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Abstract: This paper aims to identify and discuss the chances, solutions, and possible drawbacks
related to the establishment of safe geotourism sites in subsidence-affected areas, exemplarily applied
to the Ghor Al-Haditha sinkhole site at the southeastern shore of the Dead Sea. Such safe areas
shall be established in the territory of the proposed future UNESCO Global Geopark (UGGp) in
Jordan. The highlights of the geopark and the basis of its creation are the subsidence features and
stream channels found along the SE shoreline of the Dead Sea, which form both a natural hazard
and geological heritage of high international significance and have attracted many researchers so
far. This recent and ongoing formation is related to the sharp regression of the lake, the specific
geomechanical conditions, and the hydrogeologic and climatic background of the surroundings.
Nearby communities have suffered in economic terms from these natural phenomena, including
flash floods and droughts in this semi-arid to arid region. We here present a concept on how to
integrate geoscientific research for hazard monitoring and early warning to maintain safety for
inhabitants and visitors on the one hand and reach sustainable economic development through the
establishment of geotourism sites on the other hand. This highlight area of the proposed UGGp
serves as a starting example for delineating safe zones for walkways and infrastructure. This
involves two-way knowledge transfer between spatial planning and hydrogeophysical monitoring, a
network of community-supported geophysical surveillance, and regular maintenance and adaptation.
The cross-cutting benefits for the territory involve the delineation of safe areas for agriculture and
geotourism, the increase of sustainable tourism in the region with a shift towards alternative ways of
income, more investment in infrastructure, a growth of international visibility of the region, enhanced
environmental education with focus on responsible water usage, and involvement in international
research and education projects.
Keywords: Geopark; Jordan; Dead Sea; natural hazards; subsidence; geotourism; monitoring;
sustainable development
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UNESCO Global Geoparks (UGGps) are unified geographical areas with designated
natural features of international geologic significance that are managed by a holistic concept of protection, education, and sustainable development [1]. Their main focus areas
are natural resources, climate change, education, science, culture, women, local and indigenous knowledge, sustainable development, and geological hazards [2]. The latter has
gained increasing attention in the geopark community with dedicated working groups,
webinars in recent years and upcoming conferences [3–6]. There is a growing number of
UGGps worldwide that are located in geographic territories exposed to geological and
hydrometeorological hazards [7].
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1.1. Global Geoparks in Natural Hazard Areas
Naturally, many geoparks contain areas that are often affected by an interplay of
various natural hazards. Examples of occasional hazards are earthquakes in active seismic
areas such as almost all geoparks in Taiwan [8], volcanic activity and eruption such as that
in Unzen [9] and Katla UGGp [10], and the risk of tsunamis mainly in the SE Asian geoparks. More frequent are hazards related to flooding, drought and desertification (e.g., in
the UGGp Cilento [11], Queshm [12], Araripe [13], or Burren and Cliffs of Moher [14]),
intensified by climate change [15]. Dynamic changes of the hydrogeological system can
trigger geohazards such as landslides, rockfalls, mud and debris flow (e.g., at the Luochuan
Loess Geopark [16]).
In addition to the threat that geohazards pose to the population, visitors and infrastructure, and the restrictions related to economic investment and development, geohazards
also constitute challenges for management of geoparks. A proper environmental monitoring of areas prone to natural hazards has to be assured in order to provide safety. An
inventory and changes of the individual geological units have to be thoroughly recorded;
for example, rock debris that may create sudden water dams. A quick reaction must be
enabled, protective measures must be taken such as the closure during flash flood events in
Queshm UGGp [12], and communication channels must exist between the different bodies
of the geopark management.
However, geohazards are partly even considered as a negative stimulant in order to
initiate geotourism and education opportunities [8,17]. After the Tohoku 2011 earthquake
and subsequent catastrophe, the Global Geopark Network (GGN) adapted the “Shimbara”
declaration [18] to work on a global scale for disaster risk reduction by means of education,
networking, knowledge exchange, conservation, and sustainable use of geoheritage, and
collaboration with territorial and international bodies and communities [7]. Thus, establishing a UGGp in geohazard areas may help in mitigating negative effects in various ways:
geoparks can act as living laboratories to mitigate risk and raise awareness [7]. From past
geohazards such as the flooding and landslides in the Apuane Alps in Italy [17], communities have benefited by the establishment of educational facilities in the framework of a
geopark, i.e., learning by understanding past events. Creating resilience in the population
by identification of the geological elements and abilities needed to react to the changes
is the major key that can be transferred into suitable disaster response strategies. Geoparks can improve and intensify the communication between different channels—society,
politicians, and scientists—in order to provide knowledge and skill transfer [19]. Finally,
the community itself acts as a stimulator for disaster mitigation and risk management.
Groups on geohazards and geoheritage, for example, the working group on geohazards
from the GGN [6], will bring the geopark community closer together to find and adapt
suitable strategies, to offer training to the local inhabitants and stakeholders, and to assess
the vulnerability and raise the preparedness of the territory for all kinds of geohazards.
The purpose of this study was to provide a plan on how to address the dynamic
subsidence, sinkhole, and flash flood hazard in the proposed geopark territory in Jordan, in
order to enable a senseful spatial planning based on risk management from the beginning
of the project. We aim at using well-established geophysical and hydrogeological monitoring methods together with up-to-date remote sensing techniques in order to provide
a geohazard assessment and realistic planning of geotourism opportunities. Besides the
technical background, and discussion of the expected outcomes regarding a suitable warning system, we also provide essential information for communication planning between
the different entities of the territory. In a companion paper [20], we discuss the concepts,
general challenges and chances to establish a UGGp in Jordan, southeast of the Dead Sea.
The envisioned geopark comprises a major part of the lake and adjacent parts of the Eastern
Rim Highlands and extends up to the desertic plateau. The overall theme of the UGGp
is the interplay between hydrogeology and geomorphology and its effect on the local
communities from historical to recent times. As the area is subject to strong natural hazards
related to water flow, there is a need for environmental monitoring and hazard mitigation
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1.2.1. Previous Research and Specific Geohazards at the UGGp Highlight Area
A highlight area of the proposed UGGp lies close to the town of Ghor Al-Haditha, in
the Al-Karak municipality at the SE border of the Dead Sea, located on a fertile alluvial
platform (Figure 1). Panel (a) shows the most important wadi systems contributing to
the hydrographic background of the geopark highlight area. Over the past decade, on
average, 45 sinkholes formed per year, leading to extensive ground subsidence [26] NE
of the town (b–e). Over the past 30 years, most academic research governmental actions
have focused on this dynamically developing area. Starting in the early 1990s, the Ministry
of Energy and Mineral Resources of Jordan (MEMR) has carried out numerous geologic
and geophysical surveys at the alluvial flats (Ghors), at the border of the former stable
shoreline of the Dead Sea (cf. Figure 1 in [32]), to understand causes and consequences of
the dramatic morphological changes [33,34]. In addition, international research programs
in the years since 2000 to the early 2010s explored for a presumed massive salt layer
beneath the affected area using geophysical techniques [35–40] and delineation of sinkholes
according to geological features in a rift system such as en-echelon structures [41]. The
reader is referred to Polom et al. 2018 [32] for a comprehensive summary of the geophysical
and hydrogeological surveys and their locations until 2010. The findings of that time relate
sinkhole occurrence to the dissolution of a near-surface Holocene salt layer with large
cavities postulated to exist around the entire Dead Sea and partly confirmed for the western
side [22,42].
However, in the past decade, the German DESERVE project has focused on understanding the natural hazards at the Dead Sea [28]. Using a combined approach of geophysical,
hydrogeological, remote sensing, and numerical simulation, a more detailed and more
comprehensive understanding of the formation mechanisms of subsidence and sinkholes
has been achieved. A map of all conducted measurements is shown in Figure 2a. That
work included, but was not limited to, the interpretation of geomorphological structures
such as depressions of different scales (uvalas and sinkholes), faults, and stream channel/gully systems (Figure 2b–d) [24]. Specifically, at GAH, a new hypothesis has been
derived: ground deformation is primarily controlled by leaching fine marine sediments in
complex-shaped brackish water karst conduits [29,32], also called subrosion in the scientific
literature [32,43–45]. No massive (>15 m thick) salt (halite) body has been identified here
by shear wave reflection seismics [32]. Geomechanical modeling studies confirmed that
a sinkhole collapse and widespread sagging happens in both mud and alluvial material,
producing characteristic morphological features that have been observed in the field [46,47].
A 2D conceptual model (Figure 3a) for large- and small-scale sinkhole formation in karst
has been derived [47]. Follow-up studies have confirmed and extended this model into
3D, adding the connection between the karst conduits system and the development of
stream channels and canyons [24]. Most recent studies that involve geophysical techniques,
remote sensing, and density-driven simulations link the morphological development of
stream channels and springs at the canyon site CM5 (cf. Figures 1b and 2b–d) to a quickly
changing underlying (karst) conduit system in the superficial aquifer [26]. In Figure 3b,c,
the highlight area’s geologic, geomorphologic, and hydrogeologic background is shown.
It consists of a dynamic karst area where the interface between fresh and saline water is
locally different depending on water flow rates and dynamically evolving karst conduits
that transport brackish water. Deeper in the subsurface, mixing zones may even extend
further inland according to numerical models [26]. The exact extension of the conduit
system both vertically and horizontally is still not known. It will be investigated within
anticipated research projects to provide the scientific basis for safety monitoring. The proposed methods and anticipated survey areas of the scientific project MORFES are indicated
in Figure 2 and discussed further in Section 1.3.2.
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Generally, these new findings for GAH have helped the local authorities better define
areas threatened by geohazards related to the local hydrogeological conditions and associated with spatiotemporal sinkhole development (cf. Section 1.3), and wadi inflow regimes.
Areas most susceptible to collapse and sagging have been identified and show continuous
sinkhole development. These areas are not considered suitable for any geotouristic activity
and are subject to further monitoring and investigation together with adjacent areas. The
planning for walkways and other geotouristic activity outlined in Section 3.1.1 is based on
these findings and maps.
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Generally, these new findings for GAH have helped the local authorities better define
1.2.2. Challenges for the Local Inhabitants
areas threatened by geohazards related to the local hydrogeological conditions and asso‐
Ghor Al-Haditha (GAH) town on the eastern side of the lake in Jordan has a population
ciated with spatiotemporal sinkhole development (cf. Section 1.3), and wadi inflow re‐
of about 2000 people and has grown by approximately 50% since 2000 [49]. The sinkhole
gimes. Areas most susceptible to collapse and sagging have been identified and show con‐
and subsidence area is located northwest of the town and occupies a substantial portion
tinuous sinkhole development. These areas are not considered suitable for any geotouris‐
of the fertile alluvial terrain. Regardless of the distance to the town center, the drastic
tic activity and are subject to further monitoring and investigation together with adjacent
morphological changes impact the community directly and indirectly. The town is an
areas. The planning for walkways and other geotouristic activity outlined in Section 3.1.1
example of a community at the border between agricultural and urban life (Figure 4).
is based on these findings and maps.
Traditionally, inhabitants of the town have lived on self-sustained farming in the fertile
plains, and Bedouins with long-term housing live in the area around Wadi Ibn Hamad.
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in Jordan, which amounts to 275 MCM/year. In addition, non-renewable groundwater
resources are being overexploited by a rate reaching 300 MCM/year [53]. Overexploitation
of groundwater resources has resulted in considerable quality declines in several areas.
Furthermore, contamination of the near-surface aquifer due to the misuse of pesticides and
fertilizers was documented in numerous places [54].
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Under these conditions, the town and its surroundings face challenges in sustaining the
lives of the growing population and will need to undergo a significant transition to a
more sustainable way of life. The local knowledge and community interest in providing
alternative sources of revenue and education, particularly for young residents, may serve
as a foundation for establishing a UNESCO Global Geopark.
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Overview

Figure 7a shows a detailed overview of the proposed UGGp location and its extent in the context of regional geography. Panel (a) shows a topographic map with the
proposed area of the geopark and the most important geological/ecological and archaeological/human features. A list of these features is given in the companion paper [20]. The
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1.3. Ongoing and Future Research in the Territory of the Proposed Geopark
1.3.1. Ongoing Research on Environmental Changes
After the intensive research performed between 1990 and 2019, a period of quiescence
in hazard observation and monitoring has followed. Additionally, the global health situa-
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tion made it difficult for international researchers to start new projects. However, national
comprehensive research programs are ongoing. The Royal Society for the Conservation of
Nature (RSCN) performs periodic ecological surveys within the nature reserves covered
by the suggested geopark area related to biodiversity in particular [65]. It carries out
different research programs in protected areas to guide its management and monitor the
environmental changes. The Jordan Valley Authority (JVA), which was established in 1977
as an independent authority and became part of the Ministry of Water and Irrigation (MWI)
in 1988, is a governmental institution concerned with the management and development
of water resources and lands in the Jordan Valley including the Southern Ghor region. It
aims to protect the valley and contribute to observing its environment, i.e., precipitation
changes and droughts. The JVA performs further development and research programs
in the region [66]; however, describing the complex projects in the territory is beyond the
scope of this paper.
1.3.2. Planned International Research—The MORFES Project
Helmholtz institutions from Germany and universities from the US and Ireland have
expressed their interest through a support letter in developing long-term research projects
in the proposed geopark territory. These will address terrestrial and submarine groundwater discharge estimation, and earthquake, flash flood, and ground deformation hazard
monitoring. One of these projects that plays a central role is MORFES. Carried out at
the German Research Foundation (DFG), it will address the morphology of fluid-escape
structures, a crucial part of the definition of safe geotouristic sites. Fluid escape structures
form at the interface between on- and offshore zones and provide gas or water outflow
connected to the deformation of the underground. Large mass movements and collapse
processes and stream channel formation are related to these fluid escape structures. Based
on the aforementioned previous research and the identified challenges for the local population, this new scientific project will investigate surface and subsurface physicochemical
processes that include evaporite dissolution and sediment erosion in a combined field-data
acquisition and numerical modeling approach.
Tools and Technical Background
To assess shallow and local hazards such as ground subsidence formation and collapse, several geodetic and geophysical techniques are commonly applied to karst aquifer
regions such as the Dead Sea: (1) InSAR or laser scanning [25,67,68], (2) seismic activity as
well as gravity monitoring [45,69,70], and (3) electric and electromagnetic methods [71–73].
The most crucial aspect for monitoring the ground-scale sinkhole and subsidence hazard is the relationship between subsurface water flow and rock failure processes. Costeffective near-surface hydrogeophysical methods are valuable tools for investigating these
processes [74–76]. However, previous work has shown that the interpretation of the data
can be improved with the help of (hydro)mechanical numerical modeling [77–82]. For
example, for the highlight area around GAH, the existence or non-existence of a salt layer
is not the limiting factor for the appearance of subsidence; instead, it is the mechanical
stability of the material combinations and the failure process itself [46,47]. More researchers
at the Dead Sea have used the proposed methods to investigate sinkhole precursory information. So-called nanoseismic monitoring using short-period sensors in boreholes has
been applied successfully by [70] to show collapse signals in a broad subsidence area of the
western shore. Impacts of individual rocks during unconsolidated material collapse could
be identified in a similar study analyzing the frequency content of such signals [83]. Radar
interferogram analysis showed precursory small-scale (mm−cm) subsidence and revealed
the evolutionary history of individual sinkholes [25]. Self-potential, together with electric
resistivity interpretation, documented the complexity of karst conduit flow and possible
new collapse zones at Ghor Al-Haditha [26]. These positive examples serve as the basis for
the following suggested comprehensive geoscientific monitoring for the highlight area of
the proposed UGGp.
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through educational tools. This international and interdisciplinary project will integrate
student projects and knowledge transfer between the different entities of local inhabitants,
stakeholders, and researchers through workshops, school projects, and summer/winter
schools in the region. The initial duration of the project is envisaged to be four years,
starting in 2023.
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Goals
The following societal and scientific goals form the framework for the projects at the
proposed Dead Sea geopark:
Societal Goals: (1) Safety—the monitoring system should help reduce the threat for
the population, tourists, farms, and infrastructure, help spatial planning for walkways and
information centers, raise the people’s awareness and preparedness, and provide a hazard
assessment for the local authorities. (2) Education—workshops, student schools, and
information meetings will enable the transfer of knowledge to the local authorities about
the local disaster, its management, and risk reduction. (3) Economy—it can help to identify
saltwater intrusions and provide information on changing agricultural conditions to enable
quick adaptation. (4) Protection—as a safe ecotourism site, the system may also help to
protect the landscape and nature by identifying risk and threats a priori, i.e., contamination.
Scientific Goals: (1) Identification of potential triggers of sinkhole, subsidence and
landslide hazards, such as earthquakes, natural or man-made changes in the groundwater
flow, hydraulic transients in fault zones, flash floods related to strong meteorological events,
and combinations of these. (2) Determination of ground stability parameters to properly
define risky and safe zones in the affected area. (3) “Early-warning” and information about
the continuation of the process, relevant for the long-term perspective and other places in
the world.
Exemplarily for GAH as a representative site of the proposed geopark, we discuss the
integration of geoscientific monitoring under the above consideration of the aims and goals
of the UGGp, the scientific basis of the current hazards and existing data. We provide an
overview of the challenges such an installation may face, focusing on safety concepts, data
reliability, costs, and communication.
2. Material and Methods
2.1. Technical Methods for Hazard Monitoring and Safety Provision
For active hazard areas such as the Ghor Al-Haditha sinkhole/subrosion site, we
suggest an installation of a combined GPS, self-potential (SP), water level/flow, and seismic
measurement (SM) system around relevant areas identified as susceptible to subsurface
water flow and material failure (Figure 12). This susceptibility will be defined continuously by InSAR and semiautomated satellite image (SI) analysis. Furthermore, a geodetic
monitoring system will be included by installing time-lapse observation cameras and fixed
ground control points to offer long-term photogrammetric study. Available geodetic data
will be used to identify zones that have shown strong ground movement in recent years;
this will be confirmed by the experience of local inhabitants and experts.
On the ground, the system will be enhanced by regularly performed ERT (electric
resistivity tomography) to identify zones of distribution of fresh and saltwater at shallow
depth underground, representing the dissolution horizons. Combining these preparations
will define several focus areas close to agricultural areas, walkways, and infrastructure
that are considered necessary for the local community and tourists. In these areas, the
monitoring system will be installed and consists of the following equipment:
1.

2.

3.

Buried electrodes (around 100 devices) and data logger to record electric signals
in the monitored area. With this, water-flow patterns, both horizontal and vertical
movement, can be resolved by the electric potential arising from a so-called electric
double layer between the aquifer matrix and fluid. This self-potential method has
been successfully used in groundwater flow determination in karstic and sand aquifer
areas and sinkhole identification [26,84,85], including the location discussed here.
Buried seismometers (around 50 devices) and data logger to record seismic waves of
cracks underground. Seismic methods are widely used to investigate structural features and localize cracks and collapse processes underground, and microearthquakes
(microseismicity) can occur directly before a hazardous collapse [43,83,86].
Fixed GPS stations (5) to record horizontal and vertical ground movement. Differential
GPS correction will be performed by a base station nearby.
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measurements and interpretation. (a) Subsidence (GPS, photogrammetry) signals are translated into
measurements and interpretation. (a) Subsidence (GPS, photogrammetry) signals are translated
an elevation difference map, exemplarily shown for the formation of sinkholes between 2015 and
into an elevation difference map, exemplarily shown for the formation of sinkholes between 2015
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were interpreted as both upward and horizontal flow patterns, modified after [26]. (c) Pre-collapse
microseismic events for individual and tremor-like events during a monitored salt-mining sinkhole
collapse in France, modified after [88]. (d) Locations of the identified microseismic events in a top
view of the sinkholes, whose outer margin is outlined by the line. Triangles mark the seismometer
locations; circles are the identified events using a polarization and amplitude technique, modified
after [88].
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2.2. Datasets and Methods for Field Campaigns and Geotouristic Trail Selection
Remote sensing: Available remote sensing datasets include satellite/aerial images from
2002, HR orthophotos, and digital surface models for 2014–2016 [24]. New drone surveys
with wide-angle lens cameras are planned to acquire data on morphological changes. If
permissions for drone flights are not acquired due to security reasons, alternatives with
simple low-altitude balloon recordings will be used, as we have proved these to be usable in
this region. Furthermore, high-resolution (≤0.5 m/px) satellite images (e.g., Pleiades-Neo,
Worldview) will be purchased.
Ground sensing: As an additional feature, a small endoscopic camera system, will
be inserted into the first 10 m of a karst conduit to explore its extension and void spaces
and provide a detailed 3D model. This will provide numerical modeling (see below) with
improved ground conditions and internal conduit shapes.
Rainfall and flow: Hydrologic data (rainfall) will be provided by cooperating partners
upon request from the MWI. Flow velocities will be recorded at active channel heads
by installing temporary (wet-season) discharge measurements at the spring locations. A
mounted camera/radar system with continuous persistent data storage on FTP servers
will record level and velocity in the most stable area a few tens of meters downstream
of the springs by a mounted camera/radar system with persistent data storage on FTP
servers. The system will monitor discharge and offer continuous image collection for
photogrammetric analysis of channel widening and slump failure.
Electric and electromagnetic methods: Repeated ERT measurements are planned, as
well as coverage of the focus area around canyon CM5 (cf. Figures 2c and 12) and the
neighboring regions by TEM to identify the overall distribution of the saline−freshwater
boundary and changes in this saline environment as well as the extension of the karst
system. The envisaged geophysical observation system (see below and Section 3.1.2) will
enable a fast reaction upon changed conditions by the local stakeholders.
Water and sediment sampling: For chemical analysis, on- and offshore water sample
collection is envisaged. The new hydrological selection of springs will focus on establishing
hydrochemical end-members and answer the question of the origin and mixing paths of
the groundwater to determine significant pathway changes within recent years, a crucial
factor in hazard estimation. At the channel banks and sides, sediment samples of alluvium
and mud, and rock and salt samples, will be collected for age determination and laboratory
tests. A set of the sediment blocks will be transported to GEOMAR for geotechnical
testing, including triaxial testing of saturated samples and detailed small-scale investigation
of pressurized fluid flow through salt-rich samples. A simulation of shallow marine
environments with the same devices can be done to determine changes to these processes
under different conditions. Unaltered samples will finally be stored at the core repository
at GEOMAR.
Numerical Modeling: A 3D hydromechanical model of the CM5 canyon/spring
system (Figure 2c) will be established and includes porous and conduit/channel flow,
physicochemical erosive processes, and macroscale deformation of the ground. It will be
calibrated using the hydro-geo-data acquired above. The coupling of different techniques
(computational fluid dynamics and discrete elements) has become increasingly used and
most promising for hydromechanical collapse processes [89,90]. The model results will be
upscaled to multichannel systems, and a conceptual model should be established for the
region. Together with the geo-data analysis, this model will serve as the basis for scenario
simulation, hazard assessment, and a potential sustainable geotouristic exploration of
the area.
Underwater investigation: The submarine investigation will be conducted at the
immediate conduit outlets in the shallow Dead Sea delta area for the first time. Several
locations have been identified as prone to submarine groundwater discharge (SGD) in
previous studies both on the western side of the lake [62,63] as well as in the measurement
area (see aerial photos in partner paper I and [47]). The gain will be a better understanding
of the system before- and after lake regression and the relation of SGD to the future collapse
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of the exposed ground. A small vessel will be chartered and multibeam, sub-bottom and
side-scan sonar, and profiling with an Ocean Floor Observation System (OFOS), is planned
for focus areas where the active stream and conduit flow has been observed during recent
years. The OFOS consists of a 1.5 × 1.5 m frame with a mounted conductivity−temperaturedepth (CTD) system and a camera for photogrammetric mapping. If permissions for
offshore data acquisition are not received due to security reasons; the focus will lie on
shallow water bathymetric analysis of multispectral satellite images [91].
Automated structure recognition: To better define active subsidence zones, a semiautomated system of structural feature detection using high-resolution satellite images
is currently being developed at the Helmholtz Centre for Ocean Research Kiel, Germany.
The aim is to use machine-learning techniques trained by available large sinkhole, stream
channel, and crack datasets of the proposed geopark highlight area to quickly identify
ground deformation. This system will need human supervisors and a constant feed
of geophysical and geodetic data. An extension of this system to the offshore areas is
envisaged, by applying a transfer learning scheme. Here, annotated in-air data shall be
augmented with a physically-based water layer, tailored to resemble the Dead Sea water to
train neural networks. This hybrid approach jointly employs physical models and neural
networks in a structured learning approach to yield faster and more robust results [92]
Fieldwork and Geodiversity: Geologic fieldwork, i.e., recognition and mapping of
structural features (faults, cracks, depressions) and material distributions, together with the
above-described methods to delineate depressions, will serve to create a digital inventory
for depressions, dolines, and other karstic features similar to [93]. This continuously
updated geosite inventory will be relevant for both hazard assessment and geotouristic
exploration, i.e., walkway planning.
Hike and bike trail selection: Field recognition, continuous evaluation of hiking trail
difficulty levels, safety conditions, weather conditions, and facilities are common methods
to select hiking trails in natural hazard areas. The assessment of environmental risks will
follow typical evaluation procedures, so-called risk matrices or tables [94], and a continuous
adaptation to actual conditions is necessary. See below for further details.
3. Results and Discussion
3.1. Safety Concepts in Hazardous Areas
Safety concepts differ for the various types of hazards identified in the region, such
as landslides, slow or fast subsidence, flash floods, and storms. For other touristic sites
near the UGGp, commonly restricted access, region-wide and longer-term closure have
been the solutions for dangerous periods of the year. Even several years-long closures
have been reported due to safety reasons. However, in terms of efficiency, a monitoring
setup and expert training and surveillance with a proper adaptation to site conditions
would probably be more useful. Initially, before setting up a sophisticated system, simple
flow and GIS monitoring from dedicated bodies of the authorities is an option to allow
a quick reaction in constructing flood barriers or reinforcements, which are commonly
done at the Dead Sea area. To complement “classical” engineering and construction hazard
preparedness, we propose a mitigation-related approach to reduce the vulnerability in
the affected areas. We suggest a geoscientific approach to monitor areas susceptible to
geohazards with appropriate (geo)technical systems. This approach is embedded into highquality scientific research in the geologically unique environment of the Dead Sea and will
enable the establishment of early-warning systems. As an example, the planned monitoring
concept for the UGGp highlight area Ghor Al-Haditha sinkhole and subsidence site is
outlined below. It goes together with the sensible planning of geotouristic infrastructure in
the same place.
3.1.1. Trails and Infrastructure Planning at the Highlight Area
Different walkways and geo-urban hike trails that local guides should follow are
shown in Figure 14. The planning of these walkways is based on the extensive research
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3.1.2. Hydrogeophysical Investigation and Monitoring at the Highlight Area
As outlined above (Section 2.1), combined geophysical and hydrogeological fieldwork
and monitoring is planned for the geopark highlight field site, GAH, at the eastern Dead
Sea on- and offshore locations (Figures 2 and 12). The plan is to build upon existing datasets
from recent years (Section 2.2) and apply new, complementary machine learning methods
in areas prone to rapid hydrodynamic changes.
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A typical ideal example triggering the signal flow of such a monitoring system is
described shortly in the following, referring to examples of the anomaly types in Figure 13:
A0. Continuous data flow without anomalies in electric or seismic data.
A1. Record of anomalous flow and strong electric potential related to subsurface water
flow (flash flood).
A2. Record of microseismic events in the subsurface (cracking, first material failure).
A3. Subsidence appears at the surface, which is recorded by the GPS (late-stage).
For (A0), an example for normal data flow is visible in the microseismic recording of
Figure 13 between the identified events. It consists of relatively smooth N, E, Z components
with no strong amplitude changes due to the arrival of P and S waves associated with crack-

A3. Subsidence appears at the surface, which is recorded by the GPS (late‐stage).
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Even by considering advanced interpretation techniques for SP and MS data, such
a case as described above must be considered ideal, as obviously not all systems might
show an anomaly simultaneously in a critical situation. Or, anomalies could be created by
other sources, like electromagnetic disturbance or strong ground movement by agricultural
equipment. The time between the recording of an anomaly and the actual collapse might
be too short to react for the local authorities. Due to the common satellite revisit period of
a minimum of 5 days [98] and the amount of data needed for processing [99], the InSAR
method is also not suitable for on-site real-time observation but rather for helping to define
general active areas. Finally, elastic rock parameters of the overburden above a dissolution
zone are also crucial to the appearance of subsidence before the collapse. Therefore, risk
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(4) Upon recommendation by the MEMR and local technical experts, suggestions for
recovering/rebuilding and moving agriculture and infrastructure will be provided.
The areas will be updated where touristic activity can be safely performed sustainably
and where new sites of potential geotourism can be added.
(5) The information on infrastructure change will vice versa be transferred to the scientific
monitoring teams to update the vulnerability of the areas, hence the risk maps. This
links back to point safety point 1 in a two-way dialogue.
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3.1.4. Expected Costs and Benefits
The establishment of such a detailed monitoring system is cost-intensive. A large
number of short-period seismometers is the most expensive part. Flowmeters, GPS stations,
and cameras also amount to higher costs. However, in combination with the self-potential
method, the cheapest geophysical technique available for monitoring the near-surface and
fluid flow [73], and the deployment of relatively inexpensive unpolarizable electrodes,
the monitoring project initialization and construction costs amount to a medium level of
a few hundred thousand euros. The maintenance costs for equipment repair, exchange,
and trained personnel are estimated to be 1/10th of the initialization costs. However,
additional funding sources will be sought to continue the monitoring beyond the initial
timeframe of 4 years. Despite the high prices for ground monitoring devices and maintenance, the benefits due to shorter and more location-specific closure of roads and areas may
outweigh these.
Considering the challenges of the Ghor communities (Section 1.2.2), there are several
direct and indirect benefits expected by the establishment of a hazard monitoring system
within the framework of a UGGp. Besides clear direct benefits including safety of the local
inhabitants, integration into the civil work, and a clear and regularly updated distinction
between arable land and danger zones, the local community will benefit from responsible
ecotourism: This involves the establishment of an information center and proper guided
geotouristic trails as well as lodges/homestays and local ecological food that is produced
without the use of pesticides. This will provide ways of sustaining life as an alternative to
water-intensive production. Already, tour guides are available [95] and two hostels in GAH
and Ghor Al-Mazra’a have been running for a few years. These businesses are expected to
be consolidated upon the establishment of the geopark.
From a national touristic point of view, this project will help to link the region to other
well-known parts of the country such as the Northern Dead Sea and Petra (cf. companion
paper [20]) and will make the planning and development of infrastructure indispensable,
i.e., leading to more investment.
From an educational point of view, schools will benefit from the existence of environmental education and more leisure activities. Undergraduate and graduate students of all
involved partner institutions, as well as external student groups also from neighboring
countries, will receive the opportunity to improve, develop, and perform scientific research
and continue work on this monitoring system. This will not only help to achieve the above
outlined scientific and societal goals but also lead to an increase of the reputation of the
area as a (1) vanguard for advanced scientific research in the face of climate change and
as a (2) pioneer for translating natural hazard-facing locations into safe and responsible
geotourism sites.
4. Conclusions
Establishing a geopark in an area with natural hazards is not possible without integrating scientific, engineering, education, and local knowledge. The expected short
and long-term effects of a properly defined geoscientific monitoring, in a back and forth
exchange with local experts, as discussed exemplarily on the topic of sinkholes and subsidence at the proposed highlight area of the geopark in Jordan, are the following: (1) Local
hazard assessment with the definition of safe (stable) sites based on hydrogeophysical and
hydromechanical investigation; (2) Responsible touristic infrastructure development such
as trails, information centers, and accommodation; (3) Rising the awareness in terms of
showing the direct consequences of water overexploitation; and (4) Reestablishment of
agricultural and economic activities with a higher focus on sustainability.
In terms of larger-scale goals, proper implementation of such a monitoring system
will enable (5) the inclusion of the locations in geosite inventory and ecotourism sites of
Jordan, protecting landscape, geoheritage, and nature; and (6) finally, the establishment of
a UNESCO global geopark in a sustainable and safe environment.
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