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7 Geological Setting

In this section the geological setting for the OWF project site is presented.

7.1  Pre-Quaternary Geology

The OWF-project site is located off the west coast of mainland Denmark in the
Danish sector of the North Sea basin. The major structural features in the near
area are the WNW-ESE striking Sorgenfrei-Tornquist fault zone and the
Ringkgbing-Fyn High to the south. The North German Basin is located south of
the Ringkgbing-Fyn High (Ref. /11/). The main faults, salt structures, structural
highs and the top of Pre Zechstein are illustrated on Figure 7-1.

Structural map and Top Pre Zechstein
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Figure 7-1: Map of the top Pre Zechstein along with the major structural elements.
Salt structures are seen as white/hatched areas and structural highs are
marked by dots. Copyright GEUS WMS.

The North Sea is a failed arm of the Arctic-North Atlantic rift system occurring in
the Carboniferous to the Triassic along with the formation and breakup of
Pangea (Ref. /12/, Ref. /13/).
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The individual horizons were picked using a combination of the physical
characteristics of the seismic reflectors, seismic facies analysis and reflector
terminations.

Of key importance was to create a logical stratigraphy across the two surveyed
areas. It was also valued not to end up with horizons consisting of many
different geological events and geotechnical properties, but with more consistent
and homogeneous units in term of formation or geotechnical parameters. This is
one of the main reasons for the increase in interpreted seismic horizons
compared to the original interpretations by Fugro and MMT.

All interpretations are included in a Kingdom Suite project together with
processed seismic profiles in time and depth domain. Some of the 53 horizons
(including the seabed horizon, HO0) have been grouped together to reduce the
number of layers to present in grids and section plots. Grouping of layers have
only been created where it made sense geologically and did not cross any
primary geotechnical boundaries. The number of horizons used for creating grids
and section plots are 38 (seabed horizon + 37 base of unit horizons) and 38
integrated model units are presented.

9.4 Interpolation and adjustment of surfaces

An overview of the resulting integrated model units in the integrated geological
model and its relation to the previous model is presented in Table 9-1. To the
extent it was possible the unit nhumbers used in the previous West and East
models have been kept in the updated integrated geological model to allow
easier comparison to the previous works by Fugro and MMT. However, for many
new integrated model units it was not possible, and numbers have been added.

Table 9-1 Summary of updates to the horizon based geological model. Previous Units refer
to the two previous models - suffix W indicate model from West area by
Fugro and suffix E indicate model from East area by MMT.

Primary | Updated Base Comments to updates Chrono-
Previous integrated Horizons stratigraphic
) model

Units units group
U10E, u1o0 H10 No changes to H10 in the Holocene
uiow east, reinterpretation in the

west.
uiow, U1l H11 Sand layer found beneath Holocene
uiow, the most recent Holocene
u20w sand.
uiow, u12 H12 Internal layer in H20 Holocene
U10E,
u20w
u20w Ui3 H13 Internal clay layer in H20 Holocene
u20w ui4g H14 Internal sand layer in H20 Holocene
u20w U15 H15 Internal clay layer in H20 Holocene
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Figure 9-2: Line: EAX2277P01. Example of the bright seismic reflector indicating a
possible peat layer as identified in BH-1005.

A very strong reflector is identified as a peat layer at the base of Unit 85 in
several boreholes. The peat base is found in BH-1002, BH-1005, BH-1015, BH-
1007, and BH-1019. An example of the seismic reflector at the base can be
found in Figure 9-3. Peat was also found internally in Unit 85 at BH-1026.

A peat observation is made in Unit 90 in BH-1016. Ref. /4/ describes findings of
wood fragments within the different peat layers found in the area.
The last peat observation is made in Unit 95 in BH1016 in 67 m depth.

In Unit 38 a high amount of seismic bright spots/soft kicks has been observed
which indicate a change from harder to softer material. These spots could
indicate organic material or old bottoms of river channels where softer
sediments such as clay has been deposited. An example of the bright spots can
be seen in Figure 9-4 where they are marked by black arrows. In the same
figure, examples of hard kicks which could be smaller boulders are seen marked
by orange arrows.

Since most of the layers in the model are interpreted to be related to glacial
environments (Units 16 to 85) there is a potential for encountering boulders in
large parts the stratigraphy. Generally, hard kick bright spots which potentially
indicate boulders are not abundant anywhere in the model but have been
observed in different units. Potential boulders are not considered to constitute a
significant hazard within the OWF project site. However, a detailed study of
boulders and boulder picking is outside the scope of this report.
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Figure 9-3: Line BM1_OWF_E_2D_00210. Bright seismic reflector identified as peat in
several boreholes at the base of U85.
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Figure 9-4: Line BM5_OWF_E_2D_14490. Examples of seismic soft kicks (soft
sediments) (black arrow) and hard kicks (boulders) (orange arrow) in Unit
38.
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Gas in the sediment and fluids moving upwards can be seen as disturbance and
blanking of the seismic signal. A few instances of disturbances have been
recorded but gas has not been deemed a common occurrence within the OWF
project site. Throughout the site areas affected by gas disturbance only
constitute local areas of very limited extent mostly related to infill of younger
channels (see Figure 9-5). Examples of fluid migrations and gas disturbance can
be seen in Figure 9-6 and Figure 9-7.
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Figure 9-5: Overview of locations where local gas disturbance have been identified.
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Figure 9-6: Line BX4_OWF_E_XL_33000. Possible upward migrating fluids in the
sediment.
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Figure 9-7: Line EAT2229P01. Examples of acoustic disturbance/blanking the seismic
signal caused by gas content.

Active faults have not been observed within the OWF project site. Glacial thrust
faults have been observed in many parts of glacial and pre-glacial stratigraphy
especially within Unit 89 which is defined by these thrust faults. The thrust faults
are inactive and have not been active in post glacial time.
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Figure 9-37:  Unit 56 (U56) as interpreted in section BM2_OWF_E_2D_04620_01 (MMT)
with geotechnical logs from LOC-1053.

Unit 57

Unit 57 (see Figure 9-38) is present in the northernmost part of the site as a
relatively thin layer intersected by younger buried valleys. The unit generally
appears cross-bedded to chaotic. The unit is interpreted to have been deposited
in a periglacial fluvial or fluvial environment. The origin of this layer is uncertain,
and a coastal marine environment cannot be ruled out.

The unit consists of sand. Like the above lying Unit 56 it could be interglacial or
interstadial, but there is no information available to separate this unit clearly

from the underlying glacial deposits.

Enclosure 3.27 shows the depth below seabed of the top of Unit 57 and
enclosure 4.27 shows the thickness (isochore) of Unit 57.

Figure 9-38:  Unit 57 (U57) as interpreted in section BX1_OWF_E_XL 04000 (MMT) with
geotechnical logs from LOC-1050.
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Unit 58

Unit 58 (see Figure 9-39) is present in the northernmost part of the site and
consists mainly of sand. Like Unit 38, Unit 58 has large internal structures that
constitute downlapping clinoforms. The clinoforms may represent large scale
point bar deposits, an interpretation which is supported by their orientation
towards the channel-like depressions at the base of the unit indicating the SW
migrating thalweg path. Unit 58 is interpreted to represent a periglacial fluvial
deposit.

Enclosure 3.28 shows the depth below seabed of the top of Unit 58 and
enclosure 4.28 shows the thickness (isochore) of Unit 58.
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Figure 9-39:  Unit 58 (U58) as interpreted in section BX1_OWF_E_XL_05000 (MMT) with
geotechnical logs from LOC-1162.

Unit 59

Unit 59 (see Figure 9-40) is present in the central part of the site and consists
mainly of sand and interpreted to represent periglacial fluvial deposits on an
outwash plain. The unit is intersected by buried valleys of Unit 40 and the wide
Unit 35 valley.

Enclosure 3.29 shows the depth below seabed of the top of Unit 59 and
enclosure 4.29 shows the thickness (isochore) of Unit 59.
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Figure 9-40:  Unit 59 (U59) as interpreted in section EAX2281P01 (Fugro) with
geotechnical logs from LOC-1010 and LOC-1011.
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9.8.5 Elsterian (Unit 65 to Unit 73)

The term Elsterian used for this chronostratigraphic group is an interpretation
indicating that tunnel valleys within this group are older than the layers
(including tunnel valleys) assigned to the Saalian group. It is difficult to rule out
that the tunnel valley within this group could have been formed by an earlier
glacial advance within the Saalian Glaciation or an older glacial advance within
the Cromerian Complex.

The Elsterian group consists of three units: Unit 65 a buried valley partly
overlying the extensive buried valley complex of Unit 70 and deep deformation
structures reaching deeply into the Miocene deposits where Quaternary deposits
are mixed with Miocene deposits in Unit 73. Unit 70 is subdivided into 12
subunits representing different infilling events.

Unit 65

Unit 65 (see Figure 9-41) is present in the southern part of the site as a buried
valley which cut into the top of the Unit 70 buried valley complex. The buried
valley of Unit 65 is interpreted to have been formed by subglacial meltwater
erosion and filled by outwash deposits in the same process. Deposits consist of
sand.

Enclosure 3.30 shows the depth below seabed of the top of Unit 65 and
enclosure 4.30 shows the thickness (isochore) of Unit 65.
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Figure 9-41:  Unit 65 (U65) as interpreted in section EAC2029P01 (Fugro) with
geotechnical logs from LOC-1060.

Unit 70

Unit 70 represents infill deposits to a complex system of deep buried valleys
across the site and covers a large part of the site with an overall trending
orientation of NE to SW.
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Unit 70 consists mainly of two major valley systems which may not have been
formed at the exact same time, but stratigraphically they are placed in the same
position. To the NNW Unit 70 consists of a complex many-branched valley with
several connection points. To the SE Unit 70 consists of a less complex valley
with a distinct U-shape. Unit 70 is subdivided into 12 subunits (see Figure 9-42
and Figure 9-43). Generally, many of the different subunits represent different
infilling sequences.

Subunit 70-01 and Subunit 70-02 represent shallow layers of limited extent in
the NNW valley system. Subunit 70-01 is a layer of glaciolacustrine deposits
consisting of clay. Subunit 70-02 is also a clay layer, but with very different
appearance most likely due to glaciotectonic deformation.

Subunit 70-03 to Subunit 70-07 represents several infill sequences visible in the
southeastern part of the NNW valley system. The individual layers represented
by each subunit extend into several branches of the valley system, which
indicates that the different branches have been infilled in same process. The
valley branches have most likely been formed by subglacial meltwater currents
with shifting paths during the same glacial event. The subsequent infilling
process is interpreted to have taken place in the proglacial lacustrine
environment. Some of the infilling sequences have a distinct chaotic signature
indicating glaciotectonic deformation from a glacial readvance.

Subunit 70-03 and Subunit 70-04 represents laminated deposits. Subunit 70-03
contains silty clay and Subunit 70-04 contains deposits ranging from clay to
sand.

Subunit 70-05 is a clay layer with a distinct chaotic signature which is
interpreted to indicate that a glacial readvance has overridden the layer.

Subunit 70-06 is primarily a laminated deposit expected to consist of silt or clay,
however no CPTs or boreholes sample this layer.

Subunit 70-07 represents deposits ranging from low to high amplitude in the
seismic section and often chaotic reflections. The layer is interpreted to
represent both proglacial fluvial and lacustrine deposits which have been
glacially overridden. A single CPT sampling this layer indicates sand, however,
the layer is expected to contain mixed lithologies.

Subunit 70-08 represents the upper part of Unit 70 in the northern part of the
NNW located valley. Subunit 70-08 is a thick layer of proglacial lacustrine
deposits consisting of silty clay and clay. The layer is separated from the
underlying similar Subunit 70-09 by the impact of glaciotectonic deformation,
which can be seen in top of Subunit 70-09, while laminae of Subunit 70-08 seem
unaffected. However, later glacial events also do impact Subunit 70-08 in some
areas.

Subunit 70-09 is present in most of the major valleys of Unit 70 and constitutes
an often thick layer of mainly glaciolacustrine deposits.
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In some areas the layer has been affected by glacial readvances seen as internal
layer boundaries of glaciotectonic deformation. A minor part of the layer also
represents subglacial deposits - both till and glaciofluvial sand and gravel.
Otherwise, most of Subunit 70-09 is considered to consist of clay and silty clay.

Subunit 70-10 is the most extensively mapped subunit of Unit 70. The reflection
pattern is often chaotic with varying amplitudes. Generally, Subunit 70-10
consists of subglacial fluvial deposits, till and glaciotectonically deformed
proglacial fluvial and -lacustrine deposits.

In the major valleys Subunit 70-10 is often a relatively thin layer at great depth
but is also present as the only unit in many valleys. From CPT and borehole
samples, Subunit 70-10 is expected to be dominated by sandy deposits.

Subunit 70-11 is present only in the large valley in SE part of the site. Subglacial
fluvial to proglacial lacustrine deposits are interpreted to dominate Subunit 70-
11 but sub- and proglacial fluvial deposits are also interpreted to be part of the
layer. The reflection pattern shows laminated to chaotic layers generally with
high amplitudes. The deposits are dominated by sand.

Subunit 70-12 is the deepest subunit in the large valley in the SE part of the site
and generally represents chaotic deposits interpreted to primarily be subglacial
fluvial deposits and till. The reflection pattern is chaotic and generally with high
amplitudes. The deposits are dominated by mixed lithologies (sand-silt-clay
mixtures) or coarse deposits (sand and gravel).

Enclosure 3.31 shows the depth below seabed of the top of Unit 71 and
enclosure 4.31 shows the thickness (isochore) of Unit 70.
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Figure 9-42:  Subunits of Unit 70 (U70) as interpreted in section EAX2290P01 (Fugro)
with geotechnical logs from LOC-1107.
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Figure 9-43:  Subunits of Unit 70 (U70) as interpreted in section
BM2_OWF_E_2D 04200 (MMT) with geotechnical logs from LOC-0164,
LOC-0011, and LOC-0005.

Unit 73

Unit 73 (see Figure 9-44) is a unit which represents deep glaciotectonic
deformation and mixing with underlying Miocene deposits. Within this unit it can
be difficult to separate the Pleistocene deposits and the Miocene deposits.
Boreholes within the area all indicate deposits that are interpreted to be of
glacial origin.

Enclosure 3.32 shows the depth below seabed of the top of Unit 73 and
enclosure 4.32 shows the thickness (isochore) of Unit 73.

22000

CHfzer 15000 m‘o}a 21000

167.000
17100
175 0008
173,008

Figure 9-44:  Unit 73 (U73) as interpreted in section BM4_OWF_E_2D 11340 (MMT)
with geotechnical logs from LOC-1046.
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9.8.6 Elsterian or older (Unit 75 to Unit 85)

The chronostratigraphic group Elsterian or older include layers which are
interpreted to be older than the units in the Elsterian chronostratigraphic group.
Some of the layers within this group is expected to predate the first glacial
advance in Pleistocene. The ages of the deposits within this group are uncertain
and could potentially include ages between Elsterian and Pliocene (Pre-
Quaternary).

Unit 75

Unit 75 (see Figure 9-45) is present primary in the western part of the site and
represent mainly sandy deposits interpreted to belong to periglacial or
interglacial fluvial to lacustrine depositional environments. Layers of peat has
been found within the unit.

Enclosure 3.33 shows the depth below seabed of the top of Unit 75 and
enclosure 4.33 shows the thickness (isochore) of Unit 75.
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Figure 9-45:  Unit 75 (U75) as interpreted in section EAF6073P01 (Fugro) with
geotechnical logs from LOC-1091.

Unit 85

Unit 85 (see Figure 9-46) is present primary in the central, southern and
western part of the site and represent mainly sandy deposits interpreted to
belong to both subglacial fluvial, periglacial fluvial and pre-glacial fluvial
environments.

It is difficult to determine the age of the unit more specifically. It is interpreted
to be mixed - partly glacial Pleistocene, but also pre-glacial Pleistocene and
possibly partly Pliocene deposits from the Eridanos river system (see section
7.1) (if the early Pleistocene and Pliocene deposits have been preserved in the
area and not completely eroded away by the glaciations in Mid and Late
Pleistocene).
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Layers of peat have been found within the unit and is interpreted to originate
from the fluvial system.

1700 17

Figure 9-46:  Unit 85 (U85) as interpreted in section EAX2287P01 (Fugro) with
geotechnical logs from LOC-1017 and LOC-1019.

Since the layer primarily comprises sand, it has geotechnically been considered
less important to subdivide the layer further.

Enclosure 3.34 shows the depth below seabed of the top of Unit 85 and
enclosure 4.34 shows the thickness (isochore) of Unit 85.

9.8.7 Miocene (Unit 89 to Unit 96)

The Miocene chronostratigraphic group consists of four mainly marine units. Unit
89 consists of glaciotectonically deformed Miocene layers. Unit 90 is interpreted
to consist of prodelta to fluvial deposit and Unit 95 and Unit 96 consist of
laminated marine deposits.

Unit 89

Unit 89 (see Figure 9-47) consists of glaciotectonically deformed primarily
Miocene marine deposits. The originally planar layers have been riddled with
thrust faults and folds.

The décollement (gliding plane, basis of deformation) is in many places located
deeper than the seismic sections, which reach approximately 190 m below MSL.
The deformed deposits are considered primarily to be clay dominated parts of
Miocene marine layers. Chronostratigraphically these deposits are expected to
correlate mostly with Unit 96 but also Unit 95 in some areas.

In Figure 9-47 some of thrust fault lines are inclined in the opposite direction

that primary trend (push from north-west) could indicate that some of the thrust
blocks have been turned or folded. It could also just indicate that the direction of
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the deformation has not be uniform the through the different ice sheet advances
which have driven the deformation.

Unit 89 is not considered the line up with a paleo ice margin. The reason why
the deformation has not continued further to the south is that the overlying sand
layers (U75, U85, U90, upper part of U95) are considered too coarse grained for
pore pressure to build up in the sediments below the ice margin to drive the
deformation.

On a single location on the site, the Miocene layers are deformed by normal
faults. This location is interpreted to have experienced local subsidence. The
subsidence is interpreted to be caused by salt tectonics. Only the Miocene layers
seem to have been affected by this deformation and the overlying deposits show
no impact of the subsidence. This indicates that the subsidence took place
before the overlying Quaternary layers were deposited.

According to Figure 7-1 the area covered by Unit 89 to some extent coincides
with areas affected by salt-tectonics. However, the extensive thrust fault
structures make it difficult to identify the impact of the salt-tectonics in the area.

Enclosure 3.35 shows the depth below seabed of the top of Unit 89 and
enclosure 4.35 shows the thickness (isochore) of Unit 89.
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Figure 9-47:  Unit 89 (U89) as interpreted in section BM2_OWF_E_XL_08000 (MMT) with
geotechnical logs from LOC-1043. The black line polygons outline the area
visibly influenced by subsidence interpreted to be caused by salt tectonics.
Grey lines in the sections some of the thrust faults within Unit 89.

Unit 90

Unit 90 (see Figure 9-48) is interpreted to indicate fluvial to deltaic and pro-
deltaic sand deposits which are interpreted to belong to Miocene (alternatively
Pliocene).
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Unit 90 could be related to the Marbaek Fm or the Luna Fm, but this correlation
is uncertain. The base of Unit 90 has possibly been interpreted too shallow in the
western part and the sand may extend deeper than the horizon indicates. The
internal structure of Unit 90 ranges from large scale downlapping clinoforms
most pronounced in the eastern part of its extent to transparent and slightly
chaotic reflections with some sub-horizontal extensive internal reflectors.

Enclosure 3.36 shows the depth below seabed of the top of Unit 90 and
enclosure 4.36 shows the thickness (isochore) of Unit 90.

Figure 9-48:  Unit 90 (U90) as interpreted in section BX4_OWF_E_XL_33000 (MMT) with
geotechnical logs from LOC-1006.

Units 95 and 96

Unit 95 and Unit 96 (see Figure 9-49) consist primarily of laminated clay
deposits. These could primarily be correlated to the Gram Fm. However, it is
uncertain if internal sand layers could be correlated to the Marbak Fm. The
interpreted boundary between Unit 95 and Unit 96 was an attempt to divide a
sandier upper unit from deeper more consistent clay unit. However, the
boundary doesn't seem to match this trend everywhere - sand extends deeper
in some areas and stops at shallower depths in other areas. The boundary has
mostly been kept to provide an understanding and illustration of the dipping
trend of the bedding planes of Unit 95 and Unit 96 towards southwest.

Even though the mapped boundary doesn't match a shift in trend completely
(shift from sand and clay interlayering to consistent clay), the trend can be seen
in samples and CPT responses across the OWF area.

Enclosure 3.37 shows the depth below seabed of the top of Unit 95 and

enclosure 4.37 shows the thickness (isochore) of Unit 95. Enclosure 3.38 shows
the depth below seabed of the top of Unit 96.
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Figure 9-49:  Unit 95 (U95) and Unit 96 (U96) as interpreted in section
BX3_OWF_E_XL_17000 (MMT) with geotechnical logs from LOC-1025,
LOC-1116, and LOC-1028. In the section between 4500 m and 9500 m
U89 is interpreted to represent subsidence structures resulting from salt
tectonics. The black line polygons outline the area visibly influenced by the
subsidence.
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10 Geotechnical zonation and
representative soil profiles

Based on the geotechnical and geophysical data, and the interpreted model a
soil zonation has been made. The soil zonation provides the basis for clustering
the main geological deposits and structures relevant for the wind turbine
foundations.

The soil zonation is further simplified into one single map dividing the entire site
into seven (7) different geotechnical zones. The simplification is made by
selecting the most significant parameters in relation to foundation conditions.

The purpose of the geotechnical zonation map is to provide a geological
overview of the OWF project site with regards to foundation conditions. The map
should ideally divide the OWF project site into a limited humber of provinces
with similar foundation conditions.

The workflow of the process is presented in Figure 10-1.

Identifying
representative

Identification Map presenting

of relevant variation of Geotechnical soil profiles

within each
zone

layers and relevant layers zones
structures and structures

Figure 10-1 Workflow for dividing the area into geotechnical zones.

10.1.1 Identification of relevant layers and structures

For the geotechnical zonation of the OWF project site, relevant layers and
structures have been identified. For the identification of these relevant layers
and structures, focus have been on the following:

e Soils present at depths less than 50 m below seabed, as this depth range is
considered relevant for wind turbine foundations.

e Mapping extent of weaker soil layers.

Regarding weaker soil layers, it is noted that the OWF project site generally
consist of good soil conditions in regard to foundation installation and design.
Some weaker geotechnical units which are normally consolidated to slightly
over-consolidated are present. However, these geotechnical units generally have
limited thickness (except for Geotechnical zone VII, cf. section 10.4.7) and
hence their presence does generally not hinder foundation design, but they have
some effect on foundation dimensions.

The ground conditions at the OWF project site consists of a large number of
coarse-grained materials.

A243327_Energy Island Project Geomodels Energinet_Report_Final deliverable_2.0.docx



COWIL
110 INTEGRATED GEOLOGICAL MODEL FOR THE ENERGY ISLAND PROJECT

The coarse-grained material generally contains a high relative density (and
hence also a high strength and stiffness) for both younger and older sediments.
Some increase in relative density is however observed from the deposits in
integrated model unit U30 to the deposits in integrated model unit U35. Hence,
the depth to top of U35 (and deeper integrated model units) is considered a
relevant boundary for zonation as a shallow depth below seabed to this
boundary indicates competent ground conditions for WTG foundation design.

Within the Holocene, Late Weichselian and Weichselian chronostratigraphic
groups, the clay deposits encountered are typically normally consolidated to
slightly over-consolidated, whilst older clay deposits are generally over-
consolidated to highly over-consolidated. Hence, the strength and stiffness of
the clay deposits within Holocene, Late Weichselian and Weichselian are
generally low, and the thickness of these clay deposits has a significant effect on
the wind turbine foundations, with increasing thickness resulting in increased
size of WTG foundations. The clays in integrated model units U13, U15 and U21
are generally slightly softer than the clays in integrated model units U17, U18,
U23 and U25. Hence, for the geotechnical zonation the combined thickness of
U13, U15 and U21, as well as the combined thickness of U13, U15, U17, U18,
U21, U23 and U25 are relevant for the geotechnical zonation.

The material from the Elsterian and older chronostratigraphic groups show
slightly higher over-consolidation compared to the material from Saalian
chronostratigraphic group. Hence, the depth to top of integrated model unit U65
(and deeper units) is relevant for the geotechnical zonation as a shallow depth
below seabed to this boundary indicates very competent ground conditions for
WTG foundation design.

Given the above considerations four maps have been prepared. These maps are
considered to provide valuable input for the geotechnical zonation. The
presented maps are as follows:

e Figure 10-2 presents a map showing the combined thickness of U13, U15
and U21. The map hence shows the combined thickness of the softer clay
layers within Holocene, Late Weichselian and Weichselian.

e Figure 10-3 presents a map showing the combined thickness of U13, U15,
U1l7, U18, U21, U23 and U25. The map hence shows the combined thickness
of clay layers within Holocene, Late Weichselian and Weichselian.

e Figure 10-4 presents a map showing the depth below seabed to top of U35
and deeper units. The map hence shows the depth to the high relative
density material present in U35 and deeper and competent integrated model
units.

e Figure 10-5 presents a map showing the depth below seabed to top of U65
and deeper integrated model units. The map hence shows the depth to the
Elsterian and older chronostratigraphic groups which exhibit high over-
consolidation ratio.
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Figure 10-2 Combined thickness of U13, U15, and U21.

Figure 10-3 Combined thickness of U13, U15, U17, U18, U21, U23, and U25.
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Figure 10-4 Depth below seabed to top of U35 and deeper units.
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Figure 10-5 Depth below seabed to top of U65 and deeper units.
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e The combined thickness of U13, U15, U17, U18, U21, U23 and U25 is
considered higher importance than the depth to top of U35 and deeper
units, and the depth to top of U65 and deeper units. Hence, for areas with
large, combined thickness of U13, U15, U17, U18, U21, U23 and U25 also
sub-zones due to these other criteria are not considered.

e The depth to top of U35 and deeper units is considered more important than
the depth to top of U65 and deeper units. Hence, for areas with large depth
to top of U35 and deeper units, sub-zones for the depth to U65 and deeper
units are not considered.

Based on the above considerations seven (7) geotechnical zones as presented in
Figure 10-7 have been defined. The geotechnical zonation map is also added as
Enclosure 1.04. The characteristics of the geotechnical zones are described in
detail in section 10.4. Geotechnical zone I to VI generally show good ground
conditions for WTG foundation design and installation, with the conditions
generally being most competent for Geotechnical zone I. For Geotechnical zone
VII thick deposits of soft clay are anticipated and hence in this zone heavy WTG
foundations are expected to be required.
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: Z
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6270000

6260000
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o Legend
S ) OWF Project site
] + Geotechnical zonations
o B Zonel
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Zone 11T
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0 2 4 6 8 10 km B Zone VI
N TN . 340000 350000 360000 Bl Zone VII

Figure 10-7 Geotechnical zonation.
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10.4.7 Geotechnical zone VII

This zone is characterised by having very large total thickness of U13, U15, U17,
U18, U21, U23 and U25 (up to 70 m total thickness), which generally consist of

soft normally to slightly over-consolidated clay material. LOC-1122 is selected as
the representative geotechnical profile as this is the only test location within the
zone. The CPT profile is presented in Figure 10-16 together with the stratigraphy

in Table 10-9.
LOC-1122
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Figure 10-16 q. and f, from CPT measurements for LOC-1122 found as representative
for zone VII. More information about the location can be found in Appendix
A.

Table 10-9 Soil stratigraphy for LOC-1122 found as representative for zone VII.

Layer Top [m] Bottom [m] Integrated Geotechnical
model unit unit
1 0 3.6 Uil Holocene
) Sand
2 3.6 12.7 u13 Holocene
Clay
3 12.7 14.8 Uul4g Holocene Mix
4 14.8 18.5 ul4 Holocene
Sand
5 Late
18.5 40.2 Uiz Weichselian
Clay
6 Late
40.2 44.8 u19 Weichselian
Mix
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Enclosures 2.02 and 2.03 with the zonation presented in Figure 10-7 (and Enclosure 1.04) shows
that the higher leg penetration risk mainly occurs in the geotechnical zones with thick layers of
normally consolidated clays, which is also expected based on the considered criteria for the leg
penetration analyses and the descriptions for the geotechnical zones defined from the zonation.
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Table 11-2 Summary table presenting categories and corresponding potential risks.

Category

Description Potential risk(s)

> Category 1 comprises locations where in the first 25 meters below the > Leg scour
seabed only sand and/or very competent silt/clay layers are encountered.

> If sand is encountered at seabed level, there might be a risk of scour.

> Category 2 comprises locations where in the first 25 meters below the > Leg scour
seabed only sand is encountered, except for an interbedded thin clay layer,

which presents the potential for squeezing. > Squeezing
> If sand is encountered at seabed level, there might be a risk of scour.

> According to Ref. /32/ and considering the spudcan geometry of both
vessels, the following criteria has been applied in order to select locations
within Category 2:

> Thickness of clay layer to be:
> < 2.8 m (Generic Installation Vessel),
> < 1.0 m (Generic O&M Vessel).
> Top of clay layer to be:
> < 24.4 m depth (Generic Installation Vessel),
> < 8.7 m depth (Generic O&M Vessel).

> The formula given in Ref. /32/ is not dependent on the strength of clay
layer. In the current assessment it was however considered relevant to
consider that only a clay layer with a corresponding conservative ¢, as per
below has the potential of squeezing:

> < 300 kPa (Generic Installation Vessel)

> < 200 kPa (Generic O&M Vessel)

> Category 3 comprises locations where in the first 25 meters below the > Leg scour
seabed sand is encountered and overlies a thick clay layer, which presents
potential for rapid penetration, i.e., the risk of fast leg penetration (if rapid
penetration occurs during preloading) or punch through (if rapid penetration
occurs during operations). > Punch through

> Fast leg
penetration

> If sand is encountered at seabed level, there might be a risk of scour. > Difficulties
during leg

> To select locations within Category 3, the following criteria has been .
extraction

applied:
> Thickness of clay layer to be (in order not to consider squeezing):
> > 2.8 m (Generic Installation Vessel),
> > 1.0 m (Generic O&M Vessel).
> Strength of clay layer ¢,
> < 150 kPa (Generic Installation Vessel),
> < 100 kPa (Generic O&M Vessel).

> In the event of fast leg penetration or punch through occurring, the spudcan
can penetrate deep into clay layer, thus leading to potential retraction
difficulties, due to suction below spudcan and weight of soil above spudcan.
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12 List of deliverables

Below is a complete list of appendixes and enclosures delivered with this report.

Appendixes

Number Title

Appendix A Interpreted stratigraphy at CPT locations

Appendix B CPT for geotechnical units

Appendix C Calculated soil properties per CPT location

Appendix D CPT plots per geotechnical unit including properties from laboratory
testing

Appendix E Range of soil properties per geotechnical unit

Appendix F Conceptual geological model

Appendix G Soil profiles for LPA assessment

Appendix H Units in superseded models

Appendix I Units in updated integrated geological model

Enclosures

Number Title

1.01 Overview map Bathymetry

1.02 Overview map Survey lines - SBP

1.03 Overview map Survey lines - 2D UHRS

1.04 Geotechnical zonation

1.05 Variation of relevant geotechnical layers

1.06 Shallow, very weak clay soils (U13, U15, U21) Thickness (isochore)

1.07 Shallow, very weak to weak clay soils (U13, U15, U17, U18, U21,

U23, U25) Thickness (isochore)

1.08 Depth to high strength soils (U35 and all deeper units)

1.09 Depth to very high strength soils (U65 and all deeper units)

2.01 Geotechnical test locations

2.02 Leg penetration analysis - Generic Installation Vessel

2.03 Leg penetration analysis - Generic O&M Vessel

3.01 Top of model layer Unit 10 Depth below seabed

3.02 Top of model layer Unit 11 Depth below seabed

3.03 Top of model layer Unit 12 Depth below seabed

3.04 Top of model layer Unit 13 Depth below seabed

3.05 Top of model layer Unit 14 Depth below seabed

3.06 Top of model layer Unit 15 Depth below seabed

3.07 Top of model layer Unit 16 Depth below seabed

3.08 Top of model layer Unit 17 Depth below seabed

3.09 Top of model layer Unit 18 Depth below seabed

3.10 Top of model layer Unit 19 Depth below seabed

3.11 Top of model layer Unit 20 Depth below seabed

3.12 Top of model layer Unit 21 Depth below seabed

3.13 Top of model layer Unit 22 Depth below seabed

3.14 Top of model layer Unit 23 Depth below seabed

3.15 Top of model layer Unit 24 Depth below seabed

3.16 Top of model layer Unit 25 Depth below seabed

3.17 Top of model layer Unit 30 Depth below seabed

3.18 Top of model layer Unit 35 Depth below seabed

3.19 Top of model layer Unit 37 Depth below seabed

3.20 Top of model layer Unit 38 Depth below seabed

3.21 Top of model layer Unit 40 Depth below seabed

3.22 Top of model layer Unit 41 Depth below seabed

3.23 Top of model layer Unit 42 Depth below seabed

3.24 Top of model layer Unit 45 Depth below seabed

3.25 Top of model layer Unit 50 Depth below seabed

3.26 Top of model layer Unit 56 Depth below seabed
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