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S U M M A R Y
Elastic moduli derived from vertical seismic profiles (VSPs) and 2-D SH-wave reflection
seismic profiles are used to characterize mechanical properties of rocks in sinkhole areas. VP

and VS were used to calculate the Poisson’s ratio and the dynamic shear modulus. The study
shows that 2-D shear wave reflection seismics is suited to depict the heterogeneities of the
subsurface induced by subsurface erosion. Low shear wave velocities of ca. 120–350 m s–1 and
low shear strength values between 25 and 250 MPa are identified for the subsurface erosion
horizon that consists of soluble Permian evapourites and the disturbed overlying deposits.
These low values are a result of cavities and fractures induced by dissolution, creating unstable
zones. In compliance with the shear modulus the Poisson’s ratio derived from the VSPs shows
values of 0.38–0.48 for both the presumed subsurface erosion horizon, and the deposits above.
This is a further indicator of reduced underground stability. In the VSPs, anomalies of the shear
modulus and the Poisson’s ratio correlate with low electrical resistivities of less than 10 �m
from borehole logs, indicating high conductivity due to fluid content. Further investigation
reveals a conversion of S-to-P wave for the subsurface erosion horizon, which is probably
the result of dipping layers and an oriented fracture network. Seismic attribute analysis of
the 2-D sections shows strong attenuation of high frequencies and low similarity of adjacent
traces, which correlate with the degree of subsurface erosion induced wave disturbance of the
underground.

Key words: sinkhole; subsurface erosion; low velocity zone; shear modulus; Poisson’s ratio;
seismic attributes.

1 I N T RO D U C T I O N

The determination of underground stability and the assignment of
zones with an increased probability of sinkhole occurrence in areas
affected by subsurface erosion is a challenging scientific question.
The subsurface erosion process requires undersaturated water and
weak zones within rocks like joints, fractures and faults (Drey-
brodt 2004; Johnson 2005). The process creates a variety of large-
and small-scale structures such as sinkholes, caves, ground subsi-
dence and springs (Waltham et al. 2005). They all represent difficult
ground conditions for engineering and construction, and may pose
a geohazard in urban areas (Milanovic 2002; Gutiérrez et al. 2014).
Especially, the sudden formation of sinkholes (Gutiérrez et al. 2008;
Parise 2019), which can result in building- and infrastructure dam-
age, and life-threatening situations, are a problem all over the world
(O’Connor & Murphy 1997; Waltham 2002). This study tests the

potential of reflection seismics, especially shear wave reflection
seismics and vertical seismic profiles (VSPs) to determine 1-D and
2-D elastic parameters, and seismic attributes for the characteriza-
tion of sinkhole areas.

1.1 Elastic moduli

Elastic moduli are key parameters that describe stress and strain
within the underground, and characterize mechanical properties of
rocks (Jaeger et al. 2007; Mogi 2007). The rock properties, which
depend on, for example lithology, influence the propagation veloc-
ity of elastic seismic waves (Mavko et al. 2009) and can therefore
be used to physically describe the ground stability. They can be
described by several parameters, for example, the P-wave velocity
(VP), the S-wave velocity (VS), the Young‘s modulus (E), the shear
modulus (μ), the bulk modulus (K) and the Poisson’s ratio (ν).
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To determine these elastic moduli, geotechnical investigations are
necessary (Leroueil 2001). Cone penetration tests and laboratory
studies are used in geotechnical engineering for these kinds of in-
vestigation, but these methods focus on point or 1-D investigations
only, and show lateral variations by interpolation. However, deter-
mination of the spatial distribution of elastic moduli of fractured
rock masses appears to be advantageous for identification of land-
slide risk areas (Pazzi et al. 2019) or sinkhole risk areas. Besides
the direct determination of the elastic moduli by static deformation
experiments, measurements of seismic wave velocities can also be
used to determine these parameters, because the seismic wave ve-
locity depends on the density and the elastic moduli of a material
(Polom et al. 2010; Uhlemann et al. 2016). When the P- and the S-
wave velocities, and the density of a material are known, the others
can be calculated (Table 1). Seismic velocities are common param-
eters measured in the field and in laboratories, and they are affected
by changes of rock- or sediment type, consolidation, crack density,
porosity and water saturation (Heap et al. 2010; Uhlemann et al.
2016). Hence, the generation of cavities and fracture zones due to
subsurface erosion (Waltham et al. 2005), is expected to influence
the elastic moduli, and therefore the wave velocity.

The most important elastic parameter for geotechnical applica-
tions is the small-strain shear modulus (μ0 in Pa), which is used for
site characterization, identification of weak zones, seismic hazard-
analysis and soil structure interaction (Giannakopoulos & Suresh
1997; Das 2008; Lacroix & Amitrano 2013). μ0 is calculated from
the shear wave velocity in m s–1 and the density in kg m–3, and de-
scribes the material’s stiffness, which is defined as the ratio of stress
to strain along an axis resulting from shear. Since the shear modu-
lus decreases with increasing shear strain ( μ

μ0
→ strain-dependent

modulus reduction of the shear modulus μ relative to the small-
strain shear modulus μ0 at zero strain) low values indicate a less
stable underground (Mavko et al. 2009; Clayton 2011). Static and
dynamic values of the described moduli can differ since different
measuring methods are used. Static moduli measurements are based
on non-elastic deformation of a material by application of a known
force, and dynamic moduli are determined by measuring elastic
wave velocities (Goodman 1989; Ciccotti & Mulargia 2004). Since
seismic wave velocities are used in this study, we always refer to the
dynamic shear modulus.

Another commonly used parameter, which describes the stabil-
ity of slopes (Griffiths & Lane 1999) or the saturation of shallow
aquifers (Grelle & Guadagno 2009; Pasquet et al. 2015) is the Pois-
son’s ratio (ν). It is calculated using both P- and S-wave velocities,
and in contrast to μ, no density estimation is required, which elimi-
nates uncertainties resulting from density values, for example when
taken from literature. The Poisson’s ratio of rocks and sediments
ranges between 0.2 and 0.5, and describes the ratio of transverse
compressional strain to longitudinal extensional strain. For exam-
ple unconsolidated sediments show a low shear wave velocity due
to reduced shear strength, with the result of a high Poisson’s ratio
(Simm & Bacon 2014).

Both, P- and S-wave velocities can be determined in the field
with cross-hole seismic, down-hole seismic (VSP), reflection- and
refraction seismic. A VSP produces a 1-D velocity–depth function,
and by a 2-D survey and cross-hole seismic even the lateral, not
only the vertical changes, can be determined.

1.2 Seismic attributes

Seismic attribute analysis can further improve the physical char-
acterization of the subsurface. It is used to enhance the seismic

interpretation by quantification of characteristics, identification of
patterns, and detection of hidden features. According to Barnes
(2016), seismic attributes are divided into pre-stack and post-stack
attributes, and further subdivided into geological, geophysical and
mathematical attributes. Geological attributes describe structural
(dip, azimuth, curvature, discontinuity), stratigraphic (reflection
spacing, thin-bed thickness) and lithological properties (porosity,
density, fluid content), but the latter can only be quantified for
pre-stack attributes. Geophysical attributes characterize the seismic
wave and the seismic wavelet by quantification of amplitude, phase,
frequency and bandwidth. Mathematical attributes describe ratios,
variances, averages and other statistical values of seismic data. Over
the years many attributes have been developed (Chopra & Marfurt
2007; Barnes 2016). We focus our analysis on post-stack geolog-
ical/structural and geophysical attributes, in this case continuity,
amplitude and frequency.

The instantaneous amplitude, which is independent of phase or
polarity, quantifies the magnitude (or reflection strength) of a seis-
mic trace, and shows variations of the seismic reflectivity. To high-
light different reflection strengths, we determined the absolute wave
energy, which is the sum of all amplitudes squared in a defined time-
window of a seismic trace. The frequency describes the number of
sinusoidal cycles along a waveform in a given time interval, and is
used to quantify seismic wave attenuation. The attribute continuity
refers to how consistent the amplitude and phase of a seismic re-
flection are, whereas the opposite, discontinuity, highlights material
cracks induced by faults and/or fractures. It is also called coherence
or similarity.

2 S T U DY A R E A S

The seismic data used for this study were acquired during several
field campaigns in 2014–2016, in northern and southern Thuringia
in Germany, in and around the towns of Bad Frankenhausen (BF)
and Schmalkalden (SK) (Fig. 1). Partly, the subsurface geology of
Thuringia is characterized by soluble Upper Permian deposits, for
example anhydrite, gypsum and salt. In many areas surrounding
the Thuringian Forest and the Thuringian Basin these formations
are close to the surface, and sinkholes and subsidence occur due to
dissolution and subsurface erosion (Seidel 2003).

BF is located at the southern border of the Kyffhäuser hills,
which are a small range of hills in Germany, bounded by the
Harz Mountain range to the north and the Thuringian Basin to
the south [for an entire regional overview see Seidel (2003)]. The
Kyffhäuser hills are bounded by several faults. To the north, is
the NW–SE trending Kyffhäuser-Northern-Margin Fault, which be-
longs both to the Kyffhäuser-Crimmitschau Fault Zone and the Kel-
bra Fault Zone. The southern part of the hills is bounded by the
northward-dipping and W–E striking Kyffhäuser-Southern-Margin-
Fault (KSMF, Schriel & Bülow 1926a, b). The sediments in the
south of the Kyffhäuser hills are deposits of the Zechstein Sea
(258–251 Ma), an epicontinental ocean during the Permian. Due
to sealevel changes, conglomerates, carbonates, sulfates and salt
were cyclically deposited (Richter & Bernburg 1955). The main
marine formations, in order from stratigraphically lower to higher,
are Werra, Staßfurt and Leine. The subsurface erosion horizon (S;
which consists not only of a small layer, but partly stretches over
70 m of thickness) is located in the Werra- and Staßfurt Formations
and consists of soluble anhydrite and gypsum (Richter & Bern-
burg 1955). The marine sedimentation phase was followed by the
terrestrial sedimentation phase of the Triassic. The corresponding
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Table 1. Conversion formulas for elastic moduli of homogeneous isotropic linear elastic materials
with known P- and S-wave velocities (Mavko et al. 2009). The formulas used in this study are
coloured red and symbols are defined in the text.
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Figure 1. Maps of study areas. (a) Map of Germany showing the location of Thuringia (red square) and Bad Frankenhausen (BF) and Schmalkalden (SK) (red
dots), (b and c) geological maps of BF (after Schriel & Bülow 1926a,b) and SK (after Bücking 1906) with location of Figs 2(a)–(d).

deposits of the Middle Buntsandstein (249–244 Ma) are only found
at isolated locations, and Cretaceous and Jurassic rocks were com-
pletely eroded. During the Early Tertiary, the northern part of the
Kyffhäuser hills was uplifted (Freyberg 1923) and tilted, resulting in
a 300 m fault throw on the northern margin and a southward-dipping
terrain. Therefore, the low hill range is described as a half-horst, as
are the Harz Mountains. Tertiary deposits (65–2.6 Ma) are exposed
only at a few locations and Quaternary sediments (2.6 –0 Ma), like
silt and loess, are widespread (Beutler & Szulc 1999). The entire
region south of the Kyffhäuser hills is affected by subsurface ero-
sion as evidenced by salt springs and the occurrence of numerous
sinkholes and depressions, which are a result of the combination of
soluble rocks (Zechstein Formations) in the near surface and their
contact with ground water from the southward-draining hill range
that ascends alongside the KSM Fault. They are also an indicator
for the long lasting and still ongoing subsurface erosion processes.

SK is located in southern Thuringia. The deeper bedrock below
the research area consists of metamorphic gneiss and micaceous
shale, which were deformed during the Variscan Orogeny. Later this
bedrock was uplifted and formed the Ruhla-Schmalkalden Horst.
Like in BF, due to the transgression of the Zechstein Sea during the
Permian (258–251 Ma), evaporites were deposited, but due to the
horst location, the sediment strata on the Ruhla-Schmalkalden Horst
are much thinner than elsewhere in the Thuringian Basin. In SK
seven sequences of Zechstein deposits are found, which start with

reef dolomite and sulfate rocks of the Werra Formation (Bücking
1906; Dittrich 1966). The following Staßfurt Formation consists of
sulfates, claystones and dolomites and the Leine Formation con-
tains claystones and carbonates. The upper part of the Zechstein
deposits is represented by claystones, sandstones and dolomites of
the Leine, Aller, Ohre and Friesland formations, and finishes with
sand- and claystones of the Fulda Formation (Schmidt et al. 2013).
The Zechstein Formation is followed by terrestrial sediments of the
Triassic, for example the Calvörde and Bernburg formations of the
Lower Buntsandstein (251–249 Ma), and because of intense erosion
due to fault movement, mostly since the Upper Cretaceous, which
also led to the uplift of the Thuringian Forest, these formations
are also the youngest beds to outcrop in the region, except for a
thin layer of Quaternary deposits (2.6–0 Ma). The Heßleser Fault
Zone crosscuts the town of SK, and therefore the study area, and
contains several smaller fault branches. In November 2010 a large
sinkhole opened up in the residential area. The sinkhole was 26–
30 m in diameter, 12–17 m in depth and the crater had a volume of
4000–4200 m3 (Schmidt et al. 2013). The bedrock, which was visi-
ble within the crater, was strongly fractured and showed small-scale
faults and folding of layers. The damage caused by the collapse,
such as cracks in houses and streets, was mainly concentrated on
the areas north and northeast of the sinkhole. Although this is the
first known sinkhole in the urban area of SK, several salt water
springs can be found in the surrounding area, which also indicate

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/222/1/289/5822771 by Technische Inform

ationsbibliothek user on 14 O
ctober 2021



292 S.H. Wadas et al.

the long-lasting dissolution processes in this region (Schmidt et al.
2013).

3 M E T H O D S

3.1 Seismic data acquisition and processing

Reflection seismic surface data (SH wave) and borehole data (P,
SH and SV wave) were acquired during several field campaigns
(Fig. 2). As seismic source for the 2-D reflection seismic profiles
an electrodynamic microvibrator (ELVIS S) was used. For borehole
SK 05-2011 the mini-vibrators MHV P and MHV S were used as
seismic sources, and for the other three boreholes (BF 01-2014, BF
02-2014 and BF 01-2012) the microvibrators ELVIS P and ELVIS
S were used, due to unavailability of one of the mini-vibrators.
Since the ELVIS source has a lower force and the underground
showed strong attenuation of seismic waves, the investigation depth
is lower, but the subsurface erosion horizon was still reached. As
receivers horizontal geophones attached to a landstreamer and a
three-component (3C) geophone in a borehole probe were utilized.
For an overview of the 2-D reflection seismic survey parameters
see Table 2, and for the corresponding data processing see Table 3
and Wadas et al. (2016, 2017, 2018). For all 2-D profiles a manual
and interactive stacking velocity analysis was carried out based on
semblance, offset gathers and constant velocity stacks. The interval
velocity fields derived from stacking velocities are the data base for
calculation of 2-D elastic moduli, and the post-stack migrated time
sections were used for seismic attribute analysis.

For the VSP surveys, the seismic sources had a fixed position of
1–3 m distance to the borehole (near-offset VSP), and the borehole
probe with a 3C-geophone was continuously pulled up in 2 m inter-
vals. At each receiver position, two sweeps of each source (P and S)
were excited for improvement of signal-to-noise ratio (S/N ratio).
The dense receiver spacing was required to detect small seismic
velocity changes with depth. The first steps of VSP data processing
consisted of vibroseis correlation, geometry installation, vertical
stacking, and amplitude scaling of multiple records, as for 2-D data
processing. Afterwards the recorded channels for the P wave and the
S wave were split into the X, Y and Z components. The amplitudes of
the first arrivals were enhanced by application of an automatic gain
control and trace normalization, and the S/N ratio was improved
by application of bandpass-, notch- and/or frequency-wavenumber
filters. Finally, the first arrivals were manually picked to achieve a
velocity function with depth.

3.2 Determination of elastic moduli

For calculation of μ in 1-D and 2-D, the formula of Table 1 was
used with density values based from literature (Table 4) and seismic
interval velocities derived from reflection seismic field data. Since
the velocity is squared for the calculation of μ, the influence of the
density is less pronounced, so the use of density values taken from
literature is acceptable, if in situ rock densities are not available.
The Poisson’s ratio is calculated using the formula of Table 1 with
the P- and S-wave interval velocities, and it was determined for all
boreholes in 1-D. For the analysis of elastic moduli, the processing
software VISTA Version 10.028 by Gedco (now Schlumberger) was
used.

For a better assessment of the seismic results, apparent electrical
resistivity and gamma ray measured in the boreholes are suitable

methods. The gamma ray borehole probe detects the natural radia-
tion from the different formations in counts per second. Therefore, it
is suited to detect changes in lithology, for example evaporites show
a low radiation level and shales show a high radiation level (Liu
2017). For that reason it is used to verify the trend of density–depth
curves, since density can depict lithology changes too. The resis-
tivity/conductivity was determined using an array induction probe
(40 kHz) which consists of a transmitter coil and four receiver coils.
The alternating current at the transmitter coil generates a primary
magnetic field. The primary magnetic field causes eddy currents
in the formation that are proportional to the formation conductiv-
ity. These eddy currents generate a secondary magnetic field which
induces an alternating current in the receivers coils. The detected re-
sistivity/conductivity is used to identify water-saturated zones (Liu
2017), which might help to detect zones affected by dissolution of
soluble rocks.

3.3 Determination of seismic attributes

The seismic attributes were determined for the migrated time-
sections of four 2-D shear wave reflection seismic profiles using
the software OpendTect by dGB Earth Sciences with a focus on fre-
quency and similarity. The attribute analysis tool of OpendTect was
used to return the arithmetic mean of the frequency spectrum of a
migrated time-section called average frequency (dGB Beheer 2017).
In order to compare results, the frequencies were normalized. The
multitrace attribute ‘similarity’, a kind of cross-correlation, com-
pares two or more trace segments and describes how much the trace
segments look alike. The trace segments are defined by a time-gate
in ms and the positions are specified by a trace step-out. Here four
traces were compared. The values range from 0 to 1, a similarity of
0 means the traces are completely dissimilar with respect to wave-
form and amplitude, and a similarity of 1 states that the traces are
identical.

4 R E S U LT S

4.1 Elastic moduli, gamma ray and electrical resistivity of
boreholes

In four boreholes at two different locations (BF and SK, Figs 1
and 2) VP, VS, μ and ν were determined. Besides the density values
(Table 4) used for its calculation, gamma ray logs for each borehole
and electrical resistivity measurements of boreholes 02-2014 and
01-2012 are shown. All the velocity- and moduli-depth curves start
at 2 m below surface and they reach different depths, respectively.

In borehole SK 05-2011 (Fig. 3), between 2 and 80 m depth,
the seismic waves and their corresponding velocities show typical
values for compacted rocks/sediments ((Brückl et al. 2005) and
references therein). The velocities are generally increasing with
depth and mostly the P wave is at least twice as fast as the S wave for
sandstone, claystone, gravel and/or silt. But when the seismic waves
reach the subsurface erosion horizon that consists of anhydrite and
gypsum, they change their behaviour. Between 80 and 130 m depth
the S-wave velocity (VS) increases from 1500 to 3000 m s–1 and then
decreases to ca. 1600 m s–1, and the P-wave velocity (VP) increases
from 2000 to 4000 m s–1 and then decreases to 2000 m s–1. So, the
velocities of VP and VS for this zone seem to be almost the same,
which contradicts the wave theory.

The similarity of VP and VS is not a result of poorly visible and
wrongly picked first breaks as shown by, for example the VSP data
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Figure 2. Location maps of the SH-wave reflection seismic surveys and the VSPs. (a) shows the location of borehole SK 05-2011 and profiles 1 and 2 (see
also (Wadas et al. 2017)), (b) illustrates the location of borehole BF 01-2014 and profile 3 (see also Wadas et al. 2016), (c) displays the position of profile 4
(see also Wadas et al. 2018) and (d) features the position of boreholes BF 02-2014 and BF 01-2012. Red dots mark positions of sinkholes and the blue point
marks the position of the subsurface erosion induced leaning church tower of BF.

Table 2. Acquisition parameters of the 2-D SH-wave reflection seismic profiles and the VSPs.

SH-wave reflection seismic VSP

Source type MHV S and ELVIS S MHV P/S and ELVIS P/S
Source signal 20–120 Hz (10 s) 20–120 Hz (10 s)
Source spacing 2/4 m ca. 1–3 m from borehole (fixed)
Number of sweeps per source point 4 sweeps 2 sweeps
Receiver type 1C-geophone (horizontal) 3C-geophone
Receiver spacing 1.0 m 2.0 m
Recording system Geometrics Geode Geometrics Geode
Record length 12 s uncorrelated 12 s uncorrelated
Sampling interval 1 ms 1 ms

Table 3. Overview of processing steps applied to the 2-D reflection seismic profiles.

Profiles 1 and 2 (SK-S1 and SK-S2) Profile 3 (BF-S1) Profile 4 (BF-forest)

Correlation Correlation Correlation
Geometry Geometry Geometry
Amplitude and spectral editing Amplitude and spectral editing Amplitude and spectral editing
Vertical stack Vertical stack Vertical stack
Top mute Top mute Top mute
Spectral balancing Freq. Filter Freq. Filter
Freq. Filter Data sorting Offset-dependent, time-variant log. scaling
Data sorting Data sorting
Velocity analysis Velocity analysis Velocity analysis
NMO and static correction NMO and static correction NMO and static correction
CMP stack CMP stack CMP stack
Freq. Filter Freq. Filter Freq. Filter

Spectrum balancing Spectrum balancing
Coherency enhancement

FD time migration FD time migration FD time migration
Depth conversion Depth conversion Depth conversion
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Table 4. Literature values (Brückl et al. 2005) used for density–depth
curves.

Rock type Density [g cm–3] Rock type Density [g cm–3]

Dry sand 2.33–2.80 Sandstone 2.30–2.55
Wet sand 1.50–2.00 Dolomite/carbonate 1.75–2.88
Gravel 1.95–2.20 Gypsum 2.31–2.33
Clay 1.25–2.32 Anhydrite 2.15–2.44
Claystone 2.65–2.75

of borehole SK 05-2011 (Fig. 4). The first breaks are clearly visible
due to their high amplitudes, but between 80 and 130 m depth the
first breaks of the S wave show nearly the same gradient as the first
breaks of the P wave. So the velocities of both wave types are almost
the same for this zone, which is physically unreliable (Lowrie 2007).
This similarity in wave speed is observed for different boreholes in
different study areas and correlates with the subsurface erosion
horizons. In the discussion section, we take a closer look at this
phenomenon.

For borehole SK 05-2011, the Poisson’s ratio is shown between 2
and 80 m depth only (Fig. 3), because between 80 and 140 m depth
the almost similar velocities of P and S wave would result in a neg-
ative ratio. Materials of negative Poisson’s ratio do exist and they
are called auxetic materials. When these materials are stretched in
one axis they become thicker perpendicular to the applied force, for
example specific polymers such as GoreTex (Fahlman 2011). For
this reason Poisson’s ratios beyond the range of 0.2–0.5, which are
a result of too high shear wave velocities, are not shown. Between 2
and 80 m depth the Poisson’s ratio ranges from 0.48 to 0.10. The low
VS for the claystones and sandstones between ca. 30 and 60 m result
in a high Poisson’s ratio with values between 0.40 and 0.48 that in-
dicate a reduced stability of the material. Within the carbonate and
dolomite rocks below, the ratio decreases from 0.40 to 0.17, which
means the material is more resistive against deformation. The shear
modulus was calculated for 2–74 m depth only, due to unrealistic
VS values for greater depths. Usually, μ increases with depth from
100 to 3200 MPa, which indicates a high shear strength, but sev-
eral zones with reduced values are observed above the subsurface
erosion horizon. Such zones are between 25 and 35 m depth in the
sandstone formation with 530 to 860 MPa, and between 62 and 68 m
depth in the carbonate formation with 1600 MPa. For the carbonate
rocks the core inspection revealed a disrupted and fractured zone.

Borehole BF 01-2014 (Fig. 5) shows the same characteristics
as borehole SK 05-2011. The first 2–6 m consist of anthropogenic
and Quaternary deposits, and VP ranges between 646 and 547 m s–1

and VS ranges between 406 and 270 m s–1. The subsurface erosion
horizon is located between 6 and 73 m depth, and between 20 and
67 m depth the core material indicates several small cavities. In
the subsurface erosion horizon the apparent VS is as fast as VP

(ca. 1200 m s–1 at 30 m depth) similar to the observations made for
borehole SK 05-2011, or it even exceeds VP (700–1200 m s–1 for
the P wave and 530 –1800 m s–1 for the S wave between 40 and
67 m depth). Regarding the Poisson’s ratio, the values vary from
0.09 to 0.41 between 2 and 22 m depth and the zone between 22 and
70 m depth shows unrealistic values beyond the range of 0.2–0.5,
due to a too high VS and a too low VP. The carbonate that marks
the top of the subsurface erosion horizon shows a Poisson’ ratio
of 0.46–0.48 indicating a lower ground stability. The anhydrite and
gypsum below the carbonate have relatively low values of 0.19–
0.31, which indicates a more stable formation that is not affected by
subsurface erosion. The shear modulus μ for borehole BF 01-2014
(Fig. 5) increases between 2 and 32 m depth from 140 to 3800 MPa

and decreases between 32 and 50 m depth from 3800 to 150 MPa.
From 50 to 67 m depth the shear modulus was not calculated, due to
the unrealistic VS values as described above. Below the subsurface
erosion horizon from 74 to 90 m depth μ shows varying values, but
an increase from 240 to 2900 MPa is observed.

Borehole BF 02-2014 (Fig. 6) shows mostly realistic VS values,
except for small areas between 46 and 50 m depth, and between 80
and 84 m depth, where VS reaches almost VP. From 2 to 45 m depth,
P- and S-wave velocity increase with depth (480–2430 m s–1 for
VP and 142–1000 m s–1 for VS), but between 54 and 78 m depth VP

increases from 1840 to 4750 m s–1, while VS still has low values of
1100–1900 m s–1. This results to a high Poisson’s ratio of 0.38–0.47,
which indicates a less stable zone. μ shows an increase between 2
and 74 m depth from 50 to 8000 MPa, although a zone within the
subsurface erosion horizon with lower values of ca. 2500–5000 MPa
is observed from 50 to 68 m depth. The anhydrite and gypsum of
this zone show several small cavities and the electrical resistivity
logs display a reduced apparent resistivity of 12–80 �m. Both μ

and the resistivity indicate dissolution-induced cavity formation,
and therefore reduced ground stability. Between 74 and 88 m depth
a high μ peak is observed with up 14 500 MPa that results from too
high VS values and this phenomenon correlates with the subsurface
erosion horizon. The electrical resistivity log shows three other
zones with reduced values of less than 10 �m between ca. 70 and
96 m depth. At the end of borehole BF 02-2014, between 88 and
104 m depth, μ varies from 4900 to 6800 MPa.

Borehole BF 01-2012 (Fig. 7) shows almost constantly increasing
velocities between 2 and 24 m depth, with 300–1100 m s–1 for VP

and 200–300 m s–1 for VS. In the subsurface erosion horizon between
26 and 46 m depth, VS seems to equalize with VP, as it is observed
for the other boreholes. From 47 to 66 m depth VP increases again
up to 2600 m s–1 and VS remains low at only 690 m s–1. This results
to a high Poisson’s ratio of 0.40–0.47, which indicates an unstable
area and the analysis of cores revealed several small cavities in this
zone. μ increases with depth, but shows much smaller values as
for the other boreholes. Except for two peaks at ca. 28 m depth and
between 60 and 66 m depth, μ ranges between 80 and 850 MPa.
Within the subsurface erosion horizon between 30 and 50 m depth
values from 80 to 340 MPa are observed that indicate a reduced
shear strength, and therefore a less stable underground. The area
between 30 and 66 m depth also correlates with a zone of very low
resistivity values of less than 10 �m, which further indicates a less
stable zone due to dissolution of soluble rocks.

4.2 Shear wave velocity and shear modulus of 2-D profiles

The shear modulus was also determined in 2-D across four shear
wave reflection seismic profiles (Figs 2 and 8). Profile 1 was sur-
veyed north of the urban sinkhole in SK (Fig. 2a) and shows a large
subsurface erosion induced depression between 0 and 170 m profile
length from 10 to 40 m depth (Wadas et al. 2017). The shear wave
velocity across the profile ranges from 210 to 545 m s–1 with a low
velocity zone between ca. 40 and 70 m depth that consists of values
from 210 to 300 m s–1 (Fig. 8.1a). According to the core inspection,
this zone, which is located above the subsurface erosion horizon,
correlates with disrupted and fractured sandstones and claystones.
It also shows low μ values of 100–250 MPa, which indicate less
ground stability due to reduced shear strength. In general μ ranges
between ca. 100 and 700 MPa and high μ values are identified for
the subsurface erosion horizon, which is located between ca. 80
and 140 m depth (Fig. 8.1c). The μ-values are the result of high VS
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values and this coincides with the observations from borehole SK
05-2011 and is also observed for profile 2.

Profile 2 was surveyed south of the urban sinkhole in SK (Fig. 2a)
and shows two depressions between 0 and 170 m profile length and
between 250 and 330 m profile length from 0 to 30 m depth (Wadas
et al. 2017). VS generally increases with depth, but the near-surface
down to 60 m depth is characterized by low velocities from 198 to
350 m s–1 (Fig. 8.2a). The corresponding μ values range between

ca. 75 and 250 MPa and indicate unstable strata. This correlates
with the observations from borehole SK 05-2011. In total μ ranges
between 75 and >800 MPa (Fig. 8.2c).

Profile 3 was surveyed in the town of BF, north of a subsurface
erosion induced leaning church tower (Fig. 2b), which is located
between ca. 60 and 80 m profile length (Wadas et al. 2016). Gen-
erally VS ranges between ca. 120 and 475 m s–1, and between 40
and 86 m profile length from 0 to 40 m depth a low velocity zone
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is observed with VS values of 120–250 m s–1 (Fig. 8.3a). μ shows
severely reduced values below the tower of around 25–100 MP.
Such low shear strength indicates a highly unstable underground
and the core analysis of BF 01-2014 revealed several small cavities
in this depth. Overall μ ranges from 25 to 525 MPa for this profile
(Fig. 8.3c).

Profile 4 was surveyed north of the town BF, parallel to a sinkhole
in a forest (Fig. 2c). The soluble rocks, and therefore the subsur-
face erosion horizon, are found a few metres below the surface
down to 60 m depth. The sinkhole is visible between 50 and 130 m
profile length and several collapse events are imaged within the
subsurface erosion horizon, which indicate different stages of sink-
hole development (Wadas et al. 2018). VS shows values between
ca. 150 and 500 m s–1 and the lowest values are between 0 and
60 m depth with 150–325 m s–1 (Fig. 8.4a). The corresponding shear
modulus ranges between ca. 50 and 725 MPa, but the soluble rocks
show values of only 50–250 MPa, indicating a low shear strength
(Fig. 8.4c).

4.3 Seismic attributes frequency and similarity

For the four shear wave reflection seismic profiles presented in
Fig. 8, a seismic attribute analysis was carried out using the migrated
time sections. The average and normalized frequencies (X-axis) and
similarities (Y-axis) are shown as cross-plots with colour-coded en-
ergy values (Fig. 9). A similarity of 1 indicates that the compared
traces are identical and a similarity of 0 indicates that the traces
are different. For example, undisturbed and horizontally layered de-
posits would have a relatively high similarity near 1, but fractured
formations with displaced layers would result in a relatively low
similarity, for example smaller than 0.3. Similar statements can be
made for the frequency, because disrupted formations with small-
scale structures lead to enhanced scattering and attenuation, which
results in a loss of higher frequencies (Chopra & Marfurt 2007). The
‘energy’, an amplitude-based attribute without unit, shows low en-
ergy near 0 in blue and high energy up to 10 in red. A high impedance
contrast, as a result of high density and/or velocity contrasts be-
tween two formations, will lead to high energy values (Chopra

& Marfurt 2007; dGB Beheer 2017). A fractured and disrupted
subsurface smears the density contrasts, resulting in low energy
values.

Profile 1 and profile 2 (Fig. 2a) were acquired north and south of
an urban sinkhole in the town of SK using a source signal of 20–
120 Hz. The recorded useful signal has a frequency range of only
20–80 Hz (Figs 9a and b), which indicates attenuation of higher
frequencies (to remove noise above 80 Hz filters were applied). The
attribute analysis further revealed that profile 1, located north of
the sinkhole, shows more dissimilarities regarding waveform and
amplitude, compared to profile 2 located south of the sinkhole. For
profile 1 the similarity ranges between 0.9 and 0.1 (Fig. 9a), and
for profile 2 the similarity ranges between 0.9 and 0.3 (Fig. 9b).
For both profiles, the highest energy is focused on the lower fre-
quencies between 20 and ca. 40 Hz at high similarity values. The
strong attenuation of high frequencies and the low similarity values
correlate with the degree of subsurface erosion induced disturbance
of the underground. A detailed structural S-wave seismic analysis
of the area surrounding the sinkhole revealed that the underground
north of the sinkhole is more disturbed than to the south (Wadas
et al. 2017).

Profile 3 (Fig. 2b) used a sweep frequency range from 20 to
120 Hz and the recorded data shows useful signal response of 25–
80 Hz, which is similar to the observations made for profile 1 and
profile 2. In contrast, the similarity reveals more dissimilarities
with values between 0.8 and 0.0 (Fig. 9c), and the energy shows
significantly lower values, especially for lower frequencies, com-
pared to profile 1 and profile 2. The differences between profile 1
and 2 and profile 3 display the differing ground conditions of the
two study areas of SK and BF. Profile 3 was acquired north of the
subsurface erosion induced leaning church tower of BF and the un-
derground below the tower is more fractured than the subsurface
below SK. This might be because the subsurface erosion processes
are more intense in BF, and anhydrite and gypsum are much shal-
lower (Wadas et al. 2016) compared to SK (Wadas et al. 2017).
Additionally, in BF brine production is still ongoing, which prob-
ably enhances the natural processes and the resulting subsurfaces
disturbances.
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Figure 8. Shear modulus of 2-D reflection seismic. Shear wave velocity (a), density and stratigraphy (b), and shear modulus (c) of four 2-D reflection seismic
profiles surveyed in areas affected by near-surface dissolution of soluble rocks (Fig. 2). Profile 1 and profile 2 were surveyed in SK north and south of a sinkhole
(Wadas et al. 2017), profile 3 was surveyed north of the subsurface erosion induced leaning church tower of BF (Wadas et al. 2016), and profile 4 was carried
out parallel to a sinkhole north of BF (Wadas et al. 2018). The lithology pattern is described in Fig. 3.

Profile 4 (Fig. 2c), surveyed parallel to a sinkhole, shows a fre-
quency range of ca. 25–80 Hz similar to profiles 1–3, and the simi-
larity values range between 0.9 and 0.0 (Fig. 9d) similar to profile 3.
For this profile, the energy attribute seems to depend on frequency
only, because high energy is not focused on high similarity values
as observed for profiles 1–3. The comparability of profile 3 and
4 is given, because profile 4 was also acquired in BF, and shows

comparable ground conditions with soluble Permian deposits close
to the surface.

In general, the seismic attribute analysis revealed strong attenu-
ation of frequencies >80 Hz and low similarity of adjacent traces,
which correlate with the degree of subsurface erosion induced dis-
turbance of the underground. Both are a result of the presence
of fractures and intraformational faults due to mass-movement in-
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Figure 9. Cross-plots showing the seismic attributes similarity, frequency and energy of the four SH-wave reflection seismic profiles (a–d). Based on the results
of this study low frequencies between 20 and 55 Hz in combination with low similarities between 0.0 and 0.5 indicate highly unstable areas (marked by grey
box). (e) As an example, for profile 4 the differences between more stable and less stable areas are shown.

duced by subsurface erosion. As an example, Fig. 9(e) shows the
difference in frequency and similarity between more stable and less
stable areas for profile 4. More stable areas in profile 4 are charac-
terized by frequencies from 40 to 80 Hz and a similarity between

0.4 and 0.8, whereas less stable areas show frequencies from 25
to 60 Hz and similarities between 0.0 and 0.6. Taking the results
of all profiles into account, similarity and frequency are especially
suited to detect and quantify lateral changes and heterogeneities in
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the subsurface and can be used to define critical parameters regard-
ing ground stability. Based on the results of this study, we suggest
that low frequencies between 20 and 55 Hz, in combination with
low similarities between 0.0 and 0.5, indicate highly unstable areas
(marked by grey box in Fig. 9).

5 D I S C U S S I O N

5.1 Low velocities indicate fractured zones

Geotechnical parameters, such as μ or ν, are mandatory for a suc-
cessful modelling of sinkhole formation and subsurface erosion
processes (Al-Halbouni et al. 2018, 2019), and in this study they
were calculated from seismic wave velocities. Except for zones
which indicate a wave conversion from S-to-P wave (see Section
5.2, for details), VS of the presented data shows mostly low to very
low values ranging from 142 to 1900 m s–1 in VSP surveys and
120 to 545 m s–1 for the 2-D surface profiles. The slowest VS val-
ues range from 120 to 350 m s–1 for the 2-D surface profiles and
from 200 to 400 m s–1 for the VSP surveys and are found in low
velocity zones within or above the subsurface erosion horizon. VP

was only determined by VSPs and shows values between 300 and
4750 m s–1. Compared with surface seismics, the VSPs show higher
seismic wave velocities, which is assumed to be a result of the wave
propagating only once through the fractured low-velocity zone and
the inaccuracy of the stacking velocity analysis in 2-D compared to
a direct wave speed measurement in VSPs.

We propose that the low-velocity zones are a result of the sub-
surface erosion processes and the associated generation of frac-
tures, cavities and collapse structures (Krawczyk et al. 2012). Mass-
movement induced by dissolution of soluble rocks generates small
cavities that are growing larger over time due to continuous rock fail-
ure (Gutiérrez 2010; Parise 2010). According to Kowalski (1991),
Schneider-Löbens et al. (2015) and Al-Halbouni et al. (2018), rock
failure is influenced by stress distribution in intact rocks, bedding
and fractures. Cavities are unable to transfer stress, and therefore the
stress distribution in the surrounding material changes. Formation
failure starts in the central upper part of the cavity with fracture
initiation. Pre-existing and new fractures form a complex fracture
network and reduce ground stability significantly, especially in the
area above the cavity. Due to increasing rock failures the cavity be-
comes larger and this is accompanied by further fracture formation
(Kowalski 1991; Schneider-Löbens et al. 2015; Al-Halbouni et al.
2018). Depending on the fracture network, the size and shape of the
cavity itself and the thickness of the overburden, either a sinkhole or
a depression can form (Waltham et al. 2005; Gutiérrez et al. 2008;
Parise 2019). The fractured formations of BF and SK were imaged
by 2-D reflection seismic profiles (Wadas et al. 2016, 2017, 2018)
and were also identified by outcrop investigations (Schmidt et al.
2013). The overburden in the two study areas is thin with only ca. 2 m
(BF) to 60 m (SK) thickness, and the presence of cavities in the near
surface was proven by inspection of core material (Schmidt et al.
2013). Altogether, the cavities and fractures result to high porosity
and low density, not only in the subsurface erosion horizon, but
also in the overlying material due to upward migrating fractures
and cavities (Wadas et al. 2018). When a shear wave propagates
through such material of low density and reduced shear strength,
the wave velocity lowers. Similar observations were found by Uh-
lemann et al. (2016) for landslides, where the lowest P- and S-wave
seismic velocities were found in the flow- and rotation-dominant

domains of landslides, which are characterized by disturbed and de-
formed layers with presumably high porosity and low density. The
two study areas BF and SK show different shear wave velocities for
the low velocity zones within the subsurface erosion horizons. The
low velocity zones in SK are characterized by velocities of around
200 to 350 m s–1 and in BF 120 to 300 m s–1 are observed. The
lower velocities in BF indicate a more disturbed underground due
to subsurface erosion compared to SK, which is evidenced by the
core inspection, and the occurrence of much more sinkholes and
depressions.

5.2 S-to-P-wave conversion

Other velocity anomalies observed in the data are relatively high
VS values that are physically inconsistent, because a shear wave is
always slower than a compressional wave according to the wave
theory. The particle motions of compressional waves are in the di-
rection of propagation, mainly controlled by the compression modu-
lus, and the less compressible the material the higher is the P-wave
velocity, for example solid rocks show a higher P-wave velocity
than sediments. The particle motions of shear waves on the other
hand are perpendicular to the direction of wave propagation, only
controlled by the shear modulus, which hampers energy propaga-
tion, and therefore slows down the wave velocity (Lowrie 2007).
This velocity anomaly of too high VS values indicates S-to-P-wave
conversion. Wave conversion phenomena have been observed and
investigated for seismic waves travelling through the Earth’s crust,
the lithosphere and the mantle (Bath & Stefansson 1966). Seismic
investigations of the near-surface that deal with wave conversion
are not so common, and the phenomenon of S-to-P conversion has
rarely been studied. In theory, a plain SH-wave can only be reflected
and refracted as a SH-wave and cannot be converted, as it is the case
for P and SV waves. Mi et al. (2015) studied shallow shear wave re-
fraction seismic surveys and occurring SH-wave conversions using
numerical simulations. They state that an SH wave can experience
conversion in areas with non-horizontal or inhomogeneous layers,
and this was also observed by Xia et al. (2002). Both state that in
a subsurface with a dipping layer, when the seismic line is not per-
pendicular to the strata of the dipping surface, the incident SH wave
converts into a P wave. Since dipping surfaces in the subsurface of
sinkhole areas are common, wave-type conversion is very likely.

Other studies discussed the influence of fractures on S-to-P-wave
conversion. Nakagawa et al. (2000) investigated the interaction be-
tween seismic wave propagation and sheared fractures experimen-
tally, numerically and analytically. They discovered that sheared
fractures in a rock initiate conversion of the incident wave due to
changes in fracture geometry, which leads to dilation behaviour of
the fracture. It is described as shear-induced conversion of seismic
waves. Another study was carried out by Bobet et al. (2017), who
postulate that S-to-P conversion occurs due to the presence of an
oriented microcrack network (or in our case a fracture network) that
dilates under shear stress and causes shear wave splitting into P, S
and P-to-S or S-to-P waves. Since both, dipping layers and dense
fracture networks are found in our study areas in the subsurface
erosion horizon as well as in the overlying material, we assume that
a combination of both controls the observed S-to-P wave conver-
sion. For a more detailed analysis of this phenomenon, regarding
the identification of subsurface erosion induced unstable zones, FD
modelling and other numerical approaches should be applied to
synthetic and real data, like the data presented in this study.
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5.3 Shear modulus and Poisson’s ratio to determine
ground stability

The seismic velocities were used to calculate the shear modulus μ

and the Poisson’s ratio νersus Shear modulus and Poisson’s ratio
are used in geotechnical engineering and describe the stiffness of
a material, and therefore ground stability. The spatial distribution
of μ of the presented data is similar to the spatial VS distribution
(Fig. 8), because the velocity values are squared for calculation of μ,
in contrast to the density values. In general μ ranges between 80 and
8000 MPa for the VSPs, and 25 to 800 MPa for the 2-D profiles. The
low-velocity zones of VS, especially in the 2-D sections, result in
low shear strength values between 25 and 250 MPa, which indicate
an unstable subsurface. One such anomaly is observed for profile 3,
which is located at the subsurface erosion induced leaning church
tower of BF. μ shows severely reduced values below the leaning
tower of around 25 MPa to 100 MP (Fig. 8.3c) and the core analysis
of BF 01-2014 revealed a subsurface erosion induced decrease of
the density of the Zechstein deposits, strong fracturing, and several
small cavities in this depth (Wadas et al. 2016). Such low shear
strength indicates a highly unstable subsurface, but the study areas
show different shear modulus values depending on the degree of
shear strength reduction. The subsurface erosion horizon around
the urban sinkhole of SK (profiles 1 and 2) are characterized by
μ values between 75 MPa to 250 MPa, whereas for profile 3 in
the town of BF (south of the KSMF) μ ranges between 25 MPa
and 100 MPa indicating a more unstable subsurface. Since the area
north of the KSMF is less affected by subsurface erosion (Richter &
Bernburg 1955) profile 4 displays higher μ values between 50 MPa
and 250 MPa for the subsurface erosion horizon.

Indications of unstable zones can also be observed for the Pois-
son’s ratio of the VSPs, which show ν values between 0.38 and 0.48,
because gypsum, anhydrite and carbonate are affected by subsurface
erosion and the overlying material is affected by fracture propaga-
tion. The high Poisson’s ratio is also an indicator of reduced ground
stability. Such characteristics for subsurface erosion areas were also
observed by Uhlemann et al. (2016) for landslide investigations, and
by Heap & Faulkner (2008) and Heap et al. (2009) for crack damage
investigations during cyclic stressing of granite and basalt. Uhle-
mann et al. (2016) discovered that the translation-dominant domain
of a landslide has a high Poisson’s ratio of >0.40 due to saturated
clay and sand, which indicates an increase in moisture content and
perhaps porosity. They also assume that reactivation of landslide
movement is a result of intense rainfall, therefore areas with a high
Poisson’s ratio might have a potential risk of future landslides. Heap
& Faulkner (2008) and Heap et al. (2009) discovered that the Pois-
son’s ratio increases with increased stress due to enhanced crack
damage and fracture initiation. All these studies show the correla-
tion of high or increased ν with possibly unstable zones, similar
to the results of this work, which in contrast deals with subsurface
erosion and the resulting structures.

5.4 Seismic attribute analysis to describe critical
parameters

The seismic attribute analysis revealed strong attenuation of high
frequencies and low similarity of adjacent traces, which correlate
with the degree of subsurface erosion induced disturbance of the
underground. Both are a direct result of the presence of fractures
and intraformational faults due to mass-movement induced by sub-
surface erosion. Therefore, similarity and frequency are especially
suited to detect and quantify lateral changes and heterogeneities

in the subsurface and can be used to define critical parameters re-
garding ground stability. Based on the results of this study low
frequencies between 20 and 55 Hz in combination with low simi-
larities between 0.0 and 0.5 indicate highly unstable areas (Fig. 9).
Both study areas show a similar frequency attenuation, but for BF a
lower similarity is observed compared to SK. This correlates with
the degree of subsurface erosion induced disturbance of the under-
ground, which is more intense in BF, and anhydrite and gypsum
are much shallower (Wadas et al. 2016) compared to SK (Wadas
et al. 2017). Additionally, in BF brine production is still ongoing,
which probably enhances the natural processes and the resulting
subsurfaces disturbances.

So far, seismic attribute analysis have been mostly carried out for
exploration-, reservoir- and geothermal studies, but not for sinkhole
investigations. In such studies attributes like dip, azimuth, displace-
ment and curvature are used for fault analysis (Lohr et al. 2008).
These could also be used on a smaller scale for sinkhole investiga-
tions, because fault geometry and fault interaction play an important
role in sinkhole formation (Delle Rose & Parise 2002; Abelson et al.
2003; Closson & Abou Karaki 2009; Pepe & Parise 2014; Wadas
et al. 2017). Other studies successfully used, for example horizon-
bound RMS (root mean square) variance amplitudes for the identi-
fication of subsurface structures (Buness et al. 2014), coherency as
a valuable tool for structural analysis and the detection of unstable
regions of oil fields (Maleki et al. 2015), spectral decomposition
for the investigation of structurally complex carbonate platforms
(von Hartmann et al. 2012), or instantaneous frequency for identi-
fication of fractured areas for geothermal exploration (Pussak et al.
2014). According to the study presented here, similarity/coherency
is especially suited to detect and quantify lateral changes and het-
erogeneities in the subsurface, but further investigations should be
carried out using, for instance spectral decomposition. The seismic
attribute analysis can be further expanded by application on a 3-D
seismic data set of a sinkhole.

6 S U M M A RY A N D C O N C LU S I O N S

Subsurface erosion areas are associated with structures such as
sinkholes, caves, ground subsidence and springs. All these features
represent difficult ground conditions for engineering and construc-
tion (Milanovic 2002; Parise et al. 2015), and pose a geohazard in
urban areas. For the characterization of mechanical properties in re-
gions affected by near-surface dissolution of soluble rocks, several
VSPs, well logs and 2-D shear wave reflection seismic profiles were
conducted. VP and VS were used to calculate the Poisson’s ratio
(ν) and the dynamic shear modulus (μ). Low shear wave velocity
zones (VS ranges from 120 to 350 m s–1 for the VSPs and from 200
to 400 m s–1 for the 2-D profiles) were identified in the subsurface
erosion horizon and the disturbed overlying deposits. These zones
result from a delay in seismic wave propagation due to fracture
initiation and upward migrating fractures and cavities, which in-
crease porosity and decrease density and thus the shear strength.
In the 2-D sections, we observe lateral changes of μ that correlate
with subsurface erosion induced structures located in the subsurface
erosion horizon and the overlying material that are affected by frac-
ture propagation and downbending of layers. These areas show low
shear strength values between 25 and 250 MPa and are therefore
characterized as unstable zones. Similar observations were made
for the Poisson’s ratio ν of the VSPs, which have high values of
0.38–0.48 for the presumed subsurface erosion horizon, and espe-
cially the disturbed overlying deposits. This is a further indicator
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of reduced ground stability. Anomalies of μ and ν correlate with
low electrical resistivities of less than 10 �m, which indicates high
conductivity due to the presence of fluids and increased porosity.
For the subsurface erosion horizon, a conversion of S-to-P wave is
observed, which is probably a result of dipping layers and fracture
networks. Seismic attribute analysis reveals strong attenuation of
high frequencies and low similarity of adjacent traces, which cor-
relate with the degree of subsurface erosion induced disturbance of
the underground and this can be used to define critical parameters.
Based on the results of this study, we suggest that low frequencies
between 20 and 55 Hz, in combination with low similarities between
0.0 and 0.5, indicate highly unstable areas.

To conclude, site investigations using only borehole measure-
ments will not be sufficient, because 1-D measurements are unable
to detect lateral variations of rock properties that are typical for the
disturbed underground of subsurface erosion areas. 2-D shear wave
reflection seismic is ideally suited to depict these lateral changes.
We propose the use of shear wave reflection seismic as a standard
method, in combination with other geophysical techniques (e.g.
gravimetry to detect cavities and mass movement (Neumann 1977;
Butler 1984; Kobe et al. 2019), and electrical resistivity tomogra-
phy (ERT) and various electromagnetic methods to identify fluid
pathways and subsurface erosion areas (Militzer et al. 1979; Bosch
& Müller 2005), for further investigation of sinkhole areas.

Further investigations should be carried out to understand the
S-to-P-wave conversion (e.g. modelling approaches), the seismic
attribute analysis (e.g. application of curvature or spectral decom-
position to get more physical information about a subsurface erosion
area), and the elastic moduli analysis of the shear modulus and the
Poisson’s ratio (e.g. application on a 3-D data set to get more spatial
information on the distribution of the subsurface erosion horizon).
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and Conservation (Thüringer Landesamt für Umwelt, Bergbau und
Naturschutz (TLUBN)) for supporting this work.

Author contribution statement: The seismic data was conducted
by the first author together with the second and third co-authors,
and LIAG’s seismic field crew. Data processing, calculation and
analysis of the seismic data was carried out by the first author. The
first author created all figures and tables. Gamma ray and electrical
resistivity of the boreholes were measured by section S5 ‘Borehole
geophysics’ of LIAG and were interpreted by the first author. The
first author prepared and discussed the results with the co-authors.
The first author wrote the paper and all co-authors inspired and
helped to improve the manuscript, especially the discussion.

R E F E R E N C E S
Abelson, M., Baer, G., Shtivelman, V., Wachs, D., Raz, E., Crouvi, O., Kur-

zon, I. & Yechieli, Y., 2003. Collapse-sinkholes and radar interferometry
reveal neotectonics concealed within the Dead Sea basin, Geophys. Res.
Lett., 30(10), 52.1–52.3.

Al-Halbouni, D., Holohan, E.P., Taheri, A., Schöpfer, M.P.J., Emam, S.
& Dahm, T., 2018. Geomechanical modelling of sinkhole development

using distinct elements: model verification for a single void space and
application to the Dead Sea area, Solid Earth, 9, 1341–1373.

Al-Halbouni, D., Holohan, E.P., Taheri, A., Watson, R.A., Polom, U.,
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