Environmental Earth Sciences (2022) 81:32
https://doi.org/10.1007/512665-021-10111-z

ORIGINAL ARTICLE q

Check for
updates

Influences of hydraulic boundary conditions on the deep fluid flow
in a 3D regional model (central Upper Rhine Graben)

Nora Koltzer'?® . Giulia Kommana3 - Mauro Cacace' - Maximilian Frick' - Judith Bott' -
Magdalena Scheck-Wenderoth'?

Received: 17 July 2020 / Accepted: 1 November 2021/ Published online: 10 January 2022
© The Author(s) 2021

Abstract

Knowledge of groundwater flow is of high relevance for groundwater management or the planning of different subsurface
utilizations such as deep geothermal facilities. While numerical models can help to understand the hydrodynamics of the
targeted reservoir, their predictive capabilities are limited by the assumptions made in their setup. Among others, the choice
of appropriate hydraulic boundary conditions, adopted to represent the regional to local flow dynamics in the simulation run,
is of crucial importance for the final modelling result. In this work, we systematically address this problematic in the area of
the central part of the Upper Rhine Graben. We quantify how and to which degree different upper boundary conditions and
vertical cross-boundary fluid movement influence the calculated deep fluid flow conditions in the area under study. Robust
results, which are insensitive to the choice of boundary condition, are: (i) a regional groundwater flow component descending
from the graben shoulders to rise at its centre and (ii) the presence of heterogeneous hydraulic potentials at the rift shoulders.
Contrarily, results affected by the chosen boundary conditions are: (i) calculated flow velocities, (ii) the absolute position
of the upflow axis, and (iii) the evolving local flow dynamics. If, in general, the investigated area is part of a supra-regional
flow system—Ilike the central Upper Rhine Graben is part of the entire Upper Rhine Graben—the inflow and outflow across
vertical model boundaries need to be considered.

Keywords Hydraulic boundary conditions - Upper Rhine Graben - Hydrodynamic - FEFLOW - 3D groundwater
modelling - Deep fluid flow

Introduction

The Upper Rhine Graben (URG, Fig. 1) is a 300 km long
continental rift system, flanked by strongly uplifted rift
shoulders and extending along parts of the central European
Alpine foreland (Lopes Cardozo and Behrmann 2006). It is
part of the European Cenozoic Rift System (Lopes Cardozo
and Behrmann 2006) extending from the Mediterranean Sea
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to the North Sea (Dezes et al. 2004, Fig. 2a). The URG
stretches in SSW -to NNE direction from the Jura Moun-
tains in the south to the Rhenish Massif in the north, and
its width varies between 30 and 40 km (Fig. 1). It is flanked
by outcropping crystalline rocks of the Black Forest and the
Vosges Mountains, and its main depocentre is filled with
permeable sediments.

The geometry and morphology of the URG, in combi-
nation with the permeability of its sedimentary infill, has
led to the establishment of a large-scale fluid circulation
system (Lampe and Person 2002). Prominent subsurface
thermal anomalies are present in the URG, which are cur-
rently exploited for geothermal energy production (Agemar
et al. 2013).

Previous studies agreed on the presence of a regional
groundwater flow from the Alps to the Rhenish Massif
mainly driven by differences in the water table topology
and locally enhanced by local recharge systems at the
graben flanks. Understanding the hydrodynamics within
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Fig.1 a Location of the study area in the Upper Rhine Graben
(URG), with VM Vosges Mountains, BF Black Forest, JM Jura
Mountains, and RM Rhenisch Massif; b Model areas and depths

the URG has been the subject of numerous investiga-
tions (Aquilina et al. 2000; Clauser and Villinger 1990;
Freymark et al. 2019, 2017; Koltzer et al. 2019; Lampe
and Person 2000; Landeriibergreifende Organisation fiir
Grundwasserschutz am Rhein 2013; Person and Garven
1992; Stober and Bucher 2015; Thierion et al. 2012). It is
worth mentioning that the previous models rarely cover the
whole extent of the URG (Fig. 1), and are rather limited
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both on the horizontal and vertical scales, and that the dif-
ferent studies have lead to partly contradicting conceptual
models.

As an example, Aquilina et al. (2000) and Stober and
Bucher (2015) investigated the fluid flow in the URG along
a 2D profile extending from the Vosges Mountains (west of
URG) through the URG to the Black Forest (east of URG).
The flow regime was inferred based on chemical analysis
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Fig.2 a European Cenozoic Rift System and river Rhine course
modified after Peters and van Balen (2007). b Geological map of the
Upper Rhine Graben (URG) modified after Walter and Dorn (1995).
RH Rhenohercynian, NPZ Northern Phyllite Zone, MGCH Mid-Ger-

of fluid samples. Both models predicted the main recharge
area to be located at the graben shoulders (Black Forest
and Vosges Mountains). From there, meteoric water was
thought to flow into the graben sediments following the main
hydraulic gradients. Aquilina et al. (2000) inferred ascend-
ing of these waters across the graben faults, preferentially
in the form of convective cells. Stober and Bucher (2015)
predicted hot deep fluids to ascend rather vertically through
the Buntsandstein and Muschelkalk, and, though to a lesser

man Crystalline High, ST Saxothuringian, MD Moldanubian, LRB
Lower Rhine Basin, LG Limagne Graben, BG Bresse Graben. Map is
shown in UTM32N

extent, along the major fault systems. Both models, possibly
because of their 2D character, proposed only graben-perpen-
dicular flow. This last conclusion is in contrast to the main
results from the study by Béchler et al. (2003) that indicated
with 3D simulations a dominant graben-parallel flow direc-
tion, while neglecting any graben-perpendicular flow.

The main limitations from this first family of models
was to be limited to a two-dimensional representation of
the regional hydrodynamics. More recent numerical models
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that considered the full three-dimensional characteristics of
the natural groundwater flow (e.g., Freymark et al. 2019;
Koltzer et al. 2019) have illustrated the variability of deep
groundwater flow with respect to its causative forces (advec-
tive versus free convective fluid flow). Based on 3D-coupled
thermal and hydraulic numerical simulations of the URG,
Freymark et al. (2019) addressed the influence of the border
faults’ width and permeability on the hydraulic and ther-
mal field. To parameterize the surface hydraulic boundary
forcing, they relied on the commonly used assumption of
representing the groundwater surface potential by the model
topography. As main outcome, these authors suggest a basin-
wide graben-perpendicular flow from the graben shoulders
to the central URG, with an upflow axis approximately
below the river Rhine and close to the eastern border fault in
the central part of their model area. This is partly in contrast
to the two previously described models by Aquilina et al.
(2000) and Stober and Bucher (2015).

Despite all past and recent efforts, the causative processes
responsible for the flow dynamics in the URG are yet to be
fully understood. In this study, we test the reliability of the
model of Freymark et al. (2019) and analyze its sensitivity
with respect to different boundary forcings. In doing so, we
rely on numerical modelling techniques, more precisely, we
use the software FEFLOW® (Diersch 2014) to test different
boundary condition scenarios. It is of interest to quantify the
influence of hydraulic boundary conditions on the resulting
modelling outcomes as the latter are critical in controlling
the characteristics of a groundwater system (De Filippis
et al. 2017; Franke et al. 1987) and can influence the calcu-
lated hydrothermal field (Frick et al. 2015, 2019).

When cross validating their modelling results against
available borehole temperature measurements, Freymark
et al. (2019) noted a systematic misfit in their model, which
they related to their simplistic hydraulic boundary settings,
leading to an overestimated hydraulic potential at the rift
shoulders.

Inspired by this latter conclusion, we identified the fol-
lowing two open questions for the present study:

(a) Does a water table as a subdued replica of the topog-
raphy used as an upper hydraulic boundary condition
represent a reliable alternative in the URG?

(b) What role do open/closed vertical/lateral boundaries
play for hydraulic models of the URG?

To answer these questions, we systematically investigate
the influence of different approximations of the hydraulic
boundary settings on the regional groundwater dynamics
in the URG. We make use of the 3D structural model of
Freymark et al. (2019) as it represents the most up-to-date
integrative model of the subsurface. In a first step, we char-
acterize the first order features and related driving forces of
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the hydraulic flow processes under a fixed boundary condi-
tion setup. This model realization will serve as a reference
comparative model. In a second step, the influence of dif-
ferent hydraulic boundary conditions is tested: a potentio-
metric head surface based on available measurements of the
groundwater table and open vertical boundaries along the
model borders, where inflow and outflow are considered.
We build on previous studies to properly characterize the
structural configuration of the study area (GeORG-Projek-
tteam 2013a, b, ¢, d), and the resulting hydraulic regime,
the reliability of the latter being constrained by available
hydraulic measurement data provided by geological state
agencies and societies in France and Germany, respectively.

Hydrogeological setting and structural
model

Due to the availability of numerous geological and geophys-
ical data, the structure and evolution of the URG is well
known. Figure 2b sketches the URG with the graben’s main
border faults, the course of the river Rhine and different
geological units. The rocks encountered in the URG are the
products of the geological evolution from Paleozoic to recent
times. For our simulations, we make use of the structural
model of Freymark et al. (2019). Relying on this study, we
shortly introduce the different geological units in chronolog-
ical order together with their hydrogeological characteristics
and refer to Freymark et al. (2019) for more information on
the structural model.

The pre-Permian basement as lowermost model unit con-
sists of the crystalline crust consolidated during the Vari-
scan Orogeny (Kroner et al. 2011). From north to south, five
main segments of the Variscides below the URG are named
by Kossmat (1927) and Scholtz (1930) as Rhenohercynian
(RH), Northern Phyllite Zone (NPZ), Mid-German Crystal-
line High (MGCH), Saxothuringian (ST) and Moldanubian
(MD, Fig. 2b). The crystalline crust is in the simulations
characterized by a homogeneous and low hydraulic conduc-
tivity (Table 1). In the area of the rift shoulders, this unit
is confined between the topography and the lower model
boundary. Its thickness reaches up to 9 km in the area of the
Black Forest and the Vosges Mountains in the southern part
of the rift shoulders (Fig. 3).

The model unit above the crystalline basement consists
of Rotliegend, Buntsandstein, and Muschelkalk. Of these,
the volcano-sedimentary successions of the Rotliegend are
restricted to several SW—NE striking intramontane basins
(GeORG-Projektteam 2013b). Following upward, the
fractured continental sandstone aquifer of the Buntsand-
stein is distributed below most of the graben area (Stober
and Bucher 2015). The marls and fossil-rich limestones
of the Muschelkalk (Walter and Dorn 1995) cover the
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Table 1 Stratigraphy and lithology of the model units. Physical properties assigned to the model in all three scenarios

Stratigraphic layer Lithology Thickness [m] Hydrostrati- Permeability [m?] Hydraulic
graphic descrip- conductivity
tion [ms™]

Cenozoic Sand, clay, marl 504857 Aquifer 7.0x 1074 6.9 %107

Keuper / Lias / Dogger Lime- / sandstone, clay, marl 50-1092 Aquitard 40x 100 3.9x 107

Permo-Carboniferous / Bunt- Sandstone, carbonates, rhyolites 50 - 2278 Aquifer 29x%x 10 2.8x 107

sandstein / Muschelkalk

Upper Crust: MGCH Granite, gneiss 2497-8555 Aquitard 3.0x 1018 29x 10!

Upper Crust: ST Granitoid, slate 1229-8975 Aquitard 3.0x 10718 29x 10!

Upper Crust: MD Granitoid, slate 4000-9066 Aquitard 3.0x 1018 29x 10!

Faults Fault zones 10 Aquifer 2.9x10°

Hydraulic permeability after Freymark et al. (2019) and therein for all units and after Baujard et al. (2017) for the faults
MGHC Mid-German Crystalline High, ST saxothurigian, MD Moldanubian

Buntsandstein forming a fractured and karstified reservoir
(Stober and Bucher 2015). These three lithological units
together comprise the lowermost aquifer in this model fea-
turing a widely homogeneous distribution with a cumulative
thickness of approximately 500 m in the western part of the
graben increasing to up to 2300 m in the eastern part.

Keuper and Jurassic (Lias/Dogger) sediments are overly-
ing the Muschelkalk with a cumulative thickness decreas-
ing toward the north, where they pinch out (Fig. 3). This
is approximated in the model by a minimum thickness of
50 m. Of these, the Keuper deposits of alternating sand-
stones, clays, marls, and evaporites form an aquitard
(Landeriibergreifende Organisation fiir Grundwasserschutz
am Rhein 2006). Accordingly, this unit is considered as low
permeable.

Following upward, all Cenozoic sediments compose the
uppermost aquifer. It is thicker in the north than in south in
response to two separate locations of subsidence in Eocene

Fig.4 3D geological model of
the central URG with differently
parametrised units colour-
coded. The faults are imple-
mented as discrete features.

Parts of the front are clipped 0 1

for a better view into the model

and to highlight the location of 45

the border faults. MGCH Mid-
German Crystalline High, ST
Saxothuringian, MD Moldanu-

Depth
[kmb.s.l] S

times, of which the northern continued to subside until Pleis-
tocene times (Reicherter et al. 2008). The Cenozoic fluvial
and lacustrine deposits (Ellwanger et al. 2003) are the thick-
est sedimentary layer reaching a thickness of up to 3 km
northward (Fig. 3).

The Cenozoic sediments of the graben are flanked by the
uplifted rift shoulders, where the sedimentary cover was
eroded and the crystalline basement as well as parts of the
Mesozoic sediments were exposed. This asymmetric rift
shoulder uplift due to the isostatic response to extension
and subsidence (Illies and Greiner 2011) was weaker in the
north than in the south and stronger in the east than in the
west. Thus, the Black Forest is on average 200 m higher than
the Vosges Mountains (Pflug 1982).

The present 3D model is a geological, rectangular model
of the central URG parallel to the main rift axis (Fig. 4). It
extends about 150 km in N-S direction and about 90 km
in E-W direction and to a depth of 8§ km below mean sea

N
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level. The structural model has an overall horizontal and
vertical grid resolution of < 1 km. Besides the above intro-
duced model units, it encompasses the western and eastern
main border faults. Each stratigraphic unit is parametrized
as being isotropic and homogeneous as indicated in Table 1.
Likewise, physical properties are assigned to the two major
faults following Baujard et al. (2017), who investigated the
properties of the major fault in Rittershofen.

In the model, a given stratigraphic layer can be found
at very different depths due to post- and syn-depositional
deformation during the rifting. In general, the faulted struc-
ture results in a complex hydrogeological situation within
the graben, providing local hydraulic connections between
the stratigraphic layers (Stober and Bucher 2015). Together
with the generally high hydraulic conductivity of the sedi-
mentary rocks in the Rhine valley, cross-formational flow of
pore fluids may occur (Stober and Bucher 2015). Such local
features are not resolved in the model.

Method

Physical background

To simulate the fluid flow and evaluate the influence of the
different boundary conditions, we used the commercial soft-
ware package FEFLOW® (Diersch 2014). The governing
(partial differential) equations for fluid flow in porous and
fractured media are solved numerically in FEFLOW® by
a multidimensional finite-element method (Diersch 2014).
The solver in FEFLOW® respects the conservation laws of
mass, energy, and linear momentum. We assume steady-state
conditions, and solve for the following form of the fluid mass
balance:

0 =div(q') (1)

Where ¢’ is derived from the fluid momentum balance under
laminar flow conditions, Darcy’s law as:

¢ =-K-div(p+p-g-2), 2)

where K is the hydraulic conductivity tensor, p is the pres-
sure, p is the density of water, g is the gravitational accelera-
tion, and z is the elevation of the water table. As we solve the
problem under steady-state conditions, we are not account-
ing for variations of the fluid properties. For this reason,
the effects of freshwater recharge and saltwater intrusion
on density-driven fluid flow is not further discussed in this
study.

Numerical model and boundary conditions

For this study, we needed a simulation software that allows
to change the boundary conditions easily. With FEFLOW®,
it is possible to set and change boundary conditions at
any node in the model very efficiently. Moreover, we used
FEFLOW®, to be consistent with the software framework
as we used it to simulate the fluid flow of the entire URG
(Koltzer et al. 2019), from which we used the pressure dis-
tribution to include the vertical inflow and outflow across the
southern and northern model boundaries. To use FEFLOW®
as modelling software, it was necessary to convert the struc-
tural model from Freymark et al. (2019), who simulated the
coupled fluid and heat transport with the software GOLEM
(Cacace and Jacquey 2017). We therefore first created a ref-
erence model using the same hydraulic settings applied by
Freymark et al. (2019). Figure 4 shows the numerical model
including the sedimentary layers, the Variscan domains, and
the two main border faults. The latter are normal faults dip-
ping with 55-85° toward the graben centre (Reicherter et al.
2008). In the model, the faults were prolonged downward
to 6 km depth below sea level, and are considered to be
10 m wide and approximately 30 km apart from each other
on average. The two main border faults are implemented as
discrete features in FEFLOW® as geometric representations
of lower spatial dimension (here a 2D fault in a 3D model)
and can be assigned a fluid conductance different from the
porous medium (Diersch 2014).

We used an unstructured finite-element mesh generated
by Freymark et al. (2019) with the software Meshlt (Cacace
and Blocher 2015). Therefore, Delauney triangulation was
applied to the faults and tetrahedrization (3D Delaunay trian-
gulation) to the sedimentary layers and the crust. The mesh
consists of 796260 elements and 155601 nodes.

With respect to the two main questions described in the
introduction to this paper, to investigate the effects of dif-
ferent hydraulic boundary conditions on the deep fluid flow
in the central URG, we compare the reference model (after
Freymark et al. 2019) with two model scenarios. The model
results of the reference model were first validated against
the results of Freymark et al. (2019) to ensure consistency.
For the two other model scenarios, the settings differ only
in terms of the imposed boundary condition at the surface
and at lateral northern and southern boundaries. In all model
runs, the hydraulic boundary condition imposed along the
base of the model and the western and eastern lateral bound-
aries (crystalline basement as no-flow boundary) were kept
the same (Table 2).

For the reference model, a pressure of 0 kPa is assigned
along the topmost surface, that is, the resulting hydraulic
head was considered equal to the topography, as applied by
Freymark et al. (2019) (Fig. 5b).
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Table 2 Overview of tested hydraulic boundary conditions in the reference model and the two tested scenarios (S1: scenario 1 and S2: scenario
2)

Boundary condition Reference model (Freymark et al. 2019)  S1 S2
Upper boundary condition Dirichlet: constant hydraulic head cor- ~ Dirichlet: constant interpolated Dirichlet: constant
responds to topography and corrected hydraulic head  interpolated and

corrected hydrau-
lic head

Lower boundary condition Neumann: no-flow Neumann: no-flow Neumann: no-flow

Vertical boundary conditions: north and south Neumann: no-flow Neumann: no-flow Dirichlet: constant
specified head
distribution with
depth

Vertical boundary conditions: east and west Neumann: no-flow Neumann: no-flow Neumann: no-flow

Fig.5 a Interpolated hydraulic Hydraulic head before corrections [ma.s.l] Elevation [ma.s.l]

head data in the model area and a ) = b 1

surroundings. In black, the loca- =] 800 S . 1000

tion of hydraulic head measure- o % 900

ments after Landesanstalt fiir % 700

Umwelt, Baden-Wiirttemberg S 800

(20164, b, ¢); Herrmann 600 %-

(2010); Bureau de recherches - 3 700

géologiques et minieres (2016). 500 ° 600

Grey lines show the borders = K =

of the Varls.can domains in =1 400 5‘ 3 500

the crystalline basement. b = o )

The topography in the model ol 300 o q 400

area. ¢ The calculated depth to 1= »S -

water table by the difference . 200 §‘ ) 300

of maps a and b. Red and blue o 200

areas indicate where ground- = 100 =

water pressure surface is above S I S \$ | I 100

and below the topography. d 3 T T 0 & ‘

1o 400000 500000 © 390000 420000

Corrected and finally applied
upper boundary condition for
S1 and S2. Maps are shown in Depth to water table [m] Applied Hydraulic head [ma.s.l]

UTM32N and Figures b, ¢, and o 5 "
d are rotated counter-clockwise § c 660 § d 800
2 580 S
500 B 700
S S
g 420 g | 600
3 5 340§
S a 260 o 500
=3 XL 180 g 1 400
b3 A 100 b
&\ 300
5] S 0 8
S y 3
o g 3 200
ol 3
- & -180
sl 5 3 \$ 260 =) \ 100
=3 & - i - o
E- ;ﬁ‘_@( - | g ) v x .0
0 390000 420000 o 390000 420000
In the first scenario (S1), we test a more realistic repre-  from 288 measured groundwater head data points: for

sentation of the upper boundary condition. Therefore, we  the French part of the model provided by the Bureau de
make use of interpolated groundwater surface pressures  recherches géologiques et miniéres (2016) and for the
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German part by the Herrmann (2010); Ministerium fiir
Umwelt, Energie, Erndhrung und Forsten Rheinland-Pfalz
(2016); Landesanstalt fiir Umwelt, Baden-Wiirttemberg
(20164, b, c). We use mean values from data sets cover-
ing up to 30 years. Given the spatial coverage of avail-
able measurements, we can foresee a systematic error for
mountainus domains, where data are lacking. To secure
higher and more realistic hydraulic heads in these regions,
one hydraulic head point was added manually to the Black
Forest and the Vosges Mountains. The hydraulic heads are
interpolated in Petrel (Schlumberger Software) with a grid
increment of 1000 m x 1000 m (Fig. 5a). Subsequently, the
hydraulic head surface is cropped to the model area; thus,
data points lying outside the model area are also taken into
account to avoid boundary effects. Despite considering these
information, the interpolation comes with some uncertain-
ties. As data density and coverage are unevenly distributed,
interpolation effects could be left in the final grid for areas
devoid of data. Furthermore, a correction to the potentio-
metric surface due to the presence of surface water bodies
(e.g., rivers) is not applied. This latter aspect is particularly
relevant for the mountain valleys, where the main rivers are
located, and water levels of up to -330 m above m.s.l. are
encountered (Fig. 5¢). To minimize this interpolation error,
the water level in these specific domains is approximated to
correspond to the topography (Fig. 5d) and was manually
smoothed to avoid numerical artefacts. In contrast, in the
Rhine lowland under wetlands (location 2 in Fig. 5¢) and
close to the rift shoulders (location 3 in Fig. 5c), the nega-
tive water table values, representing heads above land sur-
face, can be assumed as realistic, because of the proximity
to upland areas and presence of confined or semi-confined
conditions (Ad-hoc Arbeitsgruppe Hydrogeologie 2016).

S2 considers across boundary fluid flow along the south-
ern and northern lateral boundaries of the model in addi-
tion to the newly derived water table surface. This way,
the regional south-to-north flow component due to high
hydraulic gradients along the Alps in the south compared to
lower gradients in foreland in the north is integrated. For this
purpose, the hydraulic head distributions with depth along
the southern and northern vertical model boundaries are
extracted from a larger model (Koltzer et al. (2019); location
in Fig. 1) covering the entire URG from the Alps in the south
to central Germany in the north. The simulations based on
this larger model (Koltzer et al. 2019) addressed the effects
of forced convective fluid flow, but do not consider the bor-
der faults as hydraulic pathways.

To transfer the hydraulic head distribution from the larger
regional model to the current model along the northern and
southern vertical boundaries, a workflow with four steps is
adopted (“Appendix: four-step workflow”; Fig. 10).

Results

The results for the reference model are briefly summarized
here; for more details, we refer to Freymark et al. (2019).
Given the topographic elevation, the graben’s rift shoulders
represent the main recharge areas for meteoric water to infil-
trate into the basement. From here, fluid flows either directly
toward the border faults, where it is either channelled
upward, or migrates to areas of lower hydraulic potential
in the centre of the graben. Reaching the lowest hydraulic
potential, groundwater originating from both rift shoulders
merge and ascend to the surface. Within a 3D perspective
(Fig. 6a), ascending fluids form a south—north-oriented
upflow axis that superposes the perpendicular flow toward
the graben centre. This upflow axis develops close to the
eastern graben border in the central part of the model, where
the cumulative thicknesses of the upper and lower aquifers
are largest and the base of the graben sediments is deepest
(up to 7000 m b.s.1.). In the northern and southern model
area, where the sediment thickness is more evenly distrib-
uted, the upflow axis shifts to the west, approximately under
the river Rhine in the centre of the graben (Fig. 6a).
Changing the hydraulic boundary conditions leads to
differences in the simulated groundwater flow pattern, as
exemplified in Fig. 6. The upflow axis is discontinuous and
changes location (black stippled lines in Fig. 6b, ¢). Moreo-
ver, a detailed analysis of the results revealed that the flow
direction both in the upper and lower aquifer at graben size,
as well as the location and extent of secondary local flow
systems, change. These results are important for other appli-
cation studies in this area, where upflow of heated fluids
may be of relevance (i.e., geothermal application sites) or
for studies in 2D that include for example temperature/con-
centration effects and related density changes of the fluid.
By visually inspecting Fig. 6, the main variation among
the three model realizations is found in the location and
geometry of the preferential upflow axis (marked by the
black lines in all three figures). In the reference model, this
upflow axis is continuous and crosses the entire model area
from south to north, being spatially located under the river
Rhine (Fig. 6a). Both scenarios S1 and S2 are character-
ized by a more complex and discontinuous preferential
upflow configuration in the central model area (stippled
lines in Fig. 6b, c). Additionally, the upflow axis is shifted
to the west by up to 7 km in the southern model area. In
the northernmost model area, preferential upflow cannot be
distinguished. These variations in predicted regional flow
dynamics are the results of the different hydraulic bound-
ary conditions at the top of the models. As we find no dif-
ference in the upflow location between S1 and S2, we can
exclude that the open vertical southern and northern bounda-
ries influence this process. Accordingly, the location of the
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Fig.6 Top view on calculated
streamlines averaged over the
entire model depth for the three
model scenarios. a Reference
model after Freymark et al.
(2019). b Scenario S1 and ¢
Scenario S2. The location of
the upflow axis is marked in the
reference model with a black
line and in S1 and S2 with a
stippled black line, because it
coincides. For S2, the spatial
range of impact of the open
southern and northern model
boundaries on the flow direction
is indicated by the location of
the white horizontal lines. The
colours show the Darcy velocity
in z-direction and thus indicate
upflow (orange) and downflow
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predicted upflow axis or discharge area directly depends on
the assigned upper hydraulic boundary condition.

The second aspect to point out is the difference in the
direction of fluid streamlines between the three models,
resulting from a different hydraulic pressure distribution.
In the reference model, where the upper hydraulic bound-
ary condition overestimates the hydraulic head, several local
flow systems evolve forming subsidiary local scale recharge
and discharge regions. In both S1 and S2, the streamlines in
the crystalline basement show a more homogeneous trend
than in the reference model, being mainly parallel. This
effect is most pronounced along and across the graben shoul-
ders, where the differences between the adopted boundary
conditions are largest, though it can also be observed in the
sediments at some distance from these domains (Fig. 6b, c).

The results of simulations S1 and S2 permit to investigate
the fluid flow in the deeper aquifer system with respect to
other controlling factors than the imposed hydraulic pressure
of the topography. In response to the smoother hydraulic
head surface adopted in S1 and S2, the system is less forced
to follow the pressure-driven flow. This is particularly evi-
dent if comparing the upflow axis in of the reference model
(coincides with the river Rhine) and S1 and S2 (more com-
plex geometry of upflow axis).

For more detail, we show the topography (Fig. 3a), the
thickness of the aquitard (Fig. 3d) and the top of the crys-
talline crust (Fig. 3g) in comparison to the upflow axis of
the reference model (black lines) and S1/S2 (black dotted
lines). While the upflow axis correlates with the path of
the river Rhine (or with the topography) in the reference
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model, a spatial correlation between the geometry of the
deep aquitard (Keuper/Lias/Dogger) is found in scenarios
S1 and S2. In areas where the aquitard is thicker than 1 km
(red in Fig. 3d), the fluid flow is bounded and the upflow
axis is going around these thicker areas or even splitting up
in their southern part.

The direction of modelled streamlines is also influenced
by considering or neglecting fluid flow across the north-
ern and southern boundaries. Closed vertical boundaries
in the reference model and in S1 force the streamlines to
be parallel at these boundaries. Open vertical boundaries
lead to streamlines which are rather perpendicular to the
boundary and thus allow a graben-parallel flow, which is not
interrupted at the model boundaries. The influence of open
model boundaries can be tracked northward from the south-
ern boundary and southward from the northern boundary.
At the graben shoulders where the crystalline crust crops
out, the effect of open or closed vertical boundaries on the
simulated flow field can be traced to up to 10 km distance
from the model boundaries. In the more permeable layers of
the sedimentary graben fill, the effect reaches less far (up to
5 km, Fig. 6¢). The influence of the boundary effect corre-
lates spatially with the height of hydraulic gradients imposed
at the upper boundary: boundary effects are largest in the
Black Forest (southeast), medium in the Vosges Mountains
(southwest), and smallest at the northern boundary.

Changing the perspective to a 3D view from the south
reveals a consistency among all three models with respect to
aregional flow pattern from the graben shoulders to the rift
sediments (Fig. 7). In areas of maximum elevation, recharge
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Fig.7 Top view from SW on a part of the model area; the box and
profile location (with the white dashed line) is shown in Fig. 1 . a The
boundary condition of hydraulic head distribution in the reference

(R) develops, while neighbouring domains of lower eleva-
tions act as discharge areas (D). On a more local scale, the
reference model is characterized by an increase in the num-
ber of secondary flow systems mainly at the rift shoulders
and in the upper aquifer. This observation confirms the con-
clusion that even minimum differences in the topology of the
adopted potentiometric surface have a first-order effect on
the development of flow systems and the consequent evolu-
tion of recharge and discharge areas. The depth influence
of these secondary flow systems in the graben sediments
does not exceed the base of the first aquitard. This indi-
cates that the shallower and deeper aquifers are hydraulically
decoupled. In the deeper aquifer, the flow field has a more
regional character being directed toward the rift centre in
all three model scenarios. The hydraulic role of the aquitard

z-direction [m/d]

model (black) and scenario S1 (red). The cross section is vertically
20 times exaggerated. b Simulated streamlines of the reference model
and c of the scenario S1. R recharge area; D discharge area

disconnecting the deep from the shallow flow regimes is
supported by the results obtained in areas where the aqui-
tard is discontinuous. These areas correlate spatially with
the main upflow axis, where both aquifers are hydraulically
connected, thereby producing similar groundwater dynamics
in all model realizations.

Figure 8 shows the results of a quantitative analysis com-
paring the magnitudes of simulated Darcy velocities in the
different models. Therefore, we plot the minimum, median,
and maximum values as well as the 25 and 75 % quantile.
The values are determined in the centre of each element and
separately for each model unit. The results of this analysis
demonstrate highest Darcy velocities in the reference model
(black in Fig. 8), lower velocities in S2, and lowest velocities
in S1 (blue and red, respectively, in Fig. 8). This is consistent
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Fig.8 Elemental Darcy veloci-
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with the hydraulic pressure set with the upper and lateral
boundary conditions that is highest in the reference model
(equal to the topography) and lower in S1 and S2 (ground-
water surface). The higher velocities in S2 compared to S1
are related to the imposed N-S gradient in S2 that adds a
forcing to the flow that is missing in S1. The differences
between the three models are however limited to less than
one order of magnitude. Groundwater flow velocities are not
directly measurable, but have been deduced from chemical
data, mineral reactions, and numerical simulations. Com-
paring simulated Darcy velocities with published values
highlights that simulations in this study underestimate the
velocities independent of the applied boundary condition
configuration. Aquilina et al. (2000) proposed fluid veloci-
ties of 1 m a”! in the Buntsandstein based on '*C data at the
western border and Person and Garven (1992) predicted a
maximum Darcy velocity of 0.13 m a™! in the Buntsandstein/
Muschelkalk based on numerical models. In this study, the
flow velocities in the Permo-Carboniferous/Buntsandstein/
Muschelkalk layer rarely reach meters or centimeters per
year.

Discussion

The results of the three simulations have shown that spe-
cific processes in the URG are predicted independently of
the chosen set of boundary conditions. Therefore, we can
interpret those flow characteristics as generic and realis-
tic features of the deep fluid flow in the URG. In contrast,
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varying the imposed boundary condition results in different
flow behaviors caused either by the specific geometry of the
upper boundary condition or by the hydraulic potential for
specific areas, as especially is the case at the rift shoulders.

Comparing our model results for all three scenarios, we
are able to provide additional support for the major findings
of the 3D numerical studies of Freymark et al. (2019): (1) a
regional topography-driven fluid flow is confirmed where
main recharge occurs at the rift shoulders. (2) Meteoritic
waters infiltrating at both rift shoulders merge in the centre
of the rift where they form a major north/northeast directed
upflow axis, parallel to the graben axis. Consequently, the
direction of flow strongly depends on the location within the
rift system (Fig. 6a, b, and c). This upflow axis is the result
of the applied hydraulic gradients due to pressure-driven
advective flow and evolves even when lowering the absolute
magnitude of the hydraulic pressure at the upper boundary
(scenarios S1 and S2).

To assess if this flow pattern is also consistent for the case
that hydraulic conductivity is anisotropic in the sediments,
we run a test simulation for the reference model implement-
ing an anisotropic hydraulic conductivity of sediments with
ten times lower hydraulic conductivity in vertical direction
than in the two horizontal directions (kx:ky:kz = 10:10:1).
The results revealed that the upflow axis in the reference
model is still evolving approximately under the river Rhine,
but it is less pronounced and more discontinuous.

In general, our results show that the apparent contradic-
tions of previous conceptual models can be reconciled if the
full 3D flow field is considered. All the three simulations
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predict vertical fluid ascent through the Buntsandstein and
Muschelkalk (Stober and Bucher 2015) in concert with gra-
ben-parallel flow (Béchler et al. 2003) and confirm the main
results of Freymark et al. (2019).

At this stage, a further validation of the model scenarios
presented against observations is difficult, since relevant
information such as measured groundwater flow velocities
are not available for the study area. However, the local
upflow and downflow areas (expressed by the z-component
of the Darcy velocity vector) of the simulated groundwa-
ter flow field can be compared to the locations of mineral
and thermal springs and to artesian conditions (Fig. 6). A
correlation between modelled upflow areas and observed
discharge areas in the three models can be taken as a first
qualitative reliability index. As already noted by Freymark
et al. (2019), the reference model (topography equal to the
groundwater surface) predicts the upflow zones very well,
though not in all areas. In S1 and S2, there is no improve-
ment in fitting the locations of springs and artesian condi-
tions (Fig. 6). A possible reason for the remaining misfit of
modelled and observed zones of rising fluids is the limited
structural resolution of our model realizations. According
to Loges et al. (2012), the thermal springs in the northern
URG partly result from deep artesian aquifers intersected
by faults, which might also be the case for other thermal
springs in the URG. As faults and fractures in the URG
apart from the main border faults are not differentiated in
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540(‘)000
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Fig.9 Location of thermal and mineral springs after Bureau de
recherches géologiques et minieres (1998), Landesamt fiir Geologie
und Bergbau Rheinland-Pfalz (2005), and Landesamt fiir Geologie,
Rohstoffe und Bergbau (2006) and artesian wells (Landesamt fiir
Geologie, Rohstoffe und Bergbau 2015) correlated with a the location

our current model realizations, fault-bound springs cannot
be predicted (Fig. 9). Though implementing more struc-
tural detail still represents a numerical challenge, future
work should aim on improving in this aspect.

Effects of the upper boundary condition on the flow
systems

For the upper boundary condition, we tested two extreme
settings. While the water table equal to the topography (ref-
erence model) leads to a larger number of spatially limited
local flow systems below largest gradient differences, a
water table as a subdued replica of the topography based
on measured groundwater levels (S1 and S2) predicts more
homogeneous flow lines. The higher frequency of hydraulic
head variations in the reference model leads to the evolu-
tion of secondary flow systems with a small spatial extent
in comparison to S1 and S2 (Fig. 7). These flow systems
evolve primarily in the uppermost layer which is the upper
aquifer in the Rhine valley and the basement at the rift shoul-
ders. Even small local differences in the hydraulic poten-
tial imposed by the hydraulic boundary condition have an
effect on the development of these shallow flow systems and,
therefore, impact the evolution of predicted local recharge
and discharge areas. In contrast, the lower aquifer is in the
largest part of the URG disconnected from these shallow
influences of topography as it is separated from the upper

1E-8
== Upflow axis in reference model
I Upflow axis in S1 and S2
River Rhine
o Artesian conditions
© Thermal and mineral springs
— Major faults
—— Minor faults

of major and minor faults in the model area according to GeORG-
Projektteam (2013d) and b the vertical component of the flow vec-
tor of scenario S2. The westernmost and easternmost major faults are
the two main border faults implemented in the model. The maps are
shown in UTM32N and rotated counter-clockwise

@ Springer



32 Page140f 18

Environmental Earth Sciences (2022) 81:32

aquifer through the aquitard, which is in most of the model
area around 500 m thick and locally thicker than 1 km
(Fig. 3d). Only in the northernmost part of the model area,
it is thinned out and, therefore, not decoupling upper and
lower aquifer from each other. Because of this disconnec-
tion, the deep aquifer is not as much affected by local shal-
low topography-induced hydraulic head undulations as the
upper aquifer. Conversely, we can say, the fluid flow in the
deep aquifer is controlled by the regional component (from
graben flanks toward graben centre and from south to north)
and the hydraulic configuration at the top of the deep aqui-
fer. There is one gap in the disconnection between deep and
shallow aquifer, which is at the main upflow axis.

The potentiometric surface realized by interpolation of
available hydraulic head data shows lower hydraulic poten-
tials at the rift shoulders. This, in turn, results in lower gra-
ben-perpendicular hydraulic gradients than in the reference
model. The graben-parallel flow is not affected by the differ-
ent upper boundary conditions as the depth to the water table
is close to zero in the Rhine valley. As a main consequence,
the graben-perpendicular flow becomes less vigorous in
counteracting the graben-parallel flow component in S1 and
S2. Without additional constraining local observations on
groundwater movement, we cannot differentiate between the
two upper boundary conditions concerning their reliability.
Nevertheless, we consider that scenarios S1 and S2 to pre-
dict a more realistic hydraulic behaviour as the westward
shift and a more heterogeneous main upflow axis in S1 and
S2 than in the reference model are more consistent with the
data base on springs and artesian conditions.

The strong sensitivity of the flow models with respect to
the upper boundary condition underlines the great impor-
tance of appropriate constraints on the shallow hydraulic
pressure variations realized in the upper hydraulic boundary
condition.

Effects of open and closed vertical model borders

As noted by Koltzer et al. (2019), the central part of the
URG cannot be considered as a hydraulically closed system.
Indeed, the URG is characterized by inflow from the south
and outflow to the north, whereas the influence of east—west
flow across the rift shoulders is considered negligible. This
is related to the fact that the main aquifers are located in the
N-S-oriented sediment-filled graben with a hydraulic gra-
dient from south to north, whereas the eastern and western
vertical boundaries intersect almost impermeable basement
rocks. In contrast, within the graben fill, the graben-per-
pendicular flow from the flanks to the centre is larger than
the graben-parallel flow (Koltzer et al. 2019). Moreover,
the top basement surface is characterized by a northward-
inclined slope within the graben. This additionally favours
north-directed, graben-parallel flow. Accordingly, different
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hydraulic boundary conditions at the southern and northern
vertical model boundaries will influence the graben-paral-
lel flow. A quantitative comparison of the effects induced
by open versus closed vertical boundary conditions at the
southern/northern model margins shows that such effects
evolve only in the direct vicinity of the border regions (up
to 10 km; Fig. 6¢). Nevertheless, open vertical southern
and northern model boundaries implemented in S2 lead to
overall higher Darcy velocities between the model margins
(Fig. 7).

In summary, the effect of open or closed vertical bounda-
ries on the general fluid flow in the URG is rather small. The
streamlines are shaped parallel to the model boundaries in
an up to 10 km-wide stripe in the vicinity of the boundaries
when those are considered to be closed (Fig. 6¢). Apart from
these portions next to the model boundaries, the boundary
effects of closed lateral boundaries are negligibly small for
our study, where the model size is 150 km in N-S direction.
In contrast, for modelling studies on a more local scale, it
can be crucial to consider appropriate hydraulic boundaries.
Another point is that the overall predicted Darcy velocities
are smaller with closed boundaries than with open bounda-
ries (Fig. 9). This is an effect of the boundary, present in
the whole model domain and not spatially restricted to the
boundary nearfield. Moreover, boundary effects may be con-
siderably larger if the slope of the aquifer base is steeper and/
or the difference in hydraulic gradient between the model
boundaries is larger. Accordingly, the potential effects of
lateral boundary conditions should always be evaluated for
every specific hydrogeological setting.

Combined effects of upper and vertical boundary
conditions

The superposed effects of a measured hydraulic head as
upper hydraulic boundary condition and a hydraulic gradi-
ent between the southern and northern model boundaries can
be evaluated by incorporating both in the model scenario S2.
The main differences to the other scenarios consist in (1) a
general increase of velocities in the entire model domain, (2)
a shift of the central upflow axis, and (3) an overall decrease
in the number of small local flow systems.

While the results of scenario S2 qualitatively appear
more realistic than those of the other tested scenarios, a
true validation remains a challenge. The reason for this lies
in the lack of validation data compilations that consistently
consider both surface (precipitation) and subsurface (deep
recharge) effects. The recharge rates, which are rather repre-
senting the hydrological setting in the soil or at most down to
the depth of the uppermost aquifer, are not representative for
deep subsurface infiltration as predicted by our simulations.
For areas where low permeable rocks are at the surface, high
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recharge in response to high precipitation is predicted that is
in conflict with the real hydrogeology, where small perme-
abilities lead to small recharge rates. In addition, the role
of the unsaturated zone is largely uncertain and resolving
the processes related to the latter still requires simulation
meshes of significantly higher resolution than those for fluid
flow models of the saturated zone as different physical pro-
cesses are involved.

In the Black Forest and the Vosges Mountains, high pre-
cipitation rates result in likewise high estimated groundwa-
ter recharge rates. In contrast, in the area west of the river
Rhine, locally negative groundwater recharge values are
reported (Lédnderiibergreifende Organisation fiir Grund-
wasserschutz am Rhein 2013). In further modelling stud-
ies, a recharge data set applied as an upper flux boundary
condition is conceivable. Here, average annual data from
Lénderiibergreifende Organisation fiir Grundwasserschutz
am Rhein (2013) for the French study part and from Kopp
et al. (2018) for the German part of the model are available.
However, a hydraulic conductivity of 10 x 10~ m s at
the graben shoulders will not allow for infiltration of mete-
oric water. This is inconsistent with relatively high predicted
groundwater recharge rates for the graben shoulders (e.g., up
to 400 mm a™! recharge at the Black Forest after Kopp et al.
2018) which are an example for the above-mentioned prob-
lem. Alternatively, Herrmann (2010) provides a complex
method to build regional groundwater pressure surfaces for
the area of the Federal State of Hesse. The study of Goder-
niaux et al. (2013) in northern France proposes to use the
recharge as function of hydraulic head. In this approach the
correlation between the altitude of the hydraulic head with
the amount of recharge is used and tested. Following this
method that would mean for our simulations, that the topog-
raphy as upper boundary condition for the hydraulic head
(reference model) would represent the highest amount of
recharge and the lower hydraulic head boundary condition
in S1 and S2 could be compared to low recharge rates.

Model limitations

As the focus in this study is on quantifying the effects of
different hydraulic boundary conditions, only hydraulic
simulations are carried out. So far, only advective (pressure-
driven) flow of a fluid with constant properties is considered,
whereas possible effects of fluid density due to temperature
and/or salinity are neglected. The effects of gypsum and
halite dissolution, which are important for the southeast-
ern adjoining area of the URG in Switzerland, as studied
in Huggenberger et al. (2015) and Zidane et al. (2014a,
2014b) are neglected in these model realizations. Moreover,
in the model, the four geological layers and two faults are
parameterized as being homogeneous and isotropic, which
is a clear simplification. Effects on the flow regime related

to additional (hydro-) geological and thermal complexity
may superpose the effects related to the choice of hydraulic
boundary conditions and need to be addressed separately in
future studies.

Finally, using the proposed four-step method (see “Appen-
dix: four-step workflow”) also implies some shortcomings:
(1) Larger regional models may not always be available. (2)
In case of irregular model boundaries, it may be very time-
consuming to apply a vertical hydraulic boundary condition.
(3) Numerical instabilities may arise due to possible incon-
sistencies between the applied upper hydraulic boundary
condition from groundwater measurements and the vertical
hydraulic boundary condition extracted from a larger model.
For the URG, the instabilities encountered in this context
were larger at the southern than at the northern boundary.
To avoid these instabilities completely, one suggestion for
further modelling studies would be to use the same input
data and methods for the preparation of the upper hydraulic
boundary condition. Using the groundwater fluxes instead
of extracting the hydraulic head distribution as a vertical
hydraulic boundary condition could be a valid alternative to
quantitatively consider the direction and magnitude of flow
into and out of the model area.

Conclusions

In this conceptual study, we performed three 3D numerical
simulations of fluid flow in the URG. By choosing different
hydraulic upper and lateral boundary conditions, we gained
valuable new insights on effects of the chosen boundary
conditions on the simulated 3D hydraulic field of the URG.

— The general fluid flow pattern is not affected by the dif-
ferent chosen boundary conditions. It is characterized (i)
by recharge areas at the rift shoulders, where descend-
ing waters flow through the graben fill perpendicular to
the graben to rise along an axis parallel to graben in the
central part, and (ii) a northward directed graben-parallel
flow in the graben sediments.

— The strong sensitivity of the flow models with respect to
the upper boundary condition underlines the great impor-
tance of appropriate constraints on the shallow hydraulic
pressure variations realized in the upper hydraulic bound-
ary condition.

— The specific hydraulic potential at the rift shoulders influ-
ences the direction of flow, the Darcy velocities, and the
location of the upflow axis.

— The geometry of the upper boundary condition influ-
ences the amount of locally restricted flow systems, even
minimal changes in the groundwater pressure surface are
causing differences.
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Fig. 10 a Workflow to apply
hydraulic head distribution
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— For other model areas worldwide, the decision to use a
replica of the topography or hydraulic head data, closed
or open model boundaries would depend on the (hydro-)
geological situation and the size of the model area, mod-
elling aim, and the amount of available hydraulic head
data. A case-specific evaluation is recommended. For this
case study, we can conclude that the simulation results
are significantly more sensitive to the upper than to the
vertical boundary conditions.

Appendix: four step workflow

We established a four-step method to transfer the hydrau-
lic head distribution along vertical model boundaries from
a larger regional model to this model (Fig. 10). In a first
step, the results (pressure with depth) of the steady-state
simulations from Koltzer et al. (2019) were imported to the
open source software Paraview (Squillacote et al. 2007). In
a second step, the vertical slices within the supra-regional
model at the location of the northern and southern border
of the model domain were generated with Paraview. These
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distribution

vertical
2D Slice

@§
pressure
along
slices y

mode /
area

~

pressure to
hydraulic head

Hydraulic head
[ma.s.l]

920
822
725
628
530
432
335
237
140

43

slices were further cropped to the size of the model domain
borders. The pressure values along the grid nodes of the two
slices were exported and recalculated to hydraulic heads (h)
according to Eq. 3 (step 3)

p

h=—+2z
v 3)

Finally, the hydraulic head values have been applied as
a Dirichlet boundary condition of constant hydraulic head
along vertical borders in FEFLOW® (step 4).
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