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Abstract In the night from 8/9 April 2009, shortly after midnight on Maundy Thursday

before Easter, several people in Gross Flottbek, Hamburg, felt unusual strong ground

shocks so that some of them left their houses in fear of earthquake shaking. Police and fire

brigade received phone calls of worried residents. A few days later, Internet pages were

published where people reported their observations. On 21 April 2009 at about 8 p.m. local

time, a second ground-shaking event was felt. Damage to buildings or infrastructure did

not occur to our knowledge. The Institute of Geophysics, University of Hamburg, installed

from 22 April to 17 May 2009 three temporal seismic stations in the epicentral area.

Seismological data from two nearby stations at the Deutsches Elektronen-Synchrotron at

1 km and the Geophysical Institute at 7 km distance were collected and integrated to the

temporal network. The events occurred above the roof of the shallow Othmarschen

Langenfelde salt diapir, in an area known for active sinkhole formation and previous

historic ground-shaking events. The analysis of the seismological data shows that three

shallow micro-earthquakes occurred from 8 to 21 April at a depth of about 100 m, the

largest one with a moment magnitude of about MW 0.6. Depth location of such shallow

events is difficult with standard methods and is here constrained by waveform modeling of

surface waves. Earthquakes occurring in soft sediments within the uppermost 100 m are a

rare phenomena and cannot be explained by standard models. Rupture process in soft

sediments differs from those on faults in more competent rock. We discuss the rupture and

source mechanism of the events in the context of previous historic shocks and existing

sinkhole and deformation data. Although the event was weak, the rupture duration of 0.3 s

was unusual long. Three possible models for the generation of repeated ground-shaking

events in Gross Flottbek are developed and discussed, implying quit different hazards for
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subsidence, ground motion, and sinkhole formation. Our favored model postulates that roof

failure occurs in an existing soil cavity beneath the epicenter at a depth of about 100 m.

Other models bearing a smaller geo-hazard cannot be disproved with the data available, but

future geophysical experiments may be planned to resolve this question.

Keywords Gypsum karst � Subrosion in salt � Sinkholes �
Rock-fall � Micro-earthquakes

1 Introduction and background

The region of Hamburg has about nine salt diapirs of different shape and depth. The

Othmarschen Langenfelde diapir (OLD) lies beneath most of the north-western part of the

city of Hamburg and has a total length of about 20 km. It extends in NNE direction up to

the small of city Quickborn (Fig. 1). The caprocks of the OLD are partly situated only few

meters below the surface.

Because of the shallowness of the OLD, the hazard related to possible gypsum karst and

salt dissolution is high. For instance, the long time span of dissolution of salt in the roof of

a diapir generates thick layers of residual gypsum and anhydrite caprocks. Such layers are

well known for many shallow diapirs (e.g. Gorleben in North Germany, see Klinge et al.

2002), and residual gypsum layers have indeed been probed in some boreholes above the

OLD. Gypsum caprock often contains caves or extended karst systems (see Warren 2006).

The gypsum caves in Bad Segeberg, about 60 km north of Hamburg, have an open length

of about 260 m and pose a good example for gypsum karst. Cave galleries are partly up to

&3 m high and span over 10 m or more. Other examples of extended gypsum karst are the

caves in the Kyffhäuser mountains in North Thüringen, Germany, the caves Spicole Ac-

quafredda (open length of 10,500 m) and Grave Gruppo—Valone Calfono Spring (open

length of 2,830 m), both in Calabria, Italy (Parise and Trocino 2005), or the gypsum karst

in Kungur (Russia), the Ukraine, or in Ripon, UK (see Waltham et al. 2005). Surface

indicators of gypsum karst are sinkholes or collapse dolines. Dissolution sinkholes are

often associated with the slow sediment subrosion at depth into void space or caves.
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Fig. 1 Overview to salt diapirs
and pillow in the Hamburg region
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and Dahm et al. (2010). The red-
filled star indicates the epicenter
of the April 2009 ground-shaking
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Collapse dolines, i.e. steep-sided sinkholes of elliptical or circular shape, are characterized

by the abrupt and fast failure in the overburden of the cave. The caves are most often

within the gypsum caprock, but may in other cases be in the overlying sediments if an

upward migrating pipe has developed (e.g. Waltham et al. 2005; Warren 2006). Both

dissolution sinkholes and collapse dolines are not strictly related to gypsum karst, but may

also be controlled by rock salt dissolution. Sinkholes and dolines from gypsum often show

diameters of few tens of meters (Waltham et al. 2005), while those associated with salt

dissolution may be larger with diameters up to 100 m or more, see e.g. the Äbtissinengrube

sinkhole in the Kyffhäuser mountains (North Thüringen, Germany, 160 m 9 200 m,

developed during 3 days in the sixteenth century), the Meade 1879 collapse, Kansas, or the

Wink Sink, North Texas (both described in Waltham et al. 2005). Submarine circular

sinkhole structures have partly reached even larger dimensions up to 2 km (e.g. McDonnell

et al. 2007; Bertoni and Cartwright 2005).

In the region of Gross Flottbek in Hamburg, circular sinkholes and local ground motion

shocks have been observed for several hundred years and interpreted as indicators of

gypsum karst. Although surface-related subsidence features are relatively well docu-

mented, the extent and depth of a possible gypsum karst as well as its possible hazard for

the city of Hamburg has never been investigated and quantified.

Morphological and geophysical studies in Hamburg indicate two types of sinkholes in

close proximity (Fig. 2; Buurman 2010): (1) slow and continuously subsiding zones with

diffuse border structures (here declared as dissolution sinkholes) and abrupt and episodic

collapsing pipes (dropout sinkholes) that are limited by sub-vertical faults and are possibly

related to ground shaking during a partial failure event (compare with micro-earthquake

observations at the Guatemala City, February 2005, sinkhole with a diameter of 20 m and a

depth of 100 m). Both types are also observed in other areas of gypsum karst (Benito et al.

1995; Waltham et al. 2005). The largest sinkholes in Hamburg have a diameter of 100 m

or more (e.g. Bahrenfeld lake, 118 m), and depth probing of specific sinkholes indicate a
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Fig. 2 Sinkholes (Dark-gray filled polygone, from Koch 1918; Niedermayer 1962; Grube 1970, 1973,
1974; Paluska 2002; Buurman 2010) and subsidence areas (gray filled, see Niedermayer 1962; Buurman
2010) in the southern region of the OLD. Red-filled circles represent positions where we received felt reports
of the April 2009 shocks (epicentral area). Dashed lines show felt areas of three stronger historic shocks in
1928, 1963 and 2000 (e.g. Paluska 2002, R. Taugs, pers. commun.). The large open circles show estimated
epicenters from about 25 other shocks between 1760 and 2000 (see ‘‘Appendix’’), and the green-filled circle
indicates the epicenter of an artificial pile-driver source that is compared in the analysis. Permanent seismic
stations are declared by blue-filled triangles (DES2, DES4 und HAM3), and open triangles declare temporal
stations. Arrows mark directions toward the April 2009 shocks as estimated from surface wave polarization.
The open circles declare available borehole locations, gray-filled circles boreholes where open pore space at
depth is indicated. BO2, CRA, AVP, JEN and PFI give positions of small-scale array experiments to
determine the shear wave velocity
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depth of the dissolution centers or void space of 185 m or more (Othmarscher Dorfteich,

see Grube 1973).

Most of the sinkholes in Hamburg have developed under slow continuous subsidence.

Average rates have been estimated in between 2 and 5 mm/year (Paluska 2002, see also

results of PSInSAR deformation measurements). Active sinkholes may influence existing

or new buildings and infrastructure. For instance, Grube (1973) mentions the usage of

stabilizing techniques for high buildings close to existing sinkholes. Vice versa, the human

activity may influence the stability of the salt–gypsum–water system. Such a feedback has

been recognized in urban areas elsewhere (e.g. Benito et al. 1995; Waltham et al. 2005;

Johnson 2008; Soriano and Simon 1995, 2002). The sinkhole hazard may increase by

mass-loading of critical areas (Waltham et al. 2005), by pumping of ground water (Wal-

tham et al. 2005), or when drilling into underground cavities and aquifer systems under

overpressure. A good example is the 2005 sinkhole generation in the gypsum mine

Moncalvo in Piemont, Italy.

In some areas in Flottbek, the occurrence of ground shaking (Fig. 2), often at the same

location, indicates that paleo-caves or dissolution fronts exist. However, so far, larger

caves or karst systems have not been evidenced. Some borehole lithological profiles SE of

the epicentral area indicate high porosity between 90 and 140 m depth (gray-filled circles

in Fig. 2). Within one borehole, a 10-m-long void space has been indicated between 54 and

64 m depth (borehole Othmarscher Dorfteich, Grube 1973).

We analyze the April 2009 ground shocks in Gross Flottbek and investigate possible

sources as cave collapse or shear rupture. Specific questions concern the depth, the

strength, and the source mechanism of the events, the possible existence of paleo karst

systems or dissolution fronts, the role of gypsum or salt as well as the evaluation of the

possible ground shaking hazard.

2 Seismological study

2.1 Waveform characterization and observations

2.1.1 The 8 April 2009 event

The strongest shock of the sequence occurred on 8/9 April some minutes after midnight

(local time). It was felt only locally in a small area of about ±100 m (Fig. 2). Partly,

habitants left their houses because of the unusual shock and the fear of more ground

shaking. Luckily, the event has been recorded by three local seismic stations, DES2 and

DES4 at DESY (Deutsches Elektronen Synchrotron) in an epicentral distance between 900

and 1,200 m, and station HAM3 at the Geophysical Institute, University of Hamburg, in

about 6.8 km distance (Fig. 3). DES2 is equipped with a Guralp CMG-3TD (360 s, GPS

synchronized) and DES4 with a Guralp CMG-6TD system (60 s). DES2 is 20 m below

surface. DES4 was unfortunately not time synchronized, but the time shift and drift could

be estimated by cross-correlating body-wave phases from teleseismic earthquakes on both

close-by stations at DESY (Appendix 2, Fig. 14). HAM3 is equipped with an STS2 (100 s)

and a Quanterra datalogger. The maximal ground displacement at the closest station DES2

was about 0.03 millimeter at a period of 0.6 s. The maximal ground velocity measured at

DES2 was 0.35 mm/s and the maximal acceleration 8 mm/s2. Ground acceleration directly

at the epicenter has not been measured. The corresponding values at HAM3 were

0.001 mm at 0.9 s, 0.012 mm/s, and 0.2 mm/s2, respectively.
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The seismograms in Fig. 3 are dominated by surface waves with emerging onsets and

velocity dispersion. The amplitudes of the surface waves attenuate quickly with distance

from the epicenter so that the signals in 6.8 km distance are only slightly above the noise

level. However, identification of Rayleigh and Love waves on rotated horizontal compo-

nents could be used to estimate a backazimuth at the three stations, which confirmed the

correct association of the epicenter at the area of felt reports (Fig. 2). The largest slowness

of the surface wave-train at about 1 Hz is about 2.2 s/km indicating a group velocity of

about 450 m/s. Surface waves at higher frequencies propagated slower with &230 m/s or

even less. The penetration depth of these types of waves is small, in the range between

roughly 20 and 150 m (1/3 wavelength rule of thumb). Both the fast amplitude attenuation

and the absence of faster, deeper reaching surface waves is a clear seismological indication

that the event occurred in the uppermost sediment layers beneath the quarter of Flottbek

Markt, i.e. above 200 m depth. Similar to other events close to the surface, a man-made

cause of the ground shaking, e.g. from an explosion, may be questioned. However, the

occurrence time after midnight, the occurrence of aftershocks as well as the presence of

Love waves gives strong arguments for a natural origin of the shocks.

2.1.2 Aftershocks

We developed and applied a simple search algorithm for the two closest stations, DES2

and DES4, in order to detect possible fore- or aftershocks from the same source region. The

waveforms of the 8 April event and the 21 April aftershock were cut out and used as master

waveforms in a cross-correlation application over the continuous time traces. Common

peaks in the correlograms of the two stations, above an empirically defined threshold, were

demanded for the final association of a detection. Between 7 April and 18 May 2009, one

possible fore- and about 20 possible aftershocks were detected. However, most of the
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detections were weak and in the range of the noise amplitudes, and only a single detection

(8 April 22:58) was jointly found with both master waveforms.

On 22 April, the University of Hamburg installed three seismic stations in close

proximity to the epicentral area, two of which functioned well (open triangles in Fig. 2). A

large amount of traffic- and man-induced weak noise burst could be identified (Fig. 5), but

no clear aftershock or earthquake activity. Finally, the evaluation of all available traces and

detections by eye led to the conclusion that only two aftershock events were unambiguous

(see Fig. 4). The first aftershock occurred only 1 h after the main shock on 8 April 2009,

22:58 UTC, and had a moment about 50 times smaller than the main shock. The second

aftershock occurred on 21 April 2009, 18:04 UTC, after nearly 2 weeks and was half the

size of the main shock on 8 April. The waveforms of the three events are similar, but not

exactly identical (Fig. 4). Time differences between individual peaks vary only slightly

indicating that the foci of the aftershocks must have been close to the focus of the main

shock (range of about 50 m or smaller if a quarter wavelength rule is considered).

2.1.3 Sedimental velocity model and phase identification

Figure 6 shows the velocity and density model we derived for the region of Flottbek Markt

(see Kühn et al. 2011). Most important for our interpretation are velocities within the

uppermost 500 m and the depth of the sediment-salt transition.

The P-wave velocity at the surface is 1,500 m/s and increases gradually to a value of

2,690 m/s at a depth of 150 m. The near-surface velocities are constrained from hammer

blow refraction experiments at different sites above the OLD diapir (Kühn et al. 2011).

Additionally, critical porosity models suggest that water-saturated, unconsolidated sedi-

ments close to the free surface are better characterized by a suspension in water with a

P-wave velocity at the water point, i.e. 1,500 m/s, and a very high vP/vS ratio (Mavko et al.

2003). Between 150 and 170 m, we have a transition to velocities of 4,500 m/s that are

typical for halite. The depth of the top of the OLD is locally constrained from 3D gravity

inversion (e.g. Dahm et al. 2010), H/V ambient vibration studies and from surface-

wave velocity dispersion as measured from small-scale seismic arrays (Kühn et al. 2011).
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The sediment-salt transition is assumed to occur over a zone of about 20 m thickness. A

smooth transition zone is viewed as an average model along the path from the epicenter to

stations DES2 and DES3, because the OLD has some topography (see ‘‘Discussion’’

below). Station HAM3 is outside the OLD, and the sediment-salt transition is possibly not

appropriate for the path to HAM3.

The S-wave velocity is set at the surface to 210 m/s and increases to 1,000 m/s at a

depth of 150 m. It is mainly constrained from the results of Rayleigh wave inversion from

Fig. 5 Noise record at DES4 (VER) on 28 April 2009 10:20–10:28 UTC. Regular shocks occurred on 28
April from 6:30 h to 16 h (local time) and can be associated with construction work at DESY in 417 m
distance, where a pile driver was used to destroy erratic blocks of rocks in the underground (max. 40 m
depth). The regular shocks are later used for a comparative study
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nearby seismological array measurements (e.g. Kühn et al. 2011; Fig. 2 for location of

arrays). Within the halite, we assume S-wave velocities at about 2,100 m/s.

Figure 7 shows three component seismograms at DES2 and DES4 rotated to the great

circle radial, transversal, and vertical (up) direction. The seismograms are dominated by

surface waves of relatively low frequencies. The seismograms have not been lowpass

filtered (except the anti-aliasing filter at about 50 Hz), and the dominance of low fre-

quencies is unusual for an earthquake of this small strength and such short distances.

Because the travelpath to the stations is short, the intrinsic damping is insignificant for all

of the high-frequency waves at about 5 Hz. We postulate that the dominance of low

frequencies is not due to attenuated high frequency waves but controlled by a relatively

long rupture duration of possibly 0.3 s or even larger.

Love waves are observed on the transversal component with similar amplitudes com-

pared with the Rayleigh waves on the vertical and radial component. Love waves at HAM3

have slightly larger amplitudes than Rayleigh waves. This is noteworthy, because a vertical

single force or vertical linear force-dipole, force systems typical for cavity collapses, do

not excite Love and SH waves.

The body waves in Fig. 7 are emergent and weak, and the dominance of surface wave

amplitudes already indicates a shallow source within the uppermost 150 m. We plotted the

theoretical arrival times of the diving/refracted P and S waves for a source in 80 m depth

and compare them with observed picks. The S-wave arrivals are in general weak and are

difficult to be unambiguously identified. However, the general good accordance to body-

wave onsets confirms the choice of the velocity model and the correct choice of the

epicentral distance. A shallow source is in accord with observations, but a precise depth

estimate from body-wave arrivals is not possible with only three seismograms.
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and theoretical arrival times of P and S waves for a source depth of 80 m. R and Q denote Rayleigh and
Love waves, respectively
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2.2 Source depth and mechanism estimated from waveform modeling

Looking at the continuous time traces between 25 April and 10 May, one can recognize a

large number of small events of impulsive origin. These events occur preferably on

working days, during working hours. For example, on 28 April, about 147 such events can

be identified between 4:30 and 14:50 UTC (Fig. 5). Over some periods, they occur almost

regularly every 3 min, a group of two to five events within about 40 s. Among each other,

the seismograms of these events show a very similar waveform pattern, but their relative

strength varies. The strongest were visible on the whole network, but with a low signal-to-

noise ratio. The origin of the impulsive events was from a pile driver at a construction work

at DESY in a depth of about 30 m. The working area was documented at 9.8775 E and

53.5792 N and is consistent with the arrival of waves at the four close-by stations.

We use these artificial signals and synthetic waveform modeling for a direct comparison

with the micro-earthquake data to estimate the depth of the event. It was possible to

improve the signal-to-noise ratio (SNR) of the artificial shocks by means of stacking. The

timings required to stack the traces were determined by cross-correlation in a 2-pass

process: In the first pass, one of the stronger 28 April shocks was used as master waveform.

In the second pass, the master waveform was replaced with a preliminary stacked trace

built from the timings determined in the first pass. The timings of the peaks in the cross-

correlation were taken from the vertical component of DES4, which had the highest signal-

to-noise ratio, but the stacking was applied to all available time traces at DES4, DES2, and

the other two close-by stations. Altogether, 147 shocks have been stacked and the SNR

improved by a factor of 12.

The source depth and the shallow S-wave velocity structure both control the velocity

dispersion and the amplitude pattern of surface waves. We know the sedimental S-wave

velocity model within the uppermost 200 m quite well from independent measurements at

sites nearby. Therefore, a modeling of surface waves provides constraints to the source

depth problem, as well as to limit the range of possible source mechanisms and rupture

duration. We evaluate the source depth by calculating synthetic depth sections and com-

paring them with observed ground displacement. Since epicentral distances are partly

within few wavelength from the source, the near field terms are included in the waveform

modeling, which we performed with a reflectivity program (Wang 1999, version qseis5.7).

Figure 8 gives an overview for station DES2, which recorded both the artificial shocks of

shallow origin and the micro-earthquake, in a similar distance (701 and 919 m, respec-

tively). A vertical linear dipole has been used as excitation, which has an azimuth-inde-

pendent radiation pattern for vertical and radial traces. Clear differences can be recognized

in synthetic seismograms associated with different depths. For shallow point sources, the

waveforms contain higher frequencies and more prominent single phases, while deeper

sources generate a stronger low-frequency ringing at the end of the coda of the waves. The

synthetic seismograms at 701 m associated with a 30 m deep source fit well the obser-

vations of the pile driver source. In contrary, the micro-earthquake data are better

explained by a point source between 60 and 120 m depth. A similar conclusions was found

when analyzing data at DES4. The waveform modeling therefore suggests that the event

occurred in about 90 ± 30 m.

In order to better evaluate the source problem, we run a systematic grid search inversion

on depth, moment, and moment tensor. We varied only Mxz, Myz, and Mzz. This corresponds

to a systematic search of two source types, a pure dip slip shear dislocation on a vertical

plane and a vertical linear vector dipole associated with a possible collapse. Full waveform

amplitude spectra have been fitted at all stations and three components. For HAM3, only
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the vertical and transversal components were chosen, but weighted by a factor 5 in order to

balance the relatively higher attenuation at a distance of 7 km compared to the near epi-

central stations DES2 and DES4. Although the traces at HAM3 are relatively noisy, they

contribute to the source mechanism problem since clear Love waves are observed at HAM3.

The results confirm a clear misfit minimum (L2 norm, ground displacement residuals) at a

source depth of 100 m (Fig. 9), similar to the visual inspection and modeling of traces.

Additionally, the moment, rise time and the source mechanism was estimated at M0 &
8.9 9 109 Nm, Tr & 0.3 s (Fig. 9), and Myz = 6.4 9 109 Nm, Mzz = -9.28 9 109 Nm,

Mxz = -2 9 109 Nm, respectively. The source mechanism corresponds to a point source

with 16% isotropic component (implosive, e.g. from a vertical linear force-dipole). The

remaining deviatoric tensor can be explained by a dip slip normal faulting shear crack with a

strike of 17�, a dip of 73� and a rake of -90�. The large shear faulting component justifies to

denote the Flottbek events ‘‘micro-earthquakes’’, although the possible cause is different

from that of a normal tectonic earthquake.

Figure 10 compares all three components time traces, vertical, radial, and transversal, at

the three available stations with synthetic seismograms of the best source at a depth of

100 m. Although only amplitude spectra were used for inversion, a reasonable fit to all

three component seismograms is observed. The source time function of 0.3 s, indicated

from the inversion, is in accord with the time data. Note that the strong Love waves on the

transversal component seismograms (tra) can only be explained by inventing a shear

dislocation source component. The moment magnitude of the ‘‘best source’’ is in the range

of MW 0.6 (Fig. 9). However, both the shape and strength of the moment tensor and the
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Fig. 8 Synthetic waveforms (gray lines) from a vertical linear dipole (Mzz = -1.0) have been calculated
for different depths (left label in m) and are compared for vertical and radial component to observed
seismograms at station DES2. The seismograms in 701 m distance have been artificially excited in about
30 m depth from a pile driver, while the seismograms in 919 m distance represent the micro-earthquake in
unknown depth. The micro-earthquake was 100 times larger than the artificial events and was scaled down
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depth of the source are not well resolved and should be taken as a possible, but not as a

unique solution.

Figure 11 compares theoretical and observed peak ground acceleration. Theoretical

values have been calculated with the parameters of the best point source at a focal depth of

100 m using a full waveform reflectivity approach, and using the sedimental velocity

model of Fig. 6. Maximal peak-to-peak acceleration was extracted from a dense grid of

synthetic seismograms between 0.2 and 7 Hz. The measured acceleration at the seismic

stations DES2 and DES4 were 8.4 and 6.5 mm/s2, respectively (Fig. 6). Perceptibility

reports from local inhabitants (34 reports received) have been collected by the University

of Hamburg and associated with three categories, strongly felt (intensity up to IV),

occasionally felt, and not felt (intensity below II). We assume that an intensity of IV can be

associated with a ground motion of about 40–300 mm/s2 at 3 Hz dominant frequency (e.g.

Aktison and Kaka 2007).

Figure 11 shows that the epicentral location, shape, and magnitude-decay of percepti-

bility is well explained by the predicted ground acceleration and our source model. The
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modeling further confirms that damage could not be expected from the main shock,

because epicentral ground acceleration was most likely everywhere below 150 mm/s2. The

ground motion modeling and perceptibility reports could not be used to further constrain

the source depth, because the uncertainties of the reports are too large. However, it is

interesting that a shallow source at 30 m depth produced a too strong decay of intensities at

the two seismic stations, while a deep source at 180 m depth predicted a slightly larger

region of perceptibility.

3 Discussion

The Flottbek April 2009 superficial ground shocks are very likely related to sedimental

paleo-cave collapses or salt dissolution and pose a rare example of recording such events

by seismometers (e.g. Neunhöfer 1997; Wust-Bloch and Joswig 2006; Land 2009). The

Flottbek events are recorded by three seismometers only, and the resolution of retrieved

source parameters is therefore limited. On the other hand, additional information as the

reports of residents, previous work on the structure of the OLD, historical reports of local

ground motion shocks, and the available geodetic information in the epicentral area help to

unravel the origin of the unusual events.

The main shock on 8 April 2009, 22:06:25 (UTC), had a moment of about

8.9 9 109 Nm and an equivalent moment magnitude of about MW 0.6. Without doubt, two

aftershocks with moment magnitude MW -0.6 and MW 0.33 occurred on 8 April, 22:58,

and 21 April, 18:04, respectively. Even weaker aftershocks are indicated by automatic

waveform-based triggers, but are difficult to verify against noise. The seismological

recordings indicate a source depth at about 100 ± 20 m. Since the micro-earthquakes are
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so shallow above 120 m depth and the region is densely populated, the epicenters are best

determined by perceptibility reports (Fig. 11) at 9.873700 E and 53.569676 N (±150 m),

in accord with body and surface wave arrivals at the seismic stations. As expected for an

‘‘earthquake’’ of this weakness, and from the modeled epicentral ground acceleration

below 50 mm/s2, no damage to buildings was reported. No surface features such as

depressions, tilt, or cracks were observed. This indicates that the event did not origin in the

top few m below the ground surface. In Fig. 11, the effect of focal mechanism upon the

distribution of ground acceleration is shown.

The observed Love waves require that shear faulting components were present during

rupture. The waveform modeling indicates a normal faulting component with a strike of

about 17�. Additionally, a vertical subsidence movement is indicated from the radiation

pattern, represented by a vertical linear vector dipole, and possibly associated with a

collapse at depth. The rupture duration was 0.3 s or possibly larger, which is unusually

long for an earthquake of this weakness. Given the moment of the main shock, the shear

wave velocity and density of sediments in 100 m depth (vS & 570 m/s, q & 1,930 kg/m3,

see Fig. 6), scaling relations of earthquakes assuming a stress drop between 1 and 10 MPa

predict a fault length and average slip in the range of about 26 m and 4 cm, and of 12 m

and 19 cm, respectively. Assuming a rupture velocity vr of only 50% of the shear wave

velocity, the expected rupture duration is 0.09 and 0.04 s, respectively, which is smaller

than the observed rupture duration of Tr = 0.3 s. Vice versa, if vr and Tr are held fixed, the

predicted fault length would be nearly 100 m. Either the stress drop was much smaller than

1 MPa in order to explain an unusual long fault (and smaller slip), or the rupture velocity

of the process was smaller than 285 m/s, i.e. smaller than 0.5 vS. Collapse earthquakes

associated with vadose caves in sediments rupture possibly slower than pure tectonic

earthquakes (see e.g. Krüger and Klinge 2002), even if shear rupture components are

involved, and we therefore assume that the long rupture duration was not necessary related

to a large fault dimension.

The possible collapse of cavities in karst may be compared to rock-fall events in mines.

The 11 September 1996 ML 4.8, MW 4.53 Potash mine collapse in Teutschenthal, Ger-

many, is used for comparison. The mine was out of production for 2 years before the

collapse event, and no direct man-made actions are protocolled immediately before the

event (Krüger and Klinge 2002). Excavating chambers had a typical height of 5 m, and the

estimated source radius was 920 m, assuming a circular rupture plane with a total area of

2.7 km2. The collapse occurred in a depth of 700 m, and after the event, a surface sub-

sidence of about 45 cm was measured (Krüger and Klinge 2002). The rock fall event

excited strong well-developed Rayleigh wave trains, but also some energetic Love waves

(Krüger and Klinge 2002). This appears similar to the Flottbek events. Exceptional was

also the long and complex rupture process, which could be divided into three sub-events

occurring over a period of 1.5 s and associated with a non-continuous eastward propa-

gation of the rupture, and a strong compressional wave onset with its maximum after 2.5 s

after the first onset. This energetic late arrival has been associated with the arrival of the

hanging wall block on the galleries floor (Krüger and Klinge 2002). The complex wave-

forms of body waves and the relatively long duration of the rupture and collapse process

look similar to the Flottbek events, but is on a different scale since the Teutschenthal

collapse was much stronger than the Flottbek events.

Earthquakes triggered or induced by gas recovery and reservoir depletion may be taken

as another example for rupturing shallow faults in sediments. Two cases from the North

European basin have been studied in detail: the 7 May 2001 MW 4.1 Ekofisk North Sea

earthquake in a depth of about 2 km (e.g. Ottenmöller et al. 2005) and the 20 October 2004
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MW 4.4 Rotenburg, N-Germany, earthquake in a depth of about 6 km and with a rupture

length of about 4.5 km and a source duration of about 1.3 s (e.g. Dahm et al. 2007; Cesca

et al. 2010). In both cases, the rupture duration was unusual long in comparison to crustal

earthquakes, and strong surface waves were generated. Thus, a slow rupture velocity and

long rupture duration, and the excitation of energetic surface waves, cannot distinguish a

possible collapse from a possible shear rupture event.

The estimated source depth of the Flottbek event at 100 m is about 50 m above the top

of the salt diapir, and it is unknown whether gypsum caprock is present there. At least,

local gravity (e.g. Dahm et al. 2010) and ambient vibration H/V measurement (e.g. Kühn

et al. 2011) did not indicate thick gypsum caprock beneath the epicenter, like in regions

further SE and W. Unfortunately, the question cannot be definitely resolved beneath Gross

Flottbek because borehole-based deep stratigraphic profiles are absent there.

The epicentral region (Fig. 12) is characterized by a relatively strong topographic slope

of nearly semi-circular shape (&10 m step from 35 to 25 m a.s.l.), striking at the epicenter

in approximately SW-NE direction (Fig. 12). The water drainage system is toward S and

feeding the small non-seasonal Flottbek stream, which flows in the Elbe river in a distance

of about 2 km from the epicenter. The salt diapir beneath the epicenter is at a depth of

about 170 m. The western border of the OLD is situated approximately beneath the epi-

center, and further to the west, the diapir is strongly dipping toward west (Fig. 12; Dahm
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et al. 2010). The epicentral area is further characterized by slow continuous relative

subsidence. PSInSAR data (P. Schäfers, pers. commun.) indicate a 800–1,000 m large

bowl of ongoing relative subsidence with an average rate of about 0.7 mm/year (see

PSInSar data in Fig. 12, and further description in Dahm et al. 2010). Some buildings in

the epicentral area have cracks in their walls, which have been considered related to slow

sinkhole-driven deformation (Reuther et al. 2007; Buurman 2010; Kraus-Johnsen, pers.

commun.). At least two geological sinkhole structures are known in the epicentral area.

One, the Flottbek Markt sinkhole, is characterized by inclined border faults indicating

continuous slow subsidence (e.g. Buurman 2010). It is associated with a buried suffosion

sinkhole, e.g. a subsidence process where the soil cover is flushed into stable rock fissures.

The other significant structure, the nowadays filled-up Wobbe See about 250 m northwest

to the Flottbek Markt sinkhole and directly bordering the event epicenters, has nearly

vertical ring faults indicating a collapse-like style of subsidence. According to the geo-

logical, stratigraphical, and ground penetrating radar studies of Buurman (2010), it is

associated with a dropout sinkhole, i.e. an upward void migration and progressive roof

failure within cohesive soil.

Historical reports of the last 250 years list about 25 percepted ground shocks in the

epicentral area of the April 2009 events (Table 1; Fig. 2), possibly occurring at the same

location close to the Wobbe See sinkhole. Some of them appear to have caused minor

damage (Table 1). The last one occurred on 8 April 2000 and was most likely stronger than

the April 2009 events (seismic recordings are unfortunately not existing). Other even

stronger events occurred on 29 September 1929, 19 March 1960, and 30 January 1963.

Any source model of the April 2009 events must explain the different observations and

compiled information. We exclude shallow motion on deep-seated tectonic faults as a

cause of the events. The hypocenters are located above the salt diapir, which would

decouple shear stress from the deeper crust. There are also no geological, seismological, or

geodetic indications for such a fault. Thus, the cause of the repeated ground-shaking events

must be a local phenomena. The collapse of moor lenses (e.g. suggestions in Koch 1918) at

a depth of 100 m is not very likely in our opinion, because they can be assumed weak

structures that would possibly compact aseismically. They would also hardly explain the

repeated occurrence of events at a single spot and are therefore also excluded as the

earthquake generating mechanism.

We discuss three possible models (Fig. 13): (I) the collapse of paleo caves in gypsum

karst, (IIa) the shear rupture on shallow sedimental splay faults related to a dissolution

front of a suffosion sinkhole, and (IIb) the upward migration and failure of (ephemeral) soil

cavities (regolith arches) in cohesive sediments above the salt. Model I is associated with

processes in paleo-karst, while II is regarded as active salt karst. A suffosion sinkhole is

formed by the continuous down-washing of soil into fissures in salt rock (e.g. Waltham

et al. 2005).

Gypsum (paleo-) karst may exist at the envisaged depth level and is known to generate

rock fall and collapse events (e.g. Parise and Trocino 2005; Benito et al. 1995). The salt

diapir in Bad Segeberg about 60 km north of Hamburg poses a good example of paleo

gypsum karst. The gypsum caves developed in the caprock of the salt diapir and are

nowadays dry at a depth of about 15–25 m below surface and can be inspected over a

length of several 100 m. Single halls and galleries span several tens of meters. Collapse

earthquakes or subsidence sinkholes, however, are to our knowledge not known in Bad

Segeberg. Although thick caprock and gypsum layers are observed at other positions over

the OLD in Hamburg, the existence of a paleo-karst system beneath Gross Flottbek

remains speculative. Borehole data are missing, and H/V ambient vibration and gravity
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data have not indicated anomalies at 100 m depth or thick gypsum layers beneath Flottbek

Markt.

The radiation pattern of seismic waves and the source mechanism can likely be

explained by the collapse of a paleo cave. For instance, the collapse of the Teutschenthal

rockfall event induced Love and Rayleigh waves in a similar relative strength as in our

case. They can be associated with the shear failure on subvertical normal faults in the

ceiling layers of a collapsing cave. Such a failure model along roof faults is supported by

structural and laboratory studies (McDonnell et al. 2007; Loucks et al. 2004). It has also

been suggested by Neunhöfer (1967) in a study on salt dissolution induced seismicity in

Thüringen, Germany. The paleo-karst in gypsum model would possibly constrain the

largest expected ground-shaking events, since these are related to the volume and width of

salt
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Fig. 13 Conceptual micro-earthquake models: I paleo caves in gypsum karst with cave collapse and soil
flushing point of suffosion sinkhole. IIa Active salt karst with deep-seated soil flushing point. Stick slip
behavior on a shear splay fault within cohesive soil is associated with co-seismic slip. IIb Same as IIa, but
assuming that the roof failure of an upward migrating soil cavity causes coseismic shocks. The dashed line
indicates the shear horizon of an idealized suffosion-controlled subsidence cone
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the chambers in a mechanical weak gypsum rock, which are according to Waltham et al.

(2005) typically smaller than 25 m.

The dashed line in Fig. 13 indicates the shear horizon of an idealized suffosion-con-

trolled subsidence cone in unconsolidated sand and soil, with its center at about the

Flottbek Markt sinkhole. If the flushing center of the Flottbek Markt sinkhole is situated in

100 m depth within a possible gypsum karst, the slope of the subsidence cone is &11� only

(Fig. 13) and is thus much smaller than the typical effective friction angle of fine-grained,

unconsolidated soils at about 20�. Thus, the large area of active subsidence related to the

soil suffosion beneath the Flottbek Markt sinkhole may possibly suggest a deeper flushing

center than 100 m, indicating that thick gypsum karst above the salt top in about 170 m is

not controlling the processes or even not existing.

Another argument against the paleo karst model concerns its difficulties to explain the

repeated triggering of co-seismic events only in the Flottbek Markt and Wobbe See area in

Gross Flottbek.

Model (IIa) and (IIb) both assume deep-seated dissolution in [170 m depth of either

gypsum or salt. The dissolution front may be thought of as a specific point or as a slowly

migrating front, where sealing layers have been disrupted and enable flow of water. Brine

and water may migrate down-slope the diapir border toward W-NW, similar to what is

indicated for the Gorleben salt diapir (e.g. Klinge et al. 2002). Groundwater salt concen-

tration measured in boreholes at a depth of 500 m W-NW of Flottbek is larger than

3,000 mg/l (see Fig. 13 in Dahm et al. 2010), indicating down-slope flow of brine.

Rock salt dissolution can be fast and may cause significant subrosion. For instance, the

Ochtmisser Kirchsteg sinkhole at the Lüneburg salt diapir, about 60 km south of Hamburg,

shows subsidence rates of about 21.4 cm/year (Schäfers and Trapp 2007). Neunhöfer

(1997) reports subsidence rates up to 100 cm/year in sinkholes above Zechstein salt in

Helfta, Thüringen, Germany. In these cases, the subsidence rates have most likely been

enhanced by ground water lowering in nearby mines (H. Neunhöfer, pers. commun.).

Borehole-based relative subsidence measurements at different depths indicate increasing

subsidence rates with depth and subsidence down to the depth of the uppermost rock salt

layers, lying beneath a gypsum caprock (Schäfers and Trapp 2007). Micro-earthquakes,

however, have so far not been observed at the Lüneburg Ochtmisser Kirchsteg sinkhole.

The existence of a suffosion-type sinkhole as indicated in Flottbek Markt and the

observed bowl-shaped subsidence rate at the surface can be better explained by a deep-

seated flushing point for soil, which would lead to a slightly larger dipping angle of about

20� (Fig. 13).

The ground-shaking events in model II nucleate within a cohesive soil above the salt

bedrock (Fig. 13). In model IIa, we assume that shear occurs on a cohesive patch on the

slumping plane of the suffosion cone. The phenomena may be compared to a creeping

landslide in steep mountain valleys, except that the slide in our case is below surface.

Walter and Joswig (2008, 2009) used small-scale seismological arrays to monitor weak

earthquakes associated with the gliding of such an instable slide. Repeated micro-earth-

quakes are typically observed occurring at single spots where friction is increased, e.g. at

bending points of the sliding plane, or at points where large blocks of bedrock cut the slide.

Applied to Hamburg, the model predicts a frictional anomaly in the soil column beneath

the epicenter. Model IIa bears a smaller hazard since no abrupt surface collapse is pre-

dicted and micro-earthquakes would not migrate upward and can be expected of compa-

rable strength and comparable occurrence rate, as long as the suffosion is in a steady state.

A problem, however, may concern the cumulative slip of subsequent micro-earthquakes

over the last 100 years (Table 1). The measured subsidence rate at the surface indicates an
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inter-seismic shear loading on a steeply dipping plane of only slightly more than 0.7 mm/

year, which cannot explain [40 mm slip with a recurrence rate of about 10 years.

Model IIb assumes that roof failure of an upward migrating soil cavity is occasionally

causing ground-shaking events. Soil cavities are created if the lower sand is suffosed into

fissures in the gypsum or salt over a longer period of months, years or tens of years. The

soil cavities may be relatively stable when they are small and at depth, so that compression

arches may develop within the clay above them. Most soil cavities propagate vertically

upwards, and the grows and upward migration may accelerate with time. Ultimately,

dropout sinkholes at the surface can form within days or weeks and are recognized as a

major geo-hazard in karst in general (Waltham et al. 2005). According to Buurman (2010),

the Wobbe See sinkhole structure was possibly formed by such a process.

Historic reports of upward migrating soil cavities above salt exist, as for instance, the

Mead 1879, Kansas (USA), collapse event (e.g. Waltham et al. 2005), the Wink Sink,

North Texas (USA) (e.g. Waltham et al. 2005), or the Loco Hills sinkhole in New Mexico

(SA, e.g. Land 2009). Toulemont (1985) analyzes a soil cavity over gypsum beneath Paris

with a concealed void of 2,500 m3 (may be compared to a sphere with a diameter of 17 m),

which had been found in 1975 beneath railway engineering works. The development of the

1981 Winter Park sinkhole in Florida is discussed by Waltham et al. (2005) as represen-

tative for large dropout sinkholes. Failure started with the sudden disappearance of a large

tree, with a swishing noise, and then soil was progressively lost in the newly formed hole

over the next 2 days. After achieving its stability, the sinkhole partially filled with water.

The description has some similarities to a tree-falling event occurring in a stormy winter

night 1834 in Hamburg (Altonaer Mercurius, 31 January 1834, critically reviewed by Koch

1918).

Breccia pipes with sub-vertical circular border faults, partly of impressive dimensions,

are observed in many geological records and verify that upward piping is a standard

deformation style accompanying salt dissolution (e.g. Eliasen and Talbot 2005; Epstein

2001; Bertoni and Cartwright 2005; McDonnell et al. 2007; Loucks et al. 2004).

Salt dissolution induced seismicity was monitored and studied over many years in East

Germany, often in relation to mining activities. Neunhöfer (1997) reports several cases

where seismicity preceeded sinkhole collapse above salt/gypsum and was used to predict

such collapse events (e.g. for the Karl Liebknecht Hütte in Eisleben: if seismicity exceeded

a critical level, the working area was evacuated). The magnitudes of these dissolution-

induced seismicity reach up to ML 1.5 for a Buntsandstein caprock layer of maximal 200 m

thickness (Neunhöfer 1997). Two huge sinkholes with more than &100 m diameter have

been observed during the flooding of a salt mine in Bernburg/Stassfurt in the former East

Germany, from the mid-1970s to mid-1980s (7/8 Nov 1969 and 17 Feb 1975). The

accompanying seismicity was measured and used to better control the flooding and sink-

hole formation (H. Neunhöfer, pers. commun.). Land (2009) and Rick Aster (pers. com-

mun.) report another case of seismic precursors 6 h before an anthopogenic sinkhole

collapse (final diameter of 111 m and &64 m depth) in Eddy Co., New Mexico. Mal-

ovichko et al. (2009) describe the sinkhole formation above the potash mine Berezniki 1 in

Russia in 2009, which has been preceeded and accompanied by micro-earthquakes. Micro-

earthquake seismicity and weak low-frequency events were also recorded prior to a con-

trolled formation of a collapse sinkhole in Lorraine, France, on 13 February 2009 (Phillipe

Jousset, pers. communication). In other cases, however, seismicity has rarely been

observed during soil migration. The migration of a soil cavity from a depth of 170 m to the

surface may be slow if the soil has some cohesive strength, and weak ground-shaking

events may represent indicators for such a migration process. However, except for the fact
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that the perceptibility radius of historical shocks at Gross Flottbek apparently decreased in

a systematic manner from 1928 until 2009, we have no knowledge or indication that the

ground-shaking events in Hamburg migrate upward. The progressive roof failure of a soil

cavity is most often related to variations in pore water pressure within the soil. Critical are

conditions where pore water pressure is greater within the soil than it is immediately

adjacent to the cavity wall (e.g. Tharp 1999, 2003). This may be created when the drainage

of the cavity during water table decline is faster than the falling pore water pressure in the

soil, or when, after a drought, a new wetting front of rain-fed percolation water advances

though a dry soil. The triggering multiple sinkhole events during rainfall and thunder-

storms have often been observed (see Florida and Georgia sinkholes discussed in Waltham

et al. 2005). Similarly, soil cavity failure may be artificially triggered, for instance by re-

directed drainage input, pumped water table decline or by vibrations from artificial sources

(see references in Waltham et al. 2005).

Model IIb integrates most of the given observations in Flottbek, but we cannot exclude

the models I and IIa without further investigations.

4 Conclusion

Between 8 and 21 April 2009, three weak ground-shaking events were recorded by three

local seismic stations in the city area of Hamburg. The first event was the strongest and had

a magnitude of MW & 0.6 (moment of M0 & 8.9 9 109 Nm). The two aftershocks were 2

respectively 50 times smaller. Waveform similarities indicate that all three events occurred

a few meters from each other. The shallow hypocenters are indicated from the seismo-

grams that are dominated by Rayleigh and Love waves. The measured maximal acceler-

ation was 8 mm/s2 in 970 m and only 0.2 mm/s2 in 6,800 m epicentral distance. Our

waveform modeling estimates a maximal acceleration in the epicenter below 50 mm/s2.

The two strongest events were felt by local population within an area of about 250 m

radius. No damage was reported in questionnaires collected by the University of Hamburg,

and no surface effects such as steps, holes, or ground fissures had been recognized.

Geodetic measurements indicate ongoing relative subsidence of a circular area around the

epicenters with &250 m radius with a rate of about 0.7 mm/year. The events occurred in

the densely populated area of Gross Flottbek close to the old market (Flottbek Markt) and a

former lake (Wobbe See), both associated with sinkhole structures caused by salt disso-

lution or gypsum karst (Niedermayer 1962; Grube 1974; Reuther et al. 2007; Buurman

2010). The epicenters location is at the southern border of the partly filled-up cropout

Wobbe See sinkhole, nearly at the same position where about 25 of similar sized or slightly

larger ground-shaking events occurred within the past 250 years, as indicated in historical

reports (Table 1).

The modeling of ground displacement indicates that the event centroids were at a depth

between 60 and 120 m, and therefore above the top of the OLD diapir at about 170 m

depth. The occurrence of strong Love waves indicates that shear rupture on a sub-vertical,

about 17� striking fault was involved in the failure process. Additionally, a vertical single

or linear dipole force, as expected for collapse events, is indicated with a comparable

strength. Noteworthy is the relatively long duration of the source process of about 0.3 s or

more.

We discussed three possible models to explain repeated occurrence of small ground-

shaking events in a single spot: (I) the collapse of paleo caves in gypsum karst, (IIa) the

shear rupture on shallow sedimental splay faults related to a dissolution front of a suffosion
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sinkhole, and (IIb) the upward migration and roof failure of a soil cavity in cohesive

sediments above the salt. The three models bear quit different hazard for ground motion

and instant soil failure.

Model IIb explains best all our observations and compiled data, although we cannot

exclude the other two models completely without further studies. It is likely that similar

ground-shaking events will occur in future at the same or a close-by position, and the

ultimate scenario would be the sudden formation or re-activation of a dropout sinkhole at

the surface.
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Appendix 1: Summary of historical ground shocks in Hamburg

See Table 1.

Table 1 Summary of historical reports on unusual ground shaking in Hamburg, classified as confirmed
(A) or vague (C) if original literature has not been available to the authors. References: S32 = Sieberg
(1932); S40 = Sieberg (1940); LD = Leydecker (1986, 1998); HA = Hamm (1956)

Date Epicenter Int. Class Observation Reference

22.01.1760 G. Flottbek C Shortly mentioned
together with a shaking
event in Kopenhagen,
location is unclear, but
gives reference to
Lersch, 19-volume
handwriting

S32, S40

08.08.1771 Hamburg IV A S40, LD

24.01.1834 Hamburg C Unknwon

1896 G. Flottbek C Koch (1938)

07.11.1898 Hamburg C Unknown

1903 G. Flottbek C Koch (1938)

07.12.1904 Hamburg II–III C LD, Grube (1970)

16.01.1907 Hamburg III C LD, Grube (1970)

1912 G. Flottbek C Koch (1938)

1914–1918 G. Flottbek C Koch (1938)

1918–1921 G. Flottbek C Koch (1938)

29.09.1929 G. Flottbek,
Wobbe See

VI A About 150 buildings
affected; windows
rattled; furniture
librated; no structural
damage, perceptibility
radius about 1/3 km2

S32, HA, LD,
Grube (1974),
Koch (1938),
Hamburger
Nachrichten

06.10.1929 G. Flottbek,
Wobbe See

Weak A Weak ground shock Koch (1938),
Grube (1974)
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Table 1 continued

Date Epicenter Int. Class Observation Reference

09.12.1930 C Source unknown

10.04.1935 C Source unknown

1936 or
1937

C Source unknown

07.01.1938 G. Flottbek, crossing
Osdorfer
Landstraße /
Seestraße and
Wobbe See,
northern part of
Seestraße

A Weak ground shock;
fallen furnitures; crack
formation in walls;
weakest damage, airless
rumpling and snaping;
perceptible in about
1.5 km2

HA, LD, Koch
(1938), Schmidt
(1963), Grube
(1974),
Hamburger
Nachrichten,
Nöring.

1947 C Grube (1974)

1955 C Grube (1974)

19.03.1960 G. Flottbek,
perceptibility at
least as large as in
1963

Strong A Strong shaking and
crushing; long lasting,
strong oscillations,
falling pictures; cracks
in ceiling; electrical
power failure; reported
subsidence of the
market (Osdorfer
Landstrasse) of 0.5–1 m

Source unknown

1961 C Source unknown

30.01.1963 G. Flottbek, crossing
Osdorfer
Landstraße /
Seestrae

Weak, ground
acceleration
3–5 cm/s2

A Weak and silent ground
shaking; deep rumbling,
shaking houses

Schmidt (1963),
Grube (1974)

08.04.2000 G. Flottbek, area of
Notkes-, See- and
Windmühlenstraße

IV A Strong shaking, explosion
like sound, rattling
dishes

Taugs, Geol.
Landesamt
Hamburg (2000)

08.04.2009 G. Flottbek,
Staudingerstr.,
Wohlsteinkamp,
Viereck

III A Weak ground motion,
bang, first aftershock
1h after main event

Own measurements

28.04.2009 G. Flottbek,
Staudingerstr.,
Wohlsteinkamp,
Viereck

Weak A Weak ground motion Own measurements
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Appendix 2: Drift correction station DES4

See Fig. 14.

References

Aktison G, Kaka S (2007) Relationship between felt intensity and intrumental ground motion in the Central
United States and California. Bull Seism Soc Am 97:497–510

Baldschuh R, Fritsch U, Kockel F (2001) The basement block pattern in Northwest Germany. In: Baldschuh
R, Binot F, Fleig S, Kockel F (eds) Geotektonischer Atlas von Nordwest-Deutschland und dem
deutschen Nordsee-Sektor, cartographic map, 1:500000, Schweitzerbart

Benito G, del Campo P, Gutierrez-Elorza M, Sancho C (1995) Natural and human-induced sinkholes in
gypsum terrain and associated environmental problems in NE Spain. Env Geol 25:156–164

Bertoni C, Cartwright J (2005) 3D seismic analysis of circular evaporite dissolution structures, Eastern
Mediterranean. Journal Geological Society, London 162:909–926

Buurman N (2010) Zirkular-Strukturen in der Metropolregion Hamburg und ihre potenziellen Geogefahren.
PhD thesis, Geologisch-Pal. Institut, University of Hamburg

Cesca S, Heimann S, Stammler K, Dahm T (2010) Automated procedure for point and kinematic source
inversion at regional distances. J Geophys Res 115:B06304. doi:10.1029/2009JB006450
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birgsschlagsprognose. Akademi Verlag Berlin, Veröffentlichungen des Instituts für Geodynamik Jena
11:1–79
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Schmidt C (1963) Erdbeben in Hamburg-Gross-Flottbek im Januar 1963. Report, Baubehörde Hamburg
Sieberg A (1932) Erdbebengeographie. In: Gutenberg B (eds) Handbuch der Geophysik IV. Bornträger,
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