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The investigated roof region of a salt diapir in Hamburg, northern Germany, suffers sinkhole activity that was
accompanied lately by microseismic events in the Gross Flottbek quarter. Thus, a high geohazard potential is
present which can only be evaluated if highly resolved structural data are available. The urban environment
and high building density required adapted and new, non-invasive geophysical methods for shallow
applications (e.g., urban geophysics).
Our shear-wave seismic system, under development at LIAG, consists of a small, horizontal vibrator source
(ELVIS, v. 5.0) and a 120 m long, mobile land streamer equipped with 120 SH-geophones. Thereby, a cost-
effective, complete shear-wave seismic survey is possible, which is dedicated to urban applications and
accounts for sealed surfaces. This high-resolution system is especially useful on sealed terrain because of the
absence of suppressed (Love) surface waves, and it provides in the near surface an up to 10-times higher
resolution than a compressional-wave survey.
Across the Wobbe See sinkhole in Gross Flottbek, we acquired 500 profile m of high-resolution shear-wave
seismic data that enabled urban subsurface imaging with 1 m vertical and 5–10 m horizontal resolution.
Small-scale structures in the sediments and salt are resolved down to 100 m depth.We show that it is possible
(1) to classify a sinkhole type structurally and (2) to map subrosion areas by the physical property of lowered
shear-wave velocities and a chaotic reflection character. Collapse depth is found here at ca. 60–80 m depth
below surface, and the fault structures observed coincide well with the focal depth and mechanism of the
2009 microseismic events. Additionally, the diapir model is refined locally in terms of rock salt depth
suggested here lying as shallow as 80–100 m below surface.
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1. Introduction

Sinkholes occur typically as elliptical/circular depression or
collapse structures. Diameters may range from a few tens of meters
(local structures) to hundreds of meters. Sinkholes are surface
expressions of karst or subrosion systems in the subsurface within
the uppermost few hundred meters. With the exception of collapse
sinkholes, which form abruptly within minutes and may possibly be
accompanied by precursory signals like earthquakes, the sinkhole
subsidence and associated deformation may be continuous with small
rates of mm/yr over periods of years or decades (e.g. suffosion
sinkholes). Sinkholes may also be re-activated after long periods of
inactivity. Human related activities (new buildings, groundwater
pumping and infiltration, changes in the hydrological system, etc.)
may lead to the formation or the re-activation of sinkholes at the
surface. Waltham et al. (2005) give an overview of different sinkhole
types and their development.

Both, collapse and suffosion type sinkholes pose a natural hazard if
they occur in urban or build-up areas. They may affect infrastructures,
buildings, dams and daily life. In Florida, the largest insurance
company processed in 2009 approximately 200 sinkhole claims per
month and paid out a total of $93 million in sinkhole settlements
(Scism, 2009). Only few attempts have beenmade to develop uniform
standards and urban geophysics (e.g., Dobecki, 2010; Schmidt, 2005).
Thus, effective geophysicalmethods for shallowexplorationand imaging
of local subsurface heterogeneities are required. A variety of geophysical
methods such as seismic, geoelectric or ground-penetrating radar
surveying are available (see Bélanger et al., 2010; Kirsch, 2009 and
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Fig. 1. Overview of shallow salt structures (yellow) in the area of Hamburg (grey) and
Schleswig-Holstein, North Germany. Main basement fault structures (black lines) and
the Othmarschen-Langenfelde Diapir (OLD) with the Flottbek area (red star) north of
the Elbe river (blue) are shown. Red filled points mark positions of known sinkhole
structures in Flottbek and Quickborn. The inset defines the study location in northern
Europe.
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references therein). The latest summarywith regard to slope instabilities
is given by Maurer et al. (2010b). To obtain direct information, cone
penetration tests or wells are preferred (e.g., Chang and Basnett, 1999),
but they may be disadvantageous in urban environments.

Therefore, non-invasive high-resolution geophysical methods are
developed (e.g., Beilecke and Krawczyk, 2011; Hoffmann et al., 2008;
Polom et al., 2008a; Pugin et al., 2004; Heigold et al., 1979), also
accompanied by statistical methods (e.g., Engdahl et al., 2010; Senitz
et al., 2009). Even though geoelectric or electromagnetic methods
are well suited for mapping especially in the presence of fluids (see
Maurer et al., 2010a; Sandberg, 2006; Nassir et al., 2000; Goldman et
al., 1994) these methods often fail in urban and industrialised areas
where strong electromagnetic noise or ferroconcrete constructions
interfere (Bosch and Müller, 2001; Yaramanci and Müller-Petke,
2009). However, combined approaches for sinkhole evaluation in
northern Germany are sparse (Gebregziabher et al., 2010; Wieder-
hold et al., 2008; Reuther et al., 2007). A widely used tool in
microzonation is the analysis of seismic noise (Bour et al., 1998; Fäh
et al., 1997). Parolai and Galiana-Merino (2006) have started to work
on providing standards for seismic noise analysis in urban areas
resulting in shear-wave velocity maps for subsurface characteriza-
tion. Kühn et al. (2011) applied ambient vibration techniques to
characterize the morphology of shallow evaporites in urban
environments. Latest developments encompass 2-D arrays reaching
down to several hundredmeters depth (e.g. Picozzi et al., 2010; Kühn
et al., 2011).

Tackling the still unsolved problem of detection and imaging of areas
containing porous caprock or salt cavities, Keydar et al. (2010) present a
diffraction imaging approach to detect sinkholes in the Dead Sea region,
where cavities in a salt layer (30 m deep, 100 in size) are common.
Resulting coherency plots can indicate places of inhomogeneities, but
can only serve as additional tool. Thus, reflection seismic methods are
adapted and further developed for spatial high-resolution imaging on
sealed surfaces in order to bridge the gapbetweenGPR and conventional
seismics.

Methodically, shear-wave applications have been developed and
tested so far only sporadically (see comprehensive overview in
Garotta, 2000 and references therein), but complete reflection seismic
source and receiver systems for near-surface applications with a fixed
standard are not available yet. Land streamer applications with
vertical geophones (e.g., van der Veen and Green, 1998; van der Veen
et al., 2001), also in combination with a compressional vibrator source
(e.g., Jensen et al., 2002; Pugin et al., 2004) as well as shear-wave
receivers (e.g., Inazaki, 2004) and multi-component systems (e.g.,
Pugin et al., 2010) have been reported. However, their application is
not wide-spread and only lately intensified (e.g., Beilecke and
Krawczyk, 2011; Pirrung et al., 2008; Polom et al., 2008b, 2010).
Practical application with respect to different geologic or geotechnical
situations, optimization of vibrator sources, and tailoring of land
streamer systems is not fully exhausted yet.

Here, we will present the seismic system under development at
LIAG for near-surface, high-resolution reflection seismic imaging,
utilizing shear waves. Its application is discussed along a case study
aiming at the characterization of an active sinkhole in the urban
environment of the city of Hamburg.

2. Site and problem specification

The metropolitan region of the city of Hamburg is located in
northern Germany at the river Elbe (Fig. 1). Tectonically, Hamburg lies
in the Southern Permian Basin in the transition zone between the
CaledonianDeformation Front to the north and theElbe Line to the south
(see Krawczyk et al., 2008a,b and references therein). The so-called
Hamburg Trough represents the easternmost part of the Glückstadt
Graben that extends westwards to the North Sea. The area suffered the
main tectonic stages of the Central European Basin System with some
superposed local features. The thickRotliegendandZechstein saltmoved
into salt walls, diapirs and pillows during post-Permian times deter-
mining thereby the main crustal structure. In the area of Hamburg,
maximum sedimentation occurred during Quaternary and Neogene
times (Maystrenko et al., 2005).

The city region of Hamburg has four salt diapirs of different shape
and depth. The most shallow one, the Othmarschen–Langenfelde
Diapir (OLD) lies beneath the north-western part of the city and has a
total length of about 20 km (Fig. 1, and Dahm et al., 2010). It extends
in NNE direction from the Elbe river up to the small city of Quickborn.
At the southern and the northern tip of the OLD the caprocks are
partly situated only a few meters below surface. These regions are
well known for active sinkhole formations and depression features.
Often, sinkholes have been buried in the past and overbuilt, so that
sinkhole characterisation is difficult. Buurman (2010) combined
geolocial, well drilling and ground-penetrating radar (GPR) to better
classify the activity stage and structure of sinkholes in Hamburg at the
southern part of the OLD. Buried suffosion type sinkholes exist in close
proximity to collapse structures. Similarly, active sinkholes exist in
proximity to apparently inactive sinkhole structures. The depth and
deep causes of the sinkholes in Hamburg are unresolved. They may be
controlled by salt or by caprock dissolution, and it is unknown
whether larger systems of gypsum caves exist (see Dahm et al., 2010,
2011).

This study concentrates on a small region in the quarter Gross
Flottbek, where two active sinkholes are known (Flottbek Markt and
Wobbe See, Fig. 2). The Flottbek Markt sinkhole has a diameter of
several tens of meters and is of suffosion type with a continuous rate
of subsidence. It is currently not built up. The Wobbe See sinkhole is
circular with several tens of meters and was formerly covered by a
small lake that seasonally felt dry. It has been artificially buried and
built-up with houses. Well cores indicate a complex stratigraphy at
shallow depth and layers of peat in the central part of the sinkhole
(Fig. 3). TheWobbe See sinkhole is a geological collapse structure (see
Buurman, 2010) and is known for repeated occurrence of small
earthquake shocks at shallow depth and surface deformation.
Although shocks were clearly felt by population, epicentral intensities



Fig. 2. Detailed map of the studied sinkhole area in Hamburg showing local sites.
Isolines mark depth to salt, open squares are locations of shallow wells, and black filled
squares are wells used for projection (see Fig. 3). Yellow triangles mark positions where
shear-wave velocity profiles have been determined by small scale arrays. Grey filled
polygons declare filled sinkhole structures evidenced from geology. The epicenter and
focal solution of the weak earthquake in 2009 (Dahm et al., 2010) is indicated. Red lines
mark the locations of the newly acquired reflection seismic profiles.
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were typically below VI and damage was minor or not observed. The
latest earthquake series occurred in April 2009 and were recorded by
three broadband seismometers. Dahm et al. (2011) located the largest
of three recorded events and estimated its source mechanism, which
has a prominent normal faulting component (see Fig. 2) and a
moment magnitude of Mw 0.6. The epicenter is at the rim of the
Wobbe See sinkhole structure. The depth of the event has been
estimated between 80 and 120 m. According to gravity and ambient
vibration studies the rock salt of the diapir is at about 180 m depth. The
Wobbe See and Flottbek Markt sinkholes lie above the western flank of
the OLD where large morphological slopes are expected (Fig. 2). Dahm
Fig. 3. Lithology drilled in close proximity to the seismic profiles (projected from
±50 m). The extent of the seismic lines is marked by green lines. Data are from
J. Kröger, Geologisches Landesamt Hamburg.
et al. (2011) postulate different hypotheses for the cause of the April
2009 earthquakes, comprising the collapse of paleo-gypsum karst, the
piping and stopping of a soil cavity, and the frictional instability of
cohesive soil above a dissolution center beneath the earthquake
hypocenter.

Urban geophysical methods and/or drilling and probing are
needed to resolve the physical origin of the micro-earthquakes and
to map the structural base of the sinkholes. Micro-earthquake activity
has often been observed prior to sinkhole collapse (e.g., Land, 2009;
Malovichkoet al., 2009). Thequestion is, therefore, of utmost importance
since the Wobbe See sinkhole is built-up and populated, so that a
collapse would pose a significant hazard for property and life.

3. Shear-wave reflection seismic surveying

The primary aim of our study was to test the ability of LIAGs seismic
shear-wave system to provide a structural image of the sinkhole-
affected Flottbek area within the busy and densely populated city of
Hamburg.Wefirstly present the reflection seismic systemusedhere and
secondly describe the acquisition layout. Thirdly, the processing
sequence is defined, before the seismic depth sections are discussed in
the context of sinkhole processes.

3.1. The shear-wave reflection seismic system

The seismic source ELVIS (ELectrodynamic VIbrator System;
version 5.0) is a small wheelbarrow-mounted vibrator source
(Fig. 4a). It provides a theoretical peak force output of up to 0.5 kN.
It is suitable for both P-wave and S-wave signal generation and has
been developed at LIAG (modified after Druivenga et al., 2005; Polom,
2003). It is continuously adapted to specific requirements of urban
applications. Here, its utilisation as shear-wave source was tested in
order to judge its potential to characterize sinkholes in urban
environments. The case study introduced here surveyed the Wobbe
See sinkhole in the city of Hamburg.

ELVIS can be mounted under a wheelbarrow, while the battery
supply and the control electronics are installed on top, serving also as
additional load (weight ca. 95 kg). The load can be further increasedbya
person sitting on top (see Fig. 4a), which improves the coupling to the
subsurface. The decoupling of the vibrator unit and the wheelbarrow
frame is achieved with small air bellows. Using a direct current power
supply (2 batteries of 12 V/65 Ah), electrical disturbances, soundwaves
and surface waves are largely avoided, which are otherwise often
produced by electric generators. The source-signal control is attained by
a LIAG-developed digital-to-analogue sweep-signal generator, which is
fed by the desired digital sweep parameters stored in EPROMs. The
signal generator enables sweep frequencies up to 4 kHz in a jumper
setup of 0.125 ms sampling of 2 byte samples. Sampling can be changed
easily by jumper settings from 0.0625 ms to 1 ms. For the 0.125 ms
sampling, the fixed EPROM storage capacity of 512 kbyte results in the
maximumduration of the sweep signal of 32 s. Since frequencies up to a
max. of 500 Hz for P-waves are usually sufficient, the strong over-
sampling is used for high-quality signal forming for the correlation
operator.

As receivers, 10 Hz SH-geophones (horizontal shear-wave polarisa-
tion) were mounted on a 120 channel shear-wave land streamer also
developed at LIAG (Fig. 4). The geophone spacing was set to 1 m to
achieve a high resolution close to the surface, and to enable a densely-
spaced and fine-tuned reflection hyperbola analysis for shear-wave
velocity calculation. Each horizontal geophone is clamped on an
aluminium plate which gets contact to the ground by three supporting
contacts below the plate. With the orange rain-proof coating of the
cables the streamer design takes into account weather conditions such
as rain and snow. Thereby, also all acquisition cables and geophones are
fast and easily integrated. On site, the streamer system provides an easy
handling, with fast deployment and fast line check. The streamer is

image of Fig.�2
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Fig. 4. Field campaign in the city of Hamburg with shear-wave reflection seismic acquisition tools that are under development in LIAG. a) field operation at Profile 2 with the 120 m
long land streamer (orange coating) that is equipped with 120 SH geophones and towed by the recording car (left). The alignment along the road enabled the full road accessibility of
the residents and guaranteed full access in any kind of emergency. The vibrator source (ELVIS version 5.0; wheelbarrowwith blue box) is suitable for both P-wave and S-wave signal
generation. b) ELVIS and land streamer in operation on a small walkway at the eastern part of Profile 3. Due to the fast strip-down construction of the vibrator system, it is easy to
carry it also to positions of rather difficult access.
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usually towedby a vehicle that also contains the recording system (here
Geodes from Geometrics), thereby enabling a fast operation along
streets. Additionally, a variable split-spread profiling operation is
possible with this configuration. In case of a high number of obstacles
(e.g., crossroads) preventing a continuous acquisition scheme in an
urban area, this is strongly recommended. The land streamer can also be
laid out manually in areas with high building density (see Fig. 4b).

3.2. Field acquisition

During three work days, including crew mob/demobilization, field
layout andparameter testing, three2-D reflection seismicprofile sections
Fig. 5. Locations of the shear-wave reflection seismic profiles in the Gross Flottbek urban
investigation is theWobbe See sinkhole, neighbouring the larger sinkhole FlottbekMarkt. The
located close to a main road within a densely populated residential area (built-up areas are
of totally 500 m length were acquired (Fig. 5) to image the shallow
subsurface structure down to about 80 m depth with high resolution.

Using the vibrator in a SH field setup, we used a linear, frequency-
modulated source sweep from 30 Hz to 120 Hz with 10 s duration and
tapered by 200 ms, which enables flexible band-pass filtering during
data processing. At each sourcepoint two sweepswith opposing polarity
were excited. This is a common approach for the suppression of residual
compressional waves. Noise sources in the direct vicinity of the profiles
were, e.g., a busy road, a parking lot at a nearby supermarket and traffic
from the residents. Nonetheless, the raw data already showed an
unexpected high signal-to-noise ratio, which made two sweeps
sufficient at each source point.
district of Hamburg, northern Germany (see white point in inset). The area under
presumed extent of the sinkholes is indicated by ellipses. The acquired seismic lines are
marked in grey).

image of Fig.�4
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Two seconds recording time after correlation were sampled in
1 ms intervals and recorded by the streamer-attached Geode system.
The nominal source spacing of 2 m then added up to a nominal spatial
fold of 30. In practice, the fold range lies mainly between 40 and 50,
with lower values down to 10, where street crossings had to be
traversed and undershot. With respect to the detected dominant
frequencies of about 60–70 Hz and resulting wavelengths of 3–5 m,
the midpoint spacing along the profile was set later on to 0.5 m
3.3. Data processing

The acquired reflection seismic data underwent a standard proces-
sing procedure developed for shear-wave data at LIAG, summarised for
the following principal steps and parameters in Table 1.

Fig. 6 shows an example of consecutive, correlated records from
the western part of Profile 2. These date underwent processing steps
1–6, with an additional band-pass filter (28–32–85–115 Hz) applied
to exclude frequencies outside the seismic source range. The
recording period of this part of the profile was around 4 pm at a
working day, thus during a typical rush hour with a lot of traffic. These
noise conditions can be easily observed in the data as signal variations
prior to the seismic events in the far offset range. But despite the
relatively high urban noise level during that time, clear reflections
around 400 ms two-way traveltime are visible in all records (Fig. 6).

Most of the processing steps after step 7 were carried out iteratively.
For Profiles 2 and 3, the resulting time-domain sections up to processing
step 16 (Figs. 7a and 8a), 17 (Figs. 7b and 8b) and the resulting depth
sections of processing up to step 18 (Figs. 7c and 8c) are shown. The
depth sections are additionally overlain by colour-coded shear-wave
interval velocities, which were calculated from smoothed NMO-
correction velocityfields using a smoothedgradientmethod. Statistically
basedSurfaceConsistent (SC)dataprocessingmodules likeSCamplitude
recovery, SC deconvolution, and SC residual statics were not applied for
this test survey. The relatively highurbannoise level during theday-time
combined with the typical change of geophone-location-pairs and
coupling conditions during streamer shift operation led to ahigh statistic
distortion in such processes.
Table 1
Overview of standard processing procedure developed for shear-wave seismic data.

Processing step Parameter

1. Quality control Inspect uncorrelated seismic data
2. Geometry check Optimization of geodetic data
3. Vibroseis correlation By individually recorded pilot

sweeps
4. Vertical stacking of records 2-fold
5. Crooked line geometry installation 0.5 m bin interval
6. Amplitude scaling 350 ms automatic gain

control (AGC)
7. Trace editing Kill distorted traces
8. Time-variant spectral balancing 30-120 Hz (window range 10 Hz)
9. Top muting
10. Time-variant filter Between 25–122 Hz (3 windows)
11. Interactive velocity analysis Nominal analysis interval 40 m
12. Residual static corrections Correlation autostatics

(max. 16 ms)
13. Normal move-out (NMO) correction
14. Common mid-point (CMP) stacking Up to 50-fold (nominal: 30)
15. Amplitude scaling Trace normalization
16. FX-deconvolution Applied to stacked data only,

not used as migration input
17. Finite-difference (FD) migration Smoothed velocities of NMO

correction
18. Time-to-depth conversion Smoothed velocities of NMO

correction
Due to the dense receiver interval of 1 m and the low velocities
(150–350 m/s) in the upper part of the sediments, the average seismic
velocity to a reflection event can be analysed with ±20m/s or less
deviation during reflection hyperbola analysis in the interactive velocity
analysis processing step. In principle, this yields a small velocity error of
b15%, which is superior to common P-wave reflection seismics. The
value is considerably dependent on the complexity of subsurface
geology and the uncertainty of seismic profile layout optimised with
respect to structural strike. To analyse velocity irregularities, tomogra-
phy, dip move-out or migration processes may help.

With respect to thegivenacquisition geometry, amain seismic signal
frequency of approximately 75 Hz, and a mean shear-wave interval
velocity of ca. 150 m/s in the uppermost sediments, the predominant
wavelength is approximately 2 m, resulting in a maximum vertical
resolution of 0.5 m, using the quarter-wavelength criterion. Encounter-
ing incomplete coupling, undifferentiated noise and picking errors for
velocity determination, approximately 1 m vertical resolution is
realistic. Horizontal resolution depends on the diameter of the first
Fresnel Zone for non-migrated seismic sections. Based on a wavelength
of 2 m, this diameter can be considered to be 6–7 m at 10 m depth, and
10–12 m at a depth of 30 m. Seismicmigration processing enhances the
lateral resolution significantly, up to a quarter of the wavelength,
theoretically (see for example Malehmir et al., 2009; Yilmaz, 2001;
Lindsey, 1989). Due to 3-D effects, scattering and inhomogeneouswave
paths in the subsurface, and other affecting processes, wavelengths of
2 m at 10 m depth, and 6 m at 30 m depth are realistic values after
migration. With respect to non-perfect profile orientation, these values
are also robust estimations for the achieved lateral resolution.

4. Near-surface structure and physical properties

In order to proof the applicability of our acquisition system to
specific urban sites and to the imaging of subrosion features, we now
inspect the structural inventory of the depth sections as well as the
seismic velocities, and correlate them to a first spatial model.

Three profiles were acquired in the Wobbe See sinkhole area
thereby spanning two parallel west–east trending sections (see Fig. 5
for location). Since Profile 1 had to be discarded because of bad noise
and subsurface conditions, wewill interpret and discuss profiles 2 and
3 that have an overlap of 33 m inW–E direction and a spacing of 75 m
in N–S direction.

The reflection seismic images gained show continuous and strong
reflectors in different, both horizontal and vertical segments of the
profiles (Figs. 7 and 8), with variations in amplitude size and frequency
content. The uppermost reflective events have small but largely
continuous segments of high-frequency amplitudes down to ca.
150 ms TWT (two-way traveltime) or ca. 10 m depth. Between 20 and
40m depth, with slightly lower values on Profile 2, a sedimentary unit
with incoherent, high-frequency reflectivity and a rather transparent
appearance occurs (e.g., Fig. 7, 100–200 m distance, 200–300 ms TWT).
This is followed at depth by strong, lower frequent reflectors of good
continuity on the western part of Profile 2 (Fig. 8, 175–260 m distance,
400–500 ms TWT). Rather unclear and uncorrelatable reflective
elements are observed in different depth levels on both profiles. The
eastern half of Profile 2 (Fig. 8, 200–500 ms; 25–60 m depth), the
eastern third of Profile 3 at shallow levels (Fig. 9, 100–300 ms) and the
western third of Profile 3 at deeper levels (Fig. 9, 200–350 ms) are
concerned.

The depth sections overlain with shear-wave interval velocities in
Figs. 7 and 8 (panel c) allow afirst andqualitative characterisation of the
physical properties in the area. In addition, the drilled and projected
lithology (c.f. Fig. 3) provides further hints on the velocity structure in
the uppermost 20 m. In general, the shear-wave interval velocities
increase on both profiles towards depth, with values ranging between
150 and 650 m/s. The uppermost 50 m (Profile 2) or 40 m (Profile 3) are
dominatedbyvalues between150and300 m/s,whichare values typical



Fig. 6. Four record examples of raw, correlated data along the western part of Profile 2. Each panel is 120 m wide (one streamer length) and 1200 ms deep. Clear reflections are seen
around 400 ms two-way traveltime. Channel numbers and field file identity (FFID) are given on top.
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for unconsolidated silt, sand, and gravel (c.f. Gomberg et al., 2003; Xia
et al., 1999; Hardin and Richart, 1963). Within this sequence, a low-
velocity zone is observed showing values of 150–200 m/s. These zones
are most pronounced on Profile 2 above the strong reflectors at 15 m
depth (Fig. 7c, 180–260 m distance) and on Profile 3 at 10 m depth
(Fig. 8c, 90–140 m distance). The vertical extent of this zone is smeared
due to processing effects from smoothing the velocity models for
migration input, nonetheless the minimum velocity value in the centre
of the zone can be taken as the location and depth of the causing
lithological change. Even though this low-velocity zone is horizontally
less distinct in few parts of the profiles (Fig. 7c, 150–180 m distance;
Fig. 8c, 60–80 m distance), it is surprisingly continuous and seen across
the entire sections. Furthermore, it is supported by the coincident
reflection pattern that may describe some kind of subsidence or basin
structure across the section. The cored lithology does not give a clear
explanation (c.f., Fig. 3). Drilled peat lenses are found at shallower
depths (2–4 m), so that fine intercalations in the sandy sequences seem
reasonable, e.g., poorly stratified glacial silts and fine sands exhibit low
shear-wave velocity values as observed here.

Further below, coincident with the strong reflections seen at ca.
50 m (Profile 2) and 40 m (Profile 2) depth, the velocity starts to
increase, up to values between 350 and 500 m/s. While these values
take the depths between 50 and 120 m on Profile 2 (Fig. 7c), Profile 3
encounters these values only up to ca. 80 m depth (Fig. 8c). This may
indicate that the lithological profile condenses further northwards.

The high-resolution images of the SH-wave reflection seismic
sections finally allow a detailed structural interpretation at depth
(Figs. 9 and 10). On both profiles, different sedimentary sequences may
be identified from surface to ca. 100 m depth, encompassing the base of
artificial infill, layered Quaternary sequences, more transparent and
incoherent strata underneath, and a strong two-phase reflection that is
in addition faulted in some areas.

In detail, we suggest that Profile 2 shows the main features
describing the deformed structure of the Wobbe See sinkhole (Fig. 9).
The first coherent and in large parts continuous reflector that gently
deepens eastwards from 2 to ca. 4 m depth is interpreted as the base of
the artificial infill of the area. Below, almost flat-lying sandy layers are
envisaged down to ca. 10 mdepthwith the low-velocity zone described
above. This is defined structurally by a reflection traceable across the
entire section (Fig. 9, green line). It deepens very slightly for ca. 4 m
towards the profile centre, thereby also marking the top of a basin
structure below, that deepens from15 mat the borders to 30 mdepth in
its centre (Fig. 9, pink line). The next clearly identifiable structural
feature is the faulted surface between 55 and 80 m depth (Fig. 9, orange
line) that deepens towards the profiles centre by en-echelon normal
faults. Thewestern side of this structure is much clearer imaged than its
eastern flank, where the horizon segments between the faults are
weaker and almost disappearing at shallower depths. This could be
partly due to both acquisition geometry and surface-related loss of
energy. Even though the profiles are almost straight, the subsurface
structure may not be covered at an optimal perpendicular angle. In
addition, we suggest here, that the stronger effect comes from the
subsurface conditions themselves. Indicated already by the broadened
extent of the low-velocity zone in this part of the profile (see Figs. 7c and
9, 0–90m distance) also the structural features vanish in the area and
the reflective elements change to a hummocky appearance. This is
hypothesised to be indicative for an area suffering enhanced subrosion.

Profile 3 offers a comparable structural inventory. A normal fault is
interpreted to cut the horizons between 30 and 60 m depth (Fig. 10,
40–60 m distance), but its trace is much less pronounced than on
Profile 2. In addition, the western half of Profile 3 shows shingled
structures between 7 and 12 m depth (Fig. 10, 70–125 m distance)
that flatten towards the east and then disappear. This coincides with a
very broad low-velocity zone and a hummocky reflection pattern
(Fig. 8c, 0–50 m distance), which are suggested again to map
enhanced subrosion.

5. Discussion

5.1. Quality of SH-wave signals and velocity models

An inverted velocity profile at surface hampers the generation of
Love waves at the surface, because the transmitted energy is not
enhanced in horizontal direction. This is the case in urban and
industrialised areas, where roads with a mechanically compacted bed
or concrete pavement exist. Due to the inverse velocity profile, also
shallow refractions are widely suppressed. These assumptions
provide the basic principle for the application of the shear-wave
reflection seismic system used here.

The benefit of shear-wave surveys for near-surface applications,
especially if a shallow water table affects P-wave propagation while
S-waves are not affected, was reported recently by Haines and
Ellefsen (2010). The resolution relationships are strongly depending
on the type of sediment investigated, the pore space filling which
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Fig. 7. W–E-trending shear-wave reflection seismic sections of Profile 2 (for location see Fig. 5) with a) stack in time domain with FX-deconvolution applied, b) time migration
(finite-difference method), and c) time-migrated and depth-converted section. Colour-coded and overlain shear-wave interval velocities were calculated fromNMO- andmigration-
velocity analyses. Elevation and CMP-fold are shown on top for reference; Recloc—receiver location; CMP—common mid-point.
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controls the P-wave velocities, and the main frequencies which could
be achieved by the seismic source–receiver system used. Pullan et al.
(2007) and Pugin et al. (2008) showed a significant difference in
resolution and penetration depths for P-, SH- and SVwaves in the case
of P-wave velocities of 1500 m/s and S-wave velocities of 150 m/s, if
exploration is done by a vibratory source. In such kind of water
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Fig. 8. W–E-trending shear-wave reflection seismic sections of Profile 3 (for location see
Fig. 5)with a) stack in timedomainwith FX-deconvolution applied, b) timemigration (finite-
difference method), and c) time-migrated and depth-converted section. Colour-coded and
overlain shear-wave interval velocities were calculated from NMO- and migration-velocity
analyses. Elevation and CMP-fold are shown on top for reference; Recloc—receiver location;
CMP—common mid-point.
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saturated, unconsolidated sediments, the shallow sediment layer
reflections can be much better observed by S-waves, while P-waves
usually achieve deeper penetration. Average structural resolutions
using the criterion of Widess (1973) amount to 1.67 m for P-waves,
0.63 m for SH-waves, and 0.27 m for SV-waves using main frequen-
cies of 220 Hz, 60 Hz, and 140 Hz, respectively (Pugin et al., 2008).
Such type of calculation cannot be made for the case study here,
because we did no coincident P-wave survey. However, a shallow P-
wave survey 40 km south of the Gross-Flottbek site serves as
comparable location, yielding a vertical resolution of 3–4 m (Buness,
2007). Thus, we consider a significant resolution advantage of our SH-
system over P-waves in the shallow subsurface.

Shear-wave velocities depend strongly on heterogeneities in
shallow sediments. Especially zones of low velocity are difficult to
image, because the wave tends to travel faster paths somewhere close
to the low-velocity zone, as is known for caves or zones of strong
scattering, e.g. at faults, where no direct transmission is possible. This
situation is typical in areas of subrosion-induced sinkholes, where
destabilization processes take place continuously and over long
periods of time. Typically, this effect leads during seismic velocity
analysis to irregular and low interval velocities, eventually even
resulting in negative interval velocities values. These are physically
impossible but have to be introduced during processing here, because
otherwise such kind of reflection events would be totally ignored. In
general, the NMO-correction approach for velocity model building as
applied here depends on the presence of reflective elements in the
subsurface. If there are only weak or strongly discontinuous reflec-
tions, the derivation of a proper velocity function is limited.

Partial wave conversion can be also a source for a velocity error. SH-
waves shownoconversion, in strong contrast to P-waves and SV-waves,
if the plane of wave propagation is perpendicular to reflection and
transmission plane. If this condition fails due to a non-perfect profile
layout with respect to the geological structure, or due to a complex
geology in the subsurface, the polarization of the incident SH-wave
obtains a fraction of SV-wave and P-wave during transmission and
reflection. Whereas the SV-wave fraction would not affect the average
ray-path velocity significantly, the P-wave conversion path would
increase the mean velocity considerably, resulting in apparently higher
interval velocities.

The S-wave velocity models here can be compared to the average
soil-velocity model derived from ambient vibration methods, i.e. H/V
and small-scale seismic arrays (Kühn et al., 2011). Shear-wave
velocities in the uppermost 10 m are as low as 200 m/s only. They
increase to values of about 500 m/s at 100 m depth (e.g., Dahm et al.,
2011), following approximately a potential law as typical for
saturated soils under compaction. The velocity profiles derived here
have a similar depth dependency, but are resolved with much more
detail. This clearly confirms the benefit and supplementary information
of both, passive and active methods, if applied to common targets and
jointly interpreted.

5.2. Sinkhole structure and characteristics

Reconsidering the structural inventory revealed by our seismic
system, the perspective view of the seismic profiles makes the spatial
correlation of structures and the main fault trace clearer (Fig. 11). In
general, the structural depth level shallows towards north. This
correlates with the bowl-shaped surface morphology that determines
the extent of the Wobbe See sinkhole. Furthermore, we suggest that
the east-dipping fault traces observed separately on the 2-D seismic
lines may be connected to one continuous fault. Especially the
westernmost normal-faults on Profiles 2 and 3 could be expressions of
the same fault plane. This is corroborated by the fact that both this
location as well as the kinematic interpretation of the observed
reflection seismic structures coincide with the area of maximum
intensity and the focal mechanism determined for the 2009 earthquake
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Fig. 9. Interpreted shear-wave reflection seismic depth section of Profile 2 (for location see Fig. 5). Detailed explanation of marked horizons is given in the text.
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event (Dahmet al., 2011).Whether this and other historical events have
caused the suite of normal faults seen on thewestern part of Profile 2, or
whether the 2009 event was a rather isolated one during the evolution
of the sinkhole, cannot clearly be decided. The coseismic slip of the Mw
0.6 April 2009 event was estimated in the range of 4–19 cm, and the
length of the fault was possibly only 26–12 m (Dahm et al., 2011). A
singlemicro-earthquake cannot explain a stratigraphic offset of 5–10 m,
but it is likely that most of the deformation is aseismic. A faint east-
dipping reflector underlying the eastward deepening en-echelon
normal faults (Fig. 9; 55–95 m depth, 260–130 m distance) may serve
as detachment or delineate a more competent sequence underneath.
However, here we would propose faulting to play an important role,
because dissolution fractures often expose a certain width (c.f., Odum
et al., 1999) that cannot be found in the Wobbe See profiles.

In the context of the North German stratigraphy, the seismo-
stratigraphic character of the faulted surface with two positive
amplitudes, a lower frequency content andmore transparent reflectivity
below could lead to suggest that this reflector represents top salt. From
3-D gravitymodelling, themost recentmodel of the OLDdetermines top
salt in this area at 150–180 m below surface (Dahm et al., 2010). Since
the gravitymethod focuses on the transition between homogeneous salt
body and overlying caprock/sediments, some shallower residuals may
be possible. Furthermore, the salt reaches less than 100mbelow surface
at the southern OLD, and the diapir shoulders bear anomalous spots of
salt depth (e.g. Kühnet al., 2011), one of themmay bepresent in the area
of investigation. In principle, this should be detectable with ambient
vibration H/V spectra that rather resolve areas of enhanced porosity or
caprock floaters (Kühn et al., 2011). Both those methods do not allow a
resolution level as the shear-wave reflection seismicsdoes here, so that a
refinement of the previous model is suggested. The new data point
towards a shallow salt depth of approximately 60–80 m here (Fig. 11).
Fig. 10. Interpreted shear-wave reflection seismic depth section of Profile 3
(for location see Fig. 5). Detailed explanation of marked horizons is given in the text.
Taking the focal depth of the 2009 events of ca. 90 m into account,
our new depth determination would agree well with a model that
finds the focal depth at the transition from sediments to salt, thus the
micro-earthquakes could have originated from paleo-karst collapse.
Subrosion may be evidenced here the first time directly by low-
velocity zones in the shear-wave reflection seismic data, as well as by
the coincident hummocky reflection character in these areas. The
combination of these two facts is taken as a robust indicator for
subrosion. Lowered shear-wave velocities are also found in other
terrestrial case studies, e.g., in Münsterdorf, Germany (Gebregziabher
et al., 2010) and in Kansas (Miller et al., 2009). Unfortunately, it is not
possible to put up this velocity criterion with lake/marine surveys (e.g.,
Evans et al., 1994). Further evidence could come from microgravity
surveys. As shown by Rybakov et al. (2005) in the Dead Sea region,
subsurface cavities thereby can be detected and alsomonitored. For the
Gross Flottbek quarter in Hamburg the detailed sinkhole processes are
difficult to develop and predict at the current state of work, because a
hydrological model is not available yet.

This shear-wave reflection seismic survey was not supported by a
P-wave seismic survey due to a lack of time and the difficulties arising
from installing an appropriate experiment on the sealed surfaces in
the densely populated urban area. However, a supplemental exper-
iment in the future would probably allow calculating the Poisson
ratio, if sufficient reflections from the shallow part of the sediments
can be achieved. This requires the use of the optimum-window
technique and a sufficient receiver spread for velocity analysis. In this
case, P-waves would greatly enhance the interpretation of the
physical properties, especially in areas where subrosion is expected.
Furthermore, a high-resolution P-wave survey is expected to enhance
the investigation of deeper parts of the subrosion area below the
penetration depths of the S-waves, probably down to the rock salt
zone.

The observed staggered faulting and possibly the subsidence of units
overlying the salt (Fig. 11) seem suggestive of continued subsidence.
Such features are also observed in Kansas (see Miller et al., 2008, 2009
and references therein), where collapse structures have been investi-
gated with a variety of geophysical methods. Here, one of the rare cases
is givenwhere also shear-wave seismic investigationswere undertaken.
In well accordance with our Gross Flottbek results (see above) and
investigations further north in Münsterdorf (Gebregziabher et al.,
2010), it is evident that lower shear-wave velocities occur in areas that
coincide with bedrock or sediment disturbances resulting either from
mechanical or dissolution changes of porosity.
6. Conclusions and outlook

Since sinkholes form often abruptly and without warning, they
bear a high risk potential, the more if they take place in urban or
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Fig. 11. Perspective view of seismic lines with interpretation and spatial correlation of main fault trace. The structural depth level shallows towards north.

142 C.M. Krawczyk et al. / Journal of Applied Geophysics 78 (2012) 133–143
socialised areas. Here, effective methods for shallow exploration and
imaging of local subsurface heterogeneities are required, accounting
for early recognition of possible hazards.

The ELVIS shear-wave source in combination with a 120 m long SH
land streamer is able to acquire detailed near surface, structural data
with a high signal-to-noise ratio. It is a cost-effective high-resolution
system advantageously applied in sealed urban environments. In busy
urban environments, however, field acquisition may be preferably
undertaken at night for a much lower noise level and also for practical
reasons.

Shear waves offer an advantage over compressional waves because
they provide ahigher resolutionwith respect to the source spectrum.An
increase bya factor of up to10maybeachieved close to surface in caseof
shallow groundwater levels. The vertical resolution of our study was
roughly 1 m in the near-surface, the horizontal resolutionwas 2–6 m at
10–30 m depth, respectively. In detail, these values depend strongly on
the local shear-wave velocity and the applied migration. A refraction
approach with compressional waves would not have been able to
provide the desired high resolution. Also, shear waves are not sensitive
to the groundwater table. Thus, an important step is made to cover the
subsurface at depths where GPR loses its penetration.

In the case study presented here for theWobbe See sinkhole, we can
show that it is possible to classify a sinkhole type structurally. Here,
collapse depth is found at ca. 60–80 m depth below surface. It is also
suggested tomap subrosion areas by lowered shear-wave velocities and
a chaotic reflection character.

For deeper penetration and a better signal-to-noise ratio, reflection
seismic measurements with a stronger shear-wave source or an
additional P-wave survey would be desirable in order to depict the salt
and deeper structures. This should be further assisted by a calibration
well that can later onbeexpanded to anobservationwell for deformation
monitoring. The imaging of the fault plane is a 3-D issue, so that a proper
3-D survey should also be considered.

Since an effective sinkhole hazard mitigation does not only require
the knowledge of subsurface structures, the integration of subsidence
and surface measurements is mandatory. Thus, as a first action, the
long-term levelling of surface movements could be a well suited and
affordable task tomonitor recent activity in the area, combined ideally
with results from a monitoring well.
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