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ABSTRACT

A 3D 25-fold seismic survey with a bin size of 12 by 12 m and
about 12 km2 of subsurface coverage was acquired in 2005 near a
former natural gas storage site west of Berlin, as part of the five-
year EU funded CO2SINK project. Main objectives of the seis-
mic survey were to verify earlier geologic interpretations of
structure based on vintage 2D seismic and borehole data and to
map, if possible, the reservoir pathways in which the CO2 will
be injected at 650 m depth, as well as providing a baseline for
future seismic surveys and planning of drilling operations. The
uppermost 1000 m are well imaged and show an anticlinal
structure with an east-west striking central graben on its top
that extendsdown to the target horizon. About 30 m of throw
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s seen on the bounding faults. No faults are imaged near the
lanned drill sites. Remnant gas, cushion and residual gas, is
resent near the top of the anticline in the depth interval of about
50–400 m and has a clear seismic signature; both higher ampli-
udes in the reservoir horizons and velocity pulldown are ob-
erved.Amplitude mapping of these remnant gas horizons shows
hat they do not extend as far south as the injection site, which is
ocated on the southern flank of the anticline. Amplitude anoma-
ies, gas chimneys along an east-west striking fault, show that the
tored or remnant gas either has been or is presently migrating
ut of the reservoir formations. Summed amplitude mapping of
he planned injection horizon indicates that this lithologically
eterogeneous formation may be more porous at the injection
ite.
INTRODUCTION

Storage of CO2 in saline aquifers is, perhaps, the most promising
nd relevant sequestration option for Europe. Saline aquifers are
biquitous, and their storage capacity exceeds that of depleted oil
nd gas fields. The CO2SINK project �Förster et al., 2006�, officially
tarted in April 2004, is aimed at developing an in situ laboratory for
O2 storage to fill the gap between numerous conceptual engineer-

ng and scientific studies on geological storage and a full-fledged on-
hore sequestration demonstration. Major objectives of the project
re to �1� advance the understanding of the science and practical pro-
esses involved in underground storage of CO2 to reduce emissions
f greenhouse gases to the atmosphere, �2� build confidence to-
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ards future European CO2 geologic storage, and �3� provide opera-
ional field experience to aid in the development of harmonized reg-
latory frameworks and standards for CO2 geologic storage.
The in situ laboratory selected for the project is the Ketzin anti-

line near Berlin, Germany �Figure 1�. The site includes industrial
and and some infrastructure, which makes it suitable as a testing
round for a small-scale demonstration of CO2 injection. Natural gas
methane� was stored at the site at depths of 250–400 m in Jurassic
andstones until the year 2000. The site was abandoned in 2004, but
nfrastructure from the facility is still partially in place. These sand-
tones, together with interlayered mudstone, siltstone, and anhydrite
orm a shallow multiaquifer system. The target formation for injec-
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ion of CO2 lies deeper, at depths of 500–700 m, in the lithologically
eterogeneous Upper Triassic Stuttgart Formation. Plans are to drill
hree boreholes, one injection borehole and two observation bore-
oles with a spacing of about 50–100 m, into the flank of the Ketzin
nticline down to the Stuttgart Formation. Nearly pure CO2 will be
njected into the saline-water-bearing sandstone units at a rate of ap-
roximately 100 tons/day for a period of up to two years, starting in
ate 2007.

An important component of the project is monitoring the move-
ent of injected CO2 using seismic methods. Seismic monitoring
ethods that will be applied include crosswell, vertical seismic pro-
le �VSP�, moving source profiling �MSP�, and 2D and 3D time

apse techniques. In 2004, surface seismic sources were tested in a
ilot study at the Ketzin site �S. Yordkayhun et al., personal commu-
ication, 2007� for the 3D baseline seismic survey that was acquired
n 2005. Main objectives of the 3D survey were to �1� provide, if pos-
ible, an understanding of the structural geometry for flow pathways
ithin the reservoir, �2� provide a baseline for later evaluation of the

ime evolution of rock properties as CO2 is injected into the reser-
oir, and �3� provide detailed subsurface images near the injection
orehole for planning the drilling operations. The baseline seismic
urvey contained two components: a full 3D survey of the entire area
sing a weight-drop source, and a focused pseudo-3D survey near
he injection site using a VIBSIST source �Park et al., 1996; Cosma
nd Enescu, 2001�. The latter seismic survey will be repeated within
he project framework to add a surface time lapse component to the
tudy.

In this paper, we focus on presenting results from the 3D baseline
eismic survey that covers an area of about 12 km2 �subsurface cov-
rage�. We first present background information on the geologic set-
ing, acquisition, and processing before summarizing our interpreta-
ions. We find that the geologic structure of the anticline is well im-
ged to target depth and below. Both important seismic horizons and
ubvertical faults near the top of the anticline can be mapped. In ad-
ition, the seismic data allow us to map the extent of remnant storage
as that was not removed from the aquifers when the site was aban-
oned in 2004. Finally, we comment on the field parameters used in
he survey and our potential capability to track movements of the in-
ected CO2 at this site with seismic methods.
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igure 1. Location of the Ketzin site in the mid-European Permian
asin �gray shaded�. Map after Lokhorst �1998�. Figure from Förster
t al. �2006�.
GEOLOGIC SETTING

The Ketzin site �Figure 1� is located in the Northeast German Ba-
in �NEGB�, part of a Permian basin system that extends from the
outhern North Sea across Denmark, The Netherlands and northern
ermany to Poland �Ziegler, 1990�. The development of the basin

ystem began with initial rifting in the early Permian. Subsidence
ollowed the rifting with the deposition of Permian clastic rocks and
he Upper Permian Zechstein salt. A phase of accelerated subsid-
nce, which started in the late Permian, was followed by relatively
ow subsidence rates from the middle Triassic to early Jurassic. Ma-
or rift- and wrench-tectonics in the Triassic, Jurassic, and early Cre-
aceous in western and central Europe, entailing a renewed destabili-
ation of the lithosphere, only affected the North German platform to
minor degree �Ziegler et al., 1995�. In the NEGB, this renewed tec-

onic activity resulted only in the formation of local north-northeast–
outh-southwest directed depocenters �e.g., the Rheinsberg Trough�,
ut no large-scale increased �thermal� subsidence �Scheck and
ayer, 1999�. The late Cretaceous and Paleocene compressional/

ranspressional intraplate deformation in the Alpine foreland of Eu-
ope �Ziegler et al., 1995� also affected the NEGB, but also only to a
inor degree compared to areas further to the west �e.g., the Lower
axony Basin� and to the east �the Polish Trough�, both of which in-
erted at that time. The NEGB remained mainly metastable with
nly some local highs and marginal troughs developing. Since the
riassic, salt flow has formed pillows, walls, and diapirs, resulting in

he deformation of the Mesozoic overburden into a system of anti-
lines and synclines �Kossow et al., 2000�. It is on the eastern part of
double anticline, the Roskow-Ketzin anticline, that the Ketzin site

s located.
The anticline formed above an elongated salt pillow situated at a

epth of 1500–2000 m. The axis of the anticline strikes north-north-
ast–south-southwest and its flanks dip gently at about 15° �Förster
t al., 2006�. Triassic �Buntsandstein, Muschelkalk, and Keuper� and
ower Jurassic formations constitute the immediate, structurally de-

ormed overburden above the salt pillow �Figure 2�. The stratigraph-
c succession indicates a first gentle uplift of the Ketzin anticline be-
inning in the early Triassic. Major uplift began first about 140 Ma
go, resulting in total erosion of the Lower Jurassic/Toarcian and the
iddle and Upper Jurassic formations. A second uplift event oc-

urred at 106 Ma that resulted in erosion of Lower Cretaceous rocks.
he total thickness of the eroded rocks is on the order of 500 m. Up-
er Cretaceous rocks were probably never deposited in the area since
structural high existed during these times �Stackebrandt and Lipp-

treu, 2002�. Sediments of the Oligocene �Rupelton� form the first
eologic formation unaffected by anticlinal uplift and rest above Ju-
assic sediments. These transgressive sediments are the first indica-
ions of regional downwarping of the central parts of the Northeast
erman Basin, a process that is still active today �Stackebrandt and
ippstreu, 2002�.
The topography of the Ketzin area is relatively flat, but does con-

ain some isolated highs consisting mainly of Quaternary sands. Vin-
age reflection seismic profiles �Figure 3� and stratigraphic and litho-
ogical information from the many shallow boreholes drilled in the
rea provide information on the local subsurface geology. The target
or the CO2 injection at Ketzin is the 80 m thick and lithologically
eterogeneous Stuttgart Formation of Middle Keuper �Upper Trias-
ic� age at depths of 500–700 m �Figure 2�. Sandy channel-facies
ocks of good reservoir properties alternate with muddy flood-plain-
acies rocks of poor reservoir quality within the Stuttgart Formation.
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andstone intervals may attain a thickness of several tens of meters
here subchannels are stacked on top of one another with widths up

o several hundreds of meters �Wurster, 1964�. Playa-type rocks �of
he Weser and Arnstadt formations�, consisting mainly of claystone,
ilty claystone, and anhydrite, form an approximately 210-m-thick
aprock section above the Stuttgart Formation. The 10–20 m-thick
nhydrite layer is known as the Heldburg-Gips and marks the top of
he Weser Formation �Figure 2�. This anhydrite layer is mapped as a
lear reflection on the vintage regional seismic surveys in the area
nd has been named the K2 �Keuper� reflector. The top of the anhy-
rite lies about 80 m above the top of the Stuttgart Formation.

Jurassic sandstones are found above the Arnstadt Formation,
etween 250 and 400 m depth, and were used for the industrial stor-
ge of natural gas until the year 2000. These sandstones, together
ith interlayered mudstone, siltstone, and anhydrite, form a multi-

quifer system.ATertiary clay �the Rupelton�, about 80–90 m thick,
orms the caprock for this aquifer system. This Tertiary clay acts as a
ajor aquitard separating the saline waters �brines� in the deeper

quifers from the nonsaline groundwater in shallow Quaternary
quifers. There is evidence that local erosion of the Rupelton aqui-
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igure 2. Stratigraphy of the Ketzin area based on drilling of the Ktzi
69/63 borehole. See Figure 3 for location of the borehole.
ard at some locations �Förster et al., 2006� allows saline waters to
scend and mix with the fresh water in the shallow aquifers.

DATA ACQUISITION

Acquisition was carried out using a template scheme �Table 1�,
ith the aim of having the same acquisition geometry for each tem-
late. The template geometry �Figure 3� was a modified version of
hat used by ETH Zurich in their 3D high-resolution seismic surveys
Spitzer et al., 2001�. After all sources had been activated within a
emplate, the receiver locations were then shifted by half a template
hen moving within a swath. Upon completion of a swath, all active

eceivers were moved to the next swath and acquisition continued
ith half of the source locations being the same as in the adjoining

emplate in the previous swath. This overlap of source points and re-
ording stations from template to template gives an even nominal
old of 25 for the survey area. In practice, it was not possible because
f logistics such as roads, villages, nature reserves and infrastruc-
ure, to have a regular geometry for the templates resulting in
he actual fold being less than 25 for some parts of the survey area
Figure 4�.

Acquisition began on September 1, 2005 in template 9:5 �Figure
� and proceeded in a snaking manner through the survey area, fin-
shing on November 20 in template 1:1. No data were acquired in
wath 10 and in templates 1:4 and 1.5. About 7500 source points
ere recorded during the 72 days of active acquisition. In general,

ach source point consisted of eight hits with the weight drop source.
side from days that it was necessary to jump swaths, it was possible

o activate about 130 source points per day. Line problems and prob-

U
T

M
 n

or
th

in
g 

(k
m

)

3353 3355 3357 3359
UTM easting (km)

3354 3356 3358

 5822

 5821

 5820

 5819

 5818

 5817

 5816

 5815

1:11:1

2:12:1

3:13:1

4:14:1

5:15:1

6:16:1

7:17:1

8:18:1

9:19:1

10:110:1

1:21:2

2:22:2

3:23:2

4:24:2

5:25:2

6:26:2

7:27:2

8:28:2

9:29:2

10:210:2

1:31:3

2:32:3

3:33:3

4:34:3

5:35:3

6:36:3

7:37:3

8:38:3

9:39:3

10:310:3

1:41:4

2:42:4

3:43:4

4:44:4

5:45:4

6:46:4

7:47:4

8:48:4

9:49:4

10:410:4

1:51:5

2:52:5

3:53:5

4:54:5

5:55:5

6:56:5

7:57:5

8:58:5

9:59:5

10:510:5

Ktzi_163/69

CO2

2300

7300
7650

Etzin

Ketzin

Neu Falkenrehde

igure 3. Template system used in the data acquisition, location of
he Ktzi 163/69 deep borehole and the planned CO2 injection site
CO2�. Inset shows theoretical source �blue� and receiver �red� loca-
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ems with the source were generally solved within an hour or less,
he only major delays being due to harvesting of crops and construc-
ion work at the injection site.

Initially, it was planned that the staking and surveying team
hould lie three to four templates ahead of the recording team. How-
ver, permitting and crop harvest schedules resulted in this gap gen-
rally being reduced to one template, implying any delay in staking
nd surveying would result in a delay in seismic data acquisition.
herefore, lists of points with theoretical coordinates for sources and

able 1. Template acquisition parameters for the full 3D
urvey at Ketzin, 2005.

arameter Value

eceiver line spacing/number 96 m/5

eceiver station spacing/channels 24 m/48

ource line spacing/number 48 m/12

ource point spacing 24 m or 72 m

DP bin size 12 m�12 m

ominal fold 25

eophones 28 Hz single

ampling rate 1 ms

ecord length 3 s

ource 240 kg accelerated
weight drop, 8–9 hits
per source point

nstrument SERCEL 408UL
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igure 4. Actual fold for the 3D survey. Shown also are the system of
nlines and crosslines for the 3D processing. Isolines indicate the el-
vation of the estimated top of the Stuttgart Formation based on vin-
age seismic data and shallow borehole data.
eceivers within each template were delivered to the recording crew
y the surveying team one or two days in advance of starting acquisi-
ion in the template. Source locations that could not be used due to
ature reserves or other obstacles were not included in the lists. The
eld positions of sources and receivers were located within 1 m of

he listed theoretical point coordinates, otherwise a shift was noted
n the log. True field coordinates of the marked point were then mea-
ured to an accuracy of 0.2 m. In this way, the true coordinates, with
nly a few exceptions, of all source and receiver points were stored
n the raw SEGD files that were recorded onto disks.

DATA PROCESSING

Processing steps were kept relatively simple �Table 2� to allow the
rocessing to be carried out quickly and to minimize the potential for
ntroducing artifacts into the processed volumes. In-field stacking of
he eight or nine weight drop hits consisted of a straight vertical

able 2. Processing steps applied to the full 3D data set.

Step Parameters

1 Read raw SEGD data

2 Vertical diversity stack

3 Bulk static shift to compensate for source delay:
6 ms

4 Extract and apply geometry

5 Trace edit and polarity reversal

6 Pick first breaks: offset range 300–500 m

7 Remove 50-Hz noise on selected receiver
locations

8 Spherical divergence correction: v2t

9 Band-pass filter: Butterworth 7–14–150–250 Hz

10 Surface consistent deconvolution: filter 120 ms,
gap 16 ms, white noise 0.1%

11 Ground roll mute

12 Spectral equalization 20–40–90–120 Hz

13 Band-pass filter:
0–300 ms: 15–30–85–125 Hz
350–570 ms: 14–28–80–120 Hz
620–1000 ms: 12–25–70–105 Hz

14 Zero-phase filter

15 Refraction statics: datum 30 m, replacement
velocity 1800 m/s, v0 1000 m/s

16 Trace balance using data window

17 Velocity analysis: every 20th CDP in the inline
and crossline direction

18 Residual statics

19 Normal moveout correction: 50% stretch mute

20 Stack

21 Trace balance: 0–1000 ms

22 FX-Decon: Inline and crossline directions

23 Trace balance: 0–1000 ms

24 Migration: 3D FD using smoothed stacking
velocities

25 Depth conversion: using smoothed stacking
velocities
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tack. A comparison of the straight vertical stacking with diversity
tacking showed that the latter produces superior shot gathers, with
igher signal-to-noise ratios. Therefore, the first processing step was
o restack the weight drop hits using a diversity stacking method.
he timing delay in the weight drop source was reported to be 6.3 ms
y the source crew. Field tests confirmed this delay and a 6-ms time
hift was applied to all data to shift the data to zero time.A6-ms time
hift was used rather than the measured 6.3-ms shift to avoid interpo-
ation of data values right from the start of the processing.

Geometry was extracted from the SEGD headers and the data
ere binned into 12�12 m CDP bins. A grid of inlines and

rosslines were set up for the processing �Figure 4�. The grid was
ade larger than the actual survey area to ensure the inclusion of all

ource and receiver points in the present full 3D survey and possible
xtensions of it. The injection site falls approximately on crossline
100 and inline 1175. Fold is generally close to 25, but there exist
ome areas where fold is low because of �1� the gas works at the in-
ection site, �2� nature preserves, and �3� the village of Neu Falkenre-
de �Figure 4�. Inspection of fold for different offset ranges shows
hat these three areas have reduced fold for nearly all offset ranges.
hese plots also show that an acquisition footprint in these areas is

ikely because of the uneven distribution of longer offsets.
Statics, both refraction and residual, and velocity analysis had the

reatest influence on the processed stack. Refraction statics were
alculated using a two-layer model with first breaks picked in the
00–500-m offset window. Several tests were done with varying the
elocities of the layers, but best results were obtained using an up-
er layer velocity of 1000 m/s and a lower half space velocity of
800 m/s, a velocity consistently observed over the entire area for
he deeper refractor. The refraction statics due to the model mim-
cked the topography, while the residual refraction statics were high-
y variable. Model refraction statics were up to 40 ms on topograph-
c highs, while residual refraction statics were generally on the order
f a few ms. Application of the refraction statics nearly always re-
ulted in improved coherency in source and receiver gathers. Two
asses of velocity analysis were carried out, one before residual re-
ection statics and one after. The final velocity field was visually in-
pected to ensure that there were no sharp jumps in it. Deconvolution
nd filter panel tests were carried out to determine the optimum pa-
ameters for these steps. After a preliminary stack was generated, a
lter �step 13� to convert the near minimum-phase wavelet of the
eight drop source to a wavelet being closer to zero phase was de-

igned. Several locations in the stacked volume were selected and an
verage zero-phasing filter was produced. This filter was then ap-
lied to the prestack data in order to improve the accuracy of the ve-
ocity analysis. No automatic gain control has been applied to the
ata. However, traces were balanced, prior to velocity analysis and
tacking, using the cone of expected P-wave reflections. Trace bal-
ncing was applied again after stacking and after FX-deconvolution.
or 3D migration, a 30° finite difference code was applied using a
moothed version of the stacking velocity field. The same smoothed
tacking velocity field was used for the depth conversion. Although
epth converted volumes are available, we have chosen to stay in the
ime domain for our interpretations. This is because we have little
elocity control, resulting from a lack of deeper boreholes in the
rea.

To illustrate the effects of some of the processing steps on the data,
hree source points have been selected �Figure 3�. Source point 2300
s from an area in the south where the data quality is generally high,
ource point 7300 contains receivers that were expected to be prob-
ematic because they were placed on a topographic high consisting
f dry sand close to an active sand and gravel pit, and source point
650 is from an area where the stacked images appear to be of some-
hat poorer quality, possibly resulting from faulting. Statics were

lso problematic in this area. Ground roll is pronounced on all raw
ource gathers and masks any reflections that arrive within the noise
one �Figure 5�.At source point 7650, power line 50-Hz noise is also
ronounced, but could be removed by filtering. Several tests using
arious multichannel filters to remove the ground roll were made,
ut with limited success. Therefore, after surface consistent decon-
olution, the ground roll was muted �Figure 6�. This ground roll tail
ute was not applied all the way to zero time in order not to further

educe the fold in the shallowest part of the volume. This may have
esulted in some ground roll be stacked into the final volume at some
ocations. Given that the NMO velocity field varies rather slowly
ver the area, the 50% stretch mute effectively removed the first
reaks and served as a top mute. Application of residual reflection
tatics further improved the coherency of reflections. In general, the
rocessing steps applied improved the resolution and coherency of
he source gathers. However, at locations where the raw gathers are
oor, such as source point 7300, the final processed gathers are still
f lower quality than at other locations.
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INTERPRETATION

The subsurface is generally well imaged from about 100 ms down
o about 900 ms �Figure 7�. Poorer images of the near-surface struc-
ure are obtained only where the fold is low �Figure 4�. Based on in-
ormation from borehole data, correlation with seismic data from
ther parts of the NEGB, and the seismic images themselves, the fol-
owing reflection horizons were mapped from the migrated volume:
1� near Base Tertiary, �2� near Top Sinemurian, �3� near Top Trias-
ic, �4� near Top Arnstadt Formation, �5� Top Weser Formation, �6�
ear Top Stuttgart Formation, and �7� near Base Stuttgart Formation
Figure 7�. Reflection horizons that could be mapped over the entire
rea have been run through edge detection algorithms in order to
elp detect faults. The near Base Tertiary and Top Weser horizons are
ery well defined because of their characteristic seismic response,
nd the two horizons can be confidently mapped over the whole area.
hey are generally present throughout the North German Basin and
re known as the T1 �reflection from the transgression phase of the
enozoic: soft-hard rock boundary� and the K2 �Top Weser Forma-

ion�, respectively �Reinhardt, 1993�. Although less well con-
trained in the present data set, the reflection horizons corresponding
o the near Top Triassic and the near Base Stuttgart Formation are
lso known on a regional scale as the K1 �reflection from the base of
he Exter Formation: sandstone-mudstone boundary� and the K3 �re-
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igure 6. Source gathers from Figure 5 with processing applied up to
tep 16 in Table 2. Locations of gathers shown in Figure 3.
ection from the top of the Grabfeld Formation: reflection from an
nhydrite layer�. Below, we give a brief overview of the main struc-
ural features of the seismic data.

eneral structure

The internal structure of the Quaternary and Tertiary layers in the
urveyed area is not resolved by the present processing of the 3D
eismic data. The strong reflection from near the Base Tertiary un-
onformity, at approximately 150–180 ms �Figure 7�, is the first
lear seismic event that can be identified with certainty. It consists of
strong double reflection �trough-peak-trough�, and the near Base
ertiary has been picked in the uppermost trough. The underlying
arallel, dome-shaped layers are truncated by the subhorizontal near
ase Tertiary reflection.
The near Base Tertiary time structure map and edge detection map

Figure 8� reveal several interesting structures. The subhorizontal to
lightly dome-shaped horizon is intersected by several curved linea-
ents. In the northern part of the area a number of east-west– to
est-southeast–east-northeast–trending lineaments define an ap-
roximately 600–800 m wide depressed area referred to as the Cen-
ral Graben Fault Zone �CGFZ�. On seismic sections �Figure 7�, it is
learly seen that the lineaments represent an east-west–trending
ault zone across the central part of the Ketzin structure.

South of the CGFZ, two subparallel, curved ridges trend from east
o west, apparently following the contours of the sub-Tertiary struc-
ural dome. The ridges are not seen in the seismic sections below or
bove and are believed to represent a subcrop pattern, i.e., erosional
eatures in the Top Jurassic paleotopography �questa-like ridges
orming in relative competent lithologies�.

Two small circular structures in the Base Tertiary maps �one at the
lanned CO2 injection site and one in the central part of the graben
rea�, as well as two small, north-northwest–trending features in the
astern part of the area, do not represent geologic structures, but are
he result of the acquisition geometry �lower fold areas in Figure 4�.

Sandstones of Upper Sinemurian age comprise the uppermost res-
rvoir in which natural gas was stored until the year 2000. Remnant
as is clearly identified on the 3D seismic data near the Top Sine-
urian reflection horizon by velocity pull-down and amplitude
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igure 7. Crossline 1105 crossing nearly over the top of Ketzin anti-
line. Mapped reflection horizons are �1� near Base Tertiary �T1�, �2�
ear Top Sinemurian �TS�, �3� near Top Triassic �TT�, �4� near Top
rnstadt Formation �TA�, �5� Top Weser Formation �K2�, �6� near
op Stuttgart Formation �TSt�, and �7� near Base Stuttgart Forma-

ion �BSt�. CGFZ, G1, G2, and FS indicate the upper gas layer, the
ower gas layer, and the flat spot, respectively. Depth in kilometers
orresponds roughly to time in seconds since rms velocities vary
rom about 1700 to 2400 m/s down to the target depth.
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rightening �Figure 7�. Thus, the horizon is fairly well constrained in
he crestal part of the Ketzin anticline. In the area clearly affected by
he presence of remnant stored gas, the Top Sinemurian is assumed
o be represented by the uppermost reflection �a trough�. The Top
inemurian defines a dome-shaped structure. In the crestal area, the
eflection is located less than 100 ms below the Base Tertiary,
hereas towards the southern flank, it is located approximately
00 ms below the Base Tertiary.

The near-Top Triassic horizon is fairly well defined and has been
icked in a relatively strong peak, approximately 100 ms below the
op Sinemurian �Figure 7�. In contrast, the near Top Arnstadt For-
ation does not appear to be represented by a particular seismic

vent. It has been picked in a peak approximately 70 ms below the
ear Top Triassic horizon.

The Top Weser Formation is well defined in the seismic data and is
haracterized by a strong double reflection �trough-peak-trough,
igure 7�. The strong reflectivity from this horizon is attributed to a
0-m-thick anhydrite layer in the uppermost part of the formation.
s for the Top Sinemurian to Top Arnstadt horizons, the Top Weser
orizon forms a gentle structural dome �Figure 9�. The east-west–
rending CGFZ, described from the Base Tertiary time structure map
nd edge detection map, is still clearly recognizable at this deeper
evel.

In the absence of a well-tie, neither the top nor the base �K3� of the
tuttgart Formation can be correlated to any particular seismic
vent. The top of the formation has been picked, with some uncer-
ainty, in a weak peak approximately 80–90 ms below the Top Wes-
r, and the base of the approximately 80-m-thick formation has been
icked in a weak trough about 70 ms later �Figure 7�. The CGFZ, or
t least its main bounding faults, is also recognizable at the Stuttgart
evel.

ault mapping

The 2D vintage seismic data that were acquired in the 1960s
cross the Ketzin and Roskow structures do not resolve any faults on
he Ketzin anticline. This is probably because of the lower frequency
ontent �generally 20–50 Hz�, and the sparser source and receiver
pacing �160 and 80 m, respectively� of these lines, as well as their
eographic location. However, east-west–trending faults were
apped on the neighboring Roskow anticline, and on the Ketzin an-

icline a west-southwest–east-northeast– to east-west–trending fault
one was inferred based on well and production data from the former
atural gas storage facility. The new 3D seismic data confirm the
resence of this latter fault zone �the CGFZ� and, to a large degree,
lso its location and outline. The west-southwest–east-northeast– to
ast-west–trending CGFZ is controlled by a series of discrete nor-
al faults, mostly striking west-southwest–east-northeast and east-
est. The faults are very well developed in the Jurassic section �Fig-
re 8�, but seem to die out quickly in the Rupelian clays
10–50 ms above the base of the Tertiary�. The main bounding faults
ave throws of up to 30 ms �about 30 m� in the Jurassic section.
hese main faults are also clearly recognizable at the Top Weser lev-
l �Figure 9� where the same magnitude of throw is observed �20 ms
orresponds to about 30 m at these depths� and, in spite of low over-
ll reflection continuity around the target reservoir, they can occa-
ionally be traced down to and below the Stuttgart Formation. The
iscrete normal faults of the CGFZ were most likely formed in re-
ponse to extensional faulting across the crestal part of the Ketzin
tructure during the main episodes of domal growth �140 and
06 Ma�. However, the fault pattern itself suggests that the fault sys-
em was not formed in a pure extensional tectonic regime. The north-
ast– to east-northeast–striking faults that intersect and/or offset the
ain east-west–striking faults indicate a strike-slip component in

he faulting.
The southern part of the CGFZ is located more than 1.5 km north

f the planned CO2 injection site, and no faults at the seismic scale
re seen in the vicinity of the injection site. The observation of a
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B128 Juhlin et al.
umber of faint, south-east– to south-southeast–striking lineaments
n the Top Weser edge detection map �Figure 9� may indicate the
resence of small scale faults �1–2 ms of throw corresponds to
.5–3.0 m� radiating out from the crestal area of the Ketzin dome.
ome of these possible faults can be followed up to the Base Tertiary.
one of the lineaments, however, intersect the planned injection
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igure 9. �a� Time horizon map of the K2 �Top Weser Formation� re-
ection and �b� corresponding edge detection map of the horizon.
hite lines in �a� mark mapped faults. CGFZ — Central graben fault

one. F — Possible fault with a few ms of throw.
ite, although a few of them are located only a few hundreds of
eters away to the south �Figure 9�. The closest is seen about 250 m

outh of the planned injection site.

apping of remnant stored gas

The Lower Jurassic formations of the Ketzin structure were used
or storage of first town gas, and later of natural gas from the 1970s
ntil 2000.According to the operator �UGS Mittenwalde�, the maxi-
um utilization of the facility was in 1999. In 2004, the site was

bandoned and the reservoir pressure was lowered to approximately
7 bar �UGS, 2005, personal communication� below hydrostatic
ressure. Based on information provided by UGS, it is expected that
nly cushion and residual gas remain in the reservoirs. It is well
nown that even a small concentration ��10%� of gas in porous
ock significantly reduces the P-wave velocity �e.g., Töskoz et al.,
976�. Therefore, an aquifer that contains small concentrations of
as will have a significantly different seismic response than if it con-
ains only water. In particular, seismic reflections are expected to be
tronger from a partially gas saturated aquifer. Based on this behav-
or and that gas should tend to accumulate on the top of the Ketzin
ome, it is possible to observe in the 3D seismic volume the extent of
he aquifers that contain gas. The degree of cushion and residual gas
aturation is unknown, but its presence is clearly seen on the new 3D
eismic data �Figure 7�. Thus, strong amplitude brightening of some
f the reflections below the Base Tertiary horizon in the crestal area
s seen together with a velocity pull-down along the boundary be-
ween the high and low amplitudes. At least two separate gas-bear-
ng layers can be identified in the seismic data. The upper gas layer
the Top Sinemurian horizon� was discussed earlier. The second gas
ayer is picked approximately 30 ms below the top layer in a trough
Figure 7�. For the upper gas layer there appears to be a trend of de-
reasing amplitude with depth. Locally, in the crestal area, a hori-
ontal reflection, a flat spot, underlies the higher amplitude reflec-
ions and is interpreted to represent the maximum gas-water contact
f the former gas storage facility when it was operating �Figure 7�.

The upper gas layer is very well defined on the seismic data and it
s constrained both by the amplitude anomalies, as well as from the
elocity pull-down edge �Figure 10�. The gas distribution in this lay-
r as determined from the seismic data is in very good accordance
ith a wellbore-based gas distribution map from UGS. Mapping of

he lower gas layer is more difficult because of tuning effects from
he flat spot structure below, interference from the fault zones, and
he close proximity of the upper gas layer. The gas distribution of
ayer 2 as given from the amplitude map �Figure 11� should, there-
ore, only be used to map the boundary of the residual gas towards
he south, east, and northeast. The distribution roughly follows the
ame trend as for the upper gas layer, but there are local differences.
or example, in the area just north of the planned injection site the
emnant gas of the lower layer reaches further to the south �about
90 m from the injection site� than the gas of the upper layer �about
30 m from the injection site�. Such differences may indicate that
he two reservoir layers are two separate hydraulic units with an in-
ercalated seal.

A gas chimney, about 1 km long and 100 m wide, has been ob-
erved along the southwestern main fault of the CGFZ, i.e., gas-in-
uced amplitude brightening has been observed in a restricted vol-
me along a fault zone �Figure 12�. It is located above the upper gas
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ayer, but below the Base Tertiary, and is probably caused by gas mi-
rating from the Lower Jurassic formations into the fault zone at
ome stage during the gas storage operation. It is likely that either the
eservoir pressure exceeded the fault reactivation pressure, causing
he fault to move and, therefore, leak, or the reservoir pressure ex-
eeded the fault capillary entry pressure. As mentioned earlier, both
ell data and seismic data show that at least some of the other main

aults of the CGFZ are sealing. There are no signs of failure of the
upelian seal above the gas storage area, and, thus, no indications of
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igure 10. �a�Amplitude map of the Top Sinemurian horizon and �b�
dge detection map of the Top Sinemurian horizon.
as escaping to the Tertiary and Quaternary sections. However, as al-
eady noted, the present processing of the 3D data do not provide a
ood image at these depths.

eismic resolution of the Stuttgart Formation
epositional architecture

The presence and internal architecture of the Stuttgart Formation
eservoir rock near the planned injection site is one of the critical as-
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ects of the CO2SINK project. Therefore, it is presently being inves-
igated to determine whether the 3D seismic data can resolve this ar-
hitecture. Until now, it has not been possible to conclusively map
ut any internal reservoir architecture. Reservoir bodies are expect-
d to be 100–1000 m wide, by 1–5 km long, by 5–30 m �3–20 ms�
igh. Smaller reservoir bodies would be below the resolution limit of
he seismic data.Although below the resolution, the presence of sand
odies within the Stuttgart Formation may affect the seismic ampli-
ude of reflections from within this unit by increasing them where
hey are present.Amap of the summed amplitude in the time window
0–100 ms below the picked K2 horizon shows the possible distri-
ution of reservoir bodies in the Stuttgart formation as indicated by
igher summed amplitude �Figure 13�. The general northeast-south-
est trend of these amplitude anomalies is consistent with the ex-
ected general orientation of the channels. In addition, one of the
nomalies appears to project into the Ktzi 163/69 borehole where
he Stuttgart Formation was penetrated and is known to contain
andstone �Förster et al., 2006�, adding additional support to the in-
erpretation of the higher amplitudes as representing sand channels.
f this interpretation is correct, then sand should be expected to be
ncountered in the Stuttgart Formation at the planned injection site.

DISCUSSION

ime-lapse potential

Time-lapse seismic surveys are an important component of any
O2 sequestration project �Arts et al., 2004; Sakai, 2004�. Within the
resent project framework, time-lapse crosshole, VSP, MSP, and a
epeat of the pseudo-3D star will be carried out. CO2 will be injected
t about 650 m on the southern flank of the Ketzin anticline �Figure
�. Given that the remnant gas of the former gas storage facility is
learly seen on the 3D baseline seismic data, it is therefore expected
hat the injected CO2 can be mapped by seismic methods. An impor-
ant question is what amount of gas is required at depth for it to be de-
ected by these methods. It is expected that the injected CO2 will mi-
rate towards the top of the Ketzin anticline. Therefore, another im-
ortant question is to what extent the presence of the remnant gas
ay mask a seismic response of the injected CO2 as it migrates. At

resent, it is not known if the distribution of the remnant gas is static
r dynamic.
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igure 12. Cross-lines 1065 and 1090 showing the gas chimney. The
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lso marked. Depth in kilometer corresponds roughly to time in sec-
nds since rms velocities vary from about 1700 to 2400 m/s down
o the target depth.
ossible CO2 migration pathways

The fault zone with the gas chimney can be mapped down to the
evel of the Stuttgart Formation and is, therefore, a risk factor that

ust be considered in relation to future CO2 injection and storage in
his formation. The fact that the fault zone was permeable in the Ju-
assic section at some stage during the natural gas storage operation
oes not necessarily mean that the fault will be open for CO2 migra-
ion from deeper sections. Likewise, the fact that faults were imper-

eable for migration of the stored gas does not necessarily mean
hey will be so for CO2 migration, given differences in fluid proper-
ies. The Stuttgart Formation is at a greater depth than the Jurassic
ormations and at normal hydrostatic pressure. The rocks have been
uried deeper in the past �Förster et al., 2006� and have fairly high
ield strengths �Dula, 2006�. During operations, the target Stuttgart
eservoir will be at lower operating over-pressures than were applied
n the Jurassic reservoirs for storage operations. Furthermore, the
ault above the Stuttgart Formation intersects the 210 m thick, tight
Springer et al., 2006; Dula, 2006� mudstone and evaporite section.
iven these factors, it is unlikely that the fault will be open for fluid
ow from the depths of the Stuttgart Formation to shallower levels.

cquisition and processing considerations

Modern 3D seismic surveys carried out for petroleum exploration
urposes generally have thousands of active channels, high fold, use
eophone arrays, and require a large number of people in the field. In
ontrast, data for the Ketzin 3D baseline seismic survey were ac-
uired with only 240 active channels, a fold of 25, single geophones,
nd a small field crew.Although the environment at Ketzin is similar
o that of the Zürcher Weinland survey in Switzerland �Birkhaüser
nd Graf, 2000�, a much smaller acquisition team was used at
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igure 13. Summed amplitude map for the Stuttgart Formation. Iso-
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etzin. In spite of this, we have clearly imaged the subsurface down
o at least 1000 m. Although a relatively advanced acquisition sys-
em was used, it would have been possible to acquire the data with a
impler and cheaper system. If CO2 sequestration is to be done on a
arge scale, then it is highly likely that authorities will require both
aseline and monitor seismic surveys to be carried out in conjunc-
ion with the operation. Our experience shows that it is possible to do
his with a relatively small number of channels and people in the
eld, implying that larger civil and geophysical engineering compa-
ies should be able to perform surveys similar to our Ketzin 3D sur-
ey. Large scale CO2 sequestration may open new opportunities for
hese companies and geophysicists.

Standard processing steps were applied to the data from the
etzin 3D survey. However, from our experience with the data it is

lear that refraction static corrections were probably the most impor-
ant step in the processing sequence. Experiences from processing
ata from Canada and Sweden �e.g., Wu and Mereu, 1992; Juhlin,
995� have also shown the refraction static correction to be, perhaps,
he most important step in the processing of high-resolution seismic
ata. The importance of the refraction static correction implies that it
s probably an advantage to use single geophones, rather than arrays,
or surveys such as the Ketzin one.

CONCLUSIONS

We acquired 3D seismic data at Ketzin, Germany, with the aim to
1� map the structure of the Ketzin anticline and potential fluid path-
ays within it, �2� obtain a baseline survey for future time-lapse

tudies, and �3� provide detailed images near the injection site for
lanning of drilling operations. Data quality from the full 3D survey
s generally good and most of the 3D volume is imaged down to 1 s.
n general, the large scale structure is close to that which is expected
rom shallow drilling and vintage seismic data. No obvious faults are
bserved near the planned injection site. Clear faults are observed on
he top of the Ketzin dome, most of which are oriented in the west-
outhwest–east-northeast to east-west direction. These faults form a
entral graben at the top of the anticline and extend down into the
ormation that CO2 will be injected into.

Remnant natural gas, cushion and residual gas, from the natural
as storage facility is clearly observed in two aquifers in the form of
igher amplitude anomalies in the 200–300 ms window toward the
op of the dome. Their geographic extent is similar to that mapped by
he gas storage operator �UGS� in 1999 using borehole and pumping
ata. The remnant gas does not to extend as far south as the planned
njection site. Gas has migrated in the past during the operation of the
torage facility, or possibly still is migrating, upwards along an ap-
roximately 1-km-long stretch of an east-west–striking fault in the
orthwestern part of the survey area. It is not clear from the seismic
ata if the gas has/is migrating through the Tertiary Rupelton clay
not imaged on the seismic data� and all the way to the surface. It is
lso unknown if the remnant gas is in a static state. If not, its presence
ill make monitoring of injected CO2 below the top of the anticline
ore difficult.
Asummed absolute amplitude map over the lithologically hetero-

eneous Stuttgart Formation in a time window encompassing the
oundary between the overlying caprock and the target formation
hows higher amplitudes near the injection site, indicating possible
andier channels in the formation at this location. The general pat-
ern of the amplitude anomaly is consistent with the expected orien-
ation of channels in the Stuttgart Formation.
Large-scale sequestration of CO2 is expected to be carried out in
he coming decades. It is highly likely that the authorities will re-
uire both site and monitor surveys in these operations. Our experi-
nce shows that high quality 3D seismic data can be acquired with a
mall field crew, single geophones, and a simple weight drop source.
his observation implies that smaller seismic contractors could be
sed for siting and monitoring of these future sequestration sites,
pening up new opportunities for geophysicists.
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