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Abstract. The Rates of Interglacial Sea-level Change and Responses (RISeR) project, funded by the European
Research Council, seeks to interrogate Earth system responses to Quaternary climate variability using sedimen-
tary archives preserved in the southern North Sea. Fundamental to the project is the retrieval of five new marine
cores, sited to intersect sediments associated with Middle and Late Pleistocene formations identified through ear-
lier regional stratigraphic research and detailed seismic information acquired at the Hollandse Kust Zuid (HKZ)
offshore wind farm in the Dutch North Sea (Southern Bight). Drilling of the five cores was carried out in July
2020 using Fugro’s geotechnical drilling vessel, MV Normand Flower. The new cores total ca. 62 m of retrieved
sediment, reaching a maximum drill depth of 54.3 m below the lowest astronomical tide. Here, we present the
lithostratigraphy of the RISeR cores and combine this new sedimentary dataset with high-resolution seismic
reflection data. This reveals the preserved Middle and Late Pleistocene stratigraphy of the HKZ wind farm to be
predominantly terrestrial and partly coastal and shallow marine.

1 Introduction

The North Sea basin contains a thick Quaternary (2.58 Ma
to present) sedimentary sequence, with deposits up to 1.2 km
thick in the central basin (Lamb et al., 2018). The stratig-
raphy records a spatially and temporally variable sediment
supply from surrounding land areas in response to glacial–
interglacial climate variability and relative sea-level change
(Van Heteren et al., 2014; Ottesen et al., 2018; Lamb et al.,
2018). Early Quaternary sediment infill in the northern North
Sea depocentre was sourced from the Scandinavian ice sheet
and major European rivers, with morphological evidence
suggesting further input from large glaciogenic debris flows
derived from Norway (King et al., 1998; Ottesen et al.,
2014). The southern and central North Sea depocentres, the

focus of our drilling, were infilled by fluvio-deltaic and
prodeltaic shelf sediments delivered from the east and south
east (Kuhlmann and Wong, 2008; Ottesen et al., 2014; Lamb
et al., 2018). Basin-wide seismic mapping shows that, by ca.
1.6 Ma (e.g. Ottesen et al., 2018), there was substantial in-
filling of the central and southern North Sea depocentres by
the prograding delta of the Baltic (Eridanos) River System.
By the Middle Pleistocene Transition (ca. 1.2–0.7 Ma), the
southern North Sea was largely infilled, although the dom-
inant sediment source area had shifted to the Rhine-Meuse
and UK river systems (Kuhlmann and Wong, 2008; Ottesen
et al., 2018; Busschers et al., 2025). Shallow water depths
following infilling mean that, from the Middle Pleistocene
(0.77 Ma) to the present, the southern North Sea has experi-
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enced dramatic cycles of landscape change (Busschers et al.,
2025).

The southern North Sea basin lies at, or beyond, the limit
of the major advances of the Eurasian Ice Sheet during the
last 500 000 years (Fig. 1). Three main episodes of glacial
advance, regionally termed in northwestern Europe as the El-
sterian (≈marine isotope stage (MIS) 12), Saalian (≈MIS
6), and Weichselian (≈MIS 2), are widely recognized in the
stratigraphy of the region (e.g. Ehlers and Gibbard, 2004;
Busschers et al., 2008; Lauer and Weiss, 2018; Gandy et al.,
2021, Fig. 1). Overprinting evidence of these three major
glacial advances are deposits associated with smaller Mid-
dle and Late Pleistocene North Sea glaciations, which have
been identified through improved geophysical and sedimen-
tary data, particularly in the central North Sea (Beets et al.,
2005; Graham et al., 2011; Phillips et al., 2017; Ottesen et al.,
2018). During sea-level lowstands associated with periods of
cool climate and expanded terrestrial ice masses, the exposed
terrestrial landscape south of the ice margins provided an
important corridor for human migration (Preece, 1995; Hi-
jma et al., 2012; Cohen et al., 2012; Gaffney et al., 2024).
During periods of ice sheet retreat, resultant relative sea-
level rise transformed the southern North Sea into a prox-
imal coastal environment and, subsequently, a shallow ma-
rine environment (e.g. Hijma et al., 2012; Eaton et al., 2020;
Cameron et al., 1992; Zagwijn, 1973). In addition to record-
ing complex patterns of ice advance and retreat and associ-
ated changes in relative sea level, the shallow subsurface of
the southern North Sea basin also records a history of dy-
namic fluvial networks during the Late Quaternary. In partic-
ular, the evolution of the major river systems in NW Europe,
such as the Rhine–Meuse and the Thames, deposited a patch-
work of fluvial and estuarine sediments in the basin (Peeters
et al., 2015; Gibbard and Cohen, 2015).

The Quaternary stratigraphy of the southern North Sea
therefore records a complex interplay of Earth system re-
sponses, capturing glacial isostatic loading and unloading,
barystatic sea-level rise due to the melting of far-field ice
sheets (e.g. Laurentide, Antarctica), and a variable sediment
supply (glacial, fluvial, and marine) and load (e.g. Long et al.,
2015; Bradley et al., 2023; Busschers et al., 2007, 2008;
Peeters et al., 2016). However, much of our understand-
ing of Quaternary landscape change in the southern North
Sea prior to the Holocene is based upon spatially restrictive
snapshots from limited boreholes and/or discrete geophysi-
cal datasets. The highly heterogeneous Quaternary sediments
that fill the southern North Sea basin provide the foundations
for a rapidly growing offshore wind industry. Therefore, un-
derstanding the evolution of the subsurface is not only an
academic exercise, but also provides critical input into the
development of ground models and the assessment of geo-
hazards for offshore wind (Velenturf et al., 2021). New high-
resolution and high-density subsurface geophysical datasets
from offshore wind farm site investigations have led to a step
change in the resolution of stratigraphic mapping, advancing

our understanding of the genesis, preservation, and former
landscape settings of the submerged Quaternary (e.g. Cot-
terill et al., 2017; Emery et al., 2019b, a; Eaton et al., 2020;
Mellett et al., 2020; Cartelle et al., 2021; Waajen et al., 2024).

Piecing together these new localized reconstructions of
submerged palaeolandscapes requires robust correlation,
a major challenge in regions with dynamic sedimentary
regimes. Basin-scale correlations are hindered by a lack
of chronostratigraphic constraints, particularly in sediments
which cannot be dated, as they sit beyond the limit of radio-
carbon dating and calibration (> 50 ka; Reimer et al., 2020).
To date, the primary chronological framework for the Qua-
ternary southern North Sea is based on the pollen zonation
schemes of the Netherlands (e.g. Zagwijn, 1961, 1973) and
Britain (e.g. West, 1957; Turner and West, 1968). Correla-
tion of the pollen record across the patchwork of fluvial and
marine sediments that comprise the majority of the North
Sea basin is hindered by variable pollen concentrations and
reworking of Middle and Early Pleistocene taxa (Scourse
et al., 1998; McGuire et al., 2024). Palaeomagnetic studies
have also been used to date sequences, although such ap-
proaches are challenging in discontinuous records where the
depositional regimes vary (e.g. Scheidt et al., 2015). There
is a critical need to overcome these chronological challenges
(McGuire et al., 2024), both to better understand regional and
local sedimentary evolution in response to climate change
and to test existing stratigraphic correlations across the basin,
which in turn will help constrain rates of landscape response
to climate and environmental forcings.

Here, we present five new cores from the Dutch sec-
tor of the southern North Sea, collected as part of the Eu-
ropean Research Council-funded Rates of Interglacial Sea-
level Change and Responses (RISeR) project, which pro-
vides an exciting opportunity for in-depth stratigraphic de-
scription of the shallow sediments (< 40 m) in the Hollandse
Kust Zuid (HKZ) wind farm zone. We introduce the stratig-
raphy of the cores and place them in the context of seismic
stratigraphic data acquired to support wind farm develop-
ment in the region before outlining next steps to be under-
taken in order to date the cores and situate them within a
broader context of palaeoenvironmental change.

2 Site selection

The HKZ offshore wind farm is located in the southern North
Sea, ca. 18–36 km west of the Dutch coast (Fig. 1). The wind
farm site has a maximum water depth of ca. 28 m and an
area of ca. 225 km2. The area was targeted for core collec-
tion due to (1) its position south of Middle and Late Pleis-
tocene ice sheet limits (Cartelle et al., 2021; Fig. 1), min-
imizing potential glacial erosion; (2) earlier work that sug-
gested preservation of Middle and Late Pleistocene sedi-
ments in the area (Zagwijn, 1983; van Heteren, 2010); and
(3) the wealth of high-resolution seismic reflection data re-

Sci. Dril., 34, 29–39, 2025 https://doi.org/10.5194/sd-34-29-2025



A. M. McGuire et al.: The RISeR cores 31

Figure 1. Map showing the location of the HKZ wind farm in the southern North Sea, alongside the offshore maximum ice sheet extension
for the Weichselian (Marine Isotope Stage (MIS) 2), late Saalian (MIS 6; Drenthe substage), and Elsterian (MIS 12 and/or 10). Glaciations
are displayed with onshore and offshore features after Cartelle et al. (2021). Modern bathymetry and topography are from GEBCO (https:
//www.gebco.net, last access: 1 May 2024). The inset map shows seismic track lines (multi-channel sparker data) within the HKZ wind farm
and the location of boreholes and cone penetration test (CPT) sites.

cently collected as part of wind farm site surveys (Fugro,
2016). We developed an integrated dataset of geophysical
and sedimentary data, including legacy seismic data (mainly
regional seismic lines), boreholes recorded in the DINOloket
database (https://www.dinoloket.nl/en, last access: 24 Octo-
ber 2025), and comprehensive surveys conducted by Fugro
between 2016 and 2017 on behalf of the Netherlands En-
terprise Agency (RVO) for detailed assessment of the loca-
tion of potential coring locations. The newly collected wind
farm survey data offered unprecedented insight into the sed-
iments preserved in HKZ due to the much greater density
and resolution relative to the legacy seismic data. The shal-
low subsurface of the HKZ wind farm was imaged using a
subbottom profiler (SBP), a single-channel sparker (SCS),
and a high-resolution multi-channel sparker (MCS), but map-
ping was mainly conducted using the SCS data. The SCS
data were collected using a GSO 100-tip sparker operating
at 200–300 J, with a frequency peak value of 825 Hz for the
study site. Processing included band pass filtering (350–400
to 1200–1300 Hz), FK filtering, swell filtering, and time-
to-depth conversion using a sound velocity of 1600 m s−1.
Further detail on seismic imaging can be found in Cartelle
et al. (2021). The geotechnical investigations in HKZ (Fu-
gro, 2016) also provide sedimentological data from 35 new
boreholes, a limited number of which were targeted for low-
resolution pollen analysis (StrataData, 2017).

The selection of the five core sites was based on the iden-
tification of terrestrial peat surfaces in both the borehole
and seismic reflection datasets (Fig. 2). These peat surfaces
have a strong geophysical response and mark the presence of
palaeo-land surfaces, which in turn increases the likelihood
of collecting sediments from one or more glacial–interglacial
cycles, providing evidence of subsequent marine transgres-
sion to understand landscape response to relative sea-level
change. Our site selection aimed to maximize the vertical
range in the elevation of the peat deposits and therefore the
temporal range and vertical elevation of any marine trans-
gression recorded in the cores. Sites were also selected to
maximize the likelihood of recovering deposits from earlier
Quaternary interglacials below the Holocene sediments. In
particular, StrataData (2017) report radiocarbon dates and
warm pollen assemblages (including Quercus, Corylus, and
Carpinus) within the HKZ peat deposits, which they link
to the Eemian pollen zones established by Zagwijn (1961).
Broadly, two peat levels are identified in the HKZ seismic re-
flection data in the top 50 m: an upper high-amplitude reflec-
tion surface, continuous across most of the wind farm site,
and a discontinuous lower peat surface tentatively attributed
to a single stratigraphic level (Fig. 2).

Scientific drilling in heavily industrialized shallow seas re-
quires careful negotiation to ensure research aims can be met
whilst respecting the myriad competing interests which gov-
ern the seabed. In selecting the core sites, it was essential to
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Figure 2. Seismic profiles (single-channel sparker) throughout the study site. Profile A (upper two panels) is a composite of multiple seismic
reflections from NW to SE across the locations of RISeR_S1, RISeR_S7, RISeR_S4, and RISeR_S6. High-amplitude reflectors correspond
to peat deposits. The upper peat is continuous across most of the wind farm site. The lower peat appears scattered but is attributed to the same
stratigraphic level. The dotted red lines indicate changes in the direction of the seismic profile. Profile B (lower panel) shows the location of
RISeR_S5, which was drilled on the margin of a topographic depression displaying a continuous peat deposit at its base.

consider the highly-concentrated infrastructure (e.g. cables,
pipelines, offshore platforms), commercial activities (e.g.
maintenance of infrastructure, sand extraction, navigation),
and contacts (e.g. shipwrecks, acoustic or magnetic anoma-
lies) within HKZ (Fig. 3). Detailed mapping of the site was
therefore necessary to avoid obstacles or areas where drilling
activities are not permitted and to minimize the risks asso-
ciated with unexploded ordnance (many of which originated
during the two 20th-century World Wars) on the seabed. To
achieve this, our seismic mapping was supplemented by the
data provided by the Netherlands Enterprise Agency (RVO;
https://offshorewind.rvo.nl, last access: 24 September 2025),
including the location of seabed cables and pipes, crashed
aircraft, shipwrecks, and unclassified obstacles. The timing
of the RISeR drilling was also constrained by industrial de-
velopment. During 2020, final site investigations were con-
ducted in HKZ, leaving a small window for drilling prior to

wind turbine construction starting in July 2021. The wind
farm was inaugurated in September 2023 and contains 139
turbines with the potential to produce 1.5 GW, sufficient to
power 1.5 million households in the Netherlands. Since De-
cember 2023, it has been fully operational.

3 RISeR core retrieval

Five cores (Fig. 3; Table 1) were collected from the HKZ
wind farm over 2 d (14 and 15 July 2020) using the geotech-
nical drilling vessel MV Normand Flower, navigated and po-
sitioned by Fugro. Due to the COVID-19 pandemic and op-
erational restrictions, no scientists were on board, but regular
remote communication was carried out. Surface positioning
was undertaken using two StarPack global navigation satel-
lite system (GNSS) receivers, with underwater positioning
utilizing the Kongsberg Simrad HiPAP 500 ultra-short base-
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Figure 3. Map displaying infrastructure (cables, pipelines, and plat-
forms), sand extraction areas, shipwrecks and unknown contacts,
crashed aircraft, and magnetic anomalies in the area of the HKZ
wind farm (as provided by RVO, https://offshorewind.rvo.nl) that
had to be considered for the selection of the drilling sites.

line (USBL) positioning system. All depth measurements
were reduced to the lowest astronomical tide (LAT), us-
ing real-time GNSS tides. Multiple techniques were used to
measure water depth at each sample location: echosounder,
USBL depth, conductivity, temperature, depth probe, and
drill string (Table 1). Positioning and peripheral navigational
data (e.g. gyrocompass, USBL) were sent to the naviga-
tion computer, which calculated offset positions in the local
geodesy and with respect to the European Terrestrial Refer-
ence System 1989 (ETRS89 UTM 31N). Open-hole drilling
was performed to remove well-documented Holocene sands,
with semi-continuous liner sampling from 10 m below the
seabed (BSF) for RISeR_S1, RISeR_S4, RISeR_S5, and
RISeR_S6 and from 12 m below the seabed for RISeR_S7.
Shallow subsurface sediments from the seabed to the core
top (10–12 m) were not logged or collected due to resource
limitations. Drilling used thin-walled Shelby tubes with a di-
ameter of 7.62 cm (3 in.) with top–bottom orientation marked
on the liner and, where possible, material collected in the
core-cutting shoe placed in sample bags without orientation.

4 RISeR core logging

Following retrieval in 2020, the cores were transported to,
and temporarily stored at, the British Ocean Sediment Core
Research Facility (BOSCORF) at the National Oceanogra-
phy Centre (Southampton, UK), where they were split and
scanned non-destructively. At BOSCORF, the cores were
split using the Geotek core splitter and subsequently im-
aged using Geotek MSCL-CIS (Core Imaging System) and
the Geotek ScoutXcan X-Ray Imaging Scanner, which pro-
duced high-resolution 2D radiographic images and pseudo-
3D laminographic images (McGuire et al., 2025). Results
presented here focus on the detailed core logging undertaken
at the University of Leeds, UK, which includes core lithol-
ogy and colour (using a Munsell colour chart), and the iden-
tification of decalcified horizons (negatively testing for car-
bonate presence with 5 % dilute HCl) and pedogenetically
carbonate-enriched levels bearing f CaCO3 nodules several
millimetres in diameter. Since 2021, cores and subsamples
have been in cold storage (3–5 °C) in the School of Earth and
Environment at the University of Leeds, UK.

5 Sedimentary stratigraphy

The five RISeR cores comprise a varied suite of sedimentary
facies (Fig. 4), ranging from in situ peat deposits to well-
sorted coarse-grained sands. Each core contains an upper and
a lower peat unit, interspersed by semi-consolidated clays,
silts, sands, and gravels (Fig. 4). Here, we broadly describe
the key sedimentary facies within the cores, which we then
integrate with the seismic reflection data in Sect. 6.

The base of all cores (except RISeR_S6) primarily com-
prises sands, typically fine sands with medium-grained sands
at the base of RISeR_S5. Overlying these sands and at the
base of RISeR_S6, the sediments consist of silty clays with
a gradual transition into organic-rich peat deposits. The sed-
imentology of these minerogenic units differs between the
sites. For example, in RISeR_S1, sediments are unstructured
up to ca. 53 m below LAT, where evidence of rooting is ob-
served in the laminography, accompanied by a gradual tran-
sition to finer clays and silts with increased organic content
up to the base of the lower peat unit. Given their sedimentary
facies, including the presence of rooting features, decalcified
top underlain by levels with calcareous nodules, steel-blueish
hues, and a lack of sedimentary structure, these clay and silt
intervals are interpreted as a first palaeosol.

In all five cores, the lowermost peat unit is primarily an in
situ woody peat; however, the depth of the peat with respect
to the seabed varies considerably. In RISeR_S1, the lower
peat is < 0.3 m thick, 1 order of magnitude thinner than the
ca. 3 m thick peat deposit in RISeR_S7. In RISeR_S7, an
abrupt contact between the lower peat and the overlying fine
sands suggests an erosional surface. A similarly abrupt con-
tact marks the boundary between the lower peat and the over-
lying clay in RISeR_S1. There is no indication of erosion of
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Table 1. Location, water depth, and drilling depths at the RISeR drill sites, with drill core and sample recovery for each site. Water depths
were derived by Fugro through multiple methods, including a portable depth sounder (PS), ultra-short baseline (USBL), drill string (DS),
and single-beam echosounders (SBES). Note that upper metres directly below the seabed were not cored (see inset Fig. 4). Values in bold
were used to determine the depth of the sites below LAT.

Water depth Drill Sample depths
(LAT; m) depth (LAT; m)

Site Borehole Latitude Longitude PS USBL DS SBES (BSF; Begin Base
ID m) Core Core

RISeR_S1 BP120199 52°22′56.6739′′ 003°56′27.3082′′ 25.8 25.8 26.2 26 29.5 35.90 55.77
RISeR_S4 BQ130547 52°18′25.8825′′ 004°05′57.2287′′ 22.1 22.3 22.3 22.3 24.5 32.30 47.50
RISeR_S5 BQ100828 52°23′24.9943′′ 004°14′50.0309′′ 22.8 22.9 23.6 23 19.5 33.17 43.20
RISeR_S6 BQ130548 52°16′54.7386′′ 004°09′26.3887′′ 20.4 20.5 20.7 20.6 19.5 30.46 40.82
RISeR_S7 BP120200 52°21′51.2995′′ 003°56′05.0285′′ 22.8 23 23.2 23.1 31.5 34.96 55.20

Figure 4. Stratigraphic logs of the RISeR cores, with the inset diagram showing potential correlations between the facies based on visual
logging of the cores and seismic data (excluding RISeR_S5, which does not lie along the same NW–SE transect).

the peat surface in RISeR_S4, RISeR_S6, and RISeR_S5,
where the lower peat gradually transitions to overlying clays.

In RISeR_S1, RISeR_S7, and RISeR_S5, above the lower
peat, the lithology comprises alternating sand and clay fa-
cies, terminating in an upper peat unit at ca. 40.5, 41.5, and
37 m below LAT, respectively (Fig. 4). Paleosol overprints
are also present in the clay facies here. In RISeR_S6, there
is an additional, third, organic unit. Sediments from 34.7 to

34.2 m below LAT comprise dark-grey clays with high or-
ganic content, featuring numerous lenses of organic mate-
rial, most likely ex situ peat. The intermediate organic unit in
RISeR_S6 is overlain by well-sorted very fine sands, consist-
ing predominantly of quartz, which show distinct horizontal
laminae up to ca. 32.6 m below LAT. In RISeR_S4, between
the correlated lower and upper peats, there is an interval of
interbedded, thin organic layers (typically < 0.05 m) with a
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high clay content in otherwise sandy sediments from 40 to
38 m below LAT. This is not interpreted as a terrestrial peat
but rather a freshwater subaqueous channel-fill.

An upper peat layer is present in all cores, varying in
depth and thickness. In RISeR_S1, the upper peat (base
ca. 40.7 m below LAT) is 0.18 m thick and contains large
woody fragments, often > 10 mm in diameter, and is over-
lain by a gradual transition to clays and interbedded clay-
rich organics. In RISeR_S7, the upper peat is < 0.1 m thick
with no visible macrofossils suggesting increased humifica-
tion. In RISeR_S4, the upper peat (base ca. 35.5 m below
LAT) is a ca. 0.2 m thick deposit, containing large (> 20 mm)
wood fragments towards the top, transitioning into clays with
large organic fragments. This is overlain by a gravel unit
with occasional clasts > 30 mm in diameter supported by
an organic-rich matrix. The upper peat in RISeR_S6 is ca.
0.12 m thick, and has an abrupt contact with the underly-
ing clays at ca. 32.2 m below LAT. Overlying the RISeR_S6
upper peat unit, there is a gradational (ca. 0.1 m) transition
into clays before an abrupt transition (erosional contact) into
coarse sands interbedded with clay-rich organics. The upper
peat in RISeR_S5 is a 0.22 m thick, well-humified deposit.
The surface of the RISER_S5 peat is marked by a gradual
transition into a minerogenic unit, laminated throughout with
fine sands, clays, and silts.

In all cores, there is an upper minerogenic, dominantly
sandy facies with an erosional basal contact. In RISeR_S1,
RISeR_S4, RISeR_S5, and RISeR_S7, this upper facies con-
sists primarily of coarse sands, with shell fragments through-
out. In RISeR_S6, medium and fine sands dominate, which
do not contain shell fragments.

6 Geophysical and core data integration

The high-resolution seismic reflection data collected in HKZ
for the offshore wind industry motivated the selection of the
core locations (targeting locations with two peat-attributable
reflections) but in turn also provide an opportunity to under-
stand the lateral continuity and extent of encountered units
and stratigraphic correlation (or lack thereof) between levels
in the RISeR cores. Here, we present our initial results based
on integrating the HKZ geophysical datasets with the RISeR
cores.

Some of the sedimentary units present in the RISeR cores
can be traced laterally in the seismic reflection data. For
example, the surface of the upper peat can be mapped be-
tween RISeR_S1 and RISeR_S7 and between RISeR_S4 and
RISeR_S6, although these sites are separated by a small
channel form infill (Fig. 2). There is a large channel form in-
cision between the east (where RISeR_S5 and RISeR_S6 are
located) and the west (location of RISeR_S1 and RISeR_S7)
of the HKZ wind farm, so, whilst it is likely that the two peats
represent the same surface, it is not possible to confirm this
by tracing the contact in seismic reflection data (i.e. other

types of investigation are needed to test and develop core-
to-core stratigraphic correlations). Each RISeR core contains
an in situ lower peat unit; however, this peat unit is lat-
erally discontinuous between each of the core sites in the
seismic reflection data (Fig. 2). Due to the patchy distribu-
tion of the lower peat unit, we are reliant on facies associa-
tion with the over-/underlying units, which, when integrated
with the HKZ wind farm borehole logs (Fig. 1), can support
the core-to-core correlation of the RISeR sites (Fig. 4). We
note that these correlations should be tested and tuned with
future laboratory analysis developing biostratigraphical and
geochronological results.

Peat deposits provide useful horizons in seismic reflection
data due to their unique seismic properties (e.g Eaton et al.,
2024), which our results show are closely correlated with the
units present in the cores (Figs. 2, 4). However, the verti-
cal resolution of seismic reflection data, the complexities of
resolving seismic facies that have quite similar reflectance
properties (e.g. silts and clays), and the presence of sound-
attenuating peat deposits mean that detailed comparison be-
tween the seismic and core stratigraphy should be undertaken
with caution. For example, the multichannel sparker used in
HKZ is limited to a vertical resolution of 50–100 cm, so any
changes thinner than that will not be imaged, and thin lay-
ers driving marked changes in the acoustic properties may
completely mask the dominant lithology. In general, the sed-
imentary intervals dominated by clay and silt deposits or in-
terbedded clays and sands in the RISeR cores correspond to
seismic facies characterized by continuous reflections of low
amplitude and medium frequency and by a lateral continu-
ity on the order of hundreds of metres to a few kilometres.
Sediments at the base and top of the cores comprise fine to
medium sands and generally feature as discontinuous reflec-
tions of higher amplitude. Seismic facies at depths that co-
incide with the base of the cores are highly disturbed by the
acoustic attenuation caused by the peat deposits and the pres-
ence of the seabed multiple, hindering detailed analyses and
evaluation of their lateral continuity. The sands at the top of
the cores are always associated with channel-fills with ero-
sive bases that are present throughout the entire wind farm
site.

Overall, the RISeR cores confirm initial interpretations of
the geophysical and geotechnical data, revealing variable de-
positional environments including buried land surfaces in the
Quaternary southern North Sea. Whilst the in situ peat lay-
ers are unambiguously terrestrial, as are the paleosol levels
developed in the clays immediately below, the sands and
clays have a range of potential origins. For example, they
may be fluvial deposits from the Rhine–Meuse (including
floodplains and channel-fills) or record intertidal to shallow
marine conditions (including those occurring in lower delta
plains and lagoons), of which all environments have been
present during the complex Quaternary history of the south-
ern North Sea (Cohen et al., 2014, 2017). From the general
lack of shells, open marine depositional environments do not
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appear to have been recorded in the interval the coring fo-
cused on. We note that the overlying sandy shell-bearing unit
can be traditionally explained by alternating reworking open
marine conditions (waves at high stand) and reworking flu-
vial conditions (channels at low stand) as envisaged for the
last glacial cycles (e.g. Busschers et al., 2007; Hijma et al.,
2012; Waajen et al., 2024). In contrast, the accommodation
of alternating relatively thin sandy units and relatively thick
silty clayey units with palaeosols and intercalated peats re-
quires a different depositional model. That model likely in-
cludes fluvio-deltaic depositional cycles (coastal prisms in
sequence stratigraphic terms), slow subsidence rates, and
considerable passing of time to explain the stacking of terres-
trial overprinted units without recording intercalated marine
levels, yet preserving this succession 40–50 m depth below
the present and last interglacial sea levels.

7 Conclusions and future directions

The presence of widespread in situ peat deposits, laterally
traceable in seismic reflection data, allows the mapping of
now-submerged terrestrial landscapes preserved in the shal-
low subsurface of the southern North Sea. As the preserva-
tion of glacial landforms in the region can provide insights
into ice sheet dynamics during periods of ice sheet retreat
(e.g. Cartelle et al., 2021), the geomorphological properties
of drowned terrestrial landscapes can provide new insights
into the environmental response of the North Sea to climatic
and relative sea-level change (e.g. Emery et al., 2019a, 2020).

Our identification of peat deposits interbedded with
palaeosol units is, to our knowledge, the first in this area
of the southern North Sea and suggests sustained terrestrial
deposition. The identification of terrestrial deposits suggests
that the records postdate the Early Pleistocene filling of the
southern North Sea basin (Hijma et al., 2012). We identify no
clear evidence of marine inundation within the sedimentary
stratigraphy. Therefore, we tentatively assign the RISeR core
stratigraphy to a temporal window between 1.5 and 0.5 Ma,
subsequent to the infilling of the southern North Sea basin but
prior to marine inundation of the basin during the sea-level
highstands of the Middle and Late Quaternary interglacials
(Kuhlmann and Wong, 2008; Ottesen et al., 2014, 2018).

Our findings are a marked contrast to the Late Pleistocene
(Eemian; ca. 129 000–116 000 ka BP) age assigned in ini-
tial offshore wind farm reports (StrataData, 2017), and on-
going work on the RISeR cores is underway to establish
less tentative chronologies for the five cores. The work in-
cludes more detailed palynological analysis that will allow
us to integrate our new cores within the Quaternary pollen
chronostratigraphic framework of the Netherlands (Zagwijn,
1961, 1985). It is extended by experimental luminescence
dating and palaeomagnetic investigation. Luminescence dat-
ing techniques have been used to great effect in onshore Mid-
dle and Late Pleistocene archives in the Netherlands (e.g.

Busschers et al., 2007; Peeters et al., 2016), where suitable
sediments are present. Palaeomagnetic correlation also forms
the backbone of much of the existing North Sea chronostrati-
graphic framework, and detailed analyses have the potential
to place the deposits before or after the Brunhes–Matuyama
boundary at 0.774 Ma and thus the Early and Middle Pleis-
tocene. Ultimately, these parallel investigations on the RISeR
cores should cross-validate the age attribution and detailed
correlations of levels between the RISeR cores (Fig. 4).

New chronologies will facilitate comparison with archives
in the wider North Sea basin (see Thompson et al., 1992,
and references therein) and development of a revised Quater-
nary chronostratigraphic framework for the southern North
Sea. These advances can be utilized to transform the high-
resolution seismic reflection data gathered in the North Sea
so widely in the last decade (by the offshore wind indus-
try) into 21st-century geological subsurface models for the
North Sea floor. Using this framework will allow us to de-
velop landscape-scale reconstructions of palaeoenvironmen-
tal change for interglacials of choice. Ultimately, we seek to
both increase our understanding of Quaternary landscape and
climatic change and, in doing so, support future offshore re-
newable energy development and internationally coordinated
management of the seabed.

Data availability. The lithological (lithogenetical) and basic
lithostratigraphical interpretations of the RISeR cores as docu-
mented in this paper have been shared with TNO Geological Sur-
vey of the Netherlands (TNO-GSN) and in converted form will be
made available as part of their public geological data portal (http:
//dinoloket.nl/en, last access: 24 October 2025) using the TNO-
GSN IDs included in Table 1. Geophysical, geotechnical, and geo-
logical data associated with recent wind farm surveys are available
online at https://offshorewind.rvo.nl. Core images and laminogra-
phy are archived on the Zenodo repository and can be accessed
at https://doi.org/10.5281/zenodo.15584040 (McGuire et al., 2025).
As part of further work, more detailed chronostratigraphic interpre-
tations are to follow in future publications (in preparation at time of
completion of this paper).
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