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A B S T R A C T   

We present a new method to incorporate paleo-surface temperature effects in steady state 3D conductive temperature models. The workflow approximates the 
transient effects and incorporates these into steady state models, using appropriate source and sink terms for radiogenic heat production. This allows for rapid 
models, which can be easily used in ensemble approaches for data assimilation of high-resolution temperature models for geothermal resource assessment. The 
workflow is demonstrated for the Netherlands which is a sedimentary basin with a wealth of deep (temperature) data from groundwater and oil and gas wells and 
past studies on the 3D temperature distribution. 3D subsurface temperature models of the Netherlands ranging up to 5 km depth systematically overpredict tem
peratures at shallow (<1500 m) depth. Analysis of both shallow (<600 m, >200,000 measurements) and deep temperature measurements (1–6 km, >1500 mea
surements), clearly demonstrates a shallow thermal gradient in over 200 locations of ~20 ◦C km− 1 for the top 400 m underlain with a deep geothermal gradient of 
~31 ◦C km− 1 for the 2–4 km interval. Improvements in 3D subsurface modelling regarding the shallow part are accomplished by adding a paleo-surface temperature 
correction related to glaciation effects of the Weichselian glacial period. This paleo-surface temperature correction proved to be the missing link between two 
distinctive geothermal gradients observed and is consistent with earlier findings for limited datasets. The consistent overprediction of modelled temperatures in 74% 
of locations for the top 2 km which are regularly distributed over the Netherlands demonstrates that the influence of paleo-surface temperatures is rather uniform 
over large areas and not significantly overprinted by other effects such as groundwater flow. The updated model, marked by up to 10 degrees cooling compared to 
models ignoring the paleo-surface temperature effects, has major implications for assessing geothermal resource potential up to 2 km depth.   

1. Introduction 

Geothermal energy is a renewable energy source that is sustainable 
for future generations and available autonomous of seasonal fluctua
tions or changing climate conditions. Geothermal energy can be used as 
direct heat source or to generate electricity. Geothermal energy is 
therefore very well suited to incorporate in the transition from a fossil- 
based energy system to a renewable and sustainable energy regime. To 
define the geothermal potential, the temperature distribution is one of 
the most important parameters to investigate (e.g. Beardsmore et al., 
2010). On continental scale -outside magmatic areas marked by strong 
transient effects- mostly 1D thermal conductive models have been used 
for resource assessment (e.g. Limberger et al., 2014; Limberger et al., 
2018), whereas on more regional (national) scale, in various countries 
high resolution 3D thermal models have been constructed constrained 
by temperature data from deep boreholes (e.g. Bonté et al., 2012; Gola 
et al., 2017; Békési et al., 2020). 3D steady state conductive models are 
very effective in terms of computational performance for high resolution 

models (e.g. Békési et al., 2020). 
The application of steady state models has limitations which need to 

be carefully considered for settings or depth ranges where transient ef
fects are present. For example, in regions marked by relatively rapid 
sediment and erosion and active tectonism, temperature distributions 
can be strongly affected (e.g. Van Wees et al., 2009; Cloetingh et al., 
2010; Limberger et al., 2018). Hydrothermal fluid flow and associated 
heat advection-mostly observed more locally- can also give rise to strong 
alteration of the steady state predictions, even at a few km depth (e.g. 
Majorowicz and Wybraniec, 2011; Lipsey et al., 2016). In addition, 
paleo-surface temperature changes, in particular the effects of past 
glaciations can strongly affect the observed surface heat flow values and 
temperature gradient in the top few km of the earth and give rise to 
relative low geothermal gradient in the top 1–2 km of the crust and 
sediments relative to the deeper part, which is well recorded in bore
holes (e.g. Ter Voorde et al., 2014). 

For geothermal exploration, the relative shallow sedimentary layers 
up to 2 km depth are generally prospective for geothermal energy 
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production in view of relatively good flow properties, due to limited 
compaction of pores (e.g. Van Wees et al., 2012). In addition, the 
shallow layers can be used for High Temperature Aquifer Thermal En
ergy Storage (HT-ATES) (Wesselink et al., 2018). For these reasons, it is 
of importance for the shallow depth range to take into account the paleo 
surface temperature effects to accurately predict the temperature dis
tribution for performance assessment. 

In this paper, we present an effective 3D workflow for correcting 
steady state thermal models for paleo surface temperature evolution. We 
apply the worflow in constructing high resolution temperature models. 
We have chosen to develop and demonstrate the approach to the 
Netherlands for the following reasons: the availability of both shallow 
and deep temperature data, high resolution structural models, previous 
thermal models and paleo surface temperature scenarios models. 

The first 3D temperature model of the Netherlands has been con
structed by Bonté et al. (2012), which is based on a purely conductive 
methodology including transient effects of vertical motion and surface 
temperature over the basin history, calibrated with temperature data 
from oil, gas and geothermal wells. This model could not explain the 
temperature anomalies at larger depth (e.g. >3 km). Taking into account 
new geological insights at larger depth like the buried Dinantian car
bonate platforms (within the Limburg Group), adding newly available 
temperature data and a pseudo-convection approach (cf. Lipsey et al., 
2016), using an improved data-assimilation technique, the 3D temper
ature model has been recently updated by Békési et al. (2020) and is 
available at ThermoGIS (https://www.thermogis.nl/). 

Models and temperature measurements from oil, gas and geothermal 
wells at depths between 2 and 4 km show an almost linear geothermal 
gradient of about 31 ◦C km− 1; with T is temperature (◦C) and z is depth 
(km) (Bonté et al., 2012): 

T(z) = 10+ 31.3 z (1) 

Békési et al. (2020) found a tendency in the model to overestimate 
temperatures compared to observations at the shallow part of the model 
(<2 km) (Fig. 4). Therefore, they tried to correct the model by assuming 
a surface temperature of 8 ◦C while it is known to be ~10 ◦C (Békési 
et al., 2020). The consistent positive misfit of previous models for the top 
2 km could possibly be explained by the cooling effect of paleo-surface 
temperatures which has been demonstrated by Ter Voorde et al. (2014) 
in 1D models (Pollack and Huang, 2000; Bodri and Cermak, 2011; 
Huang et al., 2008; Majorowicz and Šafanda, 2008; Kukkonen et al., 
2011; Majorowicz and Wybraniec, 2011). Alternatively, the influence of 
groundwater flow at shallow depth could explain anomalies observed 
(Smith and Chapman, 1983; Kooi, 2016; Bense et al., 2020). Earlier 
research about the thermal field of the Dutch subsurface from Van 
Dalfsen (1980a) showed an average geothermal gradient of ~20 ◦C 
km− 1 for the top ~400 m. 

The aim of this study is to make a connection between two distinctive 
geothermal gradients previously observed, one steeper deep (~31 ◦C 
km− 1) (Bonté et al., 2012; Békési et al., 2020) and one flatter shallow 
(~20 ◦C km− 1) (Van Dalfsen, 1980a). To this end, in this research, more 
data are added to the database as input to thermal models for the 
Netherlands, using temperature measurements of 471 boreholes from 
the shallow subsurface between 0 and 500 m. In addition, modifying the 
existing steady state workflow (Békési et al., 2020), we present an 
extended workflow to include the transient effects of paleo surface 
temperature changes for the 3D model capable of explaining the two 
different geothermal gradients. The updated 3D subsurface temperature 
model including the extra temperature data and transient thermal ef
fects of paleo-surface temperature changes are of major importance to 
better understand the shallow thermal regime, and can have consider
able implications for estimating the potential for shallow geothermal 
energy and High Temperature Aquifer Thermal Energy Storage (HT- 
ATES) facilities of the onshore Netherlands. 

2. Geological setting 

The basis for 3D temperature modelling of the Dutch subsurface is 
the regional-scale 2.5D geologic framework, the Digital Geological 
Model (DGM-deep v4.0) (Fig. 1). The first version of the geological 
model used has been constructed in 1985 to support the hydrocarbon 
E&P industry (Kombrink et al., 2012). Although this model was con
structed for the hydrocarbon industry, increased interest in geothermal 
energy and heat storage, like the SCAN project (Seismic Campaign 
Geothermal Netherlands) (e.g. Carlson, 2019) now mainly drives im
provements of the geological model. 

DGM-deep v4.0 is built upon 14 separate geologic formations which 
are described in more detail at www.dinoloket.nl/en/nomenclature-dee 
p (Van Adrichem Boogaert and Kouwe, 1993). These 14 geologic for
mations are based upon the geologic history of the Netherlands starting 
at the Carboniferous. During the Carboniferous the Netherlands was 
situated in the northern foreland of the Variscan Orogeny. In the Early 
Carboniferous in the north carbonate platforms developed while in the 
south late Carboniferous Silesian sandstones, coals and shales from the 
southern Variscan thrusts were deposited (Kombrink et al., 2010; Van 
Hulten and Poty, 2008). The Late Carboniferous was characterised by 
the orogenic collapse of the Variscan orogeny with a major hiatus be
tween the Carboniferous and Permian rocks with locally observed 
magmatic intrusions (Sissingh, 2004; Van Wees et al., 2000, Smit et al., 
2018). The post-Variscan basin accumulated space for deposition of 
Rotliegend and Zechstein sediments (Van Wees et al., 2000; Kombrink 
et al., 2010). In the northern Netherlands mostly marine evaporites were 
deposited while the southern Netherlands was marked by deposition of 
more siliciclastic and carbonate-like rocks. The gradual break-up of 
Pangea during Triassic times resulted in deposition of clastic sediments 
alternated with minor shale deposits. The Altena Group represents the 
transition from shallow marine deltaic sedimentation to fully marine 
deposition of argillaceous sediments (Kombrink et al., 2012). A rifting 
phase created accumulation space to deposit Late Jurassic and Early 
Cretaceous shallow marine siliciclastic sediments of the Rijnland and 
Schieland Group with subsequently Cretaceous Chalk (Kombrink et al., 
2012). Compressional stresses during the Late Cretaceous led to the first 
inversion phases with siliciclastic depositions in the Early Paleogene (De 
Jager, 2003). Later inversion led mostly to erosion and subsequent 
rifting phases during the Cenozoic caused Paleogene sedimentation 
characterised by an alternation of sand and clay. The remaining ac
commodation space is continuously filled by the development of a delta 
system at Neogene time (Kombrink et al., 2012). 

3. Temperature data 

In previous versions of the model, temperature measurements from 
oil, gas and geothermal wells including Bottom Hole Temperatures 
(BHTs), Drill Stem Test (DST) temperatures and Repeat Formation Tests 
(RFT) have been used for calibrating the model (Békési et al., 2020). 
This database (from now called: “Deep database”) is freely available 
(http://www.nlog.nl/) (http://www.geothermie.nl) and provides over 
1507 temperature measurements from a 1 to 6 km depth range. This 
“Deep database” however lacks accurate shallow temperature mea
surements and is expanded in this study with an additional shallow 
temperature database. 

The additional shallow temperature database (from now called: 
“Shallow database”) originates from the Dutch groundwater survey of 
TNO (https://www.dinoloket.nl/). The “Shallow database” contains all 
groundwater boreholes to a maximum depth of ~500 m that are 
commissioned by TNO. Data from the “Shallow database” predomi
nantly originates from studies of the groundwater survey TNO in the 
period 1975–1983 (Van Dalfsen, 1980a; Van Dalfsen, 1983b). This data 
is commissioned by the geothermal energy program from The Com
mission of the European Communities to obtain temperatures at 250 m 
depth of the Dutch subsurface and coexisting heat flow densities. A total 
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of 471 wells include 223,426 distinct temperature measurements. 
Approximately every meter the temperature has been measured and 
recorded over the whole drilling interval. The temperature measure
ments within the “Shallow database” originate mainly (97.5%) from a 
depth down to 400 m. No more than 12 wells exceed a depth of 400 m 
with two (0.4%) wells reaching down to 1500 m. Fig. 2 and b show in 
more detail the depth of the temperature measurements from the “Deep 
database” (red) and “Shallow database” (blue) while Fig. 2c shows a 
spatially good coverage of the “Combined database” for the whole 
onshore Netherlands. 

3.1. Data quality 

A key difference between the “Shallow database” and “Deep data
base” is the amount, regularity, and quality of the temperature mea
surements. Temperature measurements of the “Deep database” vary in 
depth between 200 m and 6000 m, with 85% of the data located in the 
domain between 1000 m and 4000 m, and up to 2 km depth hold 
measurement errors ranging from 5 ◦C to 15 ◦C (Bonté et al., 2012; 
Békési et al., 2020). Data obtained from the “Shallow database” is 
considered very reliable, with an error margin of 0.1–2.0 ◦C. This low 
error margin is obtained by using a small borehole diameter and the use 
of poorly heat-conducting materials (Van Dalfsen, 1981b). The largest 
2 ◦C error for the worst reliable data has been determined by the method 
of Mundry (Kappelmeyer and Haenel, 1974; Van Dalfsen, 1980a; Van 
Dalfsen, 1983b). Evidently, error margins of the “Deep database” are 
large compared to the “Shallow database”. As the “Shallow database” is 
marked by significantly lower errors than the “Deep database” and 
shows a good geographical coverage, we therefore ignore data from the 
deep database below 400 m in the remainder of the paper. Of the 
“Shallow Database”, only temperature measurements closest to every 
200 m in depth are selected. This selection is fundamental since the 
model uses a vertical grid size of 200 m, which is further described in 
Section 4. The resulting merged database is used as input for the 
modelling and called the “Combined database”. 

3.2. “Shallow Database” analysis and anomalies 

Since this study uses data recorded over a timespan of four decades 
during all seasons, the moment of measuring can influence the tem
perature. It is known that seasonal fluctuations influence the subsurface 
to a depth of 15–20 m (Bense and Kooi, 2004), therefore temperatures 
shallower than 15 m have been excluded. Since the 1980s also average 
surface temperatures raised and affect the geotherm to depths of 70 m 
(Kooi, 2008). Months and years of drilling are listed to inspect if this 
affected the “Shallow database”. Monthly changes in subsurface tem
perature are clearly visible whereas yearly changes are not clearly 
visible within the “Shallow database”. 

The “Shallow database” showed other phenomena that causes per
turbations in the thermal structure in the very shallow subsurface, up to 
approximately 150 m depth. Studies like: Peters et al. (1983); Van 
Dalfsen (1980b); Van Dalfsen (1981a); Van Dalfsen (1983a) and Van 
Dalfsen (1998), list and explain these local anomalies at several wells of 
the “Shallow database”:  

• Local effects of landfill or water exploitation are visible in the top 
part of the subsurface within the “Shallow database”. The dataset 
contains several wells specifically drilled to investigate thermal ef
fects of water exploitation or landfill, explaining local anomalies like 
in Fig. 3a & b.  

• The urban heat island effect represents a 2.0 ◦C higher average air 
and surface temperature in urban areas compared to surrounded 
countryside (Conrads, 1975; Unger, 1992). Buildings and traffic are 
responsible for temperature elevations at urban areas because heat is 
stored over a longer period at these objects. High buildings create a 
perpendicular reflectance of sunlight that increases the temperature 
faster at mornings when the sun comes up (Stolk, 2000). Conse
quently, subsurface temperatures of wells drilled in urban areas are 
elevated due to the extra heat abundant in cities. This effect would 
potentially be visible to a depth of 120 m (Zhu, 2013a). The top part 
of the geotherm of an affected well drilled in an urban area has a so- 
called inverse shape due to heating from the top (Fig. 3c), while 
unaffected wells have a linear geotherm, if no other local effect is 
influencing the well site (Buik et al., 2004; Stolk, 2000). 

Fig. 1. “NW-SE cross-section through the onshore Netherlands showing the geometry of the sedimentary units and the depth of the top of the basement (white) used 
for modelling. Superimposed are the isotherms from the temperature model” from Békési et al. (2020). Sedimentary units correspond to DGM-deep v4.0 (Kombrink 
et al., 2012) (e.g. 1: Upper North Sea Group (NU), 2: Lower/Middle North Sea Group (NL, NM), 3: Chalk Group (CK), 4: Rijnland Group (KN), 5: Schieland Group (S), 
6: Altena Group (AT), 7: Lower and Upper Germanic Trias Group (RB, RN), 8: Zechstein Group (ZE), 9: Rotliegend Group (RO), 10: Limburg Group (DCC, DCD, DCH), 
11: Limburg Group (DCG), 12 & 13: Carboniferous Limestone Group (CL, CF), 14: Old Red Group and Banjaard Group (OR, OB) & -1: Bedrock). 
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• A change in land use, from forest to agricultural or agricultural to 
urban over the last decades shows similar effects with affected geo
therms (Kooi, 2008). This effect is only recognizable at the top 50 m 
of the geotherm. 

Therefore, temperatures shallower than 100 m need to be interpreted 
with caution, and the data should not just be extrapolated as regional 
trend based on local changes in temperature. 

3.3. Overestimation of temperature data by previous 3D models 

For the “Combined database” we compared the misfit of the 
modelled temperatures of Békési et al. (2020) at intervals of 200 m, 
down to 2 km depth in Fig. 4. Positive mean and median values of the 
modelled versus observed temperatures indicate that models systemat
ically overestimate temperature measurements for the whole depth 
range, for 74% of the “Combined database”. This overestimation of the 
model is consistent for both databases, with a 100% overestimation of 
the temperature measurement in the “Shallow database” exceeding 100 
m depth and 71% of the measurements in the “Deep database”. Modelled 

Fig. 2. a) and b). Temperature measurements of the “Combined database”, where the dotted black line and corresponding equation represent the average geotherm 
from the “Deep database” (Békési et al., 2020). The solid black line and corresponding equation represent the average geotherm of the “Shallow database” like Van 
Dalfsen (1980a). c). Well locations of the “Combined database”. 
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temperatures of Békési et al. (2020) in the depth range of 2–6 km show 
good fit with temperature observations from the “Deep database” with 
53% under- and 47% overestimated temperatures. The average over
estimation of the model is ~4 ◦C at 200 m and increases towards ~8 ◦C 
at 1000/1200 m depth. The biggest mismatch between modelled and 
observed temperatures is found within the depth interval of 200–1200 
m. From 1 to 2 km depth the systematical average overestimation de
creases again towards ~2.5 ◦C at 2 km depth. 

4. Methodology 

The updated 3D subsurface temperature model follows the same 
workflow as Békési et al. (2020) used to compute the previous 3D sub
surface temperature model, including identical grid sizes and thermal 
properties. We solved the inverse problem using the Ensemble Smoother 
(ES), which estimates the parameters in a single step by a global update 
incorporating all data available (Emerick and Reynolds, 2013). We 

applied the Ensemble Smoother with multiple data assimilation (ES- 
MDA) for handling the non-linearity between the observations and 
model parameters (Békési et al., 2020). This workflow is however 
expanded with two intermediate steps between the high-resolution Prior 
3D model (Step 6) and high-resolution Posterior 3D model (Step 7) 
Békési et al. (2020). In the modified workflow depicted in Fig. 5, in step 
6 (now labelled step 6a–c) first the cooling effect of paleo-surface tem
peratures on subsurface temperatures is predicted (step 6b) in a tran
sient forward model approach similar to Ter Voorde et al. (2014). The 
approach is explained in more detail in Section 4.1. Subsequently, this 
cooling effect on the subsurface temperature distribution is precisely 
transferred to the steady state model adopting a correction in radiogenic 
heat production in the top of the 3D thermal model (step 6c). These 
additional steps are added to the workflow just before a final run of 
extensive data assimilation, as performed by Békési et al. (2020). 

Fig. 3. Temperature/depth plots of local anomalies for three random locations within the “Shallow database” of the onshore Netherlands. Temperature observations 
(green) compared to modelled temperature (black) from Békési et al. (2020). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 4. Isodepth temperature maps of the onshore Netherlands between 200 and 2000 m depth of Békési et al. (2020). Modelled temperatures minus observed 
temperatures from the “Combined database” are plotted on top with circles within a +/− 100 m interval. Note the different colour scale for modelled temperatures at 
various depth. “Mean”, “Median” and “Root Mean Square(RMS)” values refer to the difference between the modelled temperature and the data. 
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4.1. Paleo-surface temperature history 

To represent paleo-surface temperatures in the Netherlands over the 
last 130,000 years, the temperature evolution proposed by Luijendijk 
et al. (2011) is used (Fig. 6). The temperature evolution covering 
Eemian, Weichselian and Holocene times is based on climate proxy data 
like fossil beetles (Coleoptera), pollen, plant macro remains and peri
glacial indicators in northwest and central Europe (Caspers and Freund, 
2001; Huijzer and Vandenberghe, 1998; Zagwijn, 1996), and in the 
north-eastern part of the Netherlands (Van Gijssel, 1995). The paleo- 
surface temperature proposed by Luijendijk et al. (2011) uses fixed 
temperatures at fixed time periods. Helmens (2014) and Moreno et al. 
(2014) give a more accurate and detailed paleo-surface temperature 
history for Europe. Implementing these alternative paleo-surface 

temperature models would not significantly change the modelling 
results. 

4.2. Transient model for paleo-surface temperature 

The paleo-surface temperature variations are used as input in a 
transient thermal 3D model with spatial vertical grid size of 200 m and 
horizontal grid size of 1 km, taking thermal properties from the high- 
resolution model of Békési et al. (2020). The transient temperature 
equation is solved using an explicit 3-step Runge-Kutta finite difference 
approach with conductive heat transfer (Bonté et al., 2012; Verwer, 
1977): 

Fig. 5. Description of the modelling workflow after Békési et al. (2020). LAB: Lithosphere-Asthenosphere Boundary. ES-MDA: Ensemble Smoother with Multiple 
Data Assimilation. 

Fig. 6. Paleo-surface temperature history used in the modelling workflow after Luijendijk et al. (2011). Based on published climate proxy data (Caspers and Freund, 
2001; Huijzer and Vandenberghe, 1998; Van Gijssel, 1995; Zagwijn, 1996). 
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(2)  

Where T = temperature [K], ρ = density [kg m− 3], Cp = specific heat [J 
K− 1 kg− 1], k = thermal conductivity [W m− 1 K− 1], A = radiogenic heat 
production [W m− 3] and t = time [s]. 

The temperature of the transient model is initiated at the start of the 
evolution with a steady state thermal solution in agreement with the 
paleo surface temperature at the start of the forward model. During the 
calculation of the paleo-surface temperature correction only the upper 
boundary condition of surface temperature varies, all other parameters 
are kept constant. The exact temperature change of the model due to this 
paleo-surface temperature variation depends on multiple parameters, 
including uncertainty in thermal properties, uncertainty in paleo- 
surface temperature, and the effects of phase changes of freezing and 
melting water in pores (see Annex A). The sensitivity of the model results 
to these parameters is discussed in Section 6. 

4.3. Pseudo-radiogenic heat production for paleo-surface temperature 
effects in the 3D steady state model 

The transient model results in a perturbed geotherm compared to 
steady state conditions. The transient model for the paleo-surface tem
perature variations is computationally effective in a single run but 
would provide a major computational burden for the full high resolution 
3D models in the last steps of the workflow with thousands of runs with 
ES-MDA data-assimilation. For these models, the steady state approxi
mation allows for a 5–10 times faster computational performance, 
compared to a fully transient approach. In order to mimic the thermal 
signature of the perturbation by paleo-surface temperature effects in the 
3D steady modelling workflow, we translate the observed change in 
thermal gradient with depth (and underlying variation in heat flow) in 
the transient model by adopting a correction radiogenic heat production 
for the steady state model, which can reproduce the same change in 
thermal gradient in the steady state model. The depth dependent 
correction for the heat production ∆A in the 3D steady state model is 
determined as: 

∆A (zi) =
q(zi) − q(zi− 1)

∆Z
− A (zi) (3)  

Where zi is depth of the node i in the 3D grid, A (zi) is the prior heat 
production of the model and q(zi) is heat flow in the 1D transient model 
at depth zi which is determined from the thermal gradient and thermal 
conductivity in the model as: 

q(zi) = − k
dT
dz

(zi) (4) 

We set the corrected A in the 3D model as a fixed parameter before 
the final run with extensive data assimilation. A fixed radiogenic heat 
production now allows the model to slightly change conductivities and 
heat flow during the final run of data assimilation, while preserving in a 
correct way the cooling effect of paleo-surface temperatures. In this way 
the cooling effect is not overprinted by the final data assimilation. 

For calibration of the model during the final modelling workflow 
step, only temperature measurements of the “Combined database” are 
used because of the vertical resolution of the 3D model as described in 
Section 3.1. 

4.4. Characteristics of the 3D model 

The forward modelling workflow uses a variety of assumptions in 
terms of subsurface properties. Parameter values are chosen from 

lithological interpretation based on Hantschel and Kauerauf (2009) for 
specific geologic formations (Békési et al., 2020). Since these geologic 
formations consist of several different lithologies, there is a lot of vari
ance within one geologic formation in terms of thermal properties. Due 
to three data assimilation steps within the modelling workflow (Békési 
et al., 2020) the model is able to slightly vary properties within sedi
mentary units to better represent subsurface properties and mitigate 
temperature mismatches. Due to computational limitations the vertical 
resolution of the model is 200 m. Several wells from the “Shallow 
database” have been individually modelled with a small horizontal grid 
dimension centred around the borehole location. Because of the small 
horizontal grid, a 10–20 times higher vertical grid resolution could be 
used compared to the national model. Investigating the influence of grid 
resolution showed that vertical grid resolution of 10 m resulted in 
<0.7 ◦C deviation from the 200 m resolution model in the top 1000 m. 

5. Results 

5.1. Reproduction of paleo-surface temperature cooling effect 

We compared forward model predictions of the transient model with 
temperature observations of the shallow database at each well location. 
At first, we inspected the capability of the model in reproducing the 
effect of paleo-surface temperatures on the subsurface temperature in a 
1D homogeneous model over the past 130,000 years with identical 
starting conditions and with model assumptions in agreement with Ter 
Voorde et al. (2014). The model is marked by a steady state geotherm for 
the top 10 km, with radiogenic heat production of A = 3.6 μW m− 3, 
thermal conductivity of k = 2 W m− 2 K− 1. Boundary conditions for the 
initial steady state temperature are a surface heat flow of qs = 66 mW 
m− 3 and surface temperature of Ts = 12 ◦C: 

T(z) = Ts +
qs

k
z −

A
2k

z2 (5) 

Fig. 7 shows the 1D homogeneous transient model for the paleo 
surface temperature correction (step 6b) as well as the steady state 
pseudo-radiogenic heat production (step 6c, eq. (3)). Both models 
reproduce the perturbed present day geotherm from Ter Voorde et al. 
(2014) well. 

The model results show a significant effect on the temperature, with 
over 10 ◦C cooling around 1 km depth, whereas at 2–4 km depth the 
cooling effect gradually disappears. As explained in Section 3, the data 
examination shows that observed temperatures of the whole onshore 
Netherlands indicate geotherms between 20 ◦C km− 1 and 25 ◦C km− 1 for 
the upper few hundred meters, similar to the reduction of the thermal 
gradient in the top sections of Fig. 7. This observation on national scale 
is consistent with the fact that paleo-surface temperature effects are 
geographically expected to be rather uniform on the scale of the 
Netherlands. The model also highlights the importance of adopting a 
paleo-surface temperature correction in the 3D modelling workflow in 
order to reproduce the strong vertical variability in heat flow and 
associated geothermal gradient. 

5.2. Updated 3D subsurface temperature model 

Fig. 8 shows the modelled temperatures of the updated 3D subsur
face temperature model with a similar colour scale as Fig. 4. Imple
mentation of paleo-surface temperatures in the 3D modelling workflow 
results in cooler modelled temperatures to a depth of ~2500 m. 
Therefore, the updated 3D subsurface temperature model better 
matches temperatures for the shallow Dutch subsurface compared to 
previous models for observations from the “Shallow database” (Fig. 9) 
and “Deep database” (Fig. 10). Differences between the model with and 
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without paleo-surface temperature correction are at maximum up to 
10 ◦C at ~1 km depth (Fig. 10). Fig. 4 (previous model) and Fig. 8 
(updated 3D subsurface thermal model) display mean, median and root 
mean square (RMS) values for every isodepth map, which are consis
tently better for the updated 3D subsurface temperature model. Only 
RMS values at 1600, 1800 and 2000 m depth are slightly better in 
previous model of Békési et al. (2020), while mean and median values at 
the same depth are significantly improved in case of the updated 3D 
subsurface temperature model. Where the previous model 

overestimated 74% of the temperature observations of the “Combined 
database” down to a depth of 2 km, the updated 3D subsurface tem
perature model only overestimates 48% of the observations, of which 
81% of the overestimated temperatures originates from the “Shallow 
database” and 45% from the “Deep database”. In the 2–6 km domain, 
there is barely any difference between the two models (Fig. 11, >~ rank 
800), with 53% versus 54% underestimated temperatures in the previ
ous and updated 3D subsurface temperature model respectively. 

Fig. 7. Geotherms in the upper 3 km for the steady state starting condition, present day 1D homogeneous temperature model and from Ter Voorde et al. (2014).  

Fig. 8. Isodepth temperature maps of the onshore Netherlands between 200 and 2000 m depth of the updated 3D subsurface temperature model. Modelled tem
peratures minus observed temperatures from the “Combined database” are plotted on top with circles within a +/− 100 m interval. Note the different colour scale for 
modelled temperatures at various depth. “Mean”, “Median” and “Root Mean Square (RMS)” values refer to the difference between the modelled temperature and 
the data. 
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6. Sensitivity analysis 

In this section, the sensitivity of the predicted temperature correction 
upon individual parameters is analysed. For the adopted paleo-surface 
temperature history, there is an uncertainty in the adopted tempera
tures, as well as the exact moment of change in surface temperature. The 
changes in surface temperature used in this model are abruptly and not 
gradual (Fig. 6). The used paleo-surface temperature history is therefore 
not an exact reconstruction of the actual paleo-surface temperature. For 
this reason, we investigated the influence of possible variation in paleo- 
temperature history and the control of thermal properties in the thermal 
response. 

Monitoring the evolution of the geotherm within the 1D homoge
neous temperature model shows that small paleo-surface temperature 
changes between 90,000 and 13,500 yr. BP have no effect on the present 
day geotherm. The entire Weichselian glaciation is basically the reason 
of the colder subsurface temperatures observed, which results in an 
almost linear geotherm at the end of the Weichselian period (Fig. 12). 
The paleo-surface temperature history of the Holocene, following the 
Weichselian glaciations, determines the amount of heating in the upper 
part of the subsurface down to 1000 m depth. Evidently, the sharp in
crease in paleo-surface temperature during the Holocene effectively 

heated the top part of the present-day geothermal gradient but was not 
able to influence temperatures at depths exceeding 1500 m (Fig. 12). 
Because of the strong influence of Holocene paleo-surface temperatures, 
a better estimation of the paleo-surface temperature history for this time 
period could possibly improve modelling results. Luijendijk et al. (2011) 
and Ter Voorde et al. (2014) showed that paleo-surface temperatures 
during the considered time interval of 130,000 years still influence the 
present day geotherm at deeper levels up to 3–4 km depth. 

The values for conductivity (k), specific heat (Cp) and density (ρ) and 
radiogenic heat production (A) have been adopted from previous studies 
(Békési et al., 2020). The first three parameters determine the thermal 
diffusivity (α) of the subsurface at a certain location and depth: 

α =
k

ρCp
(6) 

We varied the thermal diffusivity by 10% to inspect the sensitivity of 
the results. As a consequence, the effects of paleo-surface temperatures 
variations penetrate deeper or shallower into the subsurface. This effect 
is best visible without the final step of extensive data assimilation and is 
shown in Fig. 13. There is hardly any effect at the top section up to 
~1500 m depth, however some degrees difference is visible at larger 
depth. Since there is almost no change in modelled temperatures 

Fig. 9. Isodepth maps of previous model (Békési et al., 2020) (a) versus updated 3D subsurface thermal model (b) at 200 m depth showing a difference between the 
two models up to ~5 ◦C. Beneath are the corresponding histograms showing the occurrence of difference between the previous model (c) and updated 3D subsurface 
thermal model (d) versus measured temperature at 200 +/− 100 m depth, including the mean, median and RMS values of the models. 
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between previous (Békési et al., 2020) and updated 3D subsurface 
temperature model in the 2–6 km interval (Fig. 11), the sensitivity of the 
model as a consequence of thermal diffusivity is limited, because it is 
overprinted by the final data assimilation. 

7. Discussion 

The influence of latent heat related to phase changes of water in 
porous space in the model was tested. Paleo-surface temperatures 
created permafrost paleo-conditions in the upper part of the subsurface 
with temperatures down to − 6.5 ◦C. This means that energy is used 
during the chosen paleo-surface temperature history to freeze or melt 
water in porous space of subsurface rocks which potentially decreases 
the depth penetration of the effect of varying paleo-surface temperature 
(Ter Voorde et al., 2014). In the model the effect of latent heat for 
freezing and melting has been incorporated as described in annex A. The 
effect at present day of this additional correction for latent heat did not 
exceed 0.02 ◦C. Investigating the influence of latent heat over time in 
more detail shows that there are more significant paleo-differences for 
the top 400 m between models excluding and including a latent heat 
correction. The maximum difference for the top 400 m is in the order of 
1.0 ◦C. These findings agree with previous studies (e.g. Šafanda et al., 

2004), showing that phase change effects on temperature are of 
importance at locations that have undergone more recent permafrost 
conditions than the Netherlands. 

The shallow temperature distribution may also be influenced by 
sedimentation, erosion and crustal deformation. The modelling assumed 
that during the past 130,000 yr. these processes did not have a major 
effect. Within this time interval, most sedimentation occurred during the 
Eemian and Upper Pleistocene. Starting at the Saalian-Eemian bound
ary, sedimentation rates of less than 0.5 mm yr− 1 on average can be 
found in the Amsterdam region, which is relatively high for this period 
in the Netherlands (Cleveringa, 1998; Gibbard, 2003). For the Roer 
Valley Graben a sedimentation rate of only 0.05 mm yr− 1 was calculated 
(Houtgast et al., 2002). It is unlikely that such low sedimentation rates 
create major differences in terms of temperature, in agreement with 
earlier findings of Van Wees et al. (2009) and Bonté et al. (2012). 
Thereafter, these processes have not been investigated in more detail. 

Relatively large anomalies in modelled and observed temperatures in 
the 0–500 m depth interval are all related to data in the “Deep database” 
and can be attributed to somewhat lower quality data (Fig. 2b). How
ever, anomalies found at shallow depth originating from the “Shallow 
database” are likely to be caused by groundwater (convective) flow, 
either related to salt diapirs or to concentrated areas of infiltration 

Fig. 10. Isodepth maps of previous model (Békési et al., 2020) (a) versus updated 3D subsurface thermal model (b) at 1 km depth showing a difference between the 
two models up to 10 ◦C. Beneath are the corresponding histograms showing the occurrence of difference between the previous model (c) and updated 3D subsurface 
thermal model (d) versus measured temperature at 1000 +/− 100 m depth, including the mean, median and RMS values of the models. 
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(Smith and Chapman, 1983; Kooi, 2016; Bense et al., 2020). Luijendijk 
et al. (2011) and Van Balen et al. (2002) stated that local thermal 
anomalies can be linked to deep infiltration of water into fault zones. 
Zechstein salt acts as an impermeable layer that influences deep 

groundwater flow directions and can facilitate convective groundwater 
flow (Elshehawi et al., 2019). Zechstein salt is more abundant in the 
North-East of the Netherlands and strongly varies in thickness due to 
diapirism up to several hundred meters below the surface (Verweij, 

Fig. 11. Plot showing model estimations (red) compared to observations (blue, all data is <15 ◦C accurate) for previous model (a) of Békési et al. (2020) and updated 
3D subsurface temperature model (b) with the modelled temperatures ranked on the x-axis. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 12. Geothermal gradient of the start (steady state), 1D homogeneous 
temperature model before the beginning of the Holocene at 13500 yr. BP and 
the present day geotherm of the 1D homogeneous temperature model. 

Fig. 13. Modelled geothermal gradients at present day after implementing the 
same paleo-surface temperature history for an 1D homogeneous model versus 
the steady state starting condition with a 10% thermal diffusivity in- 
or decrease. 
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2003). The effects of deep groundwater flow on temperature distribu
tion can be very capricious with major differences over small distances. 
The large distance between datapoints is unlikely to be able to capture 
temperature anomalies created due to deep groundwater flow. A more 
detailed layering of the shallow subsurface, employing more detailed 
available subsurface models and forward simulation of groundwater 
flow, could improve the modelled temperature field. 

In addition, infiltration areas like “the Veluwe” and “the Utrechtse 
Heuvelrug” and fault plane related flow patterns like the “Roer Valley 
Graben” can explain thermal anomalies (Luijendijk et al., 2011) 
(Fig. 14). The first two areas, both moraines, are distinguishable from 

surrounding areas not only by elevated altitudes but also by depleted 
temperatures down to depths of 200 m according to the “Shallow 
database”. The third area is a major fault system in the Netherlands, 
located in the southern Netherlands with a NW-SE strike. This fault 
system is recognizable in the temperature data by decreased tempera
tures in the graben and higher temperatures at the horst side of the fault 
(Fig. 14). Strong vertical flow of fluids along the fault plane is likely to 
cause this temperature anomaly in southern the Netherlands (Luijendijk 
et al., 2011). These examples indicate that there is a strong link between 
shallow groundwater convection flow patterns and minor temperature 
anomalies observed. Modelling these temperature anomalies requires 

Fig. 14. Observation temperatures of the Netherlands at 100 m depth (0.1 ◦C accurate), plotted on top of an altitude relative to NAP (cm) map of the Netherlands 
from www.ahn.nl. Indicated in white the locations of the “Veluwe”, “Utrechtse Heuvelrug” and “Roer Valley Graben” respectively. 
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the implementation of a subsurface convection flow model into the 3D 
modelling workflow. Since the modelling workflow is suitable to model 
these minor temperature anomalies by slightly varying conductivities of 
subsurface layers during data assimilation, implementing a subsurface 
convection flow model is not likely to create major improvements of the 
model. 

The inferred widespread cooling of the shallow subsurface, has im
plications for the potential of shallow geothermal systems within the 
Netherlands. Decreased temperatures at shallow depth relative to the 
previous models indicate that geothermal systems and HT-ATES sites 
need to be downgraded in terms of effectiveness. The updated 3D sub
surface temperature model therefore has a negative effect on profitable 
geothermal development in the Netherlands for the top ~1500 m of the 
subsurface. However, these new results provide more trust in 
geothermal potential estimates as the models are higher quality. The 
extended modelling workflow including a paleo-surface temperature 
correction which can be effectively adopted in steady state thermal 
workflows is relevant not only for the Netherlands but worldwide 
applicable. The effect of paleo-surface temperatures on present-day 
subsurface temperatures depends on the specific regional location and 
corresponding varying regional thermal properties. Including the effect 
of latent heat would dampen the influence of glacial periods but has an 
effect of less than 0.02 ◦C on the present day thermal field in the 
Netherlands, which is expected to be bigger in areas with more recent 
permafrost conditions (Šafanda et al., 2004). 

8. Conclusion 

We presented a novel workflow which is well capable to incorporate 
paleo-surface temperature effects in steady state 3D conductive tem
perature models. The workflow builds from approximating the transient 
effects, using appropriate source and sink terms for radiogenic heat 
production in the steady state model. This allows for rapid models, 
which can be easily used in ensemble approaches for data assimilation of 

high-resolution temperature models for geothermal resource 
assessment. 

The relevance of the model has been demonstrated by an updated 3D 
subsurface temperature model of the onshore Netherlands. For data 
constraints, we combined an extensive subsurface temperature database 
with more than 1500 deep (1–6 km) temperature measurements com
bined with over 200,000 shallow (<600 m) temperature measurements 
to be used for calibration. This combined temperature database repre
sents two separate geothermal gradients; a shallow geothermal gradient 
of ~20 ◦C km− 1 for the top 400 m underlain with a deep geothermal 
gradient of ~31 ◦C km− 1 for the 2–4 km interval. 

Previous 3D subsurface temperature models systematically over
predict temperatures at shallow (<2000 m) depth, whereas our updated 
model successfully removes bias towards overprediction of tempera
tures in the shallow subsurface. The regular distribution of over
predicted temperatures in previous models demonstrates the uniform 
influence of paleo-surface temperatures over large areas. Incorporating 
the glaciation effect of the Weichselian glacial period and subsequent 
Holocene temperature rise turned out to be the missing link between the 
two distinct geothermal gradients. This explains the systematically 
overpredicted temperatures at shallow (<2000 m) depth within previ
ous models. Furthermore, the updated 3D subsurface temperature model 
shows that the paleo-surface temperature effect is hardly overprinted by 
groundwater flow. 

The updated model, marked by up to 10 degrees cooling compared to 
models ignoring the paleo-surface temperature effects, has major im
plications for assessing geothermal resource potential down to 2 km 
depth. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.  

Appendix A Annex: latent heat for melting and freezing 

During the Weichselian glaciation a permafrost front penetrated the Dutch subsurface to depths exceeding 200 m (Govaerts et al., 2015). In the 
numerical solution melting and freezing is implemented by a modification of the heat capacity at the phase transition (0 ◦C). Because only water in the 
porous space can freeze or melt, the porosity of the subsurface rocks determines the amount of water in the rock. It is assumed that all porous space in 
subsurface rocks is filled with water. For the modelling of the effect of including latent heat, a relatively high porosity Ѳ = 0.4 is used for all rocks, 
since the phase transition affects only the shallow subsurface. 

The latent heat of freezing/melting of water L0 [333,600 J kg− 1] (Mottaghy and Rath, 2006) is added to the specific heat capacity of water at the 
freezing temperature. The latent heat is adopted into the finite difference formulation (eq. (2)) by a temperature dependent volumetric heat capacity 
ρCp(T): 

ρCp(T) = (1 − Ѳ)ρmCpm +Ѳρf
(
Cpf +L(T)

)
(A1)  

Where T is temperature and ρCp(T) is determined as a volume average over the matrix (subscript m) and fluid/ice fraction (subscript f), and includes 
the latent heat by the term L(T). L(T) is represented by a Gaussian function in order to distribute the latent heat over a temperature range close to the 
freezing point: 

L(T) =
L0

C
̅̅̅̅̅
2π

√ exp

(

−
(T − B)2

2C2

)

(A2)  

B represents the freezing point of 0 ◦C and C is set to 0.5 ◦C. The distribution over a small temperature interval is required for the correct solution of the 
finite difference formulation and has been adopted in other studies (Mottaghy and Rath, 2006) (Fig. A1). The densities have been chosen ρm = 2700 kg 
m− 3, ρf = 1000 kg m− 3 and heat capacities Cpm = 1000 kg m− 3, Cpf = 4180 kg m− 3. Other thermal properties have been adopted from Békési et al. 
(2020) and Ter Voorde et al. (2014) as explained in the main text. 
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Fig. A1. ρCp(T) in the vicinity of the freezing temperature of 0 ◦C.  

The model does not take into account fluctuations in yearly temperatures and ignores seasonal variations in the surface temperature conditions. 
Temperatures may however vary every year and even within seasons. Therefore, melting and freezing, especially close to the surface would occur 
more frequent than assumed in our model. The purpose of this correction is to see effects on depths exceeding changes in seasonal or yearly fluc
tuations. This means that for calculating the thermal field at depths of over ~100 m the used timesteps and freezing interval are suited. Differences in 
physical properties of ice compared to water have been neglected in our approach. The density, specific heat and conductivity of ice differ from fluid 
water. Furthermore, for the chosen temperature interval where phase transition takes place, a partition function could determine the percentage of ice 
to fluid (Mottaghy and Rath, 2006). 

Including the effect of latent heat would dampen the influence of glacial periods but has an effect of less than 0.02 ◦C on the present-day thermal 
field in the Netherlands. 
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