Scientitic Drilling
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The 500 m deep DAPGEO-02 multifunctional research borehole and monitoring station was drilled
in Delft in spring 2022. Dinoflagellate biostratigraphy reveals that the borehole goes through the Neogene Upper
North Sea Group, including the Waalre, Maassluis, Oosterhout, Diessen, and Groot Heide formations. Below,
a stratigraphic gap exists between the late Miocene Diessen and the middle Miocene Groote Heide formations,
followed by a much larger gap between the Groote Heide and the lower Eocene Dongen formations. The Dongen
is preceded by the Landen Formation, and the borehole ends in marl of the Danian to possibly Upper Cretaceous
Ommelanden Formation. The drilling had an extensive coring programme using the Smet coring system sam-
pling in PVC core liners and Shelby tubes with a total of around 75 m of recovered core. Core shoe samples were
taken where possible, and cuttings were taken every metre. The downhole logging programme included short and
normal resistivities, spontaneous potential, induced polarisation, single-point resistance, electromagnetic induc-
tion, deviation, total and spectral gamma ray, full waveform sonic, P- and S-wave suspension, acoustic borehole
imaging, and nuclear magnetic resonance. The borehole makes up the central location of a seismic-monitoring
station with the lower 70 m uncased and equipped with geophones. These three-component geophones at 440
and 490 m depth are accompanied by an immediately adjacent 200 m deep borehole with geophones every 50 m
depth and two orthogonally oriented 100 m laterally offset boreholes, each with a single geophone at 50 m depth.
Optical fibres laterally connect the boreholes and are also placed in the 50 and 200 m boreholes. DAPGEO-02
has several scientific aims, including the detection and characterisation of any seismicity from nearby geother-
mal projects, as well as an investigation of the subsurface properties and the changes therein, providing material
to allow an investigation of the impact of heterogeneity on high-temperature storage and an investigation into
the hydro-chemo-mechanical properties of the Neogene and Paleogene clays. The data from this borehole are
publicly available at the 4TU data repository, and physical sample requests can be made.



A geothermal project with joint scientific and heat produc-
tion aims is being installed on and around the Delft Univer-
sity of Technology campus, Delft, the Netherlands (Vardon et
al., 2020). The project aims at having a geothermal doublet
producing heat from an Early Cretaceous sedimentary sand-
stone reservoir with an unprecedented level of instrumenta-
tion and data collection. This includes a fibre-optic measure-
ment suite, a comprehensive logging and coring programme,
and an extensive monitoring network.

As part of this monitoring network, a local seismic-
monitoring network has been installed, shown in Fig. 1.
This network comprises four stations that include instru-
mentation, the majority of which is geophones, at up to
500 m depth designed to detect and locate seismic events.
The most southerly station, named ZHO03, has been in-
stalled and equipped by the Royal Netherlands Meteorolog-
ical Institute (KNMI), who operate the national seismic net-
work (KNMI, 1993). Two other stations, named DAPGEO-
01 and DAPGEO-03, have been installed and equipped by
Delft University of Technology. The fourth station, named
DAPGEO-02, which is the subject of this paper, is made
up of a series of different depth boreholes, with the deep-
est being ~ 500 m, with a detailed wireline logging data set
collected and coring programme executed during installa-
tion, addressing a series of scientific ambitions, schemati-
cally outlined in Fig. 2. Of the seismic stations, it has the
most comprehensive sensing equipment installed, including
geophones, an accelerometer, and an orthogonally installed
fibre-optic cable. The geophones and accelerometer are also
connected to the KNMI national seismic network as station
ZHO0S8. A factual report on the installation is available in
Vardon et al. (2022; https://doi.org/10.4233/uuid:fde70c00-
cf65-4174-9cd3-89585a5e61bd), and the objective of this pa-
per is to further detail the objectives, choices, and initial re-
sults of the drilling.

DAPGEO-02 was originally conceived as a research seismic-
monitoring station accompanying the geothermal project on
the Delft University of Technology campus. It is located in a
relatively noisy urban environment; hence it was designed
to be as deep as possible to reduce the impact of surface
noise while staying within legal and practical limits of un-
der 500m deep. A major part of the scientific aims of the
geothermal project was to collect information and cores of
the full lithostratigraphic column from the Early Cretaceous
reservoir to the Quaternary top. These activities were orig-
inally planned to take place in one of the two geothermal
wells at TU Delft campus, but moving some of the coring
and logging programme to the separate monitoring station
DAPGEO-02 offered substantial cost and risk efficiencies,
while having a limited horizontal offset.
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Locations of seismic-monitoring stations for the geother-
mal doublet on the TU Delft campus (central). The insert gives the
location of Delft in the Netherlands. The red rectangle represents the
area shown in Fig. 3a (base maps © OpenStreetMap, distributed un-
der the Open Data Commons Open Database License (ODbL) v1.0
(for further information, please see https://www.openstreetmap.org/
copyright/en, last access: 10 August 2026)).

The aims for DAPGEO-02 were to

1. enable monitoring of induced seismicity during long-
term deep geothermal operations;

2. improve characterisation of formation properties, in par-
ticular geomechanical and thermal properties, via the
petrophysical log response and the regional geological
understanding;

3. investigate the properties of the subsurface for geo-
energy applications, such as high-temperature aquifer
thermal energy storage (HT-ATES) and radioactive
waste disposal;

4. sample and measure the North Sea Group sediments for
curiosity-driven research.

DAPGEO-02 consists of four boreholes and a fibre-optic
installation, as schematically shown in Fig. 2, with the site
layout shown in Fig. 3. The installation comprised the fol-
lowing.

— The deepest borehole DAPGEO-02 (499 m): where the
majority of the data collection activities were focused
and which is the main subject of this paper. Drilling
was undertaken between February and May of 2022 by
the SMET Group. Rotary direct circulation drilling was
used, and this borehole was drilled in four phases, with
details shown below.

— Phase I: final depth 43m below ground level
(b.g.1.), 450 mm borehole diameter, 406 mm casing
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diameter. Data collection activities: cuttings collec-
tion.

— Phase 2: final depth 230 m b.g.1., 320 mm borehole
diameter, 273 mm casing diameter. Data collection
activities: cuttings collection, coring, logging.

— Phase 3: final depth 427 mb.g.1., 244 mm borehole
diameter, 168 mm casing diameter. Data collection
activities: cuttings collection, coring, logging.

— Phase 4: final depth 499 mb.g.l., 146 mm borehole
diameter, uncased. Data collection activities: cut-
tings collection, logging, geophone installation.

— DAPGEO-02 (200 m): final depth 200 mb.g.1. Drilling
was undertaken in February 2022 by Rossingh Drilling.
Flush rotary drilling was used with a 6in. (152 mm)
borehole diameter. A limited logging campaign was car-
ried out, and geophones were installed. Cuttings were
used for lithological description only and not preserved
due to the anticipated high level of mixing in flush
drilling.

— DAPGEO-02-01B and DAPGEO-02-02B: final depth
50mb.g.1. Drilling was undertaken in February 2022 by
Rossingh Drilling. Flush rotary drilling was used with
a 6in. (152 mm) borehole diameter. A single geophone
was installed in each. Cuttings were used for lithologi-
cal description only and not preserved.

— Single-mode optical fibres were installed to enable
distributed acoustic sensing (DAS) in and between
DAPGEO-02 (200 m) and both DAPGEO-02-01B and
DAPGEO-02-02B, in an “L” shape. These optical fibres
are in both a straight and helically wound geometry. The
fibre-optic cable was also attached to the geophone ca-
bles at 100 mb.g.l. of DAPGEO-02 (200 m) and at full
depth of DAPGEO-02-01B and DAPGEO-02-02B.

During drilling, borehole condition and drilling fluids
were monitored by the drilling company. Drilling fluids
were based on fresh water with limited additives to improve
drilling performance and ensure a slight overpressure. No
borehole stability issues were reported, indicating stable con-
ditions throughout. All boreholes were grouted to surface
after drilling, research activities, and geophone installation,
with surface equipment installed in a small cabinet.

In DAPGEO-02 (200 m), cutting samples were all described
by Rossingh Drilling, which provided the lithological infor-
mation needed to couple to other measurements, such as cor-
ing and well logging. As these were taken using flush ro-
tary drilling, which is less controlled than rotary drilling,

these were not preserved. In DAPGEO-02 (499 m), cut-
ting samples were recovered from the ground surface until
430mb.g.l. at 1 m intervals and at 4 m intervals from 430
to 498 m depth. Samples were taken by filling a bucket with
drilling fluid returning from the well. A total of 477 sam-
ples were collected and transported to TU Delft, where they
were dried and stored in a dedicated storage room located in
the basement of the Civil Engineering and Geoscience (CEG)
faculty building (Stevinweg 1, 2628 CN Delft); see Vardon et
al. (2022) for a list of the samples. Labelling was produced
on site identifying the date, location, a unique ID, depth be-
low surface, and the individual taking the sample. Quality
control was undertaken by TU Delft during the drilling pro-
cess.

Coring was focused on two main stratigraphic zones; see Fig.
2 for an overview. Firstly, during Phase 2 of the drilling, the
Neogene Upper North Sea Group below the Waalre Forma-
tion was targeted. These sediments are the target of a tech-
nology known as high-temperature aquifer thermal energy
storage (HT-ATES), with the Maassluis Formation being the
primary target. The underlying Oosterhout Formation was
planned to be cored if reasonably thick sand layers were en-
countered; however, during drilling, sufficiently thick sand
layers were not found in the Oosterhout Formation; therefore
no cores were taken. Secondly, during Phase 3 of the drilling,
the Cenozoic clays were targeted, which can act as a cap rock
for heat-storage projects and are of interest to unravel static
and dynamic characteristics of clays at different depths. This
needs to be known, for example, for radioactive waste dis-
posal in such clay formations (Neeft et al., 2024; Hades lab,
2026). It should be noted that a priori the drilling location
was known to be not suitable for the disposal of radioactive
waste because of the thin clay formations present and was
targeted to only provide material at a representative disposal
depth for high-level waste.

In both intervals, avoiding disturbance of the cores (me-
chanically, chemically, and hydrologically) was a key de-
sign consideration. The unconsolidated sands of the Maass-
luis Formation and the poorly indurated (plastic) Cenozoic
clays could both be substantially disturbed using typical ro-
tary coring. Therefore, a push and over-drill system, called
the SMET coring system (SCS), was used. This allows ei-
ther a thin-walled steel tube, known as a Shelby tube (0.55 m
long), or a steel core barrel with an internal PVC tube (1.0 m
long) to be pushed into the formation. Both sampling tubes
had an internal diameter of 100 mm. Due to the depth and
formation properties, we used a thicker wall than in stan-
dard Shelby tubes, i.e. 3 mm thick, to avoid mechanical de-
formation of the Shelby tube. After pushing, the formation
is drilled around the pushed core barrel or Shelby tube to re-
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lieve the stress and allow the removal of the core via wireline.
This process is designed to minimise the contact of the core
with the drilling fluid and maintains in situ stresses as far as
possible with the least amount of mechanical alteration of the
sediments as possible.

The Shelby tubes have a lower wall thickness than the
core barrel with PVC tubes and therefore a lower sample
disturbance. The core barrel with PVC liner was preferred
for sandy formations as a slightly undersized coring shoe

was used to stop the core leaving the barrel, which pro-
vides a lower disturbance in unconsolidated sands than a
core-catcher mechanical device. A combination of the two
methods was used to allow a longer total cored interval at a
reasonable cost through both sandy and clayey formations.
Originally coring was also planned in the Ommelanden For-
mation, starting at ~420 mb.g.1., in order to investigate pos-
sible secondary permeability; however, due to the discovery



Overview of coring undertaken: intervals, core types, and number.

Interval Formation Frequency Core Number Number of Total length

liner of cores cores with of recovered

type Zero recovery core (m)

115226 mb.g.l.  Maassluis Formation 1 to 3 successive PVC 18 2 14.23
cores every 10 m

364—414mb.g]. Neogene and Paleogene Continuous coring by PVC 53 2 41.65

clay formations PVC tubes with a Shelby  Shelby 17 3 5.35

tube circa every 5m

of dissolved gas and slightly artesian conditions, this was re-
moved from the programme of activities.

A total of 18 cores consisting of unconsolidated deposits
were taken between 115 and 226 m depth in the Maassluis
Formation. This coring was all done with the SCS in PVC
core liners. During coring, the starting and ending depth
was automatically monitored by the drilling rig. The drilled
length varied between 0.64 and 1 m. Of the total of 18 cores,
14 cores had more than 75 % core recovery, meaning that
more than 75 cm of the 1 m core barrel was filled. The per-
centage of core recovery was measured in the bottom of the
core after drilling with a measuring ruler. Four cores, situated
below each other between 146 and 166 m depth, had less than
33 % core recovery, of which the two deepest cores had zero
recovery of drilled material. Poor recovery was thought to
be related to failed or poor core retention, i.e. loose material
falling out of the core barrel, and to stiff formations, which
required multiple pushes from the drill rig. The number of
pushes of the drilling rig that were needed for 1 m of core
varied between 1 in a clayey core at 190 m depth and 262 in
a coarse sandy core at 166 m depth. For the latter, coring was
stopped at 72 % recovery.

Between 362 and 415 m depth a total of 69 cores were
collected, including 17 with Shelby tubes, with the others
using the core barrel and PVC tubes. Cored deposits from
this interval date to the Neogene and Paleogene. Coring was
deemed impossible with the push-in coring system below
415 m depth (due to formation stiffness) and was difficult in
a series of intervals above that. The first three Shelby tubes
were thin-walled, after which thick-walled tubes were used
due to deformation of the thin-walled tubes.

The number of pushes required to core a 1m interval
with the SCS system was highly dependent on the lithology.
In the clayey Diessen Formation, one push often sufficed,
whereas the sandy Oosteind Member required an average of
36 pushes per 1 m interval. In the lower Landen Formation
(407-415mb.g.1.), an average of 25 pushes yielded approx-
imately 52 cm of cored formation. The Shelby tube system
was used selectively, based on indications of clay presence

from the core shoes. All but one core sample taken with this
system were obtained with a single push, indicative of both
the clay formation properties and due to the thin wall of the
Shelby tube.

Some core samples show recovery of up to 20 % more than
the cored length. In the sandy core samples, this is attributed
mainly to the reorganisation of grains due to the stress relief,
often accompanied by visible, coring-induced fractures. For
pushed-in core samples in clay, it is also not uncommon to
have recovery rates above 100 %, which is mainly attributed
to stress relief of the cored material and to mechanical defor-
mation immediately below the sampler, where a larger zone
of the formation can be displaced by the sampler than the
internal area of the sampler (Monforte et al., 2022), mean-
ing more material may enter the sampler than strictly the in-
ner area of the sampler. In addition, material from either the
borehole wall or previous cores may fall to the base of the
borehole during the transport of the core to the surface and
following run-in of the coring tool. This is easily identifiable
in the CT scans detailed below. Table 1 provides an overview
of the number of cores collected in the two intervals.

Core sealing and low-temperature core storage were used
for all retrieved cores to limit oxidation, microbial activity,
and drying of the sands and clays, which could substan-
tially impact their characteristics and behaviour. Therefore,
both the Shelby tubes and the PVC core liners were sealed,
first by filling any void at the ends of the core barrel with
an inert sand, then adding low-melting-temperature paraffin.
After applying end caps and labelling the core barrel, they
were further sealed with a higher-melting-temperature poly-
mer, which is less susceptible to cracking and is stronger.
The cores were then transported to the laboratory in a ver-
tical orientation, with the cores from the Cenozoic vacuum
sealed in composite aluminium—plastic bags and both sets of
cores stored vertically at 4 °C. The cores were labelled on the
core barrel and outside of the sealing packaging of the core.

During coring with the SCS system, a core shoe is used
with a diameter which is slightly less than the inner diameter
of the PVC, which is a tube through which the soil is pushed
into the PVC core liner. The core shoe width varied between
93 and 96 mm, depending on the expected soil expansion.
The material remaining in the core shoe after retrieval of the



core was collected, described, and then stored in containers
without extra measures for preservation. These samples are
used for analyses that do not require preservation measures
(e.g. grain size analysis and palynology).

All core samples were scanned at the TU Delft using
a macro-CT scanner (Siemens Somatom Volume Zoom
CT scanner), using a voltage of 140kV and an expo-
sure of 250 mAs. The scans produced CT slices perpen-
dicular to the core axis, with 512 x 512 voxels, cov-
ering a 120mm x 120mm area. Each voxel measures
0.234mm x 0.234 mm, with a 0.6mm spacing between
slices. After scanning, data were processed according to two
procedures: “normal’ and “extended”. The normal procedure
used the standard greyscale settings of medical scanners of
—1000 to +3000HU. In the scanned samples, sediments
were obtained that exceeded the 3000 HU scale. Therefore,
the extended scale was also produced ranging from —10 000
to +30 000 HU in steps of 10 HU each. The raw CT-scan data
and processed images (i.e. vertical cross-sections) are pub-
licly available (Vardon et al., 2023b) and can be downloaded
from https://doi.org/10.4121/21528819.

CT-scan data were visualised and interpreted based on the
principle that higher-density materials produce greater atten-
uation coefficients and thus higher CT numbers (e.g. Tanaka
et al., 2011; de Jong et al., 2025), enabling the assessment
of lithological changes and core sample integrity (with a se-
lection shown in Fig. 4). Core samples in Shelby tubes were
also scanned (Fig. 4e), although the steel casing affects CT
numbers, and internal structures are only partially visible.

The CT scans are useful to assess core quality prior to core
extraction and testing. Deformation due to the drilling pro-
cess of the Maassluis Formation cores is observed mainly at
the top and bottom and edges of the cores. Wedges of higher
density reveal the compressive forces that acted on the sides
of the core due to the pushes of the drilling rig. In addition,
the top ~5cm of the core is often filled with very coarse
material seemingly consisting of gravel and shells (Fig. 4a).
These materials likely fell down in the borehole in the period
between stopping the destructive drilling and the start of the
coring.

Some of the CT scans of the cores containing Neogene
and Paleogene clays showed coring-induced artefacts such
as shear zones (~ 1 cm wide) around the tube and conical
fracture patterns (e.g. as shown in Fig. 4b), as also found
by Adriaens et al. (2024) using the same SCS system. There
is a clear relation between the integrity of the core material
and the number of pushes needed to push the material in the
sampler. In the more clayey parts of the stratigraphy, which
required only a single push, little coring-induced disturbance

(@ (b () (d (e)

Selection of CT scans of core material. Visualisations
are made with a greyscale ranging from 450 to 1600 HU (a-d)
or 1500 to 3000 HU (e). The cores and corresponding top depths
are (a) DAPGEO-02-C6 — 136.0mb.g.1., (b) DAPGEO-02-C45 —
387.9mb.g.l., (c) DAPGEO-02-C55-391.2mb.g.l., (d) DAPGEO-
02-C64 — 398.6 mb.g.1., and (e) DAPGEO-02-C70 — 402.6 mb.g.1.

is visible, while the stiffer or more sandy parts of the for-
mations requiring more pushes showed more fractures and
shearing. In the lower part of the series, symmetrically dis-
tributed bubbles in the cores seem to point to degassing of
the pore fluids during or after coring, possibly during lift-
ing to the surface (Fig. 4c). This could be methane or CO;
formation gas. Distinct fracture patterns are visible in core
material belonging to the Oosteind Member (Fig. 4d) and are
attributed to degassing and not necessarily caused by coring-
induced stresses. Some cores show upward-arching contacts
at the liner, caused by shearing between the core material and
the liner (Fig. 4d).
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Overview of well logging in the drilling phases: log types, tools, and tool manufacturers.

Phase  Depth range Log type Logging tool ~ Tool
(mb.g.l.) manufacturer

1 043 No logging carried out

2 43-230.35 Spectral gamma ray (SGR) QL40SGR ALT
Total gamma ray (GR) QL40SGR ALT
8”,16",32", 64" resistivity (RES) QLA40IP ALT
Spontaneous potential (SP) QLA40IP ALT
Single-point resistance (SPR) QLA40IP ALT
16" and 64" induced polarisation (IP) ~ QL40IP ALT

3 230.35-426.77  Spectral gamma ray (SGR) QL40SGR ALT
Total gamma ray (GR) QL40SGR ALT
8", 16”,32", 64" resistivity (RES) QLA40IP ALT
Spontaneous potential (SP) QLA401P ALT
Single-point resistance (SPR) QLA40IP ALT
16" and 64" induced polarisation (IP) ~ QL40IP ALT
Sonic P-wave velocity (SON) QL40FWS ALT
PS suspension GeoVistaDPS ~ GeoVista
Nuclear magnetic resonance (NMR) BMR90 NMRSA
Borehole deviation (DEV) 9622A Century

4 426.77-499 PS suspension GeoVistaDPS  GeoVista
Spectral gamma ray (SGR) SGR1415 Antares
Total gamma ray (GR) SGR1415 Antares
Electromagnetic (EM) induction (IL) 9512 Century
Acoustic borehole imaging (ABI) QL40ABI ALT/Antares

Logging was undertaken via wireline after drilling in two of
the boreholes. A total gamma ray log was taken in DAPGEO-
02 (200 m) in order to initially plan coring and confirm cas-
ing planning for the deeper DAPGEO-02 (499 m). This is not
reported due to the lower borehole quality anticipated due
to the flush-drilling technique. A more comprehensive log-
ging suite was carried out in DAPGEO-0O2 (499 m) which is
reported below. No monitoring while drilling logs was per-
formed.

The geophysical well logging activities were carried out
by Deltares during the drilling phases (Phases 2, 3, and 4) of
the DAPGEO-0O2 (499 m) borehole, covering a depth range
between 230 m and 495 mb.g.1., as described in Table 2.

In Phase 1, there was limited scientific value in logging
due to the top ~ 50 m of the ground being reasonably well
explored for civil engineering purposes. In Phase 2, a limited
logging suite was deployed, due to the relatively large bore-
hole diameter and tool availability. In Phase 3, five different
tools were used, resulting in a total measuring time of almost
1 d (continuous logging). The following logging parameters
were collected: spectral gamma ray (SGR); total gamma ray
(GR); 8", 16", 32", and 64" normal resistivity (RES); sponta-
neous potential (SP); single-point resistance (SPR); 16” and
64" induced polarisation (IP); sonic P-wave velocity (SON);

PS suspension (P- and S-wave velocities); nuclear magnetic
resonance (NMR); and borehole deviation (DEV). In particu-
lar, the PS suspension tool was used due to very limited shear
velocity data in this depth domain, and the NMR was used to
investigate the properties of the Cenozoic clays. In Phase 4
(the Ommelanden Formation), fewer tools were again used,
mainly due to limited tool availability. However, an acous-
tic borehole imager (ABI) was used in the anticipation of
fractures in the marl and an electromagnetic (EM) induction
(IL) tool to determine the conductivity of the stratigraphy and
pore fluid content.

Initial uninterpreted logging data for the different logging
campaigns are depicted in Fig. 5 (Phase 2), Fig. 6 (sample
sonic and suspension logs in Phase 2), Fig. 7 (Phase 3), and
Fig. 8 (Phase 4). No corrections have generally been per-
formed, except for limited noise filtering and depth correc-
tion.

The logs were made publicly available in two batches:
(i) the GR, SGR, RES, SPR, SP, and IP logs (Vardon
et al., 2023a; https://doi.org/10.4121/20299644) and
(ii) the three sonic and NMR logs (Barnhoorn et al.,
2024;  https://doi.org/10.4121/e74d650d-31e5-441f-bde5-
aaa4338e9d10).

The logs are seen to correlate well with core data, with the
heterogeneities in lithology and detailed sedimentology well
captured with combined logging data. Of note, this is the first
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use of PS suspension logging in the Dutch subsurface to our
knowledge, which is able to yield shear and compressional
wave velocity profiles at shallow depths.

Figure 9 presents an overview of the interpreted stratigra-
phy, including the depth, stratigraphy, gamma ray coloured
by drilling phase, the lithography, and coring locations.
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The drilling in Phase 2 between 43 and 230 m b.g.1. depth
focussed on the clayey and sandy layers of the Maassluis For-
mation that occurs roughly between 100 and 230 m depths.
Between 43 and 100 m depth, fluvial deposits were found be-
longing mainly to the Waalre Formation. In this section, the
main lithology is fine sand with many clear, multiple-metres-
thick, clayey layers indicated by high GR signal, such as at
75, 90, and 98 m depth (as shown in Fig. 9).

In the interval below, between 100 and 230 m b.g.1. depth,
unconsolidated, shallow marine sediments are encountered
that likely belong to the Maassluis Formation. The top part
of this section up to a depth of 189 m consists mainly of fine
sands, with more clayey and silty zones present between 107
and 115 m and between 135 and 143 m depth. Cores taken
between 115 and 125 m depth indicate that the fine sands of-

ten (1 to 2 per metre of core) contain clay layers/lenses of
~ 0.5-2 cm thick. In addition, some wood fragments (0.2—
2 cm) are found in these cores. Shell fragments (0.1-0.5 cm)
are observed in most cores, with some having relatively high
concentrations, such as at 125 m depth. The cores taken in the
zone with relatively high GR at 135 to 143 m depth are rela-
tively heterogenous and show a higher content of clayey and
silty layers (e.g. Fig 4a). At 140 m depth, a layer with high
shell content is found, ranging from fine to coarse shell frag-
ments (0.1 to 5 cm). The largest, relatively homogeneous and
low-GR section occurs from ~ 150 to 185 m depth; shows
less heterogeneity; and, based on two cores and the cuttings,
mainly consists of medium fine sands and silts. Higher con-
centrations of shell fragments are found in this zone com-
pared to the shallower and deeper part of the Maassluis For-
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DAPGEO-02 wireline logs collected in Phase 3. From left to right: gamma ray (GR); potassium (K), uranium (U), and thorium
(TH); spontaneous potential (VSP) and single-point resistance (SPR); 8”, 16, 32", and 64" components of electrical resistivity (RES); 16”
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relaxation time (T2) from the nuclear magnetic resonance (NMR, T2LM); water content interpreted from NMR logging (raw data available

in Vardon et al., 2023a, and Barnhoorn et al., 2024).

mation in this well. Between 189 and 230 m depth a clay-
dominated section occurs, consisting of plastic clays and sec-
tions with layers of clay and sand. Between 215 and 220 m
depth, a less clayey zone consisting of fine sands mixed with
clay layers or alternations between thin fine sand and clay
layers is found.

The first part of Phase 3 (230 to 360 m depth) is the Oost-
erhout Formation, which is dominated by very clayey de-
posits. Until a depth of ~ 265 m, this layer is characterised
by increasing GR. This is related to the high clay contents
with low sand fraction and to the occurrence of glauconite
with varying concentrations, identified macroscopically. The

highest glauconite content occurs between 230 and 250 m
depth. Between 268 and 280 m depth, a fining upward se-
quence is recognised in the logs and cuttings with a thin
(~3m), less clayey, very fine sandy layer at the base. Be-
low this, very clayey sediments occur with varying mixed-in
fractions of very fine sands. This continues until a depth of
360 m. Below 320 m depth, the clays start to be more lithi-
fied as indicated by the fact that these were harder to drill.
At 360 m depth, a clear increase in mainly the NMR and GR
signal indicates a higher amount of clay-bound water and the
transition from the Neogene Oosterhout Formation towards
the Diessen Formation below.
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The interval below 360 m was targeted for its clay prop-
erties, with full coring between 362 and 415 m. Within this
section, a rather heterogeneous lithology consisting of clays,
silts, sands, and marl was encountered. Between 362 and
384 m, the sequence is dominated by clay-rich lithologies
belonging to the Diessen Formation, although a 2m thick
glauconitic sand layer is present at around 370 m depth (Fig.
10a). Above the sand layer, clay minerals make up two-thirds
of the mineral population, while below this sand layer this is
only one-third. In the GR log, the sand layer and the two clay-
rich layers are not distinguishable, which is attributed to the

presence of glauconite. In the first few metres (362-366 m)
of this section some shell fragments are present.

From 384 to 389m, the lithology coarsens downward
into fine sands, which are increasingly less consolidated and
have increasing glauconite content with depth. This section
belongs to the Groote Heide Formation (identified by the
biostratigraphy in Sect. 5.2). There are no indications for a
sharp transition in lithology between the Diessen and Groote
Heiden formations, even though this represents the middle
Miocene unconformity.
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Stratigraphic overview of the DAPGEO-02 well. From
left to right: measured depth in metres below surface, the geologi-
cal time zones, interpreted biozones, formations, downhole gamma
ray wireline logs with different runs in different colours, cored in-
tervals, and interpreted lithology based upon cuttings and core shoe
descriptions and well logs.

Selection of sediment photographs. The red scale
bar represents 2 cm. (a) Glauconite-rich sediments (370.2 mb.g.1.),
(b) sand-filled burrow (390.7mb.g.l.), (c) gas bubbles in
poorly consolidated sediment (391.7mb.g.l.), (d) pyrite nod-
ules (403.5mb.g.1.), (e) pyrite-filled burrows (406.1 mb.g.l.), and
(f) marl (414.6 mb.g.1.).

The interval between 390 and 393 m is highly heteroge-
neous, comprising interbedded clays, silts, and sands, includ-
ing 3-5 cm alternations of clay and sand in some parts. Bur-
rows of 1-2 cm diameter are recognised (as seen in Fig. 10b).
At 392 m, a poorly consolidated and very soft section of clay
was found with what appears to be degassing bubbles in the
core (Fig. 10c); see Sect. 3.2.3. Below this, the sandy Oost-
eind Member (Dongen Formation) extends down to 401 m. It



is poorly consolidated and features blackish and brown lami-
nations rich in organic matter. This member is deposited dur-
ing the Palacocene—Eocene boundary interval.

The section between 401 and 414 m (Landen Formation)
is relatively indurated and fine-grained and shows a down-
ward increase in both grain size and carbonate content.
Pyrite nodules are present with multiple-millimetre diame-
ters (Fig. 10d) as well as pyrite-filled fractures. Small bur-
rows (millimetre-scale diameter) filled with pyrite are present
(Fig. 10e). Within this interval, three hard, indurated marl
layers approximately 0.5—1 m thick were encountered during
coring which had to be destructively drilled. In the GR log, a
sharp drop of GR occurs at 405 m, corresponding with one of
the marl layers. The section on top of this marl layer (403—
405 m) consists of 80 % clay minerals, while for the section
below this is 40 %. Beneath the Landen Formation, marl is
present (Fig. 10f) and extends to at least 499 m. This forma-
tion is interpreted as the Ommelanden Formation.

A palynological study has been performed on 11 core shoe
samples from the Neogene—Paleogene interval ranging from
364-414mb.g.l. The palynological study has been carried
out by TNO (Munsterman, 2023), and an additional six sam-
ples are reported here. The age estimation is based on the first
occurrence date (FOD), last occurrence date (LOD), com-
mon occurrence (CO), and first common occurrence date
(FCOD) of dinoflagellate cysts. A summary of the palyno-
logical analysis is presented in Table 3. Based on these age
estimates, combined with the lithological descriptions and
the logging data, the lithostratigraphic classification is inter-
preted and presented in Table 4.

The Miocene Diessen and Groote Heide Formation belong
to the Breda Subgroup (Munsterman, 2019), formerly known
as the Breda Formation. The Diessen and Groote Heide For-
mation are split by the Middle Miocene Unconformity. In the
well, this should be around 384 m depth, between the bios-
tratigraphic samples at 382.95 and 386.05 m depth. Below,
between the Groote Heide and Dongen formations, a large
hiatus occurs corresponding to both the Savian and Pyrenean
phases. This should occur in the well between the biostrati-
graphic samples at 389.69 and 391.21 m depths. Based on
these biostratigraphic constraints and the well log responses,
we provisionally place this hiatus slightly above 390m. In
the time gap, the entire Veldhoven and Rupel as well as
large parts of the Dongen Formation (the Asse Member) ap-
pear to be absent. Below, biostratigraphic constraints indi-
cate the presence of the earliest Eocene and the Palaeocene—
Eocene Thermal Maximum indicated by the Apectodinium
Spp. acme.

The seismic-monitoring station layout utilises all the bore-
holes drilled and the installed optical fibres. Via an L-shaped
geometry it was designed to improve on the azimuth of pos-
sible seismic events (see Fig. 3). Geophones were installed in
a “central location” made of two boreholes drilled close to-
gether (DAPGEO-02 (499 m) and DAPGEO-02 (200 m)) and
two 100 m laterally offset, 50 m deep boreholes (DAPGEO-
02-01B and DAPGEO-02-02B). All the sensors were grouted
in to ensure optimal coupling to its surroundings. The orien-
tations of the geophones at depth have yet to be established.
Details of the instrumentations installed in the boreholes are
included in Table 5. In the deep (DAPGEO-02, 499 m) bore-
hole at the “central location” the geophones were installed in
uncased borehole sections to improve the sensitivity for de-
tection of seismicity. That borehole was drilled in stages for
stability to allow other research activities and has casing in
all sections except for the last; therefore in Phase 4 two geo-
phones were installed there (440 and 490 mb.g.1.). The shal-
lower 200 m deep borehole (DAPGEO-02 (200 m)) has four
geophones installed with a vertical spacing of 50 m between
them. A surface accelerometer is also installed at ground
level above DAPGEO-02 (200 m). The two 50 m deep bore-
holes (DAPGEO-02-01B and DAPGEO-02-02B) both have
a single geophone installed at full depth.

All nine seismic sensors deployed at Delftse Hout are con-
nected to the KNMI national seismic network (KNMI, 1993;
https://www.knmi.nl/nederland-nu/seismologie/stations,
last access: 10 August 2026; see also Table 5), while live
data streaming can be accessed at https://www.knmi.nl/
nederland-nu/seismologie/stations/live-seismogrammen
(last access: 10 August 2026). These data are openly
available and can be retrieved in the standard seismological
mseed format via FDSN web services from KNMI at
https://rdsa.knmi.nl/fdsnws/dataselect/1/ (last access: 10
August 2026).

Each borehole location was also equipped with a fibre-
optic cable, with the fibres (inside the cable) looped at the
bottom together forming a single continuous fibre inside the
cable that can be connected to a laser interrogator to allow for
seismic monitoring, also called distributed acoustic sensing
(DAS). Such acoustic sensing is able to measure along the
entire fibre, but only in the direction of the fibre (a single di-
rection). The surface L-shape geometry targets the detection
of seismic events in its azimuthal direction, and the borehole
targets the third direction. The central location, DAPGEO-
02 (200 m), had two 100 m length fibre-optic cables installed
from the surface and with the fibres connected at the bottom;
one cable was installed with a “straight” fibre and the second
with a helically wound fibre in a tube cable. The helically
wound fibre was installed to investigate whether the winding
could be used to detect longitudinal (P) waves in multiple di-
rections. The fibre-optic cables were connected horizontally
and buried in shallow trenches of around 60 cm depth, with
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Overview of samples selected for palynological analyses and the interpret age.

Sample  Depth  Geological age estimate (epoch, age) Based on
SH2 364.10 Late Miocene, latest Tortonian, > M14  LOD Hystrichosphaeropsis obscura
SH6 368.51 Late Miocene, latest Tortonian, > M14
SH9 370.76  Late Miocene, later Tortonian, M14 LOD Gramocysta verricula, LOD Labyrinthodinium truncatum
SH13 372.95 Late Miocene, late Tortonian, M13 LOD Systematophora placacantha
SH17 377.70  Late Miocene, early Tortonian, M12 LOD Palaeocystodinium golzowense
SH22 382.95 Middle Miocene, late Serravallian, M10  LOD Cerebrocysta poulsenii, FOD Achomosphaera andalousiensis
SH25 386.05 Middle Miocene, middle Langhian, M6~ LOD Cousteaudinium aubryae, FOD Unipontidinium acquaductus
SH29 389.69 Middle Miocene, early Langhian, M5 FOD Labyrinthodinium truncatum, FOD Cerebrocysta poulsenii
SH31 391.21  Early Eocene, early Ypresian, E2a
SH33 393.66  Early Eocene, earliest Ypresian, Ela CO Apectodinium spp., LOD Cerodinium speciosa
SH34 397.75 Early Eocene, earliest Ypresian, Ela CO Apectodiniun spp.
SH50 401.10  Not diagnostic
SH51 402.21  Thanetian—Ypresian boundary, P6b FCOD Apectodinium spp.
SH37 404.71  Late Palacocene, late Thanetian P5b
SH41 407.06  Late Palaeocene, late Thanetian P5b
SH46 412.33  Late Palaeocene, late Thanetian, P5b LOD Alisocysta margarita, FOD Deflandrea denticulata
SH48 414.64  Not diagnostic
Interpreted stratigraphy of the cored Neogene-to- — Core: core ID, section number, core type, top depth,

Paleogene interval.

Depth (mb.g.l.)  Formation Member
364.10 to ~384  Diessen

~ 384 to 390.5 Groote Heide

390.5 to ~ 393 Dongen Ieper
~393 to ~ 401 Dongen Oosteind
~401 to 414 Landen Liessel
414 to Ommelanden

one section horizontally drilled to avoid protected zones, to a
maximum of 6.4 mb.g.1.

Data management during the installation of DAPGEO-02 in-
cluded capturing data and metadata of the drilling activities
and sample curation information. A relational database was
created to build a complete data set linking all data sources:
drilling data, mud logging, core inventory, core CT scans,
core shoe samples, wireline logs, and initial lithology de-
scriptions. The purpose of the database is to document and
administrate initial measurements and reports during the op-
eration phase as well as to maintain a tracking system of sam-
ple material. Metadata curation includes the following ele-
ments.

— Borehole information: borehole name, longitude, lati-
tude, ground level, start date, and end date.

bottom depth, section length, diameter, recovery, in situ
remarks, preservation conditions, whole-core CT scan,
storage location.

— Core shoe: core shoe ID, associated core ID, depth, ini-
tial lithologic description, image.

— Cuttings: depth, lithology description.

— Downbhole log: log type, drilling phase, start depth, end
depth, ground level reference, drill bit diameter, tool,
manufacturer.

The relational database for DAPGEO-02 (Delft Univer-
sity of Technology, 2024a) is publicly available to down-
load at https://gse-comp.citg.tudelft.nl/dapwell/sample-db.
html (last access: 10 August 2026).

Downbhole logging data were not entered directly into the
database, but their metadata have been. These include a link
to the repository where they can be downloaded (see “Data
availability” section). A Python package was developed for
visualisation and quick analysis of conventional well logs.
Logging data were analysed and quality-assured first by
Deltares and then by Delft University of Technology before
uploading to the repository.

To enable information flow between the researchers, labo-
ratories, and organisations conducting analysis on DAPGEO-
02 samples, we standardised our sample naming system.
Sample names (IDs) are both human- and machine-readable,
suitable for databases and reconstruction of sample lineage.
The sample-naming convention has been published along-
side several other procedures on sample handling and stor-
age; they are available to download at https://gse-comp.
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Description of the borehole seismic-monitoring sensors deployed at Delftse Hout connected to the KNMI seismic network. The
three-component (3-C) geophones are of the type 4.5 Hz 3500-2 (HG-6), connected to an Obsidian™ system. The 3-C accelerometer is the

one as integrated into the Etna™ system.

Borehole KNMI Sensor  Sensor
Borehole depth (mb.g.l.) station  depth (m) type
code
DAPGEO-02-01B 50 ZHO086 50 3-C4.5Hz geophone
DAPGEO-02-02B 50 ZHO085 50 3-C4.5Hz geophone
DAPGEO-02 (200 m) 200 ZHO080 0  3-C accelerometer
ZHO081 50 3-C4.5Hz geophone
ZH082 100  3-C 4.5 Hz geophone
ZH083 150  3-C 4.5 Hz geophone
ZHO084 200 3-C4.5Hz geophone
DAPGEO-02 (499 m) 499  ZHO087 440  3-C 4.5 Hz geophone
ZHO088 490 3-C 4.5 Hz geophone

citg.tudelft.nl/dapwell/sample-management.html (last ac-
cess: 10 August 2026; Delft University of Technology,
2024b).

Measurements and data derived from sample analyses will
be made available with the least restrictive licence (https:
/[creativecommons.org/licenses/by/4.0/deed.en, last access:
10 August 2026) to ensure the widest possible data reuse.
This licence lets others distribute, modify, and build upon our
work, even commercially, if they give credit for the original
work, which is the preferred licensing model of us and our
funders to maximise reusability.

Core material is limited and valuable; there-
fore, we welcome requests for core examination
and sampling by submitting a request (more de-

tails on our website: https://www.tudelft.nl/citg/
over-faculteit/afdelingen/geoscience-engineering/
research/geothermal/geothermal-science-and-engineering/
research/delft-subsurface-urban-energy-laboratory-dsuel/
sample-and-data-access, last access: 15 September 2026).
The proposal for sample access will be evaluated by an
evaluation committee based on scientific relevance, material
availability, and other requests/planned use. When access to
core and other samples is granted, the evaluation committee
shall request a user consent agreement under which users
agree to share their research output openly by depositing
resulting data sets in public repositories, with appropriate
citation of the data source. New results derived from
DAPGEO-02 samples and data sets will be made accessible
via TU Delft institutional repositories.

A multifunctional research and seismic-monitoring station
was drilled in Delft in spring 2022, called DAPGEO-02,
comprising four boreholes and a fibre-optic DAS system. An
L-shaped site design has eight geophones at depths up to
490 mb.g.l. and at lateral offsets of up to 100 m, as well as
a surface accelerometer. A logging, coring, and cutting sam-
pling programme has been carried out, resulting in a compre-
hensive data set and sampled material available for further re-
search. A focus was given to ensuring that data are compiled
in such a way that they can be widely used and integrated to-
gether and are available publicly. Geophones and accelerom-
eter data are available via the national KNMI website, with
all other current (and future) data publicly available via the
4TU repository. Samples are available for further work upon
application.

All data from the drilling campaign
are archived in the Geothermal Project in the TU Delft
Campus Collection in the 4TU repository and are avail-
able at https://doi.org/10.4121/85b3725b-80fa-4b0b-9db2-
475bfd8f0265 (Vardon et al., 2026), which includes the
drillers borehole records, wireline logs and sample inven-
tory (direct link https://doi.org/10.4121/20299644.V2, Var-
don et al., 2023a) and the core CT scan data (direct link
https://doi.org/10.4121/21528819.V2, Vardon et al., 2023b). The
installation and all activities are described in detail in a drilling
report which is available at https://doi.org/10.4233/uuid:fde70c00-
cf65-4174-9cd3-89585a5e61bd, Vardon et al., 2022). All real-time
seismic data are available via FDSN web services from KNMI at
https://rdsa.knmi.nl/fdsnws/dataselect/1/ (last access: 10 August
2026).
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