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MANAGEMENTSAMENVATTING

De Rijksdienst voor Ondernemend Nederland heeft Arcadis Nederland B.V. samen met Arcadis Duitsland
GmbH (hierna: Arcadis) en Geo-Engineering.org GmbH (hierna: Geo-Engineering) opdracht gegeven om
een geologisch bureauonderzoek uit te voeren naar de geologische eigenschappen van windgebied “Ten
noorden van de Waddeneilanden”. De analyse is gebaseerd op basis van publiek beschikbare databases
van overheden en literatuur over het interessegebied. Deze gegevens bestaan onder andere uit
bathymetrische data, beschrijvingen van ondiepe en diepe boringen en geologische risico’s zoals
aardbevingen. Met de beschikbare regionale data is een stratigrafisch kader opgesteld voor het windgebied
Ten noorden van de Waddeneilanden. Naast het geologische bureauonderzoek, is een separaat memo
opgesteld met aanbevelingen voor een uit te voeren geofysische survey.

Het windgebied Ten noorden van de Waddeneilanden heeft een oppervliakte van 153 km2 en ligt ongeveer
56 kilometer ten noordwesten van Schiermonnikoog.

Voor de morfologische analyse van de zeebodem is het in 2018 geharmoniseerde EMODnet Digitaal Terrein
Model is gebruikt. Van oost naar west neemt de waterdiepte continu toe van 33 m in het oosten tot 39 m in
het westen (LAT). Met uitzondering van een aantal morfologische elementen zoals zandbanken in de meest
oostelijke gedeelten van TNW WFZ, is de rest van het interessegebied opmerkelijk vlak. De zandbanken die
er zijn hebben een noord-zuid richting en hebben een lengte van 1 tot 5 km. De breedte van deze
zandbanken in oost-west richting varieert van 500 tot 700 meter en de hoogte van de zandbanken komt niet
boven 1 m van de omliggende zeebodem.

Op basis van boringen uit de geologische kaarten (“Oyster Ground”) is een geologisch model opgemaakt.
Het focusgebied in de ondergrond, voor het installeren van windparken, ligt tussen de 0 en de 100 meter
onder de zeebodem (mbsf). De bodem bestaat voornamelijk uit fijn tot gemiddeld zand met een
korreldiameter tussen de 125 en 250 um en gedeeltes uit gemiddeld zand met een korreldiameter tot 500
pum. Deze zandlagen zijn in sommige gedeelten zeer kalkrijk en bevatten schaalfragmenten. Op sommige
plekken is het zand ingesloten door zeeklei of leem met een dikte van enkele centimeters tot meters. Op
basis van de beschikbare gegevens zijn er verschillende glaciale valleien geconstateerd die een diepte
kunnen hebben van 350 meter en een breedte tot 10 km.

De stratigrafische indeling van Rijswijk et al. (2005) wordt voorgesteld met een uitzondering voor de oudere
pleistocene formaties binnen TNW WFZ hiervoor zijn de oudere Yamouth Roads formaties gebruikt.

De beschikbare seismische data is onderzocht maar was niet in alle gevallen vrij beschikbaar
(verwerkingskosten). De beschikbare seismische dataset die is ingewonnen is voor de olie- en gaswinning
heeft een diepte penetratie >1000 m. De verticale resolutie van deze seismische gegevens is te klein om te
gebruiken voor de analyse van de eerste 100 m van de ondergrond.

Op basis van het geologische bureauonderzoek zijn er geen zwaarwegende beperkingen gevonden voor de
verdere ontwikkeling van windgebied Ten Noorden van de Waddeneilanden. Mogelijke beperkingen die
nader verkend moeten worden door de voorgenomen geofysische en geotechnische survey zijn:

Door het hele interessegebied van Ten Noorden van de Waddeneilanden kan veen voorkomen. Dit
kan een risico zijn voor de basis van de werkplatforms, de installatie en het leggen van de kabels.

Als gevolg van de getijde stroming in de Noordzee is er potentieel voor uitschuring.

Stenen en lagen stijve klei- en leemlagen kunnen mogelijk voorkomen als gevolg van ijsbedekking
tijdens de ijstijden over het windgebied. Dit kan gevolgen hebben voor de uitvoerbaarheid van de benodigde
fundering en voor de funderingsdiepte.

Er zijn verschillende glaciale valleien geconstateerd in het interessegebied. De mogelijkheid bestaat
dat er meer van deze ondiepe holocene valleien zijn, die een mogelijk negatief effect hebben op het
horizontale en verticale draagvermogen van de ondergrond als gevolg van afwijkende sedimentatie van klei
en veen. Echter, veel van deze valleien in het gebied zijn gevuld met zand en vormen daarom geen risico.
Omdat de kans op stenen en lagen stijve klei- en leemlagen aanwezig is, wordt het aanbevolen om dit mee
te nemen in de geofysische survey.

De onttrekking van gas en olie uit gas- en olievelden in en nabij het windgebied kan resulteren in
verhoogde seismische activiteit in de vorm van lokale aardbevingen. Twee kilometer ten noorden van het
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interessegebied van Ten Noorden van de Waddeneilanden is een actief gasveld. Dit impliceert dat er actieve
veranderingen kunnen zijn in diepe ondergrond van de zeebodem.

Ondiepe gaslagen kunnen effect hebben op de geotechnische parameters en kunnen een risico
vormen voor offshore werk en installaties. Op basis van de beperkte hoeveelheid beschikbare data voor dit
bureau-onderzoek is er geen gas gevonden in de ondiepe lagen.

Samenvattend wordt geconcludeerd dat er geen zwaarwegende beperkingen zijn voor de ontwikkeling van
windgebied Ten Noorden van de Waddeneilanden Windpark. Aanbevolen wordt om een gedetailleerde
geofysische en geotechnische survey uit te voeren voorafgaand aan de verdere ontwikkeling van dit
windgebied.
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EXECUTIVE SUMMARY

The Netherlands Enterprise Agency (Rijksdienst voor Ondernemend Nederland) requested Arcadis Neder-
land B.V. together with Arcadis Germany GmbH (hereinafter called Arcadis) and Geo-Engineering.org GmbH
(hereinafter called Geo-Engineering) to undertake a geological desk study to provide an overview of the ge-
ology of the Ten Noorden van de Waddeneilanden Wind Farm Zone (TNWWFZ). The analyses are based on
publicly available data from governmental online databases and published literature covering the area of
interest. These publicly available datasets include bathymetric data, logs from shallow and deep boreholes
and sources of geohazards. A local stratigraphic framework for the TNWWFZ was extracted from geological
maps. In addition to this study, a memo with recommendations for a subsequent geophysical site survey is
developed and attached in a separate memo.

The area of Ten Noorden van de Waddeneilanden covers an area of 153 km2 and is located about 56 km
northwest of Schiermonnikoog.

The 2018 released harmonised EMODnet Digital Terrain Model is used to analyse the seafloor morphology.
The water depth gradually increases from 33 m below LAT in the east to 39 m below LAT in the west. The
seafloor is remarkably flat with the only morphological features being a few sand banks in the most eastern
part of TNWWFZ. The crests of the sand banks are aligned in a north-south direction, and are 1 to 5 km
long, 500 to 700 m wide, and do not exceed 1 m above the surrounding seafloor.

A geological model was constructed based on borehole data and data extracted from two geological maps
(“Oyster Ground Quaternary, and Holocene and Seabed Sediments”). The sub-seafloor depth of interest for
installation of a wind farm is 100 m below seafloor (mbsf). Across the TNWWFZ, the sub-seafloor geology
consists mainly of fine sand with a median grain size between 125 and 250 um and partly medium sand (be-
tween 250 and 500 pm). These sandy deposits are highly calcareous in parts. Occasionally the sand is inter-
bedded with marine clay or silt, which have thicknesses of several centimetres to metres. Several glacial
valleys are mapped within the investigation area which can be up to 350 m deep and up to 10 km wide.

The stratigraphic framework from Rijsdijk et al. (2005) was applied except for the oldest formation at
TNWWFZ which is the Yarmouth Roads Formation.

Available seismic data was researched but was not assessed due to access fees. However, the existing
datasets are from resource exploration surveys with penetrations greater than 1000 mbsf, and so the vertical
resolution is too low to be used for analysing the top 100 mbsf.

No major constraints for the development of the Ten Noorden van de Waddeneilanden Wind Farm Zone
were identified during the course of this study. Minor constraints that should be addressed in the forthcoming
geophysical and geotechnical surveys are as follows:

Peat could be encountered in several geological formations which can cause spudcan failure and
obstruct the cable laying procedure.

The tidal currents operating in the North Sea have the potential to cause for scour around wind tur-
bine foundations and foundations of ancillary structures (platforms etc).

Boulders and consolidated layers may be encountered due to the glacial history of the area. This
could affect the drivability of pile foundations.

Several large glacial valleys exist at depth in the investigation area. Shallower Holocene channels
filled with soft sediments are also possible which can have a lower bearing capacity than the surrounding
sediments. However, many channels in this area are filled with sand which poses no risk. Boulders and
coarser sediment are also possible and should be addressed as part of the geotechnical and geophysical
surveys.

Induced seismicity sourced from deep resource extraction such as oil and gas are known to have
caused local earthquakes. One active gas field lies about 2 km north of the investigation area. This implies
an active change of conditions in the deeper sub-seafloor of the area.

Shallow gas can affect the geotechnical properties and cause a threat to offshore work and installa-
tions. No signs for gas were identified in this study because of a lack of data.
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In summary, we conclude that there are no major geological constraints to development of the Ten Noorden
van de Waddeneilanden Wind Farm Zone. A comprehensive geophysical and geotechnical survey is rec-
ommended to follow this study prior to further development of the wind farm area.
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1 INTRODUCTION
1.1 General information

The Netherlands Enterprise Agency (Rijksdienst voor Ondernemend Nederland) requested Arcadis Neder-
land B.V. together with Arcadis Germany GmbH (hereinafter called Arcadis) and Geo-Engineering.org GmbH
(hereinafter called Geo-Engineering) to undertake a geological desk study for the Ten Noorden van de Wad-
deneilanden Wind Farm Zone.

1.2 Aim of this study

This study provides an overview of the geology of the Ten Noorden van de Waddeneilanden Wind Farm
Zone. The analyses are based on publicly available data from governmental online databases and published
literature covering the area of interest. These publicly available datasets include bathymetric data, cone pen-
etration test (CPT) data, logs from shallow and deep boreholes and geohazards. A local stratigraphic frame-
work for the TNWWFZ was extracted from geological maps. In addition to this study a memo with recom-
mendations for a future geophysical site survey is developed.

1.3 Content and structure of this report

This report is organised in 8 chapters. The publicly available data is presented and assessed in chapter 2.
These data include bathymetry, seismic and borehole data within the investigation area and its immediate
vicinity. A literature review regarding the geological development of the Dutch part of the North Sea is pro-
vided in chapter 3. Based on the literature and borehole information a stratigraphic framework is developed
in chapter 4 including the geological profile and a Holocene sub-crop map. Possible constraints of the geo-
logical data with respect to construction of the wind farm are elaborated in chapter 5. The report closes with
conclusions in chapter 6, references used for this study in chapter 7, and additional information in the ap-
pendices (chapter 8).

10
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2 AVAILABLE DATA AND ASSESSMENT

The publicly available data assessed in this study is described in this section. The characteristics of each
data type are described, together with the date and number of measurements.

2.1 Bathymetric data
2.1.1 General information

The Dutch North Sea (Figure 1) has been mapped by echosounder surveys over the last three to four dec-
ades. Surveys have been undertaken by the Netherlands Hydrographic Office (NLHO), initially with single
beam echosounders and latterly with multibeam echosounders.
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Figure 1. Map of the location of TNWWFZ with neighbouring Gemini wind farm. Bathymetry from EMODnet. City loca-
tions are extracted from World Populated Places data set by ESRI. Due to copyright issues, this dataset is excluded from
the published GIS.

5920000

2.1.2 Available data

Deltares produced a 25x25 m interpolated bathymetry covering nearly the entire Dutch part of the North Sea
and integrated many available surveys. The most recent release in 2017 was reviewed and the dataset is
published via the Open Earth platform:

Open Earth: http://www.openearth.nl

11
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Deltares dataset: http://opendap.deltares.nl/thredds/catalog/opendap/hydrografie/surveys/catalog.html (da-
taset accessed on 2019-01-24)

Documentation and additional information are available on the Deltares webpage:
https://publicwiki.deltares.nl/display/OET/Dataset+documentation+bathymetry+NLHO

Even though the Dutch North Sea is well mapped, the TNWWFZ lies in an area with limited multibeam echo-
sounder data coverage with the 25x25 m high resolution grid (Figure 2).

We therefore chose to use the 2018 released harmonised EMODnet Digital Terrain Model with a grid resolu-
tion 1/16*1/16 arc minutes which is roughly the equivalent to 115x115 m.

EMODnet data set: http://www.emodnet-bathymetry.eu/data-products
(data accessed on 2019-01-24)

All depths are relative to Lowest Astronomical Tide (LAT), the lowest tide level which can be predicted to
occur under typical meteorological conditions and under any combination of astronomical conditions. The
spatial reference system of the EMODnet dataset is WGS84. For use in this study, the projection has been
transformed into ETRS89 UTM zone 31N EPSG code 25831 within the ESRI ArcDesktop software suite
using standard transformation tools.

Three surveys have been completed between 2007 and 2013 that cover the investigation area. Table 1 de-
scribes these surveys with the year, its identification number (CDI-record ID) and the type of deployment,
together with a link to each surveys metadata.

Table 1. List of available bathymetric surveys covering parts of the investigation area (from west towards east).
Year of Survey CDl-record ID Gear Type Metadata URL

http://www.emodnet-
bathyme-
2013 2174891 multibeam echosounder try.eu/v_cdi v3/print wfs.asp?popup=yes
&edmo=574&identifier=HY13413-
414 mean_totaal

http://www.emodnet-
bathyme-
2010 2174848 multibeam echosounder try.eu/v_cdi_v3/print_wfs.asp?popup=yes
&edmo=574&identifier=HY10509 mean_t
otaal

http://www.emodnet-
bathyme-
2007 2174787 multibeam echosounder try.eu/v_cdi_v3/print_wfs.asp?popup=yes
&edmo=574&identifier=HY07416-2-
Mean-Totaal

Appendix 1 presents a map of the location of each dataset used in the EMODnet Digital Terrain Model
across the TNWWFZ.

12
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Deltares Bathymetry

single beam - low resolution data

multi beam - high resolution data

Figure 2. Deltares 25m resolution dataset coverage across the TNWWFZ. The dotted and linear features in the centre of
TNWWFZ represent areas where only low resolution single beam bathymetry is available.
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Figure 3. Most recent bathymetry of the investigation area (EMODnet Digital Terrain Model)
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2.1.3 Assessment of data

The bathymetric data from EMODnet has no gaps across the entire Ten Noorden van de Waddeneilanden
Wind Farm Zone.

The water depth continuously increases from 33 m below LAT in the east to 39 m below LAT in the west.
The morphology will be addressed in more detail in a separate study and so only a brief description is pro-
vided in this report. The seafloor is mainly featureless with the only bedforms being a few sand banks in the
most eastern part of TNWWFZ. The sand banks are aligned in a north-south direction in their northern part
and bend to the southeast in their southern part. They extend in north-south direction over 1 to 5 km and 500
to 700 m in east-west direction and do not exceed 1 m above the surrounding seafloor.

The EMODnet dataset was compared with the Deltares dataset in areas where high resolution bathymetry
exists but no significant differences could be identified. We therefore conclude that no seafloor features are
missed in the lower resolution data from EMODnet.

Most of the data within the investigation area was collected between 2007 and 2013. The bathymetry in 2019
is therefore likely to be similar to the morphology in Figure 3. However, minor changes of bedforms can be
expected due sediment migration.

2.2 Cone Penetration Test Data

No cone penetration test data (CPT) was available for the Ten Noorden van de Waddeneilanden Wind Farm
Zone on the web portal of TNO, the Geological Survey of the Netherlands:

https://www.dinoloket.nl/

Proprietary CPT data may exist but investigation of such data is outside the scope of this study.

2.3 Borehole data
2.3.1 General information

Shallow core and borehole data was accessed through the web portal of TNO, the Geological Survey of the
Netherlands:

https://www.dinoloket.nl/
(Data accessed on 2019-01-07)

The database hosts logging information, locations, photos, and chemical and sedimentary analyses which
can be publicly accessed and downloaded.

Deep borehole information can be accessed via the NLOG data portal:
http://www.nlog.nl/

The database hosts logging information and locations and is free and publicly accessible.

2.3.2 Available data

Shallow cores, grab samples and boreholes

A total of 68 shallow cores and boreholes and 126 seafloor sample records were found on DINOIloket up to
10 km from the investigation area (Figure 4). The water depth metadata associated with most of these rec-
ords is missing, and the core descriptions are mostly brief or absent. Information on the grab samples on
DINOloket is also limited. Only 20 boreholes have a sample depth below the seabed and useful metadata in
the DINOloket database. These include only one borehole from within the investigation area and 19 bore-
holes near TNWWFZ. These 20 boreholes were selected for further investigation (Figure 5).

14
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Figure 4. Locations of all available shallow cores and boreholes at DINOloket.
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Figure 5. Locations of boreholes from DINOloket used for analysis in this study.
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Deep boreholes

There are no deep boreholes within the investigation area, but there are 11 within 10 km range (Figure 6).
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Figure 6. Locations of all available boreholes from NLOG.nl within 10 km of TNWWFZ.

2.3.3 Assessment of data

DINOloket cores and boreholes

Most of these cores and boreholes lack necessary information and have only very limited penetration of less
than 10 mbsf. The logs of cores and grab samples mostly describe high-level information about the sediment
type and lithology (i.e. sand). A total of 29 cores and samples have been analysed for grain size distribution.

For this study, the top 100 m of the geological sequence is of interest. Most cores and boreholes, which have
a sample depth below the seabed and useful metadata, are outside the TNWWFZ boundary. However, no
boreholes were identified with a stratigraphical description in their log. A list of boreholes with their details is
presented in Appendix 2.

The seafloor penetration depth varies from 6.7 mbsf to 96.8 mbsf and most of the cores and boreholes con-
sist mainly of fine sand with a median grain size between 125 and 250 pm with some medium sand with a
median grain size up to 350 um. These sandy deposits are highly calcareous in parts. Occasionally, the sand
is interbedded with marine clay or loam with thicknesses between several centimetres and metres.

Another source of error is core descriptions by different geologists who adopt different terminologies and
interpretations regarding lithostratigraphy.

The resolution of the data description also varies between centimetre- to metre-scale, depending on the pur-
pose of sampling, and further enhances the difficulty to compare samples.
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NLOG boreholes

A total of 11 boreholes have been selected for analyses, none of which lie within the investigation area, but
all are in the vicinity. The total penetration depth of these drill sites is greater than 4,000 mbsf. An advantage
of the NLOG data is that the seafloor depth at the time of drilling is stored in the metadata which allows easi-
er embedding of the information into geological cross sections. However, a disadvantage is a lower resolu-
tion of lithological description and no stratigraphy is available. In all of the analysed boreholes, no lithological
or sedimentary descriptions are logged in the top 400 mbsf (Appendix 3). Hence, these boreholes are not
investigated further in this study.

2.4 Seismic data
2.4.1 General information

Digital and analogue seismic data are accessible on the NLOG web portal:
http://www.nlog.nl/ (accessed on 2019-01-03)

This portal contains a large amount of information about seismic surveys completed over the last few dec-
ades. The datasets include analogue and digital 2D seismic profiles and 3D seismic data. However, only a
limited amount of data is publicly available without extra charge.

2.4.2 Available data

Within the Ten Noorden van de Waddeneilanden Wind Farm Zone, three different types of deep seismic
data exist. The coverage of 3D seismic data is shown in Figure 7 and described in Appendix 4, which can be
purchased from the NLOG data portal. The same applies to the 2D seismic data which are available as ana-
logue and digital datasets. In this study, the difference between the analogue and digital seismic data is de-
fined by the availability in the NLOG database. Analogue data is not stored as digital data in the online data-
base whereas digital seismic data is stored as digital datasets (in SEG-Y format). For this study, no free
seismic data was available at NLOG and so no data was assessed. In addition to NLOG, the German Geo-
logical Survey (Bundesanstalt flir Geowissenschaften und Rohstoffe, BGR) was contacted for available data
without success.

The analogue seismic data has the widest coverage for the area of investigation and is shown in Figure 8
and described in Appendix 5. These data are not available as SEG-Y and must be purchased from the
NLOG data portal. Hence, it was not further assessed in this study.

Several digital seismic surveys cover the TNWWFZ (Figure 9) and are listed in Appendix 5.

Additional data from surveys used to develop geological maps of the Dutch continental shelf (Laban et al.,
1995b, c) do exist but they are not available. The coverage of this dataset is shown in Laban et al., 1995b.

Due to the costs and unsuitability of the deep seismic data for detailed analyses of the upper 100 mbsf, no
seismic data was assessed in this study. In addition, the existing seismic data has already been investigated
and interpreted by several researchers and published (e.g. Laban, 1995a; Passchier et al., 2010). Their re-
sults are used in this study and therefore the interpretation of the seismic data is indirectly integrated into the
geological framework.
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Figure 8. Lines of analogue 2D seismic surveys across and adjacent to the investigation area. Appendix 5 provides in-
formation on individual surveys.
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Figure 9. Lines of digital 2D seismic surveys across and adjacent to the investigation area. Appendix 5 provides infor-
mation on individual surveys.

2.4.3 Assessment of data

Most seismic data in this area was acquired for deep exploration with high penetration depth (hundreds of
metres to kilometres) but with a low vertical resolution. Therefore, the data are suitable to analyse large geo-
logical units but lack the detail to pick small structures and heterogeneities. Due to their low resolution, these
surveys are not useful for interpretation of the top 100 m of the geological sequence, which is the vertical
section of interest regarding the planning of offshore wind farms. These surveys could be used to initially
map gross features (e.g. glacial valleys) within the top 100 mbsf and identification locations of potential gas
seeps. This has been done by several authors in studies which reveal insights about the regional geology
(e.g. Laban, 1995a; Passchier et al., 2010).

A re-processing of the data could be carried out to improve the imaging of certain geological layers, but it is
not within the scope of this study. Therefore, a costly purchase and time-consuming assessment of the
seismic data is not recommended here due to its unsuitability for the objectives of this study.

2.5 Earthquake data
251 General information

Earthquakes are classified as geohazards and therefore addressed in this study. Several internet portals
provide earthquake information. For the Netherlands, the KNMI (Koninklijk Nederlands Meteorologisch In-
stituut), provides such data. This was supplemented with data from the IRIS portal (Incorporated Research
Institutions for Seismology).

http://rdsa.knmi.nl/dataportal/
https://www.iris.edu/hq/
(accessed on 2019-01-07)
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25.2 Available information

In the IRIS database, all available information about seismicity in the northern part of the Netherlands has
been downloaded. In addition, one event was found in the KNMI database which was missing in the IRIS
database. In total, 8 events have been recorded between 1975 and 2019 with a magnitude between 1 and 4
in the North Sea (Figure 10). A table of seismic events is presented in Appendix 6.
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Figure 10. Epicentres for all recorded earthquakes from 1975 to 2019 extracted from IRIS and KNMI database.

2.5.3 Assessment of data

The IRIS and KNMI databases list all recorded earthquake events and the published data has been reviewed
by the recording authorities.

Figure 10 shows no historical events within the investigation area with the closest event being greater than
30 km to the east. The magnitude of events has always been below 4.

The alignment of earthquakes around Groningen might be correlated to subsurface gas extraction. No gas
extraction is carried out in the sub-seafloor of TNWWFZ but there is a gas field about 2 km to the north,
which is why this topic is further addressed in chapter 5.6 Geohazards.

3 REGIONAL GEOLOGICAL EVOLUTION

This section presents a geological overview of the North Sea developed from peer-reviewed articles, reports,
and maps, to set the location of the TNWWFZ within a regional geological context. Since most of the bore-
hole data does not exceed 10 mbsf and seismic resolution is reduced with increasing depth, the level of
knowledge and detail progressively diminishes with depth. For the development of an offshore wind farm, the
most relevant section is the uppermost 100 mbsf, which in this part of the North Sea, consists of Pleistocene
and Holocene deposits. The literature review is divided into three sub-sections:
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- Pleistocene evolution;
- Holocene transgression; and

- Geotechnical prerequisites.

3.1 Pleistocene evolution

During the Pleistocene Epoch, the North Sea basin was reorganised repeatedly due to alternating glacial
and interglacial periods. During glacial periods sea level was relatively low while during interglacial periods
sea level could reach levels similar to those of the present-day (Streif, 2004).

During the early Pleistocene, the TNWWFZ was situated at the south-eastern edge of the central graben of
the North Sea where sediments have accumulated reaching thicknesses exceeding 800 m (Graham et al.,
2011) (Figure 11). The TNWWFZ was located in the transition zone between a deltaic plain and an open
marine environment, which was strongly influenced by the Baltic River System providing sediment to the
southern North Sea. At relatively higher sea levels the characteristics were marine whereas during lower sea
levels the characteristics were more estuarine/deltaic.

Figure 12 shows an overview of Pleistocene valleys and the maximum ice limits during the glaciations in
northwest Europe.
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Figure 12. An overview of Pleistocene valleys and the maximum ice limits during glaciations in northwest Europe with the
location of TNWWFZ (Huuse et al., 2000).

Between 500,000 years and 140,000 years before present, the landscape of the investigation area was in-
fluenced by glacial and interglacial periods.

During the Elsterian glaciation, the first of three widespread invasions of ice across the North Sea basin took
place. The ice of the Elsterian covered most of northern Europe including the eastern North Sea (Figure 12)
(Ehlers et al., 1984; Ehlers, 1990; Huuse et al., 2000) and thus covered the investigation area. Subglacial
channels were carved out which were later filled by the sediments of the Peelo Formation - Niewolda Mem-
ber during the late Elsterian and into the early Holsteinian interglacial, after the ice retreated and sea level
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rose (Laban et al., 1995b). Subglacial tunnel valleys are further addressed in section 5.5. The Holsteinian
interglacial was dominated by the Holsteinian Sea which had a similar extent to the present day (Streif,
2004) in which was deposited the marine Egmond Ground Formation on top of the Niewolda Member.

During the following Saalian glaciation, the investigation area was again covered by ice (Figure 12). The
periglacial sediments of the Boxtel Formation - Drachten Member were deposited. No channels from this
glaciation have been identified in the investigation area.

In the following Eemian interglacial, sea level rose again and the transgression deposited estuarine and shal-
low marine sediments (Eem Formation) in the investigation area and wider surroundings. During the late
Eemian and following Weichselian glaciation, sea level fell by about 40 m (Cameron et al., 1993) and the ice
did not reach the TNWWFZ (Figure 12). No sedimentary deposits are reported in the investigation area from
this time (but they may exist).

3.2 Holocene transgression

The seabed sediment map of Laban et al. (1995c) is the most valuable source of information about the Holo-
cene sediments within and around the investigation area.

With continuous sea-level rise at the beginning of the Holocene interglacial, tidal flat and shallow marine
sediments were deposited over the eastern half of the investigation area and open marine sediments across
the western half. Figure 14 shows the open marine and low energy Western Mud Hole Member covered
most of the western half and the high energy shallow marine facies of the Terschellinger Bank Member cov-
ered the eastern half. Since the early Holocene, the area was constantly in a marine environment until today.

4 PLEISTOCENE AND HOLOCENE STRATIGRAPHY
4.1 General information

This section focuses on Pleistocene and Holocene stratigraphy because there are no older stratigraphic
units forming part of the first 100 mbsf. Figure 13 shows that the depth to the base of the Pleistocene is
around 300-400 mbsf at the site. The oldest sediments which can be expected within the first 100 mbsf are
those forming part of the Yarmouth Roads Formation.
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Figure 13. Depth to the base of Pleistocene. Modified after Laban et al. (1995b).
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Most of the sub-seafloor information described in this study is extracted from two geological maps from the
1:250,000 series of the Geological Survey of the Netherlands (Sheet “Oyster Grounds” — “Quaternary Geol-
ogy” and “Seabed Sediments and Holocene Geology”). As these maps were published in 1995, they applied
an old and now redundant stratigraphic nomenclature.

In this study, we adopt the (litho-)stratigraphic framework of Rijsdijk et al. (2005) apart from the Yarmouth
Roads Formation. Several stratigraphic names and units have been reorganised or renamed as shown in
Table 2. We retain the classification of the Yarmouth Roads Formation as it is now split into Formation 4.1.1
and Formation 5.1.1 (Rijsdijk et al., 2005). This differentiation cannot be applied as the Yarmouth Roads
Formation was mapped as a single unit in the old surveys and no detailed information is available to re-
interpret.

Table 2. Differences between the old nomenclature and new nomenclature applied in this study.

Stratigraphic nomenclature used

Old stratigraphic nomenclature

in this study
Nieuw deland Gronden Formation — Southern Bight Formation — Terschel- Holocene
Terschellinger Bank Member linger Bank Member
Nieuw Zeeland Gronden Formation — Urania Formation — Western Mud Hole Holocene
Western Mud Hole Member Member
Eem Formation Eem Formation late Eemian to early Weichselian
Tea Kettle Hole Formation Boxtel Formation — Drachten Member Saalian
Egmond Ground Formation Egmond Ground Formation Holsteinian and early Saalian
Swarte Bank Member Peelo Formation — Niewolda Member late Elsterian to early Holsteinian
Yarmouth Roads Formation Yarmouth Roads Formation Bavelien to early Elsterian

Maps showing the distribution and thickness of each single geological formation beneath the investigation
area are not provided in this study. This is because there is a lack of detailed information necessary to pro-
duce reliable maps. The inclusion of such maps would be misleading as it would suggest an accuracy in
mapping that has no basis in reality because it is not based on actual information.

4.2 Expected formations

Within the investigation area the following formations are expected (Figure 17). The characteristics of each
stratigraphic unit are mainly sourced from Laban et al. (1995b). The descriptions start with the youngest and
work down the geological sequence to the oldest.

Southern Bight Formation — Terschellinger Bank Member (Holocene)

The Terschellinger Bank Member is a Holocene, shelly and sandy unit with a high-energy open marine
origin. It occupies the upper 1-4 m below the seafloor in the eastern half of the TNWWFZ. The sand is yellow
to olive grey and locally slightly muddy with an overall mud content of less than 10 %. Locally, gravel occurs
but the main grain size is 70-300 um. An open-marine mollusc fauna is present containing species such as
Turitella communis.

Urania Formation — Western Mud Hole Member (Holocene)

The Western Mud Hole Member is the open-marine low-energy equivalent of the Terschellinger Bank Mem-
ber. It consists of yellow to greyish-brown muddy, very fine to fine sand with a mean grain size of 63-150 um.
Its thickness ranges from 1 to 4 m and the mud content is greater than 10 %. An open-marine mollusc asso-
ciation is present with abundant Turitella communis.
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Eem Formation — (late Eemian to early Weichselian)

These sediments are described by Laban et al. (1995b) as partly consolidated, grey to dark grey, very fine to
medium, locally coarse-grained, sand with a thickness of 2-16 m. Regionally, they are known to infill Saalian
tunnel valleys and reach a thickness of 40-50 m. However, no Saalian tunnel valleys have been identified
across the investigation area. The formation also contains gravel, organic matter, shells and shell fragments
with local clay layers and laminae. The depositional environment is interpreted to be brackish to marine. It
should be noted that seismic profiles may indicate boulders within this formation. However, the depositional
environment is not typical for deposition of boulders and their origin is unclear.

Boxtel Formation — Drachten Member (Saalian)

The Drachten Member is composed of 2-8m of yellow-grey, very fine to medium-grained periglacial sand
which is slightly calcareous to non-calcareous, locally micaceous, and contains silt and clay laminae. This
member contains some organic matter and has no internal seismic reflectors.

Egmond Ground Formation (Holsteinian and early Saalian)

This formation consists of slightly shelly, grey, very fine to medium-grained, locally silty, sand with some
organic matter. The sediments are calcareous with occasional gravel or layers of very silty, sandy, stiff clay.
Generally, the thickness is between 4 m and 10 m but can be 6-30 m when deposited as infill of Elsterian
tunnel valleys. Laban et al. (1995b) suggested that the base of this formation is difficult to identify on high
resolution seismic profiles and that locally sub-parallel reflectors have been observed.

Peelo Formation — Niewolda Member (late Elsterian to early Holsteinian)

The Niewolda Member occurs around the investigation area only as infill of Elsterian tunnel valleys. The
valleys in the area can reach depths of 350 mbsf with widths of 8.5 km. The top of the Niewolda Member
was mapped at a depth of around 45-50 mbsf and the channel infill can, in places, be grouped into three
different facies: The uppermost facies shows local channelling and prograding reflectors, the middle facies
consists of glaciomarine and glaciolacustrine silty clay and the base facies is made up of fine fluvioglacial
sand and diamicton. In areas where no differentiation into sub-units is possible, the general sediment char-
acteristics are very stiff clay with silt laminae which were deposited in a glaciomarine and/or glaciolacustrine
environment.

Yarmouth Roads Formation (Bavelien to early Elsterian)

The top of the Yarmouth Roads Formation lies at about 45-50 mbsf and the depth of the base is estimated to
be around 180 mbsf. The sediments are fine to medium-grained sand, which can be slightly calcareous with
organic matter and laminae of clay. They were deposited in a fluviatile to marine pro-delta environment.

4.3 Geological model

The distribution and thickness of the stratigraphic units at the site are extracted from two geological maps by
Laban et al., 1995b, c of the Geological Survey of the Netherlands. The International Geological Map of Eu-
rope (Asch, 2005) released by the Bundesanstalt fir Geowissenschaften und Rohstoffe (BGR) shows an
inferred fault that strikes across the TNWWFZ (Figure 14) but no further information about the age or origin
of the fault is available. Table 3 provides an overview of the expected stratigraphical units together with their
expected depth and lithological characteristics.

The youngest geological unit beneath the seafloor of the eastern half of the investigation area is the South-
ern Bight Formation — Terschellinger Bank Member whereas in the western half the youngest unit is the Ura-
nia Formation — Western Mud Hole Member (Figure 14). The sediments of these members are thin (1-4 m)
over the entire investigation area (Figure 15).
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Table 3. Expected lithostratigraphic units with sediment properties, known seismic characteristic and estimated depth of
top layers.

Expected | Estimated

thickness | depth of top | Stratigraphical unit Expected lithology and seismic characteris-

(m) layer (mbsf)

tics

Southern Bight Formation —

i i 0,
Terschellinger Bank Member Fine to medium sand, less than10% mud content

Urania Formation — : 0
0-4 0 Western Mud Hole Member Fine sand, greater than 10 % mud content

Very fine to medium sand, gravel, organic matter, local

2-50 L-4 Eem Formation clay layer, boulders are indicated in seismic profiles
Boxtel Formation — Very fine to medium sand, organic matter. No internal
2-8 15-20 o
Drachten Member seismic reflectors
Very fine to medium sand, organic matter, gravel. The
4-30 25 _ 30 Egmond Ground Formation base of this formation can be difficult to identify on

seismic profiles. Locally, subparallel reflectors have
been observed

Can be grouped into three different facies: The top fa-

. cies shows local channelling and prograding reflectors;
Peelo Formation — 9 prog 9

>100 45 - 50 Niewolda Member the middle facies consists of glaciomarine and glacio-
lacustrine silty clay and the lowest facies is fine fluvio-
glacial sand and diamicton

>100 45— 65 yarmouth Roads Eormation E;nc?at; medium sand, organic matter, with laminations
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Figure 14. Map showing the geographical distribution of Holocene formations Data extracted from EMODnet and provid-
ed by Dr. Sytze van Heteren, Geological Survey of the Netherlands. The location of the cross section shown in Figure 17
is marked by ‘A-‘B. The position of the inferred fault is from the International Geological Map of Europe - IGME5000
(Asch, 2005). No further information is available regarding the age and origin of the fault.
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Figure 15. Thickness of the Holocene formations across the investigation area. Modified after Laban et al. (1995c).

Underlying the Holocene cover are the youngest formations of the Pleistocene; the Eem and Boxtel For-
mations (Figure 16). Most of the site sits on the Boxtel Formation with patches of the Eem Formation. The
Brown Bank Member of the Eem Formation only sub-crops to the north of the investigation area.
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Figure 16. Pleistocene sub-crop map of the investigation area with the location of cross section shown in Figure 17 and
the inferred fault from IGME5000. Data extracted from EMODnet and provided by Dr. Sytze van Heteren, Geological
Survey of the Netherlands. The position of the inferred fault is from International Geological Map of Europe - IGME5000
(Asch, 2005).
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Underlying the Boxtel and Eem Formations is the Holsteinian to early Saalian Egmond Ground Formation
which overlies the late Elsterian to early Holsteinian Peelo Formation — Niewolda Member and the Bavelien
to early Elsterian Yarmouth Roads Formation. The Niewolda Member is only preserved as infills of tunnel
valleys cut into the older Yarmouth Roads Formation during the Elsterian glaciation.

A deep (greater than 200 m thick) glacial channel infilled by the Peelo Formation — Niewolda Member is like-
ly to have been sampled below about 50 mbsf in core BG170054 (Figure 5) which lies about 2 km north of
the investigation area. The borehole reaches down to 96.8 mbsf and consists of sand interbedded with clay
in the top 50 m underlain by silty sandy clay from about 50 m depth to the base of the borehole. This valley is
mapped by Laban et al. (1995b) (Figure 18) and Passchier et al. (2010) (Figure 19).

No fluvial or tidal channels from the Eemain and early Holocene interglacials have been identified at the in-
vestigation area within the literature or on the geological maps. The same applies to boulder-rich formations
or glacial valleys from the Saalian and Weichselian glaciation. However, the perceived absence of these
geological features within existing datasets is likely due to the low density of data.

The only geological structures expected within the first 100 mbsf are glacial channels and Holocene chan-
nels. Glacial channels have been mapped by several authors and examples are shown in Figure 18 and
Figure 19. In these studies, the overall shape of glacial valleys is aligned in a north-south direction and the
geophysical survey of the neighbouring Gemini wind farm identified Holocene channels with a similar north-
south orientation. We therefore expect a general north-south orientation in TNWWFZ with local drifts towards
east and west due to the meandering nature of channels and glacial valleys. Due to the lack of borehole data
within the investigation area, the only reliable source of sub-seafloor information are the two geological maps
of Laban et al. (1995b, c). The geological cross-section published as part of the “Oyster Grounds” map that
covers the investigation area is enlarged and slightly modified in Figure 17.

Geological cross section

Southern Bight Formation - ‘B
Terschellinger Bank Member 0 m LAT

Urania Formation -
Western Mud Hole Member [ —— ——

Eem Formation \__7*— -

Boxtel Formation -
Drachten Member e —

Egmond Ground Formation . A
> — / \ /r

Peelo Formation -
Niewolda Member /

Yarmouth Roads Formation /

S— seabed (-36 m LAT)

— 50 mbsf

A ARCADIS 100 mbf

) -ENGINEERING.ore

GEOPHYSICS * BEOTECHNICE * ENGINECRING not to scale

Figure 17. Northwest to southeast cross section through the east-central part of the TNWWZFZ. Location of the profile is
shown in Figure 14 and Figure 16. Modified from Laban et al. (1995b).
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Figure 18. Location of Elsterian tunnel valleys according to Laban et al. (1995b).
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Figure 19. Overview map with glacial tunnel valleys in the southern North Sea off the Netherlands with the location of
TNWWEFZ in red. The infill of the glacial valleys is derived from multichannel seismic data and is indicated with shading.
Dark shading indicates depths greater than 200 m; light shading indicates depths less than 200 m (Passchier et al.,

2010).
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4.4 Geotechnical prerequisites

The Pleistocene deposits of the southern North Sea are often over-consolidated and have a high bulk densi-
ty (Lesny et al., 2002). Non-cohesive Pleistocene sediments typically show good bearing capacities and are
usually suitable as strata for offshore pile foundations (Lesny et al., 2002). Within the Pleistocene tunnel
valleys, the sediments are often heterogeneous with varying thicknesses. Typical glacial valley sediments
are sands but mixed with clays, silts, peats and other organic material. The valley slopes may be very steep
which often places dense sands with good bearing capacities next to heterogeneous cohesive material. Gla-
cial valleys should be a main target for geophysical site investigations for offshore wind farms. They should
be located precisely (both spatially and with depth) to reduce risks. Appendix 7 describes the typical ge-
otechnical parameters from the geological units found in TNWWFZ (from Laban et al., 1995b).

5 INSTALLATION CONSIDERATIONS

In this section the potential constraints are described relating to the installation of an offshore wind farm in
the investigation area.

5.1 Seafloor morphology

Most of the seafloor morphology is typical for a low to medium energy environment with limited sediment
transport. Large sand waves are absent (Figure 3) and the overall seafloor is generally featureless (apart
from the eastern part where symmetrical sand banks are present). This indicates together with the presence
of the finer grained Urania Formation that the conditions at the seafloor across most of the site are relatively
tranquil and sediment transport is limited. Therefore, we expect the seafloor morphology plays a minor role
for installation considerations at TNWWFZ similar to the neighbouring Gemini wind farm, where the vertical
seabed variation over 20 years is expected to be 1.4 m max (Svasek, 2012)

However, in the tide-influenced North Sea, scour around foundations and cables could be expected. Free-
spanning of cables could occur when the underlying sediment is removed or bedforms migrate across the
structure, creating stress on the cable.

52 Peat

Peat layers can obstruct the jetting procedure for offshore cable trenching and cause increased seafloor
heating as peat acts as a heat accumulator. The most prominent peat bearing formation, the Brown Bank
Member of the Boxtel Formation, is not present in the investigation area. However, the shallow Eem and
Boxtel formations occur below the investigation area which could contain peat. In the neighbouring Gemini
wind farm, the geophysical survey identified several shallow Holocene channels with peat deposits (Weigt,
2011). The geotechnical site investigation should address this topic accordingly since the shallow peat de-
posits can obstruct the cable laying procedure. The deeper Yarmouth Roads Formation can also contain
peat but this might only affect the foundation design because peat layers with a thickness greater than 10 cm
could be relevant. A suitable survey design is required to image the peat. .

5.3 Archaeology

The archaeology within the investigation area will be addressed in a separate study and is only summarised
here. Archaeological constraints could be ship wrecks, aeroplanes (especially from World War I1) and settle-
ments from the ancient human civilisations.

The mobile Southern Bight and Urania Formations could host ship wrecks and aeroplane wrecks. However,
due to the mobility of these members, remnants are expected to be found only at their bases. The Boxtel
Formation may contain hunter gatherer camps, flint and bone artefacts, burnt nuts and seeds, charcoal, and
hunting gear. The Eem Formation might contain remnants of Neanderthal camp sites, flint and bone arte-
facts.
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54 Boulders

Boulders are well-known obstacles within the shallow subsurface geology of the North Sea. The number of
boulders within the sediment or at the seafloor decreases with distance from the Scandinavian and British
ice shields. The location of the investigation area was twice covered by glaciers. It is therefore possible for
boulders to be found during further investigation or installation work. Figure 19 provides an overview of
channels and diamictons that could include boulders, which have been recovered in boreholes outside the
TNWWFZ (Passchier et al., 2010). In addition, local parallel and subparallel laminations in the seismic data
of the Geological Survey of the Netherlands indicated boulders within the Eem Formation (Laban et al.,
1995b).

55 Glacial valleys and Holocene channels

The investigation area has been ice-covered twice and has been in deltaic and tide-influenced environments
repeatedly in the geological past. In such environments, glacial valleys and channels are common, which
can have a different lithology than the surrounding area (Passchier et al., 2010; van der Vegt et al., 2012).
Passchier et al. (2010) defined two different valley types that occur at TNWWFZ. These are (1) 200-350 m
deep, less than 2 km wide, symmetrical U-shaped valleys with a uniform chaotic internal structure and (2) O-
200 m deep, 5-10 km wide, symmetrical valleys with no distinct form and crudely stratified top-lapping units.

The Pleistocene valley infill sediments are often very heterogeneous with varying thicknesses. Typical glacial
valley sediments are sands but also clays, silts, peats and other organic material can be preserved, as well
as varved clays and silts, gravel and diamicton. The valley slopes may be steep which often places dense
sands with good bearing capacities next to thick layers of heterogeneous material with varying cohesion. It is
recommended that the presence of glacial valleys and channels is addressed as part of the geophysical and
geotechnical surveys.

The investigation area was covered with ice during the Elsterian and Saalian glaciations. However, only El-
sterian-aged tunnel valleys have been identified. Laban et al. (1995b) identified a large Elsterian tunnel val-
ley aligned north-south through the western part of the site and a valley edge is present in the furthest west-
ern corner of TNWWFZ (Figure 18). Passchier et al. (2010) published a map with valley locations describing
one in the eastern part of the investigation area (Figure 19). In addition, the cross section in Figure 17 (La-
ban et al., 1995b) describes a cross-cutting Elsterian tunnel valley which is not included in the map of valley
locations. This information combined suggests that numerous tunnel valleys may cut across the TNWWFZ at
depth and they should be carefully mapped during the geotechnical and geophysical surveys.

Shallow Holocene channels may also occur throughout the investigation area with an anticipated northeast-
southwest orientation due to the influence of the Baltic River System. The channels could be of high ge-
otechnical significance due to their potential for spud-can failure. These channels would have a much small-
er lateral extent (tens of metres wide and hundreds of metres long) than the glacial valleys and are much
shallower. However, their influence on seafloor installation should be addressed carefully.

5.6 Geohazards
5.6.1 Natural earthquakes

Natural earthquakes are a threat to the structural health of every construction, including wind farms. To as-
sess the likelihood of an earthquake, the European project Seismic Hazard Harmonization in Europe
(SHARE) developed comprehensive maps of seismic hazard probability in Europe (Gardini et al., 2013).
Based on this research the investigation area of TNWWFZ is in a very low hazard area (Figure 20) if the
modelled values are extended onto the Dutch shelf.

Figure 10 shows the recorded earthquakes between 1975 and 2019. Eight earthquakes have been recorded
for the wider area with a magnitude never exceeding 4 with no events recorded within the TNWWFZ.

We therefore expect the risk for natural earthquakes at TNWWFZ to be low.
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Figure 20. This European Seismic Hazard Map (ESHM) displays the ground motion (i.e. the Peak Ground Acceleration
PGA) expected to be reached or exceeded with a 10% probability in 50 years, i.e. these values return on average every
475 years. Cold colours indicate comparatively low hazard areas (PGA<0.1g), yellow to orange colours indicate moder-
ate hazard areas (0.1<PGA<0.25g) and red colours indicate high hazard areas (PGA>0.25g) (Gardini et al., 2013)

5.6.2 Cables and pipelines

Two active cables and one inactive cable cross the investigation area. Together with two pipelines connect-
ed to the oil and gas installations, several corridors exist which potentially obstruct wind farm installation
(Figure 21).

5.6.3 Induced seismicity

Induced seismicity is seismic events caused by human activities. On the Dutch continental shelf, the only
potential cause is related to resource extraction (i.e. oil and gas). Reservoir exploitation through fracking is
also believed to cause seismic activity. Figure 21 shows the position of gas fields in and around the investi-
gation area. The only active gas field lies about 1 km north of the investigation area. This implies an active
change in the geological conditions in the deeper strata close to the planned wind farm zone which should
be addressed in further assessments. Even after active resource exploitation has been completed, subsid-
ence can occur which could be of danger to a wind farm.

Regular seismic events can be a threat to the structural health of offshore foundations.
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Figure 21. Locations of all pipes, cables and gas fields in and adjacent to the TNWWFZ (source: RVO.nl, NLOG).

5.6.4 Shallow gas pockets

Shallow gas pockets could have a serious effect on foundation behaviour because the geological units in the
sub-seafloor with gas in their pore water have a much lower bearing capacity than gas free zones. In addi-
tion to the risk posed to foundations these pockets can cause a threat to human health when inhaled during
geotechnical survey work.

There are two common sources for gas pockets. First, biogenic gases originate from bacterial decay of or-
ganic matter in the shallow sub-seafloor with little migration. Second, petrogenic gases source from much
deeper and migrate upwards along cracks and through permeable strata until they become trapped. In the
event that no trapping occurs, the uprising gas would eventually enter the sea and cause pockmarks to de-
velop around the discharge site (Schroot et al., 2005).

The literature and geological maps indicate that there is no shallow gas beneath the investigation area.
However, gas extraction occurs near the site and organic material may be present there (described in sec-
tion 4). Therefore, the perceived absence of shallow gas at TNWWFZ should not be misinterpreted as non-
existent shallow gas.

It is recommended that this topic is addressed in the geophysical survey to minimise the risk for the ge-
otechnical survey and the later installation of foundations. Shallow gas also presents other risks such as
difficulties related to spud-can penetration and potential gas blowout during drilling (with the potential for
rig/vessel destabilisation, explosions, and loss of life).

It should be further noted that gas rich sediments sampled from cores on deck of research vessels do not
necessarily represent the in-situ condition.
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6 CONCLUSIONS

This geological desk study has assessed all publicly available data to analyse the geology of the Ten Noor-
den van de Waddeneilanden Wind Farm Zone within the Dutch Exclusive Economic Zone.

The available bathymetry is dated 2007 and 2013 and covers all the investigation area. The modern ba-
thymetry is therefore similar to that shown in Figure 3. The water depth gradually increases from -33 m LAT
in the east to -39 m LAT in the west. The seafloor is mainly featureless. However, in the most eastern part of
TNWWEFZ, a few sand banks strike in a north to south direction. They are 1 to 5 km long, 500-700m wide,
and less than 1 m high above the surrounding seafloor.

No cone penetration test data (CPT) is available for the TNWWFZ on the web portal of TNO, the Geological
Survey of the Netherlands.

A total of 68 shallow cores and boreholes and 126 seafloor samples up to 10 km from the investigation area
were found on DINOloket. The seafloor penetration depth of most cores is less than 1 mbsf and so they were
not analysed further. One borehole within the investigation area and 19 boreholes within the vicinity of
TNWWFZ have sufficient depth for analyses, and were selected for assessment.

No boreholes (from NLOG) located in the investigation area provided insights into the deeper geology. The
boreholes within the vicinity of the site have no detailed descriptions for the upper 400 mbsf and were there-
fore discarded from further analyses.

The cores mainly consist of fine sand with a median grain size between 125 and 250 um with some medium
sand with a median grain size up to 350 um. These sandy deposits are calcareous in parts. Occasionally, the
sand contains interbeds of marine clay or loam with thicknesses of several centimetres to metres. An excep-
tion is core BG170054 which is dominated from about 50 mbsf to 100 mbsf by silty sandy clay which is likely
to be the infill deposit of an Elsterian glacial valley. Apart from this deposit recorded in a single borehole, the
stratigraphic identification and correlation of layers between different boreholes was not feasible due to the
similarity of the recovered lithologies. Correlation would be possible if additional detailed palynological and
micropaleontological analyses were available.

Several 2D digital, analogue and 3D seismic surveys extend across the investigation area, but the data is not
publicly available without extra charge. Most surveys were performed for deep exploration with high penetra-
tion depth (hundreds of metres to kilometres) and low vertical resolution. Therefore, the data are only suita-
ble to assess large-scale geological structures, but lack the detail to assess small features and heterogenei-
ties which are important for this study. Due to their low resolution, these surveys are not useful for interpreta-
tion of the top 100 m of the geological sequence which is the vertical section of interest for planning offshore
wind farms. The extra charge for data access, together with their unsuitability are the reasons why no seis-
mic data was assessed in this study.

To develop the stratigraphic framework, the nomenclature of Rijswijk et al. (2005) was applied except for the
Yarmouth Roads Formation, which is oldest formation at TNWWFZ.

The geological evolution of the TNWWFZ is characterised by cycles of glaciation and deglaciation and asso-
ciated sea-level changes. Fluviatile, deltaic, estuarine and shallow to open marine sediments were deposited
from the Middle Pleistocene to the Holocene, which are preserved in the upper 100 mbsf of the sequence
(which is the most significant part for the construction and operation of the offshore wind farm). This sedi-
ment consists mainly of sands and silty sands with clay intercalations. Greater thicknesses of cohesive sed-
iment occur as glacial valley infills.

Underlying the Holocene cover (Urania Formation — Mud Hole Member and Southern Bight Formation —
Terschellinger Bank Member) are the youngest formations of the Pleistocene; the Eem and Boxtel For-
mations. Most of the site sits on the Boxtel Formation with patches of the Eem Formation. The Brown Bank
Member of the Eem Formation only sub-crops to the north of the investigation area. Underlying the Boxtel
and Eem Formations is the Holsteinian to early Saalian Egmond Ground Formation which overlies the late
Elsterian to early Holsteinian Peelo Formation — Niewolda Member and the Bavelien to early Elsterian Yar-
mouth Roads Formation. The Niewolda Member is only preserved as infills of tunnel valleys cut into the older
Yarmouth Roads Formation during the Elsterian glaciation.

Geological structures like glacial valleys are anticipated to be aligned in a north-south direction whereas
shallow Holocene channels are expected to have a general northeast-southwest orientation.
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No major constraints were identified that would obstruct the development of an offshore wind farm in the
investigation area. A map showing pipelines and cables is presented in Figure 21. Selected minor con-
straints include:

Peat

Peat layers can interfere with the jetting procedure for offshore cable trenching and cause increased seafloor
heating as peat acts as a heat accumulator. The geotechnical site investigation should address this topic
accordingly.

Glacial valleys and shallow channels

Several studies have identified glacial valleys at depth which are distributed beneath the entire investigation
area. Within these valleys the sediments are often heterogeneous with varying thicknesses. The typical val-
ley infill sediment is sand, but clay, silt, gravel, diamicton, peat and other organic material can occur. The
valley slopes may be very steep which often places dense sands with good bearing capacities adjacent to
heterogeneous material with large thicknesses. No shallow channels closer to the seafloor have been de-
tected across the site, but they may be present as they are in the neighbouring Gemini wind farm. The over-
all shape of glacial valleys is aligned in a north-south direction and the geophysical survey at Gemini wind
farm identified Holocene channels with a similar north-south orientation. We therefore expect a general
north-south orientation for all shallow Holocene channels and older glacial valleys within TNWWFZ.

Both glacial valleys and shallow channels are of high geotechnical significance due to the potential for spud-
can failure. In general, the filled channels and valleys have different geotechnical parameters compared to
the surrounding sediments. The identification and mapping of these types of structures should be a high
priority for the future geophysical surveys.

Seafloor mobility

Most of the seafloor morphology is typical for a low to medium energy environment with limited sediment
transport. Large sand waves are absent in the bathymetry and the overall seafloor is generally featureless
implying low sediment transport rates (apart from the eastern part where symmetrical sand banks are pre-
sent). Therefore, the seafloor morphology plays a minor role for installation considerations at TNWWFZ.
However, seafloor mobility needs to be addressed in future assessments because there is the potential for
scour around foundations and cables, and for free-spanning of cables when the underlying sediment is re-
moved or bedforms migrate across the structure.

A comprehensive geophysical and geotechnical survey is suggested to follow this study prior to further de-
velopment of the wind farm area.
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8 APPENDIX

Appendix 1. Map showing the coverage and ID of each hydrographic survey used to build
the 2018 EMODnet digital terrain model.
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Appendix 2. List of DINOloket boreholes and recorded lithological descriptions reviewed in this study.

Location Distance to ETRS89/UTM31 N End depth [mbsf] Lithology

TNW [km]
Outside TNW 4.8 BM010003 647667 5981039 1980 10.0 Fine sand, occasional gravelly, not-highly calciferous
Outside TNW 10.4 BM010004 636376 5980874 1980 10.0 Very fine to medium sand, slightly gravelly, not to calciferous
Outside TNW 6 BM010007 640884 5982078 1991 27.0 Sand, occasional slightly clayey, silty or gravelly
Outside TNW 4.8 BM020002 658469 5981508 1996 11.0 Occasional gravelly sand, not-highly calciferous
Outside TNW 4.6 BM020004 669402 5981894 1996 6.7 Medium to coarse sand interbedded with clay (6-6.7mbsf)
Outside TNW 4.7 BM030050 680335 5982305 1996 12.0 Fine to medium sand, not-slightly calciferous
Outside TNW 49 BMO030052 691267 5982743 1996 7.2 Medium to coarse Sand, gravelly, not-highly calciferous
Outside TNW 9.5 BG160001 641320 5995411 1977 9.0 Fine sand interbedded with sandy clay (2-2.10mbsf, 5.3-9mbsf)
Outside TNW 3.2 BG160007 647244 5990404 1990 10.0 Fine sand (0-6.5mbsf), clayey sandy silt (6.5-10mbsf)
Outside TNW 10.3 BG160011 636317 5990161 1990 10.0 Very fine sand interbedded with organic clay (2-4mbsf)
Outside TNW 6 BG170001 663593 5995941 1977 10.0 Sand, clay (0-0.1mbsf), calciferous
Outside TNW 9 BG170017 668895 5995815 1989 10.0 Sand, gravelly, not calciferous
Outside TNW 1.8 BG170022 658239 5990835 1989 10.0 Sand, not-highly calciferous
Outside TNW 2.3 BG170054 659618 5991740 2000 96.8 sand interbedded with clay (0-50mbsf), silty sandy clay (50-100mbsf)
Outside TNW 7 BG180001 695234 5990428 1968 43.3 Sand, not-highly calciferous
Outside TNW 10.4 BG180002 688519 6002684 1968 30.7 Fine sand, not to calciferous
Outside TNW 4 BG180003 685387 5997111 1977 10.0 Sand, not-highly calciferous
Outside TNW 4.5 BG180020 690818 5992044 1989 8.6 Sand, not-highly calciferous
Outside TNW 10.2 BG180022 690425 6001331 1989 10.0 Fine to medium sand, clayey, gravelly, not to calciferous
Within TNW - BG180025 679998 5991536 1989 9.6 Gravelly sand interbedded with clay (3.50-5.50mbsf, 7-10mbsf)

Appendix 3. List of NLOG boreholes reviewed in this study

Location Distance to ETRS89/UTM31 N  End depth Lithology

TNW [km] X [m] [mbsf ]
Outside TNW 10,1 G16-02 637815 5993377 3029 0-496m Maassluis Formation
Outside TNW 7,4 G16-04 641627 5993050 3925 0-477m Maassluis Formation
Outside TNW 91 G16-05 636533 5986064 4010 0-389m Maassluis Formation
Outside TNW 7,3 G1l6-11 647887 5994799 3075 0-1521 North Sea Supergroup
Outside TNW 4,6 G17-01 664223 5994697 3947 0-501m Maassluis Formation
Outside TNW 4,5 G17-03 654752 5992988 3937 0-547m Maassluis Formation
Outside TNW 2,4 G17-A-01 659630 5991724
Outside TNW 7,6 G17-S-01 656894 5996752 3022 0-908 Upper North Sea Group
Outside TNW 5,0 G18-01 693885 5988907 4127 0-433m Maassluis Formation
Outside TNW 9,2 H16-01 698129 5989146 4200 0-428m Maassluis Formation

Outside TNW 6,1 MO01-01 640886 5982103 2527 0-451m Maassluis Formation
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Appendix 4. List of 3D seismic surveys across the TNWWFZ investigation area available

at NLOG

Survey ID Year

Z3NAM1993C
Z3CLY1998A

Z3NAM1991A

Z3NAM1990E

| Z3GDF2002A

1993
1998
1991
1990
2002

Appendix 5. List of analogue and digital seismic surveys across the TNWWFZ investiga-
tion area available at NLOG

Survey ID

Z2NOP1983A
Z2CON1987A
Z2WES1976A

Z2NAM1966D

Z2ARC1968A
Z2PET1988D

Z2NAM1980D
Z2NAM1966A

Z2CON1985A
Z2ECL1987A

Z2NAM1980A

Z2NAM1966F
Z2CON1984A
Z2INV1973A

Z2NAM1979N

Z2MOB1979C
Z2GS|11987C
Z2SEI1985A
Z2NAM1971E
Z2HAM19908B

Year

1983
1987
1976
1966
1968
1988
1980
1966
1985
1987
1980
1966
1984
1973
1979
1979
1987
1985
1971
1990

Survey ID

Z2\WES1985E
Z2BOW1990A
Z2NAM1973G
Z2\WES1985B
Z2MOB1983D
Z2MOB1982A
Z2GSI11985C
Z2NOP1987A
Z2GSI11985D
Z2MOB1985I
Z2MOB1984A
Z2NAM1987A
Z2MOB1984G

Digital

Z2BOW1990A
Z2NAM1987A
Z2NOP1987A

Z2NAM1984L
Z2TGS2010A

Year

1985
1990
1973
1985
1983
1982
1985
1987
1985
1985
1984
1987
1984

1990
1987
1987
1984
2010
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Appendix 6. List of recorded seismic events from IRIS and KMNI| database shown in Figure 10

Year

2006
2005
2004
1996
1996
1994
1993
1993
1993
1993
1988
1985
1982
1988

Month

04
09
06
09
08
10
12
09
07
06
04
09
07
04

Day

02
07
05
18
01
18
13
09
07
15
15
21
07
15

Time UTC

15:51:29

17:32:31

16:
17:
20:
18:
08:
15:
11:
09:
10:
22:
13:

19:
39:
55:
38:
59:
49:
48:
05:
49:
50:
48:

01
37
01
18
49
24
05
58
29
37
42

<
)
Q

w N W W W RN RN WOWN RN

N o O N O &~ U1 N W N W vk

Lat

54.
55.
54.
55.
55.
55.
55.
55.
55.
55.
54.
54.
55.
54.

197
101
427
553
123
465
140
519
501
072
315
800
378
111

Lon

6
4
7
6
4
5
4
6
4
5
6
4
4
6

44

.9800
.6245
.5480
.5906
.8327
.1204
.5832
.6926
.7149
.5478
.1305
.3000
.5339
.3317

Depth [km]

0
10
5
10
10
11.4
10
0
10.8
10
10
10
10
10

Region

NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH

SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA
SEA

IRIS ID

2188461
2066107
1781848
524767
503913
411247
349520
318102
315040
323529
3091992
3008233
2931393

Timestamp

1143993089
1126114351
1086452341
843068377
838932901
782505498
755773189
747589764
742045685
740135158
577104569
496191037
394897722
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Appendix 7. Geotechnical properties of geological formations recorded in boreholes in Dutch waters that are expected in the in-

vestigation area and its surroundings (Laban et al., 1995b).

GEOTECHNICAL PROPERTIES OF FORMATIONS AS MEASURED FROM
BOREHOLES IN THE DUTCH SECTOR OF THE MAP

Undrained Shear

] Strength kPa Plasticity Moisture Wet Dry Porosity Void Ratio Saturation

orriuon B ot Index Content Density Density % degree

Torvane penetro %1p % kg/m3 kg/m3
meter

Bolders Bank Fm 60-440 12-28 15-29 1890-2160 1080-1890 29-45 0.41-0.81 81-96
L 60-170 100-360 2337 18-22 1890-2100 | 1660-1800 3137 0.44-0.60 93-107
(Dc‘l’l:’;;"' Bank Fm 70-205 120-460 37-41 16-30 1600-2090 | 1440-1760 35-46 0.56-0.84 71-97
Eem Fm (sand) 1950-2110 | 1600-1800 32-40 0.47-0.65 89-69
ﬁ.'l‘;il‘;e' EankFm 170-5500 14-27 18-26 1800-2050 | 1490-1730 34-44 0.53-0.78 88-100
Cleaver Bank Fm 150-300 21-26 17-36 1930-2100 | 1410-1780 33-47 0.49-0.88 91-110
(diamicton) i ' . i )
Egmond Ground Fm 18-30 1800-2030 1400-1680 37-46 0.58-0.86 56-101
Swarte Bank Fm 76210 160-350 22-40 18-25 1950-2060 | 1570-1750 34-41 0.51-0.69 92-99
zgr’:(‘i‘)’“‘h Roads Fm 20-28 1900-1980 | 1400-1700 35-42 0.53-0.86 72-119
{;;’;’f“"' RoadsFm | 444.280 200-500 9-49 20 1800 1500 42 0.73 72
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Appendix 8. Geological borehole logs.

46





meter below sea floor

-0,0

-10,0

BG170001

0,00/~ & ¢ —\_0,10, CLAY, sandy, calciferous

0,10 L, ® 1,00, coarse SAND to medium SAND, grey, calciferous
L[] °°
Ll [ ]

1,00 O o © 3,00, coarse SAND, light-grey, slightly calciferous
[ ] L[]
L[] .. L[]
L] ° L[]
L[] ° L[]
[ ] ° L[]
L[] ° L[]

_ | %e ®

3,00 L 4,00, coarse SAND to medium SAND, grey, slightly calciferous
c L, 0
L[] o °

— ° . hd [E—

4,00 B 5,00, fine SAND to medium SAND, grey, calciferous

500 | - - 8,00 , fine SAND, grey, calciferous

800 [~ - * 10,00, fine SAND to medium SAND, grey, calciferous

10,00

Height scale: 1:100

Page 1 of 1

Name: BG170001

Cteree  RD200

Date: 07.08.1977 X-Coord: 162456
Source: modified from www.dinoloket.nl data Y-Coord: 677844
Type: shallow borehole Total Depth [m]: 10,00
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meter below sea floor

-0,0

-10,0

BG170017

000 [® e * 1,50 , coarse SAND to medium SAND, grey-brown, not calciferous

150 |[° - ° 4,00, fine SAND to medium SAND, grey-brown, not calciferous

400

7,00

7,00, coarse SAND, grey-brown, not calciferous

8,00, fine SAND to medium SAND, olive-grey, not calciferous

800 [° o [ 10,00, fine GRAVEL to medium GRAVEL, sandy, not calciferous

10,00

Height scale: 1:100

Page 1 of 1

Name: BG170017

Cteree  RD200

Date: 21.11.1989 X-Coord: 167752
Source: modified from www.dinoloket.nl data Y-Coord: 677539
Type: shallow borehole Total Depth [m]: 10,00
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meter below sea floor

BG170054

-0,0 0,00 — —_0,80, fine SAND, dark-olive-grey, not calciferous
0,80 4,00
4,00? 1 —\_4,40, fine SAND, silty, gravelly, light-grey to brown, not calciferous
440 \ 5,00
5,00 5,40 , medium SAND to coarse SAND, silty, gravelly, grey-brown, not calciferous
-10,0 540 — 7 9,00 _ . ‘
7 9,00 — —_ 10,30, fine SAND, silty, grey-brown, not calciferous
10,30 15,00
15,00? —\ 15,40, coarse SAND to medium SAND, clayey, grey-brown, slightly calciferous
15,40 \ 16,00
200 16,00%F 16,20, fine SAND, silty, grey-brown, slightly calciferous
— 16,20 — ——_ 20,00
20,00 20,30, coarse SAND to medium SAND, grey-brown, slightly calciferous
20,30 23,50
23,50 — ‘"} 24,40, CLAY, silty, gravelly, dark-grey-brown, highly calciferous
24,40 \ 24,50
24,50 25,20, CLAY, silty, dark-grey-brown, slightly calciferous
300 25,20 29,50
— 29,50 &~ 29,80, CLAY, silty, sandy, grey-brown, slightly calciferous
29,80 30,00
30,00 30,20, CLAY, silty, sandy, grey-brown, slightly calciferous
30,20 | . 35,00
35,00 /~ ——m=7 =\ 35,60, fine SAND, silty, olive-grey, slightly calciferous
3560 | 1|\ 36,00
400 36,00 36,90, CLAY, silty, sandy, olive-grey, slightly calciferous
— 36,90 — ——m7s —_40,00
40,00 7‘ 41,90, CLAY, silty, sandy, olive-grey, slightly calciferous
41,90 45,00
45,00 — : 45,90 , fine SAND, olive-grey, slightly calciferous
4590 H—\ 46,00
46,00 46,70, fine SAND, silty, olive-grey
-50,0
| -oU.L 46,70 — - —_ 50,00
50,00 \ 50,40, fine SAND, silty, olive-grey, slightly calciferous
50,40 54,00
54,00 | —P° 55,85, CLAY, silty, sandy, dark-olive-grey, slightly calciferous
55,85 59,00
| -60,0 59,00 | —° 60,80 , CLAY, silty, sandy, dark-olive-grey, slightly calciferous
60,80 64,00
64,00 | — _FF 65,80, CLAY, silty, sandy, dark-olive-grey, slightly calciferous
65,80 69,00
| -70,0 69,00 | —7T 70,80 , CLAY, silty, sandy, dark-olive-grey, slightly calciferous
70,80 74,00
7400 | —FF 75,80, CLAY, silty, sandy, dark-olive-grey, slightly calciferous
7580 79,00
| -80,0 79,00 — =TT " 79,90, CLAY, silty, sandy, dark-olive-grey, slightly calciferous
79,90 85,00
8500 |[— _FF 86,80, CLAY, silty, sandy, dark-olive-grey, slightly calciferous
86,80 90,00
-90,0 o N
90,00 == 91,80, CLAY, silty, sandy, dark-olive-grey, highly calciferous
91,80 95,00
9500 | _—FF 96,80 , CLAY, silty, sandy, dark-olive-grey, highly calciferous
- 96,80
Height scale: 1:500 Page 1 of 1
Name: BG170054
Reference ‘5 ARCADIS
RD 2000
system:
Date: 22.04.2000 X-Coord: 158340
Source: modified from www.dinoloket.nl data Y-Coord: 673778 <
"-ENGINEERING.crs
Type: shallow borehole Total Depth [m]: 96,80
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meter below sea floor

-0,0

-10,0

BG180003

0,00/~ Fe ¢ +] 0,10, coarse SAND to medium SAND, brown-grey, calciferous
0,10 L, ® 1,00, coarse SAND to medium SAND, grey, slightly calciferous
L[] °°
Ll [ ]
1,00 LA 2,00, coarse SAND, gravelly, grey, calciferous
[ ] L[]
L[] .. L |
__|%e )
2,00 Oo T 3,00, coarse SAND, grey, calciferous
[ ] L[]
L[] .. L[]
_ |%e *
3,00 ot 4,00, fine SAND to medium SAND, calciferous
400 |[® e |° 5,00, coarse SAND to medium SAND, gravelly, light-grey, calciferous
c L, 0
e o °
— ° . ° [E—
5,00 R 5,90, fine SAND, gravelly, grey, slightly calciferous
590 /7 [+ +] 6,00, fine SAND, yellow-grey, slightly calciferous
6,00 ., - 9,00, fine SAND to medium SAND, grey, not calciferous
9,00 [~ - ¢ 10,00 , fine SAND to medium SAND, gravelly, grey, not calciferous
10,00

Height scale: 1:100

Page 1 of 1

Name: BG180003

Cteree  RD200

Date: 08.08.1977 X-Coord: 184282
Source: modified from www.dinoloket.nl data Y-Coord: 678277
Type: shallow borehole Total Depth [m]: 10,00
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meter below sea floor

BM010003

-0,0 0,00 [~ - 1,00, fine SAND, gravelly, green, calciferous
1,00 |7 - ] 2,00, fine SAND, gravelly, green, not calciferous
200 [T - 3,00, fine SAND, green, slightly calciferous
3,00 |- T 4,00, fine SAND to medium SAND, green, calciferous
400 |- - ° 5,00, fine SAND to medium SAND, green-grey, calciferous
500 | - - 6,00 , fine SAND, green-grey, slightly calciferous
6,00 |- B 10,00 , fine SAND, green-grey, calciferous
10,0 -
10,00
Height scale: 1:100 Page 1 of 1
Name: BM010003
Reference ‘5 ARCADIS
RD 2000
system:
Date: 24.07.1980 X-Coord: 146032
Source: modified from www.dinoloket.nl data Y-Coord: 663483 &
-ENGINEERIN G.ors
Type: shallow borehole Total Depth [m]: 10,00

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

-0,0

-10,0

BM020002

000 [+ - 1,00, fine SAND, olive, slightly calciferous
1,00 O ° 5,00, coarse SAND to medium SAND, light-olive-grey, not calciferous
L, 0
e o
e, e
L[] ° °
L, 0
e o
e, e
o 4 °
c L, 0
e 4
e, e
o 4 °
c L, 0
e 4
— ° . S [E—
5,00 ® o ° 6,00, coarse SAND to medium SAND, gravelly, olive-grey, not calciferous
c L, 0
o o °
— ° . S [E—
6,00 ® o ° 7,00, coarse SAND to medium SAND, gravelly, olive-grey, slightly calciferous
. o [ ]
L[] P
[ . ®
7,00 U o { 8,00, coarse SAND, gravelly, grey, calciferous
[ ] L[]
L[] .. L |
o L] ° L[]
8,00 ® o 9,00, coarse SAND to medium SAND, gravelly, grey, calciferous
L, 0
L[] ° °
— ° A ° [E—
9,00 = 9 10,00, fine SAND to medium SAND, gravelly, grey, calciferous
10,00 [~ - ° 11,00, fine SAND to medium SAND, dark-grey, calciferous
11,00

Height scale: 1:100

Page 1 of 1

Name: BM020002

Cteree  RD200

Date: 02.04.1996 X-Coord: 156847
Source: modified from www.dinoloket.nl data Y-Coord: 663588
Type: shallow borehole Total Depth [m]: 11,00
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meter below sea floor

-0,0

BM030052

000 [*® e ¢ 1,00, coarse SAND to medium SAND, gravelly, olive-grey, calciferous
-, 0
L[] ° °
s, o
1,00 ® o 3,00, coarse SAND to medium SAND, gravelly, grey, calciferous
L, 0
L[] ®°
e, e
L[] °
L, 0
o o
300 |® e |° 4,00, coarse SAND to medium SAND, gravelly, olive-grey, slightly calciferous
e, 00
L[] '
400 |® o ° 6,00, coarse SAND to medium SAND, olive, slightly calciferous
c L, 0
o o4
e, e
o o4
c L, 0
L[] o °
— ° . S [E—
6,00 ® o ° 7,20 , coarse SAND to medium SAND, gravelly, olive, slightly calciferous
c L, 0
L[] P
e, e
— L by
7,20

Height scale: 1:100

Page 1 of 1

Name: BM030052

Cteree  RD200

Date: 02.04.1996 X-Coord: 189674
Source: modified from www.dinoloket.nl data Y-Coord: 663716
Type: shallow borehole Total Depth [m]: 7,20
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meter below sea floor

2,10

400

530

9,00

Height scale: 1:100

-0,0 0,00

2,00 — 5

500 |-

BG160001

: 2,00, fine SAND, grey, calciferous

-1 72,10, CLAY, organic, not calciferous

4,00, fine SAND, grey, not calciferous

5,00, fine SAND to medium SAND, gravelly, grey

5,30, fine SAND to medium SAND, gravelly, grey, calciferous

9,00, CLAY, sandy, grey, calciferous

Page 1 of 1

Name: BG160001

Cteree  RD200

Date: 07.08.1977 X-Coord: 140171
Source: modified from www.dinoloket.nl data Y-Coord: 678065
Type: shallow borehole Total Depth [m]: 9,60
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BG160007

meter below sea floor

-0,0 0,00 [~ - 3,00, fine SAND, grey-brown, highly calciferous
3,00 |- T 6,50 , fine SAND, brown-grey, not calciferous
6,50  [*= f 10,00, SILT, clayey, sandy, gravelly, grey-brown, slightly calciferous
-10,0 o e i
10,00
Height scale: 1:100 Page 1 of 1
Name: BG160007
Reference ‘5 ARCADIS
RD 2000
system:
Date: 03.05.1990 X-Coord: 145925
Source: modified from www.dinoloket.nl data Y-Coord: 672860 '“5
-ENGINEERING.ors
Type: shallow borehole Total Depth [m]: 10,00






meter below sea floor

BG160011

-0,0 0,00 [~ - 2,00, fine SAND, grey-brown, highly calciferous
200 |— — [ 4,00, CLAY, organic, dark-brown, not calciferous
4,00 m—— 9,00, fine SAND, not calciferous
900 [ - 7 10,00 , medium SAND, gravelly, grey, very slightly calciferous
-10,0 B - S
10,00
Height scale: 1:100 Page 1 of 1
Name: BG160011
Reference ‘5 ARCADIS
RD 2000
system:
Date: 08.05.1990 X-Coord: 134993
Source: modified from www.dinoloket.nl data Y-Coord: 672985 '“5
-ENGINEERING.ors

Type: shallow borehole Total Depth [m]: 10,00
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meter below sea floor

BG170022

-0,0 0,00 . 3,00, fine SAND, silty, grey-brown, highly calciferous
3,00 : 5,00, fine SAND, grey, not calciferous
500 8,00, fine SAND to medium SAND, gravelly, brown-grey, very slightly calciferous
8,00 : 9,00, fine SAND, grey, not calciferous
9,00
Height scale: 1:100 Page 1 of 1
Name: BG170022
Reference ‘5 ARCADIS
RD 2000
system:
Date: 05.12.1989 X-Coord: 156932
Source: modified from www.dinoloket.nl data Y-Coord: 672920 '“5

Type:

shallow borehole

Total Depth [m]: 10,00

"-ENGINEERING.ors

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

BG180001

-0,0 0,00 === 0,20
0,20 0,30, fine SAND, yellow to brown, slightly calciferous
0,30 0,40
0,40 0,50, fine SAND, grey
0,50 5,00
500/ ~\_5,10, fine SAND, yellow, not calciferous
5,10 ~ =_6,00
G,OOf 6,10, fine SAND, yellow, not calciferous
6,10 x 7,00
7,00% ﬂﬁm , fine SAND, yellow-grey, not calciferous
7,10 [ — 8,00
-10,0 g?gJE E\Lg,;o , fine SAND, yellow-brown, calciferous
5
s 1V L O
8,25 I — 1. 8,35, fine SAND, grey-yellow, calciferous
8,35 | i 9.00
9,00 | E ; | 9,10, fine SAND, light-grey, slightly calciferous
9,10 | | 9,20
9,20 | B _ ] | 9,30, fine SAND, gravelly, grey-brown, calciferous
9,30 I “ | 10,60
18,6% B ](1);8 , fine SAND, light-grey, calciferous
,70 | 11,
11,20 | r :\ | 11,30, fine SAND, grey, calciferous
11,30 | | 12,10
12,10 | | 12,20, fine SAND, grey, calciferous
12,20 | | 12,40
20.0 12,40 | F :\ | 12,50, fine SAND, grey, calciferous
— 12,50 | | 13,20
::gggJ L]igg , fine SAND, yellow-grey, calciferous
,9U | | 14,
14,00 | | 14,10, fine SAND, yellow-grey, calciferous
14,10 |F —— | 15,80
1238J L]ggg , fine SAND, yellow-grey, calciferous
»IU_| | )
18,30 | | 18,40, fine SAND to medium SAND, yellow-brown, not calciferous
18,40J{E E\ | 22,60
22,60 | | 22,70, fine SAND to medium SAND, light-grey, calciferous
22,70 | | 22,80, CLAY, grey, calciferous
22,80 | | 22,90, SILT, yellow-grey, calciferous
22,90 | | 25,00
25,00 | | 25,10, CLAY, grey, calciferous
| -30,0 25,10 | | 25,20, fine SAND, grey-white, not calciferous
25,20 34,20
34,20 [ ~\_ 34,30, medium SAND, gravelly, grey-white, not calciferous
34,30 38,70
38,70 / \_ 38,80, fine SAND to medium SAND, light-grey, not calciferous
-40,0 38,80 43,00
— 43,00 — & 43,30 , medium SAND, light-grey, not calciferous
43,30

Height scale: 1:250 Page 1 of 1
Name: BG180001
Reference ‘5 ARCADIS

RD 2000
system:
Date: 06.08.1968 X-Coord: 193899
Source: modified from www.dinoloket.nl data Y-Coord: 671263 '5

-ENGINEERING.ors

Type: shallow borehole Total Depth [m]: 43,30






meter below sea floor

BG180002

-0,0 0,00 j 0,52, fine SAND to medium SAND, light-yellow to grey
0,52 1,65
1,65 j 2,15, fine SAND to medium SAND, light-yellow to grey, calciferous
2,15 — ——_255
2,55 — —_3,00, fine SAND to medium SAND, yellow to grey, calciferous
3,00 4,60
4,60; “|___ 5,00, fine SAND to medium SAND, yellow to grey, slightly calciferous
5,00 5,90
590 — ——_6,20, fine SAND, light-grey, not calciferous
6,20 7,90
7,90j T 8,40, fine SAND to medium SAND, gravelly, light-grey, not calciferous
8,40 9,30
10,0 9,30 = | 9,70, fine SAND to medium SAND, gravelly, light-grey, calciferous
7 9,70 10,40
10,40 — B —_ 10,80, fine SAND, gravelly, grey, calciferous
10,80 ___ 1140
11,40 — —_ 11,90, fine SAND, grey, calciferous
11,90 12,60
12,60 — —_ 13,00, fine SAND, grey, calciferous
13,00 14,90
14,90 ~__ 15,40, fine SAND, grey, calciferous
15,40 17,10
17,10 — E| —— 17,45, fine SAND to SILT, clayey, light-grey
17,45 19,25
20.0 19,25 19,70, fine SAND, light-grey, calciferous
— 19,70 22,00
22,00 — ——_ 22,35, fine SAND, light-grey, calciferous
22,35 24,40
24,40? =l 24,75, fine SAND to medium SAND, light-grey, not calciferous
24,75 26,40
26,40 ° 27,30, fine SAND to medium SAND, light-grey, not calciferous
27,30 30,70
-30,0
e 30,70 — E 31,00, fine SAND to medium SAND, not calciferous
31,00
Height scale: 1:200 Page 1 of 1
Name: BG180002
Reference ‘5 ARCADIS
RD 2000
system:
Date: 06.08.1968 X-Coord: 187602
Source: modified from www.dinoloket.nl data Y-Coord: 683741 <
-ENGINEERING.ors
Type: shallow borehole Total Depth [m]: 31,00
GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

-0,0

BG180020

0,00 [ - ¢ 1,00 , medium SAND, gravelly, yellow-brown, calciferous
1,00 |7 - 2,00, fine SAND, grey-brown, not calciferous
200 [* . 4,00 , medium SAND to fine SAND, grey-brown, not calciferous

400 |- - 9 5,00, fine SAND to medium SAND, gravelly, grey-brown, not calciferous

5,00 ® o ° 8,60 , coarse SAND to medium SAND, gravelly, grey-brown, calciferous

8,60

Height scale: 1:100

Page 1 of 1

Name: BG180020

Cteree  RD200

Date: 07.11.1989 X-Coord: 189540
Source: modified from www.dinoloket.nl data Y-Coord: 673029
Type: shallow borehole Total Depth [m]: 8,60

A ARCADIS

"-ENGINEERING.ors

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

-0,0

-10,0

BG180022

000 [~ - H 0,50, fine SAND to medium SAND, clayey, gravelly, light-yellow to brown, not
J ___ calciferous
0,50 O 2,50, fine SAND, clayey, gravelly, light-grey, not calciferous

250 [* o [ 6,00 , medium SAND, clayey, gravelly, light-grey, calciferous

6,00 |[°®

m 9,00, medium SAND to fine SAND, clayey, gravelly, light-yellow, calciferous

9,00 |~ - H 10,00 , fine SAND, clayey, gravelly, light-yellow to brown, calciferous

10,00

Height scale: 1:100

Page 1 of 1

Name: BG180022

Cteree  RD200

Date: 07.11.1989 X-Coord: 189461
Source: modified from www.dinoloket.nl data Y-Coord: 682325
Type: shallow borehole Total Depth [m]: 10,00

A ARCADIS

"-ENGINEERING.ors

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

-0,0

BG180025

0,00 [~ - 1,00, fine SAND, brown-grey, slightly calciferous
1,00 LA 3,50, coarse SAND, gravelly, grey-brown, calciferous
[ ] L[]
L[] .. L |
L] ° [ ]
L[] ° L |
[ ] ° L[]
L[] ° L |
[ ] ° L[]
L[] ° L |
__|®e°®
3,50 = — = 5,50 , CLAY, grey-brown, calciferous
550 | - ] 7,00, fine SAND, gravelly, brown-grey, not calciferous
700 [ — 8,00, CLAY, gravelly, brown-grey, not calciferous
800 | — — 9,60 , CLAY, dark-grey, not calciferous
9,60

Height scale: 1:100

Page 1 of 1

Name: BG180025

Cteree  RD200

Date: 14.11.1989 X-Coord: 178707
Source: modified from www.dinoloket.nl data Y-Coord: 672887
Type: shallow borehole Total Depth [m]: 9,60

A ARCADIS

"-ENGINEERING.ors
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meter below sea floor

-0,0

-10,0

0,00 [~ - 2,00, fine SAND, green-grey, calciferous

BM010004

1 5,00, medium SAND to fine SAND, gravelly, green-grey, calciferous

5,00 * . 8,00 , medium SAND, gravelly, grey-brown, calciferous

8,00 [~ - ° 9,00, fine SAND, green-grey, slightly calciferous

9,00 [~ - 10,00 , fine SAND, green-grey, not calciferous
10,00

Height scale: 1:100

Page 1 of 1

Name: BMO010004

Cteree  RD200

Date: 24.07.1980 X-Coord: 134739
Source: modified from www.dinoloket.nl data Y-Coord: 663699
Type: shallow borehole Total Depth [m]: 10,00

A ARCADIS

"-ENGINEERING.ors

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

-0,0

-10,0

-20,0

000 [® - °®

BM010007

1,70, SAND

1,70 |- - [ 6,00 , fine SAND, clayey, grey

6,00 T 8,00 , fine SAND to medium SAND, silty, gravelly, dark-grey

800 |- - H 10,00 , fine SAND, clayey, dark-grey

10,00 [* o | 27,00 , medium SAND to coarse SAND, silty, olive-grey

27,00

Height scale: 1:200

Page 1 of 1

Name:

BM010007

Reference
system:

RD 2000

Date:

22.01.1991

X-Coord:

139286

Source:

modified from www.dinoloket.nl data

Y-Coord:

664751

Type:

shallow borehole

Total Depth [m]:

27,00

A ARCADIS

"-ENGINEERING.ors

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

BM020004

-0,0 000 [ - * 1,00 , medium SAND, olive-grey, slightly calciferous
1,00 [* . ° 3,00 , medium SAND, light-olive-grey, not calciferous
300 |[* . ¢ 4,00 , medium SAND to coarse SAND, gravelly, olive-grey, not calciferous
[ 0
0 .. ]
_ | %e ||
4,00 . 9 6,00 , medium SAND to coarse SAND, gravelly, olive-grey, calciferous
[ 0
0 .. ]
[ ) o °
0 . @
® g °
0 . ¢
_ | ®%e ]|
6,00 = — = 6,70 , CLAY, dark-grey, calciferous
670
Height scale: 1:100 Page 1 of 1
Name: BM020004
Reference ‘5 ARCADIS
RD 2000
system:
Date: 02.04.1996 X-Coord: 167789
Source: modified from www.dinoloket.nl data Y-Coord: 663605 '5
-ENGINEERIN G.ors
Type: shallow borehole Total Depth [m]: 6,70

GEOPHYSICS * GEOTECHNICS * ENGINEERING






meter below sea floor

-0,0

-10,0

BM030050

000 [ - * 1,00 , medium SAND, light-olive-grey, slightly calciferous
1,00 [* . ° 3,00 , medium SAND, light-olive-grey, not calciferous
300 |[* . ® 4,00 , medium SAND to coarse SAND, light-olive-grey, not calciferous
L] ° °
0 . ®
[ ] .
- ) -
4,00 . 9 5,00 , medium SAND to coarse SAND, gravelly, light-olive-grey, not calciferous
® g °
0 . ¢
[ ] .
- ) -
5,00 c . ® 6,00 , medium SAND to coarse SAND, light-olive-grey, not calciferous
® g °
0 . ®
[ ] .
- ) -
6,00 . 9 7,00 , medium SAND to coarse SAND, gravelly, olive-grey, not calciferous
L] ° °
. . 9
N . T
7,00 9 o T 9,00, medium SAND to coarse SAND, olive-grey, not calciferous
[ ] ° °
. « @
L] ° °
. .« ©®
[ ] ° °
. « @
L] .
. ) -
9,00 c . ¢ 10,00 , medium SAND to coarse SAND, gravelly, olive-grey, not calciferous
[ ] ° -.
L] .
_ ) -
10,00 9 o T 11,00 , medium SAND to coarse SAND, olive-grey, not calciferous
[ ] PR
0 . ®
_ | %e |
11,00 c . ¢ 12,00 , medium SAND to coarse SAND, gravelly, olive-grey, slightly calciferous
[ 0
0 .. ]
o [ ] o °
12,00

Height scale: 1:100

Page 1 of 1

Name: BM030050

Cteree  RD200

Date: 02.04.1996 X-Coord: 178732
Source: modified from www.dinoloket.nl data Y-Coord: 663647
Type: shallow borehole Total Depth [m]: 12,00

A ARCADIS

"-ENGINEERING.ors

GEOPHYSICS * GEOTECHNICS * ENGINEERING
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The creative commons license terms 4.0 CC BY apply to this material.

Please take notice of the general terms “Creative Commons Attribution 4.0 International
public License” before starting to use the license. These terms can be accessed by clicking
on this link https://creativecommons.org/licenses/

This investigation was carried out by Arcadis Nederland BV & Geo-Engineering.org
GmbH, commissioned by RVO.nl, an agency of the Ministry of Economic Affairs and
Climate Policy.

Whilst a great deal of care has been taken in compiling the contents of this investigation,
RVO.nl can not be held liable for any damages resulting from any inaccuracies and/or
outdated information.

The information in this document is valid at the time of publishing (see month/
year). Updates will be published on the website https://offshorewind.rvo.nl/ at the
relevant sitemap (TNW), General Information, submap Revision Log and Q & A.

In the Revision Log is indicated which versions are the latest and what the changes
are in relation to previous versions. The documents can be found at the relevant sites,
indicated in the List of all reports and deliverables.
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