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Abstract

High-Temperature Aquifer Thermal Energy Storage (HT-ATES) for short, is a technology that can help
bridge the gap between energy supply and energy demand, which is particularly interesting to use in
combination with renewable energy sources. The impact of subsurface heterogeneity on energy effi-
ciency and thermal plume extent is not yet fully understood. In this paper, subsurface heterogeneity
is linked to energy efficiency and thermal plume extent. A case study at the TU-Delft is considered, in
which the Pleistocene deltaic deposits of the Maassluis formation have been characterized. Insights
are gained from performing well correlations with high-resolution Gamma-Ray logs, which translates to
an increase in understanding the possible architecture of the deposit and which adds a level of hetero-
geneity to current subsurface models that depict the Maassluis formation as a homogeneous medium.
Stochastic and process-based geomodels have been constructed to represent the subsurface, using
sequential indicator simulation with sequential Gaussian simulation and PyBarSimPseudo3D, respec-
tively. Due to the difference in the underlying principles of the geomodeling techniques, the created
geomodels show contrasting distributions in hydraulic properties. HT-ATES simulations have been
performed with these heterogeneous geomodels using open-DARTS (Delft Advanced Research Terra
Simulator). The results of the simulations show that heterogeneity has a negative impact on energy
efficiency. The negative impact varies between 0.4 and 9.5 percent in the final cycle of simulation.
The thermal plume distortion as a result of subsurface heterogeneity and potential for buoyancy flow to
develop show to be the controlling mechanisms for the long term efficiency. The impact of heterogene-
ity also decreases over time as the thermal plume distortion is reduced as a result of conduction. The
thermal plume extend, becomes highly unpredictable when aquifers have a low net-to-gross ratios. For
stratified and high net-to-gross aquifers, the predictability is higher, as thermal plume is more circular.
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Introduction

Currently, three-quarters of the energy consumed in the buildings sector is used for heating or cooling.
This accounts for 22.5 percent of the total global energy demand (Bariloche, 2024). In 2021, 84 per-
cent of this energy demand was met by non-renewable energy sources (Bariloche, 2024). Achieving
net-zero goals requires significantly increasing the share of renewable energy in this sector. Aquifer
Thermal Energy Storage (ATES) systems offer a promising solution to this aim. ATES systems store
thermal energy for later use, by injecting relatively hot or cold water in underground aquifers. This
allows renewable energy sources such as solar, wind, and geothermal to meet heating and cooling
demands more effectively, as the temporal mismatch between the supply and demand of energy can
be bridged via storage.

ATES systems are typically divided into low-temperature (LT) and high-temperature (HT) systems. LT-
ATES systems use temperatures up to 25ACelsius, while HT-ATES operate at temperatures of 45ACel-
sius and higher (Bloemendal and Hartog, 2018).

The use of high temperatures in ATES systems has benefits, compared to low temperatures. First,
low-temperature systems require a heat pump to be applied for (district) heating, where HT systems
can be applied directly for heating purposes (Schout et al., 2014). By decreasing the contribution of
heat pumps, the energy demand that is currently met by fossil fuels will decrease. In HT-ATES sys-
tems, excess renewable energy and industrial waste heat can be used, which increases overall energy
efficiency (Sheldon, Wilkins, and Green, 2021). Lastly, the energy density is larger when higher tem-
peratures are used. This reduces the amount of water necessary, to meet the energy demands of a
location.

Despite the benefits mentioned, more than 3000 LT-ATES are operational, compared to the 1 HT-ATES
system currently operating (Bloemendal and Hartog, 2018; Fleuchaus et al., 2020). The driver behind
this difference is the range of complications that the higher storage temperature brings, which ranges
from technical problems, economic uncertainty (Daniilidis et al., 2022), public perception issues, to dif-
ficulties in obtaining permits (Fleuchaus et al., 2020). For wide-scale deployment of HT-ATES systems,
it is important that these complications are addressed appropriately.

A key metric used to determine the viability of (HT-) ATES projects is the energy efficiency, i.e. the
thermal energy recovered relative to the total energy stored (Beernink et al., 2024; Gao et al., 2024). In
addition to the scale and the temperature level of the HT-ATES systems, energy efficiency is influenced
by the different ways that heat transfer mechanisms in the subsurface contribute to losses (Beernink
et al., 2024).

Firstly, heat is transported through the aquitards by conduction, resulting in heat losses to the environ-
ment and reducing the amount of recoverable heat. Secondly, conduction within the aquifer transports
heat away from the production well, making the thermal front less pronounced. Mechanical dispersion
has a similar effect, smoothing the thermal front. Both processes lead to a reduction in the production
temperature and consequently a reduction in energy efficiency. Lastly, free convection can cause ther-
mal stratification (Sheldon, Wilkins, and Green, 2021), driven by the temperature dependence of the
density of water. Warmer water expands, becomes less dense, and rises above cooler, denser water.



As a result, the ATES system produces colder water from the bottom of the aquifer sooner, influencing
production temperatures.

The effect each mechanism has on energy efficiency depends on the thermal and hydrological proper-
ties of the subsurface (Beernink et al., 2024).

The relations between variations in HT-ATES model parameters (both subsurface and production pa-
rameters) on energy efficiency have been studied in the last decades for homogeneous cases (in e.g.
(Heldt, B. Wang, et al., 2021; Collignon et al., 2020; Geerts et al., 2025)). This is done by perform-
ing numerical simulations. This led to a better understanding of how HT-ATES systems behave when
the subsurface is homogeneous. Some of these studies went one step further by incorporating these
relations into analytical expressions that estimate energy efficiency based on input parameters, with-
out performing a full simulation (Schout et al., 2014; Sheldon, Wilkins, and Green, 2021; Gao et al.,
2024; Geerts et al., 2025). That these analytical expressions exists only for homogeneous subsurface
conditions highlights the limit of our current understanding of HT-ATES systems.

The subsurface is generally heterogeneous, which also applies to the aquifers targeted for HT-ATES
systems. The heterogeneity is the result of the depositional processes in the environment in which the
aquifer material is deposited. These processes control which facies will be deposited where, resulting in
a spatial distribution of grain size, sorting, and layering of sediments. The spatial distribution of facies
controls the distribution hydraulic properties, such as permeability and porosity. Paleoenvironments
change over time as a result of geological and climatological processes. These changes may result
in facies that occur laterally to be deposited on top of each other (Waltherts Law of facies (Catuneanu,
2022)). This causes heterogeneity in the vertical direction (Catuneanu, 2022). The properties perme-
ability and porosity can be altered by post-depositional processes, such as cementation, compaction,
dissolution, karstification and fracturing (Possemiers, Leuven, et al., 2012; Chen, D. Voskov, and Dani-
ilidis, 2025). Heterogeneity in hydraulic and thermal properties can enhance or obstruct groundwater
flow and heat transport, affecting how much heat is lost (Y. Wang, D. Voskov, Daniilidis, et al., 2023).
Therefore, the exact effect of heterogeneity on energy efficiency is difficult to estimate.

In most case studies for HT-ATES feasibility homogeneous subsurface properties are used in numerical
simulations, which is an idealized representation of the subsurface. Here, key properties have been
averaged over the modeled domain. By representing the subsurface in this way, the heat transfer
mechanisms might not be modeled accurately, which can translate in predicted behavior that deviates
from reality. Implementing heterogeneity in the simulations allows for conduction, dispersion and buoy-
ancy flow to occur under more realistic conditions. By doing so, HT-ATES simulations will provide a
more realistic view of the possible outcome of HT-ATES projects.

Besides, that the effect of a heterogeneous subsurface on heat transfer mechanisms is less understood,
the distribution of subsurface parameters is uncertain and often have to be estimated based on limited
data, being well data and seismic data. One of the main reasons why estimating is challenging and
prone to errors, is the spatial variability in subsurface properties. This because the spatial variability in
the subsurface can be highly heterogeneous, take as an example sandy channels and muddy floodplain
deposits in a fluvial environment (Y. Wang, D. Voskov, Daniilidis, et al., 2023). A way of dealing with this
uncertainty is by generating more realizations of the geomodels, that differ in permeability and porosity
distribution, and using these realizations to obtain a range of plausible outcomes (Y. Wang, D. Voskov,
Daniilidis, et al., 2023). Addressing the uncertainty in the subsurface helps quantify the uncertainty
in recovery efficiency, which aids the decision-making process as well as design of implementing an
HT-ATES design.

The inclusion of heterogeneity in HT-ATES systems has been limited to site-specific case studies so
far. In many studies, the subsurface was simplified by approximating the reservoir structure by multiple
vertically stacked homogeneous layers, which have different permissibilities. In doing so the lateral het-
erogeneity was disregarded (Winterleitner et al., 2018), (Heldt, Beyer, and Bauer, 2024) and (Tzoufka
et al., 2024). However, in these studies, the aquifers considered were actually laterally heterogeneous,
as indicated by well data or by knowledge of the existence of karst and fractures.

In the studies by Winterleitner et al. (2018) and Collignon et al. (2020), lateral heterogeneity was taken
into account. Winterleitner et al. (2018) approached the heterogeneity due to the channels in the target
reservoir by modeling them explicitly and using them in the simulation. It showed that the channels
significantly influence the shape of the thermal plume and therefore the recovery efficiency. Collignon



et al. (2020) used spatially correlated noise in the porosity and permeability field in the geomodels, used
in HT-ATES simulation. Here, it was observed that the inclusion of heterogeneity reduces the recovery
efficiency.

Studies that systematically investigate the effect of subsurface heterogeneity on the performance of
HT-ATES have not yet been conducted. However, the effect of lateral heterogeneity on LT-ATES sys-
tems was investigated in Sommer et al. (2013). Here, white noise and spatially correlated noise were
considered. The results of Sommer et al. (2013) linked heterogeneity to an increase in the macrodis-
persion parameter. The study by Sommer et al. (2013) also showed that heterogeneity may reduce
the energy efficiency by 6 to 15 percent. Although Sommer et al. (2013) used unrealistically large
permeability values, namely in the range of 10 to the power of 3.2 m/day. Possemiers, Huysmans,
and Batelaan (2015) incorporated clay drapes in deltaic deposits using multiple point statistics and per-
formed LT-ATES simulations. This study found a reduction of 3.3 tot 3.6 percent in energy efficiency
compared to the cases where clay drapes were absent. Because in both Sommer et al. (2013) and
Possemiers, Huysmans, and Batelaan (2015) high temperatures are not considered, the exact effect
of heterogeneity on HT-ATES performance remains unknown. Tang and Zee (2022) focused on the
effect that a heterogeneous subsurface has on solute transport. As heat and solute transport share
many similarities, the results can be translated to ATES systems. Tang and Zee (2022) found that
correlated heterogeneity, created preferential fluid paths and reduced storage efficiency, compared to
their predictions for homogeneous cases. Tang and Zee (2022) also related aquifer heterogeneity to
the macrodisperion parameter.

In conclusion, studies on LT-ATES, solute transport and case studies show that heterogeneity may
affect the efficiency. However, lateral heterogeneity has not been studied enough to provide qualitative
nor quantitative statements about its effect on HT-ATES performance.

The aim of the thesis is to address this knowledge gap by answering the following central question:
What is the effect of subsurface heterogeneity on the performance of HT-ATES systems?

To answer this question, a case study of the TU-Delft is considered, as the results of this thesis might
aid in estimating the behavior of the HT-ATES system that is planned for that location (Bloemendal,
Phil Vardon, et al., 2020). This sets a scope to the research, and allows for local well data to be used.
The main target for this system will be the Maassluis formation.

First, the characteristics of the Maassluis formation in the area of Delft are explored in chapter 2. In
this part local well data and geological insight will be combined.

Based on the insights gained in chapter 2 geomodels will be constructed in chapter 3. Here, the goal
is to implement the heterogeneous characteristics of the Maassluis formation the geomodels and to
make multiple realizations of the subsurface.

In chapter 4 the simulation set-up and parameter ranges are discussed. With, the varied parameters
being: the geomodel, the injection volume, injection temperature and the ratio of horizontal to vertical
permeability. Based on this, simulations will be performed.

The simulation results of chapter 4 will be analyzed in chapter 5. Based on the analysis, differences be-
tween homogeneous and heterogeneous cases are illustrated. Furthermore, the parameter sensitivity
in heterogeneous situations as well as the thermal plume extent are investigated.



Geologic features of the Maassluis
Formation

This chapter is focused on characterizing the Maassluis formation in Delft. Here, the sedimentary char-
acteristics of the deposits and the internal architecture of the reservoir are investigated. In doing so, the
following subresearch question is answered: ¢What are the characteristics of the Maassluis formation
in the area of Delft?0 The characteristics that are of particular interest are those that enable or block
subsurface flow, since the results obtained in this chapter are translated into geomodels. Therefore,
this chapter primarily focuses on finding the orientation and connectivity of low permeable clay layers
in the domain of interest.

This chapter follows the work flow used to find the answers to the question above. First, a geological
background is provided, based on the available literature on the Maassluis formation (section 2.1). Sec-
ond, the data used and how they will be used will be elaborated on (section 2.2). Third, the geological
background and local data are combined to interpret the Maassluis formation (section 2.3).
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The Maassluis formation (abbreviated as NUMS by the Dutch geological survey) is part of the Upper
North Sea Group (abbreviated NU in Figure 2.1) (DINOloket, 2025). The Upper North Sea Group
consists of a variety of deposits with various origins from the Miocene to the Holocene, as indicated in
Figure 2.1 (DINOloket, 2025).

The Maassluis formation was deposited between 2.58 and 1.77 million years ago during the Early
Pleistocene, more specifically during the Gelasian (a subdivision of the Early Pleistocene) (Jansen et
al., 2004). During this time, the North Sea and the western part of the Netherlands were below sea
level at the margin of the Southern North Sea basin (SNSB) (Kuhimann et al., 2006).

Sediment is delivered from the Fenoscandinavian shield via the paleo Baltic river system, the Eridanos
river, and deposited within a prograding delta in the SNSB (Jansen et al., 2004), (Veen et al., 2025)
(Figure 2.2). During deposition, this delta prograded from east to north east to the west (Veen et al.,
2025). Simultaneously, the Rhine-Meuse system delivered sediments from the south. However, during
deposition of the Maassluis formation the role Rhine-Meuse system was small compared to that of the
Baltic river system, as sedimentation rates from the Rhine-Meuse system to the Dutch sector of the SNS
basin were relatively small (Veen et al., 2025). Subsidence could not keep up with the sedimentation
rate, resulting in an infill of the SNSB and a shallowing upward trend in the Maassluis formation (Veen
et al., 2025).

The exact onset of deposition of the Maassluis formation is uncertain, as the Maassluis formation rep-
resents a vertical an lateral continuation of the underlying and laterally existing Oosterhout formation
(abbreviated as NUOO) (Jansen et al., 2004). The Oosterhout formation consists of similar deposits as
the Maassluis formation, although the Oosterhout formation is deposited in deeper waters with open
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2.1. Geological background 5

marine conditions, which explains this gradual transition (Jansen et al., 2004). Due to this gradual tran-
sition, in Veen et al. (2025) the start is also denoted on the boundary of the Tiglean and Preatiglean at
2.42 Myr (Figure 2.1). In contrast to the deepening waters of the Oosterhout formation, the Maassluis
formation is bounded by onshore fluvial deposits of the Peize and Waalre formation (abbreviated by
NUPZ and NUWA, respectively) (Westerhoff, 2009). The Maassluis formation is eventually overlain by
the laterally equivalent fluvial deposits of these formations, as the SNS became completely filled with
sediment (Jansen et al., 2004).

The Oosterhout formation is distinguished from the Maassluis formation by glauconite content and the
type of macrofossils (mollusks) present in the sediment (Jansen et al., 2004). Similarly to its separation
from the Oosterhout formation, its upper boundary is determined by the upper most occurrence of
marine shells Jansen et al., 2004.
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Figure 2.1: The timing and origin of formations in the Dutch subsurface. NUOO represents the Oosterhout formation, NUMS
the Maassluis formation and NUPZ the Peize-Waalre formation. Source: (Veen et al., 2025).
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Figure 2.3: A seismic section, shot near Zoetermeer (South-Holland, the Netherlands). Some of the clinoforms have been
interpreted in red, from (NLOG, 2025b).
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Figure 2.2: The reconstructed paleo-environment in the Early Pleistocene. The direction of major rivers that distribute
sediment into the basin are depicted. The location of different deposit types are shown. Source: (Veen et al., 2025)

Deltaic deposits show variability in terms of grain size, based on the interplay of controlling mechanisms,
such as sediment input, relative sea level rise and basinal process (wave, current and tidal) action (Pa-
truno, Hampson, and Jackson, 2015). These processes affect the grain size distribution and, therefore,
the morphology of deltas. Deltaic deposits have high variability perpendicular to the shoreline and low
variability along the shoreline (Patruno, Hampson, and Jackson, 2015).

Clinoforms, associated with the progradation of a delta, are observed in seismic data of the subsurface
(Figure 2.3) , which are further interpreted in (Jansen et al., 2004). In Jansen et al. (2004), two units
within the Maassluis formation were distinguished. The lower unit consists of clay rich and sand rich
intervals with a general coarsening-upward trend. The upper unit consists of coastal sand. This distinc-
tion is based on patterns in gamma ray and SP logs from the Noordwijk and Den Haag wells (Jansen
et al., 2004).

The early Pleistocene is also the time period in which ice ages caused a fluctuating eustatic sea level,
as glacial minima began to occur from roughly 2.6 to 2.4 Ma (Veen et al., 2025). In a recent study, the
sea level of the past 3.6 Myr was reconstructed through 18-O isotopes records Berends, Boer, and Wal,
2021. Part of this reconstruction, containing the Early Pleistocene of this reconstruction is shown in
(Figure 2.4). Note that the reconstruction is a plausible scenario, rather than a ground truth (Berends,
Boer, and Wal, 2021). The figure indirectly shows the climate cyclicity with periods of 40 to 50 thousand
years. A similar number of 41-kyr cyclicity is also discussed in Veen et al. (2025). This cyclicity is due
to periodic changes in obliquity of the Earth (Catuneanu, 2022).
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Figure 2.4: A reconstruction of the eustatic sea level as a function of time, modified from (Berends, Boer, and Wal, 2021).

The fluctuating sea level resulted in cyclic shifts of the paleo-shoreline and therefore deposited facies
(Catuneanu, 2022). This effect as the water depth decreased due to sedimentary infill of the SNS basin.
As a result, the internal architecture of the Maassluis formation is complicated, which will be discussed
in section 2.3.

The spread and thickness of the Maassluis formation is governed by the location of the paleo-shoreline
of the SNS basin and the initial topography of the Netherlands (Jansen et al., 2004). As the South
North Sea basin covered a large part of the Netherlands, the Maassluis formation is present most of
the country, although the thickness of the deposits decreases moving, landward (Houben et al., 2023),
(Jansen et al., 2004) (Figure 2.5).
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Figure 2.5: The occurrence and thickness of the Maassluis formation (from: (Houben et al., 2023)).
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The integration of multiple data types is a key part in characterizing the subsurface. Geophysical data
provide insight into the subsurface on various scales (Catuneanu, 2022). Well data provides high
resolution data in the vertical direction, but has a poor spatial coverage. However, the high resolution
is necessary to capture the heterogeneity. Therefore, this part of the research will focus primarily on
well data.

One of the goals of the thesis is to create geomodels that are representative of the Maassluis formation
in Delft, so it can be used in the case study. Therefore, well data will be used that are in the vicinity of the
TU-Delft campus. An overview of the well data can be found in Appendix A. The well data are obtained
from publicly accessible sources NLOG and DINOloket (NLOG, 2025a), (TNO Geologische Dienst
Nederland, 2025). Here, the gamma ray (GR) logs are primarily used to characterize the subsurface.
In case no GR log is available, the spontaneous potential (SP) log is used instead.

To construct GR-logs, a logging tool measures the natural radiation coming from radioactive materials
in the earth along the borehole. The main contributors to the radioactivity of the subsurface are the
isotopes of uranium (238U), thorium (232Th) and kalium (40K) (Pauw, Hernandez, and Doornenbal,
2022), which tend to concentrate in clay deposits, the GR-log can be used to distinguish clay from
sand deposits (Pauw, Hernandez, and Doornenbal, 2022).

The SP log is obtained by passively measuring the potential difference in the subsurface between the
2 electrodes on the SP logging tool. As specific ions adhere to clay deposits, anomalies in the poten-
tial difference are observed when clay deposits are encountered (Pauw, Hernandez, and Doornenbal,
2022). Therefore, the SP tool can be used as an indicator for clay layers.

In combination with the lithological interpretations provided by DINOloket, the following lithologies are
identified in the interval of interest: clay, fine sand, and medium to coarse sand sometimes shell bearing
(TNO Geologische Dienst Nederland, 2025). In the perspective of subsurface flow, the heterogeneity
with low permeability, the clay layers, is the most important to adequately model.

Based on a first visual inspection of the well logs, the following steps are carried out.

A If the logs are highly fluctuating (large fluctuations in GR or SP log signal that are smaller than
0.1m) in a way that relevant information is overshadowed, a moving average filter is applied. This
smooths out these fluctuations, as the value of the GR or SP log at a given depth is averaged with
n neighboring (in terms of depth) values. Here, n represents the window size, thus the number
of data points over which the averaging takes place. The window size is manually determined,
based on the quality of the log and the sample density.

A If the log shows an underlying change in signal that cannot be attributed to lithology, a correction
is applied. The changes in signal are a sudden jump in the minimum logged value or a continuous
increase of logged value over depth. These changes might be the result of different casings used,
a change in well diameter from a specific depth, or the increase in formation water salinity. The
correction is applied by subtracting a fitted polynomial from log.

A The log values are calibrated to lithologies based on the lithological interpretations available on
DINOLoket. The goal is to correlate well-log signals with representative lithologies.

A Based on the calibration, the lithologies for all wells are interpreted and the resulting lithology logs
are stored.

In total 24 well logs in the area of Delft, Rijswijk and Pijnacker have been analyzed and interpreted.
The locations of these boreholes are shown in Figure 2.6. The resulting well logs after applying the
steps above are shown in the appendix Appendix B.
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Figure 2.6: Location and names of the wells used in this study (dots in red). The well data can be found on (TNO Geologische
Dienst Nederland, 2025) for wells that start with 0Bd. All other well data can be found on (NLOG, 2025a). The back ground
image is obtained from Google Earth.
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In this section, insights from the literature are combined with the well data to create well log correla-
tions. This because, although well logs provide high-resolution data, correlations must be performed
to provide information about continuity of heterogeneity on the reservoir scale. This is especially true
since well log signals can be ambiguous (Catuneanu, 2022). The ambiguity can be partially resolved
by linking well data with inferences of depositional environments and associated processes. The way
in which the well correlation will be performed depends on the type of depositional environment and
may involve lithostratigraphic or sequence stratigraphic approaches, as outlined below.

The main reason why well correlations are performed in this study, is that the current geohydrological
model of TNO has not enough complexity, as can be seen in Figure 2.7. From this model NUMsz3 can
be interpreted as a homogeneous unit in terms of hydraulic properties. Though analysis in Jansen et al.
(2004) and Slupik et al. (2007) indicate that these units are far less homogeneous than depicted here.
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Figure 2.7: A cross section of the TNO BRO Regis Il, the geohydrological model of the subsurface. Here, the blue interval is
the Maassluis formation, the green interval (bottom left) the Oosterhout formation and the orange interval the Peize and Waalre
formation.Main geohydrological units are identified within each formation, with z (ligth blue) indicating sandy units, k (dutch for
clay, dark blue) the clayey units and c the complex units. The complex units are intercallations of smaller sand and clay units.
From: (TNO i Geological Survey of the Netherlands, 2025)

In the following, two approaches to interpret the well data will be presented. First, a lithostratigraphic
approach will be elaborated on. Second, a sequence stratigraphic approach is shown.

OI0I00 ditouoiibiifoobioo tUhoDoouboonoo Lo CLooo aood

To construct a lithostratigraphic correlation between wells, multiple wells that are roughly aligned in
terms of X and Y coordinates are selected. This line runs from ENE to WSW. The interpreted litholo-
gies per well are projected on this line, with appropriate distances. The lithology logs across the wells
are correlated to each other. The NUMS-z3 unit will be the focus of this study. Therefore, the lithos-
tratigraphic correlation will focus primarily on this interval.

The result of the correlation can be seen in Figure 2.8. When the clay intervals cannot be correlated,
isolated wedges are drawn around these clay intervals. In Figure 2.8, clay intervals that span the entire
8 km are correlated.
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Figure 2.8: A lithostratigraphic correlation based on well data. The sand lithology, is shown in yellow, the mixed lithology in
green, and the clay lithology in purple. The background of the figure shows the TNO geohydrologic model, depicted in
Figure 2.7 from: (TNO i Geological Survey of the Netherlands, 2025). The Maassluis interval is the part of the model, that is
shaded blue.

The lithostratigraphic correlation shows some similarities to the TNO subsurface model. Some of the
major clay intervals (i.e. the intervals that span the entire domain) follow the model of TNO, reasonably.
Take, for instance, the correlated clay interval at 135 meters depth, which follows the clay interval
(NUMSK - 2 in Figure 2.7) depicted by TNO, though exact depth and thickness varies. Furthermore,
the depths of the distinguishable units are within a considerable range to those of the TNO model. That
the lithostratigraphic correlation and the TNO model share similarities is not completely unexpected.
This because the BRO REGIS Il model is constructed in a similar fashion, albeit with kriging between
unit surfaces, obtained from borehole and seismic data (Veen et al., 2025).

However, differences can be observed between the height, thickness, and dip of the major intervals. A
possible explanation for these differences could be:

A the manual interpretation of lithologies from the well data;

A how the clay layers are correlated in Figure 2.8;

A the 3D effect that comes into effect when transposing well data points to the correlation line.
In addition to differences in the large units, the interpretation shows many smaller clay intervals that

are connected by only a few of the wells, which do not appear in the TNO model. This added level of
detail illustrates the benefit of creating the lithostratigraphic correlation.

Ol0I00 00000000 dittoioodoooo bootooooloonoo
Below, first a brief introduction to sequence stratigraphy is given. For a complete background on the
matter, the book of Catuneanu (2022) can be reviewed.

In sequence stratigraphy bounding surfaces, surfaces that end a sequence, and their enclosing se-
guences are correlated across the well data. What is meant by sequence is a package of facies that is
coherent and behaves in a predictable way (Catuneanu, 2022). To give an example, in a coarsening-
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XSZDUG VHTXHQFH WKH JUDLQ VL]H ZLWKLQ WKH VHTXHQFH GHFUHDVHV
FRDUVHQLQJ XSZDUG VHTXHQFH WUDQVLWLRQV LQWR D QHZ ILQLQJ XSZ
VHTXHQFH LV HQGHG 7KH GHSWK DW ZKLFK WKH WUDQVLWLRQ RFFXUV
&DWXQHDQX

7KH FRUUHODWLRQRIVHTXHQFHV LV GRQHE\LQWHUSUHWLQJ WKH *5 DQC
63 UHDGLQJY UHSUHVHQW FRDUVH JUDLQHG PDWHULDRLDOQLG ¥ OEH W MUNDY
*5 DQG 63 ORJVVKRXOGEHLQYHUWHG WR EHUHSUHVHQWDWLYH IRUJUDL

7KH IROORZLQJ UXOHV KDYH EHHQ LGHQWLILHG IRUVHTXHQFH VWUDWLJ
GLUHFWO\IURP &DWXQHDQX

3URJUDGLQJFOLQRIRUPV VORSH VHDZDUG

6KDOORZ PDULQH UHJUHVVLYH XQLWY WHQG WR KDYH FRQWLQXLW\ DC
8QLWYV WHQG WRILQH LQ WHUPV RIJUDLQ VL]H DQG WKLQ LQ WKH GLU
7KLENQHVV RI XQLWV GR QRW YDU\ UDQGRPO\

6WUDWD PD\WHUPLQDWH ODQGZDUG E\RQODS RIIODS WRSODS RU W!
I WKHUHLVY QRUHDVRQDEOH FRUUHODWLRQ SRVVLEOH DQ XQFRQIRU

YRXU ZHOOV ZLWK FOHDU *5 VLJQDOV LQ WKH GRPDLQ RI LQWHUHVW KDYH
VWUDWLJUDSKLE DSSURDFK ZLWK WKH DERY H)13KG H QLOXCHW WKW ¥ M D}
GLSSLQJ VXUIDFHV FRQVLVWHQW ZLWK WKH ZHVWZDUG SURJUDGDWLRQ
FDQ EH WUDFNHG DORQJ WKH VXUIDFH ERXQGDULHV ZKLFK VKRZ WKDW W
GRPDLQ 7KHLQFOLQDWLRQRIFOD\OD\HUV)LYX.\QHF REWWUID ¥ &/DN R QWK H 7LD
DUH GUDZQ DOPRVW KRUL]JRQWDOO\ %HVLGHV WKHLQFOLQDWLRQ RI FO
KLJKHULQ WKH VHTXHQFH VWUDWLJUDSKLF FRUUHODWLRQ 6LPLODUO\ V
FRPSOH[LW\LV DGGHG WR WKH VXEVXUIDFH

"KHQ FRPSD )YHIXWR-OHDU GLIITHUHQFHV FDQ EH REVHUYHQLY)RKWH[DPSOH F
FRPSDUHG WR WKH LQFOULQKGH OBLOPLAKWILQWURGXFH GHYLDWLRQV LQ
EHKDYLRU 1H[WWR WKDW WKHODWHUDO FRQWLQXLW\RIFOD\OD\HUV L
WKH OLWKRVWUDSKLF FRUUHODWLRQ 7KLV FRQWLQXLW\PLJKW DIIHFW Y



OMXLSPSK]PSKGSVVIPEXMSRW ERH MRXIVTVIXEXMSR

JLIXUH 7KH VHTXHQFH VWUDWLJUDSKLFLQWHUSUHWDWLRQ RI ZHOO ORJV 7KHWULDQJOl

WULDQJOH SRLQWLQJ XS RUDFRDUVHQLQJ XSZDUG VHTXHQFH WULDQJOH SRLQWLQJ GRz

,QIHUUHG VHTXHQFH ERXQGDULHV DQG ORZHU UDQN VHTXHQFH ERXQGDULHV DUHLQGLFDW

DQG HURVLYH VXUIDFHVDUH GUDZQLQ ZLWK D UHG OLQH ,Q WKH OLWKRORJ\ORJV WKH VDC
LQJIJUHHQ DQG WKH FOD\OLWKRORJ\LQ SXUSOH



+ISQSHIPMR

7KH NH\ TXHVWLRQ WKDW ZLOO EHDGGUHVVHG LQ WKLV FKDSWHU LV KRZ \
GLVEXVWVHK® SQYHQWR JHRPRGHOV WKDW FDQ EH XVHG IRU +7 $7(6 VLPXODYV
RJ\ORJV DQG WKH OLWKRORJLF F& B WBHDDHVLR QW B UWD W HSRIQ WV IRU \
RI WKH JHRPRGHOV 1XPHURXV JHRPRGHOLQJ WHFKQLTXHV KDYH EHHQ ¢
7KH WRRO WKDW LV PRVW VXLWDEOH GHSHQGV RQ WKH W\SH RI GHSRVLW
JHRPRGHOLQJ PHWKRGY DUH VHOHFWHG WR FUHDWH WKH JHRPRGHOV Q
JHRPRGHOLQJ 7KLV FKDSWHU ZLOO GLVFXVV ERWK WHFKQLTXHV DQG WK
WR FUHDWH WKHVHRPIRRBBEGWMFWLRQYURP WKH JHRPRGHOV WKHUPDO SUR:
GHULYMBAWLR®IWHUZDUGY WKH GLIIHUHQFHYVY EHWZHHQ WKH REWDLQHG
LOHFWLRQ

I XSGLEWXMG KISQSHIPMRK

7KHILUVW PHWKRG FRQVLGHUHG FRPELQHV VHTXHQWLDO LQGLFDWRU VI
VLPXODWLRQ 6*6 LQWR RQH VWRFKDVWLF JHRPRGHO 7KH PDLQ SURFHG
OLWKRORJLHVWRDOOJULG FHOOV LQ WKH GRPDLQ ZLWK 6,6 7KHQ WRH
DUHDVVLIQHG ZLWK 6*6 GHSHQGLQJRQ WKH OLWKRORJ\ 7KH SUHFLVH V
*6/,% VRIWZDUH LV XVHG IRU 6,6 DQG 6*6 ' HXWVFKDQG -RXUQHO

7TIUYIRXMEP -RMHMGEXSVY 7TMQYPEXMSR

6HTXHQWLDO LQGLFDWRU VLPXODWLRQ LV XVHG IRU GLVFUHWL]HG PRGH
GLVWLQFW OLWKRORJLHV "HXWWRKHDDICH-AXWRRORJLHY ITURP WKH ZHOO «
VHFWLRRQUH DVVLIQHG WR FDWHJRULHYV &DWHJRU\ LV XVHG IRU VDQG F
VDQG DQG FDWHJRU\ IRU FOD\ &DWHJRULFDO YDOXHV DUH DVVLJQHG I
.ULJLQJ )RUD FRPSOHWH GHVFULSWLRQ RI WKH 6,6 DOJRULWKP SOHDVH
'"HXWVFKDQG -RXUGHOLY HIHFXWHG ZLWK WKH VJVLP PRGXOH RI WKH *6/,9
DQG -RXUQHBKDSWHU 9 SDJH

7ZR ZHOO FOXVWHUV DUH GHILQHG EDVHG RQ WKH ; DQG <FRRUGLQDWHYV |
PDQ\ZHOOV DV SRVVLEOHLQ D VPDOO DUHD WR HQKDQFH WKH GDWD GHQ
SLMQDFNHU DQG5:. 5LMVZLMN FOXVWHU ZLWK WKHLU QDPHV EDVHG RC(
ORFDWHG DW

$QLQLWLDOJULG ZLWKDFHOO VSDFLQJRI PHWHUVLQ WKHKRUL]JRQWDO |
FRQVWUXFWHGDURXQG WKHZHOOV 7KHKRULJRQWDOH[WHQG RIWKHJUL
RI WKH ZHOOV 7KHQ WKH ZHOO OLWKRORJ\ GDWD LV XSVFDOHG WR WKL
UHVSHFWLYHJULG FHOO

$Q H[SHULPHQWDO VHPLYDULRJUDP LV FRQVWUXFWHG RQH IRU HDFK OL
VRIWZDUH LV XVHG WR FRPSXWH WKH H[SHULPHQWDO VHPLYDWDRHIDP '}



TXSGLEWXMG KISQSHIPMRK

$ YDULRJUDP PRGHO LV ILWWHG WR WKLY GDWD 7KH H[SHULPHQWDO VHP
IRXQ®SEOHQGIRW&WKH 31$DQG 5:. PRGHO

JURPWKHZHOOVLQWKHFOXVWHU OLWKRORJ\SURSRUWLRQVDUHFRPSXW
IRUWKH *6/,% VLVLVP WRRO ZKLFKDVVLIJQV OLWKRORJLHV WR DOO JULG

7TKHPRGHOV REWDLQHG VKRZWKH W\SLFDO SDWFK OLNHEHKDYLRULQ WK
E\WKH 6,6 DOJRIXMUWHKPQOE IJXUH 7™KHORFDOL]JHG SDWFKHV RIFOD\LQ D GRII
ERG\VKRZVRPHDJUHHPHQW ZLWK WKH OLWKRVWUPKDB®WHKIUXIHOO FRUUH

D$ FURVV VHFWLRQ RI WKH OLWKRORJ\ GLVWULEXWLRQ IRUWKH31$ PRGHO FUHDWHG ZLWK VLVLP
VKRZQ LQ\HOORZ WKHPL[HG OLWKRORJ\LQJUHHQ DQG WKH FOD\OLWKRORJ\LQ S)X

E$ FURVV VHFWLRQ RI WKH OLWKRORJ\GLVWULEXWLRQ IRUWKH5:. PRGHO FUHDWHG ZLWK VLVLP
VKRZQ LQ\HOORZ WKHPL[HG OLWKRORJ\LQ JUHHQ DQG WKH FOD\OLWKRORJ\LQ S>

JLIXUH &RPSDULVRQ RI OLWKRORJ\ GLVWULEXWLRQVLQ WKH31$DQG 5:.PRG

$V ERWK WKH 31$ DQG WKH 5:. PRGHO KDYH D XQLTXH VHW RILQSXW GDWD
GLIITHUHQFHV )LUVW WKHSURSRUWLRQV R HTDREKOGHL WKHRDARE M YIHUH\Q DA KFDV
WKH SURSRUWLRQRIVDQG LV KLIKHULQ WKH5:. PRGHO PHDQLQJWKDW L
WR WKH 31$ PRGHO 1RWH WKDW WKHVH YDOXHY FRQWDLQ WKH JOREDO S
PLIKW FDXVH ORFDO GHYLDWLRQV ZKHQ WKH PRGHO LV FURSSHG

6HFRQG WKH YDULRJUDP PRGHOV IRUDOO OLWKRORJLHY KDYH GLITHUH(
7TDEOH ,Q WKLV WDEOH 5DQJH PD[DQG OLQ UHSUHVHQW WKH FRUUHODW.L
EH REVHUYHG WKDW 31$%$ DQG 5:. KDYH D ODUJH GLIIHUHQFH LQ D]JLPXW
RULHQWHG LQ WKH VDPH GLUHFWLRQ 6RPHGLIITHUHQFHV LQ FRUUHODWL

E\ORRNLQJ DW WK H$SBHIQRIWNIHFL@ OO\ IRU WKH 5LMVZLMN PRGHO WKH Il
PRGHO WR WKH GDWD EHFDPH PRUH FKDOOHQJLQJ

JURPDEOHLW FDQ EH VHHQ WKDW WKH LQSXW GDWD SURSRUWLRQV ZHOO
SURSRUWLRQV KDYH D VOLJKW PLVPDWFK W®LNAWVHAK/ B RGV-RE DQ@IEOLV DW
PDLQO\WR WKH FRUUHODWLRQ OHQJWK DQG WKHPRGHO OHQJWK EHLQJ L
RI'WKHRXWSXWPRGHO FRXOG EHDOWHUHG E\VHOHFWLQJDQ DOWHUQDW

6DQG OL[HG &OD\
"HOOV 31$%
ORGHO 31%
"HOOV 5.
ORGHO 5.

7DEOH 7KH OLWKRORJ\ SURSRUWLRQV RI WKH ZHOOV XVHG IRU 6,6 DQG WKH UHVSHFWLYH O
GRPDLQ
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| 31% 5:. 31% 5:. 31% 5:.
3IDUWLDO VLOO
1XJIHW
5DQJH PDJ
5DQJH PLQ

$JLPXWK GHJ
5DQJH YHUWLFDO P

7TDEOH 7KH SDUDPHWHUV IRU WKH VHPL YDULRJUDP PRGHO REWDLQHG IURPILWWLQJ WKHH
UHSUHVHQWYV WKH GLUHFWLRQ RIUDQJH PD[LQ GHJUHHVY GHYLDWLQJIURP WKH 1RUWK 5

7TIUYIRXMEP +tEYWWMER 7TMQYPEXMSR
,Q ' HXWVFKDQG -RXBRQEBOWHU 9 SDJH DGHWDLOHG H[SODQDWLRQ RI
VLDQ 6LPXODWLRQ 6*6 SURFHGXUHFDQ EHIRXQG 7KHPRVW LPSRUWDOQ\
LV WKDW 6*6 LV XVHG IRU FRQWLQXRXV SURSHUW\ PRGHOLQJ VXFK DV SR
'"HXWVFK DQG -RXUQHO

$UWLILFLDO SRURVLW\DQG SHUPHDELOLW\GDWD QHHG WR EH FUHDWHG |
DUWLILFLDO SRURVLW\ GDWD DUH FUHDWHG IRUHDFK ZHOO 7KH SRURVL\
SRURVLW\DQG SHUPHDELOLW\DUHFRUUHODWHG PHDQLQJWKDW WKH SH
GDWD LV FUHDWHG E\ GUDZLQJILYH VDPSOHVY DW HYHQO\ VSDFHG GHSWK
VKRZQLIXUH 7KH GDWD DUH REWDLQHG IURP FRUHPHDVXUHPHQWYV RQ WK}
1RUWK 6HD SURYLGHG E\ 1/R* 1K24YHUWLFDO YDULRVXBDWPHRWWRQQHG LQ
LV XVHG WR REWDLQ D FRQWLQXRXV SRURVLW\ GLVWULEXWLRQ DORQJ H|
GLPHQVLRQ

6HFRQG DUWLILFLDO KRULIRQWDO SHUPHDELOLW\GDWD LV FUHDWHG E\
SRURVLW\DQG SHUPHDELOLW\ $ ELYDULDWH QRUPDO GLVWULEXWLRQ L
IURP WKH FRQWLQXRXVY SRURVLW\GDWD $FRUUHODWLRQ FRHIILFLHQW R
GHYLDWLRQV RI WKH SHUPHDELOLW\ GDWD DUH REWDLQHG IURP WKH ELP
VXUHPHQWGRPWHD +HUH GLVWULEXWLRQ ZLWKLWVPHDQDQGVWDQGDU!
WKH SHUPHDELOLW\RIWKHVDQG OLWKRORJ\DQG GLVWULEXWLRQ LV XV
OLWKRORJ\ 7KHFOD\OLWKRORJ\LVDVVXPHG WR EHLPSHUPHDEOH ZLWEk

JLIXUH 7KH SRURVLW\ GDWD RQ WKH ODDVVOXLV IRUPDWLRQRI1/2* 7KHKLVWRJUDP LQGLFLCL
E\D QRUPDO GLVWULEXWLRQ UHG OLQH ZLWK D PHDQ RI DQG DVWDQGDUG C
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JLIXUH +RUL]JRQWDO SHUPHDELOLW\GDWD PHDVXUHPHQWV IURP 1/2* KLVWRJUDP VKRZL
QRUPDO GLVWULEXWLRQVDUHILWWHG WKDW UHSUHVHQW WKH SHUPHDELOLW\RIWKH VDQ
ORZHU SHUPHDELOLW\ YDOXHV IRUWKH PL[HG OLWKRORJ\

‘LWK WKH DUWLILFLDO ZHOO GDWD WKH SRURVLW\ FDQ EH PRGHOHG XV
PRGHOV DUH PDGH HDFK IRU HYHU\ W\SH RI OLWKRORJ\ ZKHUH WKH VDP
OLWKRORJ\ BRSHOQGQP&H ILQDO SRURVLW\PRGHO LVREWDLQHG E\PHUJLC
RQH EDVHG RQ WKH OLWKRORJ\RI WKHLQGLYLGXDO JULG FHOO 7KH SRU
DUH VKREJXQH DQ@ALJXUH E

D$ FURVV VHFWLRQ RI WKH SRURVLW\GLVWULEXWLRQ IRUWKH 31$ PRGHO FUHDWHG 2

E$ FURVVVHFWLRQ RI WKH SRURVLW\ GLVWULEXWLRQ IRUWKHG5:. PRGHO FUHDWHG Z|

JLIXUH 7KH SRURVLW\ GLVWULEXWLRQ IRUERWK VWRFKDVWLF JHRPRGHO

7KH SHUPHDELOLW\LVY PRGHOHG VLPLODUO\WR WKH SRURVLW\ +HUH WZ
OLWKRORJ\ DQG ,Q WKH SURFHGXUH FR NULJLQJ ZLWK WKH SRURVLW\
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$JDLQ WKHILQDO SHUPHDELOLW\JULG LV REWDLQHG E\PHUJLQJ WKH SHI
WKH OLWKRORJ\RI WKHJULG FHOO $00 FHOOV FRQWDLQLQJFOD\ ZLOO
UHVXOW RI WKH SURFHGXUMLR B RARKZH) 31GF P R)& BDOUIHQIRE WKH 5:. PRGHO

D$ FURVV VHFWLRQ RI WKHORJ RIKRULIJRQWDO SHUPHDELOLW\IRU WKH 31$PRGHO FUHDWHG ZL

E$ FURVVVHFWLRQ RI WKH ORJ RIKRUL]JRQWDO SHUPHDELOLW\IRU WKH 31$PRGHO FUHDWHG ZL

JLIXUH 7KH SHUPHDELOLW\ GLVWULEXWLRQ IRUERWK VWRFKDVWLF JHRPR

TXSGLEWXMG QSHIP GVSTTMRK

,QWKH+7 $7(6 VLPXODWLRQVRQO\D SRUWLRQ RIWKH [ NP PRGHO LV
QHHGV WR EH FURSSHG $V WKH SURSHUWLHY SRURVLW\DQG SHUPHDEL
PRGHOV KDYHVSDWLDO YDULDELOLW\ %HFDXVHRIWKDW LW PDWWHUYV Z|
PRGHOV DUH FURSSHG DW XQLTXH ORFDWLRQV ZLWKLQ SHU VWRFKDVW
DW XQLTXHORFDWLRQVY WZR RI WKHPRGHOVDUHURWDWHGE\ GHJUHHV
GLITHUHQW RULHQWDWLRQ ZLWKUHVSHFW WR WKHFRUUHODWLRQ GLUHF\
WKHVWRFKDVWLF PRGHOV KDVRQDYHUDJH SRURYREQOWQG SHUPHDELOL\



*SV[EVH 7XVEXMKVETLMG QSHIPMRK

*SVIEVH 7XVEXMKVETLMG QSHIPMRK

,Q)RUZDUG 6WUDWLJUDSKLFORGHOLQJ )06 VHGLPHQWY DUH GHSRVLWH
ZLWK WKH JRDORIVLPXODWLQJDJUDLQ VL]JHGLVWULEXWLRQV WKDW FRX¢
HW DO 7R SHUIRUP WKH )RUZDUG 6WUDWLJUDSKLF ORGHOLQJ )60 WKH :
LV XVHG WR PRGHO JUDLQ VL]H GLVWULEXWLRQV ZKHQ VHD OHYHO LV YDL
6WRUPV LQ DQG LV ODWHU WUDQVODWHG WR 3\WKRQ E\ *XLOODXPH 5F
RSHQ VRXUFH 3\%DU6LP3VHXGR 'FDQ EH XVHG IRU ZDYH GRPLQDWHG VK|
DGHTXDWH IRUWKH ODDVVOXLV IRUPBIWURPHWBIQR DWW DRQ IRU WKH SK\VL
WKDW JRYHUQV WKH GLVWULEXWLRQ RI VHGLP ARM SR\ QHFH YD XD \& DR@W-
DUHDW WKH EDVLV RI WKLY PHWKRG FDQ EH UHYLHZHG LQ 6WRUPV HW DO

-RTYXHEXEJSV 4]&EV7MQ
JRU WKH 3\%DU6LP PRGHO WKHIROORZLQJ SDUDPHWHUY QHHG WR EH GHI

F1$QLQLWLDO WRSRJUDSK\ LV GHILQHG 7KLV UHVXOWHG LQ DJUDGLHQ

+t6HD OHYHO DV D IXQFWLRQ RI WLPH +HUH WKH VHD OHYHO UHFRQVMW
%YHUHQGY %RHU DQG/:BPYWHG LQ FRPELQDWLRQ ZLWK DQ DVVXPHG VXE
P SHU WKRXVDQG \HDUV 7KLV YDOXH VHHPV WR EH DFFSDMNWOAOH DV
VWURQJ VXEVLGHQFHYT LY PHQWLRQHG GXULQJ WKH 3OHLVWRFHQH 7
OHYHO WR REWDLQD IXQFWLRQ RIUHODWLYH VHD OHMHRUWFHKDQJIH RYH
7TRDYRLG RYHUIORZLQJ WKH 3\%DU6LP3VHXGR "FRGH ZLWK VHD OHYH
FXUYHLVREWDLQHG EA\VDPSOLQJWKHUHFRQVWUXFWLRQ GDWD HYHU
ZLWK SHULRGV RI \HDUV VDPSOLQJ ZLWK WKLV IUHTXHQF\ VKR XC
IHDWXUHV DFFRUGLQJWR VDPSOLQJ WKHRU\

F6HGLPHQW VXSSO\ DV D IXQFWLRQ RI WLPH DQG DORQJ WKH VKRUH FI
6LP3VHXGR 'LV D VHQVLWLYH SURJUDP WR WKH EDODQFH EHWZHHQ D
PHQWVXSSO\ $PLVPDWFKEHWZHHQ WKHWZR OHDGVWRDQ XQUHDOL)\
NLORPHWHU KLIJK TPRXQWDLQVYIDUHDOORZHG WRIRUP RYHU WKH VLEF
VXSSO\LVLWHUDWLYHO\FDOLEUDWHG WR WKH PRGHO

JLJXUH 7TKH DEVROXWHDQG UHODWLYH VHD OHYHO SORWWHGDV D IXQFWLRQ RI'WLPH EOXt
7TKHUHODWLYH VHD OHYHO FXUYH FRPELQHVY WKHDEVROXWH VHD OHYHO FXUYH ZLWK D FR
JURZV RYHU WLPH
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