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Abstract

Urban aquifers are influenced by several natural and anthropogenic factors, such as geological
and hydrogeological conditions and built infrastructure, like heated basements, underground car
parks, and ftrain tunnels. Realistic 3D city-scale physics-based models of complex and
heterogeneous aquifers must balance accuracy and efficiency to support scenario-based
subsurface management. Hence, this study aims to provide an overview of the 3D thermal state
of the urban subsurface of Berlin, Germany, with the goal of identifying groundwater and
geothermal archetypes. Based on a detailed 3D geological model, covering an area of 118 km?
and a depth of 250 m, block-divided (500 m x 500 m x 50 m), steady-state groundwater flow and
heat transport models are created. These block models serve as a basis for identifying
groundwater archetypes representing areas with similar hydrogeological and infrastructure
conditions. The simulated, large-scale groundwater temperature patterns are generally in good
agreement with interpolated temperatures from depth-oriented measurements. In addition, block-
scale models capture thermal hot spots and low spots that are not detected by interpolated maps.
Using regression-based decision trees, 38 groundwater archetypes are identified for the shallow

anthropogenically influenced layer of blocks and 21 archetypes at deeper layers (> 50 m bgl).
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Heated basements and groundwater head difference are the most contributing features in
differentiating archetypes for the shallow layer of the blocks, while lower temperature boundary
dominates selection of archetypes in deeper layers. Similarity of large-scale groundwater
temperature patterns across different numbers of selected archetypes shows the robustness of
the approach. Using thermal and geological criteria, 10 of the identified archetypes are classified
as geothermal archetypes that indicate suitable conditions for ground source heat pump systems.
The archetypes approach could be further developed to support other groundwater and
subsurface uses, e.g., by considering groundwater-dependent ecosystems, legal aspects (e.g.,

groundwater contamination), and the interactions between different uses.

1. Introduction

The thermal state of the urban underground has gained substantial attention in recent decades
due to its significance for subsurface thermal and hydraulic use (Attard et al., 2016; Epting et al.,
2020; Tissen et al., 2021), underground ecosystem preservation (Becher et al., 2022), and
sustainable urban planning (Ngarambe et al., 2025; Kho et al., 2025). The urban subsurface is
affected by numerous anthropogenic activities, resulting in increased underground and
groundwater temperatures (GWT), commonly known as the subsurface urban heat island (SUHI).
SUHI has been extensively studied in many urban areas, like in Winnipeg, Canada (Ferguson &
Woodbury, 2007), Osaka, Japan (Taniguchi et al., 2009), Moscow, Russia (Lokoshchenko &
Korneva, 2015), Turin, ltaly (Barla et al., 2018), Basel, Switzerland (Epting & Huggenberger,
2013), and six German cities (Menberg et al., 2013), highlighting the different anthropogenic and
natural factors contributing to thermal anomalies in the subsurface. Among these factors are
human-built drivers like underground car parks (Noethen et al., 2023), building basements and
train tunnels (Loria et al., 2022), building and surface sealing (Alberto & Crosta, 2021), land
surface sealing (Benz et al.,, 2015), as well as natural factors such as depth to groundwater

(Bottcher & Zosseder, 2022), upstream groundwater flow (Zhu et al., 2015), surface water (Garcia
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Gil et al., 2014), and subsurface properties such as heat capacity and porosity (Kreitmair et al.,
2023).

A holistic view of the thermal state of the underground is crucial for effective management and
sustainable thermal use of the subsurface (Blum et al., 2021). For example, mapping groundwater
temperature by integrating field measurements, analytical heat transport solutions, and numerical
groundwater modeling can promote utilization of ground source heat pumps (GSHP) and
groundwater heat pumps (GWHP) by identifying areas with increased low-temperature
geothermal potential (Garcia Gil et al., 2015). Using GWT data from measurements in the city of
Vienna, key locations for open and closed loop systems could be identified (Tissen et al., 2021).
In addition, city-scale numerical flow and heat transport models can help to assess the
technologically achievable energy potential for reasonable exploitation of subsurface resources
(Zhu et al., 2015; Epting et al., 2020).

GWT also has profound implications for drinking water quality, as it is a critical parameter
influencing water quality (WHO, 2011; Benz et al., 2024). Furthermore, anthropogenic activities
are stressors for groundwater ecosystems, especially invertebrate groundwater fauna (Koch et
al., 2024). Groundwater ecosystems, particularly in shallow aquifers, can be affected by elevated
GWT (Brielmann et al., 2011; Issartel et al., 2005). Hence, GWT mapping facilitates better
ecosystem preservation (Becher et al., 2022; Koch et al., 2020; Noethen et al., 2024; Koch, 2024).
To address these diverse aspects of groundwater management, previous studies employed a
range of predictive modeling approaches, including analytical, data-driven, and numerical
approaches. Analytical approaches are used, for example, for assessing the shallow geothermal
assessment of the German state of Baden-Wurttemberg (Ohmer et al., 2022), using existing
datasets on heat extraction rates, surface temperature, and terrestrial heat flow, to determine the
ability of the ground to meet building heating demand on a regional scale (Miocic & Krecher, 2022).
The employed analytical approach to estimate the technical geothermal potential used g-functions

(Eskilson, 1987) to optimize the heat extraction rates for the borehole heat exchangers (BHE).
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Moreover, analytical approaches have been utilized to quantify and spatially map vertical
anthropogenic heat fluxes from various surface sources through the unsaturated zone into the
groundwater (Menberg et al.,, 2013; Benz et al., 2015). Despite showing promising results,
analytical solutions are often too simplified and unable to capture local variations caused by
different anthropogenic factors (Mueller et al., 2018).

Data-driven and machine learning-based methods have gained popularity in recent years due to
their ability to process large datasets, for example, for mapping groundwater temperature for
geothermal applications. For instance, neural networks were used to estimate groundwater
temperature at different depths, enhancing the geothermal assessment accuracy in Cyprus
(Kalogirou et al., 2012). Furthermore, machine learning techniques were applied to generate high-
resolution 2D maps of shallow geothermal potential in Switzerland (Assouline et al., 2019).
Although data-driven methods offer computational efficiency and broad applicability, they
extensively rely on data as a prerequisite and often fail to capture the physics of the problem,
reducing their wider applicability (Pelzer et al., 2025).

3D geological and hydrogeological models are widely used as tools across different subsurface
applications, including groundwater flow and heat transport (Alcanié et al., 2021), engineering
geology (Wu, 2005) and urban and environmental applications (Ciampi et al., 2024). They can
support subsurface infrastructure planning and risk assessment by providing volumetric
representation of subsurface and spatial continuity, which is not feasible with 2D geological cross
sections or isolated boreholes (Wu 2005). Also, 3D geological models have been applied to
address environmental and urban issues, such as guiding the identification of contamination
sources, delineating contamination plumes, and providing remediation strategies for a complex
subsurface setting (Ciampi et al., 2024). With respect to the simulation of groundwater flow and
heat transport, 3D models are widely used as tools to analyze regional groundwater flow patterns
and resulting temperature distributions for deep geothermal explorations on a basin scale (Alcanié

et al., 2021). Building on such 3D geological models, previous studies also applied different
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numerical modeling approaches to investigate the groundwater thermal state in urban
environments. However, in terms of exploring the impact of different factors on GWT distribution,
numerical studies tend to focus on individual or a very limited number of factors. For example, a
groundwater flow and heat transport model of the Leibnitzer Feld aquifer in Austria incorporated
different land surface and climate inputs to optimize the thermal use of the shallow subsurface
(Rock & Kupfersberger, 2018). Another 3D flow and heat transport model was developed to
understand the thermally affected zones by both urban underground structures and geothermal
systems (Attard et al., 2016).

However, using numerical city-scale thermo-hydraulic modeling of the subsurface for
management purposes is computationally expensive, especially in terms of sensitivity analysis,
calibration, validation, and analyzing different usage scenarios. Thus, some previous studies
utilized scalable numerical modeling as a tool for thermal management of groundwater with
simplified assumptions. Box model approaches are a computationally efficient and alternative
framework to full-scale 3D flow and heat transport simulations. They have been used, for example,
to assess the technical potential of low-temperature aquifer thermal energy storage (ATES)
systems by developing homogeneous hydrogeological box models and modeling representative
ATES configurations (Stemmle et al., 2024). Another city-scale modelling approach introduced an
archetype-based framework to estimate subsurface thermal states efficiently across large urban
areas. By clustering regions with similar hydrogeological state and thermal behaviour, and using
a simplified layered geology, a computationally efficient mapping of thermal states of subsurface
was generated (Kreitmair et al., 2023).

The objective of this study is to determine the 3D subsurface thermal state in a complex urban
setting with heterogeneous hydrogeological conditions using an archetype approach and
showcase the applicability of the approach for subsurface management. Hence, a detailed 3D
geological model as well as block-scale numerical groundwater flow and heat transport models

are developed to infer GWT across the modelling domain of city center of Berlin, Germany. This
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simulated thermal state, in combination with hydrogeological (e.g., depth to groundwater level,
thermal conductivity) and built infrastructure features (e.g., basements, underground car parks,
train tunnels), serves as a basis for the archetype identification via regression tree analysis. The
robustness of the archetype approach is assessed through multiple regression analyses, based
on different error thresholds, and the results are compared to interpolated GWT maps derived
from groundwater measurements. Finally, to showcase the applicability of the groundwater
archetypes for subsurface planning, these are classified further into geothermal archetypes to

determine suitable locations (i.e., blocks) for closed GSHP systems.

2. Materials and methods

The workflow in this study comprises six steps, briefly outlined below and illustrated in Figure 1,

with a detailed explanation given in subsequent sections.

1) The study area in the city center of Berlin, Germany, is delineated.

2) Using available data, such as geological cross sections, a 3D geological model is built. The
model is then parametrized using available hydrogeological and anthropogenic infrastructure
data.

3) The modeling area is divided into equally sized blocks (500 m x 500 m x 50 m), and
groundwater flow and heat transport are simulated within the blocks.

4) The resulting volumetric temperature of the blocks is evaluated to provide a 3D overview of
the thermal state of the subsurface.

5) Using the geological, hydrogeological, and built infrastructure features as inputs and the
volumetric temperature of blocks as output, the blocks are statistically clustered into so-called
groundwater archetypes with similar features and GWT.

6) Finally, the identified archetypes are classified into geothermal archetypes to showcase a

potential application of the approach.
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Figure 1: Workflow of geological modelling, groundwater flow and heat transport modelling,
groundwater archetype identification and application to geothermal archetypes (i.e., suitability of

ground source heat pump).
2.1 Study area and model parametrization

2.1.1 Geological and hydrogeological setting

The study site is located in the urban center of the city of Berlin, Germany, covering an area of
around 118 km? (Figure 1, step 1). The boundaries of the model are delineated based on
groundwater level contour maps as hydraulic boundaries. The eastern and northwestern
boundaries of the model are delineated as parallel to the groundwater level contour maps, and

the other boundaries are perpendicular to the groundwater level contour maps.
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The modeling area lies in the northeastern German basin with a surface geology predominantly
characterized by Weichselian glacial sands, deposited in the Warsaw-Barnim glacial valley. The
northeastern and southern regions of the model area are formed by glacial tills and marls of the
Barnim and Teltow plateaus (Figure 2a). The Rupelian clay forms the lowest layer and functions
as the lower aquitard in the model domain, separating the upper freshwater aquifer system and
the lower saline water aquifer (Sippel et al., 2013). As a result of North German tectonics, the top
of the Rupelian clay varies significantly from -30 m above sea level (asl) in the west to 200 m asl

in the southeast of the study area (Goéthel and Hermsdorf, 2014).
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Figure 2: a) Surface geology of the study area, b) Cross section A-A' showing the hydrogeological

setting of area and the freshwater Aquifers 1-4 (modified from Limberg & Thierbach, 2002).

The study domain contains four freshwater aquifers (Figure 2b) (Limberg & Thierbach, 1997). The
upper aquifer (Aquifer 1) is a large, unconfined aquifer formed by Holocene sands and underlying
valley sands of the Weichselian period. The Holocene layer consists of anthropogenic materials
as well, resulting in a highly heterogeneous lithology of the uppermost aquifer (Goéthel &
Hermsdorf, 2014). As a result of several retreats and advances of the continental ice sheets in the
Saalian period, alternating layers of glacial till and marl were deposited, interbedded with extensive
glaciofluvial meltwater sands which form the Aquifer 2. This second aquifer is, to a large extent,

hydraulically connected to Aquifer 1 and is also known as the main aquifer (German:
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"Hauptgrundwasserleiter") due to its significance for Berlin's drinking water supply (Limberg &
Thierbach, 1997).

Aquifer 3 is hosted in sediments deposited during the Elsterian glaciation and subsequent Holstein
interglacial and consists primarily of fluvial to glaciofluvial sands and gravelly sands. These
permeable sediments were formed in glacial channels and lake basins but are frequently
interrupted by aquitards composed of glacial till, marl, clays, and silts, resulting in a heterogeneous
aquifer structure (Géthel & Hermsdorf, 2014). The deepest freshwater aquifer, Aquifer 4, is formed
by fine to coarse quartz sands of the Miocene and sands with mica from the upper Oligocene,
located above the Rupelian clay, which is the bottom layer of the domain. This Aquifer 4 is in many
places hydraulically connected to the upper Aquifers 1-3, where overlaying aquitards are absent
and Elsterian channels establish lateral contact (Limberg & Thierbach, 1997).

A detailed 3D geological model is developed in Leapfrog Geo (Seequent, 2024) by importing
georeferenced geological cross sections of the study site into the software from the Geoportal
Berlin (2024). For the entire area of Berlin, 58 Geological cross sections are available at 1km
intervals in north—south and west-east direction each. 22 of those intersect the modeling domain
and are used for the geological modeling. These cross sections are available for a maximum depth
of 300m bgl. To extrapolate 3D surfaces from the 2D layers obtained from the cross sections, the
Leapfrog Geo workflow uses an implicit modelling method. After introducing lithology and their
chronology as 3D spatial polyline objects, the cross sections are digitized by hand as accurately
as possible. Based on this 2D information, Leapfrog Geo interpolates lithological surfaces and
subsequently the volumes that shape the full 3D model. Since there is no independent data, such
as additional borehole data, available to assess the accuracy of the model quantitatively, the
interpolation algorithm is iteratively modified and compared to the geological cross-sections until
a good visual fit is obtained. The surface geology is also incorporated into the model by modifying
the initial Leapfrog model using the available surface geological map from Geoportal Berlin (2024).

Then, the 3D model domain is split into equally sized blocks (500 m x 500 m x 50 m), resulting in
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5 layers of 530 blocks each. Finally, using the Leapfrog Geo's Hydrogeology extension, a 3D finite
element template model is constructed. This model is then discretized in Triangular prismatic
elements by first creating 2D triangular grids and then extruding it to make a 3D mesh. This mesh

was then exported to FEFLOW for automated flow and heat transport modelling.

2.1.2 Built infrastructure within the study area

The study area is located in a densely built-up urban area, both in terms of above and below-
surface infrastructures. Thus, incorporating built infrastructure, which affects the thermal and
hydraulic state of the subsurface model, is an essential step for obtaining a detailed, large-scale
overview of the thermal state of the study area (Figure 1, step 2). Based on data available in the
literature (e.g. Epting et al., 2013; Benz et al., 2015; Previati et al., 2022; Noethen et al., 2023),
underground car parks (UCP), building basements, underground train tunnels, and the ground

surface temperature (GST) are included as anthropogenic features (Figure 3).
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Figure 3: a) Underground car park percentage, b) basement percentage, c) train tunnel presence,
d) ground surface temperature, and e-g) histograms of land use classes within each block, used

as inputs to flow and heat transport model (Figure 1, step 2)
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The distribution of UCP footprints in the modeling domain is shown in Figure 3a as a percentage
of area per block based on UCP footprints provided by Noethen et al. (2023). UCPs are unevenly
distributed throughout the domain, with a higher concentration being found in the center of the
modelled domain, with as much as 23% of the block area being UCP (Figure 3a). However, most
of the blocks do not include any UCP. The building density distribution is based on available
building footprint data (OpenStreetMap contributors, 2017) (Figure 3b). As there is no complete
data on the extent of all basements in the modeling area, all buildings are assumed to have a
basement down to 3 m below ground, which reflects the typical value available from the Geoportal
Berlin (2024). Figure 3b highlights some highly urbanized locations with up to 45% of basements
in the center of the modelled domain. Nonetheless, a notable portion of the study area comprises
green spaces or underutilized land, where building and basement coverage is comparatively low.
Train tunnel density, including subway (Berliner U-Bahn) and regional train (S-Bahn) tunnels within
the domain, is depicted in Figure 3c, showing horizontal layout of the train tunnels and the
corresponding depths below ground. The tunnels are represented in five specific depth intervals:
6,9, 12, 15, 18 m below ground level (bgl) (OpenStreetMap contributors, 2017). Most of the blocks
do not contain any train tunnels, while a few blocks contain multiple train lines at different depths,
especially around the center of the domain near the dense area of Alexanderplatz, where multiple
transport lines connect.

The spatial distribution of GST is shown in Figure 3d, calculated according to a method from Benz
et al. (2015), where land use data (Geoportal Berlin, 2024) is translated to GST according to
different surface materials: grass, asphalt, and sand and bare soil. For each block, the percentage
of these surface materials was calculated based on the land use type. The minimum temperature
difference between air and soil for each material type (0.2, 1.5, and 4.0 °C for grass, sand and
bare soil, and asphalt, respectively) is then added to the annual mean air temperature of 9.9 °C
(Deutscher Wetterdienst, DWD) to compute surface type-specific GST values. Subsequently, a

weighted average, annual mean GST is calculated based on the share of each land use type
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within individual blocks. Accordingly, higher GST values are assigned to densely built-up areas,
which cover the majority of blocks, and lower GST for green and open areas with larger grass and
sand (e.g., Tiergarten and former Tegel airport), and bare soil portions (Figure 3d). The obtained
spatial distribution of GST values using the minimum difference from Benz et al. (2015), with an
average temperature of 12.3°C, is reasonably close to surface temperature data from the MODIS
satellites, with an average temperature of 12.2°C. The MODIS data itself, however, has a
resolution lower than the block models (1 km x 1 km) and is therefore not directly used. Histograms
showing the share of land surface materials provide further insight into surface material coverage
within the blocks. The distribution of grass percentage within blocks exhibits a mild left skew,
indicating that, while a few blocks have a high percentage of grass, most of them contain few to
moderate green areas (Figure 3e). The asphalt distribution, in contrast, is right-skewed, reflecting
the predominance of impervious human-made surfaces in the modeling area (Figure 3f). A very
low coverage of sand and bare soil in the model domain is observed with a sharply left-skewed

histogram, revealing that this surface type is rare and limited to a few blocks (Figure 3g).

2.2 Flow and heat transport modeling

In the third step, 3D steady-state numerical models are built for each block in FEFLOW (Diersch,
2014) to calculate block volumetric GWT for further analysis and archetype identification. Within
each block model, hydraulic and thermal properties are assigned based on lithologies derived
from the 3D geological model (Table 1). Since it is not possible to directly export the block-level
lithology from Leapfrog Geo to FEFLOW, blocks are instead parametrized according to their
geological composition. To this end, lithologies within each block are assigned in a layered

sequence, ordered from oldest to youngest formation.
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Table 1: Hydrogeological input parameters and values used for flow and heat transport models.

Geological Predominant ke (mls)? e (+)° ch (c“','lj‘l";:ts (V\;\lm ()\\Iv;r::
. . e\" 3 c
unit lithology (MJ/m°K) K)® K)e. @ K)e. @
Holocene Peat, mud, silt 1.0 x 107 0.07 2.0 0.8 04 0.4
Valley sand,

Weichsel meltwater sand, 1.4 x10° 0.2 1.6 1.6 1.8 0.4
gravel

H2 (Weichsel) Glacial till 1.0 x 10® 0.05 1.5 2.0 29 29

Saale Meltwater sand, 4 54 106 0.2 16 16 18 04
gravel

H3.1-H3.2 Glacial till, silt, 1.0 x 10 0.04 15 20 29 29
(Saale) clay

Holstein Gravelly sand 4.0 x 10 0.2 1.7 0.8 0.4 0.4

H3 (Holstein) Silt, mud, clay 1.0 x 108 0.04 2.2 0.8 0.4 0.4

Elster Meltwater sand 8.9 x1077 0.2 1.6 1.6 1.8 0.4

H4 (Elster) G'ac'il'at;" s, 10x10%  0.04 15 2.0 29 29

Miocene Quarzsand 1.0 x 10® 0.12 1.6 1.6 2.7 0.4

H5 (Miocene) Silt, clay 6.8 x 107 0.04 1.5 1.5 25 0.4

Oligocene ~ 'nesandwith 4 456 ¢4 17 16 26 04
mica

Rupelian Clay Clay 1.0 x 10°° 0.003 2.2 1.6 1.5 0.5

Values derived from @ Limberg and Thierbach (2002), ® Hélting and Coldway (2013), ¢ Frick et al. (2019), ¢ VDI 4640
(2010).
ks hydraulic conductivity; ne: effective porosity; cn: heat capacity; ch, unsat: Unsaturated heat capacity; A: solid thermal

conductivity of solid; Aunsat: unsaturated thermal conductivity of solid.

The official hydraulic head contour map of Berlin (Geoportal Berlin, 2024) is used to define the

hydraulic boundary conditions (BCs) along the modeling domain, and accordingly to the outer
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blocks (Figure 4a). The hydraulic BCs of the model are implemented using the groundwater

contour maps of the main aquifer (Aquifer 2). The close-standing hydraulic head contours in the

northern and northeastern regions of the model domain indicate steep hydraulic gradients,

suggesting potentially high groundwater flow velocities in this area. Here, groundwater

predominantly flows from the northern and northeastern areas of the model domain towards the

central and southeastern areas. Hence, the northern and northeastern boundaries (and the

corresponding blocks) are considered hydraulically as inflow, and the northwestern boundary as

an outflow boundary. In accordance with the groundwater contours, the southern, southeastern,

and parts of the northern boundary are assumed to be no-flow boundaries (Figure 4a).

No flow boundary
Groundwater head contour lines

Dirichlet BC: Fixed head,

Fixed temperature
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Figure 4: a) Block-divided modeling area with hydraulic and thermal boundary conditions, b)

conceptual model of blocks, c) conceptual model of boundary condition (BC) variations within

study area, d) cross-section A-A'. The conceptual model is the basis for the flow and heat transport

model (Figure 1, step 3).
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A Dirichlet head BC is applied to two opposite boundaries of each block using the head difference
derived from the hydraulic head contour map. The two remaining sides of the blocks are assumed
as no-flow boundaries (Figure 4b). This boundary configuration allows for a simplified
representation, while regional groundwater flow patterns guide the order of simulations and the
upstream temperature BC assignment. To calculate the magnitude of inflow from upstream blocks,
the average head level for Aquifer 2 in each block is calculated. For the sake of simplicity, a head
difference of > 0.5 m is used to distinguish between adjacent blocks that are hydraulically
connected from those that are simulated without upstream (or downstream) connectivity.

Initially, the blocks on the border of the model area are assigned a fixed temperature as the thermal
BC using GWT measurement data (Geoportal Berlin, 2024). The next group of blocks simulated
are the blocks without a flow into them. The no-flow blocks are also assigned a constant initial
temperature using the measurement results at all boundaries to account for the thermal effect of
surrounding blocks. Having run the boundary blocks and the no-flow blocks thus determined the
outflow (or downstream) temperature; this temperature is set as the inflow (or upstream)
temperature for the hydraulically connected blocks downstream. The upstream temperature of
blocks with more than one connected upstream block is calculated as the weighted average of the
downstream temperature of the upstream blocks based on the hydraulic head difference between
the adjacent blocks in each direction.

To account for thermal input from basements and UCPs (Figure 3a, b), these are implemented as
Cauchy BC. Each UCP is assumed to have a 3 m depth and a constant temperature of 18°C
(Noethen et al., 2023). Based on the percentage coverage of UCP within each block, the effective
area is calculated, and the temperature BC is assigned accordingly to the model mesh. The same
applies to basements, which are also assumed to have a depth of 3 m. Since there is no
information on whether basements are heated or not, a typical average temperature of 15°C was
assumed for all basements to represent both heated and unheated basements (Hoffmann &

Geissler, 2017).
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For each block intersected by train lines (Figure 3c), a train tunnel is incorporated with a width of
8 m and height 4 m and a length of 400 m, implemented centrally parallel to the y-axis (Figure 4b).
A constant temperature of 18°C is assigned to the train tunnels (Sun et al., 2021). All
anthropogenic infrastructures are assumed to be impervious with a very low hydraulic conductivity
of 1.0 x 10'® m/s (Epting et al., 2013).

The amount of heat flow from infrastructure (i.e., basements, UCPs, and tunnels) to the subsurface
depends on the thermal conductivity of the material (e.g., concrete) divided by the wall or slab
thickness of the structure, referred to as the heat transfer coefficient in FEFLOW. The thermal
conductivity and heat capacity of concrete are assumed to be 1.8 W/(mK) and 1.6 MJ/m3K,
respectively (Makasis et al.,, 2021). The heat transfer coefficient was calculated following the
approach introduced by Noethen et al. (2023) and is 0.02 W/(m?K). In this calculation, the
thicknesses of structure walls and slabs for basements and UCPs are assumed to be 0.3 m and
0.5 m, respectively, and those for train tunnels are assumed to be 0.5 m.

The calculated GST value for each block is also considered as a Cauchy BC on top of the block
models. The vertical heat flux from the ground surface into the subsurface is again implemented
by a heat transfer coefficient. This coefficient for the upper BC is calculated utilizing unsaturated
zone thickness obtained from hydraulic head and topography data, as well as thermal conductivity.
Fixed temperature values (15.1°C to 16.4°C) are applied at the bottom of the deepest layer of
block models based on available measurements (Geoportal Berlin, 2024) and using temperature
gradient values from deep temperature profiles (Blum et al., 2021).

To perform the block simulations, model input files for FEFLOW with the assigned boundary
conditions are iteratively generated in Python based on a template model and then simulated in
FEFLOW. A central and symmetric configuration of basements and UCPs is adopted to speed up
the iterative process and ensure simplicity of the model generation, while preserving the essential
thermal influence of anthropogenic structures. Overall, each block model consists of 249,800

elements for the uppermost layer of blocks with dense built infrastructure (i.e., 0-50 m bgl). A finer
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discretization was applied around each UCP, basement, and train tunnel. In contrast, for the four
deeper layers of blocks, coarser discretization was used, resulting in 58,960 elements across

these blocks.

2.3 Archetypes identification

Based on the results from the block modelling, the groundwater archetypes are identified (Figure
1, step 4). To this end, an input-output dataset is prepared that contains all input features, i.e.,
hydrogeological parameters and built infrastructure properties of each block. The specific feature
combinations of all blocks serve as input, and their simulated volumetric temperatures as the
corresponding output. Subsequently, a regression-based decision tree algorithm is employed on
the input-output dataset to cluster the blocks into so-called archetypes. The decision tree algorithm
is discussed in detail in Hastie et al. (2009).

Decision tree construction starts with splitting the input-output dataset at the first node based on
the feature that reduces the mean squared error (MSE) of the volumetric temperature values the
most. The splitting process continues, guided by the tolerance value, which represents a threshold
value for the minimum acceptable MSE or impurity reduction, until a low global impurity (i.e., low
overall MSE across all leaf nodes) is achieved. The tolerance value is therefore a critical parameter
in selecting the number of leaf nodes of the decision tree, which represent the archetypes in our
approach. These are characterized by a distinct combination of input features and thermal state
(i.e., simulated GWT). For the uppermost layer of blocks, the input features include hydrogeo-
logical and anthropogenic infrastructures. However, the deeper layers without any infrastructure
only include (hydro)geological features as input for the decision tree analysis. Thus, the decision
tree analysis is performed separately for the uppermost layer of blocks (0-50 m bgl) and the four

deeper rows of the blocks (50-250 m bgl).

3 Results and discussions

3.1 3D geological and hydrogeological model
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The 3D geological model built using Leapfrog Geo consists of 14 lithologies (Figure 5a). To assess
geological model accuracy, the available input cross sections were tested against cross sections
extracted from the simulated geological model (Figure 5b) at similar coordinates. As the Leapfrog
algorithm does not exactly interpolate the lithologies based on the input cross-section, the cross-
sections were verified against the same input cross-sections. Furthermore, the surface geology
map (Geoportal Berlin, 2024) was used to verify the initial geological model. The visual
comparison indicated a good agreement between the cross sections based on borehole data and
the modelled ones, as well as the surface geology map, confirming the reliability of the 3D
geological model. It should be noted that rigorous validation of the geological model based on
independent data would improve the robustness of the model and increase confidence in the
approach. This could, for example, be achieved by using the original borehole data (instead of
pre-processed 2D cross-sections) and a test-training split in areas where such data is readily
available. Also, as commonly done for deep, basin-scale geological models, additional
geophysical data, e.g. from shallow electrical resistivity tomography (Alao et al., 2024) could be

used for validation purposes in the future.
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Figure 5: a) 3D geological model and the study area as the basis for groundwater flow and heat

transport models, b) cross-section view A-A'

Analysis of regional groundwater flow patterns based on the average head level for Aquifer 2 in
each block reveals a significant spatial variability of groundwater flow direction across the
modelling domain, leading to complex hydraulic interactions between neighboring blocks in some
areas (Figure 6). Some blocks are located in areas with significant inflow (and outflow) of

groundwater, while others exhibit no groundwater flow. Blocks along the northern and northeastern
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edge (mostly around the Barnim Plateau), as well as a few blocks in the center of the area, exhibit
significant flow conditions, are hydraulically and also thermally connected. In contrast, many of
the central blocks, as well as blocks on the south and southeast, do not show significant flow

conditions and are therefore not hydraulically connected.
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Figure 6: Connectivity graph showing direction of groundwater flow and hydraulic connections
between the blocks. The color indicates the magnitude of groundwater flow by showing the
hydraulic head difference in Aquifer 2 (main aquifer) across the blocks. The graph guides the

simulation order of blocks for subsequent flow and heat transport modeling.

3.2 Flow and heat transport model

Following the simulation of groundwater flow and heat transport in all blocks guided by the
connectivity graph (Figure 6), the volumetric temperature of each block is determined by averaging
the modelled GWT across the entire block. Assembling these temperatures across the domain

yields a 3D visualization of the thermal state of the subsurface (Figure 7a). Given that the features
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impacting the subsurface thermal state are different in the uppermost layer and the deeper layers,

the two sets of blocks will be further assessed and discussed separately.

a) 3D thermal state of the subsurface
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Figure 7: a) 3D groundwater temperature distribution using volumetric temperature of simulated
blocks, b) simulated volumetric temperature of the uppermost layer of blocks (0-50 m bgl), and c)
groundwater temperature within each block from interpolated maps with the location of

measurement wells included at a depth of 20 m bgl.

3.2.1 Near-surface layer of blocks
The near-surface layer of blocks (0-50 m bgl) includes all subsurface anthropogenic infrastructure
within the modelling area. The highest temperature values, as expected, are simulated in areas

with dense infrastructure and highly used urban areas, mostly around the Berlin Mitte district,
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Berlin main station, and Alexanderplatz (Figure 7b, cf. Figure 3). Low volumetric temperature
values, on the other hand, are obtained for blocks that are less anthropogenically impacted and
that are dominated by the green areas, for example, in the Northwest (former airport Tegel),
Southeast (Treptower park), Southwest (Tempelhofer Feld), as well as in the center (Tiergarten
park).

The effect of anthropogenic heat sources on GWT is in good agreement with findings from
previous studies. The number of heated basements that reach into the aquifer is a main factor for
higher groundwater temperatures in urban areas compared to rural areas (Menberg et al., 2013;
Epting et al., 2013). The heat input from buildings, surface sealing, and tunnels were also found
to be the dominant contributors to heat accumulation in the subsurface of the city of Milan (Previati
et al., 2022). Other anthropogenic heat sources like UCPs also cause significant GWT anomalies
with greater heat fluxes observed in areas where UCPs are denser and deeper (Noethen et al.,
2023).

Furthermore, the effect of the upstream temperature is visible in the boundary blocks of the model,
in particular along the eastern border of the model domain, where significant hydraulic gradients
occur (Figure 7b). High groundwater flow velocities in these regions cause transport of
groundwater with higher temperatures along the hydraulic head gradient through the connectivity
of the blocks (Figure 6). Accordingly, heat is transported towards the middle of the domain, where
it accumulates in blocks with little to no groundwater flow. The effect of groundwater flow on
temperature distribution was also observed in previous studies. For example, horizontal advection
was shown to be the dominant heat transport process in the urban area of Cologne (Zhu et al.,
2015), and GWT in highly dense urban areas is strongly influenced by relative position
(downstream or upstream) and distance to anthropogenic heat sources (Ferguson & Woodbury,
2007; Zhu et al., 2015).

Interpolated GWT maps derived from the in-situ measurements in 2024 at 20 m bgl are presented

in Figure 7c, together with the well locations of the GWT measurements (Geoportal Berlin, 2024).
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The measured temperatures were spatially interpolated and averaged within each block to
generate a map to act as a reference for model assessment. The overall large-scale pattern of
modelled GWT in the shallowest layer of blocks (Figure 7b) agrees well with interpolated maps
from measurements (Figure 7c). However, the GWT values obtained from the block models tend
to be slightly higher than the interpolated GWT. The average modelled temperature for all shallow
blocks is 13.4°C, while the average interpolated temperature for all blocks from measured data is
12.8°C. Since very few GWT measurements were performed below 50 m, this comparison is only
performed for the shallowest layer of blocks.

The observed discrepancy in GWT may stem from several uncertainties in the model. These could
be either due to the assumptions made, such as for the heated basement temperature or the
hydrogeological properties of the subsurface, which were adopted from literature. It could also be
caused by a bias in the location of measurement wells used for interpolation. These wells are often
located in small, open green spaces next to streets, and rarely placed directly next to a building
or UCPs, nor in the close vicinity of tunnels. As a result, the measured GWT likely does not
correctly reflect locally elevated temperatures around or below anthropogenic infrastructure.
Furthermore, uncertainties could arise from the interpolation method itself, which can smooth out
localized anomalies and inaccurately reflect areas with insufficient data coverage (Menberg et al.,
2013).

Despite the general discrepancies, the simulation results indicate local hot spots and low spots.
Notably, elevated temperatures are observed around Alexanderplatz (with an average GWT of
14.3°C for blocks involved), an area characterized by the presence of multiple basements and
UCPs and five layers of train tunnels. Conversely, lower temperature blocks were simulated for
the Tiergarten location (with the average GWT of 12.1°C), where few subsurface structures are
present, and the maijority of the surface is covered by green spaces. These local low and hot spots
could not be detected in the interpolated maps due to the absence of measurement wells in those

areas. Yet, those local thermal anomalies are expected based on the surface and subsurface use
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and measurements at a well in similar areas, as reported in previous studies. For example, in
Munich, the recorded GWT around locations of Englischer Garten Park and Nymphenburger
Schlosspark were relatively lower than in dense urbanized areas (Bottcher & Zosseder, 2022).
Also, GWT measurements in other cities like Karlsruhe (Menberg et al., 2013) and Cologne

(Menberg et al., 2013; Zhu et al., 2015) found higher GWT in wells close to dense infrastructure.

3.2.2 Deeper layers of blocks

Deeper blocks, i.e., at depths greater than 50 m, in the model do not contain built infrastructure
(yet), and their modelled thermal state (i.e., volumetric temperature) is primarily influenced by
adjacent blocks through upstream GWT conditions (Figure 8). The temperature range for depths
of 50-100 m bgl varies between 12.0°C and 14.6°C. The temperature distribution at this depth
range still indicates a notable spatial heterogeneity, reflecting the trend of near-surface blocks and
heat input from the block layer above. Accordingly, the thermal impact of densely built-up (e.g.,
main train station) or large green areas (e.g., Tiergarten, Tempelhofer Feld) from the uppermost
block is still visible at this depth. Such subsurface thermal impact was also observed in previous
studies, notably by Bidarmaghz et al. (2020), who simulated anthropogenic heat impacts
extending to a depth of up to 70 meters. Previous studies in Berlin also showed that the influence
of anthropogenic heat sources on measured GWT extends down to depth of 50-100 m bgl (Bayer

et al., 2019; Blum et al., 2021).
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Figure 8: Volumetric temperature of the deeper layers of blocks at a) 50-100 m, b)100-150 m, ¢)
150-200 m, and d) 200-250 m bgl. Box plots indicate distributions of volumetric temperature for

each depth interval.

At a depth of 100-150m bgl, the simulated volumetric temperatures range from 12.7°C to 14.8°C.
The spatial distribution shows a pattern similar to the upper layers of blocks, but with a narrower
range, indicating a decrease in thermal heterogeneity. Between 150-200 m bgl, the temperature
range increases slightly, ranging from 13.6°C to 15.2°C. However, temperature changes within
this range remain limited, suggesting diminishing influence from shallower anthropogenic drivers
and a thermally buffered environment. At the deepest layer of blocks, i.e., 200-250 m bgl,

temperature ranges from 14.8°C to 16.0°C, with a highly uniform spatial distribution. The
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homogeneity of temperature distributions at this depth suggests that the modelled subsurface
thermal regime is mainly governed by regional geothermal gradients rather than near-surface
anthropogenic influences.

Overall, the modelled temperature distribution suggests a progressive geothermal effect with
increasing depth. The increasing homogeneity of the temperature variation at greater depths can
be attributed to the subsurface hydrogeological conditions, in addition to the diminishing influence
of near-surface structures. In particular, the deeper blocks are predominantly composed of
Rupelian clay, a formation with a lower hydraulic conductivity (1.0 x 10° m/s), limiting the lateral
spread of temperature plumes and causing a more stable thermal regime. These findings align
well with deep measured temperature profiles reported in earlier studies (Blum et al., 2021; Frick
et al., 2019; Bayer et al., 2019; Ferguson & Woodbury, 2007).

3.3 Archetypes identification

3.3.1 Near-surface layer of block models

After simulation of all blocks, the calculated volumetric temperatures are used to prepare the input-
output dataset for archetype identification via decision tree analysis. With increasing tolerance
values (i.e., the threshold value for the minimum acceptable impurity reduction), the number of
obtained archetypes decreases (Figure 9, left axis). Changing the algorithm tolerance also affects
the average node impurity over all leaf nodes (Figure 9, right axis). To investigate the influence of
algorithm tolerance on the number of archetypes, as well as their spatial distribution, four different
values of algorithm tolerance, as well as the corresponding number of archetypes and values of
node impurity, are investigated in detail below. Nevertheless, regardless of the slight fluctuations
in the tolerance value, overall node impurity remains low (0.05-0.13°C), indicating robustness of
the decision tree analysis. The low MSE is comparable to the node impurity in a previous

archetypes study, where it was in the range of 0-0.06 °C (Kreitmair et al., 2023).
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Figure 9: Number of archetypes identified (left axis) and node impurity value calculated as MSE

(right) for a given algorithm tolerance for the shallow blocks (0-50 m bgl).

The results of the decision tree are evaluated accordingly at the four selected tolerance values
(highlighted in Figure 9), and the spatial distribution of the groundwater archetypes results are
visualized with respect to the archetype temperature in Figure 10a-d. Therefore, instead of
showing the temperature calculated for each block model, Figure 10 shows the aggregate
temperature of each archetype representing multiple blocks. In accordance with Figure 9, the
number of identified groundwater archetypes reduces with increasing tolerance. The average
predicted volumetric temperature for all number of archetypes (i.e., 10, 17, 38, and 82) is 14.4°C,
which is equal to the simulated volumetric temperature (Figure 7b). Yet, even with a small number
of archetypes, such as 10 (Figure 10d), the overall spatial pattern of GWT distribution is similar
compared to the results with 82 archetypes (Figure 10a), and also similar to the initial GWT
modeling results (Figure 7a), which again demonstrates the robustness of the decision tree

analysis.
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Figure 10: (a)-(d) Temperature of shallow (0-50 m bgl) subsurface for different numbers of
archetypes, based on different tolerance values highlighted in Figure 9, and (e)-(f) corresponding

feature importance.

The influence of the number of archetypes selected on the features contributing to the formation
of archetypes is shown in detail in the feature importance plots (Figure 10e-h). Heated basements
consistently emerge as the most significant feature in creating the archetypes. This is not
surprising based on the high density of basements in the model domain (Figure 3b). Several
studies have previously demonstrated the influence of heated basements on groundwater
temperature in urban environments (Attard et al., 2016; Epting et al., 2013; Ferguson & Woodbury,
2007; Kreitmair et al., 2023; Rock & Kupfersberger, 2018).

Groundwater head difference and upstream temperature also play a significant role in splitting
decision tree nodes, specifically for the blocks that have significant groundwater flow. Groundwater
head difference mainly influences the heat transport by advection, which is particularly important
for regions with high groundwater flow velocity. This is consistent with previous findings showing
that, when advection is the dominant process, heat transport is primarily downstream (Zhu et al.,
2015). Another critical feature contributing to archetype identification is ground surface
temperature, which affects vertical heat flux into the subsurface and accordingly influences
shallow subsurface thermal distributions. The effect of surface temperatures on the GWT
distribution was quantitatively assessed in previous studies (e.g., Menberg et al., 2013, and Benz
et al.,, 2015), who demonstrated that urban surface heating can be a significant source of
anthropogenic heat flux into the shallow subsurface.

Among the geological and hydrogeological properties, heat capacity and effective porosity play a
substantial role in identifying the archetypes. These parameters are among the most important
features contributing to temperature distribution, as also found by Kreitmair et al. (2023). UCPs

and train tunnels also influence the groundwater archetypes identification. The impact of UCPs
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and train tunnels on GWT anomalies in densely built areas has been widely reported previously
(Noethen et al., 2023; Previati et al., 2022).

In contrast, several features appear to play no part in the decision tree divisions. One explanation
for such zero importance values can be correlation between features. For instance, thermal
conductivity and heat capacity are physically closely related, and the decision tree algorithm may
select only one of them to split the nodes (e.g., heat capacity), while assigning zero importance to
the other (e.g., thermal conductivity) (Figure 10 g-h). Another reason could be a high number of
zero values for a specific feature across the modeling domain (and, accordingly, the input-output
dataset). For example, a feature such as tunnel layer 4, which is present in only one block (out of
530 in the shallowest layer), provides limited information for the decision tree and thus is not
selected during decision tree building process, or only for very low tolerance values.

Overall, the number of archetypes used for further analyses should be chosen carefully, in order
to balance computational efficiency and accurate representation. Too many archetypes would
impact the computational time of further analyses (i.e., through a larger number of detailed
numerical simulations), and too few archetypes would lead to a merging of distinct thermal and
hydrogeological behavior of different blocks. Accordingly, extreme cases such as 10 and 82
archetypes are excluded from the final selection, while an intermediate number of archetypes
between 17 and 38 is deemed more suitable.

Moreover, the number of archetypes for management purposes should be selected strategically,
based on management objectives. For instance, comparing the temperature distribution between
the threshold options with 38 archetypes (Figure 10b) and 17 archetypes (Figure 10c) reveals that
tunnel layer 2 emerges as a distinguishing feature in clustering the blocks (Figure 3c, especially
blocks intersected by tunnel layer 2). This suggests that selecting 38 archetypes enhances the

ability to identify the effect of such infrastructures, thereby enabling more targeted analysis.
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3.3.2 Deeper layers of block models

The four deeper layers of block models (50-250 m bgl) include no anthropogenic infrastructure.
Thus, the regression-based decision tree to identify archetypes was run using the temperature BC
(lateral, upper, and lower boundaries) and hydrogeological parameters (thermal conductivity,
hydraulic conductivity, etc.) as inputs and the volumetric temperature as output. In order to balance
the number of archetypes generated and the overall model error, a tolerance value of 2 x 10 was

selected. This resulted in 21 distinct archetypes and a low value of MSE of 0.01°C (Figure 11a).
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Figure 11: a) Algorithm tolerance to find the optimum number of archetypes vs the node impurity

calculated as MSE, and b) the feature importance plot for the deeper blocks

Despite the greater number of blocks for deeper layers (2120 blocks) compared to the uppermost
layer (530 blocks) of blocks, the identification of fewer archetypes in the deeper layers is not
unexpected. This is due to the increased homogeneity in hydrogeological features and the
absence of built structures at these depths. The upper temperature BC emerges as the most
influential feature in determining archetype classification in deeper blocks (Figure 11b). Given the
strong relationship between upper and lower temperature BCs and the volumetric temperature of
deeper block models, these BCs dominate the decision-tree process, and the other features were

not used by the regressor to split the data. Furthermore, due to the homogeneity of geological
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layers, features such as thermal conductivity, heat capacity, and porosity exhibit only a narrow

range of values and are therefore not used to split the nodes.

3.4 Application of archetypes for geothermal management

To showcase an application of the archetype approach for subsurface management purposes
(Figure 1, step 6), the 38 identified groundwater archetypes (Figure 10b) are assigned to specific
groups of geothermal archetypes (Aceo) by using simplified criteria of geothermal suitability for
GSHP systems. Archetypes with predicted volumetric temperatures higher than 13°C, and an
average thermal conductivity above 1.5 W/mK are categorized into 10 geothermal archetypes,
from Ageor With the lowest temperature and thermal conductivity to Aceoto With the highest
temperature and thermal conductivity (Figure 12, Table A-1). Higher building densities leads to
less available space for geothermal use in densely built-up areas (Tissen et al., 2021).
Furthermore, installing geothermal systems in public spaces is not yet permitted in Berlin.
Therefore, archetypes with more than 25% of surface area being occupied by built infrastructure

are not included in the geothermal archetypes.
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1, step 6). The locations of water protection zones are also included.

The geothermal archetypes highlight areas deemed particularly suitable for geothermal utilization.

This information can be useful to local authorities or industries and contribute to driving investment
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and leading to a wider utilization of these sustainable technologies. The archetype approach can
easily be combined and enhanced with additional information, such as water protection zones
(WPZ) (Figure 12b), which play a key role for geothermal planning. Geothermal applications in
water protection zones | (red) and Il (yellow) are strictly prohibited. However, under certain
conditions, installations could technically be allowed in zone Ill (blue) (Geoportal Berlin, 2024).
The 3D archetype approach presented above can support management of such conflicting
interests. For example, even if the uppermost block at a certain location may fall into a WPZ, one
could discuss geothermal use for well-suited deeper blocks.

The identified archetypes can also support geothermal licensing processes by incorporating
restrictions to e.g. shallow geothermal systems into the workflow. The 3D nature of the underlying
block models allows integration and visualization of e.g. spatially varying limitations in drilling
depth for BHE and wells. For example, in Berlin, the Rupelian clay must not be drilled into as it
acts as a hydraulic barrier (Geoportal Berlin, 2024) between saline water and freshwater aquifers.
Similarly, in the German state of Baden-Wurttemberg geological layers containing sulphate
minerals impose depth limitations for geothermal drilling due to geotechnical risks of anhydrate
swelling (Menberg et al., 2025). Also, regulatory restrictions, such as groundwater protection
zones, can easily be integrated into the archetype framework by marking the blocks in the
corresponding area, or by creating a specific archetype class for water protection zones. If the
geological model was extended to deeper layers (e.g. 3-4 kilometers depth) that are of interest for
deep geothermal system, the 3D archetype approach could also help manage concurrent use of
different geothermal and groundwater resources in different geological layers.

The archetype approach could be further expanded to other groundwater or subsurface uses,
such as groundwater ecosystem protection, by defining corresponding criteria and thus supporting
sustainable subsurface management. Finally, the thermo-hydraulic block models from the
archetypes can serve as a basis for more detailed and high-resolution geothermal simulations, for

example, for planning of groundwater heat pumps (GWHP) or aquifer thermal energy storage
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(ATES), by providing local BCs and accounting for existing infrastructure. Previous studies have
demonstrated the value of combining 3D geological models with groundwater flow and heat
transport models for geothermal applications. For example, in a deep basin scale model, a detailed
physics-based model was developed to assess large-scale thermal regimes (Alcanié et al., 2021).
Similarly, the detailed geological modelling was assessed to quantify geothermal potential on a
kilometer scale using isothermal surfaces (Zhu et al., 2020). The current study is also a physics-
based model, however, it aims to balance the physical processes' accuracy and computational
efficiency using the archetypes. The current approach can be combined with the detailed models
mentioned above to compensate for the loss of local-scale details missing in the archetypes

approach.

3.5 Comparison to other approaches and limitations of the study

Previous studies have demonstrated the value of combining 3D geological models with
groundwater flow and heat transport models for deep geothermal applications. For example, in a
basin-scale study, a detailed physics-based model was developed to assess large-scale thermal
regimes (Alcanié et al.; 2021). This study showed that regional thermal regimes are primarily
controlled by large-scale groundwater flow and boundary conditions, allowing suggestions for the
location of deep geothermal wells. The role of groundwater flow and boundary conditions in the
present study is consistent with the findings from Alcanié et al. (2021). While Alcanié et al. (2021)
focused on deep, basin-scale processes, the present study highlights the importance of the
anthropogenically influenced thermal regime in the shallow subsurface and its impact on shallow
geothermal energy. Similarly, detailed geological models have previously been assessed to
quantify geothermal potential on a kilometer scale using isothermal surfaces (Zhu et al., 2020).
The study results are in line with the current study, which suggests that the favorable geothermal

conditions are linked to specific geothermal and thermal configurations. In addition, the present
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study prioritizes spatial comparability, computational efficiency and the applicability to urban
subsurface management.

In this context, the applicability of the proposed method is influenced by the availability and quality
of subsurface data. This study demonstrates how high-quality data, such as the geospatial data
for the Berlin area, can be utilized to quantify the thermal state of the subsurface and the potential
for shallow geothermal energy. However, it is important to note that data on a comparable level of
detail is not always available. Yet, for most urban areas on the globe basic information on
geological and hydrogeological conditions, such as dominating surface geology (Hartmann and
Moosdorf, 2012) and groundwater table depth, is available (Fan et al., 2012). The same is true for
basic anthropogenic infrastructure, such as building footprints (Zhu et al., 2025), and land use
(Zanaga et al., 2021), which will allow simplified (hydro)geological modelling and basic archetype
identification. Also, the block size in the approach can be reduced or increased accordingly to
reflect the quantity and quality of the spatial data used.

Beyond the current application to Berlin, the proposed approach also allows for integration of
additional data sources and complementary modeling approaches. For example, geophysical
data, such as electrical resistivity tomography or seismic exploration data, can be used to refine
the geological model and thus improve model confidence. Moreover, as the FEFLOW software
incorporates solute transport modelling, it is also possible to include chemical compounds in the
archetypes identification and assess thermo-chemical interactions and their impact on
groundwater quality at the city-scale. Likewise, the archetype-based approach could be expanded
to investigate thermo-hydro-mechanical processes in order to evaluate city-scale subsurface
deformations associated with thermal use of subsurface, using compatible software such as

COMSOL.

4, Conclusions

In this study, a detailed 3D geological model as well as numerical groundwater flow and heat

transport block models are used to derive a spatially resolved overview of the thermal state of the
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urban subsurface in Berlin, Germany. Groundwater archetypes for the study area are identified,
and the impact of (hydro)geological and infrastructure features on archetypes identification is
investigated. Moreover, building upon the identified groundwater archetypes, geothermal arche-
types are defined to assess the suitability for GSHP systems.

There is a good spatial agreement between the large-scale patterns of simulated groundwater
temperatures (GWT) and interpolated maps in the uppermost layer of the numerical block models,
where the groundwater temperature is mostly affected by the anthropogenic factors such as
building basements and UCPs. The block models are also able to predict GWT hot spots like
Alexanderplatz (with the average GWT of 14.3°C for involved blocks) with several basements and
train tunnels, and low GWT in large green areas like Tiergarten (with the average GWT of 12.1°C
for involved blocks), which are not observed in measured interpolated maps. Some discrepancies
(0.6°C) exist between the simulated and interpolated maps from measurements of all blocks.
These may result from uncertainties in model inputs, such as basement temperature or hydro-
geological parameters (e.g., thermal and hydraulic conductivities), as well as the spatial bias of
measurement well locations and shortcomings of statistical interpolation.

Considering a balance between computational efficiency and accuracy, 38 archetypes for the
near-surface layer of blocks and 21 archetypes for the deeper layers are identified using
regression trees. The similarity of large-scale spatial GWT patterns obtained by defining varying
numbers of archetypes (10, 17, 38, and 82) indicates robustness of the approach, regardless of
the number of archetypes selected based on different tolerance values.

By combining simple criteria, such as thermal conductivity and GWT, 10 out of the 38 groundwater
archetypes are classified as geothermal archetypes, indicating suitable areas for GSHP systems.
The nature of the archetype approach based on the detailed parameterized block models also
allows integration of further spatial and legal limitations, such as space taken up by urban
infrastructure and water protection zones. Importantly, the differentiation of different depth layers

of blocks with different feature importance offers opportunities for 3D subsurface management
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approaches, while the underlying numerical models of the archetypes can serve as a consistent
basis for modelling and planning of different thermal or hydraulic groundwater uses. In the future,
the archetypes approach could be developed further to support a broader range of groundwater
and subsurface uses by considering, e.g., infrastructure in more detail or groundwater-dependent
ecosystems.

The results presented in this work support the use of this flexible and scalable methodology for
thermally quantifying the subsurface in a computationally efficient way and showcase how this
approach can be adapted and combined with additional information to produce useful outputs.
While the archetypes presented here are specific to Berlin, the methodological approach itself is
universally transferable. Depending on the availability of geospatial data, the approach can be
adapted to include other types of subsurface infrastructure, such as district heating networks, as
well as surface structures, such as industrial sites, which impact the groundwater thermal regime
and thus archetype identification. Also, the workflow can be easily applied in other geological
settings, such as karst aquifers or crystalline bedrocks, by setting up a corresponding geological
model and transferring it into a corresponding subsurface flow model suitable for the
hydrogeological settings. The geothermal archetypes and maps can be adapted to include or
prioritize different aspects of geothermal planning, such as heating demand to provide as much
energy as possible or current heating accessibility to provide geothermal energy to those who
most benefit from it. This can be done by matching heating supply with demand, for example, by
incorporating demand data or by assessing the existing built infrastructure. These can lead to a

wider utilization of the technology and therefore also contribute towards the pathway to net-zero.

Abbreviations

ks Hydraulic conductivity [m/s]
Ne Effective porosity [-]

Ch Heat capacity [MJ/m3K]
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Ch, unsat Unsaturated heat capacity [MJ/m3K]

A Thermal conductivity of solid [W/m K]

Aunsat Unsaturated thermal conductivity of solid [W/m K]
Aceo Geothermal archetypes

Avasements Basement area percentage [%]

Aucp Underground car park area percentage [%]

Tupsteam  Upstream temperature [°C]
Supplementary information

Table A-1: List of geothermal archetypes with their corresponding average volumetric temperature

and thermal conductivity for uppermost layers of blocks (0-50m bgl).

Archetype Volumetric temperature (°C)  Thermal conductivity (W/m.K)
Aceor 13.2 1.9
Aceo2 13.3 1.6
Aceos 13.4 1.9
Aceos 13.5 1.7
Aceos 13.5 1.8
Aceos 13.6 1.8
Aceor 13.8 1.8
Aceos 13.9 1.6
Aceos 14.0 1.8
Aceot0 14.2 2.0
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