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Abstract: The development of subsurface voids and cavities in soluble rocks is controlled by the
hydrological and chemical processes in the host rock. Water (enriched with carbon dioxide) perco-
lates through fractures and bedding partings of the host rock and removes material from the rock
surface. As this enlargement is a highly heterogeneous process, only some fractures and bedding
partings become significantly enlarged, evolving towards larger voids and caves. The size of the
enlarged voids, often reaching the metre scale, can result in mechanically unstable structures,
which, when close to the surface, are prone to collapse and thus are a hazard to infrastructure.
We explored two caves in the anhydrite host rock of the Permian Zechstein sequences in northern
Germany using geophysical measurements: the Kalkberghöhle close to Bad Segeberg (Hamburg
region) and the Jettenhöhle close to Osterode (Harz region). Based on the results of gravity and elec-
trical measurements, we were able to identify the cave voids and to characterize the local geological
setting. Using these indirect geophysical observations, we deduced a structural model for both
cave sites by numerical modelling. Our structural models were successfully calibrated against the
Bouguer gravity data.

A wide variety of soluble host rocks can be found in
different parts of Germany (Fig. 1). The soluble host
rocks range from Devonian limestones in the west
to Jurassic limestones in the south. The evaporitic
sequences of the Permian Zechstein period charac-
terize the landscape in central and northern Ger-
many, either as outcrops exposed through the
tectonic uplift of the southern Harz Mountains, or
buried at c. 4–6 km depth beneath the entire northern
German basin. In the latter area, localized salt diapir-
ism has caused the uplift of soluble rocks, bringing
them closer to the present day surface.

The soluble host rocks can be dissolved by water
(enriched with carbon dioxide) percolating through
the rock, removing material from fractures and bed-
ding planes and later enlarging these flow paths
(Ford &Williams 2007). With time, the permeability
in the host rock increases substantially at the local
scale and creates the larger voids and caves typical
of subsurface karst features in the soluble host rock
(Palmer 2007; Gutiérrez 2010; De Waele et al.
2011; Gutiérrez et al. 2014).

Geophysical methods can be used to detect these
subsurface voids using indirect measurements. Most
of these geophysical methods distinguish between
the material properties (e.g. density, electrical resis-
tivity and electrical permittivity) of the void and its
infill and the significantly different material proper-
ties of the surrounding host rock. This contrast in
material properties can be detected using specific

geophysical techniques (e.g. Butler 1984; El-Qady
et al. 2005; Dobecki & Upchurch 2006; Bechtel
et al. 2007; Mochales et al. 2008; Parise & Lollino
2011; Margiotta et al. 2012, 2016; Carbonel et al.
2013, 2014; Kaufmann 2014; Kaufmann & Roma-
nov 2016).

Different geophysical methods provide comple-
mentary information about the subsurface voids.

(1) Air- and water-filled voids have a much lower
density (0 and 1000 kg m−3 for air and water)
than the host rock (2200 and 2900 kg m−3 for
gypsum and anhydrite, respectively). The sedi-
ment infill of a cavity also often has a lower
density than the host rock. Gravity measure-
ments can be used to detect the density differ-
ences between the low densities of the voids
and the higher densities of the host rock and
thus the likely location of subsurface voids.

(2) The electrical resistivity of the host rock is
mainly determined by the fluids circulating
in the void spaces of the rock. Thus the bulk
electrical resistivity of the rock is mainly
determined by the amount of fractures and
their interconnections and infill. Although
limestone, dolomite and anhydrite have a
high resistivity (c. 1000–2000 Ω m; Telford
et al. 2012), gypsum is often highly fractured
close to the surface and provides intercon-
nected pathways for circulating water and
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thus shows a lower resistivity. Cavities in the
host rock represent either highly resistive
areas if they are air-filled, or a lower resisti-
vity if they are water-filled. A sediment infill
can be highly resistive if it is dry or have
a low resistivity if it is wet. Thus electrical
resistivity imaging (ERI) mainly provides
information about the amount of water in the
subsurface.

(3) Locations where groundwater is accessible –

such as sinks, resurgences, streams and
lakes – in a cave can be sampled directly
with electrical conductivity measurements.
These measurements only probe the water
component of the host rock and thus provide a

different picture of the distribution of electrical
resistivity from ERI.When combined with ERI,
electrical conductivity measurements can dis-
tinguish the host rock matrix from water-filled
fractures and bedding partings.

(4) Groundwater percolating through the unsatu-
rated zone can drag excess electrical charges
with it. These charges will induce an electrical
potential difference, which can be mapped
using the self-potential method. The ground-
water-induced self-potential is often in the
range of a few tens of millivolts.

(5) Ground-penetrating radar can reveal the sub-
surface structure from the reflection of electro-
magnetic waves.

Fig. 1. Map of Germany showing outcrops of soluble rocks by geological epoch and the occurrence of salt diapirs in
the northern German basin. The locations of major cities and the two studied caves are shown.
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The application of different geophysical methods
provides a broad indirect picture of the voids in solu-
ble host rocks and can help to unravel the strong pref-
erential distribution of voids and cavities enlarged
by dissolution in the subsurface. These indirect
observations can then be used to infer the void geo-
metry by forward and inverse modelling of the
geophysical measurements.

We present here the results from geophysical sur-
veys above two caves in Permian Zechstein rocks in
Germany (Fig. 1). The Kalkberghöhle cave is located
in the Hauptanhydrit caprock of a salt diapir in north-
ern Germany, whereas the Jettenhöhle cave devel-
oped in the Hauptanhydrit formation exposed
along the southern Harz Mountains in Germany.
We aimed to identify both cave voids and, in some
areas, the local stratigraphy from the geophysical
signatures (gravity, ERI and self-potential measure-
ments). We present structural models of the subsur-
face based on our geophysical results.

Geophysical methods

This section introduces the geophysical methods
used to detect the subsurface structures in the areas
of interest.

Gravity

We carried out the gravimetric survey using Lacoste-
Romberg type D gravimeters with a precision esti-
mated to be better than 0.03 mGal from repeated
readings. The survey station coordinates were
recorded with a hand-held global positioning system
monitor to about 1 m accuracy, whereas the eleva-
tions were determined to 3 cm accuracy by levelling
with a levelling rod. The raw data were processed
with GRAViMAG software developed at the Geo-
physics Department, Freie Universität Berlin to
derive the Bouguer gravity, Δgb (mGal). We used
four processing steps to derive the Bouguer gravity
data from the raw measurements: (1) repeated base
station measurements roughly every 2–3 h to moni-
tor instrument drift; (2) correction of Earth tides
based on the software package Eterna (Wenzel
1996); (3) linking the relative gravity measurements
into the regional gravity network through a known
station with absolute gravity; and (4) using latitude,
free-air and Bouguer corrections, including a topo-
graphic Bouguer correction (where needed) derived
from either the Shuttle Radar Topography Mission
digital elevation model (Jarvis et al. 2008) or a
local digital elevation model when a higher accuracy
was needed. The densities ranged from 0 kg m−3 for
the air-filled cave passages to c. 1500 kg m−3 for the
cave sediments, and 2200 and 2900 kg m−3 for gyp-
sum and anhydrite, respectively, as the host rock
(e.g. Telford et al. 2012).

Electrical resistivity imaging

ERI was carried out along the profiles with a Geo-
Tom MK8E1000 instrument and 25–75 steel elec-
trodes, mostly in the Wenner and Schlumberger
set-up. We also tested dipole–dipole configurations,
often better suited to detecting lateral contrasts in
electrical resistivity, but due to the poor signal-
to-noise ratio of this set-up we decided not to use
these measurements. The raw data were processed
with the Res2DInv software package (Loke &
Barker 1995, 1996), applying robust inversion meth-
ods, to derive the electrical resistivity, ρe (Ω m). Poor
datum points were removed with the help of the
software prior to inversion by identifying the gross
outliers along each horizontal pseudo-depth section.
Coordinates for the electrodes were taken with a
hand-held global positioning system monitor and
the elevation either from levelling or from the digital
elevation map. Inversions of the profiles were carried
out, including the topographic elevation. The electri-
cal resistivity of the gypsum and anhydrite was
c. 400–1000 Ω m, depending on the infill of fissures,
whereas the air-filled cave voids had a resistivity
>4000 Ω m (e.g. Telford et al. 2012).

Electrical conductivity

A hand-held electrical conductivity meter (ADWA
Instruments) was used to measure the electrical con-
ductivity, σe (S m−1), in open water bodies (cave
lakes, creeks and springs). The electrical conductiv-
ity values were calibrated to a temperature of 25°C.

Self-potential

Self-potential surveying was carried out with
laboratory-made non-polarizable copper–copper sul-
phate electrodes and a Voltcraft multimeter. One
electrode served as the base from which the potential
difference, ΔU (mV), was mapped across the survey
area. The base electrode was located outside the sam-
pling profiles. A hole was dug for all the electrodes to
achieve good coupling conditions between the elec-
trodes and the soil. Measurements were carried out
within a time frame of 2 h and therefore the diurnal
variation was small. We expected streaming poten-
tials in the range of tens of millivolts from subsurface
water channelled into the wider fractures opened by
dissolution, thus inducing preferential groundwater
flow towards a base level.

Cave sites

This section presents the results of the geophysical
surveys above the two cave sites (Fig. 1). Both
sites are located in Hauptanhydrit, the anhydrite
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part of the z3 (Leine) sequence of the Permian Zech-
stein deposits in Germany.

Kalkberghöhle

The Kalkberghöhle is located close to the city of Bad
Segeberg (Fig. 2) in the northern German basin,
with elevations c. 10–40 m above sea-level (a.s.l.).
Salt diapirism since the Keuper period has caused
uplift of the deeply buried soluble Zechstein rocks
closer to the surface, with the Segeberg salt diapir
responsible for exposing the Hauptanhydrit along
the north-trending axis of the diapir (e.g. Kardel
et al. 2009; Ipsen & Mucke 2011). On the surface,
the lakes Grosser Segeberger See (28.9 m a.s.l.),
Kleiner Segeberger See (37.9 m a.s.l.) and Klüthsee
(c. 28 m a.s.l.) mark the axis of the salt diapir as
subrosion depressions. Three major fault zones are
mapped perpendicular to the long axis of the salt
diapir and the two northern fault zones are lined by
a series of sinkholes (Ross 1993). The Kalkberg, a

hill with a former height of 114 m a.s.l., was topped
by a castle in early Medieval times (e.g. Sparr 1997;
Ipsen & Mucke 2011). Its name, including the
German word Kalk (limestone), is misleading
because of the exposed anhydrite, but stems from
the Medieval mining use of Kalk as a term to
describe soluble rocks.

Drinking water for the Medieval castle was
recovered from a well, with its opening originally
at c. 110 m a.s.l. After the castle had been destroyed,
open-pit mining of the anhydrite and its gypsum
shell substantially lowered height of the hill, with
its highest peak today at 90 m a.s.l. The main quarry
has been re-cultivated and rebuilt to host an open-air
theatre (Fig. 3). In 1807, the former well was exca-
vated again and a drillhole was lowered into the
Hauptanhydrit from the bottom of the well at
26.4 m a.s.l. in hope of finding salt (Fig. 3d). The
drillhole ended at −62 m a.s.l., still within the Haup-
tanhydrit. Two further drillholes along the eastern
shores of the Grosser Segeberger See then reached

Fig. 2. Map of Bad Segeberg showing the study site (red square) and the Kalkberg cave (blue triangle), cities (white
dots), sinkholes (red circles), rivers (light blue lines), roads (black solid lines) and railways (black dashed lines). GSS,
Grosser Segeberger See; KSS, Kleiner Segeberger See; KS, Klüthsee. The inset shows the location (red square, north
of Hamburg) of the figure within Germany.
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(a)

(b) (c)

(d)

Fig. 3. Kalkberghöhle, Bad Segeberg, Schleswig-Holstein, Germany. (a) Map of the Kalkberghöhle cave
superimposed onto the digital ortho-photograph of the area. The two red dots mark the former mining shafts. (b) Map
view of the study area. KC, Kalkberghöhle cave; KSS, Kleiner Segeberger See; T, open-air theatre; DK, Damloser
Kuhle sinkhole. The survey area is shown by the red rectangle. (c) Geological map showing the lithological units.
The location of the geological cross-section in part (d) is marked by the red dashed line. (d) Geological cross-section
along the profile shown in part (c). The former land surface is shown as a dashed line, the well removed in part by
mining is shown in white and existing part of the well is shown in black. The drillholes lowered from the bottom of
the well are shown in grey. The blue area is the KSS. The cave is shown as a white area, with the cave level indicated
by dashed lines.
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the Stassfurt salt at about 103 and 149 m depth,
respectively. With the idea of starting salt mining,
two shafts were lowered in the main quarry (now
the open-air theatre), reaching depths of 88 and
116 m. However, both shafts flooded due to unman-
ageable water inflow from the surrounding rock
(Sparr 1997).

A substantial maze cave, the Kalkberghöhle, with
about 2 km of passages, has been explored beneath
the remnants of the Kalkberg (Fricke 1990). Detailed
geological mapping of the cave (Ross 1990) revealed
that although the central parts of the Kalkberghöhle
are located in the Hauptanhydrit and thus fairly sta-
ble, the outer parts of the cave (in the west and SE)
are developed in the gypsum part and are fairly
unstable and prone to roof collapse. The passage
towards the SE, which extends underneath the open-
air theatre, is prone to collapse and has been secured
with concrete pillars (Meier 2003; Konietzky et al.
2007; Mucke et al. 2008). Along the northwestern
part of the known cave, the overburden above the
cave is very thin, sometimes only a few metres. Res-
idential buildings in this area are thus potentially in
danger of collapse. An old sinkhole called Damloser
Kuhle in the direction of the southeastern cave pas-
sages indicates a probable former extension of the
cave system.

The evolution of the cave has been discussed in
Kupetz & Brust (2008) and Ipsen & Mucke (2011),
with its early evolution dating back to the last inter-
glacial (c. 125 ka BP) as an active water-table cave
along the 34.0–37.5 m a.s.l. level with autogenic
recharge. When the palaeoclimate became colder

and the Fennoscandian ice sheet approached the
region, the supply of water stopped and the maze
of enlarged cave passages was filled with glacio-
fluvial sediments. The infill blocked most of the for-
merly active passages and, since the Last Glacial
Maximum (c. 21 ka BP), the reactivated infiltration
of surface water has been efficiently blocked by sed-
iments. Cave enlargement progressed under almost
stagnant conditions, with typical solution forms
(flat ceilings and steeply dipping side walls) devel-
oped along the 38–50 m a.s.l. level.

Gravity survey. Figure 4a projects the cave map
(white outline) onto the topography and shows the
locations of the three gravity profiles (red dots).
The summit of the Kalkberg and the open-air theatre
are marked as topographic features. The old sinkhole
Damloser Kuhle is located south of the mapped cave
passages. Some of the larger rooms – Zentralhalle,
Barbarossahalle and Säulenhalle – are located in
the transition zone from mechanically stable anhy-
drite to mechanically unstable gypsum, whereas
some of the other rooms, such as the Gonzohalle,
are entirely in the unstable gypsum.

Figure 4b shows the Bouguer gravity map (Δgb).
A value of 2200 kg m−3 has been chosen as the ref-
erence density and represents the average rock den-
sity for gypsum. With this choice, Bouguer gravity
values below zero represent mass deficits relative
to the gypsum rock and are thus possible voids and
cave rooms. Note that the signal from the less
dense salt is constant over the size of our working
area as a result of the large extent of the salt dome

Fig. 4. Kalkberghöhle, Bad Segeberg, Schleswig-Holstein, Germany. (a) Location map showing gravity stations (red
dots) and two former mining shafts (red stars). 1, Summit of the Kalkberg; 2, open-air theatre; 3, the old sinkhole
Damloser Kuhl; 4, Zentralhalle; 5, Barbarossahalle; 6, Säulenhalle; 7, Gonzohalle. (b) Bouguer gravity map. A,
Säulenhalle; B, Zentralhalle; C, Gonzohalle; D, artificial manhole on the road.
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and is accounted for as a regional signal. The Bou-
guer gravity values are negative (−0.1 to−0.6 mGal)
above the entire cave, indicating the karstified gyp-
sum present underneath the gravity profiles. Three
locations with a strong focused negative Bouguer
gravity signal down to −0.6 mGal correspond to
the rooms Säulenhalle, Zentralhalle and Gonzohalle.
The Zentralhalle, however, has only been touched in
its northern parts by the profile. Clearly the larger
rooms dominate the Bouguer gravity signal, whereas
the main cave level provides the broad negative
background signal. The large gravity minimum in
the far southwestern corner corresponds to the void
of an artificial manhole on the road.

Jettenhöhle

The Jettenhöhle is located along the southern rim of
the HarzMountains (Fig. 5). The asymmetrical uplift
of the Harz Mountains caused tilting of the soluble
rocks of the Permian Zechstein period, which are

exposed along the entire southern extension of the
Harz Mountains and form a zone of intense karstifi-
cation a few kilometres wide, with numerous caves,
sinkholes and karst resurgences.

The area of interest, close to the city of Osterode
and covering the karst regions Hainholz and Boller-
kopf (Fig. 6), is characterized by hilly relief at eleva-
tions between 175 and 350 m a.s.l. Surface flow is
only present in areas where the soluble Zechstein
rocks are covered by insoluble marls and clays.
Hydrologically, the region is subdivided into two
catchments (Brandt et al. 1976). In the northwestern
part, the Bollerkopfbach sinks into the active cave
Marthahöhle. The Heiligentalbach, the remnant of
an old valley coming from the Harz Mountains,
with its headwaters lost by erosion, is a dry valley
with an active surface creek still present in only a
small portion, the continuation of which is unknown.
The main drainage of the northwestern part is carried
via the Schurfbach towards the Hackenbach creek
and drains to the River Oder. In the southeastern

Fig. 5. Topographic map of the Harz Mountains showing the study site (red square) and cave (blue triangle), cities,
geographical locations and outcrops of soluble Zechstein rocks in Lower Saxony, Thuringia and Saxony-Anhalt (grey
hashed area). The inset shows the location (red square) of the figure within Germany.
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(a)

(b)

(d)

(c)

Fig. 6. Jettenhöhle, Osterode, Lower Saxony, Germany. (a) Map of the cave Jettenhöhle superimposed onto the
digital ortho-photograph of the area. (b) Map view showing roads (solid black lines), rivers (solid light blue lines),
sinkholes (open circles), springs (red closed circles), villages (red squares) and caves. JC, Jettencave; MC,
Marthacave. The survey area is shown as a red solid rectangle. (c) Geological map showing lithological units. The
location of the geological cross-section in part (d) is marked by the red dashed line. (d) Geological cross-section
along profile shown in part (c).
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part, the Düna Plateau is drained via the Dünabach
creek, a subsurface drainage through the Jettenhöhle
towards the Jettenbach creek and the Pferdeteich
sinkhole, also draining towards the Jettenbach. The
water from the Jettenbach flows to the River Sieber
and also reaches the River Oder.

Three Zechstein sequences are exposed from
north to south in the Hainholz/Bollerkopf area
(Fig. 6) (e.g. Herrmann 1969, 1981a, b; Vladi
1972; Brandt et al. 1976; Jordan 1981; Kempe
1997, 2008). In the north, the sequence starts with
the greywacke from the Paleozoic Harz Mountains.
The Zechstein sequence follows, with z1/zW
(Werra-Anhydrit) on top of the Paleozoic rocks,
followed by z2/zS (Hauptdolomit, Basalanhydrit)
and z3/zL (Grauer Salzton, Plattendolomit, Haup-
tanhydrit). Although the Werra-Anhydrit forms a
prominent step, the zS sequence is barely visible.
However, a tectonic graben structure has preserved
large parts of the Hauptanhydrit of the zL sequence,

which forms an extended and extremely karstified
area. To the south, the Zechstein sequences are cap-
ped by Triassic Buntsandstein formations (mainly
sandstone).

Our survey area was located in the graben struc-
ture with the zL sequence dominating the landscape.
The Hauptanhydrit, with its shallow parts converted
to gypsum from the surface towards the fluctuating
water-table, is an extensively karstified area with
deep karren, pits, numerous partially water-filled
sinkholes and no significant surface runoff. The
Plattendolomit exposed along the southwestern part
of the Hainholz is characterized by a less rugged
surface. Lithologically, the Plattendolomit is located
below the Werra-Anhydrit, but the graben structure
caused partial exposure due to bending of the
rock layers.

The cave Jettenhöhle is located in the Hauptanhy-
drit (Fig. 7a). This cave, c. 748 m in total length
(Kempe 1997, 2008), is developed in the gypsified

Fig. 7. Jettenhöhle, Osterode, Lower Saxony, Germany. (a) Location map with gravity stations (red dots),
self-potential stations (yellow dots), electrical resistivity imaging profiles (blue lines with first electrode marked with
profile number) and ground-penetration radar profile (green line). 1, Romarhalle; 2, Kreuzdom; 3, Jettenstube;
4, Pferdeteich collapse sinkhole; 5, Hirschzungenerdfall collapse sinkhole. (b) Bouguer gravity map. (c) Self-potential
map. (d) Electrical conductivity map of open water.
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part of the Hauptanhydrit. The cave consists of a
large tunnel (Romarhalle), c. 10–20 m wide and
several metres high, its deepest point being the
large room Kreuzdom, 30 × 30 m wide and c. 13 m
below the entrance. Two small lakes cover the
Kreuzdom, about 1–2 m deep, but fluctuations in
the lake level are small (10–20 cm on average).
From the Kreuzdom, a large block pile leads to a fur-
ther room, the Jettenstube, mostly filled with break-
down deposits and containing small lakes. All the
cave lakes are a result of insoluble residuals from
the dissolution of the gypsum (e.g. Kempe 2008),
which cover the bottom parts of the cave and inhibit
the water from totally disappearing. To the north of
this room, a prominent collapse sinkhole (Hirsch-
zungenerdfall) marks a former continuation of the
cave. The Jettenhöhle has only a thin surface cover
and collapse sinkholes mark older parts of the cave
along the western and eastern sides. The large col-
lapse sinkhole Pferdeteich is located to the east of
the cave and receives water from the north, which
disappears into a sink along the southern rim of the
Pferdeteich (Hauptanhydrit). The lake in the Pferde-
teich fluctuates substantially, with variations in the
lake level of up to 7 m during the year.

We continue to obtain results from our geophys-
ical surveys above and around the Jettenhöhle cave.
We follow a strategy that picks up the signal from
the cave and then use the knowledge gained from
the surveys above the cave to extend our interpre-
tation beyond the known cave passages into the
surroundings.

The locations of all measurements are shown in
Figure 7a. Gravity measurements were taken directly
above the cave and in its vicinity. The station dis-
tances varied between 5 and 30 m. ERI measure-
ments were made along seven profiles, mostly in
the Wenner and Schlumberger set-up. Profiles 1
and 8 were located above the Jettenhöhle to track air-
filled cave voids in the gypsum rock, whereas pro-
files 3–7 were located between the collapse sinkhole
Pferdeteich and the creek Jettenbach. Depending
on the length of the ERI profiles, 25 or 50 steel
electrodes were used, with an electrode spacing
between 4 and 5 m. ERI profile 1 was also explored
with ground-penetrating radar measurements to
obtain additional information on the cave voids.
Self-potential measurements between the Pferde-
teich and Jettenbach were carried out to shed light
on the subsurface drainage of the Pferdeteich sink-
hole. These measurements were complemented by
electrical conductivity measurements in the sinkhole
Pferdeteich, the lake in the Kreuzdom of the Jetten-
höhle, the spring Jettenquelle and the Jettenbach.

Gravity survey. Figure 7b shows the Bouguer gravity
map (Δgb). A value of 2800 kg m−3 was chosen as
the reference density, which represents the lower

bound of the rock density for both the anhydrite
and the dolomite. With this choice, Bouguer gravity
values below zero represent mass deficits relative
to the anhydrite/dolomite rock. Bouguer gravity
values are negative (−0.3 to −0.5 mGal) above the
entire cave, reflecting the less dense gypsum rock
(CaSO4xH2O, density c. 2300 kg m−3), which is a
result of the hydration of the anhydrite (CaSO4)
within the groundwater zone. Cave rooms such as
the Kreuzdom and Jettenstube are clearly visible
by large negative Bouguer gravity values (−0.8 to
−1.2 mGal). The large, sharply confined negative
anomaly below −1.0 mGal is related to small break-
down passages in the south of the Kreuzdom, which
are close to the surface and end on the side of a small
collapse sinkhole (Kleine Jettenhöhle). Thus the
cave voids have been clearly identified by gravity
measurements. A second feature beyond the known
cave limits is the regional trend in the Bouguer grav-
ity data towards slightly positive values in the SW.
The trend has a sharp gradient along the slopes
of the valley of the creek Jettenbach. Comparing
the Bouguer gravity data with the geological map
(Fig. 6), we find a correlation of the gravity trend
with the mapped outcrop of the Plattendolomit in
the south. Our gravity data suggest that the denser
dolomite extents even further north and limits the
Werra-Anhydrit along the southern graben shoulder.

Electrical resistivity imaging. Figure 8 shows five
ERI profiles above the cave Jettenhöhle. All the pro-
files have been carried out in the Wenner set-up,
with 64 electrodes for profile 1 and 34 electrodes
for profile 8. The electrical resistivity images (ρe,b),
characterizing the bulk electrical resistivity of the
rock were obtained from robust inversion with
Res2DInv. They are both characterized by small
root-mean-square values. Profile 1 is a 300 m long
transect above the main cave rooms. Both rooms,
the Jettenstube and the Kreuzdom, can be identified
by resistivities >4000 Ω m, a value characteristic of
air-filled voids. Although the Kreuzdom has an over-
burden of c. 10 m, the Jettenstube has been traversed
at its northern end, where the overburden is already
c. 15 m. The third high-resistivity anomaly, which
is very pronounced, reflects the small passages in
the southern part of the cave close to the small sink-
hole. The gypsum rock itself is characterized by
resistivities of c. 200–1000 Ω m. The low-resistivity
anomaly (E) in the deeper section along the southern
end of the profile, with values down to 20 Ω m, indi-
cates flowing groundwater. Profile 8 is located above
the main cave passages and the high-resistivity
anomaly (D) at 15 m depth reflects the large cave
passages Romarhalle and Jettenstube.

Profiles 3, 6 and 7 are all located south of the
cave. In contrast with profiles 1 and 8, all three of
these profiles are characterized by low resistivities
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between 20 and 60 Ω m, indicating groundwater
movement, and some patches with higher resistivi-
ties above 100 Ω m, possibly drier parts. The three
low-resistivity parts (F1, G, H) are located along
the same flow path and, together with anomaly E
in profile 1, seem to map the subsurface drainage
of the water from the collapse sinkhole Pferdeteich

towards the creek Jettenbach. The sharp contrast
between the low-resistivity (H) and the high-
resistivity (I) parts in profile 7 marks the transition
from gypsum to another rock type, which we inter-
pret as Plattendolomit. We speculate that the Platten-
dolomit adjacent to the Werra-Anhydrit (converted
to gypsum) is karstified, but to a lesser degree than

Fig. 8. Jettenhöhle, Osterode, Lower Saxony, Germany. Electrical resistivity imaging profiles 1, 8, 3, 6 and 7.
A, Jettenstube; B, Kreuzdom; C, high-resistivity anomaly; D, large cave passages Romarhalle and Jettenstube;
E, low-resistivity anomaly; F1, F2, G and H, low-resistivity anomalies; I, high-resistivity anomaly.
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the gypsum. Therefore the gypsum drains surface
water efficiently towards a lower phreatic zone,
whereas the Plattendolomit, with its lower hydraulic
conductivity, keeps the water coming from the Pfer-
deteich and thus reflects phreatic conditions with low
electrical conductivities.

Electrical conductivity. Electrical conductivity mea-
surements were taken in several open water bodies
using a hand-held conductivity meter. Conductivi-
ties are automatically referenced to a temperature
of 25°C. The measured electrical conductivity
(Fig. 7d) increases from the input point to the karst
aquifer, from the Pferdeteich (1.0 mS cm−1), the
small lake inside the Jettenhöhle (1.5 mS cm−1),
towards the Jettenquelle spring (2.2 mS cm−1). We
can compare these electrical conductivity readings
(σe,f) measured in open water locations with the elec-
trical resistivities (ρe,b) obtained from the ERI mea-
surements. The electrical resistivity for the water
samples is around ρe,b = 4.5–10 Ω m, which is com-
parable with the low-resistivity values found in ERI
profiles 3, 6 and 7 (20–40 Ω m). This is already a
clear hint that the gypsum aquifer is strongly karsti-
fied (well-developed secondary porosity).

Self-potential. Self-potential measurements were
carried out with non-polarizable copper–copper
sulphate electrodes and a multimeter along the small
valley between the Pferdeteich collapse sinkhole
and the local base level Jettenbach. The self-potential
measurements were referenced to a base electrode
located on the rim of the sinkhole in the vadose
zone. The mapped self-potential measurements are
shown in Figure 7c. The self-potential is around the
zero reference value along the higher parts of the val-
ley and decreases to negative values downstream,
with a final strong gradient along the banks of the
Jettenbach creek to values below −30 mV. Both the
amplitude and the pattern are indicative of a self-
potential induced by groundwater flow, thus it is
likely that the water disappearing into the Pferdeteich
sinkhole reappears along the Jettenbach creek.

Structural models

We assembled three-dimensional structural models
of the subsurface for both cave sites based on our
geophysical data and information about the local
and regional geological setting. We built a three-
dimensional structural model of the cave sites and
their surroundings within the PREDICTOR software
package (e.g. Kaufmann et al. 2012, 2015a, b). The
PREDICTOR package uses a given digital topogra-
phy, which is extended to depth with different litho-
logical layers. Each layer can have different physical
properties and can accommodate three-dimensional
structures such as caves, voids or other objects.

This numerical model is then used to predict dif-
ferent geophysical signals. The program basically
performs the calculations in three parts: (1) the
assembly of the model; (2) the solution of the gov-
erning equations; and (3) the prediction of geo-
physical signals. Details can be found in Kaufmann
et al. (2015a).

The model is discretized in three spatial dimen-
sions and then boundary conditions are set for the
hydraulic problem (recharge as fixed flow, resur-
gences as fixed head). The groundwater equation is
then solved as a transient, three-dimensional prob-
lem for both laminar and turbulent flow, thus appro-
priately describing the flow in porous, fractured
rocks. To predict the gravity signal (used in this
work), we used the discretized parallelepipedal ele-
ments to predict a Bouguer gravity signal for each
block and then added all the block contributions to
obtain a large-scale signal.

Kalkberghöhle

We used a digital elevation model with 5 m resolu-
tion for the Kalkberghöhle in Bad Segeberg in north-
ern Germany. The subsurface structure was defined
as gypsum. We neglected the anhydrite core of the
structure, but as our gravity readings had only been
taken above the gypsified part of the cave, our sim-
plification was acceptable. The underlying salt diapir
was a regional structure in our model, thus it affected
the total gravity signal by the lower mass of the salt,
but with no lateral variation on our scale. The struc-
tural model is shown in Figure 9a, with the cave
Kalkberghöhle in dark red and the Bouguer gravity
data as colour-coded squares on top.

The cave void has been discretized from the map
of Fricke (1990). As the ceiling height of some of the
cave rooms – such as the Zentralhalle, Barbarossa-
halle, Säulenhalle and Gonzohalle – has only been
measured locally, we extended the room height to
satisfy our gravity measurements.

The reason for the extension of the mapped cave
passages towards the surface can be seen in Figure
9b, where we compare the observed and predicted
Bouguer anomalies above the western part of the
Kalkberghöhle. We can satisfactorily predict both
the broad negative anomaly above the entire cave,
representing the highly karstified gypsum, and the
three local minima above the larger cave rooms,
which seem to extend close to the surface, as our
prediction suggests.

Jettenhöhle

We used a digital elevation model with 5 m resolu-
tion for the Hainholz area in the southern Harz
Mountains and defined two lithological units,
the Hauptanhydrit and the Plattendolomit below.
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A structural model of this set-up is shown in
Figure 10a. Here the Jettenhöhle is shown in dark
red, the topography as colour-coded contours and

the ERI profiles as cross-sections. The Pferdeteich
sinkhole is the large depression at the front and the
valley in the upper left is the Jettenbach creek.

(a)

(b)

Fig. 9. Kalkberghöhle, Bad Segeberg, Schleswig-Holstein, Germany. (a) Topographic contour map showing the
Kalkberghöhle cave as a dark red block, gravity profiles as map. (b) Observed and modelled Bouguer gravity
anomaly over the area.
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We used this structural model to predict the
Bouguer anomaly of the area (Fig. 11). Our model
prediction can explain the strong negative signal

(down to −1.2 mGal) caused by the larger cave
voids. The small passages to the south, which cause
a strong local negative Bouguer signal, are not

(a)

(b)

Fig. 10. Jettenhöhle, Osterode, Lower Saxony, Germany. (a) Topographic contour map showing the Jettenhöhle cave
as a dark red block and electrical resistivity imaging profiles as cross-sections. (b) Observed and modelled Bouguer
gravity anomaly over the area.
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captured as a result of the limited resolution of the
structural model. In addition to the local Bouguer
signal, the regional trend towards larger values
close to the Jettenbach creek is also modelled satis-
factorily. The amplitude of this regional signal is
slightly underestimated, which was probably caused
by the limited information on the geological map
(Fig. 6) about the outcrop of the Plattendolomit,
which is partially covered by loess in this area.

We add a transient three-dimensional ground-
water flow model, modelled on a daily basis with
recharge by precipitation (up to 15 mm day−1)
and flow towards the local base level Jettenbach.
The subsurface consists of gypsum (hydraulic
conductivity Kf = 10−4 m s−1, specific storage Ss =
5 × 10−6 1 m−1), dolomite (Kf = 10−7 m s−1, Ss = 5 ×
10−7 1 m−1) and the cave void. The resulting
water-table gently dips towards the creek Jettenbach,
with a distinct gradient along the transition from
gypsum to dolomite. ERI profiles 3, 6 and 7, and,
in part, profile 1, show low electrical resistivity in
the phreatic zone below the water-table; ERI profiles
1 and 8 show high electrical resistivity around the
cave voids in the vadose zone. Thus the groundwater
flow explains the mapped ERI measurements. The
low hydraulic conductivity of the dolomite is res-
ponsible for keeping the water-table high after
substantial rain, with possible back-flooding of the
Pferdeteich sinkhole. This is often observed after
snowmelt in spring, with levels rising by 2–4 m, as
can be seen in the two cross-sections below the
structural model.

The water-table may rise even higher during
stronger recharge events and flood the lower part

of the cave, as can be seen in the two cross-sections
between Pferdeteich–Jettenbach and along the Jet-
tenhöhle (Fig. 11b, dashed blue line). This rare flood-
ing of the cave has been documented (Vladi 1972).

Conclusions

We have compiled a large dataset of geophysical
surveys in and above the Kalkberghöhle and Jetten-
höhle caves, developed in the Hauptanhydrit for-
mation of the z3 (Leine) sequence of Permian
Zechstein rocks. We chose these two cave sites
because the caves have a shallow overburden of
10–40 m and are characterized by small passages
and large rooms. With these favourable settings,
we expect the caves to be detectable by indirect geo-
physical measurements.

We have shown that the known and surveyed
cave passages can be traced with both gravity and
ERI measurements, which reflect the lower density
and the different electrical resistivities of the cave
voids and host rock. Gravity is a useful method
here as we can identify the cave voids in the Bouguer
gravity signal as local negative anomalies and the
geological setting as a regional trend in the Bouguer
gravity data. The ERI measurements, mostly carried
out in the Wenner set-up, provide additional infor-
mation about the subsurface geology and water
content, which are useful in characterizing the hydro-
logical situation. Other ERI set-ups, such as the
Schlumberger or dipole–dipole set-ups, essentially
confirmed our results, with the latter set-up being
less useful due to the poor signal-to-noise ratio.

Fig. 11. Jettenhöhle, Osterode, Lower Saxony, Germany. Two cross-sections along the axis Jettenbach-Pferdeteich
(2, bottom) and the Jettenhöhle (1, top). Topography in brown, cave cross-section as black line, and three water table
models (blue solid lines) for 0, 5 and 10 mm/day recharge, and a higher water table (dashed blue line) for 15 mm/
day recharge.
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For the Kalkberghöhle locality, we were able to
explain large parts of the Bouguer gravity signal of
the cave void using a numerical prediction of the
digitized cave map. We were able to address the ceil-
ing heights in the larger rooms, which have not been
accurately mapped in the field.

For the locality Hainholz in the southern Harz
Mountains, we have shown that, in addition to the
strong negative Bouguer data above the cave, a
regional trend towards larger Bouguer values is
observed in the western direction. This increase in
gravity indicates the denser Plattendolomit partly
outcropping along the western edge of the graben
structure. Observations of lake level fluctuations
then enabled us to propose a simple hydrogeological
model of the Hainholz area.

The geophysical surveys were part of the BSc theses of
Alexandra Werner and Johann Diezel, supervised by GK.
Field support fromRon Freibothe, Julio Galindo-Guerreros,
Thomas Hiller, Grit Jahn, Lucinda Gürlich, Johannes
Mayr, Douchko Romanov and AlexandraWerner is greatly
acknowledged. This work was funded by the Deutsche
Forschungsgemeinschaft under research grant KA1723/6.
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