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Abstract: Integrated geo- and environmental monitoring in mining represents a high-dimensional
challenge (location, altitude/depth, time and sensors). This is challenging for experts but poses
great problems for a multitude of participants and stakeholders in building up a complete process
understanding. The Epe research cooperation aims to elucidate the ground movement at the Epe
cavern storage facility with a public participation process. The research cooperation was founded by
the city of Gronau, the citizens’ initiative cavern field Epe, the company EFTAS, Miinster, and the
Research Center of Post-Mining at the Technische Hochschule Georg Agricola, Bochum. This research
cooperation is the first in Germany to involve direct collaboration between science and the public. In
the cavern field, which has been in operation since the 1970s, brine is extracted, and at the same time
natural gas, crude oil and helium, as well as hydrogen in the future, are stored in the subsurface. The
technical focus of this work was the development of a high-resolution spatiotemporal analysis of
ground movements. The area is monitored annually by the mining company’s mine surveyor. The
complexity of the monitoring issue lies in the fact that the western part is a bog area and a former
bog area. Furthermore, the soils in the eastern part are very humus-rich and show strong fluctuations
in the groundwater and therefore complex hydraulic conditions. At the same time, there are few
fixed scatterers or prominent points in the area that allow high-resolution spatiotemporal monitoring
using simple radar interferometry methods. Therefore, the SBAS method (Small Baseline Subset),
which is based on an aerial method, was used to analyze the radar interferometric datasets. Using an
SBAS analysis, it was possible to evaluate a time series of 760 scenes over the period from 2015 to
2023. The results were integrated with the mine survey maps on the ground movement and other
open geodata on the surface, the soil layers and the overburden. The results show complex forms of
ground movement. The main influence is that of mining. Nevertheless, the influence of organic soils
with drying out due to drought years and uplift in wet years is great. Thus, in dry years, ground
subsidence accelerates, and in wet years, ground subsidence not only slows down but in some cases
also causes uplift. This complexity of ground movements and the necessary understanding of the
processes involved has been communicated to the interested public at several public information
events as part of the research cooperation. In this way, an understanding of the mining process
was built up, and transparency was created in the subsurface use, also as a part of the energy
transition. In technical terms, the research cooperation also provides a workflow for developing the
annual mine survey maps into an integrated geo- and environmental monitoring system with the
development of a transparent participatory geomonitoring process to provide resilience management

to a mining location.
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1. Introduction

The provision of georesources represents an intervention in nature and the environ-
ment, where the intervention and its consequences are visible on the surface. Particularly in
borehole mining and the underground storage of raw materials, the actual process is only
partially visible and traceable. Mine surveying and geo- and environmental monitoring
serve to technically monitor the provision process and to build up an understanding of the
process, thereby supporting public participation. This public participation process goes
beyond simple communication (“communication of results”) and represents multilateral
participation of the various stakeholders. Particularly in the context of the current energy
transition, the issue of sustainable energy supply, including hydrogen storage, and the
problems of security of supply, it is necessary to use various participation formats.

1.1. The Cavern Field Epe

The Epe cavern field is located in the north-west of North Rhine-Westphalia in the
German-Dutch border region of Gronau (D) and Enschede (NL). On 24 July 1964, the Epe-1
well was drilled on the road from Gronau to Graes (Figure 1).
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Figure 1. Map of the Epe cavern field with the isocatabase of the subsidence trough for 2018
(after [1]) and the working gas levels of the various cavern operators for the period 1 January 2011
to 31 December 2023 with a rough spatial allocation [1,2] (Base map ESRI ArcGIS, Open Street
Maps 2022).
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The aim was to explore the potential for natural gas, as the first promising gas discov-
eries had been made at the time, including in the Netherlands. However, instead of natural
gas, several rock salt sequences of the Zechstein formation were found, which was not yet
known at the time [3,4]. As a result, the salt sequences were developed and are now used
for underground brine extraction and product storage in Zechstein sequences. The rock salt
found consists of 98-99% sodium chloride (NaCl) and is therefore very pure. This is unique
in the Permian Salt Basin in Northwestern Europe. In addition, the deposit is not only up
to 400 m thick but is also relatively shallow and has no significant faults or folds [4]. The
solution mining process is still ongoing in the western part of the cavern field. The caverns
in the eastern part are in the storage operation for natural gas, crude oil (five caverns) and
helium (one cavern) (Figure 1, Table 1).

Table 1. Number of operators in the Epe cavern field with the number of caverns, storage products
and volumes [5].

Operator/ Number of  Total Gas Max. Working Gas Product
Owner Caverns Volume (10° m3)  Volume (10° m?)
Salzgewinnungsges. Westfalen mbH & Co. KG 32 n.a. na. Brine
Salzgewinnungsges. Westfalen mbH & Co. KG 5 n.a. n.a. Crude oil
Air Liquide Maritime 1 n.a. n.a. Helium
ENECO Gasspeicher GmbH 2 132 94 Natural gas
KGE—Kommunale Gasspeicherges. Epe mbH & Co. KG 4 241 186 Natural gas
NUON Epe Gasspeicher GmbH 7 410 300 Natural gas
RWE H-Gas Storage West GmbH 10 509 388 Natural gas
RWE L-Gas Storage West GmbH 4 246 178 Natural gas
RWE NL-Gas Storage West GmbH 6 388 296 Natural gas
Trianel Gasspeicher Epe GmbH & Co. KG 4 249 190 Natural gas
Uniper Energy Storage GmbH (H-Gas, L-Gas) 29-H/10-L 2408 1916 Natural gas
Total 114 4583 3548

The primary extraction rights and responsibility under mining law for brine operations
lie with Salzgewinnungsgesellschaft Westfalen mbH & Co. KG (SGW). SGW is also the
central company that carries out mine surveying at the site. Responsibility under mining
law for underground storage lies with the various storage operators (Table 1).

To date, more than 100 wells have been drilled and 114 caverns have been solution-
mined. In total, the cavern field extends east of the settlement of Gronau-Epe over an area
of around 5 km by 5 km and has an extension area towards the Dutch border. In the so-
called old field, the eastern part of the cavern field, the drilling sites and the underground
caverns are laid out in a kind of regular grid with a lateral spacing of approx. 300 m.
The western, new part of the cavern field comprises collective drilling sites with several
deviated boreholes.

Overall, the subsurface use has triggered the development of a subsidence trough,
which is monitored centrally by the SGW mine surveying department (Figure 1) [6,7]. To
date, almost 90 cm of ground movement has occurred during the subsidence maximum.
These mining-induced ground movements in the cavern field proceed very slowly and
evenly, whereby a seasonal overprint with the type of injection and withdrawal (including
winter with low temperatures) is recognizable (Figure 1, operational schemes of the different
operators). It can also be seen that cavern operators with few caverns have a higher
temporal fluctuation range in the working gas levels.

On the surface, the eastern part of the area is characterized by agricultural use and a
scattered settlement, the Kottiger Hook. Between this scattered settlement and the district
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of Gronau-Epe flows the river Dinkel, which is the supra-regional receiving water for the
smaller watercourses (Figure 1). From 27 August 2010 to 29 August 2010, there was a
high water event on the Dinkel, which flooded parts of the urban area of Epe and led to
backwater in the local receiving waters [7,8]. The western part of the area is characterized
by two bogs and nature conservation areas, the “Amtsvenn” and the “Hiindfelder Moor”.
Both bogs no longer have their original, natural extent, as large-scale peat extraction has
taken place here in the past. The two bogs are currently being re-naturalized and thus
re-wetted.

On 12 April 2014, a serious operational accident occurred in the cavern field, which
resulted in damage to nature and the environment [9]. When a casing failed in a cavern in
the old field of the cavern field, the storage medium crude oil leaked out. This accident
triggered a broad public discussion on the monitoring of cavern storage facilities. Since
then, the focus has been on ground movement at the surface [10-12]. The work of the local
citizens’ initiative cavern field Epe should also be mentioned in this context [13].

In order to achieve a more in-depth understanding of the ground movements in the
cavern field, the administration of the city of Gronau was requested by a council resolution
of 7 October 2020 to carry out an independent subsidence measurement in the area of the
cavern field [14]. This decision was accompanied by several reports on WDR television,
WDR radio and local newspapers [11,12,15].

1.2. Objectives of the Research Cooperation

This public discussion gave rise to the “Epe Research Cooperation” with the coopera-
tion partners city of Gronau, citizen’ initiative cavern field Epe, EFTAS, Miinster and the
Research Center for Post-Mining of the Technische Hochschule Georg Agricola, Bochum.
This research cooperation is the first in Germany to involve direct collaboration between
science and the public. So far, only in some examples, citizens’ initiatives have directly
interacted with the operator but not via scientists [16].

The committee of the city of Gronau for Mobility, Environment and Climate Protection
passed a resolution on this, which was unanimously approved by the representatives [15,17].
The cooperation serves to address several questions and tasks:

1.  Deepening a technical understanding of borehole mining and underground storage
in the context of ground movement and determining the area of impact;

2. Use of radar satellite remote sensing methods (EU Copernicus program) to increase
the spatial monitoring frequency as well as retrospective time series analysis using
the mine survey maps, GNSS measurements from Geobasis NRW, open geodata
(e.g., Geobasis NRW, Geoportal NRW) and on-site analyses;

3.  Development of an integrated understanding of ground movements at the edge of
the subsidence trough;

4. Developing an understanding of the hydrological and hydrogeological development
of the cavern field, particularly with regard to flood protection;

5. Pooling the competencies and bringing together the participants and citizens for
on-site analysis and scientific transfer;

6.  Scientific-technical and independent analysis.

To ensure transparent communication and participation, a steering committee was
set up at the same time as the research cooperation, consisting of representatives from
politics, the local and district administration and the citizens’ initiative. SGW and the
various operators of the underground gas storage facilities in the cavern field refrained
from offering direct participation in order to enable the research cooperation to deal with
the issues in a comprehensive and unbiased manner. SGW provided mine survey maps, in
particular on the vertical ground movement and other technical geodata.

2. The Process of Public Participation

Social trust, especially in science, is a valuable asset that should be built up and
continuously maintained in scientific and technical projects. This applies in particular to
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projects in the mining life cycle, where there is an impact on nature and the environment and
at the same time a change in social perception, through the rapid availability of information
(e.g., internet, social media). This made it necessary to actively develop transfer measures in
order to generate understanding for scientific working methods. This is important to obtain
results on the one hand and to maintain the social and subjective trust of the citizens in the
study area on the other. Therefore, the overarching task is to address citizens” uncertainties,
which are often fed by the ambivalences inherent in science [18]. This is particularly true
when it comes to constant further developments and complex technical interdependencies
that are not immediately tangible. The uncertainties that exist here, which have their origins
in fundamental ideological questions or misunderstandings that arise due to ambivalences,
cannot be neutralized by fact-based trust but require emotionally anchored trust [18-21].
The challenges lay primarily in communicating scientific and technical content to the
target group of citizens in the study area, who had different requirements and experiences
and also already had an established opinion. The secondary objective was to stimulate a
process of understanding that would enable a fact-based assessment of past, present and fu-
ture developments in cavern use. It is therefore important, as Nina Janich [22] convincingly
argues, that “science communication must also actively address the social construction of
its knowledge, the rhetorical dimensions of scientific language and communication and
also the question of how to deal transparently with scientific ignorance and uncertainties”.
In addition, consideration must be given to how the groups affected by change are
informed and how it is ensured that the scientific and technical content is understood and
communicated in a sensitive way. Three factors need to be considered here (Figure 2) [23]:

1. Individual factors;
2. Social factors;
3.  Structural conditions.

Individual factors Social factors Structural conditions

+ Relation to everyday life/
living environment

+ Age

» Fears

» Education

« Lack of interest
« Limited mobility

+ Disappointments/ bad

experiences

« Lack of information
« Financial resources and

income
lliness

Reading and spelling skills

+ Dealing with literature

« Academic skills
» Language skills
« Confidence

« Values

» Time resources

Figure 2. Factors influencing the accessibility of target groups (after [23]).

These three factors must be taken into account in the resilience management of
projects in the mining life cycle and addressed with appropriate measures. The analy-
sis by Schrogel et al. [23] shows that trust plays an important role in both the individual and
the social factors. A comparison of the factors also shows that different tools and methods
are required for the transfer of knowledge and science as well as for communication.

It is therefore important to establish a common basis for resilience here, i.e., trust,
and to support this in the broadest sense through communication and thus build perspec-
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tives (Figure 3). A detailed analysis of the concept of trust shows that it consists of nine
interlinked aspects [24].

Communicatiop,

Respect,
sincerity/
ethics

Technological
and
professional
expertise

Transparency

Communicatiop,
Uonesunwwod

Guided
attentiveness/
specific
restraint

Reliability/
Consistency

Support/
adequacy

Uonesunwwod

Figure 3. The individual aspects of trust (after [24]).

The first concrete steps in science communication in this project included the develop-
ment of a common scientific basis, a so-called knowledge corpus (Figure 4). To this end, the
various aspects of the mining life cycle, the working methods of geo- and environmental
monitoring and the areas of application of modern satellite remote sensing were explained.

~ (5)

Measurement of
ground motion using
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and soils
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Figure 4. The basis of the public exchange process.
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In addition, a website (www.monitoring-epe.de, accessed on 8 April 2024) has been
set up to openly communicate dates, content and results of the research cooperation to the
interested public. This website is the essential link in the participation process and offers
the opportunity to get in touch with the research cooperation team. More importantly,
the website supports the building of local, public resilience. For example, results of the
field trips and corresponding photo documentation were made available here. This creates
transparency for mining measures and builds trust. As an important tool for participation,
the website included a WebGIS with publicly available and official geodata. This means
that interested members of the public can follow the results independently and gain their
own insight into the situation on site.

A survey for the public was also published on the website. This survey served to iden-
tify interests and needs, fears and concerns, as well as ideas for further research questions,
and to incorporate these directly into the research cooperation. Associations, companies
and authorities were also approached and informed about the activities. Geodatasets were
made available for the work through discussions with the companies active in the cavern
field. The Arnsberg District Government—Department 6, Mining and Energy in North
Rhine-Westphalia was directly involved due to the mining law aspects of the research
cooperation. For the surveying aspects, direct contacts have been established with the
authorities at district and state level, namely the Cologne District Government—GeoBasis
NRW and the Borken District—FB62 Geoinformation and Real Estate Cadastre.

In order to create an understanding of the often scientifically and technically complex
processes among the interested public, the research cooperation regularly held information
events, which were accompanied by experts from science communication (Figure 4). The
contents of the five public information events, which were held in the Gronau town hall
and in the research area (lasting approx. 2 h), focused on:

1. Introduction to cavern operation: Borehole mining in the Eper Amtsvenn and its
effects with reference to a 3D underground model;

Mining law and mining damage;

Bicycle excursion cavern operation;

The future of cavern operations in the Eper Amtsvenn;

Geo- and environmental monitoring of mining sites.

LN

The bicycle excursion through the cavern operation enabled a very special form
of participation and transparency: citizens had the opportunity to ask their questions,
which could be explained by the experts of the research cooperation and external experts
directly “on site”. Furthermore, all stakeholders involved were networked in a relaxed,
trust-promoting atmosphere.

In addition, individual aspects such as hydrogeology were dealt with in several
courses as part of the student training program, thus enabling further scientifically neutral
processing [25]. The results were taken up directly by the research cooperation.

3. Methodology

The evaluation of the available public geodata from GeoBasis NRW and from the
Geoportal NRW as well as an extensive internet and literature search showed that there
is a superposition of different effects in the area of the Epe cavern field that can trigger
ground movement. The consequences of climate change, with changes in precipitation,
also play an important role here. The triggers for ground movement and possible damage
to buildings are as follows:

1. Underground cavern operation (Figure 5A-H);

2. The remaining Amtsvenn and Hiindfelder Moor with partially peat-covered and
agriculturally used areas (Figure 51-K);

3. Strong fluctuations in the groundwater level and soil moisture (Figure 5L-N);

Decomposition of biomass due to air supply to the soil (Figure 51, K,L);

5. Former floodplain areas along receiving waters with water level fluctuations (Figure 50);

b
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6. Locally very differently formed, settlement-sensitive soils with a strong tendency to
form waterlogging (Figure 5]);

7. Old scattered settlements with an age of construction of >60 years in some cases and
a modern valorization of the building shells and extensions (Figures 1 and 5G).

A: Mine survey maps (SGW) B: Levelling (Dist. Borken) C: Ground motion services D: GNSS-Measurement (NRW)

E: Ground motion (Research) F: Cavern utilisation

I: Soil types J: Soil settlement
D | b 7

—_—
S

2

2z

L: Changes in the groundwater

/

S Ui lithed b
~ e

Figure 5. Visualization of the utilized open geodatasets for the research cooperation (mostly accessible
via the links in the references) with the ground-movement-based geodatasets (A-H), the surface-
layer-based geodatasets (I-K) and the water-based geodatasets (L-O) [1,2,5,10,26-35].

3.1. The Local Analysis

Due to this interplay of the different components of ground movement, the available
geodata were evaluated as a time series, and almost monthly inspections were carried
out. All data were converted into a geographic information system (Figure 5). The ESRI
Software ArcGIS Pro was used for this purpose.

As a first step, all available geodetic datasets were compiled and evaluated on the
basis of the mine survey maps and ground movement maps. (Figure 5A-E). The different
datasets show different results in the ground movement due to different time periods
and monitoring periods. In addition to evaluating the levels of the underground storage
facility, a mining damage survey was carried out to understand the effects on the surface
(Figure 5FG). The mining damage survey showed no direct link of the damage types to the
mine operation. For the selected objects, the documentation and assessment of the ground
movements and the interaction with the building infrastructure was evaluated. The three
objects were selected by the citizens’ initiative. One building complex in the subsidence
maximum; one building in the subsidence edge area, at the 10 cm subsidence line; and
one building in the subsidence edge area, but in the floodplain area of the large Dinkel
receiving watercourse, were surveyed.

In addition, a simple subsurface model was constructed in order to be able to evaluate
the influence of the caverns, the deeper geological layers and the tectonics on the surface
(Figure 5H). In the further spatiotemporal evaluation, the results on the surface layers
were analyzed in particular with regard to the spread of the former bogs, soil types and
properties, hydro-(geo)logy and soil moisture (Figure 5I-N). The available geodata on flood
events were also evaluated (Figure 50). This fusion of the geodata gave a detailed insight
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into the structure of the surface layers and the link of the near-surface ground movement
with water- and humus-rich soils.

During the various inspections, 14 additional objects, which are distributed across
the entire cavern field, were also selected by the citizens’ initiative in order to carry out a
detailed evaluation of the results of the geo- and environmental monitoring with the radar
satellite remote sensing data.

3.2. Radar Satellite Remote Sensing

Radar satellite remote sensing offers the possibility of deriving ground movements
from the comparison of a time series of datasets. This involves radar interferometry
(InSAR = Interferometric Synthetic Aperture Radar). So-called persistent scatterer interfer-
ometry (PSI) is usually used, but this is dependent on the presence of stable backscatterers
(PS) for the radar signal, such as buildings [36-38]. When using radar interferometry for a
rural area such as the Epe cavern field, however, a method must be selected that enables
the ground movements to be displayed as comprehensively as possible despite a very low
building density. A suitable method for this purpose is Small-Baseline Subset (SBAS) [39,40].
The radar interferometric analyses carried out are therefore primarily based on SBAS. In
addition, persistent scatterer interferometry (PSI) was applied using fixed backscatterers.
However, the results are not redundant and not directly comparable due to the different
methods. Rather, they represent complementary information. These differences must be
taken into account when analyzing and interpreting the results and can provide added
value for differentiating the causes of ground movements. For example, SBAS can also
depict the movements of the topsoil induced by changes in soil moisture [41,42], while
the movements of the buildings determined by PSI are more likely to depict the ground
movements caused by cavern operation if the foundations of the buildings are sufficiently
deep. In this study, two methods were applied. For the first period from the end of year
2015 until the end of 2021, a combination of the PSI and SBAS methods were applied, and
the datasets combined and then analyzed. The software ENVI SARscape was used. For
the period from 2022 onwards, a so-called enhanced SBAS (E-SBAS) for ground movement
analysis was implemented in ENVI SARscape [36,40]. In principle, the PS points will be
further extracted, refined and processed from the distributed scatterer (DS) points. This
means that PSI and SBAS are combined into a single processing step. The coverage of
movement data is extended along with an improvement of movement precision.

At the beginning of the research cooperation, the Ground Motion Service Germany
(BBD) (https:/ /bodenbewegungsdienst.bgr.de/, accessed on 8 April 2024), which is pro-
vided by the Federal Institute for Geosciences and Natural Resources (BGR), only showed
the ground movement as movement in the direction of the sensor (line-of-sight) and
not as vertical movement. This led to comprehension problems for the local parties in-
volved. In addition, the results were only displayed on the BBD web portal as persis-
tent scatter interferometry (PSI). The European Ground Motion Service (EGMS) (https:
//egms.land.copernicus.eu/, accessed on 8 April 2024) was activated in the course of the
research cooperation and shows the vertical movement of persistent scatterer elements.
The results of the Dutch equivalent, the Bodemdalingskaart (https:/ /bodemdalingskaart.
portal.skygeo.com/, accessed on 8 April 2024), also show the ground movements vertically.
With this service, however, it must be taken into account that the Epe cavern field lies at the
edge of the evaluation, i.e., outside the core observation. This means that boundary effects
can influence the interpretation.

It was therefore necessary to carry out a dedicated radar interferometric evaluation for
the Epe cavern field. The datasets with the following properties were used in the processing:

650 Sentinel-1 scenes (2015-2021), 110 Sentinel-1 scenes (2022-2023);

Ground resolution 30 m x 30 m;

Time span from 20 November 2015 to 28 December 2021 and 11 January 2022 to 21

October 2023;

e Ascending + descending orbit;
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e  Polarization VV.

The ground movements calculated using the SBAS method were implemented as a
map-based time series display and also explicitly considered in detail for the 17 objects in
the cavern field.

4. The Result of the Fusion of the Geodatasets

The complexity of the research cooperation lies in the consolidation and evaluation of
multisensory and multi-temporal datasets and the validation with on-site observations. It
must also be taken into account that the observed effects of ground movements in relation
to other mining areas (including the Ruhr region) are manageable and can overlap with
each other. During the entire period of the research cooperation, the caverns in the eastern
part of the cavern field were involved in the gas storage operation (Figure 1, east of the road
in a N-S direction at the Epe-1 exploration well). The oil caverns in operation are located in
the far SW corner of the cavern field. The caverns in the brine operation are the caverns
along the B70 federal highway in the westernmost part of the cavern field (Figure 1).

The process of public participation in the research cooperation was very successful.
The initial survey carried out via the research cooperation website showed the high de-
mand for information and that there were very far-reaching technical questions (Figure 6).
Furthermore, the work of the research cooperation was accompanied by several articles
in newspapers and magazines [15,43-48]. The work was also presented at a number of
conferences, and publications were submitted. Overall, public awareness of the issue of
public participation in geo- and environmental monitoring was increased [49-52].

@ VYes,l am well informed

@ Yes,| knowsome things,
but | would like more
specific information

No, | do not feel Selection of

sufficiently informed questions asked:

No, | think that the entire
development processis What are the causes and

not transparent extent of the ground
movements?

+  What happens to the water
balance if the ground
continues to subside?

. * How safe are the caverns in
@ Yes, with pleasure the long term? What will it

look like here in 100 years?
@ VYes, but only for information

events

No, thank
you

Note: Anonymized survey, 24 participants
Figure 6. Results of the web survey.

The mining damage inspection of selected objects showed a differentiated picture. In
the documented properties, there were no typical tilted positions and no formations of
steps or cracks in the large, paved courtyards. The cracks in the facades/exterior shells of
the buildings were also mostly not correlated with cracks in the interior walls, cellars and
floor slabs. The documented damage is presumably an interplay of natural, local ground
movement with anthropogenic factors, in some cases without mining influence.

The inspections of the cavern field revealed very diverse results. The geological
and pedological mapping confirmed that the distribution of the bog sequence and the
humus layers extend beyond the boundaries of the current nature reserve (Figure 7B).
This could be seen very clearly in the dark, humus-rich soils that are used for agriculture.
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The problem of waterlogging after prolonged rain events was also very clearly evident
here (Figure 5]). At the same time, however, no influences from the subsurface, such as

geological discontinuities, could be mapped.
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The hydro-(geo-)logical mapping showed the receiving waters draining to the north
and the effluent conditions of the aquifer into the receiving waters. The researchers’
groundwater table measurements showed groundwater table distances between 0.5 m
and 1 m. The three larger receiving waters also showed a lack of vegetation on the
watercourse bed during periods of high precipitation, which indicates seasonally constant
discharge conditions, as there is no weed growth. Weed growth only occurs at times of
low flow/standstill of flow [38,39]. However, these weeds are removed annually. The
groundwater table measurements also showed that the observed waterlogging is decoupled
from the aquifer.

The time series analysis of the public hydro-(geo)logical and weather data provided an
important insight into the changes in the groundwater level and the possible implications
for the surface. In addition to seasonal fluctuations in the groundwater level, the influence
of climate change was also very clearly evident in the change in precipitation (Figure 8).

Especially in the first dry summer in 2018, there was a drop in groundwater levels
(Figure 9). The evaluation of the hydrology, especially flood maps [29], and simple modeling
of other potential dispersion scenarios based on the future subsidence trough showed that
the morphology of the terrain partially hinders dispersion. The scenario of large areas
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of the subsidence trough being flooded during a high water event does not appear to be
plausible. However, further investigations and modeling are necessary here.
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Figure 8. Comparison of the monthly precipitation (mm) per year between 2015 and 2023 (all figures
with the same scale of 0 mm to 200 m precipitation) (after [53]).

The holistic evaluation of the mapped geological, pedological and hydro-(geo-)logical
conditions thus showed that the behavior of the soil types on the surface is very strongly
dependent on the water content. The fluctuations in the groundwater table lead to a loss
of buoyancy and to irreversible decomposition in the soil. This induces the development
of secondary ground movement, which is decoupled from the primary, mining-induced
ground movement.

Soil dehydration can also be detected using satellite remote sensing data. The use of
the Normalized Difference Moisture Index (NDMI) provides a way of visualizing water
stress in plants (Figure 5N). For the area of the research cooperation, it can be seen that
there is basically a sufficient water supply, but in dry summers (2018, 2019), especially in
the vicinity of remaining peatlands, drought stress occurs [27,29]. This may indicate that
the (ground) water supply is not fully or sufficiently available for vegetation.

The evaluation of the radar satellite remote sensing data for the cavern field provided
for the first time a spatial representation of the ground movements from 17 January 2016
to 28 December 2021 (Figure 7) and 11 January 2022 to 21 October 2023 (Figure 10). The
first period of evaluation represents a significant extension to the public ground movement
data and official mine survey data [53] already available (Figure 7A). Although the results
of this evaluation clearly show the influence of mining, the overall ground movement is
not uniform. This is particularly noticeable in the peripheral areas towards the bogs and
towards the river Dinkel (Figure 7B, 1-4). The continuation of the radar satellite remote
sensing in the second period or 2022 and 2023 revealed a different picture, as the cavern
storage mode, triggered by a geopolitical influence, and the weather conditions on site
have changed significantly (Figure 10A).
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5. Discussion of the Results

The ground movements show the staircase-like seasonal ground movements typical
of a cavern storage facility (Figure 9, A1, A2). These are the slightly staggered subsidence
in the period of natural gas withdrawal in the fall/winter and the slowdown in subsidence
in the period of natural gas injection in the spring/summer. In the periods of summer
2017 and 2018, the staircase structure is not so clear, and the ground movement is more
continuous (Figure 9, B1, B2). The correlation with the soil maps and precipitation data
shows a direct dependency here. For example, uniform ground movement can be found in
areas with settlement-sensitive soils (organic soils) (Figure 9, B1, BP12). The simultaneous
correlation of the documented ground movement with precipitation data shows that the
periods in question are low-precipitation phases, which have therefore led to a lowering of
the groundwater table. The period of the summers of 2018, 2019 and 2020 is particularly
noteworthy here, as the reservoirs have high filling levels and should therefore have led to
a slowdown in ground movement.

The combination of the radar remote sensing for 2022 and 2023 and again the in-
tegration of data on precipitation and the fluctuating ground water level gave some
different insights.

For example, 2022 was generally a very dry year, 2023 was characterized by a dry
summer and the end of 2023 was very wet (Figure 8). The long-term average annual
precipitation for the location is around 750 mm to 800 mm [54]. In the dry years of 2018 and
2022, the annual precipitation fell to around 550 mm to 630 mm. In 2023, the first months
were comparable to previous years, with significantly lower precipitation in the spring and
summer months (April to June, September). The months of July and August 2023 were very
wet, with precipitation of around 140 mm /month. In the last months of the year (October,
November, December), a total of just under 500 mm of precipitation fell (Figure 8). This
means that more than half of the annual precipitation of a normal year fell in one-quarter
of the year.

The very different precipitation in 2022 and 2023 therefore has an influence on the
ground movements at the Epe cavern site. The new spatial evaluation of the ground move-
ment (Figure 10A) now supports the statement on precipitation- and soil-type dependent
ground movement compared to earlier evaluation (Figures 7 and 9). For example, in the
very dry year 2022, with very deep groundwater levels at 1.5 m to 2 m below normal levels,
it can be seen that precipitation leads to ground uplift of a few centimeters (Figure 10B).
Nevertheless, the ground subsidence is very clear in 2022, as storage utilization had fallen
to below 40% filling level in winter, which in combination with the subsidence maximum
(Figure 10B, BP12) led to a cumulative ground movement of 3 cm/year. The analysis of the
soil types (Figure 7B) shows that although point BP1 is located at the northwestern edge of
the subsidence trough, it has almost the same cumulative ground movement as point BP12
in the subsidence maximum. The peat soils thus react directly to the water stress with a
strong shrinkage.

For the wet year 2023, it can be seen that the ground movements are much more limited
overall, but the periods of heavy precipitation led to ground uplift and slower subsidence.
These effects are also visible in the direct comparison of BP12 and BP1 (Figure 10B).

The spatial evaluation of the ground movements for the working area shows this
spatial effect of the different vertical ground movement (Figure 10A). The areas with
soils with a high organic content and/or residual bogs show higher ground movement
velocities (western cavern field) than the central areas with more sandy soils. The areas
with residential areas, i.e., more settled objects, represent areas that show no/only slight
ground movement.

This combination of geodata also demonstrates that it is not possible to predict the
ground movements and thus build a forecasting model here, as a large number of non-
modellable factors have an influence. For example, the operational modes of the caverns
depend on the daily use (storage medium, filling level per cavern, rate of withdrawal, rate
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of injection, downtimes), and changes in settlement-sensitive soils/subsoil, groundwater
and precipitation also play a role at the same time.

6. Conclusions

The production of brine and the underground storage of natural gas, helium and
crude oil products represents an intervention in nature and the environment and therefore
has a direct impact on the surface. Borehole mining is a special case here, as the processes
take place underground and are therefore not visible. Only the surface effects, such as
ground movements, have a visible impact that can trigger direct changes to buildings and
infrastructure or even water bodies.

The changes in public perception and climate change, but also the growing need to
ensure security of supply for Germany, make expanded geo- and environmental monitoring
and intensive participation formats necessary in addition to traditional monitoring by mine
surveyors. In this public exchange, it is necessary to consider the driving factors of the
public, from individual factors to social factors and structural conditions, in order to achieve
sustainability in communication and participation. The Epe research cooperation makes
it possible to bring transparency to these complex geoscientific and technical processes in
order to strengthen mining and enhance the public understanding of the ongoing processes.
Developing partnerships with the public and bringing them to life is a serious task for
scientists and science communication.

The evaluation of geodata available for the Epe cavern field shows that the geoscientific
and technical situation here is complex. Part of the cavern field is covered by bogs and
soils with a high organic content. The soils are very sensitive to ground movement. At
the same time, the groundwater table is very shallow, and the strong fluctuations in the
groundwater level lead to loss of buoyancy and decomposition in the soil, which in turn
triggers ground movements.

The use of spaceborne radar satellite remote sensing is an important addition to the
ground movement survey. This is because the application of this method provides ground
movements with a high spatial and temporal resolution and makes it possible to clearly
separate the influencing variables of ground movement for the Epe cavern field.

The results of the time series analysis of the radar interferometry analysis show a very
heterogeneous map of ground movements. This is possible because very high-resolution
datasets with 770 scenes in 8 years are available. The main factor influencing subsidence is
the underground production of brine and the underground storage of crude oil, natural
gas and helium. The average annual ground subsidence at the subsidence maximum is
2 cm/year. In dry years with little precipitation, however, it can be seen that there is a
strong simultaneous influence from the drying out of soils and the falling of groundwater
levels, which leads to an increase in subsidence. Thus, the annual subsidence increases to
3 cm/year, as was the case in 2022. In wet years, as in 2023, there is a partial swelling of the
topsoil and thus, also in connection with a lower utilization of the reservoirs, not only a
slowing down of the subsidence but also local uplift.

The local surveys carried out over the course of the year by the research cooperation
have shown seasonal changes and also revealed the interaction with the influence of climate
change (changed precipitation) and the prevailing hydro-(geo)logical conditions. These
fundamental findings are important in order to evaluate the results from the radar satellite
remote sensing in the future and to use them to expand the mining surveys.

The main results of the research cooperation can be summarized as follows:

1.  The underground extraction of salt and the underground storage of gas generate
ground movements at the surface.

2. There is a superposition of mining-induced ground movements with natural ground
movements (e.g., swelling and shrinking of organic soils, fluctuations in the ground-
water table) and with the consequences of climate change in the form of changes
in precipitation.
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3. These effects can be differentiated with the use of radar interferometry. The radar
interferometry enables high-resolution monitoring in terms of time and space and
represents a significant addition to the annual mine survey maps.

4. The long-term monitoring thus shows:

a. Significantly increased ground subsidence during dry years with simultaneous
heavy utilization of the caverns (low filling level);

b. Significantly reduced ground subsidence and, in some cases, ground uplift in
wet years with simultaneous low utilization of the caverns (high filling level).

5. The public participation process with a comprehensive introduction to the technology
of underground storage turns those affected into participants.

The Epe research cooperation with its partners represents a modern and innovative
format for building trust in the German mining industry. Only through direct, open and
scientifically neutral cooperation has it been possible to achieve a deeper understanding
among all those involved in borehole mining at the Epe cavern site. The fusion of mine
surveying and the use of radar interferometry, geodata and local experience to create an
integrated geo- and environmental monitoring system was able to explain the process
of ground movement at the Epe cavern site. This participatory geomonitoring approach
helped to build resilience on a local and regional basis. Future applications could be in
European underground gas storage, but the approach can also be applied to any type of
underground extraction of georesources. The approach is particularly valuable for areas
with very movement-sensitive soil structures (e.g., highly organic soils). The complexity of
the approach shows that a future continuation of the work, also at other sites where geore-
sources are provided, is necessary for the development of social operator responsibility.
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