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Abstract

The goal of this study is to quantify the influences of upper hydraulic and temperature boundary conditions on temperatures as
calculated by 3D numerical simulations of coupled fluid-and-heat transport for the subsurface of Berlin. Both, the underlying
structural model, as well as the sensitivity analysis are data-driven. The results show that the subsurface thermal field is strongly
influenced by hydraulic and thermal boundary conditions. Findings of this study suggest that in the model area conductive heat
transport processes are able to compensate the influence of advection by pressure gradients. Also, anthropogenic influences on the
subsurface thermal field could be quantified.
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1. Introduction

The present-day temperature configuration in sedimentary basins is influenced by different coupled physical
processes comprising principally diffusion of heat by conduction and advective forces by groundwater circulating
within the pore space of permeable sedimentary rocks. Several driving mechanisms of regional groundwater flow can
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be distinguished within sedimentary basins, e.g. gravitational or topography-driven flow, overpressure flow, or flow
due to buoyant forces within the fluid. The relative role that each of these processes play in affecting the present-day
thermal configuration of a basin depends principally on the local hydrogeological setting and on the external (e.g.
climatic and anthropogenic) surface forcing. Despite a relative flat topography and the absence of recent tectonic
activity, within the North German Basin latest 3D numerical investigations of coupled fluid and heat transport have
provided strong evidence for the presence of a regional hydro-thermal regime influenced by conduction of heat from
the deeper crust overprinted within the shallower sedimentary units by a regional component of pressure
(topographically) driven groundwater flow. While able to account for the first order aspect of the present-day thermal
configuration, comparison of predicted and observed temperatures showed a local and systematic misfit. This misfit
occurs predominantly at shallower depth levels (first couple of kilometers), with model results being generally colder
than measurements. Based on systematic analysis of these results, two major causes for the observed discrepancy
between model and observations have been hypothesized; (1) a lack in details of the implemented representation of
the surface hydraulic and thermal conditions, and (2) an oversimplified structural diversification of the most shallow
Quaternary and Tertiary aquifer complexes.

This study is part of ongoing activities aiming at investigating and quantifying the relevance of the aforementioned
aspects focusing on the present-day thermal configuration beneath the city of Berlin, capital city of Germany. The
objective is to carry out a systematic analysis of the influence of different hydraulic and thermal surface configurations
and quantify their relative contribution to the present-day thermal configuration of the study area with a special focus
on its geothermal potential. At this purpose an existing geological model of the subsurface of Berlin [1] is adopted to
carry out numerical thermal and hydraulic coupled simulations (see section 2, 3). Different boundary conditions are
imposed to represent different scenarios in terms of surface temperature and groundwater dynamics (see section 4).
Direct comparison between the different model outcomes is then carried out in order to quantify the effects of the
shallow configuration on the regional hydraulic and thermal setting. Therefore, the merit of this study is twofold. On
the one hand with its direct application to the city of Berlin, it provides useful insights in understanding the present-
day regional thermal configuration in terms of the major physical driving processes. On the other hand, the study
outlines an approach that could be of assistance to quantify uncertainties often encountered in coupled hydraulic and
thermal simulations in complex basin settings.

2. Geological Setting of the Structural Model

In order to carry out our sensitivity study we used an existing 3D structural model of Berlin based on published
data [2-4] and newly integrated borehole-derived formation-top data [1]. This model differentiated 16 units for the
sedimentary basin fill (Fig. 1a) and 5 units for the underlying basement, namely Permocarboniferous Volcanics, Pre-
Permian, Upper Crust, Lower Crust and Lithospheric Mantle. In our study we limit the vertical extension of the input
model to comprise the major sedimentary sequences. Therefore, we cut the lithosphere-scale model at a constant depth
of -6000 m.a.s.1., thus integrating all 16 sedimentary units overlying the volcanics. The sedimentary succession is of
Permian to Cenozoic age and consists predominantly of clastics, carbonates and rock salt. The latter is present in form
of the Permian Zechstein salt which highly controlled and modified the geometry of the post salt succession. The
Zechstein salt has been mobilized from Mid Triassic times onward [5], has locally increased thicknesses of more than
3400 m and shows a complex topological configuration (Fig. 1b). Mesozoic sediments are mainly composed of
consolidated clastics or carbonates. Of special interest for geothermal applications are the Middle Triassic (Middle
Buntsandstein) and Permian Sedimentary Rotliegend. Both units consists of sandstones consolidated to varying
degrees and have a porosity and permeability high enough to be considered as potential target horizons for geothermal
installations beneath Berlin [6]. The younger Cenozoic sediments are mainly composed of unconsolidated clastics.
They contain the main shallow aquifer system providing the city of Berlin with fresh water. In this respect the Tertiary
Rupelian Clay unit plays an important role as an interbedded aquitard separating the shallow freshwater aquifers from
the deeper saline aquifers [7]. This aquitard is, however, discontinuous in the Berlin area (due to non-deposition,
erosional unconformities and erosional subglacial channels) thus local hydrodynamic connections may exist between
the two aquifers at depth (Fig. 1c¢).
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Figure 1: Reference model after Sippel et al. [1] used for the sensitivity analysis; black line in map shows political border of
Berlin; coordinates [m] in Gauf3-Kriiger DHDN Zone 4 (a) Units of the 3D structural Model (b) Thickness distribution of
Permian Zechstein (c¢) Thickness distribution of the Tertiary Rupelian Clay unit; white color indicates areas where the unit is
absent (hydrogeological windows). (d) Elevation distribution of top of Aquifer 1 (top Model); m.a.s.l. meters above sea level.
(e) Temperature distribution of the Reference Model at the top of the Triassic Middle Buntsandstein as predicted by coupled

fluid-and-heat transport simulations.
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3. Modeling Method

In order to carry out coupled heat and fluid simulations, the 3D geological model of the sedimentary basins as
described in the previous section has been imported into the commercial software FEFLOW® [8]. The latter provides
a finite element based computational framework to solve for (un)saturated groundwater flow in porous media taking
into account conductive, advective and buoyant (fluid density related) heat transport processes. The mathematical
formulation is based on a system of three coupled equation expressing conservation of fluid mass, momentum and
energy as:

M 4(1-€)p®
W +V*(ep®Pq) = eQ® + (1 — €)Q® (1)
3ep® W+ (1-0)p® O |T
lep c + — R Vs (epOcVq+T) =V # [[(A®1) + (pOcD)D] * VT] + (1 — €)S )
k
q=-2(p-pg ®3)

Table 1: Nomenclature of all parameters used in the numerical simulations

Parameter Unit Parameter Unit

c0 solid or fluid heat capacity [kJkg'K'] q Darcy velocity [ms™]
D thermodispersivity tensor [m?s] € porosity, void space fraction [-]

g gravity force [ms?] 20 fluid, solid of bulk thermal conductivity [Wm'K ']
1 unit tensor [-] pY fluid or solid density [kgm™]
k permeability tensor of the porous medium [m?] n fluid dynamic viscosity [Pas]

p pressure [Pa] v Nabla operator [m™]

S rock radiogenic heat production [pWm™] b bulk (liquid + solid)

t time [s] 1 liquid phase

T temperature [°CorK] s solid phase

Qo fluid and solid mass source-sink term [kgm?s]

with (1) mass balance; (2) inertial energy balance for the system; (3) linear (Darcy’s law) momentum conservation
equation. An integration of an equation of state for the fluid density closes the partial differential equation problem.
Accordingly, the fundamental relationships between the fluid state variables and the fluid density are represented.
More details about the mathematical background and its numerical formulation can be found in Diersch et al. [8].
The horizontal resolution of the model is 200x200 m. To guarantee a good vertical-to-horizontal element shape ratio
the original 18 geological units (Fig. 1a) with distinct geophysical properties were further subdivided, so that the
final structural model is composed of 55 computational layers. As a result, every geological unit is composed of at
least two computational layers displaying the same properties as the respective geological unit. All relevant physical
rock and fluid properties adopted for all simulations are listed in Table 2.

All models have been run in transient state for both, fluid and heat flow, until reaching quasi-steady-state conditions.
This state is assumed to be reached after a maximum of 10® d final simulation time with an initial time step length of
107 d and a maximum time step length of 5x10* d.

4. Model Scenarios and Modeling Results

In what follows, results from four simulations scenarios are described. Each model differs in terms of the surface
boundary conditions (either thermal or hydraulic) imposed, while all other parameters and numerical settings are kept
fixed. For all models, a variable thermal boundary condition has been imposed along the base of the model as obtained
from the results of a lithosphere-scale conductive simulation [1]. This was done in order to integrate the amount of
heat input in the total energy budget from the deeper crustal and mantle domains in the current simulations. All lateral
boundaries are kept closed both to fluid and heat flow.
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Table 2: Properties of the geological units as used for the thermal calculations.

Geological unit Bulk thermal Radiogenic heat Rock heat Effective Permeability

conductivity production capacity porosity

A® S c® € k

[Wm-1K-1]  [uWm-3] [kkeg-1K-1]  [] [mD]
Aquiferl 3.5¢ 0.9° 2.16¢ 0.311¢ 10
Aquifer2 3.5f 0.9¢ 2.164 0.311¢ 10
Aquifer3 3.5¢ 0.9¢ 2.16¢ 0.311¢ 10
Aquiferd 3.5¢ 1.0¢ 2.164 0.311¢ 10
Rupelian clay 1.88f 1.3¢ 2.364 0.1944 0.1
Pre-Rupelian clay 3.1f 1.3¢ 2.26¢ 0.255¢ 10
Upper Cretaceous 2.82f 0.6 2.29¢ 0.110¢ 50
Lower Cretaceous 2.36f 1.5¢ 2.294 0.110¢ 50
Jurassic 2.71° 1.5° 2.25¢ 0.189¢ 50
Keuper 2.35° 1.6° 2.324 0.1284 10
Upper Muschelkalk 2.3f 1.0¢ 2.254 0.12¢ 0.06°
Middle Muschelkalk 2.3f 1.0¢ 2.254 0.036° le-16°
Lower Muschelkalk 2.3f 1.0° 2.25¢ 0.15¢ 1¢
Upper Buntsandstein 3.0f 1.8° 2.19¢ 0.025 0.67
Middle Buntsandstein ~ 2.0f 1.8° 2.39¢ 0.135 60.76
Lower Buntsandstein 1.84f 1.8 2.39¢ 0.049 0.13
Zechstein 4.5° 0.4¢ 1.944 0.005 0.0001
Sedimentary Rotliegend  3.0" 1.4° 2.18¢ 0.078 5.26
Permo-Carboniferous 2.5 2.9¢ 2.60¢ 0.032 0.09
Basement 2.24 2.84 2.30¢ 0.01 le-16

Parameter values were derived from (a) Norden et al. [9], (b) Fuchs and Forster [10], (c) Norden and Forster [11],
(d) Norden et al. [12], (e) Poppelreiter et al. [13] and (f) available temperature logs. Porosity values for the Upper
Buntsandstein and underlying layers as well as all permeability values correspond to laboratory measurements of
drill core material from the available four boreholes.

For the sake of readability, we present each model separately and postpone a discussion on their comparison for the
next paragraph. The set of surface boundary conditions adopted for the first model presented, hereafter referred to as
Reference Model, are a fixed temperature (T=8 °C, as equals to averaged thermal surface conditions in northern
Germany [14]) and a variable hydraulic head, which follows the surface topography.

The modeled thermal field is strongly imprinted by the lower thermal boundary condition imposed and the
geological structuration of the different sedimentary units. This is more obvious at greater depths (larger
than -2000 m.a.s.1.), where the thermal distribution shows a strong correlation with the surface topology and thickness
of the highly conductive Zechstein Salt (Fig. 2d, [1]). Reaching shallower depth levels, the modeled thermal field
displays a more complex configuration characterized by lateral variations of shorter wavelength than the deeper
geothermal field. As a result, temperatures at -1000 m.a.s.l. range from 18.3 °C to 45.3 °C with several positive and
negative anomalies distributed over the modeling area [1]. These variations can be explained by the highly
heterogeneous distribution of topographic gradients (Fig. 1d). Areas of high topographic gradients are generally
characterized by colder temperatures as induced by groundwater infiltrating from the top surface deeper in the model
domain than in adjacent areas where such gradients are smoother. The complexity of this distribution decreases
reaching larger depths (i.e. Fig. le) where a more homogenous distribution of the thermal field is evident (e.g. the
temperature variations at -5000 m.a.s.l. are within a range of 146.0 °C to 174.2 °C). Here the temperature distribution
follows the lower temperature boundary condition closely showing a decreasing trend from SE to NW.
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(a) Model A at Triassic Middle Buntsandstein (b) Model B at Triassic Middle Buntsandstein

5840000
5840000

5830000
5830000

5820000
5820000

5810000
5810000

[D.] @0ousiayIg aineledwa |
[D,] @ouaiayig aineladwsa |

— — -1.5
4580000 4590000 4600000 4610000 4620000 4580000 4590000 4600000 4610000 4620000

() Model C at Triassic Middle Buntsandstein (d) Model C at -1000 m.a.s.I. ‘

5840000
5840000

5830000
5830000

5820000
5820000

5810000
5810000

[D,] @oualayiq ainjesadwa |

4580000 4590000 4600000 4610000 4620000 4580000 4590000 4600000 4610000 4620000

P

(e) Reference minus Model C (f

D minus C at Triassic Middle Buntsandstein

5840000
5840000

S EEEEEEEEE
[D,] @imesadwa] sinjosqy

5830000
5830000

I

=} —
= @
2 3
5 g
ER @
) 34 ©
a5 W A=
325 © [ P
3 (]

o 28
3 o275 @ g o
g 25 2 g =
8 225 3 24 &
2 gz 3
i5 8 18 3

R - E
g 125 8 8 16 @
g 1 g 14 —3
. [} b B o
8 0rs @ 8 12 QO
05 3 PN

025 3 08

0 06

-1 04

4580000 4590000 4600000 4610000 4620000 4580000 4590000 4600000 4610000 4620000

Figure 2: Results (coordinates [m] in GauB-Kriiger DHDN Zone 4). (a-c) Temperature differences between Models A, B, and C with respect to the
reference model at top of Triassic Middle Buntsandstein. White color in (c) represents areas of temperatures that are lower than the ones predicted
by the reference model. (d) Calculated temperatures at -1000 m.a.s.l. as predicted by Model C; m.a.s.1. meters above sea level. (e) Hydraulic gradient
differences between the upper hydraulic head boundary condition of the reference model and of Model C; white color represents areas where the
slope of Model C is higher than in the reference model and stippled red line refers to the transition from higher and lower temperatures predicted by
Model C for the top of Triassic Middle Buntsandstein. (f) Temperature differences between Model D and Model C at the top of the Triassic Middle
Buntsandstein; contour lines refer to the surface temperature differences between the models.
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The boundary setting imposed for the reference model can be considered as a standard modelling option for large-
scale groundwater and heat simulations of sedimentary basins (i.e. [15, 16]). However, it comes with some limitations
due to oversimplification in the shallow surface thermal distribution and, especially, flow dynamics. While the
groundwater table might resemble the regional scale topology of the surface topography in non-mountainous terrains
as in Berlin, magnitudes of hydraulic head gradients do not always match gradients in topographic elevations.
Therefore, the above described flow boundary conditions likely results in solving for an overpressured shallow system,
thus accentuating the impact of advective heat transport by inflowing/outflowing groundwater from recharge/discharge
areas.

In order to quantify the effects of these assumptions on the resulting thermal configuration, in a first series of
simulations we have gradually lowered by a constant value the magnitude of imposed hydraulic head gradients from
those considered in the reference model while maintaining the regional morphology of the groundwater table as in the
previous study case. We present the results from two model realizations in which the groundwater head has been
lowered by a fixed amount equal to 10 m (Model A) and 20 m (Model B).

Sensitivities for all models have been tested with the parameters and properties described in section 3 and 4.
Accordingly assessments of the sensitivity of the models of this study to changes in temperature and pressure are
expressed in differences of calculated temperatures to the reference model. An exception had to be done for the last
approach where results are shown in comparison to Model C (see last paragraph of this section).

Modeling results for scenarios A and B predict temperatures that are generally colder than those predicted by the
reference model (Fig. le, 2a, b). At -1000 m.a.s.l. temperature differences range between +0.05 °C and -1.15 °C
(Model A), and -0.15 °C and -1.3 °C (Model B). These ranges decrease at higher depths (-5000 m.a.s.l.) to mean values
of -0.5 °C (Model A) and -0.55 °C (Model B) with a deviation of £0.13 °C. Temperature differences at the top of the
Middle Buntsandstein are on average -0.7 °C for Model A (Fig. 2a) and -0.88 °C for Model B (Fig. 2b). Since
temperature differences are small, predicted absolute temperatures show similar patterns to those of the reference
model (Fig. le). However, absolute temperature differences are distributed heterogeneously across the model area with
lowest differences located in the E, W and SW.

Models A and B should be considered as a simplistic attempts towards a sensitivity study, in that the top hydraulic
boundary conditions have been fixed ad hoc on the model. In a second stage, we opted for a more detailed investigation
on the sensitivity of model outcomes to variations on the surface boundary conditions. At this purpose, hydraulic head
data as available for the city of Berlin [17] have been integrated as fixed, 1 type, boundary (Model C, Fig. 3a).

a) Hydraulic Head Boundary Condition b) Upper Temperature Boundary Condition
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Figure 3: Upper boundary conditions (m.a.s.l. meters above sea level; coordinates [m] in Gaul3-Kriiger DHDN Zone 4). (a)
Hydraulic head (data from Senate Department for Urban Development and the Environment, [17]); data coverage indicated by
black dots, while colored area represents model extent. (b) Temperatures at groundwater table (data from Senate Department for
Urban Development and the Environment, [18]) data coverage indicated by black dots, colored area represents model extent.
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The hydraulic head distribution approximately follows the topography but does not display lateral short wavelength
elevation changes. Highest values are found in the NE and S while lowest values are to the E and SE. Groundwater
flow therefore trends towards the E and SE displaying a gentle hydraulic gradient over the whole model area.

Results for this approach show a rather different trend in modeling results compared to Models A and B (Fig. 2c¢).
The differences in temperatures to the reference model are up to an order of magnitude higher and reach maximum
values of +18.6 °C. At -1000 m.a.s.l. Model C predicts on average +1.36 °C (at -5000 m.a.s.l. it lowers to a value of
+0.11 °C). Within the target horizon (Triassic Middle Buntsandstein) calculated temperatures differ on average by
+1.24 °C from the reference model with a maximum of +13.78 °C (Fig. 2c). In contrast to the results from the first
approach the distribution of these differences is highly heterogeneous. While the central part of the model area displays
little to no change, the outer model domains display areas of high temperature difference in the SE, SW and NW.

In a last attempt we implemented measured temperature data [ 18] additionally to the measured hydraulic head data
(Model D). These data cover only parts of the model (running approximately along the city borders). For areas outside
the data coverage, a constant value of 9 °C had been assigned as being representative for uncultivated and less
populated areas [14, 19], Fig. 3b. Higher temperatures in the center of Berlin correlate with highest surface sealing
and or population density.

Since the available data covers the temperature distribution at the groundwater level, we limit our discussion to a
comparison between the obtained results with those described from Model C. Assigned temperature differences at the
top of the model are as high as +7.3 °C with an average of +1.64 °C (Fig. 2f). Quantitatively, the differences between
models C and D are up to +5.12 °C (-1000 m.a.s.1.) at investigated depth levels with highest differences predicted at
shallow levels and lowest differences at deeper levels of the model. Predicted temperatures at -5000 m.a.s.1. are only
up to 1.0 °C higher than those calculated by Model C. Differences at the target horizon Middle Buntsandstein have a
mean value of +1.21 °C with a maximum of +4.75 °C. The distribution of those differences shows that highest
differences are at the center of the modeling area displaying a decreasing trend towards the model boundaries.

5. Discussion & Conclusion

In the course of this work, a regional 3D geothermal model of coupled fluid flow and heat transport of the Berlin
area has been tested concerning sensitivities of computed temperatures to upper boundary conditions (HHBC; TBC)
where previous studies failed to fully reconcile observations by underestimating the thermal conditions in the shallow
subsurface [1, 20]. The observed misfit between model and measurements has been related to two major assumptions
integrated in those numerical investigations, that is: (1) an oversimplification of the upper HHBC and (2) simplified
geological characterization of the shallow Late Tertiary and Quaternary aquifer/aquitard system. This study focuses
on a quantification of the influences of the upper BC on model temperatures thus targeting the first aspect as described
above.

In a first attempt, variations of surficial hydraulic head gradients have been systematically imposed along the top
surface of the model by gradually lowering its reference value (set equals to the topographic elevations). Predicted
subsurface temperatures only change little and are on average colder (max.: -1.0 °C; -1.3 °C). Interestingly, the amount
of cooling correlates with the Zechstein thickness distribution (Fig. 1c, 2a, b). We therefore hypothesize, that in areas
where the Zechstein is thick (Fig. 1¢), conductive heat transport processes are able to compensate the influence of
advection by groundwater pressure gradients (areas of negligible temperature difference). Thereby, in areas with a
large thickness of the thermally conductive Zechstein salt, the influence of the groundwater component of heat
transport is largely compensated so that the modelled temperatures do hardly differ from a purely conductive case [1].
Additionally the small magnitude and range of changes in predicted temperatures suggest that the overall elevation of
the upper HHBC plays a minor role in geothermal modeling when the latter is simplified to account for the regional
topographical elevation.

In contrast, implementing measured hydraulic head data as upper HHBC leads to significant changes in the
predicted subsurface temperature field. The lateral range of temperatures for the investigated depth levels decreases
considerably (27 °C to 16 °C at -1000 m.a.s.l.) whilst temperatures are also up to 19 °C higher compared to the
reference model. In areas where the gradient of the HHBC was reduced compared to the reference model, higher
temperatures are predicted and vice versa (Fig. 2¢, ). From looking at a map of constant depth (Fig. 2d) it becomes
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evident, that this approach predicts temperatures which follow unit geometries (Fig. 1¢) more closely than for models
where the actual geometry of the groundwater table is not considered.

Conclusively, these results show that the local geometry of the upper HHBC has a strong influence on modelled
temperatures across the whole model domain. The overall correlation between imposed changes in hydraulic gradient
and predicted temperatures is lacking for a closed domain located in the SW corner of the study area where, despite
hydraulic gradients having been drastically reduced, only relative small temperature changes have been observed.
However, this area is underlain by a relative thick sequence of highly conductive, but impervious to groundwater flow,
Zechstein salt (thickness up to 2000 m, Fig. 1c). Based on these observations we can conclude that for this specific
domain, heat is principally transported by conduction while additional processes related to groundwater flow are only
of minor importance.

When additional measurements of the groundwater temperature distribution are considered, computed temperatures
show some difference with those obtained from model realization adopting a constant fixed value. By changing the
surface temperature by up to 7.3 °C, we calculate higher subsurface temperatures than for a constant model. Not
surprisingly, magnitudes of these deviations decrease linearly with depth where the influence of the lower boundary
conditions starts to dominate the thermal configuration (max.: 1.0 °C at -5000 m.a.s.1.). Temperature differences across
the model area are distributed in a comparatively simple manner. Where changes in the applied upper TBC are highest
at the top, changes in the subsurface are also at their maximum (Fig. 2f). Since higher measured temperatures are
likely linked to surface sealing and urbanization [14, 19], the anthropogenic influence on the subsurface thermal field
becomes evident.

The results from the different modelling realizations have also been discussed in terms of temperature distribution
within the Middle Buntsandstein unit, the latter being a preferential target horizon for geothermal exploration in the
study area. This was done in order to ease the discussion toward implications for a practical utilization of geothermal
energy. The model results show that, depending on the degree of approximation adopted to represent surface hydraulic
conditions, different temperature distributions can be predicted within the targeted horizon. Higher temperatures (up
to 15 °C) within the Buntsandstein have been predicted for those models, which integrate observed variations in the
groundwater table when compared to realizations where the top hydraulic boundary conditions was approximated as
a subdue replica of the topographic relief. Observed variations in the temperature distribution at depths greater than
2 km clearly indicate the importance of an adequate and detailed implementation of the shallow groundwater dynamics
for regional basin studies for geothermal exploration.

This study is part of an ongoing investigation aiming at meliorating the current understanding of the thermal and
hydraulic configuration within the area of Berlin. In doing so, we rely on numerical modelling techniques which enable
to integrate available hydrogeological information into a robust mathematical framework thus permitting the
quantification of each relevant process affecting the present thermal and hydraulic setting in the study area. More
precisely, the principal aim of this study was to investigate the impact of commonly followed assumptions regarding
the surface conditions on the regional hydro-thermal configuration of the system at depth. The study has provided a
deeper and quantitative understanding of the thermal signature of processes occurring at the surface and their
interaction with the spatial distribution of rock properties as imposed by the actual geology of the system. The results
suggest a close correlation between the assumed surface hydrodynamics and the complex geology underneath Berlin,
which likely lead to different thermal conditions even at depth levels of interest for potential geothermal energy
utilization. Efforts are currently made to improve the resolution of the shallow groundwater compartments by
integrating newly available geological information on the late Tertiary-Quaternary sedimentary units in order to
resolve details of the subsurface interactions between geology, shallow and deeper groundwater circulation on the
resulting thermal configuration that were not yet addressed by previous investigation in the study area.
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