the inversion, it is also applied to modelled time-
lapse data (Section 3) with the aim to recover the velocity
contrast between the baseline and repeat velocity models.
Furthermore, the 2D seismic-elastic modelling is done to test
the processing workflow and to perform a wedge modelling
study in order to estimate the vertical expansion of the CO

2

plume below the top of the reservoir (Section 5.3).
Based on a petrophysical model, changes in P-wave

velocities can be related to the CO
2
saturation. The vertical

expansion of the CO
2
plume and the saturation are important

parameters for the quantification of the injected CO
2
volume.

2. Acquisition and Processing

2.1. Acquisition. Prior to injection the zero-offset VSP base-
line was recorded in November/December 2007; the repeat
survey was conducted in February 2011 with ∼46 kt of CO

2

injected (Table 1).The location of the injectionwell “CO
2
Ktzi

201/2007” (Ktzi201) is 112m apart from the observation well
“CO
2
Ktzi 202/2007” (Ktzi202), where the zero-offset VSPs

were recorded (Figure 2).
The source and receiver layouts of the zero-offset VSP

baseline and repeat measurements are listed in Table 2. The
baseline was recorded at 132 depth levels, from 45m to 700m
below ground level. The vertical distance between the levels
is 5m. The source was activated on asphalt within the range
of a few meters to the observation well Ktzi202. Since the
upper part of the baseline wavefield is affected by strong
casing waves (Figure 3, [24, 25]), the repeat measurement has

Table 2: Summary of source and receiver layout for the zero-offset
VSP baseline and repeat measurements. The number of depth levels
and the depth range used for processing and imaging are listed as
well. The depth is in meter below ground level (m b.gl.).

Measurement/dataset
Number of

depth
levels

Depth range Source

Baseline 132
45–

700mb.gl.
5m spacing

5m distance to
well

activated on
asphalt

VIBSIST-1000

Repeat 80
325–

720mb.gl.
5m spacing

10m distance to
well

activated on
gravel

VIBSIST-3000

Processed and imaged 49
460–

700mb.gl.
5m spacing

been modified. The influence of the casing is sought to be
reduced by moving the source a few meters and activating
it on gravel. Furthermore, only the lower part of the zero-
offset VSP was repeated.The repeat was recorded at 80 depth
levels, from 325m to 720m below ground level (m b.gl.). The
vertical component of the data sets and only data which are
not affected by casing waves (460m–700m b.gl., 49 depth
levels) are used for further processing and imaging.

As for the 2D surface seismic and Moving Source Profil-
ing in Ketzin [22], a VIBSIST source was used for the zero-
offset VSP measurements (Swept Impact Seismic Technique,
SIST, [26]). For the repeat survey a further development of
the VIBSIST was used, for which the hammer impact energy
has been enhanced from 2500 J/impact to 3000 J/impact.The
data recording was conducted with 3-component RD-XYZ-
cg receivers [22]. After the breakthrough of CO

2
in the obser-

vation well Ktzi202 (Figure 2, Table 1), a lubricator is needed
to access the pressurised well with the receiver string during
the repeat measurement. The sample rate of the recorded
traces is 0.25ms; the recording lengths are 2499.75ms and
2047.75ms for the baseline and repeat surveys, respectively.

The usage of slightly different source types at different
locations and surfaces decreases the repeatability and makes
time-lapse processing necessary.
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Figure 3: Vertical component of the baseline zero-offset VSP together with the casing of Ktzi202 and the lithology within the well (modified
after Daley et al. [25]). Left: casing and cementation (grey) of Ktzi202; the lithology is plotted in the centre of the well [21]. Right: zero-offset
VSP, vertical component with trace balance, and linearmoveout with 6100m/s steel velocity [28].The first breaks in the upper part aremarked
with red dots.

2.2. Influence of the Uncemented Casing on the Data. As
described in Kazemeini et al. [24], in the upper part of the
survey, no clear first arrivals could be identified, because of a
poorly cemented casing. Casing and cementation of Ktzi202
are shown in Figure 3 (modified after Daley et al. [25]). Large
parts of the observation well are completed with multiple
casings, not cemented to one another or to the formation.The
casing is cemented to one another and to the formation only
from 460m to 565m and from 669m to 750m depth. This is
an unfavourable casing situation for recording VSP data [28],
since there is no solid medium (cement) between the casing
and the formation to transmit the seismic energy.The vertical
component of the baseline zero-offset VSP is shown on the
right side of Figure 3. The traces are balanced and a linear
moveout with steel velocity (6100m/s, [25]) was applied.
Apparently, the waves down to 460m below ground level
(m b.gl.) travel along the uncemented steel casing (casing
waves). At 460m b.gl., the first onsets are shifted and the
identification of first breaks is possible when the receivers
are placed in cemented multiple casings. The signal strength
again is seriously reduced between 565m and 670m, but the
identification of phases is still possible (uncemented single
casing situation).

2.3. Zero-Offset VSP Processing. The zero-offset VSP data is
processed, following a similar processing flow as in Kaze-
meini et al. [24]. The raw data of recorded and modelled
zero-offset VSP are shown in Figure 4. The generation of
the modelled data is described in Section 3. Following the
preprocessing (shift-and-stack), the processing of the zero-
offset VSP data is divided into three steps (Table 3, [29]).

Table 3: Summary of the processing steps applied to the zero-offset
VSP data.

Step/purpose Parameters
(1) Time-lapse
processing

Enhance sampling rate to 0.1ms
Cross-correlation time-shift

(2) VSP processing Wavefield separation (9-point
median filter)

(3) VSP processing Trace balance
Outside corridor mute (60ms)

(4) Time-lapse
processing

Bandpass filter
(10–20–80–100Hz)
Wiener filter

(1) The repeat traces are matched to the baseline traces
by application of a cross-correlation time-shift [30].
First, the sampling rate of baseline and repeat data
is increased to 0.1ms to allow a finely resolved
time-shift. Then, the cross-correlation of baseline
and repeat traces is calculated. Finally, the time-
shift between the maximum amplitude of the cross-
correlation and the zero-lag is applied to the repeat
data.

(2) The wavefield separation is done with a 9-point
median filter. The upgoing waves are shifted by the
first break times to the two-way-time and enhanced
with a 9-point median filter. The 9-point median
filters, compared to filters of different order, best
enhanced the upgoing waves while eliminating the
downgoing waves. The horizontally aligned upgoing
waves are shown in Figure 4 for the recorded and
modelled data.
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Figure 4: Zero-offset VSP vertical component, raw data (left column), and processed data after removal of downgoing waves, horizontal
alignment, and enhancement of upgoing waves (right column). The measured baseline, measured repeat, modelled baseline, and modelled
repeat data are shown from top to bottom. Reflections from an anhydrite layer (Figure 3, ∼550m below ground level), labelled K2, are marked
by red lines and the depth of the reservoir is indicated by the blue circle. The blue polygons denote the corridor mute window.

(3) After trace balancing, the last step is the application
of an outside corridor mute of 60ms to account
for propagation effects of upgoing waves, such as
multiples [31]. The width of the corridor mute was
adjusted to achieve good correlation between the
zero-offset VSP data and the 3D surface seismic data.

Figure 4 shows baseline and repeat data of the zero-
offset VSP after removal of downgoing waves, horizontal
alignment, and enhancement of upgoing waves. A reflection
from an anhydrite layer (Figure 3, ∼550m below ground
level), labelled K2, is observed and marked by red lines.
In the baseline data (Figure 4, top left), at the depth range
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Figure 5: Normalised amplitude spectra of the zero-offset VSP baseline for measured and modelled data (top and bottom row). Baseline and
repeat measurements are plotted as black and red lines. In the left and right columns, spectra of raw data and processed data are shown. The
blue line indicates the corner frequencies of a bandpass filter (10–20–80–100Hz) which is applied during the processing.

of the reservoir, a resonance in the wavefield from 0.65 s
downward is observed. This is related to an uncemented part
of the single casing string (Figure 3). The wavefield of the
repeat data displays similar resonance within the reservoir
after the first breaks. The differences between baseline and
repeat measurements will be commented on in Section 5.
Comparing the baseline (Figure 4, top row) and repeat data
(Figure 4, 2nd row), one can notice the increased amplitudes
at the two-way-time of the reservoir (∼0.55 s).

2.4. Time-Lapse Processing. Figure 5 shows the amplitude
spectra of the zero-offset VSPs for recorded and modelled
data. The main frequency content lies between 25Hz and
125Hz, with a centre frequency of 60Hz. There is a clear
difference in the frequency spectra of baseline and repeat
data (Figure 5, top right): the baseline spectrum exhibits two
amplitude peaks at 50Hz and 80Hz, whereas the repeat
spectrum has one main frequency of 60Hz. The differences
between the frequency content of baseline and repeat data

will be discussed in Section 5. In order to make the baseline
and repeat measurements comparable, a bandpass filter with
corner frequencies of 10–20–80–100Hz (blue line in Figure 5)
followed by a Wiener filter is applied to the baseline and
repeat data [32].

3. Modelling of Zero-Offset VSP Data

Modelling of zero-offset VSP data is done to test the process-
ing workflow and to perform a wedge modelling study for
the estimation of the vertical expansion of the CO

2
plume.

Furthermore, themodelling is used to verify the quality of the
band limited impedance inversion, with the aim to recover
the velocity contrast between the baseline and repeat velocity
models.

3.1. Petrophysical Model Parameters. The modelling is based
on a 1D seismic-elastic model, for which the petrophysical
parameters P-wave velocity, S-wave velocity, and density
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Figure 6: 1D seismic-elastic model based on sonic and density logs of the Ktzi202 observation well [21]. Left: P-wave and S-wave velocity
model. Thin black line: P-wave sonic log of Ktzi202. Thick black line: blocky P-wave model layers. Red line: reservoir layer with a velocity
reduction of 30%.Thin green line: S-wave sonic log of Ktzi202.Thick green line: blocky S-wavemodel layers. Right: density model.Thin black
line: density log of Ktzi202. Thick black line: blocky density model layers. Red line: reservoir layer with a density reduction from 2.2 g/cm3 to
2.1 g/cm3. The depth is in meter below ground level (m b.gl.).

are derived from sonic and density logs of the Ktzi202
observation well [21].

The sonic anddensity logs are shown in Figure 6.Thehigh
velocity layer at 550m below ground level is the anhydrite
layer, which can be seen as a clear reflection (K2 reflection) in
the zero-offset VSP data (Figure 4). It has the highest seismic
velocities and densities: V

𝑝
= 5500m/s, V

𝑠
= 2800m/s, and 𝜌

= 2.9 g/cm3. The reservoir zone, at the depth range of 630m–
640m, has low velocities and densities with values of V

𝑝
=

2800m/s, V
𝑠
= 1600m/s, and 𝜌 = 2.2 g/cm3.

(1) P-Wave Velocity. Since only zero-offset VSP receivers
below 460m below ground level are processed and imaged,
a constant P-wave velocity of 2900m/s is assumed in the
upper part of the model (down to 430m below ground level).
To derive the finer structure in the lower part of the model,
where the zero-offset receivers are actually placed, the P-wave
sonic log of Ktzi202 (Figure 6 left, thin black line) is used to
derive a blocky model with an approximate block size of 10m
(Figure 6 left, thick black line).TheCO

2
injection is simulated

by decreasing the P-wave velocity of the model by 30% in
the depth range of the reservoir (Figure 6 left, red line).
This velocity reduction is chosen based on the results of the
impedance inversion of the zero-offset VSP measurements
(see Section 5.2).

(2) S-WaveVelocity.The S-wave velocity is derived in the same
way and for the same model layers as the P-wave velocity
(Figure 6, left). Since laboratory experiments indicated no
change in S-wave velocity due to CO

2
injection, the S-wave

velocity is kept identical for baseline and repeat [19].

(3) Density. Figure 6 (right side) shows the density model,
which is derived in the same way, as the P-wave velocity
model, based on the density log of Ktzi202. A constant density
of 2.3 g/cm3 is assumed in the upper part of the model (down
to 430m below ground level).The CO

2
injection is simulated

by decreasing the density from 2.2 g/cm3 to 2.0 g/cm3 within
the reservoir (Figure 6 right, red line). The density reduction
in the reservoir is based on the following calculations. The
density of the rock matrix 𝜌matrix = 2.5 g/cm3 is derived with

𝜌brine saturated = 𝜌matrix (1 − Φ) + 𝜌brineΦ, (1)

where the density of the brine saturated rock 𝜌brine saturated =
2.2 g/cm3 (Figure 6), the effective porosity is Φ = 20% [33],
and the density of the brine 𝜌brine = 1.2 g/cm3 [19]. Based on
the results of PNG logging (saturationmeasurements), a CO

2

saturation of 50% is assumed [34]. This leads to a density of
the fluid of 𝜌fluid = 0.7 g/cm3 calculated with

𝜌fluid = 𝜌brine𝑆𝑤 + (1 − 𝑆𝑤) 𝜌CO
2

, (2)

where 𝑆
𝑤
is the water saturation and 𝜌CO

2

= 0.2 g/cm3 is the
density of CO

2
[19].The density of the partially CO

2
saturated

rock 𝜌CO
2
saturated = 2.1 g/cm3 is calculated with

𝜌CO
2
saturated = 𝜌matrix (1 − Φ) + 𝜌fluidΦ, (3)

where 𝜌matrix has been calculated with (1).

3.2. 2D Finite-Difference Modelling. The seismic wave prop-
agation is modelled with a 2D finite-difference time-domain
(FDTD) method, which does not consider attenuation and
assumes the elastic parameters to be frequency independent



8 International Journal of Geophysics

2000 3000 4000 5000

P-wave velocity (m/s)

0.2

0.3

0.25

0.35

0.4

0.45

0.5

0.55

Tw
o-

w
ay

-ti
m

e (
s)

(a)

1.5 2 2.5

Density (g/cm3)

0.2

0.3

0.25

0.35

0.4

0.45

0.5

0.55

Tw
o-

w
ay

-ti
m

e (
s)

(b)

5000 10000 15000

Acoustic impedance
((m/s) ∗ (g/cm3

))

0.2

0.3

0.25

0.35

0.4

0.45

0.5

0.55

Tw
o-

w
ay

-ti
m

e (
s)

(c)

Figure 7: Acoustic impedance log (right) derived from the sonic and density logs (left and middle) of Ktzi202. The sonic and density logs
are median filtered and converted from depth to two-way-time. Since the location of the K2 of the 3D surface seismic varies in time, the two-
way-time function is shifted to the K2 for each trace. Here, as an example, the adjustment to the stacked zero-offset VSP baseline is shown
(Figure 8, top left image).

[35]. The FD displacement field calculation is based on a 2nd
order FD operator.

The 1D seismic-elastic model is transferred to a laterally
constant 2D model. In order to avoid boundary artefacts,
the boundary condition of the model is set to absorbing and
the top, sides, and bottom of the model are set to distances
of ∼100m to the source and receiver locations. That leads
to model dimensions of 200m in horizontal direction and
1200m in vertical direction. The whole model is shifted
100m downward, leading to a thick homogeneous top layer,
in which the source is located at 100m depth. The source
and receivers are placed in the centre of the model, with
a horizontal offset of 10m between source and receivers.
The receivers are also shifted 100m downward to 560m–
800m with a vertical distance of 5m. The source is a P-
wave minimal phase, point source with a centre frequency of
60Hz. For the FD computation the seismic-elastic model is
rasterised with a given increment in horizontal and vertical
direction. According to Sandmeier [35], the space increment
corresponds to the minimal wave length. The critical value
of the space increment for the 2D FDTD scheme is 1/8 of
the minimum wave length (𝜆min = (1/8) ⋅ (V𝑠,min/𝑓) =
(1580/180)/8m = 1.10m, Figure 6). If this value is exceeded,
numerical dispersion of thewavelet occurs. For themodelling
a space increment of 1m is chosen. The maximum time
increment depends on the maximum velocity V

𝑝,max as well
as on the given space increment Δ𝑥, with Δ𝑡 ≤ Δ𝑥/2V

𝑝,max =
1/(2 ⋅ 5500) s = 0.09091ms (Figure 6). If Δ𝑡 is chosen too big,
the amplitude increases exponentially with time [35]. The Δ𝑡

is set to 0.09ms, the trace length is 2047.75ms, equal to the
realmeasurements, and only the vertical displacement is used
for further processing and imaging.

The modelled traces are processed in the same way as the
recorded traces (3rd and 4th row of Figure 4). Differences in
geometrical divergence losses between 3D measurement and
2Dmodelling are compensated proportional to the time 𝑡 for
3D losses and proportional to√𝑡 for 2D losses.

4. Band Limited Impedance Inversion

The P-wave sonic and density logs of Ktzi202 are used to
provide the low frequency content required by the inversion
process [23]. The acoustic impedance log is derived from
the sonic and density logs with 𝑧 = V

𝑝
⋅ 𝜌. Figure 7 shows,

from left to right, the P-wave sonic log, the density log, and
the impedance log. The logs are median filtered (10-point
filter) and converted from depth to two-way-time (TWT).
The impedance log is tied to the 3D surface seismic by
shifting the two-way-time function to the upper trough of
the strong double reflection of the K2 (see Figure 8). The
low and high pass frequencies for the impedance log and the
seismic trace are set to 20Hz and 90Hz, with a Gaussian
roll-off of 10Hz. The impedances are converted to P-wave
velocities with Gardner’s equation [36, 37]. The result of the
band limited impedance inversion of the 3D surface seismic
(inline 1172) and zero-offset VSP is discussed in Section 5.2
(Figure 9).
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Figure 8: Comparison of zero-offset VSPwith 3D surface seismic. A detail of the 3D surface seismic inline 1172, which crosses the observation
well Ktzi202 (Figure 2) is shown. The traces of the measured and modelled VSP are plotted side by side and inserted at the intersection of
inline 1172 with the well. From top to bottom baseline, repeat and difference (repeat minus baseline) of 3D surface seismic and VSP are shown.
Consistent phases of 3D surface seismic and zero-offset VSP are marked with diamonds. The VSP data of the left column is bandpass filtered
with corner frequencies of 10–20–80–100Hz; theVSPdata of the right column is bandpass filteredwith corner frequencies of 10–20–50–70Hz.
The black lines mark the positions of the K2 (upper line), the top, and the bottom of the reservoir (middle and bottom line).

5. Discussion

When monitoring CO
2
injection, special attention should

be paid to the repeatability of the time-lapse data. There
are many factors influencing the time-lapse effects in the
zero-offset VSP data in Ketzin. Differences between baseline
and repeat can be source related, since for baseline and

repeat measurements sources with different impact energies
were used. Furthermore, the source was placed on asphalt
close to the well for the baseline measurement, whereas
for the repeat it was moved a few meters and activated
on gravel, which might reduce the influence of the casing
and lead to a stronger attenuation of the signal at higher
frequencies in the repeat data (Section 2.1). The age of the
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Figure 9: Result of the band limited impedance inversion of 3D surface seismic (inline 1172) and zero-offset VSP converted to P-wave
velocities. The stacked traces of the zero-offset VSP data (measured and modelled) are plotted side by side and inserted at the intersection of
inline 1172 with the well. From top to bottom: baseline, repeat, and difference (repeat minus baseline) in percent of the baseline velocity. The
VSP data of the left column is bandpass filtered with corner frequencies of 10–20–80–100Hz; the VSP data of the right column is bandpass
filtered with corner frequencies of 10–20–50–70Hz. The black lines mark the positions of the K2 (upper line), the top, and bottom of the
reservoir (middle and bottom line).

receiver well can have an effect on the repeatability: better
seismic bonding to the formation has been observed as a
well ages, since drilling mud, rock cuttings, and sloughing
that fill the annulus between the casing and the formation
tend to solidify [38]. Other parameters to keep in mind are
source and receiver positions, receiver coupling, near surface
effects (e.g., different weather conditions), and different noise
levels. Time-lapse processing should minimise differences in

the data sets, while the actual time-lapse anomaly should
be preserved. In this study, the repeat traces are matched to
the baseline traces by application of a cross-correlation time-
shift (Section 2.3, [30]). In order to increase the correlation
between the baseline and repeat surveys a bandpass filter
and a Wiener filter are applied (Section 2.4). A parameter to
assess the quality of the seismicmatch is the normalised RMS
error (NRMS) [39]. The NRMS ranges from 0% (datasets are
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identical) to 200% (datasets are completely anticorrelated,
e.g., identical but polarity reversed). The NRMS of the raw
data, calculated over the whole trace including the reservoir,
is 126%, the application of the bandpass filter reduces it to
112%, and by Wiener filtering it is further improved to 76%.

5.1. Comparison of Zero-Offset VSP with 3D Surface Seismic.
Theprocessed traces are vertically stacked (median stack) and
subsequently duplicated 9 times before displaying. Figure 8
shows from top to bottom baseline, repeat, and difference
(repeat minus baseline) of 3D surface seismic and zero-
offset VSP. Two different bandpass filters are applied: in
order to compare zero-offset VSP baseline and repeat data,
a bandpass with corner frequencies of 10–20–80–100Hz is
used (Figure 8, left column). For comparison of the zero-
offset VSP with the 3D surface seismic a bandpass with
corner frequencies of 10–20–50–70Hz is applied (Figure 8,
right column). The different data sets are normalised to the
centre peak of the K2 reflection from the anhydrite layer.
Furthermore, the K2 reflections of zero-offset VSP and 3D
surface seismic are matched in time. Time-shifts are caused
by various statics applied to the 3D surface data like bulk
static shifts to compensate for source delay, refraction statics,
and residual statics [19]. The black lines in Figure 8 mark the
positions of the K2 (upper line) and the top and bottom of the
reservoir (middle and bottom line). The K2 is picked within
the upper trough of the strong double reflection (trough-
peak-trough, [40]). Since the reservoir is not indicated as a
clear reflection, it ismarked 43ms after the K2 pick.The time-
differences between K2 and reservoir are derived by a well-tie
of the sonic log.

When comparing time-lapse zero-offset VSP and 3D
surface seismic, one has to bear in mind that the associated
repeat measurements were recorded at different times. The
3D surface seismic repeat was recorded in autumn 2009 with
22 kt–25 kt of CO

2
injected, whereas the zero-offset VSP was

repeated in February 2011 with 46 kt of CO
2
injected (Table 1).

(1) Baseline (Figure 8, Top Row). The dynamic range of the
amplitudes of 3D surface seismic, recorded, and modelled
zero-offset VSP is comparable. It is possible to identify
consistent phases between 3D surface seismic and zero-offset
VSP, marked with diamonds in the figure. Contrary to 3D
surface seismic and recorded zero-offset VSP, the reservoir is
indicated as a reflection (positive amplitude) in the modelled
baseline data for both frequency bands. The recorded VSP
baseline exhibits weak amplitudes from top of the reservoir to
600ms two-way-time. This is related to an uncemented part
of the single casing string (Figure 3).

(2) Repeat (Figure 8, Middle Row). Increased reflectivity,
caused by the increased impedance contrast between the
caprock and the CO

2
saturated reservoir sandstone, is

observed in the zero-offset VSP repeat data. The amplitudes
of the high frequency VSP data (left side) show a strong
amplitude signature, with ringing extending almost 70ms
below the reservoir. Within the bandpass filtered data (right
side) the increased amplitudes are confined to reservoir
depth. More details of the structure below the top of the

reservoir are resolved in the zero-offset VSP repeat data than
in the 3D surface seismic data. Phases and amplitudes of
recorded and modelled repeat are in good agreement besides
a slight shift below the reservoir.

(3) Difference (Figure 8, Bottom Row). Within the difference
sections (repeat minus baseline), a clear amplitude signature
at reservoir depth is observed. The signature is influenced
by casing reverberations as well as CO

2
injection. The first

amplitude sequence (positive-negative-positive) at the top
of the reservoir is consistent with 3D surface seismic and
modelling data, which indicates a CO

2
influence. The casing

reverberations lead to an amplified amplitude of the signature
and ringing below the reservoir level. A better confinement of
the signature to the reservoir can be achieved by the 10–20–
50–70Hz bandpass filter.

5.2. Determination of Velocity Changes. For the quantifica-
tion of the injected CO

2
volume, the CO

2
saturation is an

important reservoir parameter. Based on a petrophysical
model it is possible to relate the CO

2
saturation to changes in

P-wave velocity [16, 41, 42]. P-wave velocities can be derived
from VSP data by calculating differences in direct arrival
times [43] or with coda-wave interferometry [44, 45]. Both
methods have been tested for the zero-offset VSP data in
Ketzin, but they proved susceptible to noise, picking the first
arrivals or multiples (Yang, pers. comm.). The band limited
impedance inversion produces robust and reliable results and
enables direct comparison with 3D surface seismic data.

Figure 9 shows the results of band limited impedance
inversion of 3D surface seismic (inline 1172) and zero-offset
VSP, converted to P-wave velocities. From top to bottom
baseline, repeat and difference (repeat minus baseline) in
percent of the baseline velocity are shown. The seismic
sections corresponding to this velocity sections are shown in
Figure 8.

The general velocity structure is correctly inverted; for
example, the P-wave velocity of the K2 is 5500m/s and the
baseline velocity within the reservoir is 3000m/s (Figure 9,
top row). Using the band limited impedance inversion it was
not possible to resolve all thin layers evident on the well
logs. The K2 reflector is compressed to a single high velocity
layer but still accompanied by a low velocity oscillation.
The reservoir becomes visible in the repeat data, due to the
decreased P-wave velocity. The decrease in velocity is caused
by the replacement of brine with CO

2
in the effective pore

volume of the reservoir sandstone. Resolving the reservoir
by band limited impedance inversion was not possible; the
wavefield character is still dominating (Figure 9,middle row).
However, it is possible to gain an estimate of the velocity
change within the reservoir (Figure 9, bottom row). The
modelled data are based on a velocity reduction of 30%; after
processing and inversion a velocity reduction of 27% and 22%
was found for the high and low frequency data, respectively.
The velocity change at the top of the reservoir is 30% for the
recorded data (for both bandpass ranges).
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The analysis of PNG logging (CO
2
saturation measure-

ments) performed in March 2011 leads to a mean CO
2

saturation in the reservoir sandstone close to Ktzi202 of 49%
[34]. According to the petrophysical laboratory experiments
(see Section 1, [19]), a CO

2
saturation of 40%–60% would

lead to a P-wave velocity reduction ranging from 16% to 21%,
which is lower than the velocity reduction of 30% estimated
from the VSP data.

A number of reasons can lead to the discrepancy in
the velocity contrast measured at laboratory scale and at
reservoir scale. (1) The laboratory measurements are based
on two core samples which might not entirely represent the
heterogeneous sandstone of the reservoir. (2) Seismic wave
velocities are frequency dependent, generally the velocity
increases with frequency. This effect can lead to a mismatch
between the ultrasonic laboratory measurements and the
field measurements. (3) The velocity reduction of 30%,
inferred from the VSP measurements, cannot be attributed
to CO

2
saturation, only. As for the amplitude difference

(Section 5.1), the velocity change is influenced by casing
reverberations as well as CO

2
injection.

5.3. Estimation of the Vertical Expansion of the CO
2
Plume

from Zero-Offset VSP Data. When using seismic methods
to quantify the injected CO

2
volume, it is necessary to esti-

mate the plume thickness. Wedge modelling is a traditional
approach to link the reflection amplitude of thin layers to
the layer thickness [46, 47]. This approach has been used
to estimate the vertical expansion of the CO

2
plume at the

Sleipner injection site [48, 49].
At Ketzin, the sandstone layer of the reservoir close to

Ktzi202 has a thickness of 8m. When modelling the VSP
experiment it was assumed that the vertical expansion of the
CO
2
plume equals the reservoir layer thickness. A possible

alternative scenario would be that the CO
2
plume migrates

along the top of the reservoir, filling it only partially [50].
In order to derive an estimate of the CO

2
plume thickness

based on the zero-offset VSP data, a wedge model study

was performed based on the P-wave, S-wave, and density
model shown in Figure 6. The thickness of the reservoir
layer, characterised by a 30% P-wave velocity reduction (as
determined in Section 5.2), is reduced stepwise from 12m to
1m. Figure 10 shows the result of wedgemodelling for the 10–
20–80–100Hz bandpass filtered data.

The reservoir is not resolved as separate reflection events
and the wavefield is characterised by the interference of
reflections from top and bottom of the reservoir (positive-
negative-positive). Interference tuning is observed, when the
vertical expansion of the CO

2
saturated layer is reduced in

the model. When using the NRMS error as a measure for the
similarity between the modelled and recorded repeat traces,
the best match is achieved for a plume thickness of 6–7m
within the reservoir sandstone of 8m thickness. This could
reflect results of the PNG logging performed in March 2011.
Baumann [34] found a higher CO

2
saturation of >50% in

the upper 4m of the sandstone layer; in the lower part the
saturation is reduced to ∼30%.

6. Conclusions

Within the framework of CCS exploration, the case study in
Ketzin shows that it is possible to identify consistent phases
within 3D surface seismic data and zero-offset VSP data.
The dynamic range of the amplitudes is comparable for both
methods. More details of the structure below the top of the
reservoir are resolved in the zero-offset VSP data than in the
3D surface seismic data (Figure 8). Modelled and measured
zero-offset VSP data are in good agreement, as well. The
time-lapse analysis of zero-offset VSP data evidences CO

2
-

induced amplitude changes (Figure 8, bottom row), but the
signature is also influenced by casing reverberations. A better
confinement of the signature to the reservoir can be achieved
with the application of a 10–20–50–70Hz bandpass filter
(Section 5.1).

The amplitudes of the baseline and repeat zero-offset
VSPmeasurements, after time-lapse processing and bandpass
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filtering, are considered to have a sufficient reliability for the
deduction of reservoir parameters. It is investigated, whether
CO
2
-induced amplitude changes in the monitoring data can

be used to derive geometrical and petrophysical parameters
governing themigration of CO

2
within the sandstone aquifer,

in particular the reduction of P-wave velocity (band limited
impedance inversion) and the vertical expansion of the CO

2

plume (wedge modelling). These parameters are needed for
the quantification of the injected CO

2
volume.

By performing a band limited impedance inversion it is
possible to gain an estimate of the velocity change within
the reservoir (Figure 9, bottom row). With PNG logging,
a mean CO

2
saturation of 49% is determined, for which

petrophysical laboratory experiments would predict P-wave
velocity reductions of 16%–21%. The modelled zero-offset
VSP data are based on a velocity reduction of 30%; after
processing and inversion a velocity reduction of 27% and 22%
was found for the high and low frequency data, respectively.
Within the recorded data, the inverted velocity reduction
at the top of the reservoir is 30%. Processing and inversion
are considered reliable, since the velocity reduction of 30%,
specified in the seismic-elastic model, is recovered with
sufficient accuracy.Nevertheless, the inverted zero-offsetVSP
velocity reduction should be regarded as an upper bound,
since the amplitudes are influenced by casing reverberations
as well as CO

2
injection. To take these uncertainties into

account when calculating the injected CO
2
volume, the

computation of minimum and maximum scenarios could be
inevitable.

Figure 10 shows the results of a wedge modelling study.
When using the NRMS error as a measure for the similarity
between the modelled and recorded repeat traces, the best
match is achieved for a plume thickness of 6-7m within the
reservoir sandstone of 8m. This could reflect the decreasing
CO
2
saturationwithin the reservoir sandstonemeasuredwith

PNG logging. Wedge modelling can be used to derive the
relationship of reflection amplitude to CO

2
layer thickness.

For the quantification of the CO
2
volume, a combination of

independent ways of obtaining layer thicknesses, like wedge
modelling, spectral decomposition, or the analyses of time
delays, may improve the understanding of the accuracy of the
results.

Zero-offset VSP measurements provided near-well corri-
dor stacks and information about normal incidence reflectiv-
ity. It was possible to estimate the thickness of the CO

2
layer

and the reduction of P-wave velocity.
Uncemented parts of the casing have a significant effect

on the data quality. The analysis of the upper part of the
zero-offset VSP in Ketzin was not possible, since the receivers
were placed in uncemented multiple casing. In the depth
range of the reservoir, casing reverberations influenced the
signal and the imaging of the CO

2
. This could be avoided by

measuring in properly cemented wells, or by the utilisation of
sensors installed behind the casing.The latter also overcomes
the need of a lubricator to enter the well. Further analysis
could include the estimation of attenuation, an important
parameter for the characterisation of properties like satura-
tion, porosity, permeability, and viscosity.
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