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ABSTRACT

Swelling clay-sulfate rocks repeatedly lead to unforeseen problems
in tunneling or shallow geothermal drilling and make lengthy and
costly remediation measures necessary. The processes underlying the
swelling are complex and not yet sufficiently understood. In general,
an increase in rock volume caused by the transformation of the mineral anhydrite into gypsum is considered the main mechanism of
swelling. Trigger of the transformation is assumed to be a change in
hydraulic conditions, followed by a water access in the expansive rock
layers, which in turn changes the prevailing geochemical conditions.
In the city of Staufen, Germany, the study site of the thesis, this resulted in large-scale heave at the ground surface, and enormous damage to houses and infrastructure. However, the hydrogeological and
geochemical processes in the swelling zone, which may be induced
by human activities such as geothermal drilling, remain difficult to
assess or even predict.
This thesis investigates the significance of 1) the local geological setting, 2) hydrology and geochemistry of the swelling zone and 3) their
modification upon human activities (geothermal drilling), as well as
4) the reaction kinetics of the anhydrite-gypsum-water system at the
field scale, to the swelling process. For this purpose, a 3D geological
model of the study site is developed in the first part of this thesis.
It provides the geometric basis for the subsequent numerical investigations of the hydrogeological and geochemical processes of the
swelling phenomenon. Furthermore, an uncertainty analysis based
on the theory of information entropy is performed which allows for
a detailed, voxel-based visualization and quantification of the differences and changes in uncertainty between multiple model interpretations. The approach is complemented by the Jaccard and City-block
distance measures to identify dissimilarities between the model realizations and changes in model geometry. The results show that with
higher data density the number of identified geological structures
as well as the occurrence of locally high structural uncertainty can
increase. In addition, the methodology enables more efficient geological exploration campaigns and also provides a sound basis for
cost-benefit analysis.
In the second part of the thesis, a novel modeling approach for the
swelling phenomenon is developed and numerically implemented
as a radially symmetric, reactive transport model. The approach accounts for changing hydraulic and geochemical conditions due to human activities, as well as water availability in the swelling zone. For
this purpose, swelling-induced heave at the ground surface is simu-
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lated and quantified as a function of the geochemical transformation
of anhydrite into gypsum in the subsurface and the local stress conditions exerted by the overburden. The modeling approach differentiates between advective transport along preferential flow paths in the
rock and the transformation of anhydrite into gypsum in the rock
matrix. A dual-domain approach is used in order to assign specific
porosities to both domains and couple them via a transfer rate for
diffusive transport. Process-specific hydraulic, geochemical, and mechanical model parameters are estimated through an inversion process, constrained by geodetic uplift data. The results show that reaction rate constants for anhydrite dissolution (2.4 × 10−5 mol m−2 s−1 )
and gypsum precipitation (3.2 × 10−6 mol m−2 s−1 ) are comparable with
literature values from laboratory experiments. It also becomes apparent that the rate of the chemical transformation is significantly influenced by diffusive mass transport into the rock matrix, which may
be a limiting factor to the swelling process, especially at low rock
porosities (e.g. compact anhydrite layers). Overall, the proposed reactive transport modeling approach reproduces the observed swellinginduced heave at the study site with a plausible parameterization.
In the third part, the previously developed reactive transport modeling approach is applied to the complex geological setting at the
study site in order to explicitly account for the impact of geothermal
drilling and subsequent mitigation measures on local groundwater
flow and thus, the swelling phenomenon. The focus is on predicting
the further development of swelling-induced heave as a function of
possible countermeasures, in order to provide a scientific basis for
evaluating strategies to stop the swelling process. For this purpose,
the swelling process is simulated for three different mitigation scenarios and water inflows into the swelling zone is located and quantified. The results show that even with an incomplete, subsequent sealing of the geothermal drillings, the flow of water into the swelling
zone and thus the swelling process can be stopped by appropriate
hydraulic countermeasures. They also highlight that comprehensive
geological, hydraulic and geochemical information is needed for a
substantive simulation of the swelling processes and to assess suitable site-specific remediation measures.

K U R Z FA S S U N G

Quellende Ton-Sulfatgesteine führen immer wieder zu unvorhergesehenen Problemen im Tunnelbau oder bei oberflächennahen Geothermiebohrungen und machen dort langwierige Sanierungsmaßnahmen erforderlich. Die Prozesse, die dem Quellen zugrunde liegen,
sind komplex. Im Allgemeinen wird davon ausgegangen, dass der
Quellvorgang hauptsächlich auf die Umwandlung von Anhydrit zu
Gips zurückzuführen ist. Auslöser ist in der Regel eine Änderung der
hydraulischen Bedingungen, gefolgt von einem Wasserzutritt in die
quellfähigen Gesteinsschichten, was wiederum die vorherrschenden
geochemischen Bedingungen verändert. In der Folge kommt es zu einer Zunahme des Gesteinsvolumens im Untergrund. Dies führte in
der süddeutschen Stadt Staufen, dem Untersuchungsstandort dieser
Arbeit, zu großräumigen Hebungen an der Geländeoberfläche und,
damit verbunden, zu großen Schäden an Häusern und Infrastruktur.
Gerade diese hydrogeologischen und geochemischen Prozesse, sowie
der Einfluss menschlicher Aktivitäten (z.B. Geothermiebohrungen),
lassen sich jedoch nur sehr schwer nachvollziehen oder gar vorhersagen, da die genauen Zusammenhänge bisher unzureichend erforscht
sind.
Im ersten Teil dieser Arbeit wird zunächst ein 3D geologisches Modell entwickelt, um die komplexen geologischen Verhältnisse im Untersuchungsgebiet zu rekonstruieren. Dieses Modell stellt die geometrische Grundlage für die im weiteren Verlauf durchgeführten numerischen Untersuchungen der hydrogeologischen und geochemischen
Prozesse des Quellphänomens dar. In diesem Zusammenhang wird
außerdem eine Unsicherheitenanalyse der 3D geologischen Modellierung basierend auf der Theorie der Informationsentropie durchgeführt. Die Analyse veranschaulicht wie sich verschiedene geologische Erkundungsdaten unterschiedlich auf die vorhandenen Modellunsicherheiten und die Modellgeometrie auswirken. Der erstmals
auf ein komplexes Standortmodell angewendete Ansatz ermöglicht
dabei eine detaillierte, Voxel-basierte Visualisierung und Quantifizierung der Unterschiede und Änderungen der Unsicherheit zwischen
mehreren Modellinterpretationen. Zusätzlich können mit Hilfe der
verwendeten Jaccard- und der City-block-Distanzen Unähnlichkeiten
zwischen den Modellen direkt identifiziert werden. Damit ermöglicht die Methodik unter anderem eine effizientere Durchführung von
geologischen Erkundungskampagnen und bietet außerdem eine fundierte Grundlage für Kosten-Nutzen-Analysen. Für die komplexen
geologischen Verhältnisse des Untersuchungsstandorts Staufen zeigt
sich, dass mit zunehmender Datendichte mehr geologische Struktu-

xiii

xiv

Kurzfassung

ren identifiziert werden, gleichzeitig aber auch vermehrt lokal hohe
strukturelle Unsicherheiten auftreten.
Im zweiten Teil der Arbeit wird ein neuartiger Modellansatz entwickelt und numerisch als radialsymmetrisches, reaktives Transportmodell umgesetzt. Das Model kann genutzt werden, um den Quellprozess abzubilden und berücksichtigt folgende Einflüsse: 1) die veränderten hydraulischen Randbedingungen auf Grund menschlicher
Aktivitäten (Geothermiebohrungen), 2) die Wasserverfügbarkeit in
der Quellzone, und 3) die Geochemie. Dazu wird die Quellhebung
an der Geländeoberfläche in Abhängigkeit der geochemischen Umwandlung von Anhydrit in Gips und einer daraus abgeleiteten Volumenzunahme im Untergrund simuliert und quantifiziert. Der Modellansatz trennt dabei zwischen advektivem Stofftransport entlang
von Klüften im Gestein und der Umwandlung von Anhydrit zu Gips
in der Gesteinsmatrix. Um den beiden Wirkungsbereichen (Domänen) spezifische Porositäten zuordnen zu können, wird ein ZweiDomänen Modellierungsansatz (“dual domain approach”) verwendet, der diese gleichzeitig über eine Transferrate für den diffusiven
Wassertransport koppelt. Mit diesem Modellansatz können prozessspezifische hydraulische, geochemische und mechanische Modellparameter basierend auf geodätischen Hebungsdaten in einer inversen
Modellierung abgeschätzt werden. Die hierbei ermittelten Reaktionskonstanten für Anhydritlösung (2.4 × 10−5 mol m−2 s−1 ) und Gipsfällung (3.2 × 10−6 mol m−2 s−1 ) sind vergleichbar mit Literaturwerten aus
Laborversuchen. Es zeigt sich jedoch, dass der diffuse Stofftransport
in die Gesteinsmatrix wesentlich die Geschwindigkeit des Quellprozesses beeinflusst, was insbesondere bei niedrigen Gesteinsporositäten (z. B. kompakte Anhydritlagen) ein limitierender Faktor sein kann.
Insgesamt ist das Modell in der Lage, den am Untersuchungsstandort
beobachteten Hebungsverlauf abzubilden.
Im dritten Teil der Arbeit wird das zuvor entwickelte Quellhebungsmodell auf die komplexe geologische Situation am Untersuchungsstandort Staufen angewendet. Dadurch können, im Vergleich
zum radialsymmetrischen Ansatz, sowohl lokale Grundwasserströmungen, als auch die örtlichen geologischen Gegebenheiten explizit
und umfassend bei der Simulation des Quellprozesses berücksichtigt
werden. Das Modell kann genutzt werden, um eine Prognose über
die weitere Entwicklung der Hebungsprozesse in Abhängigkeit der
Sanierungsmaßnahmen vorzunehmen und bietet damit die wissenschaftliche Grundlage für eine Bewertung verschiedener Strategien,
um den Quellprozess zu stoppen. Die Methode ermöglicht eine Bilanzierung der Wasserzuflüsse in die Quellzone, sowie eine Abschätzung des zukünftige Quellpotentials für individuelle Sanierungsszenarien. Für den Untersuchungsstandort Staufen zeigen die Ergebnisse, dass auch bei einer unvollständigen, nachträglichen Abdichtung
der Erdwärmesonden der Wasserfluss in die Quellzone und damit
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der Quellprozess durch entsprechende hydraulische Gegenmaßnahmen gestoppt werden kann. Außerdem wird ersichtlich, dass umfassende geologische, hydraulische und geochemische Informationen
für eine stichhaltige Simulation der Quellprozesse und eine Beurteilung geeigneter standortspezifischer Sanierungsmaßnahmen erforderlich sind.

Part I
INTRODUCTION

1

INTRODUCTION

In April 2017 the Stuttgarter Zeitung wrote:
“Die Geothermie-Katastrophe in Staufen - Eine Stadt in Bewegung: Eine Geothermiebohrung unterm Rathaus ließ Staufen
aus den Fugen geraten. Zehn Jahre später bewegt sich der historische Stadtkern noch immer. Wann der Aufruhr unter der
Erde ein Ende findet, kann keiner sagen.” Keck, 2017
What happened in the city of Staufen im Breisgau, Germany, is a
direct consequence of swelling clay-sulfate rocks. The spectacular incident described here not only lead to severe damage to buildings
exceeding 50 Mio. e (Fleuchaus and Blum, 2017) and uncertainty in
the population regarding the ground source heat pump (GSHP) technology, it also illustrates the key issue associated with the swelling
process: its unpredictability.
In general, the cause of swelling in clay-sulfate rocks and the principal mechanisms of swelling are known. The swelling is triggered
by water ingress into rocks containing expansive clay and sulfate
minerals which increase their volume by absorbing water. This phenomenon is particularly pronounced in the geological formations of
the Triassic Gipskeuper (“Gypsum Keuper” or Grabfeld-Fm.), commonly found in north-western Switzerland (Jura Mountains) and in
south-western Germany.
Besides recent incidents in connection with GSHP installations in
the Gipskeuper (Fleuchaus and Blum, 2017), the swelling phenomenon
is also of major concern in tunnel engineering where it causes severe damage, lengthy disruption of operation and costly repairs (e.g.,
Alonso, I. Berdugo, et al., 2013; Amstad and Kovári, 2001; I. R. Berdugo
et al., 2009a,b; Einstein, 1996; Steiner, 1993). In this context, several
theoretical and constitutive models have been proposed which describe the relationship between pressure (stress) and heave (strain)
as well as the time dependency of the swelling process to facilitate
predictions about the swelling behavior of the rock (e.g., Grob, 1972;
Gysel, 1977; Kirschke, 1995; E. Pimentel, 2007, reviewed in Butscher et
al., 2018) and to provide a rational basis for engineering measures that
counteract the swelling (Kovári and Chiaverio, 2007; Pierau and Kiehl,
1996). However, reliable experimental results supporting these models are scarce, since the swelling process takes an extremely long time
to reach a steady state (equilibrium), even under optimal laboratory
conditions. Thus, tests are lengthy and usually terminated prematurely. Furthermore, existing data are not necessarily comparable as

3

Once the swelling
starts there is no
telling when it stops

A swelling law for
the stress-strain
relationship may not
exist
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Processes and
controls are
manifold and
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experimental setups differ, making the search for a constitutive model
of the swelling behavior even more difficult. Ultimately it remains
questionable, whether the spatial-temporal evolution of the swelling
process in clay-sulfate rocks can be adequately described without
fully considering the underlying processes and controls (Butscher,
Breuer, et al., 2018; Butscher, Mutschler, et al., 2016). These include
but are not limited to interactions between mechanical behavior, material properties, hydrogeological and geochemical processes as well as
the prevailing geological conditions. In describing these relationships,
purely analytical approaches are limited.
Process-based numerical models coupling thermal, hydraulic, mechanical and chemical processes are therefore the most promising approach for describing the swelling behavior of clay-sulfate rocks. In
recent years a number of coupled numerical models were developed
to investigate the swelling process and its controls in more detail. For
example, Anagnostou (1993, 1995) treated the swelling phenomenon
as a hydraulic-mechanical coupled process in order to study the effect of seepage flow on the development of heave and pressure in
tunnels over the course of time. And coupling with geochemical processes, in particular with regard to the role of sulfate minerals, was
advanced by Alonso and Olivella (2008), Oldecop and Alonso (2012),
Ramon and Alonso (2013, 2018), and Ramon, Alonso, and Olivella
(2017). However, although these models have been successfully used
to simulate swelling deformation observed in tunnels, bridges, and
buildings, their general applicability and predictive capabilities remain limited by still existing gaps in the overall understanding of
the swelling process. Addressing these gaps and ultimately improving our ability to predict swelling behavior in clay-sulfate rocks is the
main topic I address in my thesis.
1.1

Sulfate swelling is
main mechanism of
swelling in
clay-sulfate rocks

the swelling mechanism: underlying processes and
controls

The swelling mechanism in clay-sulfate rocks involves both “sulfate
swelling” and “clay swelling”, which superimpose each other (Madsen and Nuesch, 1991). Clay swelling is either the result of an osmotic
water uptake driven by a concentration gradient between the clay matrix and the free pore water (Gonçalvès et al., 2010), or it is due to the
hydration of clay minerals such as smectites (crystalline swelling), i.e.
the intercalation of discrete layers of water molecules (Laird, 2006;
Madsen and Müller-Vonmoos, 1989). Similarly, sulfate swelling is a
hydration reaction in which water is incorporated into the crystal lattice of the mineral anhydrite (CaSO4 ) to form gypsum (CaSO4 · H2 O):
−
CaSO4 + 2 H2 O −
)
−*
− CaSO4 · 2 H2 O

(1.1)

1.1 the swelling mechanism: underlying processes and controls
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As a result of this chemical transformation the specific volume of
the sulfate increases by 60.8 % if swelling is unconfined (Figure 1.1).

Water inflow

Clay-Anhydrite rock

Clay-Gypsum rock

2 mol water
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weight: 136 g
3
volume: 47 cm

+

2 H 2O
weight: 36 g
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volume: 36 cm

=

ΔV = 27 cm3

1 mol gypsum
CaSO4 ● 2 H2O
weight: 172 g
3
volume: 74 cm

other
rock minerals

ΔV = 0 cm

other
rock minerals

pore water

ΔV = 0 cm3

pore water

3

Figure 1.1: Volume and mass balance of the chemical transformation of anhydrite into gypsum caused by the uptake of water. The volume
increase of the sulfate is approximately 61 %.

However, if volumetric strain is prevented, high swelling pressures
may occur in clay-sulfate rocks. In-situ and laboratory measurements
of maximum swelling pressures in the Gipskeuper formation reach
5 MPa and 16 MPa, respectively (Hauber et al., 2005; Henke et al.,
1975; Steiner, 1993). Although the observed swelling pressures widely
differ, they exceed those encountered in pure clay swelling (Gonçalvès
et al., 2010; Madsen and Müller-Vonmoos, 1989). Hence, sulfate swelling is considered to be the predominant mechanism of swelling in
clay-sulfate rocks (e.g., Wittke, 2014).
Nevertheless, the swelling potential decisively depends on the type
of clay minerals present alongside the amount of clay fraction. While
massive pure anhydrite layers do not develop extensive swelling (Einstein, 1996; Steiner, 1993), swelling in clay-sulfate rocks is maximal
at 15 % clay (Madsen and Nuesch, 1991), as well as where the clay
mineral corrensite (i.a. a mixed layer clay chlorite-smectite variation)
is abundant (Lippmann, 1976). A possible explanation is that in the
presence of clay minerals the otherwise almost impermeable anhydrite layers are disintegrated by clay swelling, as clay minerals favor
osmotic flow of water into the rock. However, the exact role of clay
in the swelling of clay-sulfate rocks remains inconclusive. There are
several other hypothesis on the role of clay, some of which are summarized by Butscher, Mutschler, et al. (2016).
In an open system, such as a natural rock formation, the transformation of anhydrite into gypsum is decoupled through the circulation of water (i.e. through groundwater flow and diffusion, Figure
1.2). Anhydrite dissolves in the pore water:
CaSO4 −−→ Ca2+ + SO4 2−

(1.2)

Clay minerals play a
crucial but
ambiguous role in
clay-sulfate swelling
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and gypsum subsequently precipitates out of the solution:
Ca2+ + SO4 2− + H2 O −−→ CaSO4 · 2 H2 O

Gypsum is the stable
mineral phase and
precipitates

(1.3)

Consequently, the saturation states and stability fields of both sulfate
minerals strongly depend on the prevailing pore water chemistry, but
also temperature and pressure (e.g., Blount and Dickson, 1973; Dai et
al., 2017; Freyer and Voigt, 2003; Hardie, 1967; Hill, 1937; MacDonald,
1953; Marsal, 1952; Partridge and A. H. White, 1929; Serafeimidis and
Anagnostou, 2014a,b). In general, low-pressure and low-temperature
conditions prevail in clay-sulfate rocks problematic to engineering
activities (e.g., tunneling and geothermal drilling). Under these conditions, the solubility of anhydrite is typically higher than that of
gypsum. Thus, gypsum being the mineral with the lower solubility
(equilibrium concentration) is the stable mineral phase and the precipitate (Figure 1.2). The resulting decrease in calcium and sulfate
ion concentration in solution maintains a continuous state of undersaturation with respect to the mineral anhydrite. In clay-sulfate rocks
the kinetically controlled process continues to occur until all the anhydrite has been consumed, and it is typically even further propelled by
the ingress of water already under-saturated in respect to anhydrite.

Precipitation
Precipitation
H 2O

SO4
2+
Ca

2-

2-

SO4
2+
Ca
Dissolution

Dissolution

Anhydrite

Groundwater flow
Gypsum crystal growth

Figure 1.2: Conceptual model for swelling by crystal growth (gypsum precipitation) in a system open to water flow. From Alonso (2012)
and Ramon (2014), modified.

Reaction kinetics of
the anhydritegypsum-water
system

Various authors have investigated the reaction kinetics and evolution of such systems under controlled laboratory conditions to provide, for example, an estimate of the reaction rate constants (e.g., J.
Christoffersen and M. R. Christoffersen, 1976; Jeschke and Dreybrodt,
2002; Kontrec et al., 2002; Zorn et al., 2009). Actual reaction kinetics at the field scale, however, are difficult to predict as they depend
on many different factors, most of which may vary widely in space

1.2 objectives

and time. They include rock characteristics (composition, texture, orientation), the distribution of anhydrite (shape, size) and the specific
reactive surface area (e.g., Rauh and Thuro, 2007; Serafeimidis and
Anagnostou, 2012a,b).
Furthermore, the reaction kinetics depend on the hydrodynamic
conditions of the system, because they determine solute transport
and water accessibility within the clay-sulfate rocks (Jeschke, Vosbeck, et al., 2001). During the swelling processes, the hydrodynamic
conditions may change on the micro-scale due to, for example, rock
disintegration form clay swelling or gypsum crystal growth in discontinuities (Alonso, 2012; Wittke, 2014). However, they are also altered
at the macro-scale by engineering activities (Butscher, Einstein, et al.,
2011; Scheidler et al., 2017). Hence, in order to develop predictive
models of the swelling behavior of clay-sulfate rocks, a comprehensive understanding of the controlling hydrogeological and geochemical conditions and processes as well as the influence of engineering
activities is essential.
1.2

objectives

This thesis is part of the DFG research project “Integrated hydrogeological and geochemical processes in swelling clay-sulfate rock”, with
the overall objective to better understand the hydrogeological and
geochemical processes involved in the swelling of clay-sulfate rocks,
ultimately improving predictions of the swelling behavior. More specifically, a reactive transport model will be developed which can be used
to investigate the hydrodynamic conditions and how these, together
with the geochemistry of the swelling zone, change on the field scale
through engineering activities (e.g., geothermal drilling). In addition,
a particular focus is on evaluating the prevailing geological conditions, as these determine the maximum extent of the swelling zone
and the hydro-geochemical conditions therein and therefore must be
reliable in order to be used as the geometric basis of a complex numerical model. To address these objectives, a specific study site in Staufen
im Br., Germany is investigated in this thesis, with Chapter 2, 3, and 4
each focusing on a particular set of research goals:
• Chapter 2 aims to provide a adequate representation of the subsurface structure (i.e. a geological model) in the light of existing uncertainty in the geological information in order to locate
the expansive anhydrite-bearing rock strata that constitute the
swelling zone. Knowledge of the exact location and extent of the
swelling zone is essential to be able to associate the observed
heave at the ground surface with the swelling process itself. For
this purpose, a focus was placed on assessing the uncertainty
in 3D geological models, and how these uncertainties, as well
as model geometry, and general structural understanding are
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affected by different types of geological data. Thus, a methodology is provided to systematically assess interpretations of geological structures, taking into account the available geological
information at a particular location.
• Chapter 3 aims to develop a novel conceptual and numerical
modeling approach that can be used to study the effect of groundwater flow, the associated availability of water and changing
geochemical conditions, on the swelling process. Another goal
is to propose reaction rate constants for anhydrite and gypsum,
which describe the observed swelling on the field scale.
• And Chapter 4 aims to improve the scientific basis for assessing
the effectiveness of various mitigation measures in counteracting the swelling process by simulating their impact on hydraulic
and geochemical conditions on a field scale. At the same time
an attempt is made to predict the development of the swelling
process.
Through accomplishing the above goals, this thesis aims to serve as
a bridge between application-oriented problems and a basic understanding of the underlying processes.
1.3

study site

The study site of this thesis is situated in Staufen im Br., southwest
Germany. The town lies at the eastern border of the Upper Rhine
Graben within the “Sulzburg-Staufener Vorbergzone” (Genser, 1958).
The geological strata present in this zone range from Tertiary sediments at the top to crystalline bedrock at the bottom. The bedrock
of the study site itself is mainly steeply inclined Mesozoic strata covered by quaternary sediments (Sawatzki and Eichhorn, 1999). They
are strongly fragmented by a fault system with a releasing bend geometry, kinematically linked to the Eastern Main Border Fault (EMBF)
(Behrmann et al., 2003). Faults are typically west-dipping with a large
normal displacement, while faults oriented perpendicular to the EMBF
cause further segmentation. This results in a geological setting that is
complex and not fully mapped (LGRB, 2010).
Overall, the formations most relevant to the thesis are (from top
to bottom) the Schilfsandstein (Stuttgart-Fm.), Gipskeuper (GrabfeldFm.), Lettenkeuper (Erfurt-Fm.) and Upper Muschelkalk (RottweilFm.). The marlstone and claystone of the Gipskeuper contain the
swelling-prone sulfates, whereas the dolomitic limestone of the Lettenkeuper and the karstified limestone of the Upper Muschelkalk represent the most important aquifers at the study site.
In 2007, a geothermal drill campaign for the installation of seven
borehole heat exchangers (BHE) was carried out in these strata as an
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energy-related refurbishment measure of the historic town hall. Almost immediately thereafter, first cracks were found on buildings as a
result of ground displacement. Measured uplift rates reached 11 mm
month−1 (LGRB, 2010), with a total uplift of nearly 60 cm by 2018. In
total, more than 250 houses were damaged and the costs attributable
to the swelling process amount to more than 50 Mio. e (Fleuchaus
and Blum, 2017). The observed ground heave was caused by a change
in hydro-geochemical conditions in the clay-sulfate rocks of the Gipskeuper, which triggered the chemical transformation of anhydrite to
gypsum, followed by a net increase in rock volume. Water from the
artesian aquifers of the Lettenkeuper and Upper Muschelkalk was
likely able to access the swelling zone along at least one of the BHE
drillings due to an incomplete annular sealing. Mitigation measures
aimed at stopping the swelling process started in 2009 and were able
to partially negate the ground heave by preventing further inflow of
water into the swelling zone. This was accomplished by grouting the
BHE to seal the annular space, and by the installation of pumping
wells to cause permanent drawdown of the groundwater level in the
underlying aquifers. Nevertheless, the ground surface heave is likely
to continue until all water that has already ingressed into the swelling
zone is consumed by the swelling process.
In order to assess the cause of the observed ground heave in Staufen
and to plan appropriate mitigation measures a comprehensive exploration program was undertaken that collected extensive data on
the geological, hydrogeological, geochemical and geomechanical conditions at the study site. They have been published in two reports
(LGRB, 2010, 2012) and are freely available under the following URL:
https://lgrb-bw.de/geothermie/staufen. Furthermore, a geodetic monitoring network was established to collect data on the ground heave.
The scope and variety of available data provide the best possible conditions for a detailed investigation of the swelling process, which is
why this study site was chosen.
1.4

structure of the thesis

This cumulative thesis consists of three self-contained studies, which
are enclosed in Chapter 2, 3, and 4. All studies were submitted to
peer-reviewed (ISI-listed) international journals, with the first two of
them already being published and the study in Chapter 4 being under review. The synthesis in Chapter 5 presents a summary and establishes a connection of the results and findings of the three individual
studies, followed by a discussion and outlook.
The chapters are organized as follows:
• Chapter 2: Uncertainty assessment in 3D geological models of increasing complexity
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An uncertainty analysis based on the theory of information entropy is performed. In this context, several geological 3D models of increasing complexity and with different geological input
data categories are created for the study site Staufen. The information entropy is used to evaluate structural uncertainties and
capture changes between these models, and to compare multiple model interpretations. Accordingly, differences and changes
in uncertainty between the models are visualized, quantified
and discussed. In addition, the Jaccard and City-Block distance
measures are employed to quantify dissimilarities between the
models.
• Chapter 3: Reactive transport modeling of swelling processes in claysulfate rocks
A numerical modeling approach is proposed that quantifies
the swelling-induced heave at the ground surface as a function of the geochemical transformation from anhydrite to gypsum, while emphasizing the role of both groundwater flow and
prevailing geochemical conditions. As a central part of the presented study, a conceptual model of the swelling process is introduced, which allows a separate consideration of solute transport along discontinuities and the chemical transformation of
anhydrite into gypsum in the rock matrix by means of a dualdomain modeling approach. Furthermore, inverse modeling is
used in order to estimate model-specific parameters such as the
reaction rate constants of anhydrite and gypsum, and to analyze
parameter uncertainties. The inversion process is constrained by
geodetic measurement data, thus maximizing the fit between
measured and simulated heave at the ground surface, while considering plausible parameter values.
• Chapter 4: Analyzing the heave of an entire city: modeling of swelling
processes in clay-sulfate rocks
A case study is presented that employs the reactive transport
modeling approach and the geological model developed in the
previous two chapters to examine different mitigation measures,
while assessing their efficiency in counteracting the swelling
process. Mitigation scenario are discussed with regards to their
influence on water ingress into the swelling zone and water
availability for the transformation of anhydrite into gypsum.
In this context, a method is introduced that approximates the
swelling-induced heave at the ground surface as a function of
the volume increase of a spherical source, which is embedded
in an isotropic elastic half-space (Mogi model). Model simulations predict the progress of uplift and the potential for future
swelling is evaluated. In addition, the transferability and application of hydraulic countermeasures are assessed on the basis
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of a similar incident of swelling-induced heave at the ground
surface in Böblingen, Germany.
• Chapter 5: Synthesis and Discussion
The major results of the individual studies are summarized and
their contribution towards an improved understanding of the
swelling phenomenon is discussed. In addition, the coupling of
processes and the assessment of uncertainties, which represent
key issues of the presented modeling approach, are elaborated
upon with a focus on opportunities for future research.
Although the individual chapters focus on different aspects relevant
to the swelling process in clay-sulfate rocks, due to this organization
of the thesis, there are some repetitions. This applies in particular to
the sections describing the study site or previous research on claysulfate rocks.
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PA R T 2 : U N C E R TA I N T Y A S S E S S M E N T I N 3 D
GEOLOGICAL MODELS

abstract
The quality of a 3D geological model strongly depends on the type of
integrated geological data, their interpretation and associated uncertainties. In order to improve an existing geological model and effectively plan further site investigation, it is of paramount importance
to identify existing uncertainties within the model space. Information entropy, a voxel based measure, provides a method for assessing
structural uncertainties, comparing multiple model interpretations
and tracking changes across consecutively built models. The aim of
this study is to evaluate the effect of data integration (i.e. update of
an existing model through successive addition of different types of
geological data) on model uncertainty, model geometry and overall
structural understanding. Several geological 3D models of increasing
complexity, incorporating different input data categories, were built
for the study site Staufen (Germany). We applied the concept of information entropy in order to visualize and quantify changes in uncertainty between these models. Furthermore, we propose two measures,
the Jaccard and the City-Block distance, to directly compare dissimilarities between the models. The study shows that different types
of geological data have disparate effects on model uncertainty and
model geometry. The presented approach using both information entropy and distance measures can be a major help in the optimization
of 3D geological models.
2.1

introduction

Three dimensional (3D) geological models have gained importance
in structural understanding of the subsurface and are increasingly
used as a basis for scientific investigation (e.g., Bistacchi et al., 2013;
Butscher and Huggenberger, 2007; Caumon, Collon-Drouaillet, et al.,
2009; J. Liu et al., 2014), natural resource exploration (e.g., Collon et
al., 2015; Hassen et al., 2016; Jeannin et al., 2013), decision-making (e.g.,
Campbell et al., 2010; Hou et al., 2016; Panteleit et al., 2013) and engineering applications (Hack et al., 2006; Kessler et al., 2008). 3D geological models are usually preferable over 2D solutions, because our
object of study is intrinsically three dimensional in space and, therefore, they offer a higher degree of data consistency and superior data
visualization. Moreover, they enable the integration of many different
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types of geological data such as geological maps, cross-sections, outcrops, boreholes as well as data from geophysical (e.g., Boncio et al.,
2004) and remote sensing methods (e.g., Schamper et al., 2014). Nevertheless, input data are often sparse, heterogeneously distributed
or poorly constrained. In addition, uncertainties from many sources
such as measurement error, bias and imprecisions, randomness and
lack of knowledge are inherent to all types of geological data (Bárdossy and Fodor, 2001; Culshaw, 2005; Mann, 1993). Furthermore, assumptions and simplifications are made during data collection, and
subjective interpretation is part of the modeling process (Bond, 2015).
Hence, model quality strongly depends on the type of integrated geological data and its associated uncertainties.
In order to assess the quality and reliability of a 3D geological
model as objectively as possible, it is essential to address underlying uncertainties. Numerous methods have recently been proposed
that enable estimates, quantification and visualization of uncertainty
(Kinkeldey et al., 2015; Lark et al., 2013; Lindsay, Aillères, et al., 2012;
Lindsay, Jessell, et al., 2013; Lindsay, Perrouty, et al., 2014; Park et al.,
2013; Tacher et al., 2006; Wellmann, Horowitz, et al., 2010). A promising approach is based on the concept of information entropy (Shannon, 1948). Wellmann and Regenauer-Lieb (2012) applied this concept
to 3D geological models. In their study, they evaluated uncertainty as
a property of each discrete point of the model domain by quantifying
the amount of missing information with regard to the position of a
geological unit (Wellmann and Regenauer-Lieb, 2012). They consecutively added new information to a 3D model and compared uncertainties between the resulting models at discrete locations and as an
average value for the total model domain using information entropy
as a quantitative indicator. Through their approach, they addressed
two important questions: 1) How is model quality related to the available geological information and its associated uncertainties; and 2)
how is model quality improved through incorporation of new information?
Wellmann and Regenauer-Lieb (2012) illustrated their approach using synthetic 3D geological models, showing how additional geological information affects model uncertainty. The present study goes a
step further. It applies the concept of information entropy as well as
model dissimilarity to a real case, namely the city of Staufen, Germany at the eastern margin of the Upper Rhine Graben. In contrast
to the previous study, the present study evaluates the effects of consecutive addition of data from different data categories to an existing model on model uncertainty and overall model geometry. We
hypothesize that disparate effects of different data types on model
uncertainty exist, and that quantification of these effects provides
a trade-off between costs (i.e. data acquisition) and benefits (i.e. reduced uncertainty and therefore higher model quality). Thus, several
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3D geological models of the study site were consecutively built with
increasing complexity; each of them based on an increasing amount
of (real) categorized data. An approach was developed that uses information entropy and model dissimilarity for quantitative assessment
of uncertainty in the consecutive models. Results indicate that the
approach is applicable for complex and real geological settings. The
approach has large potential as a tool to support both model improvement through successive data integration and cost-benefit analyses of
geological site investigations.
2.2

study site

The city of Staufen suffers from dramatic ground heave that resulted
in serious damage to many houses (South-West Germany, Figure 2.1).
Ground heave with uplift rates exceeding 10 mm month−1 started in
2007 after seven wells were drilled to install borehole heat exchangers for heating the local city hall (LGRB, 2010). After more and more
houses in the historic city center showed large cracks, an exploration
program was initiated by the State Geological Survey (LGRB) in order to investigate the case. Results showed that the geothermal wells
hydraulically connected anhydrite-bearing clay rocks with a deeper
aquifer, and resulting water inflow into the anhydritic clay rock triggered the transformation of the mineral anhydrite into gypsum (Ruch
and Wirsing, 2013). This chemical reaction is accompanied by a volume increase that leads to rock swelling, a phenomenon typically
encountered in tunneling in such rock (e.g., Alonso, 2012; Anagnostou, Pimentel, et al., 2010; Butscher, Huggenberger, and Zechner, 2011;
Butscher, Mutschler, et al., 2016; Einstein, 1996), but recently also observed after geothermal drilling (Butscher, Huggenberger, Zechner,
and Einstein, 2011; Grimm et al., 2014). The above mentioned exploration program aimed not only at finding the cause of the ground
heave, but also at better constraining the complex local geological
setting. The hitherto existing geological data were not sufficient to explain the observed ground heave, locate the geological units that are
relevant for rock swelling, and plan counter measures.
Staufen is located west of the Black Forest at the eastern margin of
the Upper Rhine Graben (URG). It is part of the “Vorbergzone” (Genser,
1958), a transition zone between the Eastern Main Border Fault (EMBF)
of the graben and the graben itself. This zone is characterized by staggered fault blocks that got trapped at the graben margin during opening and subsidence of the graben. The strata of this transition zone
are often steeply inclined or even vertical (Schöttle, 2005), and are typically displaced by west-dipping faults with a large normal displacement. The fault system, kinematically linked to the EMBF, has a releasing bend geometry and today experiences sinistral oblique movement (Behrmann et al., 2003). The major geological units at the site
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Figure 2.1: Study site and location of the model area and area of interest (AOI).

comprise Triassic and Jurassic sedimentary rocks, which are covered
by Quaternary sediments of an alluvial plain in the south (Sawatzki
and Eichhorn, 1999) (Figure 2.1).
Three geological units play an important role for the swelling problem at the site: the Triassic Gipskeuper “Gypsum Keuper”) formation, which contains the swelling zone; and the underlying Lettenkeuper formation and Upper Muschelkalk formation, which are aquifers
providing groundwater that accesses the swelling zone via pathways
along the BHE. The Gipskeuper formation consists of marlstone and
mudstone, and contains the calcium-sulfate minerals anhydrite (CaSO4 )
and gypsum (CaSO4 + H2 O). The thickness of this formation varies between 50 to 165 m, with an average thickness of 100 to 110 m (LGRB,
2010), depending on the degree of leaching of the sulfate minerals
close to the ground surface. It is underlain by the Lettenkeuper formation (5 to 10 m thickness), consisting of dolomitic limestone, standstone and mudstone, and the Upper Muschelkalk formation (≈ 60 m
thickness) dominantly consisting of limestone and dolomitic limestone.
2.3
2.3.1

methods
Input data

Input data for the 3D geological modeling include all available geological data that indicate: 1) boundaries between geological units, 2)
presence of geological units and faults at a certain positions and 3)
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orientation (dip and azimuth) of the strata. These data were classified
into four categories (Figure 2.2): 1) non-site specific, 2) site specific, 3)
problem direct specific data and 4) indirect problem specific data.
Non-site specific
Geological data and
information at local to
regional scale.

Site specific

Problem specific

Geological data with direct
reference to the area of
interest (AOI).

Geological data with direct reference to the AOI and
collected explicitly to address the swelling problem.

AOI

1
Input data:


Geological maps
Faults: gk1, gk3,
gk4, tec3



Boreholes & outcrop
database of state
geol. survey (LGRB)




Digital Terrain Model
Crosssections

3

2
Additional data:


Borehole heat
exchanger
drillings (BHE)
EWS 1–7

Additional data:


Exploration
boreholes
EKB 1 + 2



Exploration &
Rehabilitation well
BB 3

4
Additional data:


Seismic
exploration
Profile 1–5

Figure 2.2: Data categories and geological input data used to build four initial 3D geological models. The green square indicates the area of
interest (AOI), where data was extracted for further analysis. For
geological formation color code see Figure 2.1.

The non-site specific data category comprise geological data that
are generally available from published maps (Sawatzki and Eichhorn,
1999), literature (Genser, 1958; Groschopf et al., 1981; Schreiner, 1991)
and the database of state geological survey (LGRB). Furthermore, a
Digital Terrain Model (DTM) of 1.0 m grid size is included in the nonsite specific data. Outcrop and borehole data are mostly scarce and
irregularly distributed in space. The site specific data comprise drill
logs of the geothermal drillings, which provided a pathway for uprising groundwater that finally triggered the swelling. Problem specific data comprise all data collected during the exploration program
that was conducted after heave at the ground surface caused damage to the local infrastructure (LGRB, 2010, 2012). This exploration
program was initiated because geological knowledge of the site was
insufficient for an adequate understanding of the swelling process in
the subsurface; and for planning and implementing suitable counter
measures. The problem specific data were further divided into direct
data from drill cores of the three exploration boreholes (Figure 2.2;
EKB 1 + 2 and BB 3), which add very accurate point information; and
indirect data from a seismic campaign (Figure 2.2; Profile 1–5), which
add rather “fuzzy” 2D information that have to be interpreted.
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2.3.2

3D geological modeling

The 3D geological models were constructed using the geomodeling
software SKUA/GoCAD® 15.5 by Paradigm. They cover an area of
about 0.44 km2 and have a vertical extent of 665 m. A smaller area
of interest (AOI, 300 m× 300 m, 250 m vertical extent) was defined
within the model domain, including the drilled wells and the area,
where heave at the ground surface was observed and the problem
specific data were collected.
The strata of the models cover 10 distinct geological units including Quaternary sediments, Triassic and Jurassic bedrock and crystalline basement at the lower model boundary (Figure 2.3). The Triassic strata is further divided (from top to bottom) into four formations
of the Keuper (Steinmergelkeuper, Schilfsandstein, Gipskeuper and
Lettenkeuper), two formations of the Muschelkalk (Upper Muschelkalk, Middle to Lower Muschelkalk) and the Bundsandstein formation. Figure 2.3 provides an overview over the modeled geological
units and average thicknesses used in the initial models.
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Figure 2.3: Stratigraphic overview of the study area and modeled geological
units with average thicknesses.

Four initial models were consecutively build, according to the four
previously described data categories. Model 1 was constructed based
only on non-site specific data (maps, literature, etc.); Model 2 addi-
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tionally considered site specific data (drill logs of the seven geothermal drillings); Model 3 also included “direct” problem specific data
(exploration boreholes); and finally, Model 4 included “indirect” problem specific data (seismic campaign). Through this approach, data
density and structural model complexity increase from Model 1 to 4;
and the models required successively higher efforts in data acquisition in the field.
First, an explicit modeling approach (Caumon, Collon-Drouaillet,
et al., 2009) was used to create representative boundary surfaces for
the geological units and faults of the initial models, because the available input data was, in terms of spatial coverage, not sufficient to directly use an implicit approach. Discrete Smooth Interpolation (DSI)
provided by GoCAD® was used as the interpolation method (J. L.
Mallet, 1992), which resulted in Delaunay-triangulated surfaces for
both horizons and faults. Subsequently, based on the explicitly constructed surfaces, a volumetric 3D model was built by implicit geological modeling, implemented in the software SKUA® . The implicit
modeling approach uses a potential field interpolation considering
the orientation of strata (Frank et al., 2007), and is based on the U-V-t
concept (J.-L. Mallet, 2004), where horizons represent geochronological surfaces.
2.3.3

Uncertainty assessment

2.3.3.1 General approach
Our approach for assessing uncertainties of the 3D geological models
consists of four distinct steps (Figure 2.4):
(I) Building the initial 3D geological models of increasing data density and structural complexity (see above).
(II) Definition of fault and horizon uncertainties. Horizon uncertainties were specified in SKUA® by a maximum displacement parameter or by alternative surface interpretations, resulting in
a symmetric envelope of possible surface locations around the
initial surface. To constrain the shape of generated horizons,
SKUA® uses a variogram that spatially correlates perturbations
applied to the initial surfaces (Paradigm, 2015). Fault uncertainties were defined by a maximum displacement parameter and
a Gaussian probability distribution around the initial fault surface (Caumon, Tertois, et al., 2007; Tertois and J.-L. Mallet, 2007).
(III) Creation of 30 model realizations for each initial model based
on the above defined surface variations, applying the Structure
Uncertainty workflow of SKUA® .
(IV) Extraction of the geological information from all model realizations for analysis, comparison and visualization. For this pur-
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pose, the AOI was divided into a regular 3D grid of 5 m cell
size, resulting in 180 000 grid cells. The membership of a grid
cell to a geological unit was defined as a discrete property of
each grid cell and extracted for all 30 model realizations. Based
on these data, we calculated the probability of each geological
unit being present in a grid cell in order to derive the information entropy at the level of: 1) a single grid cell, 2) a subset representing the area of extent of a geological unit and 3)
the overall AOI. Furthermore, the fuzzy set entropy was calculated to determine the ambiguousness of the targeted geological
units Gipskeuper (km1), Lettenkeuper (ku) and Upper Muschelkalk (mo) within the AOI. Calculations were conducted using
the statistics package R (R Core Team, 2016). The underlying
concepts and equations used to calculate probabilities and entropies are described in the following section.

2.3.3.2 Information entropy
The concept of information entropy (or Shannon entropy) was first
introduced by Shannon (1948) and is well known in probability theory (Klir, 2005). It quantifies the amount of missing information and
hence, the uncertainty at a discrete location x, based on a probability function P of a finite data set. When applied to geological modeling, information entropy expresses the "degree of membership" of
a grid cell to a specific geological unit. In other words, information
entropy quantitatively describes how unambiguously the available information predicts that unit U is present at location x. Information entropy was recently applied to 3D geological modeling by Wellmann,
Horowitz, et al. (2010) and Wellmann and Regenauer-Lieb (2012) in
order to quantify and visualize uncertainties introduced by imprecision and inaccuracy of geological input data. A detailed description
of the method can be found in the cited references, and is briefly
summarized here.
By subdividing the model domain M into a regular grid, a discrete
property can be assigned to any cell at location x in the model domain.
In a geological context, the membership of a grid cell to a geological
unit U can be defined as such a property by an indicator function:

IU (x) =

1 if x ∈ U
0 otherwise

(2.1)

Applied to all n realizations k of the model space M, the indicator
function yields a set of n indicator fields I with each of them defining
the membership of a geological unit as a property of a grid cell. Considering the combined information of all indicator fields, it follows
that membership is no longer unequivocally defined at a location x
and hence has to be expressed by a probability function PU :

2.3 methods

Uncertainty

Input data
Positions &
Interpretations

23

II

Orientations

Faults
Probability
Distribution
Maximum
Displacement

Explicit modeling (Gocad)

Horizons

3D Geological modeling

I

Maximum symmetric
displacement

Representative Surfaces
Faults

Alternativ
interpretation

Horizons

Base case

Constant displacement

Implicit modeling (SKUA)

Multiple realizations

Initial 3D model

III

Color Unit_ID
1
2
3
4
5

Realizations

3D Model

x30

Extraction, analysis and visualization of geological information

IV

Realization

ID X

Y

Z

real1 real2 real3

1 33 383 347

1

1

2

2 38 383 347

1

1

1

3 43 383 347

1

2

2

4 53 383 347

2

1

3

5 58 383 347

1

1

3

4 53 383 347

1

3

Probability

PU ( x) = å

Grid

Grid

2

I

kÎn

Uk

( x)

n

ID X Y Z P1 P2 P3 P4 P5
4 53 383 347 0.33 0.33 0.33 0.00 0.00

Entropy
PointSet

U

H ( x) = -å pu ( x) log pu ( x)
u =1

x30

0

2.32

ID X Y Z
4 53 383 347

H
1.58

Figure 2.4: Uncertainty assessment workflow with four distinct steps. This workflow is applied to four initial models that are based on the different data sets illustrated
in Figure 2.2.
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Px (U) =

X IU (x)
k
n

(2.2)

k∈n

From the probabilities of occurrence Px (U) the uncertainty (or amount
of missing information) associated with a discrete point (grid cell)
can be obtained by calculating the information entropy Hx (Shannon,
1948) for a set of all possible geological units U:
Hx = −

X

Px (U) × log Px (U)

(2.3)

U∈U

In a next step, information entropy HM can be calculated as an
average value of Hx over the entire model space:
HM =

X
1
×
Hx
|M|

(2.4)

x∈M

where | M | is the number of elements within M, HM = 0 denotes
that the location of all geological units is precisely known (no uncertainty), and HM is maximum for equally distributed probabilities of
the geological units (PU1 = PU2 = PU3 = ...), which means that a
clear distinction between geological units within the model space is
not possible. Similarly, average information entropy can also be applied to only a subset of the model space (S ⊆ M):
HS =

X
1
×
Hx
|S|

(2.5)

x∈S

HS can be used to evaluate the contribution of a specific sub-domain
to overall uncertainty. In case of a drilling campaign, for example, the
sub-domain can comprise a targeted depth or a geological formation
of specific interest. In this study, we used the probability function
Px (U) with HS conditioned by Px (U) > 0 to define subsets within
the model space. Thus, each subset represents the probability space
of a geological formation of interest, namely the Lettenkeuper (Sku ),
Gipskeuper (Skm1 ) and Upper Muschelkalk (Smo ) formation.
Wellmann and Regenauer-Lieb (2012) also adapted fuzzy set theory (Zadeh, 1965) in order to assess how well-defined a single geological unit is within a model domain. A fuzzy set of n model realization introduces a certain degree of indefiniteness to a discrete
property (e.g. membership of a geological unit), resulting in imprecise boundaries which can be referred to as fuzziness. The fuzziness
of a fuzzy set (De Luca and Termini, 1972) in the context of a geological 3D model can be quantified by the fuzzy set entropy HU (Leung
et al., 1992; Yager, 1995):
X
1
[Px (U) log Px (U) + (1 − Px (U)) log(1 − Px (U))]
=− ×
N
x=1
(2.6)
N

HU
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where the probability function Px (U) with an interval [0,1] represents
the degree of membership of a grid cell to a fuzzy set. HU equals 0
when Px (U) is either 0 or 1 everywhere within the set; and HU equals
1 when all cells of the set have an equal probability of Px (U) = 0.5.
2.3.4

Model dissimilarity

The step-wise addition of input data to the models (see section 2.3.1)
not only affects uncertainties associated with a geological unit, but
also the geometry of the units, and therefore their position, size and
orientation in space. New data may significantly change the geometry of a geological unit but only marginally change the overall uncertainty. Thus, both model uncertainty and dissimilarity should be
evaluated. In order to quantify the dissimilarity d between consecutive models in terms of the probability of a specific geological unit
occurring in a given voxel, two measures, the Jaccard and the Cityblock distance (Figure 2.5), are proposed to complement information
entropy. However, dissimilarities between models and therefore, uncertainties, have recently also been addressed very effectively using
geodiversity metrics such as formation depth and volume, curvature
and neighborhood relationships together with principal component
analysis (Lindsay, Jessell, et al., 2013) and through topological analysis, which quantifies geological relationships in a model Thiele, Jessell, Lindsay, Ogarko, et al., 2016; Thiele, Jessell, Lindsay, Wellmann,
et al., 2016.
The set of locations for which the probability Px (U) of belonging to
a particular geological unit U is greater than a threshold value t can
be defined by:
QtM = {x}Px (U)>t

(2.7)

A threshold value of t = 0 was applied in order to capture and
consider the same sample space as in HU . This definition is highly
sensitive to outcomes of small probability and might, in some cases,
be more robust using a threshold value greater then zero (e.g. t >
0.05). The Jaccard similarity measure (Webb and Copsey, 2003) is then
defined as the size of the intersection divided by the size of the union
(overlap) of two sample sets (M1, M2), which in our case represent
the similarity in position of a geological unit U between two models:
sJAC =

| QtM1 ∩ QtM2 |
| QtM1 ∪ QtM2 |

(2.8)

Accordingly, the dissimilarity between models can be expressed by
the Jaccard distance:
dJAC = 1 − sJAC

(2.9)

25

26

part 2: uncertainty assessment in 3d geological models

where dJAC = 1 indicates maximum dissimilarity (no match in position of a geological unit U between two models); and dJAC = 0
indicates complete overlap.

(a) Jaccard distance
M1

M2
Px(U) = 0
Px(U) > 0

dJAC

(b) NCB distance
M1

M2

0
Px(U)

dNCB
1

Figure 2.5: Distance measures used to calculate dissimilarities between models (M1, M2). (a) Jaccard distance (dJAC ) using a TRUE/FALSE
binary function and (b) Normalized City-Block distance based
on a probability function.

Even though the use of binary dissimilarities is straight forward
and suitable to quantify absolute changes in position of a geological unit between models, it does not account for fuzziness (c.f., section 2.3.3.2). Hence, the dissimilarity may be overestimated by the
Jaccard distance. In order to include fuzziness, the normalized CityBlock distance was employed, adopting the probability function Px (U)
as a dimension to compare dissimilarities between the two sample
sets (M1,M2) (Paul and Maji, 2014; Webb and Copsey, 2003):
X
1
×
| PxM1 (U) − PxM2 (U) |
N
N

dNCB =

(2.10)

x=1

where N is the size of M1 ∪ M2 (i.e, number of grid cells present
within the union). The distance is greatest for dNCB = 1.
2.4
2.4.1

results and discussion
Initial 3D models

The four consecutively constructed initial models show a step-wise
increase in structural complexity (Figure 2.6). Model 1 was based
on non-site specific geological data, and horizon orientations were
only constrained by regionally available, isolated outcrop data, which
made a general extrapolation of structures difficult, especially into
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depth (Jessell, Ailleres, et al., 2010). Dip and strike were assumed uniform (40◦ and 35◦ ) for all horizons across the model domain (cf., Figure 2.6). Information from geological maps and outcrop data revealed
a normal fault within the AOI, which was assumed to be ENE-WSW
striking with a moderate displacement of about 50 m.
In Model 2, horizon positions of the Schilfsandsteinkeuper (km2),
Gipskeuper (km1) and Lettenkeuper (ku) were locally constrained
by site-specific information provided by drill logs of the geothermal
wells, slightly impacting fault displacement and thickness of the formations. However, changes in model geometry were minor, as no
further information on horizon orientations was available and no additional faults could be located. By adding the direct problem specific
data from the exploration wells to Model 3, a Horst-Graben structure was identified that entailed a considerable displacement at two
normal faults between and to the north-west of the wells with a displacement of 120 m and 70 m, respectively. Furthermore, the drill logs
included orientation measurements of the strata, resulting in a shift in
position and inclination of layers, compared to the previous models.
Thus, large parts of the model domain within the AOI changed from
Model 2 to Model 3 and, as a consequence, dissimilarities between
these models are particularly high (cf., section. 2.4.4). Finally, Model 4,
which included data from a seismic campaign, has the highest degree
of structural complexity. The information provided by seismic sections revealed uncertainties, which were present previously but not
captured by the more simple models 1 to 3. Ultimately, seismic data
forces the interpreter to add complexity down to a certain scale. However, seismic surveys are inherently ambiguous and allow alternative
interpretations, especially concerning the orientation and number of
faults as well as the type of fault contact to a fault network (e.g.,
branching) (Cherpeau and Caumon, 2015; Julio et al., 2015; Røe et al.,
2014). In our case, seismic sections and interpretations were adopted
from LGRB (2010). The indirect problem specific data from the seismic 2D survey located several additional faults within the AOI, and
in some cases caused a shift in position of faults compared to Model 3.
The AOI was strongly fragmented by the added faults, and the orientation of layers is no longer uniform but varies strongly between fault
blocks. In summary, the step-wise integration of data according to the
four data categories improved our general knowledge of subsurface
structures at the study site (Figure 2.2). In addition, the effect of data
integration from different exploration stages on modeled subsurface
geometry could be evaluated and visualized.
2.4.2

Multiple model realizations

The multiple (30) model realizations created by the Structural Uncertainty workflow of SKUA are illustrated in Figure 2.7 using 2D

27

28

part 2: uncertainty assessment in 3d geological models

(a)

Model 1

Model 2

NW

SE

NW

SE
EWS 3
EWS 1
EWS 2

Model 4

Model 3
NW

SE

NW

SE

EKB 1
BB 3
EKB 2

(b)

Model 1

N

O
W

0 50 100

200

300

(c)

N

O
W

S

400

0 50 100

Horizontal Length (m)
q

Model 4

200

300

S

400

Horizontal Length (m)

km2
km1

mo

j
km3

ku

so

mm-mu

base

faults

AOI

Crosssection

Drillings

Figure 2.6: (a) Cross-section through the AOI of all four initial geological models with projected borehole tracks (black lines) and 3D representations of (b) Model 1 and
(c) Model 4.
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cross-sections of Model 1 and 4 as examples. A total number of 30
realizations and a cell size of 5 m was chosen as a compromise between model detail, lowest practical limit for statistical viability and
data handling. For the same reason we did not base our number of
realizations on an estimate of convergence. Instead we used the estimate of 30 realizations for a stable fluctuation in fuzzy entropy in a
model developed by Wellmann, Horowitz, et al. (2010) as a guideline
value to our model. Perturbations in horizon location are based on:
1) alternative surface interpretations, which reflect a maximum deviation in dip and azimuth (± 5◦ ) from the initial surface and 2) constant
displacement values, which were assigned in order to account for uncertainties in formation thickness and boundary location. For a more
detailed explanation of our choice of parameters, assigned probability
distributions and specific input modes of the Structural Uncertainty
workflow, please refer to the supplementary material (Table S1 and
S2). In Model 1, the non-site specific data set includes minimal constraints, resulting in faults and horizons of the realizations that are
widely dispersed but parallel. In contrast, the faults and horizons of
the Model 4 realizations are more narrowly dispersed where problemspecific data was available within the AOI. The workflow handles
equal uncertainties consistently across models by producing a similar
pattern of horizontal displacement in Model 1 and Model 4. This can
be seen in particular for structures located close to the NW boundary,
which were not further constrained by consecutively added geological data. However, it is also apparent from the mostly uniform orientation of the surfaces in the 30 realizations of each model that perturbation measures implemented in the Structural Uncertainty workflow
did not allow for large variations in dip and azimuth of horizons or
faults. Therefore, uncertainty may be systematically underestimated
especially at greater depths.
Model 4

Model 1
NW

SE

NW

SE

Figure 2.7: Cross-section through Model 1 and Model 4. The multiple lines
show 30 model realizations with shifted faults and horizons (for
the location of the cross-sections see Figure 2.6). The horizontal
lines indicate the land surface (purple) and the base of the Quaternary (blue).
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2.4.3
2.4.3.1

Uncertainty assessment
Distribution of information entropy

Information entropy, quantified at the level of individual grid cells,
can be visualized in 3D to identify areas of uncertainty and evaluate
changes in geometry resulting from successive data integration. Figure 2.8a shows the distribution of information entropy for Models 1
and 4. It can also be seen that the approach is suitable for locating
areas with high degrees of uncertainty, indicated by dark red colors
(hot-spots) in this figure. Furthermore, Figure2.8b highlights where
additional constraints from the data helped to optimize the model by
reducing uncertainties (∆Hx < O) and whether further constraints
are needed in locations of specific interest.
The overall distribution of uncertainty was clearly affected by additional geological information from site and problem specific input
data (Model 4). This effect is highlighted by the changes in entropy
between the models (Figure 2.8b). Additional constraints on horizon
and fault boundaries caused a shift in position and orientation of
geological units, followed by a large redistribution of uncertainties,
indicated by the changes in entropy. It can be seen that new hot-spots
of uncertainty were introduced in proximity to the faults identified
by the exploration boreholes and the seismic data incorporated into
Model 4 (c.f., Figure 2.6). However, these new areas of uncertainty
can be considered an optimization of the model, because large parts
of the preceding Model 1 did not reflect the complex local geology.
Model 1 (wrongly) predicted low uncertainties for areas where information on unidentified but existing structures (i.e. faults) was missing. This illustrates that epistemic uncertainties at the study site are
likely substantial. Even Model 4 will inevitable still under-represent
the true structural complexity at this site, especially in areas of low
data density. In a risk-assessment and decision-making process, this
can be problematic, because low uncertainty areas might be in fact
no-information areas. In such a case, the respective model area would
actually be highly uncertain. However, ambiguities in data interpretation (e.g. seismic sections) can lead to incorrectly identified structures and uncertainty in any case, even in areas of high data density.
Nevertheless, the approach allows one to assess and visualize uncertainties related to structures that have been identified during site investigation. To lessen the limitations posed by non-sampled locations,
Yamamoto et al. (2014) proposed a post-processing method for uncertainty reduction, using multiple indicator functions and interpolation
variance in addition to information entropy. Based on information
theory, Wellmann (2013) further proposed joint entropy, conditional
entropy and mutual information as measures to evaluate correlations
and reductions of uncertainty in a spatial context. However, uncertainty from lack of evidence for a geological structure (e.g. fault),
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Figure 2.8: 3D view of the AOI with a discretization of 5 m for (a) average information
entropy HM of Model 1 and Model 4 and (b) change in entropy ∆Hx between
both models.
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known as imprecise knowledge (Mann, 1993), still depends on the
density and completeness of available input data.
2.4.3.2

Average information entropy

The calculated average information entropy HT of the consecutive
models steadily decreases with higher data specificity (i.e. non-site to
problem specific, see Figure 2.2) from Model 1–4 (Figure 2.9). Mean
values of HM ranged from 0.56 (Model 1) to 0.39 (Model 4), where
HM = 0 would denote no structural uncertainty. The decrease from
Model 1 to 4 is approximately linear, indicating that all four categories of geological data had a similar impact on overall model uncertainty, even though the added information resulted in quite different
model geometries and, as discussed above, in some cases in a local
increase in entropy (cf., Figure 2.8b). A similar but more pronounced
trend was observed for the average entropy HS of the subsets Skm1 ,
Sku and Smo , which represent the domain of the three geological units
that are of particular importance to the swelling problem. However,
entropy, i.e. the amount of uncertainty, is considerably higher within
the domain of these geological units than for the overall model space,
especially for the subsets Sku and Smo , identifying them as areas of
a particularly high degree of uncertainty. Note that these units are
the aquifers that have been hydraulically connected to the swellable
rocks via the geothermal drillings. Nevertheless, all entropy values
are comparably moderate, considering that a maximum of (only) five
different geological units was found in any one grid cell across all
four models, yielding a possible maximum entropy of HM = 2.32
for an equal probability distribution (P1 = P2 = P3 = P4 = P5 ). For
comparison: if all ten geological units would be equally probable, the
maximum entropy would be 3.32. Furthermore, median values and
interquartile range dropped from 0.51 (0 to 0.99) in Model 1 to 0.0 (0
to 0.84) in Model 4. This helps to illustrate that the amount of grid
cells with Hx = 0 (indicating no inherent uncertainty), increased notably by 34.8 % from 40.6 % (Model 1) to 54.8 % (Model 4); and that the
remaining entropies in Model 4 are limited to a considerably smaller
number of cells within the model domain.
Overall, comparing the pre- to post-site-investigation situations (Model 1 to 4), site and problem specific investigations were all equally
successful in adding information to the model and reducing uncertainties in the area of the targeted horizons. While the benefits from
the different data are equal, the costs in data acquisition (i.e. work,
money and time required) may vary considerably, depending on the
exploration method (e.g., drillings, seismic survey, etc.). An economic
evaluation was not within the scope of this study. Nevertheless, the
approach presented could improve cost and benefit analyses by quantifying the gain in information through different exploration stages.
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Figure 2.9: Average entropy HM calculated for the different models (mean
and median) and for subsets of the model space of each model
(Skm1 , Sku , Smo ).

2.4.3.3 Fuzzy set entropy
The fuzzy set entropy was calculated to indicate how well-defined
a geological unit is within the model space. Applied to the swelling
problem of our case study, a high degree of uncertainty remains with
regard to the position of the relevant geological units (km1, ku, mo)
after full data integration. We obtained fuzzy set entropy values (HU )
ranging between 0.329 to 0.504 (Figure 2.10). The fuzziness of these
geological units only slightly changed from Model 1 to Model 4, indicating that higher data specificity did not translate into more clearly
defined geological units within the model domain. This can be partially attributed to the complex geological setting of the study site.
In the process of data integration, additional boundaries between geological units are created at newly introduced faults, increasing the
overall fuzziness of a unit.

Fuzzy Set Entropy H

0.5

Model

0.4

1
0.3
2
0.2

3
4

0.1

0.0
km1

ku

mo

Figure 2.10: Fuzzy set entropy HU of the targeted geological units km1, ku
and mo of the different models.
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In case of the Lettenkeuper formation (unit ku), boundaries are
even slightly less well-defined in Model 4 compared to Model 1. This
is likely related to the low thickness of the formation ( 5 to 10 m,
Figure 2.3) relative to the mesh size (5 m). A finer grid could reduce
this effect; however computation time would increase significantly.
Wellmann and Regenauer-Lieb (2012) propose using unit fuzziness
to determine an optimal representative cell size and reduce the impact of spatial discretization on information entropy. As previously
discussed in section 2.4.2, our workflow does not explicitly consider
uncertainties through dip and strike variations by a value indicated
for this purpose, but through perturbations based on alternative surface interpretations, which in our case likely underestimates the fuzziness of the targeted geological units at greater depths. Thus, overall
fuzziness, particularly in Model 1, may be significantly higher than
calculated.
2.4.4

Models dissimilarity

A gain in structural information through newly acquired data usually not only impacts model uncertainty but is also associated with a
change in model geometry. The calculated distances between models
can identify the data category with the strongest impact on model geometry and make it possible to determine whether model geometry
and uncertainty are related. Figure 2.11 shows the calculated Jaccard
and City-Block distances between the models with respect to the targeted geological units km1, ku and mo.
Calculated distances between models are rather high, with values
of up to 0.78; indicating a pronounced shift in position of the geological units after data was added. The addition of both direct and
indirect problem specific data to Model 3 had a strong impact on
model geometry, which can be seen by comparing the calculated distances between Model 2, 3 and 4 for both, Jaccard and City-Block (Figure 2.11). In contrast, site specific data had a much lower effect, with
less than 20 % (0.2) change in unit position, except for ku of the Jaccard distance (see distance between Model 1 and 2).
Overall, the City-Block distance, which considers the fuzziness of
geological boundaries, shows a similar trend as the Jaccard distance;
however changes are much less pronounced, especially for unit ku.
According to the low City-Block distance, absolute changes in probability Px (U) for each grid cell are small, whereas high Jaccard distances indicate a large number of grid cells being affected through
newly added data. Thus, the Jaccard distance likely overestimated
the actual dissimilarity between models. Comparing unit ku of both
distances; the disparity between values hints at a large number of low
degree changes in membership of the grid cells (∆Px (U) << 1). These
predominately low degree changes are likely related to the above
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Figure 2.11: Dissimilarities between the different models expressed by (a)
Jaccard distance, and (b) City-Block distance.

mentioned high degree of unit boundary fuzziness; and the resulting, ill defined, geological unit ku being shifted within the model
domain. However, a direct comparison of fuzzy set entropy to the
corresponding City-Block distance yields no quantifiable relationship
between model geometry and structural uncertainty.
Nonetheless, both distance measures allow quantification and assessment of different aspects of dissimilarities and therefore, changes
in geometry across models. Yet, the City-Block distance is preferable
when sets of multiple realizations are compared, because it factors
in the probability of occurrence of a geological unit at a discrete location. In recent years, various distance measures have already been
applied in other contexts to create dissimilarity distance matrices and
compare model realizations in history matching and uncertainty analysis, particularly in reservoir modeling (Park et al., 2013; Scheidt and
Caers, 2009a,b; Suzuki et al., 2008). These include the Hausdorff distance which, similar to our approach, directly compares the geometry
of different structural model realizations, but also more sophisticated
measures that calculate distances in realizations based on flow model
responses from a transfer function.
2.5

summary and conclusions

Prior work has demonstrated the effectiveness of information entropy
in assessing model uncertainties and providing valuable insight into
the geological information used to constrain a 3D model. Wellmann
and Regenauer-Lieb (2012), for example, evaluated how additional
information reduces uncertainty and helps to constrain and optimize
a geological model using the measure of information entropy. Their
approach focused on a hypothetical scenario of newly added borehole data and cross-section information to a synthetic model. In the
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present study, information entropy and, in addition, model dissimilarity was used to assess the impact of newly acquired data on model
uncertainties using actual site investigation data in the complex geological setting of a real case.
We presented a new workflow and methods to describe the effect
of data integration on model quality, overall structural understanding
of the subsurface and model geometry. Our results provide a better
understanding of how model quality can be assessed in terms of uncertainties in a data acquisition process of an exploration campaign,
showing that information entropy and model dissimilarity are powerful tools to visualize and quantify uncertainties, even in complex
geological settings. The main conclusions of this study are:
(1) Average and fuzzy set entropy can be used to evaluate uncertainties in 3D geological modeling and, therefore, support
model improvement during a consecutive data integration process. We suggest that the approach could be used to also perform a cost-benefit analysis of exploration campaigns.
(2) The study confirms that 3D visualization of information entropy
can reveal hot-spots and changes in distribution of uncertainty
through newly added data in real cases. The method provides
insight into how additional data reduce uncertainties in some
areas, and how newly identified geological structures may create hot-spots of uncertainty in others. Furthermore, the method
stresses that parsimonious models can locally under-estimate
uncertainty, which is only revealed after new data is available
and being considered.
(3) Dissimilarities in model geometry across different sets of model
realizations can effectively be quantified and evaluated by a single value using the City-Block distance. A combination of the
concepts of information entropy and model dissimilarity improves uncertainty assessment in 3D geological modeling.
However, some limitations of the presented approach are noteworthy. Although it was designed to assess uncertainties in the position
and thickness of horizons, uncertainty in orientation could only be
included indirectly through perturbations based on alternative surface interpretations, but not by explicit dip and azimuth parameter
values indicated for this purpose. This may result in a systematic underestimation of uncertainties at greater depths of the model domain.
Furthermore, our study site (Vorbergzone) is a highly fragmented
geological entity, and epistemic uncertainties due to missing information about unidentified but existing geological structures are likely
substantial.
Future work should therefore aim to include “fault block uncertainties” more effectively into the workflow, for example by including multiple fault network interpretations (Cherpeau and Caumon,
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2015; Cherpeau, Caumon, and Lévy, 2010; Holden et al., 2003) or by
considering fault zones that produce a given displacement by a variable number of faults. Finally, all data of the investigated site was
collected prior to our analysis; therefore additional data was not explicitly collected in order to reduce detected uncertainties within the
consecutive models. Applying this approach during an ongoing site
investigation could improve the targeted exploration and allow a wellfounded cost-benefit analysis through uncertainty hot-spot detection.
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PA R T 3 : A C O N C E P T U A L R E A C T I V E T R A N S P O R T
MODEL

abstract
Swelling of clay-sulfate rocks often causes large problems in geotechnical applications such as tunneling. The primary mechanism inducing the increase in rock volume is the chemical transformation of anhydrite to gypsum, which is triggered by the ingress of groundwater.
In the present study, a novel conceptual and numerical modeling approach is developed that emphasizes the effect of groundwater flow
in conjunction with the associated availability of water and changing
geochemical conditions on the chemical transformation of anhydrite
to gypsum. A reactive transport model was developed and hydraulic,
reactive and solute transport as well as mechanical model parameters
were estimated through an inversion process, constrained by geodetic
ground heave measurements from a study site in Staufen, Germany.
The conceptual model of the swelling process was implemented numerically through a dual-domain modeling approach, whereby the
mobile domain accounts for solute transport along discontinuities,
and the immobile “reactive domain” represents the matrix. A mass
transfer process accounts for diffusive and/or capillary water transport into the matrix, where the rate-limited transformation of anhydrite to gypsum takes place. The model calculates heave at the land
surface depending on water inflow, the transformation of anhydrite
into gypsum and the local stress conditions exerted by overburden
pressure. The results show that the proposed reactive transport modeling approach is suitable to quantify the observed swelling-induced
heave at the study site with a plausible parameterization. The study
also highlights that diffusion is a decisive factor for the effective rate
of anhydrite dissolution and, therefore, the overall chemical transformation process.
3.1

introduction

Understanding the hydro-mechanical-chemical processes associated
with rock swelling plays an important role for mitigating and preventing the failure of many geotechnical applications. For example,
the swelling of argillaceous rock through hydration and osmosis is
a decisive factor in selecting geologic formations suitable for hosting
rock nuclear waste storage facilities (e.g., NDA, 2010) and in determining the stability of well drillings in shales (Fjar et al., 1993).
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Rock swelling is particularly pronounced in clay-sulfate rocks, such
as those found in the Triassic Gypsum Keuper formation in southern Germany. The most severe problems with swelling clay-sulfate
rocks are typically encountered during the construction of tunnels,
and more recently also in conjunction with vertical ground source
heat pump (GSHP) systems (Fleuchaus and Blum, 2017; Grimm et al.,
2014). Clay-sulfate rocks may swell substantially upon contact with
water, thus creating pressures that can severely damage infrastructure
through the heaving of tunnel sections and the ground surface (Anagnostou, Pimentel, et al., 2010; Ruch and Wirsing, 2013). Although it
is generally accepted that rock swelling is triggered by inflow of water stemming from engineering activities, the processes underlying
the actual swelling of clay-sulfate rocks are not yet sufficiently well
understood (Butscher, Breuer, et al., 2018; Butscher, Mutschler, et al.,
2016). In particular, the link between hydrogeological and geochemical processes and their resulting response on geomechanical swelling
requires further investigation in order to develop effective countermeasures to mitigate or even prevent swelling. This is especially true
in settings where the swelling cannot be contained via engineering
solutions (Kovári and Chiaverio, 2007; Pierau and Kiehl, 1996).
Clay-sulfate rocks consist of a clay matrix that contains finely dispersed anhydrite crystals or anhydrite layers and nodules of varying dimensions, with the actual texture of the rock depending on
its pressure and temperature history (e.g., Rauh and Thuro, 2007).
In general, clay-sulfate swelling involves two partially superimposed
processes: (1) The swelling of clay minerals through osmotic water uptake and hydration (Madsen and Müller-Vonmoos, 1989), and (2) the
swelling of sulfates caused by the chemical transformation of anhydrite (CaSO4 ) into gypsum (CaSO4 · H2 O) upon contact with water
(CaSO4 + 2H2 O ←→ CaSO4 · H2 O). The latter process results in a
volume increase of up to 61 % and is considered to be the main mechanism of swelling in clay-sulfate rocks. The swelling potential, however, is strongly dependent on the specific surface area of the anhydrite crystals and thus on the grain morphology. Finely dispersed
anhydrite crystals are particularly prone to swelling due to their relatively large surface area in potential contact with water. Beds of massive anhydrite, in contrast, show relatively little swelling (Rauh and
Thuro, 2007). Furthermore, Madsen and Nuesch (1991) showed that
the swelling potential of clay-sulfate rocks also depends on the clay
content and reaches its maximum at about 15 % clay. There are numerous conflicting hypotheses for this causal link and the role of clay
in clay-sulfate swelling (See Butscher, Mutschler, et al. (2016), for an
overview). They range from an increase in water availability for anhydrite through flow paths created by rock disintegration or locally
increased permeability, to an influence on the sulfate concentration
and thus the anhydrite saturation state, all triggered by the swelling
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of clay. Expansive clay minerals such as corrensite also appear to play
an important, yet not clearly defined, role in the swelling. Possibly
they facilitate the transformation of anhydrite into gypsum (Anagnostou, Pimentel, et al., 2010; Lippmann, 1976; Wittke, 2014).
The mineralogical transformation of anhydrite into gypsum takes
place indirectly via the solution phase, with anhydrite dissolving
into the pore water and gypsum subsequently precipitating from the
solution. Dissolution and precipitation equilibria are controlled by
the pore water composition, temperature, and pressure (Serafeimidis
and Anagnostou, 2014a,b). Reaction kinetics additionally depend on
the available reactive mineral surfaces (Hardie, 1967; Hill, 1937; Serafeimidis and Anagnostou, 2012b). Furthermore, the reaction kinetics depend on the hydrodynamic conditions of the system (Jeschke,
Vosbeck, et al., 2001), which may drastically change during swelling,
for example, because the hydraulic properties of discontinuities are
altered by gypsum crystallization (Alonso, 2012; Wittke, 2014). Hydrodynamic conditions are also altered by engineering activities, on
both the regional and local scale (e.g., Butscher, Einstein, et al., 2011;
Scheidler et al., 2017), therefore affecting solute transport and water accessibility within the clay-sulfate rocks. Thus, in order to gain
a comprehensive understanding of the swelling phenomena, knowledge of the controlling hydrogeological and geochemical conditions
and processes, and how these are affected by engineering activities
(e.g., geothermal drillings), is of paramount importance.
Previous studies have provided important insights into the geochemical processes affecting the CaSO4 − H2 O system, for example by
determining stability fields of anhydrite and gypsum under various
pressure, temperature and concentration conditions (e.g., Blount and
Dickson, 1973; Dai et al., 2017; Freyer and Voigt, 2003; MacDonald,
1953; Marsal, 1952; Partridge and A. H. White, 1929), which can be
used to characterize the critical conditions that may lead to sulfate dissolution or precipitation. Under low pressure and temperature conditions, which normally prevail in Gypsum Keuper formations relevant
to geothermal applications and tunneling, the solubility of anhydrite
is higher than that of gypsum. Under these conditions, the inflow
of water (e.g., triggered by geothermal drilling) induces the chemical transformation of anhydrite to the stable mineral phase gypsum,
which continues until all anhydrite has been consumed. This kinetically controlled process continues to occur as a result of the system
being in a continuous state of under-saturation with respect to anhydrite, which is maintained by a decrease in calcium and sulfate ion
concentration in solution through gypsum precipitation. J. Christoffersen and M. R. Christoffersen (1976), Jeschke and Dreybrodt (2002),
Jeschke, Vosbeck, et al. (2001), Kontrec et al. (2002), Serafeimidis and
Anagnostou (2012a), and Zorn et al. (2009) and others have investigated the kinetics of anhydrite dissolution and gypsum precipitation

43

44

part 3: a conceptual reactive transport model

of such systems. Their studies were able to provide estimates of reaction rate constants and insights into the evolution of the transformation process under the respective governing laboratory conditions.
Earlier studies focused mainly on the formation of natural mineral deposits and applications in the building industry, i.e., for gypsum targeting and mining. More recent work, however, has investigated the reaction kinetics as well as the critical geochemical conditions (Anagnostou, Serafeimidis, et al., 2014; Serafeimidis and Anagnostou, 2013), including the effect of regional groundwater flow and
hydrological boundary conditions, that impact the swelling of claysulfate rocks (Butscher, Huggenberger, and Zechner, 2011; Butscher,
Huggenberger, Zechner, and Einstein, 2011). Furthermore, several numerical models have been proposed, including models that couple hydrological, chemical and mechanical processes, to simulate the swelling
of such rocks. Anagnostou (1992, 1993), for example, developed the
first hydro-me-chanical model that considers the effect of seepage
flow on deformation patterns around tunnels in swelling rocks. Alonso
and Olivella (2008) and Ramon and Alonso (2013) implemented gypsum crystal growth as the driving swelling mechanism in a chemomechanical model, which was further refined and implemented as
a cross-sectional hydro-chemo-mechanical model by Ramon, Alonso,
and Olivella (2017), describing the deformation processes occurring
in the Lilla tunnel, located in the province of Tarragona, Spain. Oldecop and Alonso (2012) also developed a one-dimensional hydrochemo-mechanical model for the same incident, confirming anhydrite dissolution and gypsum precipitation as the most likely mechanism of swelling. Although these studies and models consider hydromechanical and chemical processes as well as their coupling, the consideration of actual hydrogeological and geochemical conditions at
the field scale as well as the impact of groundwater influx on changes
in geochemical conditions need further and more detailed investigations.
In the present study, a novel conceptual and numerical modeling approach is developed that emphasizes the effect of groundwater flow, in conjunction with the associated availability of water and
changing geochemical conditions, on the chemical transformation of
anhydrite to gypsum. A reactive transport modeling approach is employed to simulate the coupled flow, transport and reaction processes
and to underpin the quantification of the swelling process. It is hypothesized that the interplay between the various simulated physical and chemical processes has a significant influence on the extent
and progression of swelling in clay-sulfate rocks and for the ensuing deformation. Actual groundwater compositions, saturation states
and speciation of all major water constituents, and the effect of foreign ions in solution on the solubility of anhydrite and gypsum, are
considered. Moreover, in order to adequately account for the flow
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and transport characteristics of fractured argillaceous rocks, a dualdomain mass transfer approach (DDMT) was employed. The mobile
domain accounts for solute transport within fractures and discontinuities, while the majority of the aquifer, i.e., the matrix, is considered
immobile. The two domains are connected through a concentration
- dependent mass transfer process to represent the diffusive and/or
capillary water transport into the matrix, where the potentially ratelimited transformation of anhydrite to gypsum takes place. Finally,
the modeling approach decouples the transformation of anhydrite to
gypsum from the water present in the rock prior to swelling. Instead,
water intruding from outside the system is effectively used as a catalyst of the reaction. Hence, water inflow and resulting geochemical
reactions can be simulated in anhydrite bearing clay-rocks assuming
saturated conditions. While this conceptual approach does not necessarily reflect the actual processes taking place at the pore scale, it
is well suited to describe the swelling of clay-sulfate rocks triggered
and controlled by water inflow at the field scale.
Heave at the ground surface is calculated from volume changes
due to anhydrite-gypsum transformation in the swelling zone, considering the geomechanical dependency of swelling on the prevailing
stress conditions (overburden). Data collected at a geothermal drilling
site in Germany is used to guide the development and parameterization of a modeling framework that quantifies the spatio-temporal
heave patterns. The model determines and illustrates the influence of
hydro(geo)logical, geochemical and geomechanical processes on the
change in rock volume, associated deformation and subsequent heave
at the ground surface at the field scale.
3.2
3.2.1

study site
Overview

In 2007, a drilling campaign with boreholes of a depth of up to 140 m
was undertaken in the city of Staufen (South-West Germany) to install seven borehole heat exchangers (BHE) (Figure 3.1). Shortly after completion, a dramatic heave of the ground occurred with uplift
rates reaching up to 11 mm month−1 (LGRB, 2010) and a total uplift of up to 60 cm between 2007 and 2018. More than 250 houses
were seriously damaged with costs exceeding 50 Mio. e (Fleuchaus
and Blum, 2017). Extensive investigations of the cause of the heave
showed that an incomplete annular sealing in one or more of the
BHE drillings created a hydraulic short-circuit between the anhydritebearing clay rocks of the Gypsum Keuper formation and deeper artesian aquifers (Fleuchaus and Blum, 2017; Grimm et al., 2014; LGRB,
2010; Ruch and Wirsing, 2013; Sass and Burbaum, 2010). It was hypothesized that fractures, or high conductivity preferential flow paths
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(PFPs) within the expansive layers facilitated the lateral transport of
inflowing water, which triggered the chemical transformation of anhydrite to gypsum, followed by a net increase in rock volume that
ultimately caused the observed ground heave.
In 2009, mitigation measures were initiated. They included grouting of the BHE and the installation of pumping wells in the deeper
aquifers (i.e. in the Lettenkeuper and Upper Muschelkalk formation)
to suppress water inflow into the anhydrite bearing rocks by lowering the hydraulic potential below the level of the swelling zone (Ruch
and Wirsing, 2013). The mitigation measures were successful in decreasing the heave rates at the surface. However, until today it has
been impossible to completely prevent further swelling. A potential
explanation for this is that even if the remediation measures were
successful in preventing further water inflow into the swelling zone,
the heave at the ground surface will continue until all water in the
swelling zone is consumed by anhydrite to gypsum transformation.
Currently, there is no technical solution to extract water that has already intruded into the swelling layers.
3.2.2

Geology and hydrogeology

Staufen is located at the eastern margin of the Upper Rhine Graben
within the so called “Vorbergzone” of the southern Black Forest, which
is characterized by high structural complexity and strong fragmentation of the geological strata (Genser, 1959; LUBW, 2005). Three geological formations relevant to the swelling problem can be distinguished: (1) The Triassic Gypsum Keuper formation (km1) containing
the swelling zone, followed below by (2) the Lettenkeuper (ku) and
(3) the Upper Muschelkalk (mo) formations, with (2) and (3) representing the two main aquifers in the studied system (Figure 3.2).
The Gypsum Keuper is composed of calcium-sulfate rocks, marls
and mudstone with an average thickness of 100 to 110 m. This formation can be divided into three zones of different geotechnical and
hydrological properties according to the degree of leaching and the
prevailing type of sulfate (LGRB, 2010; Wittke, 2014) (also see Figure 3.3). In the leached Gypsum Keuper above the upper gypsum
level (UGL, 28.6 m below ground level (bgl)), all sulfate has been
dissolved and transported away with groundwater flow in geological times, creating a water-bearing first zone characterized by high
permeability (gypsum karst). It is followed by a second zone of unleached Gypsum Keuper between the UGL and the upper anhydrite
level (UAL, 61.5 m bgl) and characterized by low permeability and
sulfate being present as gypsum. Below the UAL, a third zone, comprising unleached Gypsum Keuper that, with depth, increasingly consists of anhydrite-bearing claystone of generally very low permeability is located. Based on exploration borehole data (drilling EBH2 in
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Figure 3.1: Study site with location of the interpolated uplift area in the city of Staufen,
locations of borehole heat exchangers (BHE), exploration boreholes (EBH1 and
EBH2) and a well installed for counter measures. Total heave since installation
of the BHE is depicted at the time of mitigation measure initiation.
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Figure 3.1), the swelling zone is located in this section of the unleached Gypsum Keuper. Increased permeability was documented by
drilling fluid losses at 76.4 m bgl pointing towards fractures or PFPs.
The potential swelling zone has a thickness of approximately 42 m
and is characterized by a mineralogical composition particularly susceptible to swelling, containing up to 40 % (average of 13.7 %) of the
expansive clay mineral corrensite, present in thin alternating layers
of clay, anhydrite and gypsum, and millimeter-sized anhydrite nodules dispersed within the clay matrix (LGRB, 2010). An “anhydrite
core” (AC) demarks the lower boundary of the swelling zone with
anhydrite and expansive clay contents being too high and too low
for significant swelling to occur, respectively. Below the AC, the three
identifiable zones appear in an inverted order with the lower anhydrite level (LAL) at 126 m bgl and the lower gypsum level (LGL) at
141.7 m bgl.
The Gypsum Keuper formation is underlain by the Lettenkeuper
formation (143 to 155 m bgl), a fractured rock aquifer of 5 to 10 m
thickness composed of alternating dolomitic limestone, mudstone and
sandstone, followed by the Upper Muschelkalk formation (∼60 m thickness). This formation mainly consists of karstified limestone and dolomitic limestone, constituting a regional aquifer. The groundwater
of both aquifers is artesian with heads measured at 1.8 and 2.1 m
above ground level (agl), respectively (Figure 3.3). All formations and
groundwater systems were hydrogeologically disconnected prior to
drilling, with no apparent vertical flow that would allow the rise of
artesian groundwater from the deeper aquifers into the anhydritebearing Gypsum Keuper. The originally disconnected nature of the
groundwater systems was confirmed by hydrochemical analysis (Table 3.1). A more exhaustive description of the hydrogeology, lithology
and formation properties can be found in the survey report by LGRB
(2010).
3.3
3.3.1

conceptual and numerical model development
Conceptual approach: overview

A reactive transport model approach was developed to simulate coupled flow, transport and chemical reactions. The model was used to
quantify and analyze the underlying hydraulic and geochemical processes in the swelling zone of the study site. In a subsequent postprocessing step, the mass of precipitated gypsum crystals calculated
by the model was related to rock deformation as a function of the effective stress, using a bulking (swelling) coefficient proposed by Oldecop and Alonso (2012) and Ramon and Alonso (2013). This coefficient
considers that gypsum crystals might either precipitate and occupy
existing open spaces (no deformation), or cause a volume increase
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Figure 3.2: Overview of the stratigraphy, lithology and hydraulic properties at the study site based on LGRB (2010) and the German
stratigraphic nomenclature of the Triassic by Nitsch et al. (2005).
GES = Graue Estherien-Schichten, UBE = Untere Bunte EstherienSchichten, MGH = Mittlerer Gipshorizont, WEH = WeinsbergHorizont, DRM = Dunkelrote Mergel, BH = Bochingen-Horizont,
GI = Grundgipsschichten, LK = Lettenkeuper, moR = RottweilFormation, UGL = Upper Gypsum Level, UAL = Upper Anhydrite Level, AC = Anhydrite Core, LAL = Lower Anhydrite Level,
LGL = Lower Gypsum Level.

by enlarging or opening up new voids. In a final step, the calculated
volume change in the swelling zone was projected to the ground surface as heave. For simplicity, neither the orientation of the geological
layers nor elastic deformation of the overburden were considered. To
constrain the model, calculated ground heave was compared to field
data from a geodetic monitoring network at the study site (LGRB,
2010). A similar approach using monitoring data for model calibration was described by Ramon and Alonso (2013) and Ramon, Alonso,
and Olivella (2017) using vertical displacement data of a bridge pillar and tunnel in Spain, respectively. The location of maximum uplift
at the ground surface (i.e., center of heave cone) and of the water
intrusion in the subsurface (at the BHE drillings) are assumed to coincide in the model and were projected directly onto each other (c.f.,
Figure 3.1 and 3.4). A measured hydraulic head in the Lettenkeuper
formation (i.e. in EKB2) was used as an additional constraint to the
geodetic monitoring data for model calibration.
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3.3.2

Numerical model setup

The model domain was set up as a radial-symmetric model, implementing a 2D cross-section around a line source that coincides with
the center of the full 3D domain (Figure 3.3). The domain has a vertical extent of 42 m (δz = 6 m), representing the thickness of the
swelling zone. The top of the domain coincides with the upper anhydrite level at 62 m bgl, above which no anhydrite is present, while
the base of the model coincides with the anhydrite core at 104 m bgl.
The model extent in the radial direction was set to 240 m (δx = 6 m),
capturing the spatial extent of the observed heave cone at the ground
surface (max. radius ∼170 m) while avoiding boundary effects (c.f.,
Figure 3.1). Appropriate scaling of the model input parameters for
the radial-symmetric approach was considered (Langevin, 2008; Wallis et al., 2013).
The total simulation period was set to 1500 days, discretized into
daily time steps. The first phase (P1) of the simulation period (790
days) started on the 3rd September 2007, coinciding with the start of
the geothermal drilling. At this point in time, water started to migrate
from deeper aquifers along defective BHE drillings into the anhydrite
bearing claystone of the swelling zone. The second phase (P2) of the
simulation period coincides with the initiation of the mitigation measures on 4th November 2009 (i.e., after ∼790 days), after which water
ingress into the swelling zone was stopped.
3.3.3

Modeling tools

All flow simulations were carried out with the USGS finite-difference
groundwater flow model MODFLOW-2005 (Version 1.12.00) (Harbaugh,
2005; Harbaugh et al., 2017). Reactive transport processes were defined and simulated with the reactive multicomponent transport model
PHT3D (Prommer et al., 2003), which combines the solute transport
model MT3DMS and the geochemical model PHREEQC-2 (Parkhurst
and Appelo, 1999). Model calibration was conducted with the nonlinear parameter estimator PEST++ (Doherty, 2015; Welter et al., 2015).
All pre- and post-processing scripts were written and executed in
Python (Version 2.7.14).
3.3.4

Groundwater flow

The model simulates saturated flow in a porous media. Hydraulic
conductivity, porosity and specific storage were assumed homogeneous over the entire model domain, and estimated via nonlinear regression (i.e., via PEST++). The vertical conductivity was defined as
an anisotropy ratio between horizontal and vertical conductivity (Table 3.2). The model top and bottom were defined as no-flow bound-
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aries and correspond to the low permeability zones without significant swelling potential above the UAL and below the AC (Figure 3.3).
The right-hand model boundary was defined as a constant head boundary, representing a groundwater level of 12.2 m bgl measured in an exploration borehole (EBH2, Figure 3.3) in the Gypsum Keuper at 62 m
bgl. Initial heads were defined uniformly across the model domain at
12.2 m bgl on the basis of these measurements. The left-hand boundary of the 2D cross-section (located at the center of the radial symmetric domain) was set as a constant, specified flow boundary, representing the defective BHE drilling as a line source through which water
inflow occurs. Water intrusion into the swelling zone most likely occurred along multiple defective BHE drillings. However, given the
close proximity of the BHEs (<20 m) it was assumed that they can
be represented as a single source. The associated flow rate was estimated as part of the inversion process for both simulation phases
(QP1 and QP2 ). However, it was assumed that inflow during the second phase (t>790 days) approached zero due to the implementation
of the mitigation measures.
3.3.5

Solute transport

While the clay-rich matrix of the unleached Gypsum Keuper formation has a very low permeability with supposedly no free water available for the chemical transformation process, fractures and discontinuities can facilitate flow and the availability of water within the
formation, and thus trigger the reaction over a large area (Wittke,
2014). However, these PFPs (i.e., fractures) are presumably limited
to a relatively small portion of the total rock volume, with negligible mineral-fluid interaction and residence times too short to allow
critical saturation conditions for gypsum precipitation (Hauber et al.,
2005). Consequently, the simplifying assumption was made that the
mineral-fluid interaction critical for the chemical reaction of sulfates
is limited to the rock matrix, which consists of pore spaces containing immobile water with minor or no groundwater seepage velocity (Kresic, 2007). Transport within, into and out of this domain is
generally dominated by diffusion.
Thus, two domains are distinguished for swelling clay-sulfate rocks
in the model i.e., (i) a mobile domain, which allows for water access to the formation via advection, and (ii) an immobile domain,
which considers the low permeability rock matrix, where the potentially rate-limited transformation of anhydrite to gypsum takes place.
Accordingly, in the numerical implementation the classical advectiondispersion model was replaced by a dual-domain mass transfer (DDMT)
approach, where total porosity is divided into domains of mobile (θm )
and immobile porosity (θim ). The fluid interaction between both domains is characterized by a mass transfer rate, which is proportional
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to the concentration difference between the two domains (Feehley et
al., 2000; G. Liu et al., 2007):
θim

∂Cim
= ζ (Cm − Cim ) ,
∂t

(3.1)

where t is time, ζ is the first-order mass transfer rate coefficient
(T−1 ), and Cm (mol L−1 ) and Cim (mol L−1 ) are the solute concentrations in the mobile and immobile domain, respectively.
The longitudinal and transverse dispersivity were set to local-scale
values of 1.0 m and 0.05 m, respectively.
3.3.6

Geochemical reactions

The transformation of anhydrite into gypsum can be considered
as the sequence of two separate processes, anhydrite dissolution
(CaSO4 −−→ Ca2+ + SO4 2 – ) and gypsum crystal growth (Ca2+ +
SO4 2 – + H2 O −−→ CaSO4 · 2 H2 O). The kinetics of water-rock interaction are described in the literature by a number of generic rate
formulations (Appelo and Postma, 2005; Lasaga, 1984; Lasaga et al.,
1994; Mullin, 2001; Nancollas and Purdie, 1964; Rimstidt and Barnes,
1980). Typically the reaction rates depend on the thermodynamics of
the system and the mineral reactive surface area (Serafeimidis and
Anagnostou, 2013) in a form similar to (Appelo and Postma, 2005):

Ri = ki φi

A0i
V



mi
m0i

n 

IAP
1−
,
Ki

(3.2)

where Ri is the reaction rate for mineral i (mol L−1 s−1 ), ki is the corresponding rate constant (mol m−2 s−1 ), φi is the volume fraction, A0i
the initial reactive surface area (m2 ) of the mineral in contact with a
volume V of solution (m3 ), m0i and mi are the initial moles of the solid
and the moles of solid at a given time, IAP is the ion activity product and Ki the equilibrium constant. Both the rate constants and the
volume fractions for anhydrite dissolution and gypsum precipitation
were estimated via nonlinear regression (Table 3.3). The dependency
of the reaction rate on the degree of saturation is expressed by the
ratio of IAP and K, while variations in the specific surface area (A/V)
over time are accounted for by the term (mi /m0i )n .
The value of parameter n in Eq. 3.2 is a function of the initial grain
size distribution and shape, with n = 0.67 for a monodisperse population of uniformly dissolving spheres as in case of the anhydrite nodules, and approximately n = 0.5 for the elongated, plate-like gypsum
crystals (He et al., 1994; Serafeimidis and Anagnostou, 2013; Witkamp
et al., 1990).
The initiation of new fractures and changes in porosity are not explicitly considered in our modeling approach as residence times were
considered too short for gypsum precipitation to occur in the mobile
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domain. Hence, the initial mineral mass ultimately determining the
available mineral-fluid interaction area was completely attributed to
the immobile domain. Consequently, the solution volume V in contact with the mineral equals the immobile porosity (θim ) instead of
the total porosity (Table 3.3). It should be noted that this assumption
is different from the model of Ramon, Alonso, and Olivella (2017),
who assumed that gypsum crystal growth occurs solely in fractures.
The focus of their study, however, was on mechanical considerations
such as fracture opening. By assuming an initial fracture aperture of
zero, their modeling framework generally agrees with the assumptions of the present study in that the minerals-fluid interaction area
is initially represented by the pore space of the rock matrix, until
new fractures open and increase the overall permeability, facilitating
transport by advection.
The surface area A0i of the minerals was calculated using geometric
measures of single grains (Rimstidt and Barnes, 1980). Based on drill
cuttings analysis, anhydrite nodules present in the clay matrix were
assumed to be spherical with a diameter of d = 1.0 mm (LGRB, 2010),
in agreement with previous estimates by Oldecop and Alonso (2012):
A0A =

3
,
rA ρA

(3.3)

where rA is the particle radius and ρA the density of anhydrite. For
the gypsum crystals growing during the precipitation process, on the
other hand, the shape of elongated platelets with a side ratio of 21 : 8 :
2 and the smallest dimension, (S0 ) = 0.1 mm, was assumed (Kontrec
et al., 2002):
A0G =

2(ab + a + b)
,
S0 a b ρG

(3.4)

where ρG is the density of gypsum.
Water inflow from outside the system is a basic requirement for
clay-sulfate rock swelling to occur and can be regarded as the trigger of the swelling process. Although, measured hydraulic potentials
in aquifers above and below the swelling zone suggest that the unleached Gypsum Keuper formation (swelling zone) is located below
the groundwater surface, i.e. saturated zone, this formation is typically encountered “dry” in boreholes (e.g., Wittke, 2014). Nevertheless, determination of the water content from drill cores revealed water contents in the swelling zone between 0.1 and 5.6 % (3.0 % on average; (LGRB, 2010)). These water contents were determined via oven
drying at only 40 ◦C in order to prevent evaporation of water bound
by gypsum or clay minerals. Thus, the determined water content corresponds to the content of capillary bound and free (mobile) water,
which in turn corresponds to the effective porosity. As the effective
porosity of clay rocks is usually in the same order of magnitude as
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the measured water content, this suggests that assuming saturated
conditions is likely valid.
The phenomenon of swelling that requires water as a reactant was
conceptually addressed by assuming the swelling zone to be saturated with water, and by using a reactive water tracer (W) as the anhydrite dissolution catalyst. In this way, a reaction with water within the
swelling zone prior to the ingress of water is prevented. At the same
time, the reaction front linked to the inflowing groundwater (from
underlying aquifers via geothermal drillings) can be traced. In the
model, W was added as a constituent of the inflowing “reactive” water with its concentration estimated via nonlinear regression. While
this conceptual approach does not provide a detailed process-based
description that reflects the multiphase nature of the problem (i.e.,
“dry” or not fully saturated conditions) and the actual processes taking place at the pore scale, it is well suited as a surrogate model to
describe the swelling of clay-sulfate rocks triggered and controlled by
water inflow at the field scale. Note that the computational complexity associated with the explicit simulation of the simultaneous saturation and chemical processes is substantial, and rather infeasible for
numerical calibration and uncertainty quantification. Therefore, the
proposed methodology provides a novel and efficient approach for
handling these complex processes in a tractable way.
As the reaction rate of anhydrite dissolution is a function of the
mineral-fluid interaction area (specific surface area, A/V), and therefore the amount of water (i.e., tracer concentration within the matrix)
in contact with the mineral surface, the rate expression in Eq. 3.2 was
extended by a concentration dependent term that links the reaction
rate of anhydrite dissolution to the tracer concentration:

RA = kA φA

A0A
V



mA
m0A

0.67 


IAP
CW
1−
,
KA
k1/2 + CW

(3.5)

where k1/2 is the half-saturation constant and Cw is the water tracer
concentration. Values of the added concentration-dependent term range
between 0 and 1, equaling 0.5 for k1/2 = Cw and approaching 1.0
for higher concentrations. Since k1/2 is dependent on the maximum
tracer concentration, it was estimated via nonlinear regression.
While the term (mi /m0i )n in Eq. 3.2 and 3.5 accounts for changes in
surface area (A) over time, the solution volume (V), which equals the
immobile porosity (θim ), is constant throughout the simulation. This
assumes that the tracer concentration, rather than the solution volume, exerts a direct control on the rate of the reaction. Conceptually,
the concentration-dependent term in Eq. 3.5 represents the amount
and availability of “reactive water” present within the rock matrix,
i.e., water that can be consumed during the transformation reaction.
Unlike the “dimensionless water content” parameter described by Wittke (2014), which corresponds to the absolute degree of swelling and
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represents a gradient for diffusive transport into the matrix (i.e., high
water content equals an advanced stage of swelling), the concentrationdependent term of the present study directly controls the reaction
rate of anhydrite as a factor (i.e., high water content enables high
reaction rate). Without this term, transformation of anhydrite to gypsum would also occur in the absence of inflowing water, as gypsum
is the more stable mineral phase under the geochemical conditions
prevailing in the swelling zone.
The following reaction equation links the precipitation of gypsum
to the water tracer:
Ca2+ + SO2−
4 + 2W → CaSO4 · 2W

(3.6)

The molar concentration of the water tracer (MW ) and that of the
inflowing water (MH2 O ) are proportional. Thus, while gypsum precipitates, the water tracer W is consumed relative to the rate at which
water molecules are incorporated into the mineral. Related to the rate
of gypsum crystal growth (RG ), the following reaction rate (RW ) for
W can be deduced:


MW
RW = −
RG ∗ 2.0
(3.7)
MH2 O
3.3.7

Swelling model

The vertical effective stress σz0 on the swelling zone from overburden
was calculated for each depth z and location x of the model domain
and point in time tp of the simulation based on mean lithostatic and
hydrostatic pressure:
0
σz,x,t
= (1 − θtot )γs z + θtot γw z − u(x, tp ),
p

(3.8)

where u is the pore water pressure, θtot is the total porosity, z is the
vertical depth (m) of the model cell, and γs , and γw are the specific
weight of the solid (rock) and liquid phase (water) derived from bulk
density data by LGRB (2010), respectively.
In order to relate stress to strain and derive the vertical deformation from the mass of precipitated gypsum crystals determined by
the coupled flow, transport and reaction simulations in the swelling
zone, a bulking (swelling) coefficient was used, following the work
by Oldecop and Alonso (2012), Ramon and Alonso (2013), and Ramon, Alonso, and Olivella (2017):
dεi
γi dmG
=−
,
dt
ρG dt

(3.9)

where εi is the deformation (strain) and γi the bulking coefficient
in the i direction, respectively, ρG is the gypsum density (kg m−3 )
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and mG the mass of precipitated gypsum crystals (kg). The geomechanical stress – strain relationship is calculated posterior to the completed MODFLOW and PHT3D model simulation using a Python
script. Thus, the model does not couple geochemical equilibrium and
groundwater flow conditions with in situ stresses. However, the approach is able to capture the overall impact of in situ stress on rock
deformation.
The effect of stress (expressed by γ) is approximated by an exponential decay function:
0

γi = γmax e−bσi ,

(3.10)

where γmax is the bulking coefficient for zero pressure stress which
was set to 2 as in Ramon, Alonso, and Olivella (2017), b is a model
fitting parameter estimated during the inversion process and σi0 is the
effective stress.
Assuming unidirectional deformation in z within the swelling zone,
the total deformation ε for all n depths in z at a particular location
x of the model domain, and for a specific point in time tp of the
simulation, can simply be expressed as (Figure 3.4):
1 XX
ε(x, tp ) =
γ(z, x, t) ∗ ∆VG (z, x, t),
A(x)
z∈n
tp

(3.11)

t=0

where VG (m3 ) is the volume of precipitated gypsum crystals and
A (m2 ) is the surface area of the grid cell. The elastic deformation of
the overburden is assumed to be zero, hence ε equals the total heave
h at the ground surface.
Similarly, the total uplift volume at the ground surface V for a specific point in time tp can be obtained by calculating the product of
the volume increase from precipitated gypsum crystals VG and the
corresponding γ for all n depths in z and m locations in x over the
entire model domain:
Vtp =

tp
X
X X

γ(z, x, t) ∗ ∆VG (z, x, t),

(3.12)

t=0 z∈n x∈m

3.3.8

Model calibration

The inversion of the flow and multi-component transport model was
constrained by periodic geodetic measurements of ground uplift and
interpolated values of the total heave volume over the entire simulation period. Furthermore, a piezometric head of 1.8 m agl measured
within the Lettenkeuper (i.e., in EBH2) was used to constrain head
values at the left-hand model boundary for t = 700. Initial parameter values were based on data collected during the site characterization (hydraulic conductivity, porosity, mineral volume fractions, bulk
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Figure 3.4: Sulfate swelling model that relates the mass of precipitated gypsum crystals to deformation (ε) and the
heave (∆h) at the ground surface via a bulking coefficient γ. Average stress conditions are indicated
by the swelling stress (σs ) (Steiner, 1993) and the effective vertical stress (σz0 ).
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3.4 field observation data

density) (LGRB, 2010), literature data (reactions constants, storage)
(Domenico and Mifflin, 1965; Serafeimidis and Anagnostou, 2013)
and on stochiometric calculations (minimum flow rate).
The parameter values were log-transformed and optimized during
the inversion process with PEST++ (Doherty, 2015; Welter et al., 2015).
The inversion process minimizes the weighted sum of squared residuals between model output and the corresponding measurements. In
order to obtain a stable and unique solution of the inverse problem,
Tikhonov regularization was used (Tikhonov and Arsenin, 1977) with
the expected values listed in Table 3.2 and 3.3, which were also used
as initial values. Mobile and immobile porosity parameters were estimated by relating them to the total porosity (θtot ) and a ratio parameter (φratio ). Furthermore, the total mineral fractions of anhydrite
and gypsum was approximated to be 33.8 % and constrained by an
additional prior information term. The GENLINPRED, IDENTPAR
and SUPCALC utilities (Doherty, 2016), and PyEMU (J. T. White et
al., 2016) were used to perform a parameter estimability analysis including parameter identifiability and relative parameter error reduction (Doherty and Hunt, 2009).
3.4
3.4.1

field observation data
Groundwater chemistry

The ambient and inflowing water compositions (Figure 3.5) were defined on the base of field observations. However, in the absence of
data that would directly characterize the ambient conditions within
the unleached Gypsum Keuper below the UAL (Figure 3.3), the groundwater composition was approximated by water samples taken in the
overlying gypsum karst (Table 3.1, water sample 71 046). PHREEQC
was used to calculate mineral saturation states. The calculations suggest that the ambient groundwater is characterized by high sulfate
concentrations of 1482–1533 mg L−1 and is saturated with respect to
gypsum and slightly under-saturated with respect to anhydrite.
Water samples from the Lettenkeuper and Upper Muschelkalk formations, which represent the inflowing groundwater composition,
were both highly undersaturated with respect to gypsum and anhydrite (Figure 3.5). However, compared to the Lettenkeuper aquifer,
where mineralization is dominated by the dissolution of sulfate minerals, the degree of mineralization in the Upper Muschelkalk is lower
and mostly a result of dissolved carbonates (dolomite and calcite).
These significant differences in mineral saturation further underpin
the hypothesis that there was no vertical exchange between the different groundwater stories prior to the BHE drilling campaign. For
the modeling study, the groundwater composition of the inflowing
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Figure 3.5: Mineral saturation indices in ambient and inflowing groundwater samples (data from LGRB, 2010).

water was taken from the Lettenkeuper formation (Table 3.1, Sample
72 569).
3.4.2

Geodetic monitoring network

The geodetic monitoring network (details provided in LGRB (2010)),
which recorded the vertical ground heave at the study site, included
up to 106 measurement points. All uplift values were referenced to
the absolute (and in a few cases projected) elevation at the time before
the BHE drilling. Measurements started on 14th January 2008 with 14
reference points, after which the network was successively refined
until all 106 points were installed (from 18th May 2010 onward). In
the time period between January 2008 and September 2011, a total of
49 points in time were sampled at irregular intervals of 11 to 63 days.
Two types of observation data were used for model calibration:
(1) The point observations of absolute uplift from the geodetic monitoring network (total of 3431 points in space and time), and (2) interpolated volumetric values of total ground heave for selected 23 points
in time, which are irregularly distributed over the entire simulated period (i.e selected based on adequate number of measurements from
geodetic monitoring network). For type one, observation data from
the geodetic network were directly compared to the model output
along the x-axis of the cross-section by calculating the distance of
all measurement points to the mean center point. However, comparison of normalized mean uplift values shows high data ambiguity for
the observation points at a given distance from the center, characterized by a large spread of uplift values (Figure 3.6). This indicates a
pronounced anisotropy, especially close to the center, which makes
model calibration difficult (see Figure 3.1). Thus, the second type of
observation data, the interpolated volumetric values, were calculated
by interpolating the point observation data set of each point in time.
For this, the radial basic function method employing the multiquadric

Temperature
pH
pe
Alkalinity (HCO3 )
C(4)
C(-4)
Ca
Cl
Fe(2)
Fe(3)
K
Mg
Mn(2)
Mn(3)
N(0)
N(3)
N(-3)
Na
S(-2)
S(6)
W (tracer)

aqueous
component

mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1
mol L−1

◦C

unit
13
6.85
4
5.9 × 10−3
7.7 × 10−3
0
1.6 × 10−2
2.2 × 10−4
3.1 × 10−6
2.5 × 10−8
1.1 × 10−4
2.4 × 10−3
7.7 × 10−7
0
0
0
0
9.3 × 10−4
0
1.5 × 10−2
0

13–13.1
6.85–6.91
4
5.9–7.3 × 10−3
7.7–9.3 × 10−3
0
1.6–1.6 × 10−2
2.2–2.4 × 10−4
0.3–5.6 × 10−5
0.2–5.1 × 10−7
1.1–2.0 × 10−4
2.1–2.4 × 10−3
7.7–8.4 × 10−7
0
0
0
0
0.9–3.9 × 10−3
0
1.5–1.6 × 10−2
–

ambient chemistry (gipskarst)
sample 71046
range
15.4
7.05
4
5.5 × 10−3
6.5 × 10−3
0
5.3 × 10−3
1.0 × 10−4
1.4 × 10−5
6.7 × 10−7
1.7 × 10−4
1.8 × 10−3
2.9 × 10−7
0
0
0
0
2.5 × 10−4
0
4.5 × 10−3
1.0 × 10−4

15.4–16.4
7.03–7.05
4
5.4–5.9 × 10−3
6.5–7.0 × 10−3
0
5.3–5.6 × 10−3
0.9–1.1 × 10−4
1.3–3.6 × 10−5
0.6–1.8 × 10−6
1.7–9.9 × 10−4
1.7–1.8 × 10−3
0.2–4.9 × 10−6
0
0
0
0
2.5–4.2 × 10−4
0
4.5–5.0 × 10−3
–

inflow chemistry (lettenkeuper)
sample 72569
range

Table 3.1: Charge balanced and equilibrated ambient and inflowing water composition (data from LGRB, 2010).
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Deviation from normalized mean [m]

kernel function was used. To account for the visible anisotropy of the
heave body (c.f., Figure 3.1), the major axis was set to 30◦ . The extent of all raster outputs was standardized and cropped to a 200 m
radius around the center of the heave cone to capture the full extent
of the uplifted area in September 2011, while avoiding boundary effects of the interpolation method. Subsequently, volumetric values of
total ground heave and the position of the maximum uplift (center
point) were calculated for each of the raster datasets (i.e., at different times). Furthermore, it was assumed that the mean location of
the center point of all raster datasets coincides with the center of the
model domain.
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Figure 3.6: Deviation of all uplift observations from a corresponding mean
value normalized for each point in time and depending on the
distance from the model center (categorized into bins of 10 m).
The median is marked by the deep blue bar, while the blue box
represents 50 % of all values (i.e. the interquartile range (IQR)).
Outliers (red) are values 1.5 × IQR above and below the third
and first quartile (i.e. range represented by the whiskers), respectively.

3.5
3.5.1

results and discussion
Simulated flow and reactive transport

The model simulation results show that transformation of anhydrite
to gypsum was triggered by the intrusion of water into the swelling
zone (Figure 3.7). The total simulated anhydrite mineral concentration decreases from an initial value of 4.15 mol L−1
bulk (referring to liter
−1
of bulk volume) to a minimum of 3.52 mol Lbulk after 1500 days in the
vicinity of the inflow boundary, i.e., the location where the maximum
reduction in anhydrite mineral content of 14 % occurred. Hence, only
a fraction of the total available anhydrite mineral content (1.8 %) was
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converted within the modeled swelling zone (radius of 240 m) and
duration of the simulation (1500 days). This suggests that there is still
large potential for future swelling upon further contact with water.
Assuming a linear extrapolation of the anhydrite dissolution rate as
well as the flow rate towards the end of simulation phase one, a complete transformation of all anhydrite within the swelling zone would
take at least another 130 years. Serafeimidis and Anagnostou (2013)
demonstrated that hydration times exceeding centuries in duration
are indicative for thick anhydrite layers, low porosities and diffusionlimited dissolution rates. The fact that the transfer rate (ζ) and thus
diffusion is the limiting factor for anhydrite dissolution can also be
deduced from the consistently low tracer concentration (i.e., close to
zero) in the immobile domain.
Generally, the two simulation phases are characterized by a change
in water inflow conditions, which directly affected the evolution of
the chemical transformation of anhydrite to gypsum. The two phases
can also be identified by their changing state of chemical equilibrium,
because the inflowing water is under-saturated with respect to both
gypsum and anhydrite and has a strong effect on the saturation state
(Figure 3.7). Both anhydrite dissolution and gypsum precipitation
proceed fastest during the first simulation phase (Figure A.1), when
rate controlling equilibrium conditions are most favorable for the reaction, and tracer concentrations are high. However, with the change
in water inflow conditions, equilibrium conditions are re-established
uniformly throughout the model domain and tracer concentrations
decrease. As a result, the chemical transformation slows down.
The change in gypsum concentration (∆Gypsum) is proportional
to the decrease in anhydrite concentration, indicating that the dissolution and precipitation processes are temporally and spatially correlated, and calcium and sulfate ion transport is negligible (Figure 3.7).
This is also apparent from the absence of gypsum precipitation within
the mobile domain. However, this absence can be attributed to the
simplifying model assumption that only homogeneous gypsum crystal growth takes place (Eq. 3.2), and neither inert minerals nor anhydrite were considered as possible heterogeneous nucleation and
precipitation sites. With the initial mobile mineral concentration of
gypsum and anhydrite assumed to be zero, gypsum growth in the
water delivering discontinuities is not accounted for. Therefore, it
is plausible to assume that the rate of gypsum precipitation is actually higher due to the additional mineral surface available for crystal
growth. Although growth of gypsum crystals in discontinuities has
been observed and documented in previous studies as critical to the
overall swelling process (e.g., Alonso and Olivella, 2008; Alonso and
Ramon, 2013), it is conceptually most relevant when mechanical processes and changes in porosity are considered. In the present study,
in contrast, it is assumed that the critical concentration for gypsum
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precipitation is not reached within discontinuities of the mobile domain due to a comparatively small specific surface area and high flow
velocities (Hauber et al., 2005). The immobile phase thus represents
areas of the rock volume in which, due to the substantially longer residence times, the transformation process is favored. The distinction
made in the present modeling concept is therefore still compatible
with previously presented modeling approaches.
3.5.2

Simulated ground heave

Two types of observation data were used to constrain the model calibration: direct point measurements of uplift (Figure 3.8) and interpolated volumes of the heave cone (Figure 3.9). The inversion process resulted in a plausible model (i.e. parameterization in accordance with
site measurements and literature values) that generally matches well
with observed heave at most locations of the geodetic measurement
network (see supporting information for a more detailed description).
The comparison of the simulated heave with point measurements,
while generally showing a reasonable match, also shows two distinct
characteristic deviations (Figure 3.8b). First, the heave at the observation point locations differ systematically from the corresponding
simulated values, resulting in a greater spread around the 1:1 centerline over time, creating a fan-like shape. This can be attributed to
the anisotropy of the heave body (ellipsoidal shape), which results in
notable differences in the measured uplift at equidistance to the center (c.f., Figure 3.1 and 3.6) that cannot be reproduced by the radialsymmetric model. This causes the model to over- or under-predict the
measured uplift depending on the location of the measurement.
Secondly, all values shown in the 1:1 relationship flatten off asymptotically after implementation of the mitigation measures (t = 790 days).
The mean measured heave rates only decline to 3.6 × 10−2 mm d−1 at
the end of the simulation period, while mean simulated heave rates
decline to 1.0 × 10−2 mm d−1 and converge towards zero (Figure A.2).
The same trend is apparent in Figure 3.8a, where the simulated uplift
for t = 1110 days and t = 1470 are almost identical, although geodetic
heave measurements show a persistent uplift for most measurement
points.
The simulated increase in heave volume is generally in good agreement with the interpolated volumes of the heave cone (Figure 3.9).
The calculated root mean square deviation (RMSD) and the Fréchet
distance for the volumetric values were 328.7 m3 and 496.4 m3 , respectively. Total increase in volume at the end of the simulation amounts
to 6385 m3 (Figure 3.9a), with the heave-time-curve approaching a
plateau slightly below the interpolated value of 6833 m3 after 1500
days. In general, a systematic underestimation of the volume by the
model can be observed. However, this is in line with the compara-
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Figure 3.7: Simulated concentrations of water tracer (W), the mineral anhydrite and the
change in gypsum concentration, and saturation index (SI) of anhydrite and gypsum along the investigated cross-section of the symmetric radial model. Mineral
concentrations are given with respect to liter of bulk volume. Five representative points in time before (10, 350 and 740 days) and after (1110 and 1500 days)
initiation of the mitigation measures (t = 790) are visualized for a radial extent
of 120 m.
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Figure 3.8: (a) Comparison of geodetic heave measurements with simulated
uplift along the cross-section for four representative points in
time (see legend). (b) 1:1 relationship of measured vs. simulated
uplift. The evolution of the observation points over time is indicated by the color scale.

tively good fit of uplift values because total volume estimates are
increasingly affected by deviations between simulated and measured
uplift rates with distance from the model center (Figure 3.6). Furthermore, while uplift rates at the inflow boundary are relatively high
(causing the comparatively large average simulated uplift values depicted in Figure A.1), they have little effect on the simulated total
volume of the heave due to the radial model geometry. Thus, changes
in volume from uplift close to the center of the model domain are
insignificant.
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Figure 3.9: (a) Comparison of the volume increase of the heave body measured at the surface with the volume increase due to anhydrite
to gypsum transformation calculated with the model. (b) 1:1 relationship of measured vs. simulated volume increase. The volume
increase over time is indicated by the color scale.

According to stoichiometric calculations, the remaining water within
the swelling zone would only have been sufficient to sustain another
635 m3 of gypsum crystals from precipitation and a volume increase
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of 96 m3 , considering a mean geomechanical bulking coefficient of
0.16. These simulation results indicate that the residual water in the
system was exhausted by the anhydrite to gypsum transformation
during the second simulation phase, which caused a near cessation
of the uplift process. At the study site, however, attenuated uplift was
observed even well beyond the end of the simulated period (t > 1500
days). An explanation for this discrepancy is that either our hypothesis of QP2 approaching zero is not valid and significant amounts of
water still intrude into the swelling zone after the start of the mitigation measures (t > 790 days); or that the model underestimated the
initial flow rate QP1 and larger amounts of water have been stored
within the swelling zone and are subsequently made available, for
example by expansive clay minerals such as corrensite, or adsorbed
water (Hauber et al., 2005), or through capillary suction.
However, the systematic deviation in the volume estimates could
also hint at some unidentified and uncaptured processes. For example, the feedback from mechanical stress on flow conditions is not
represented in the model. While the adopted bulking coefficient γ
accounts for the effect of in-situ stresses on deformation, it does not
consider the feedback associated with the opening of fractures and
pathways from gypsum crystal growth, as well as crystal growth in
existing porosities, on the flow simulation. To account for this feedback, time-dependent permeability changes, the total porosity, the
porosity ratio and the hydraulic conductivity would require updating while the mass transfer rate coefficient ζ would have to be variable over time. The consideration of this process would likely increase
the accessibility of water to anhydrite grains, which may explain the
under-estimation of the heave volume in the simulations. At the same
time, neither clay swelling due to hydration of clay minerals nor osmotic water uptake is considered. These processes proceed much
faster than sulfate swelling and facilitate initial water access to the
formation, thus providing an additional explanation for the underestimated heave volume. Similarly, the redistribution of pore water
from clay interlayer/surfaces (i.e., dehydration of clays) into the free
porosity (effective porosity) may enhance water availability, also leading to an under-estimation of the actual uplift rates, especially during
simulation phase two, when water inflow ceases. However, progression and intensity of the redistribution are dependent on temperature,
pressure and the concentration gradient between inter-layer pore water and the effective porosity and may even require explicit consideration of a third model domain.
The observed heave at the ground surface during the first simulation phase and before implementation of the mitigation measures
(pumping) could to some extent also be attributed to a rise in pore water pressure while water was intruding into the swelling zone, thereby
acting as a lifting force and reducing the effective stress. Similarly,
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reduced pore water pressures might be partially responsible for reduced uplift rates after the mitigation measures. This would mean
that the reaction-induced observed uplift is initially over-, and later,
underestimated by the model. Another consideration is that the actual local geological setting is more complex than its representation
in the numerical model. Thus, the formation of gypsum at a particular location may not express itself as uplift directly above that location (Eq. 3.11).
The deviations between the simulated and observed heave can also
have a variety of other reasons. For example, setting the initial sulfate mineral concentration in the mobile domain to zero neglects the
fact that a fraction of the mineral mass may be in direct contact with
the water of the PFPs. This could cause anhydrite dissolution and
possibly also gypsum crystallization in the discontinuities, assuming
that the critical concentration for gypsum precipitation is reached in
the mobile domain under the prevailing flow conditions (i.e., comparatively high flow rates). Consequently, the change in rock volume
and the amount of anhydrite being dissolved, particularly in the initial phase, may be more pronounced than predicted by the calibrated
model. Furthermore, due to size exclusion effects, only a fraction of
the water-bearing immobile porosity might be available for diffusive
transport, thereby affecting the mineral-fluid interaction area to be
considered (Huysmans and Dassargues, 2005). Additionally, due to
the lack of more detailed observation data, the hydraulic conductivity
of the swelling zone was only represented by a single value, resulting
in a unidirectional flow field (c.f., Figure 3.7). A spatially differentiated parameterization of the swelling zone, especially in the vertical
direction, would contribute to a more realistic model of the hydrodynamic conditions and the spread of the reaction front. To this end,
continuous head measurements or laboratory scale investigations on
changes in permeability during swelling could have assisted with filling some of the remaining knowledge gaps.
3.5.3

Estimated parameters

Final calibrated values of the key model parameters along with the
corresponding initial estimates deduced from field measurements and
literature data are listed in Table 3.2 and 3.3. The estimated horizontal
conductivity coincides well with values reported from the unleached
Gypsum Keuper formation at depths between 50 to 100 m bgl by
Ufrecht (2017) and thus are considered plausible.
The estimated flow rate QP1 = 2.9 × 10−4 m3 s−1 was above the
minimal flow rate of 1.3 × 10−4 m3 s−1 that was stoichiometrically required to provide sufficient water to allow for the total observed volume increase of 6833 m3 at the ground surface after 1500 days. This
can mostly be attributed to the low value of γ, substantially increasing
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Table 3.2: Hydraulic parameter initial values taken from two reports (LGRB,
2010, 2012) and literature data (Domenico and Mifflin, 1965) together with PEST++ model parameter estimates, posterior standard deviation (STDV) and parameter boundaries.
parameter symbol

unit

initial
value

model
estimate

posterior
stdv

Hydraulic
Conductivitya

Kh

m s−1

1.0 × 10−7

3.5 × 10−7

7.8 × 10−8

Flow Rate
Phase 1a

QP1

m3 s−1

1.3 × 10−4

2.9 × 10−4

6.6 × 10−5

Flow Rate
Phase 2a

QP2

m3 s−1

0.0

8.4 × 10−8

7.9 × 10−8

Ss

m−1

1.0 × 10−4

1.0 × 10−4

6.1 × 10−5

Specific
Storage
a Inversion

model input value units were in d−1 .

the amount of precipitated gypsum required to attain the observed
deformation. As expected, the inflow estimated for the second simulation phase remained close to zero (QP2 = 8.4 × 10−8 m3 s−1 ), thus
adding little to the total increase in volume.
The inversely determined parameter b of 2.5 is similar to the estimate by Ramon, Alonso, and Olivella (2017) and yields a bulking coefficient γ of 0.15 ± 0.11 (For further details on γ refer to the supporting
information). Thus, according to the theoretical basis of γ a large part
of the gypsum crystals precipitates in already existing cavities and
therefore does not cause significant deformation. Consequently, future work should consider a direct coupling with the geomechanics
in order to account for changes in porosity caused by gypsum precipitation and anhydrite dissolution. In general, however, it can be
assumed that the changes in the porosity caused by precipitation are
partially compensated by the aforementioned development of new
flow paths and voids, and therefore, despite the lack of feedback and
excepting these processes in the model, the porosity estimates can
still be considered plausible.
The total porosity was included as an adjustable parameter estimated by PEST++. Estimated values correspond well to the average
measured porosity of 7.7 % (LGRB, 2010). The mobile porosity was
initially set to 3.0 %, based on measurements of free water content,
but was successively reduced to 0.6 % during the model calibration.
Thus, the connected pore space containing mobile water contributes
only a small fraction to the total porosity, but at the same time results
in a relatively high fluid velocity of 5.4 × 10−5 m s−1 , which promotes
rapid lateral spread. Accordingly, the estimated immobile porosity is
relatively high at 7.1 % (91.7 % of the total porosity). These results emphasize that even if the proportion of discontinuities facilitating ad-
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vection within the rock volume is small, water inflow into the swelling
zone is sufficient to trigger and sustain swelling.
The estimated value for k1/2 , which exerts an additional control on
the mineral-fluid interaction, was estimated at 1.6 × 10−6 mol L−1 during the inversion. Based on the estimated k1/2 value, the anhydrite
reaction rate reaches 99 % for the maximum estimated water tracer
inflow concentration of 1.0 × 10−4 mol L−1 . The water tracer concentration gradient between the mobile and immobile domain remains
steep throughout the simulation, indicating that the transfer (diffusion) rate of the water tracer into the matrix is the decisive factor for
the rate of anhydrite dissolution and, therefore, the chemical transformation process.
The model-estimated reaction rate constants for anhydrite dissolution and gypsum precipitation are kA = 2.4 × 10−5 mol m−2 s−1
and kG = 3.2 × 10−6 mol m−2 s−1 , respectively. Both values compare
well with previously reported ranges (kA = 0.4-4.0 × 10−5 mol m−2 s−1 ,
kG = 0.2-3.1 × 10−5 mol m−2 s−1 ) (Serafeimidis and Anagnostou, 2012a).
The surface area determined by means of geometric measures of individual particles or crystals, assuming a single particle size, is an
idealization, neglecting particle size distribution, surface roughness
and porosities and thus typically underestimates the reactive surface area (Rimstidt and Barnes, 1980). On the other hand, selective
and non-uniform precipitation limited to active mineral sites, such as
growing gypsum crystals, may cause the reactive surface area to be
smaller than the geometric surface area and highly variable in space
and time. Overall, this emphasizes the importance of assessing the reactive surface area when it comes to determining meaningful reaction
rates.
Furthermore, the specific surface area, and thus the reaction rate
of reactive minerals, is also affected by the matrix porosity θim (i.e.,
volume of water in contact with the solid phase) and the mineral
volume fraction, both parameters being estimated by the model. The
estimated mineral fractions of gypsum (13.7 %) and anhydrite (19.1 %)
were in good agreement with the average values (13.6 ± 21.2) % and
(20.2 ± 17.8) % that were measured in the swelling zone. Ramon and
Alonso (2013) demonstrated that the initial anhydrite content has a
strong effect on the intensity of the swelling process. Moreover, in
cases where anhydrite is not only present as finely dispersed particles but also as distinct layers, diffusion can become a rate-controlling
factor for anhydrite dissolution because of the self-sealing effect of
growing gypsum layers, a process that can cause porosities to decrease over time (Serafeimidis and Anagnostou, 2013). At the same
time, the reactive surface area in contact with the aqueous solution
is much smaller (Rauh and Thuro, 2007; Wittke, 2014). The mineral
content estimate for anhydrite can therefore be taken as the minimum
value that is required to achieve the simulated anhydrite dissolution

CW
ζ
φG

Tracer Concentration

Mass Transfer Ratebc

Gypsum Volume Fractiond

b

Mechanical Fitting Parameter

2.2 × 10−5
1.0 × 10−6
1.0 × 10−4
1.0 × 10−10

mol m−2 s−1
mol L−1
mol L−1
s−1

2.0

4.7

model input value units were d−1 .
model input values were in decimals instead of percentage.

d Inversion

2.5

7.1

0.6

8.8 × 10−2

3.0

7.7

3.9 × 10−1

19.1

13.7

2.4 × 10−10

1.0 × 10−4

1.0 × 10−6

2.4 × 10−5

3.2 × 10−6

model
estimate

7.7

20.2

values are not supported by literature data and were estimated.

derived from total porosity and ratio estimates.

[-]

%

%

[-]

%

%

13.6

2.9 × 10−6

mol m−2 s−1

%

initial
value

unit

c Inversion

b Initial

a Values

Immobile
θim

θm

φratio

θtot

Porosityad

Mobile Porosityad

Porosity Ratio

Total

Porosityd

φA

k1/2

Half Saturation Constantbc

Anhydrite Volume

kA

Anhydrite Rate Constantc

Fractiond

kG

symbol

Gypsum Rate Constantc

parameter

2.3 × 10−1

-

-

3.4 × 10−2

3.0

8.7

6.2

4.9 × 10−11

9.5 × 10−5

1.3 × 10−6

1.9 × 10−5

2.6 × 10−6

posterior
stdv

Table 3.3: Reactive and solute transport as well as mechanical fitting parameter initial values taken from
survey (LGRB, 2010) and literature data (Barton and Wilde, 1971; Ramon, Alonso, and Olivella,
2017; Serafeimidis and Anagnostou, 2013) together with PEST++ model parameter estimates,
posterior standard deviation (STDV) and parameter boundaries.
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rates, but can be considerably higher for massive anhydrite banks and
low diffusion coefficients in general.
Parameter uncertainty analysis

3.5.4
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An evaluation of the calculated posterior parameter covariance of the
PEST++ calibrated model in conjunction with the prior information
showed that the uncertainty in the estimated parameters has been
notably reduced upon calibration (Figure 3.10a). The relative reduction in uncertainty, which is indicated by the relative change in variance of the estimated parameter values, was nearly 100 % for the mechanical fitting parameter (b), the transfer rate parameter (ζ), the flow
rate (QP1 ) and the hydraulic conductivity (Kh ), and at least 35 % for
all other parameters. Thus, parameters are generally well informed
by the observation data.
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Figure 3.10: (a) The reduction in error variance together with the relative reduction in parameter uncertainty based on the upper and lower
boundaries of the prior distributions and posterior parameter
covariance. (b) Identifiability of the PEST++ estimated parameters, color coded by the individual contribution of singular values, with warmer colors correspond to higher index singular
values.

However, the relatively small reductions in parameter uncertainty
of the geochemical parameters indicate that they may not be reliably
determined by the model. This is confirmed by the calculated iden-
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tifiability measure, assuming a calibration solution space dimension
of five (Figure 3.10b). With a value of one indicating complete identifiability, the values below 0.2 of the geochemical parameters b are
low in comparison, as is the value of the flow rate during phase two
of the simulation (QP2 ) at 1.0 × 10−3 . The composite scale sensitivity
for those parameters was also low in comparison, indicating that low
parameter identifiability is likely due to insensitivity. Thus, the low
identifiability of the geochemical parameters show that these parameters can be compared only to a limited extent with literature values.
Conversely, the geomechanical fitting parameter b has a high identifiability. It is quite sensitive and thus decisive for the model result.
In conjunction with the relative parameter error reduction (Figure 3.10a), it is apparent that for the four most identifiable parameters,
parameter error has been dramatically reduced upon calibration (Doherty and Hunt, 2009). Overall, the parameter uncertainty analysis
shows that data from geodetic measurement networks are generally
suitable as observation data for calibration of the model.
It is important to note that due to some simplifying assumptions in
our modeling approach (i.e., the aforementioned unrecognized physical processes and missing feedback mechanisms), and the presence
of systematic patterns in the residuals, there may be bias in our parameter estimates, which may prevent them from being implemented
directly at another site. Nevertheless, the overall methodology proposed in this study is itself applicable to any other site where similar
processes are occurring.
3.6

conclusions

In this study we developed a numerical modeling approach that quantifies the swelling-induced heave as a function of the geochemical
transformation from anhydrite to gypsum. Our process-based approach
provides an important link between the spatially and temporally varying heave and a range of key hydrogeological, solute and reactive
transport processes. The results for the selected study site show a
generally good agreement with the geodetic monitoring data, while
the model parameters that were estimated via nonlinear regression
were found to be plausible. The four most identifiable parameters
were the mechanical fitting parameter b, the mass transfer rate ζ, the
flow rate QP1 and the hydraulic conductivity Kh with values of 2.5,
2.4 × 10−10 s−1 , 3.5 × 10−7 m s−1 and 2.9 × 10−4 m3 s−1 , respectively. Furthermore, the estimate of both the anhydrite and gypsum reaction
rate constants compared particularly well with literature values. The
model results indicate that diffusion plays a decisive role in controlling the rate of anhydrite dissolution and therefore, the transformation and swelling process. Ultimately, these results contribute to a
better understanding of the controls of the swelling mechanisms that
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occur in clay-sulfate rocks and assist with assessing the feasibility of
mitigation measures to counteract the swelling problem.
The developed dual domain reactive transport modeling approach
is able to simulate transient hydrogeological and geochemical conditions in swelling clay-sulfate rocks. For our study site, the model
reproduced observed ground heave by post processing the simulated
spatially and temporally variable transformation of anhydrite to gypsum, thus providing a promising and easy-to-implement approach
for the field-scale simulation of the swelling and heave process. The
approach captures the swelling process reasonably well, although
some of the model’s limitations will need to be addressed in future
studies.
With respect to our study site, the model results of this work support the assumption that heave at the ground surface in the city of
Staufen is a consequence of a locally changing groundwater flow
regime and the thereby induced hydrogeochemical disequilibrium.
The interplay between chemical reactions, changes in rock structure and texture, and fluid transport properties remain critical for
the prediction of hydrological and geochemical processes in swelling
clay-sulfate rocks. In order to improve implementation of the chemical reaction processes, anhydrite dissolution along fracture surfaces
(mobile domain) and heterogeneous gypsum crystal growth within
discontinuities as well as the pore matrix may explicitly be considered
as proposed by Serafeimidis and Anagnostou (2012a). The present
model may also be extended to include a mechanical model in order to couple changes in rock structure and texture (i.e., changing
porosity and sealing effects), and the reaction rates and hydraulic
conductivity. Finally, in light of the spatial variability of the geodetic
measurements, heave data might be integrated even more effectively
by weighting the observation data according to their orientation to
the anisotropy axes, or by using representative 2D cross-section models along the major anisotropy axes instead of a radial symmetrical
model.
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A N A LY Z I N G T H E H E AV E O F A N E N T I R E C I T Y: A
CASE STUDY

abstract
Ground source heat pump (GSHP) systems play a key role in the exploitation of shallow geothermal energy as a renewable energy source.
In clay-sulfate rocks, however, rock swelling is a major threat to the
success of GSHP projects that may require extensive and costly countermeasures to mitigate the effects. Swelling is in these cases triggered
by water ingress into expansive anhydrite bearing rock layers, followed by the chemical transformation of the sulfate mineral anhydrite
to gypsum upon contact with water. Thus, assessing, understanding
and quantifying coupled hydraulic and geochemical changes in the
swelling zone is essential for selecting effective countermeasures. The
present study examines these processes for a study site in Staufen,
Germany, where an improper borehole heat exchanger (BHE) installation has allowed ingress of water into the clay-sulfate bearing strata
of the Gipskeuper, followed by swelling and substantial heave of the
land surface. A reactive transport model was employed to isolate the
key processes and to evaluate a range of mitigation scenarios. The
model simulations allowed for the assessment of (i) water inflow into
the swelling zone, (ii) water availability for the transformation of anhydrite into gypsum within the swelling zone, and (iii) the potential
for future swelling for each of the considered scenarios. Our results
indicate that even with incomplete BHE sealing, water flow into the
swelling zone and thus the swelling process can be arrested through
appropriate hydraulic countermeasures. In contrast, our worst case
scenario simulation predicts a further 10 cm of heave at the ground
surface by 2025. The results illustrate the importance of integrating
geological, hydraulic and geochemical information when assessing
and predicting the efficiency of site-specific mitigation measures.
4.1

introduction

Utilizing shallow geothermal energy is an increasingly popular form
of renewable energy in many parts of the world (Lund and Boyd,
2016). A well-established technology to exploit this source of energy
is the use of ground source heat pump (GSHP) systems (Sanner et
al., 2003). While the technology has enormous potential in saving energy used for heating and cooling of buildings, and thus reducing
global CO2 emissions (Bayer et al., 2012), it also entails a range of
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site-specific risks (Butscher, Huggenberger, Auckenthaler, et al., 2011).
In recent years several incidents of GSHP installations caused significant damages to houses, for example in Germany (Fleuchaus and
Blum, 2017) and in France (Catoire et al., 2017; Kimmel and Hadadou,
2016). One of the main risks and causes of damage lies in accidentally
triggering hydraulic short circuits, i.e., in facilitating a hydraulic connection between previously separated aquifers as a result of a GSHP
installation (Grimm et al., 2014). While consequences can be manifold, a hydraulic short circuit is particularly problematic when geological formations with clay and sulfate minerals are involved, such
as the commonly found Triassic Gipskeuper (“Gypsum Keuper” or
Grabfeld-Fm.) formation in Germany (Anagnostou, Serafeimidis, et
al., 2014).
Clay-sulfate rocks swell upon contact with water due to two partially superimposed processes (Butscher, Breuer, et al., 2018; Butscher,
Mutschler, et al., 2016): (i) Clay swelling through hydration and osmotic water uptake (Madsen and Müller-Vonmoos, 1989), and (ii) sulfate swelling, a chemical transformation of anhydrite (CaSO4 ) into
gypsum (CaSO4 · 2 H2 O). The latter process is considered to be the
main mechanism of swelling in such rocks (e.g., Wittke, 2014), resulting in a net volume increase of up to 61 % and producing very high
swelling pressures of up to 16 MPa (Steiner, 1993).
Hydraulic short circuits induced by improper borehole heat exchanger (BHE) installation can cause swelling processes that result
in considerable heave of the ground surface and massive damage
to houses and infrastructure. For example, noteworthy occurrences
in Germany include incidents at sites in Böblingen, Rudersberg and
Staufen im Br. (LGRB, 2010, 2013, 2015) as summarized by Fleuchaus
and Blum (2017).
Mitigation measures to stop the swelling process typically include
(re-)grouting of the defective (improperly cemented) boreholes and
the installation of pumping wells. Both are aimed at preventing additional water ingress into the anhydrite bearing strata. However,
there is typically a lack of detailed data and process understanding, thus preventing a reliable prediction of the rate and duration of
the swelling and associated uplift (Butscher, Mutschler, et al., 2016).
The main reason for this uncertainty is that it is generally unknown
how much water has already entered the swelling zone, and how
much of it remains available for the transformations of anhydrite
into gypsum. In addition, regional and local groundwater flow and
hydrological boundary conditions decisively influence the swelling
process (Butscher, Einstein, et al., 2011; Butscher, Huggenberger, and
Zechner, 2011; Butscher, Huggenberger, Zechner, and Einstein, 2011).
However, it also remains unclear how well any hydraulic mitigation
measures can prevent additional water ingress once the local hydrogeological conditions are disturbed. In order to more reliably predict
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the efficiency of remediation measures, a more comprehensive process understanding and quantitative tools that simulate and quantify the key processes are urgently needed. The perhaps most important knowledge gap appears to be a lack of understanding on
how the various hydrogeological and geochemical processes interact.
Therefore, a coupled quantification of these processes, which explicitly accounts for the feedback between these mechanisms, plays a
crucial role for improving our conceptual understanding and quantitative forward predictions of swelling processes. Tackling this challenge, several different numerical model approaches for simulating
the swelling of clay-sulfate rocks were developed in recent years,
mostly, however, investigating the swelling processes in the context
of tunnel constructions (e.g., Anagnostou, 1993; Oldecop and Alonso,
2012; Olivella and Alonso, 2008; Ramon and Alonso, 2018; Ramon,
Alonso, and Olivella, 2017). These models all incorporate coupled
hydro-me-chanical-chemical processes with the objective of providing
a detailed description of the swelling process. Their application identified gypsum crystal growth as the driving mechanism of swelling. On
the other hand, Schweizer, Prommer, Blum, Siade, et al. (2018) developed a novel reactive transport model approach that jointly considers
both, swelling from gypsum precipitation due to the spatio-temporal
changes in geochemical as well as the shift in hydraulic regimes that
is caused by geotechnical engineering activities. In their study, geodetic monitoring data of the ground heave at their study site in Staufen
was employed to guide the development and calibration of a radialsymmetric, and thus geometrically simplified field-scale model and
to subsequently identify critical processes and model parameters.
In the present study we eliminate many of the previously made
simplifications and refine our earlier developed reactive transport
model by incorporating a significant portion of the geological complexity that was originally defined by a detailed 3D geological model
of the study area (Schweizer, Blum, et al., 2017). This allows us now
to explicitly and more realistically account for the impact of the local
groundwater flow patterns and the water ingress that was induced
via the BHE drillings that created some preferential flow paths (PFP).
We use this refined model to explore different mitigation measures
and to assess their efficiency on slowing down or even stopping the
clay swelling process. We also employed these new model simulations to investigate the origin of the ingressing water and to more
precisely quantify the role of water availability for the transformation of anhydrite into gypsum in the swelling zone. Eventually the
results were used to assess the future swelling potential for each of
the investigated scenarios.
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4.2

study site

Our study site is located in the historic city of Staufen in SouthWest Germany (Figure 4.1), where an improper BHE installation into
the local clay-sulfate bearing formation has caused severe damage.
Since the drilling of the vertical BHEs in 2007, the city of Staufen
has been subject to ground heave with uplift rates of up to 11 mm
month−1 (LGRB, 2010), which is still ongoing. To date this has resulted in a total ground heave of up to 60 cm. Overall the incident
caused damage to more than 250 houses with costs so far exceeding
50 Mio. e (Fleuchaus and Blum, 2017). From previous analysis of the
case it is now evident that the incomplete annular sealing (improper
cementation) of at least one of the seven drilled BHE created a hydraulic connection between a previously separated artesian aquifer
and the overlying Gipskeuper (Grimm et al., 2014; LGRB, 2010; Ruch
and Wirsing, 2013; Sass and Burbaum, 2010). Due to the ingress of
water, anhydrite embedded in the Gipskeuper was chemically transformed into gypsum, which in turn led to a net increase in rock volume and, thus, swelling.
Various mitigation measures started in 2009, including (i) (re-)grouting of the defective BHE; and (ii) installation of pumping wells into
the artesian aquifer underlying the Gipskeuper, with the aim of lowering the hydraulic potential in this aquifer below the level of the
swelling zone (Ruch and Wirsing, 2013). Although these measures
have effectively reduced the ground surface heave rates, they have so
far failed to completely stop the swelling.
Supporting the design and planning of the mitigation measures, an
extensive exploration campaign was carried out to investigate the geological, hydrogeological and chemical conditions of the subsurface in
the vicinity of the affected area (Benz and Wehnert, 2012; LGRB, 2010,
2012). This included detailed measurements of groundwater hydrochemical compositions, piezometric heads, hydraulic transmissivities,
storage coefficients and porosities, as well as drill core investigations
and a seismic campaign to determine the geological strata, their thickness and composition. Furthermore, a geodetic observation network
comprising 106 measurement points was set up to monitor the surface deformation at the study site (Figure 4.1). Between January 2008
and March 2015, a total of 67 surveys at irregular intervals of between
11 and 161 days were performed. The intervals were adapted to the
uplift dynamics and increased progressively.
Geologically, Staufen is located at the eastern margin of the southern Upper Rhine Graben (URG) within the so called “Sulzburg-Staufener Vorbergzone” (Genser, 1958). This zone is a transition zone between the graben itself to the west and the crystalline massive of the
Black Forest to the east, where it is delimited by the eastern main
boarder fault (EMBF) (Groschopf et al., 1981). The zone is composed
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of staggered fault blocks that got trapped at the graben margin during rifting, thereby creating a zone of high structural complexity. At
the study site, this zone mainly consists of steeply inclined Mesozoic
strata, typically displaced by west dipping faults and covered by Quaternary sediments (Sawatzki and Eichhorn, 1999) (Figure 4.2).
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Figure 4.1: Overview of the study site (BHE = borehole heat exchanger,
EBH2 = site investigation well).

In the present study, three particular formations play an important role: (1) The Gipskeuper (Grabfeld-Fm., Table 4.1), which contains the anhydrite bearing strata (swelling zone), underlain by (2) the
Lettenkeuper (Erfurt-Fm.) and (3) the Upper Muschelkalk (RottweilFm.) (Figure 4.2). The latter two are artesian aquifers, which are both
thought to be responsible for groundwater inflow into the swelling
zone via the defective BHE drillings. The Lettenkeuper is a fractured
rock aquifer of 5 to 10 m thickness composed of alternating sandstone,
mudstone and dolomitic limestone. The Upper Muschelkalk consists
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Table 4.1: Stratigraphy and geological formations with terminology used by
regional geologists and the nomenclature according to STD (2016)
given in brackets.

Triassic

stratigraphy

Keuper

Middle
Lower

Muschelkalk

Upper

formation
km2

Schilfsandstein (Stuttgart-Fm.)

km1

Gipskeuper (Grabfeld-Fm.)

ku
mo

Lettenkeuper (Erfurt-Fm.)
Oberer Hauptmuschelkalk
(Rottweil-Fm.)

of karstified carbonate rock, which represents a regional aquifer of approximately 60 m thickness. Hydrochemical analysis confirmed that
prior to the geothermal drilling, these three geological formations
were hydraulically separated (LGRB, 2010).
The rocks of the Gipskeuper are composed of mudstone and marlstone with an average thickness of 100 to 110 m. The formation contains both anhydrite (CaSO4 ) and gypsum (CaSO4 · H2 O). Based on
the degree of leaching and the presence of either anhydrite or gypsum as the dominating sulfate-mineral, the formation is divided into
three zones (Ufrecht, 2017; Wittke, 2014). The first zone is the weathered Gipskeuper, where all sulfate was dissolved and ultimately depleted, which created an aquifer of high permeability (gypsum karst).
This zone is typically found at the top and bottom of the formation.
The boundary to the second zone, the non-weathered Gipskeuper, is
given by the upper (at the top) and lower (at the bottom) gypsum
level (UGL and LGL, respectively). The non-weathered Gipskeuper
is rich in sulfates and generally of very low permeability. The mineralogical composition in the Gipskeuper changes gradually from a
zone where gypsum is the sole sulfate mineral (second zone) towards
the center of the formation, where an increasing proportion of anhydrite (third zone, swelling zone) is found. The upper and lower anhydrite level (UAL and LAL) mark the boundary of the third zone
where anhydrite appears, hence also delineating the swelling zone.
The swelling zone is also characterized by a high content of the expansive clay mineral corrensite (up to 40 %; LGRB, 2010). Thin layers
of clay, anhydrite and gypsum alternate in this zone, and millimetersized anhydrite nodules are finely dispersed within the clay matrix
(LGRB, 2010). Although permeability is generally low, sections of increased permeability are evidenced by drilling fluid losses in one of
the exploration boreholes (see site investigation well EKB2 at 76.4 m
bgl in Figure 4.2), indicating the presence of fractures or PFPs that
facilitate lateral groundwater flow.
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4.3
4.3.1

modeling approach
Modeling tools

Flow simulations were carried out with the USGS finite-difference
model MODFLOW-2005 (Version 1.12.00), which simulates groundwater flow in saturated porous media (Harbaugh, 2005; Harbaugh
et al., 2017). FloPy (Bakker et al., 2016) was used for pre- and postprocessing. Reactive transport was simulated using the reactive multicomponent transport model PHT3D (Prommer et al., 2003). It combines the geochemical model PHREEQC-2 (Parkhurst and Appelo,
1999) with the solute transport model MT3DMS (Zheng, 2010). Model
calibration was conducted with the nonlinear parameter estimator
PEST++ (Doherty, 2015; Welter et al., 2015). All pre- and post-processing scripts were executed in Python (versions 3.6.6).
4.3.2

Numerical modeling framework

4.3.2.1 Overview
The principal geological framework underpinning the reactive transport modeling study was defined by an earlier constructed 3D geological model (Schweizer, Blum, et al., 2017). The present study, however,
focused on a complex representative 2D transect (Figure 4.2), which
was extracted from the 3D geological model. The selected transect is
oriented in NW-SE direction parallel to the main groundwater flow
direction (approximately perpendicular to the graben structure). It
includes the BHE drilling site, the extent of the heave body at the
ground surface, and all (known) relevant geological structures that
may impact the swelling phenomena at the site. The zonation of the
Gipskeuper (weathered Gipskeuper and non-weathered Gipskeuper
containing gypsum and/or anhydrite) was based on exploration data
published in LGRB (2010, 2012). Given their close proximity (<20 m),
the seven installed BHE on site are represented as one single BHE in
the model.
4.3.2.2 Spatial and temporal discretization
The model domain has a vertical extent (z) of 320 m and includes
the geological strata down to the base of the artesian aquifers under
the swelling zone. The horizontal extent (x) is 520 m, with the main
boundary fault of the graben near the southeastern model boundary.
The 2D transect is extended on both sides in the y-direction by 98 m to
result in a 2.5D (“quasi-3D”) model. This step was necessary in order
to assign volumetric flow rates to the pumping wells that correspond
to measured pumping rates. The 2.5D transect approach was selected
as it reduced the overall computational costs dramatically, compared
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Table 4.2: Stress periods of the numerical model.
stress
period

0

dura
tion a
[days]

1

description

Steady state before
geothermal drilling

1

810

Geothermal drilling; inflow of
groundwater along defective BHE

2

30

Grouting of the BHE to
stop inflow of groundwater

end date
of period

3rd Sept 2007
17th Nov 2009
18th Dec 2009

3

320

Pumping in EKB2 at 1.35 l s−1

1st Nov 2010

4

120

Pumping in EKB2 at 2.35 l s−1

1st Mar 2011

5

820b

Pumping in EKB2 and

1st June 2013

BB3 at 2.15 and 3.55 l s−1
6

2040

Pumping in EKB2 and
BB3 at 1.8 and 2.3 l s−1

7

2190

Pumping continues for scenario S1,
but not for scenarios S2 and S3

a

numbers are rounded to the nearest tens.

b

end of calibration period after 770 days.

1st Jan 2019
1st Jan 2025

to a full 3D model. The grid resolution was set to 4 m in the vicinity of
the BHE and pumping wells (EKB2 and BB3), increasing stepwise to
8 m and 16 m in the x- and y-direction, respectively. Layer thicknesses
were set constant at 4 m.
The total simulation period was 6330 days, discretized into time
steps of 10 days. The start of the simulation coincides with the start
of the BHE drillings on 3rd September 2007. Seven stress periods
were used to account for the varying hydraulic stresses caused by
the drilling and mitigation measures (i.e., grouting and pumping).
Stress periods 1 to 5 were based on data documented by LGRB (2010,
2012), while stress periods 6 and 7 reflect future behavior and thus
the assumptions that were made for the corresponding remediation
scenarios (Table 4.2).
4.3.3

Setup of the flow model

The model simulates saturated flow in porous media. Estimates for
hydraulic conductivities were mainly deduced from site-specific transmissivity measurements (LGRB, 2010), complemented by literature
data (LUBW, 2005) and partially estimated via nonlinear regression
using PEST++ (Table 4.3). Hydraulic conductivities were assumed to
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be isotropic, because the steeply inclined strata strongly deviate from
the orientation of the model grid. The specific storage Ss was set to
1.0 × 10−5 m−1 for all strata, except for the aquitards of the Jurassic (J)
and the Middle Muschelkalk and Bundsandstein strata (MSaqt), for
which Ss was set to 1.0 × 10−6 m−1 (Domenico and Mifflin, 1965).
At the northwestern model boundary (towards the graben), a constant head boundary was applied. Corresponding to measurements
in the closest exploration borehole (LGRB, 2010) hydraulic heads were
set to 282 m at the top and successively increased to 284 m at the bottom. The lower part of the southeastern model boundary (towards
the graben shoulder) was defined as a no-flow boundary (contact to
the crystalline basement behind the main boundary fault). The upper
section of this boundary was defined as a constant head boundary
(Quaternary and Muschelkalk aquifers). With a constant head value
set to 288.5 m this results in an average hydraulic head gradient of
1.25 % within the model domain, coinciding with regional scale measurements (LGRB, 1977). The groundwater recharge rate was set to a
uniform value of 200 mm yr−1 throughout the model domain (LUBW,
2012)). The model’s lower boundary coincides with the top of the underlying aquitard and was therefore defined as a no-flow boundary.
The BHE drilling and the two extraction wells were implemented as
multi node wells using the MNW2 package for MODFLOW (Konikow
et al., 2009). The hydraulic conductance (CWC) of the well skin (i.e.,
gravel pack or damaged backfilling) was calculated based on the skin
(rskin ) and well radius (rw ), and the hydraulic conductivity of the
skin (kskin ). The latter value was estimated via nonlinear regression,
while the radii were taken from LGRB (2010, 2012). The EKB2 and
BB3 drillings (both pumping wells) at the center of the model are
implemented in the model with an offset to the transect of 8 m and
4 m, respectively. Faults in the model were implemented using the
horizontal flow barrier (HFB) package for MODFLOW (Hsieh and
Freckleton, 1993), which changes the cell to cell conductance along
the fault through a characteristic value. This value is equal for all
faults of the model and estimated via nonlinear regression.
4.3.4

Setup of the reactive transport model

The reactive transport modeling framework is based on the approach
presented by Schweizer, Prommer, Blum, Siade, et al. (2018). In brief,
this framework includes: a) the chemical reaction of anhydrite to gypsum, b) a “dual domain” approach separating the domain into a mobile domain to represent relatively rapid advective flow/transport,
e.g., in fractures and other preferential flow paths and an immobile,
reactive domain (rock matrix), with mass transfer between the two domains being driven by concentration gradients c) the use of a “water
tracer” that traces inflowing water into the swelling zone. The tracer

estimated via nonlinear regression (i.e., via PEST++).

averaged based on measurement (LGRB, 2010).

(b)

MSaqt

(a)

Middle Muschelkalk and Bundsandstein aquitards

km1c

Gipskeuper (anhydrite core)

moS

km1f

Gipskeuper (fractured)

Upper Muschelkalk (below swelling zone)

km1A

Gipskeuper (anhydrite bearing)

mo

km1w

Gipskeuper (weathered)

Upper Muschelkalk

km1

Gipskeuper (unweathered)

ku

km2

Schilfsandstein

Lettenkeuper

km3

J

Jurassic

Bunte Mergel

Q

symbol

Quaternary

geological unit

0.01 (b)
0.02 (b)
0.06 (b)

1.0 × 10−10
1.0 × 10−5
5.0 × 10−5
1.0 × 10−8

0.30

0.16

0.05

(a)

(a)

6.0 × 10−5

0.04 (a)

(a)

8.3 × 10−5 (a)

0.16 (b)

2.0 × 10−5
9.6 × 10−7

0.02 (b)

1.0 × 10−10

0.20

1.0 × 10−7
0.09

0.20

1.0 × 10−8
(b)

0.11 (b)

5.0 × 10−4

8.0 × 10−6

effective
porosity

hydraulic
conductivity
[m/s]

Table 4.3: Hydraulic and transport model properties of geological units.

0.10

0.10

0.10 (b)

0.05 (b)

0.02 (b)

0.04 (a)

0.04 (a)

0.16 (b)

0.04 (b)

0.1 (b)

0.10

0.10

0.21 (b)

immobile
porosity
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is a water constituent of all aquifers of the model. By following this
approach, only water that intrudes from aquifers into the swelling
zone triggers and subsequently “feeds” the chemical transformation
of anhydrite to gypsum. In the following, the term “ingressed water”
is used for the water tracer to describe the water that has entered the
swelling zone.
The effective porosity of geological formations in the model is taken
from drill core measurements (LGRB, 2010), or assumed at 20 %, where
no measurements were available (Table 4.3). The longitudinal dispersivity was estimated via nonlinear regression and the ratio of
transverse vs longitidinal dispersivity was fixed at 0.1. The chemical
groundwater compositions that were employed in the model correspond to measured compositions at the study site (LGRB, 2010, 2012).
Lateral inflow and recharge concentrations of the water tracer and
other water constituents were set equal to the initial ambient water
compositions.
4.3.5

Calculation of heave

The change (net increase) in rock volume from dissolved anhydrite
and precipitated gypsum within the swelling zone and the resulting
heave at the ground surface were calculated based on the approach
presented in full detail in Schweizer, Prommer, Blum, Siade, et al.
(2018). Briefly, the approach accounts for the effective vertical stress
0
σz in the swelling zone exerted by the overburden, and comprises a
bulking (swelling) coefficient γ, as introduced by Oldecop and Alonso
(2012) and Ramon and Alonso (2013). This coefficient is used to establish a relationship between stress and strain, i.e., it modifies the
change in rock volume originating from gypsum crystal growth depending on stress conditions:
0

γ = γmax e−bσ ,

(4.1)

where γmax is the bulking coefficient at σ = 0 (no stress), which
was set to the value 2 (according to Ramon, Alonso, and Olivella,
2017), b is a fitting parameter estimated during the inversion process,
0
and σ is the effective stress. This approach accounts for the often
observed fact that swelling deformation (heave) can be reduced by
the opposing vertical effective stress exerted by the overburden on
the swelling zone (Grob, 1972; E. Pimentel, 2007).
The heave at the land surface originating from the (stress-modified)
volume increase in the swelling zone was calculated based on an
approach by Mogi (1958). The approach is commonly used as an
analytical volcano deformation source model (Lisowski, 2006). However, Heimlich et al. (2015) showed that it can also be used to relate
geodetic measurements of uplift to water leakage from an improperly sealed borehole. Thus, in the absence of a fully process-based
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mechanical model, this approach can provide a reasonable approximation for the propagation of the deformation in the swelling zone to
the ground surface. In this approximation the surface deformation is
expressed as a function of the volume increase of a spherical source,
which is embedded in an isotropic elastic half-space (Figure 4.3). The
approach accounts for the elastic deformation of the strata above the
swelling zone. However, the model assumes isotropic and homogeneous conditions and neglects the orientation of the geological strata.
y

w
Free surface
σxz = σyz = σzz = 0

Obs (x,y,0)

r

x

R
d

Pressure change ΔP
or Volume change ΔV
Source (0,0,-d)
α

z

Figure 4.3: Coordinate system and geometric relationships (after Lisowski,
2006) used to calculate surface heave from an embedded spherical source based on an approach by Mogi (1958).

According to the model by Mogi (1958), the vertical displacement
w for a particular point on a free surface (x, y, 0) can be expressed as:
 
(1 − v) d
3
w = α ∆P
,
(4.2)
µ
R3
where v is the Poisson’s ratio; µ the shear modulus of the rock; ∆P
the pressure change at the spherical source with radius α (m) located
at depth d (m); and R the radial distance (m) from the center of the
source to a point on the free surface.
The change in volume ∆V of the source (due to gypsum crystal
growth) approximately relates to the change in pressure as (Mogi,
1958):
∆V ≈

∆P 3
πα
µ

(4.3)
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Assuming that each model cell c of the swelling zone corresponds
to a source p with a change in volume ∆V, surface deformation at a
particular location L(x,y) at the ground surface of the model domain
and for a specific point in time tp of the simulation can be expressed
as:
w(tp )


tp
X
X
(1 − v) dp
(p,
=
∆VG
t)
π
R3
p∈c

(4.4)

t=0

with v set to 0.25 (Lisowski, 2006). A Python (version 3.6.6) script was
written to implement this relation between volume increase in the
swelling zone and heave at the land surface into the model.
4.3.6

Model calibration

The period employed for model calibration started on 3rd September 2007 and extended over 2050 days. Initial parameter estimates
were taken from the data collected during the site characterization by
LGRB (2010, 2012) (hydraulic conductivity, porosity, well properties),
and complemented by literature data (hydraulic conductivity, specific
storage, mechanical fitting parameter) (Domenico and Mifflin, 1965;
LUBW, 2012; Ramon and Alonso, 2013).
The inversion of the reactive transport model was constrained by
two types of observation data characterizing the deformation at the
ground surface: (1) point observations of the absolute uplift from the
geodetic monitoring network within a 30 m buffer around the model
transect (total of 1365 points in space and time; see Figure 4.1), and (2)
interpolated volumes of the heave body for selected 32 points in time
during the first 2050 days of the simulation period. Uplift data were
directly compared to the model output along the transect by projecting the measurement points orthogonally onto the transect. The volumetric values were calculated by interpolating the point observation
data for each point in time. A detailed description of the calculation of
the heave volume from the geodetic data can be found in (Schweizer,
Prommer, Blum, Siade, et al., 2018). The heave volume was added as
an additional calibration constraint because the observed heave body
is characterized by a pronounced anisotropy, which cannot be fully
captured along a transect. In addition, piezometric head measurements within the Schilfsandstein (km2), Gipskeuper (km1), Lettenkeuper (ku) and Upper Muschelkalk (mo) were used to constrain head
values of the model. These data were supplemented by head values
observed in EKB2 and BB3 during groundwater extraction between
t = 1311 and 1631 days of the simulation to constrain the hydraulic
impact of the extraction wells.

4.4 results and discussion

4.3.7

Mitigation scenarios

Based on the actual mitigation measures implemented at the Staufen
site, three scenarios were developed and examined to quantify and
compare the effect of individual measures on the water availability
in the swelling zone, and to predict the heave development at the
ground surface. For each mitigation scenario, the amount of water
available for the chemical transformation of anhydrite to gypsum
was calculated using the reactive transport model, and water budgets were calculated to determine the amount of water entering the
swelling zone from different sources.
The first scenario S1 was used as the base scenario. It corresponds
to the actually implemented mitigation strategy (LGRB, 2010, 2012)
with grouting of the defective boreholes and groundwater draw-down
by two extraction wells (EKB2 and BB3, Figure 4.1). All seven grouted
BHE were assumed as being completely tight, such that no further
water access via the boreholes into the swelling zone occurred or
occurs in the future. Averaged pumping rates used in this scenario
were based on the data provided by LGRB (2010, 2012). The pumping
rates in the periods beyond 2012 are scenarios. Overall, they result
in a drawn-down of the piezometric head in the Lettenkeuper and
Upper Muschelkalk below the level of the swelling zone. A third well
installed in 2015 was not included in the model, as the model only
considers countermeasures implemented prior 31st December 2012.
In scenario S1, it is assumed that pumping continues beyond 1st January 2019 at a steady rate until 1st January 2025.
Two alternative mitigation scenarios were simulated, both also using the calibrated parameter set employed for scenario S1. Scenario S2
(without pumping) considers a stoppage of pumping after 1st January
2019. Scenario S3 (without pumping and seal) considers stoppage of
pumping after 1st January 2019 and, in addition, the sealing of the
geothermal boreholes was assumed to be only partially effective (i.e.,
water flow via the boreholes is still possible after grouting, albeit at a
reduced rate). In all scenarios, the BHE drilling implemented in the
model was assumed to be completely tight above the upper gypsum
level (UGL, see Figure 4.2), such that water access from above the
swelling zone is avoided. An summary of the simulation scenarios is
given in Table 4.4.
4.4
4.4.1

results and discussion
Calibrated model

4.4.1.1 Groundwater flow and reactive transport
The measured piezometric heads and groundwater drawdown from
the extraction wells are generally well reproducible by the model sim-
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Table 4.4: Overview of simulated scenarios.
scenario
property
s1

s2

Base

Without

scenario

pumping

BHE sealed above UGL

Yes

Yes

Yes

Sealing of BHE successful

Yes

Yes

No

Yes

No

No

1.0 × 10−4

1.0 × 10−4

1.0 × 10−4

1.0 × 10−10

1.0 × 10−10

1.0 × 10−7

Description

Pumping after
Skin

valuea

1st

January 2019

previous to grouting

Skin valuea after grouting
a

s3
Without
pumping
and seal

value in m s−1 .

ulations (Figure 4.4). During active pumping periods, residuals between measured and simulated heads at EKB2 and BB3 are 2.74 m
and 1.34 m, respectively. The skin values characterizing the hydraulic
conductivity of the open well screens of EKB2 and BB3 were estimated at 1.8 × 10−7 m s−1 and 3.7 × 10−7 m s−1 , respectively. These values are low compared to literature values between 3.0 × 10−4 m s−1
and 3.0 × 10−2 m s−1 ; Domenico and Schwartz, 1997 and may be the
result of an overestimated permeability of the aquifers, where the
screens are installed. In case of the BHE drilling, the estimated skin
value of 1.0 × 10−4 m s−1 reflects the incomplete backfilling (improper
cementation) of the borehole. The hydraulic characteristic value of
the faults was estimated at 6.9 × 10−7 m2 s−1 , therefore leading to an
only minor impact of the simulated faults on the groundwater flow
patterns.
The calibrated model was used to analyze the hydraulic changes
that were caused by the BHE installation and the subsequent mitigation measures. Figure 4.5 shows the impact of the BHE drilling on the
groundwater flow patterns, and in particular the flow of water via the
drilling into the swelling zone. The water inflow is concentrated on
the PFPs of the swelling zone, with high local permeability (Table 4.3:
km1f), as indicated by the red arrows in the figure. Water spreads
laterally parallel to the geological strata along the PFPs and is thus
available for the chemical transformation of anhydrite into gypsum
at distances of more than 50 m from the defective BHE drilling.
The implemented mitigation measures (grouting of the defective
boreholes and installation of the extraction wells) effectively stopped
water inflow into the swelling zone via the BHE in the simulation (Figure 4.6). Groundwater extraction caused a steep hydraulic gradient
between the extraction wells and the surrounding aquifer. Groundwater pumping in EKB2 alone (stress periods 2 - 4), however, was
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Figure 4.4: Calibration scatter plot showing modeled and measured piezometric heads.

not sufficient to lower the piezometric head below the swelling zone.
The piezometric head in proximity of the well’s open screen was
simulated at 282 m. In contrast, simulated heads for the ku and mo
aquifer in proximity of the BHE remained as high as 287 m and thus,
above the piezometric head in the swelling zone (283 m). Thus, in our
simulation the observed decrease of water inflow into the swelling
zone can be attributed to the grouting of the defective boreholes. The
combined groundwater extraction in both wells (stress periods 5 7), however, effectively lowered the piezometric head in proximity of
the BHE (271 m) below the piezometric head of the swelling zone. In
this case, the applied mitigation measures are effectively redundant:
Grouting and pumping both prevent water inflow into the swelling
zone. With respect to pumping, the results illustrate that an adequate
planning of the groundwater extraction (with respect to the number,
location and pumping rates of the wells) is crucial for a successful
mitigation of the swelling problem.
The calibrated reactive transport model quantified the chemical
transformation of anhydrite to gypsum in the swelling zone. The simulations show in particular the effect of the mitigation measures on
the availability of the ingressed water and the rate of gypsum crystal
growth (Figure 4.7). The mitigation measures (grouting of the defective BHE drilling and pumping in both wells) effectively reduced the
content of ingressed water in the mobile domain of the swelling zone,
which dropped from 58 to 8 % (Figure 4.7 top). The overall rate of
gypsum crystal growth was therefore reduced by 86 % from 1.18 to
0.17 mol d−1 (Figure 4.7 bottom). At the end of the calibration period
(14th April 2013), only about 1 % of the anhydrite in the swelling zone
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Figure 4.5: Hydraulic head distribution (a) before and (b) after the installation of the BHE drilling. (b) shows a magnified extract of the
model domain. The red arrows, indicating flow direction and
magnitude, show high water inflow from the Lettenkeuper and
Muschelkalk aquifers into the defect BHE drilling at the bottom
and high water outflow from the drilling into the swelling zone
in the central part of the drilling.

was converted into gypsum. This suggests that there is still a large
potential for future swelling upon further contact with water.
4.4.1.2 Simulated heave
Simulated and measured (i.e., interpolated from heave measurements)
volumes of the heave body at the ground surface are in good agreement, with an average residual of 310 m3 for all 32 points in time
being compared (Figure 4.8a). However, while the general heave dynamics (i.e., trend of dying-out after the mitigation measures) are
well captured by the model, results also show two distinct characteristic deviations. First, maximum uplift and the heave rate along the
model transect are systematically underestimated by the model and
remain below the observation values from the geodetic monitoring
(Figure 4.8b and 4.8c). The maximum simulated uplift amounts only
to 0.30 m, compared to measured 0.54 m at the end of the calibration
period (t = 2050). Secondly, the lateral offset between the simulated
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Figure 4.6: Hydraulic head distribution after implementation of mitigation
measures with grouting of the defective BHE drilling and (a)
pumping only in EKB2; (b) pumping both in EKB2 and BB3. In
a), the piezometric head at the lower end of the BHE is still above
the level of the swelling zone. Only successful grouting prevents
water inflow into the swelling zone via the BHE. In b), water inflow into the swelling zone is prevented both by grouting and
by drawdown of the piezometric head in the aquifers under the
swelling zone.

and measured uplift maximum at the ground surface (center of heave)
approximates to 35 m along the model transect (Figure 4.8d).
These deviations are due to the propagation of volume increase in
the subsurface to the ground surface using the model by Mogi (1958).
It assumes isotropic and homogenous conditions, while at the study
site the geological strata are steeply inclined with large displacements
along faults. Although the complex geological setting is well considered in the flow and reactive transport model to simulate the processes being effective in the swelling zone, the mechanical response
of the swelling zone’s overburden is strongly simplified. Moreover,
no feedback mechanisms between hydraulic, chemical and mechanical processes are implemented in the model. For example, the volume
change in the swelling zone due to gypsum crystal growth has neither
an effect on the permeability, nor on the reactive mineral surfaces. As
a result the shape of the simulated heave body does not closely repre-
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Figure 4.7: Top: Simulated content of ingressed water, illustrating the decrease in water content available for the transformation of anhydrite into gypsum in the swelling zone due to the mitigation
measures. Bottom: Rate of gypsum crystal growth in the swelling
zone. As an effect of the mitigation measures, the formation of
gypsum (and hence swelling) is strongly reduced.

sent the observed shape, i.e., the maximum heave is underestimated
and the heave is too dispersed (Figure 4.9), whereas simulated and
observed heave body volumes are in good agreement (Figure 4.8a).
An attempt of geomechanical modeling of the heave at the Staufen
site was undertaken by Benz and Wehnert (2012) using a finite-element
numerical model. Their constitutive model, which was based on Grob’s
swelling law (Grob, 1972; Schädlich et al., 2013), was able to reproduce the observed swelling behavior while considering the mechanical response of the overburden. However, the maximum applied
swelling stress (σ0 = 9 MPa) represents the upper limit of empirical
values in clay-sulfate rocks (Steiner, 1993) and no chemical or hydrogeological processes were considered. In addition, it remains unclear
whether Grob’s swelling law is indeed applicable to anhydrite-clay
swelling (Butscher, Breuer, et al., 2018).
Finally, a possible further reason for the differences between the
modeled and observed geometry of the heave body in the present
study might be the unknown lateral extent of the swelling zone, which
in the model depends on the geometry of PFPs and the zonation
of the Gipskeuper. These features are well constrained by the exploration boreholes regarding depth, but not regarding their lateral extent.
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Figure 4.8: Left: Simulated and measured heave volume at the ground surface, maximum uplift and heave rate. Right: Projected uplift at
the ground surface for four representative points in time during
the calibration period. The grey box at the bottom represents the
lateral extent of the swelling zone in the subsurface.

4.4.2

Assessment of mitigation measures

4.4.2.1 Water flow into the swelling zone
A strength of the developed model is its ability to simulate the processes responsible for water inflow from different sources into the
swelling zone, including the hydraulic effects of human activities
such as the BHE drillings and mitigation measures, and to evaluate
the water availability for the chemical transformation of anhydrite
into gypsum under changing hydraulic boundary conditions. In order to determine the amount and origin of water entering the swelling
zone and to evaluate the hydraulic impact of all simulated scenarios
in more detail, water budgets were calculated for defined phases of
the overall model simulation period (Figures 4.10 and 4.11). Three
sources and sinks of water were distinguished: 1) the BHE drilling,
2) the Gipskeuper strata without anhydrite surrounding the swelling
zone (Zone 2), and 3) all other strata of the model domain (Zone 3).
The water budget calculations show that flow rates into the swelling
zone were as low as 0.49 m3 d−1 before the geothermal drillings, while
afterwards, they dramatically increased to 57 m3 d−1 (Figure 4.10). In
comparison, Schweizer, Prommer, Blum, Siade, et al. (2018) estimated
a value of 25 m3 d−1 after the drillings for the strongly simplified case
of this previous study. The significantly higher inflow rate in the
present study illustrates the large impact of considering hydrogeological conditions in more detail.
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Figure 4.9: 3D view of simulated and observed heave body (t = 2050 days).
The projection of the simulated volume increase in the swelling
zone onto the land surface results in a lower but wider heave
body compared to observed heave, and a shift of the heave center.

After the start of the mitigation measures (t > 840 days), water
inflow into the swelling zone via the BHE immediately decreases to
zero, and original hydraulic conditions were restored in scenarios S1
and S2 (Figure 4.11). Scenario S2 also indicates that water access to the
swelling zone is still prevented after stopping pumping on 1st January
2019 (t > 4140 days). This underpins that the sealing of the BHE has
superimposed the mitigation through pumping and indicates that a
successful sealing of the BHE through grouting is sufficient to stop
swelling under the given model assumptions.
Scenario S3 accounts for situations where it is not possible to effectively seal all BHE. This may be the case at the Staufen site, where one
of the BHE has collapsed at the bottom (below 105 m) during installation and could therefore not be grouted (LGRB, 2012). In this scenario, water inflow via the BHE continues throughout the simulation
period and thus, swelling never completely stops. However, pumping
has a significant effect on the water availability and strongly reduces
water flow into the swelling zone (and thus swelling). In particular,
the extraction well BB3 proved to be well placed and effective, maintaining an inflow rate into the swelling zone via the BHE as low as
0.41 m3 d−1 . The effectiveness of this mitigation measure becomes especially apparent once pumping is stopped in this scenario (t > 4140
days): inflow rates immediately rise back to 1.83 m3 d−1 , and consequently the amount of water available for swelling increases again.

4.4 results and discussion

Figure 4.10: Top: Subdivision of the model domain into three distinct zones
to evaluate sources and sinks of water available for the transformation of anhydrite into gypsum in the swelling zone. Bottom:
Water budgets of the swelling zone calculated for the scenario
S1 before (left) and after the BHE drillings (middle), and after
the implementation of the mitigation measures (right). The calculated water budgets show water inflow into the swelling zone
via the defective geothermal drillings and the successful stop of
water inflow after mitigation. Note the different scales of the
axes of ordinates.
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Figure 4.11: Water budgets of the swelling zone for scenario S2 (top) and
scenario S3 (bottom) after the start of the mitigation measures.
While mitigation measures can be successful assessed for scenario S2 (independent of the pumping measures), the mitigation success for scenario S3 depends on the pumping activity.
Only pumping in both wells (EKB2 and BB3) effectively prevents water inflow into the swelling zone.

This illustrates that in case of incomplete sealing of the BHE, adequate groundwater extraction measures are of paramount importance
for the mitigation success. The planning of groundwater drawdown
by extraction wells requires not only an adequate dimensioning of
the well (in terms of pumping rates), but also careful selection of the
well location. Scenario S3 also suggests that additional measures are
required to completely stop the swelling. At the study site, such additional measures were implemented through the installation of a third
extraction well in 2015.
4.4.2.2

Prediction of uplift

The progress of uplift was calculated for all three scenarios and compared to the measured uplift. Just as in the simulations with the calibrated model (see section 4.4.1.2), the simulated maximum uplifts
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of all scenarios remain below the observed values. In scenarios S1
and S2, uplift ceases completely after approximately 3500 days (Figure 4.12a), and the total amount of available ingressed water drops to
zero (Figure 4.12b). Consequently, both scenarios predict a successful
mitigation. Moreover, scenario S2 suggests that no further pumping
is required to stop the swelling if the BHE is completely sealed. In
contrast, S3 shows a continued uplift at a low but steady rate after implementation of the mitigation measures. Uplift even increases again
when pumping stops from 1st January 2019 onward. In the coming
six years (until 2025), about 10 cm of additional heave is predicted by
the model for this scenario. This again suggests that the continued
pumping is crucial for mitigation success where a complete sealing
of the BHE was not achieved. In such cases the further progress of
the uplift strongly depends on the remaining permeability of the incompletely sealed BHE, but also on the hydraulic properties of the
aquifers and the swelling zone.
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Figure 4.12: Maximum uplift at the ground surface (top) and water availability in the swelling zone (bottom) for the three simulated
scenarios. Scenarios S1 and S2 show successful mitigation measures that stop the swelling. Scenario S3 with still incompletely
sealed BHE suggests reduced but continuing swelling after the
mitigation measures.
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4.4.2.3 Transferability and application
The presented countermeasures are also applicable to other, similar
cases of damage in connection with BHE drillings, where the ingress
of water into a swelling zone is due to a hydraulic short circuit. In
general, the response to the implemented measures is almost instantaneous and reflected in a reduction in heave at the ground surface (Figure 4.13). Thus, it can be quickly determined, whether the measures
were effective in stopping water from accessing the swelling zone
and feeding the chemical transformation of anhydrite to gypsum.
For example, the sealing of BHE drillings successfully reduced uplift
rates at two separate sites in Böblingen, Germany (LGRB, 2015), with
measurable effects immediately after implementation (Figure 4.13b).
However, while countermeasures ultimately led to a decline in uplift rates from 5.5 and 2.9 mm month−1 , respectively, to almost zero
(Anderssohn, 2015), long time series of measurements are required to
evaluate the further course of swelling and whether additional countermeasures are needed. Hence, for an effective and timely planning
of feasible countermeasures, a comprehensive understanding of the
swelling process, underpinned by predictive models are crucial.
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Figure 4.13: Effect of hydraulic countermeasures on the development of
the uplift at the ground surface at sites located in the city
of a) Staufen and b) Böblingen (data extracted from LGRB
(2015) and information available at https://www.erdhebungenbb.de/start/Newsletter/Archiv.html).

4.5 conclusion

4.5

conclusion

The overall aim of this study was to further refine our understanding
and predictions of the effects that various mitigation measures may
have on the progress of swelling in clay-sulfate rocks. To achieve this
we successfully applied our earlier developed numerical approach to
the complex geological setting of the study site. Our results demonstrate that the model is generally capable of reproducing the swellinginduced ground heave in Staufen and can be used to estimate its future course. Thus, the presented and well-established approach (reactive transport modeling) shows to be a viable tool for planning measures that counteract the swelling of clay-sulfate rocks in GSHP damage cases and other engineering activities, such as tunneling, road
and bridge construction.
The study highlights the importance of adequate geological, hydraulic and geochemical site information including the hydraulic properties of PFPs and the BHE drilling to assess the swelling potential. By
localizing and quantifying water fluxes into the swelling zone and the
geochemical processes taking place therein, the presented approach
allows for the identification and improved evaluation of measures
to counteract the swelling problem. For example, our model-based
analysis of three different mitigation scenarios suggests that even in
case of incomplete BHE sealing, water flow into the swelling zone
can be stopped at the study site by appropriate pumping. However,
the projection of the swelling-induced volume increase in the subsurface to the ground surface by means of a simplifying analytical
model appears to lead to an inaccurate prediction of the shape of the
heave body. Coupling of the presented hydro-chemical model with
a mechanical model may further improve the accuracy of the model
results, which should be attempted in future work. In addition, other
indicators such as the temperature signal of the exothermic chemical reaction of anhydrite to gypsum could be used in the future to
optimize the calibration and parameterization of the model and to
increase its predictive accuracy.
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Part V
SYNTHESIS AND DISCUSSION
In this part I summarize the key findings I obtained in the
individual studies with respect to the research objectives
stated in the introduction. I further discuss aspects important to the overall modeling approach, and I propose opportunities for future research.

5

SYNTHESIS AND DISCUSSION

5.1

summary

Predicting the swelling of clay-sulfate rocks requires a thorough understanding of the underlying processes and controls, with numerical
models playing a key role. Hence, the two overarching goals of modeling in this thesis are to improve the ability to predict and to gain a
comprehensive understanding of the system under consideration. The individual studies in Chapter 2 to 4 are each devoted to a partial aspect
of these two goals and are briefly summarized below with regard to
their contribution.
In the first study, an adequate 3D geological model, considering
the geological framework at the study site was developed, which is
used as a basis for the numerical modeling in the further course of
the thesis. Essentially, the prevailing geological conditions strongly
influence the flow of groundwater and determine the characteristics
of the swelling zone. However, geological site models are rarely challenged as precursors to numerical models. Due to the high structural
complexity of the subsurface at the study site Staufen and ambiguity in the sparse and noisy data available, a unique representation
of the subsurface structure is not feasible (under-determined problem). Applying the concept of information entropy, uncertainties in
subsurface structures are quantified and visualized, thus providing
the basis for a better understanding of the underlying causes of uncertainty and a systematic approach to compare different model interpretations. The results show that uncertainties persist in the 3D
geological model, even if all available geological data are taken into
account. It becomes apparent that the distribution of uncertainties in
the 3D geological model depends on the actual identified subsurface
structures (e.g., faults and folds), which in turn vary widely with
the geological data available. It is shown that parsimonious models
may underestimate uncertainty locally, highlighting the need for adequate consideration of structural uncertainties in site investigation.
Therefore, of the four individual 3D geological model interpretations
that have been developed, only the most sophisticated model with
the lowest average entropy (i.e. the minimum total uncertainty) is
used as the geometric basis of the numerical models in this thesis.
The 3D geological model integrates the available geological information at the study site, thereby delimiting the location of geological
formations, major aquifers and geological structures relevant to the
swelling phenomenon. Overall, the presented approach makes it pos-
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sible to systematically minimize structural uncertainties during the
data collection phase and to subsequently adapt/re-evaluate model
interpretations through newly available data and insights. Thus, it
can also be a useful tool during ongoing site investigations to improve the efficiency of exploration campaigns and provide a basis for
cost-benefit analysis.
The second study makes use of the extensive and detailed datasets
available for the study site, which include hydrogeological, geochemical and geomechanical data as well as geodetic measurements to monitor ground heave. Based on this data, a novel conceptual and numerical modeling approach is proposed to gain a better understanding
of the swelling process in clay-sulfate rock and take a step towards
predicting its evolution in space and time. The developed modeling
approach, which focuses on a reactive transport model, aims at the
quantification of swelling-induced heave at the ground surface as a
function of the reaction kinetics of anhydrite and gypsum as well as
the availability of water in the system. Overall, the inversion process
results in a plausible model (i.e., parameterization is largely consistent with literature values and measurements on site) that simulates
swelling-induced heave in accordance with geodetic measurement.
The model results shows that the exchange of water and solutes
between preferential flow paths and the rock matrix greatly affects
the intensity and spatial extent of the simulated swelling processes.
The diffusive transport into the rock matrix essentially determines
the effective rate of the anhydrite dissolution and is therefore a decisive factor for the chemical transformation of anhydrite into gypsum
and the swelling process. Most notably, diffusion-limited swelling is
relevant for rocks with low permeability, for example for compact
anhydrite layers. In addition, the model results emphasize the importance of assessing the reactive surface area when it comes to determining reaction kinetics of the minerals and the intensity of the
swelling process. The presented approach uses the initial mineral
content (volume fraction) and the porosity of the matrix (i.e. the water volume in contact with the solid phase) as parameters in the inversion process, providing a straight forward implementation of the
specific surface area. The estimated reaction rate constants for anhydrite dissolution (kA = 2.4 × 10−5 mol m−2 s−1 ) and gypsum precipitation (kG = 3.2 × 10−6 mol m−2 s−1 ) are in good agreement with
literature values from laboratory experiments. Thus, they are suitable for describing observed swelling rates and the simulation results
also suggest their transferability to the field scale. Further identifiable parameters include the hydraulic conductivity, the flow rate and
the mass transfer rate with values of 2.9 × 10−4 m3 s−1 , 3.5 × 10−7 m s−1
and 2.4 × 10−10 s−1 , respectively. Thus, the model provides important
information about the hydraulic controls of the swelling process, which
are often difficult to assess during incidents with swelling clay-sulfate
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rocks. However, although parameters are generally well informed
by the observation data, the conducted uncertainty analysis also indicates that, in particular, geochemical parameters may not be reliably determined by the model because of their low identifiability
and sensitivity. In light of this, observation data more specifically
constraining the geochemical model parameters may be added to
improve the solution of the inverse problem and thus, the representation of the geochemical processes in the model. Nonetheless,
the proposed modeling approach provides a promising and easy-toimplement approach for the simulation of the swelling process and
swelling-induced heave at the field scale, which can be easily expanded and built upon. Last but not least, the results of the study
ultimately contribute to a better understanding of the controls of
the swelling mechanisms and the thereby occurring processes in claysulfate rocks.
The third study focuses on the aspect of prediction by investigating
the future course of the swelling phenomenon at the study site using
different simulation scenarios. By combining the findings and results
of the previous two studies, the developed numerical modeling approach to describe the hydrogeological and geochemical processes
of the swelling phenomenon is successfully applied to the complex
geological situation in Staufen. The model is able to capture the observed swelling process, and the evolution of the swelling-induced
heave in space and time can be estimated. However, the physical representation of the swelling-induced heave process due to the increase
in volume of a spherical source embedded in an isotropic elastic halfspace leads to a partially inaccurate representation of the observed
heave body. Despite these limitations, the otherwise refined model allows the simulation of different causes of water flow into the source
zone, taking into account human activities such as BHE drilling and
mitigation measures and their hydraulic effects. Thus, the approach
can be used to quantify, visualize and predict water access to, and
availability for the chemical transformation of anhydrite into gypsum in the swelling zone, under changing hydraulic boundary conditions. The model results show that the water spreads rapidly along
the preferred flow paths parallel to the geological strata, expanding
the swelling zone to 50 meters from the source of water inflow (i.e.
the defective BHE drilling). Furthermore, the efficiencies of various
hydraulic measures, particularly for GSHP systems, can be analyzed
in detail comparing different mitigation scenarios. For example, analysis of three different mitigation scenario simulations for the study
site indicates that continued pumping can stop water access to the
swelling zone, even if a complete sealing (i.e. grouting) of the BHE is
not guaranteed. The practical applicability of hydraulic countermeasures is underpinned by the successful implementation in connection
with similar incidents involving clay-sulfate swelling. The findings of
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this study provide an improved scientific basis and tool for the planning of mitigation strategies meeting the swelling problem. They are
relevant to GSHP damage cases and to other engineering activities,
such as tunneling, road and bridge construction, ultimately bridging
the gap between a basic understanding of the swelling phenomenon
and application-oriented questions.
5.2

discussion and outlook

At the heart of this thesis lies the development of a conceptual model
and the application of a reactive transport model approach to investigate the phenomenon of swelling and its hydrogeological and geochemical processes on a large spatial scale. In doing so, I applied
various approaches to uncertainty assessment, parameter estimation
and consideration of coupled processes. Uncertainty assessment was
relevant to the development of a 3D geological model and the consideration of ambiguities in the geological data. It was also required
in determining parameter uncertainties and model identifiability of
the reactive transport model. Parameter estimation was imperative
for the estimation of the reaction kinetics of the swelling process as
well as key hydraulic and mass transport properties of the swelling
zone. Process-based, coupled modeling was essential in relating the
evolution of the swelling process to the multi-scale effects of changing hydraulic conditions and to their interaction with geochemical
processes. The latter facilitated an application-oriented assessment
of hydraulic mitigation measures to counteract the swelling process.
Through these approaches, I was able to address the objectives outlined in Chapter 1.2 and thus make a significant contribution to understanding the swelling process. At the same time, opportunities for
further research opened up during the investigation, not all of which
could be pursued, while some aspects considered could benefit from
further research. In the following I address noteworthy issues related
to the consideration of coupled processes and the assessment of uncertainties. In the latter case, I mainly focus on geological models.
Last but not least, I further elaborate on potential for future research
and opportunities to expand on the presented approaches.
Assessment of geological uncertainty and its relevance to the swelling phenomenon
In order to establish a comprehensive structural geological 3D model,
the required geological information, particularly in the case of a complex geological setting, can be extensive. However, data are usually
sparse, inaccurate, of varying quality and their interpretation is often
ambiguous. Hence, geological models contain significant uncertainty
(Caers, 2011; Lark et al., 2013; Wellmann, Horowitz, et al., 2010) that
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needs to be addressed in order to have confidence in the validity of
the model (Jessell, Pakyuz-charrier, et al., 2018).
The uncertainty assessment workflow which I presented in Chapter 2 (Figure 2.4) accounts for structural uncertainty by perturbing
geological structures (faults and horizons) either based on alternative
surface interpretations or according to an assigned probability distribution to generating multiple model realization. Although some of
the structural uncertainties could thus be identified, there is still limited consideration of the uncertainty of the input parameters and data
(geometric, geophysical, or model-specific). This is partly due to the
implicit modeling engine used in the geological modeling workflow,
which is tailored for mineral exploration and has limited functionality
to assess uncertainty.
Alternative approaches to understanding uncertainty, specifically
in conjunction with the the potential-field interpolation method, generate multiple model realizations by manipulating the model-specific
parameters themselves, such as parameters related to the cokriging
algorithm (Aug et al., 2005; Chilès et al., 2004). In addition, Monte
Carlo methods have been introduced to geological modeling for the
purpose of characterizing uncertainty, which exploit the ability of implicit modeling methods to automate geological modeling steps from
stochastic parameters and their probability functions (Jessell, Ailleres,
et al., 2010; Lindsay, Aillères, et al., 2012; Pakyuz-Charrier et al., 2018;
Wellmann, Horowitz, et al., 2010). Adapting the workflow to these approaches could considerably improve the assessment and mitigation
of uncertainty while enabling input data uncertainty propagation all
through the process of implicit geological modeling.
A suitable and advanced open-source implementation of an implicit geological modeling method based on a potential-field approach
and with emphasis on uncertainty analysis has recently become available through GemPy (De La Varga et al., 2019). It offers transparency,
allows manipulation of the underlying algorithms and enables stochastic geological modeling and inversions for advanced scientific investigations. Thus, it provides a promising opportunity that could be
used in future research to better determine the impact of geological conditions on the swelling phenomenon and possibly extend the
probabilistic approach to the numerical model and the inversion of
the swelling process. Ultimately, this will improve the basis for further analysis and prediction of the swelling process, as uncertainties
regarding, for example, the extent and location of the swelling zone
are better taken into consideration.
The importance of preferential flow paths to the swelling process
Regardless of the geological modeling methodology used, the numerical modeling approach to groundwater flow simulations with MOD-
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FLOW (Harbaugh, 2005; Harbaugh et al., 2017) has some limitations
that complicate a comprehensive and automated consideration of a
complex 3D geological model and thus, requires cumbersome manual
editing steps of the model domain. As a result, important geological
information from the original 3D geological model is lost. The quasi3D model used in the final case study of Chapter 4 is a compromise
between a sufficiently complex and yet efficient representation of the
available geological information, which may not fully reflect the conditions relevant to the swelling process. For instance, the structured,
rectilinear grid of the underlying finite difference numerical method
in MODFLOW is not suited for an adequate implementation of structures characteristic to hard-rock, such as discrete fracture networks
or faults in connection with large displacements and steeply inclined
layers.
However, flow processes along preferential flow paths (e.g, fractures, faults or a near-wellbore damage zone) may play a major role
in the access of groundwater to the swelling zone. Faults in particular can act as barriers to groundwater flow, but they can also contain
highly fractured zones of increased permeability parallel to the faults
orientation (Caine et al., 1996), that provide a link between aquifers an
the swelling zone (Butscher, Einstein, et al., 2011; Butscher, Huggenberger, and Zechner, 2011). The implementation of discrete fractures
as PFPs in the swelling zone was circumvented by a dual-domain approach used in this thesis. It assumes that PFPs are static (i.e. with a
predefined location at the start of the simulation) and homogeneously
distributed in the swelling zone, although their distribution and properties may vary over space and time.
In order to better implement these structures in the flow and transport model, methods for mesh adaptation and flexible discretization
as well as options to include time-varying geometries are required
to enable an accurate spatial representation of the geology. But even
more importantly, an interface with the implicit geological modeling
method is required, that allows for automated transfer of geometries
to the numerical model. While an unstructured grid method is provided with MODFLOW-USG, compatibility with Pht3D (Prommer et
al., 2003) is still missing. On the other hand, an interface for automation may be provided through Python as the common platform of
both GemPy (De La Varga et al., 2019) and FloPy (Bakker et al., 2016).
In contrast, groundwater models based on the finite element method,
such as FEFLOW, generally allows for a highly flexible meshing strategy and thus, could be more suitable to simulate water access to the
swelling zone along faults, as was shown by Butscher, Huggenberger,
and Zechner (2011) and Butscher, Huggenberger, Zechner, and Einstein (2011). Together with the PhreeqcRM (Parkhurst and Wissmeier,
2015) reaction model to perform equilibrium and kinetic reaction calculations for reactive transport, it may even present an alternative ap-
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proach to investigate the hydrogeological and geochemical processes
of the swelling phenomenon.
In any case, future research should expand on the presented approach by facilitating consideration of discrete PFPs, because they
may enable large-scale water access to otherwise almost impermeable anhydrite layers. And since the availability of water, in turn, determines the swelling process, considering all possible flow paths for
water access to the swelling zone is crucial to ultimately gain a comprehensive understanding of the system.
Considering coupled processes in swelling clay-sulfate rocks
Finally, one major limitation of the presented modeling approach to
simulate hydrogeological and geochemical processes involved in the
swelling of clay-sulfate rocks lies in the sequential processing and execution of the flow, transport/chemical and mechanical models. Feedback between physical processes is limited and mostly unidirectional
(flow -> transport/chemistry -> mechanics), therefore some processes
and controls remain uncaptured. In fact, a number of mutual interactions exists that must be simultaneously taken into account in analyses. For example, the impact of mechanical stress from gypsum crystal growth on flow and transport simulations is not considered in the
model, but likely crucial to the evolution of the swelling process. Full
consideration would require updating of properties such as permeability, mobile and immobile porosity or the mass transfer rate at each
time step of the simulation. This type of feedback is not accounted for
in the code of Pht3D, mostly because it is tailored towards the simulation of reactive transport problems (e.g., contaminant transport),
which usually do not require coupling with a mechanical model. For
this reason, swelling-induced heave was calculated separately in a
post-processing step, using volumetric changes due to gypsum precipitation rather than the induced mechanical stress. Hence, full coupling with a mechanical model, although challenging, is the next logical step in model development to better account for the mutual interactions of the physical processes in the subsurface and link them
to the observed swelling-induced heave at the ground surface. Especially the latter may greatly improve the conditions of the inverse
problem. In addition, a mechanical model is needed to explicitly consider the effects of “clay swelling” on the rock matrix and thus, the
(long-term) evolution of the swelling process and the dynamics of the
system.
On the other hand, due to the mathematical similarities between
heat and mass transport, the presented approach can readily be extended by a thermal model using the Pht3D code (Hecht-Méndez et
al., 2010). A thermal model could account for the effects of temperature change on the water activity and the equilibrium concentration
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of minerals (Serafeimidis and Anagnostou, 2014b), triggered by the
exothermic chemical reaction of anhydrite to gypsum itself or the inflow of water from aquifers outside the swelling zone. Furthermore,
the thermal model could be used to simulate the temperature signal
of the exothermic reaction and thus, optimize the calibration and parameterization of the model, increasing its predictive accuracy.
However, computational costs for simulation and model calibration in this thesis are already relatively high, with run times of up
to three days to complete a single model run on a standard PC. The
run time sums up to a few weeks for several model runs required
for the parameter estimation in the studies of Chapter 3 and 4. Nevertheless, there is still huge potential for improving computational
performance through parallelization. This would be a prerequisite
for any major model extension, including a thermal or mechanical
model, or a more detailed and complete 3D model representation.
Other approaches to the simulation of the swelling processes include
coupled hydro-mechanical-chemical (HMC) analysis (Oldecop and
Alonso, 2012; Ramon and Alonso, 2013, 2018; Ramon, Alonso, and
Olivella, 2017) and offer parallelization (e.g. the finite element code
Code_Bright, Olivella, Gens, et al., 1996). However, they are not as versatile as a reactive transport model either in their consideration of
the actual hydrogeological and geochemical conditions at the field
scale or in modeling the effects of groundwater inflow on geochemical conditions. In addition, all the approaches described here have in
common that they can be difficult to customize and expand without
extensive programming skills. A promising alternative in this regard
may be presented by MOOSE (Multiphysics Object Oriented Simulation Environment), a finite element framework that allows straight
forward modular development and coupling of physical processes
as “kernels” with automatic parallelization and built-in mesh adaptation.
Ultimately, future research should focus on developing a comprehensive modeling approach for the swelling phenomenon that couples hydraulic, chemical, mechanical and thermal processes, and that
can easily be extended by new physical processes, without the need
for post-processing or different modeling frameworks. In particular,
given the diverse interactions of physical processes and the non-linearity
of the system, it is to be expected that substantial model adaptations
are still needed to improve the ability to predict and to gain a comprehensive understanding of the swelling phenomenon.

Part VI
APPENDIX
The content of A.1 and A.2 has been published in Solid
Earth and Water Resources Research as supporting information to the studies presented in Part II and III.
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a.1

appendix of part ii

a.1.1

Structural uncertainty workflow parameters

The Structural Uncertainty workflow of SKUA requires a set of parameters and input modes to be defined by the modeler.
For each fault, three different input modes were available: 1) constant symmetry, 2) move with others (MWO) and 3) fixed. A maximum displacement and probability distribution was assigned when
available for the input mode. Minor faults and those indirectly constraint by surrounding faults or boreholes were set to “move with
others”. All other faults were set to constant symmetry. Maximum displacement values are either averaged by combining multiple sources
(gk1, gk4, tec3) or by an “educated guess” by the authors. To allow
for a realistic distribution of realizations around our average estimate
we chose a Gaussian distribution in all cases. A summary of all used
fault parameter settings is shown in Table A.1.
Table A.1: Fault parameter settings used in the Structural Uncertainty Workflow of SKUA.
maximum
input
displacement distribution model
fault
mode
[m]
gk1

constant symmetry

45

Gaussian

1,2,3,4

gk3

MWO

NA

NA

1,2,3,4

gk4

constant symmetry

70

Gaussian

1,2,3,4

tec3

constant symmetry

10

Gaussian

1,2,3,4

KP1

MWO

NA

NA

1,2,3,4

StrnA

MWO

NA

NA

3,4

StrnE

constant symmetry

10

Gaussian

3,4

Strn1

MWO

NA

NA

4

Strn2

constant symmetry

10

Gaussian

4

Strn3

constant symmetry

5

Gaussian

4

Strn4

MWO

NA

NA

4

Strn6

constant symmetry

10

Gaussian

4

Strn7

constant symmetry

5

Gaussian

4

Strn8

constant symmetry

5

Gaussian

4

NA = not applicable; MWO = move with others
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Table A.2: Variogram parameter settings used in the Structural Uncertainty
Workflow of SKUA.
variable

value

variable

value

R1 (max)

1000 m

Azimuth

305 ◦

R2 (max)

1000 m

Dip

140 ◦

R3 (vertical)

200 m

Plunge

0◦

In addition to the three above mentioned input modes, a forth setting "existing surface" is available to model the uncertainty of horizons. The existing surface input mode uses an alternative surface interpretation to constrain model realizations. We constructed alternative surface interpretations that reflect a maximum deviation in dip
and azimuth of ± 5◦ from the original horizon surfaces. Horizons for
perturbation were chosen based on the premises that a continuous
representative horizon surface, build from input data during explicit
modeling (Figure 4) was available across all fault blocks. For Model 4,
an alternative surface interpretation was possible only for unit ku, because the domain was strongly fragmented after adding the seismic
data; and no other unit could be represented continuously across all
fault blocks. Furthermore, perturbations applied to an initial surface
were spatially correlated using a variogram with the same parameter
values for all four models (Table A.2).
Maximum displacement was determined based on the unit thickness information (Figure 3) and constraints from wells. The applied
settings reflect an overall possible displacement of 30 m across all
horizons, while avoiding unrealistic thickness perturbations of the
relatively narrow ku unit by applying constraints on its upper and
lower boundary surfaces (MWO or existing surface). All horizon parameter settings are summarized in Table A.3.
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Table A.3: Horizon parameter settings used in the Structural Uncertainty
Workflow of SKUA.
maximum
honor
displacement
model
input mode
Unit
well
[m]
DTM
j

fixed

NA

NA

1,2,3,4

MWO

NA

Yes

1,2,3,4

km3

constant symmetry

30

NA

1,2,3,4

km2

existing surface

surface

Yes

1

km2

MWO

NA

Yes

2,3,4

km1

existing surface

surface

Yes

1,2,3

km1

MWO

NA

Yes

4

ku

constant symmetry

30

Na

1

ku

existing surface

surface

Yes

2,3,4

mo

MWO

NA

NA

1,2

mo

MWO

NA

Yes

3,4

mm.mu

constant symmetry

30

NA

1,2,3,4

so

constant symmetry

30

NA

1,2,3,4

base

constant symmetry

30

NA

1,2,3,4

NA = not applicable; MWO = move with others
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a.2

appendix of part iii

Detailed model results of uplift rates at the ground surface and of
the determined bulking coefficient are presented. Mean simulated
uplift rates were calculated using a sliding mean function with a window of five. The value of the bulking coefficient γ was used to calculate deformation due to the precipitation of gypsum crystals. This
coefficient is effectively constrained by the parameters b and γmax ,
which depend on the effective stress σ 0 prevailing in every cell of the
model domain. The Python script RadModel.py is used to generate
the MODFLOW and PHT3D input files, while the PostProcessing.py
script calculates changes in heave and volume from the model outputs, subsequently used for calibration in PEST. The two observations
data files (S5 and S6) contain the measured point and interpolated volume uplift information used to calibrate the model. The scripts and
observation data files are available under the following URL: https:
//agupubs.onlinelibrary.wiley.com/doi/10.1029/2018WR023579
a.2.1 Uplift rates
Modeled and observed uplift rates at the ground surface are compared in detail and their variability is analyzed in space and time
in Figure A.1. For locations close to the center of the heave cone
(x < 12 m), observation points were unavailable for calibration (Figure A.1). Overall, mean simulated uplift rates are in good agreement
with measured rates, but are elevated for x < 60 m. However, these
uplift rates for locations close to the model center are only representative for a small fraction of the total radial model surface area
and volume (6.3 %). For values of x > 60 m on the other hand, total uplift and uplift rates (Figure 10a and 9) drop as expected, but
remain below the average measured values throughout the simulation time. Overall, except for early times (before 200 days), measured
and average simulated mean uplift rates are in good agreement for
the simulation period prior to the start of the mitigation measures
((9.6 ± 3.5) × 10−2 and (8.9 ± 2.0) × 10−2 mm d−1 ), but rapidly diverge
afterwards ((8.2 ± 2.3) × 10−2 and (3.7 ± 2.4) × 10−2 mm d−1 ).
a.2.2 Bulking coefficent
For γmax = 2 and b = 2.51 (inversely estimated by the model calibration), the bulking coefficient γ ranges from 0.04 to 0.48. Due to
the changing inflow conditions, the pore water pressures are reduced
from phase one to two and thus also the maximum value of the coefficient drops from 0.48 to 0.37. Furthermore, maximum values can be
found at the top and generally to the left hand specified flow bound-
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0.5
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(t = 790)

Uplift Rate [mm d 1]

0.4
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0.3
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Figure A.1: Mean simulated (red line) and measured (black dotes) uplift
rates of the entire heave cone as well as mean simulated uplift
rates in selected ranges of distances from the heave center.

ary of the model domain where the effective stress is low and pore
pressures are high, respectively.

2.00

b = 2.51
b = 2.0 (Ramon, 2017)
Maximum in Model
Effective Stress Range

Bulking Coefficient [-]

1.75
1.50
1.25
1.00
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Figure A.2: The bulking coefficient γ as a function of the effective stress σ 0
and the fitting parameter b. The grey area indicates the range
of σ 0 , and the dashed line the maximum bulking coefficient encountered in the model.
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