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Abstract. Half the surface area of the coastal plain of the Netherlands has been subsiding below mean sea-level
as a result of peatland drainage. At present, the low elevation is sustained, because sedimentation necessary
to aggrade the coastal plain back to natural elevations is hampered by engineering structures. Alternatively,
controlled sedimentation is a discussed method to elevate the coastal plain. This can either be achieved by
allowing water courses to deliver sediments to designated areas, or by anthropogenic deposition.

Here, we assess the possibilities of this strategy by determining whether natural systems or anthropogenic
deposition are sufficient to elevate the surface to mean high water (MHW), taking into account IPCC projected
minimum and maximum forecasted sea-level rise (RCP2.6 and RCP8.5), and predicted future subsidence. We
use the 3D geological subsurface model GeoTOP to quantify sediments; i.e. clay and sand that were naturally
delivered to the coastal plain by series of tidal inlets and the Rhine river system. Furthermore, we quantify the
amount of anthropogenic deposition, and analyze documented supplies. Finally, we discuss the implications of
controlled sedimentation in designated areas by providing examples of past embankment breaches.

We quantify that 16.98 km? of sediments are required to elevate the surface to MHW, and between 22.41 and
29.29km? at the end of the 21st century. We estimate that 45.30km?> of sediments were delivered by the tidal
systems during 3000 years (52 % sand), 20.18 km? by the Rhine river system during 8000 years (29 % sand), and
3.59 km? of anthropogenic deposition.

We conclude that the coastal plain of the Netherlands cannot be elevated to more safe levels with controlled
sedimentation. Exceptions are areas proximal to tidal systems with high sediment yields. Anthropogenic deposi-
tion, combining natural sedimentation with supplied sediments, or allowing peat growth in inundated areas could
be viable alternatives as well as.

1 Introduction ter. Catastrophic consequences were for instance revealed
when embankments breached in the Mississippi delta dur-
ing hurricane Katrina in 2005 (Dixon et al., 2006). Further-

more, Auerbach et al. (2015) reported a severe flood after

Reduced sediment delivery prevents subsiding coastal plains
from keeping their elevation at natural equilibrium levels

(Jelgersma et al., 1993; Syvitski et al., 2009). This is often the
result of large-scale engineering infrastructures such as dams
and series of embankments that trap sediments (Walling,
2006; Rovira and Ibafiez, 2007), or enhance sediment by-
passing by routing, shortening or deepening water courses
(Van der Meulen et al., 2006; Tang et al, 2008).

Sustaining low elevations of coastal plains evidently en-
hances flood risk (Reed, 1989; Li et al., 2004). This became
especially clear in embanked populous areas where decades
of subsidence increased accommodation space for flood wa-

embankment breaching in a part of the Ganges-Brahmaputra
delta in Bangladesh. Both cases resulted in the loss of life,
land and infrastructure. However, the Ganges-Brahmaputra
case showed that during the two years after the flood, newly
delivered sediments were able to raise the land, making the
area less prone to future flooding. Controlled delivery of sed-
iments to designated areas within coastal plains is therefore
often suggested as a measure to counteract subsidence (Blum
and Roberts, 2009; Hijma et al., 2017), which can either be
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Figure 1. Maps showing: (a) The surface elevation of the coastal plain of the Netherlands and Rhine river system (OTNO Geological Survey
of the Netherlands). Half the surface area of the coastal plain is situated below MSL. Provided geographical names are mentioned in this
contribution. (b) Paleogeography of the Netherlands around 100 CE (Vos, 2015). Substantial parts of the coastal area are covered with peat
that now largely disappeared by human activities. Sedimentation around 100 CE merely took place around river channels and in the north

(Wadden Sea). Grey areas represent deposits of pre-Holocene age.

achieved by reintroducing natural sedimentation, or by em-
placing sediment.

The densely populated, peat-rich coastal plain of the
Netherlands (ca. 17500km?) is a prime example of a
sediment-starved subsiding area (Fig. 1). Approximately
12 % of the present day volume of Holocene deposits con-
sists of peat (TNO-GSN, 2019), emphasizing that sediment
starvation is inherent to this system (Erkens, 2009). Ca. 50 %
of these lowlands have subsided below mean sea-level (MSL)
due to centuries of phreatic groundwater level lowering,
which causes sediment to compact and peat to oxidize,
and by peat mining. To protect the subsiding plains against
floods, they have been embanked from 1000 CE onwards,
which put an end to natural aggradation (Jelgersma et al.,
1993): only breaching of embankments, may result in the de-
livery of some sediment to the otherwise sediment-starved
lowlands (Vos, 2015).

The future use of embankments and other waterworks
to protect the subsiding Dutch coastal plain has been de-
bated since the 1970’s (Waterman, 1991). Traditional flood-
protection approaches may become unsustainable technically
and financially when the Netherlands is subjected to at least
another 2 to 4 centuries of sea-level rise (Jevrejeva et al.,
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2012) and subsidence. For that reason, it has already been
proposed to abandon the coastal plains, maintaining only se-
lected areas, or even create new land seawards (Waterman,
1991). Alternatively, raising sections of the lowlands artifi-
cially was proposed as a measure to ensure the viability of
the Netherlands in the next centuries (Van der Meulen et
al., 2007). They concluded that 13.3 km? of sediment would
be required to compensate for sediment deficiency, and an
additional of 59 to 72 millionm? yr~! to keep elevation of
selected areas in pace with 21st century predicted sea-level
rise. Terpstra et al. (2007) introduced the ideas of dikes that
are so wide that they assumedly cannot breach and are basi-
cally elongated mounds. Both ideas are essentially the same
in the sense that they involve large-scale land raising, which
requires substantial volumes of sediment.

Here, we further explore controlled deposition as a mea-
sure to counteract subsidence in the coastal plains of the
Netherlands. We focus on two dominant depositional sys-
tems that delivered sediments prior to the embanking of the
area: a complex of tidal systems (during ca. 3000 years) and
the Rhine river fluvial system (during ca. 8000 years). We
used information from the 3D geological subsurface model
GeoTOP to quantify the amount and type of (i) natural de-
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posits of the Holocene tidal and river systems, and (ii) an-
thropogenic deposits which may be up to centuries old, but
the bulk of which was emplaced after WW-IL.

Erkens et al. (2006) previously quantified Holocene sedi-
ment storage for the entire fluvial system in the Netherlands.
They found 16 km? of fluvial sediments are stored of which
36 % consist of sand and gravel. Although their study used
similar borehole information and digital elevation models as
GeoTOP, their spatial coverage is limited to the fluvial sys-
tem and a small part of the adjacent coastal plain. Here, we
extent their area to cover the full coastal plain as well. Fi-
nally, we quantify the amount of sediments required to ele-
vate the surface to MHW plus minimum and maximum IPCC
21st century sea-level rise predictions (RCP2.6 and RCP8.5;
Church et al., 2013). In addition, we use previously estimated
annual subsidence rates of the peat area (Van der Meulen et
al., 2007), and added the volume created by this subsidence
to the total amount of required sediments. Furthermore, we
discuss the potential of future sediment delivery based on
past processes.

2 Method

In 2006, TNO — Geological Survey of the Netherlands ini-
tiated the GeoTOP modelling program, which delivers and
maintains a detailed, national 3D geological voxel model of
the shallow subsurface (Stafleu et al., 2011; Van der Meulen
et al., 2013). The model was recently extended towards the
south-eastern part of the country and reaching a coverage of
28 605 km? (about 70 % of the total land surface area; Fig. 2).
For the coastal plain, only the reclaimed Flevoland province
is missing and is consequently not used in this analysis.

GeoTOP schematizes the shallow subsurface in millions
of rectangular blocks (voxels, tiles or 3D grid cells) each
measuring 100 x 100 x 0.5m (x,y,z) up to a depth of
50mb.m.s.l. Each voxel in the model has most likely esti-
mates of the stratigraphical unit (layer) the voxel belongs to
and the lithological class that is representative for the voxel
(Fig. 2b). These estimates are calculated using stochastic
techniques that allow the construction of multiple, equally
probable, 3D realisations of the model as well as an evalua-
tion of model uncertainty (Stafleu et al., 2011).

The simple and straightforward data structure of the
GeoTOP voxel model allows for easy querying and analy-
sis. Volume calculations can be performed by selecting and
counting voxels that meet certain criteria. In this paper, we
use volume calculations to estimate the volume of tidal sys-
tem (Naaldwijk Fm., Walcheren Mb.), Rhine fluvial system
(Echteld Fm.) and lithological classes within these units, and
anthropogenic deposits.

We use GeoTOP to estimate the amount of present-day and
projected accommodation space by calculating the difference
in the height of the uppermost voxels and chosen reference
planes. For reference planes, the [IPCC RCP2.6 and RCP8.5
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scenarios were taken as minimum and maximum end of
21st century MSL: +0.26 and 0.82m (Church et al., 2013).
Furthermore, we follow Jelgersma et al. (1993), who stated
aggradation to MHW as a safe scenario for coastal plains un-
der threat of subsidence and sea-level rise. For MWH, we as-
sume an average tidal amplitude of 2 m for the entire Nether-
lands’ shoreline, which in reality ranges from 3.5m in the
southwest, to 1.4 m in the west, to 2.8 m in the northeast (Vos
et al., 2015). This tidal range was added to the RCP2.6 and
RCP8.5 scenarios.

In total, 9.07 km3 of peat remains in the shallow coastal
plain subsurface (mean bottom depth of 4.3 mm.s.l.) (TNO-
GSN, 2019). Van der Meulen et al. (2007) estimated that 9.4
to 28 million m? yr~! of additional accommodation space is
created by oxidation and compression of these shallow peat
layers. Although rates of future peat oxidation and compres-
sion are not easy to estimate, as they depend on unknown
choices in future groundwater management (Koster et al.,
2018), we use these maximum oxidation and compression
rates and added these to the provisioned accommodation
space by the scenarios of 21st century MHW.

3 Results

The tidal system delivered a net total of 45.30 km? sediments
to the Dutch coastal plains during the past ca. 3000 years,
and the Rhine river system a net total of 20.18km> dur-
ing 8000 years (Fig. 3a). The average storage rate of the
tidal system is 150 millionm® yr~! and the fluvial system
2.5millionm? yr~!. This means that two orders of magni-
tude more sediments were deposited per year in the tidal sys-
tems than in the Rhine river system. Storage is net deposition,
i.e., the sum of sedimentation and erosion that occur inter-
mittently in the types of depositional environments at hand.
Anthropogenic deposits account for 3.59 km?, substantially
less than natural sediment, but the bulk of this volume em-
placed after WW-II, in a fraction of the time represented in
natural Holocene deposits.

The sand fraction encompasses 52 % of the total sediment
load of the tidal system and 29 % of the fluvial system. The
majority of the sand fraction deposited by the tidal system
is fine grain sand, and medium grained sand is the dominant
fraction of the fluvial system (Fig. 3b).

The total volume of this study shows a slight discrepancy
between the volume documented by Erkens et al. (2006).
This is most likely due to differences in the areal extent of de-
posits defined as “fluvial” between both studies, as the lateral
boundaries of fluvial deposits are diffuse and sometimes un-
clear where they interfinger with tidal deposits. Nevertheless,
both studies find that approximately one third of the sediment
consist of sand.

To elevate the coastal surface to present day MSL,
10.37km? of sediments is required, whereas 16.98 km? is
needed to elevate to MHW. The amount of sediments to raise
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Figure 2. Overview of the GeoTOP 3D geological subsurface model (OTNO Geological Survey of the Netherlands) with (a). The eight
areas modelled so far, and (b). A detailed 3D example of a part of the coastal plain exemplifying its lithology. Man-made ground primarily

encompasses anthropogenic deposits.

the surface to RCP2.6 and RCP8.5 MHW including fore-
casted subsidence are 22.41 and 29.29 km? respectively.

4 Discussion

This study merely provides an overview of bulk quantities
in past delivered sediments. Beside the physical possibility
of controlled sedimentation to counteract subsidence by ele-
vating the surface, it is questionable whether this is eligible
from a socioeconomic point-of-view. For instance, inunda-
tion means years of land loss (see below), potential salt wa-
ter intrusion (Oude Essink et al., 2010), and anthropogenic
deposition will drastically alter the landscape. Nevertheless,
the presented quantities are useful as a first assessment of the
possibility of controlled sedimentation to elevate the surface.

Controlled sedimentation for the entire area at once is fu-
tile, as this would take centuries to millennia to complete.
Despite of this, it might be feasible for smaller designated
areas proximal to tidal inlets with high sediment yield.

At present, the volume of anthropogenic deposits em-
placed in the coastal plain is insufficient to elevate it to safe
levels in its entirety. But human deposition has the advan-
tage that it does not require inundation and that the geome-
chanical properties can be controlled. Natural deposition in
tidal systems (“silting up”) are bound to be more fine-grained
and therefore compactable than the sand that man would em-
place.
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4.1 Learning from the past

During the recent past, the Netherlands experienced numer-
ous unwanted embankment breaches, which delivered sedi-
ments to the subsided peatlands and locally raised the sur-
face. These processes led to a coastal plain with differential
elevations, owing to differential duration and magnitude of
embankment breaches (Fig. 4). These past situations are very
valuable to determine the effects of controlled sedimentation
to designated areas of the coastal plain.

Embanking the Dutch coastal plains regionally resulted in
increased storm-surge levels. Rather than spreading and at-
tenuation over large areas, water now surged against the em-
bankments, weakening them and locally breached them (Vos,
2015). After breaching, sea water re-entered he peatlands
every tidal cycle. This created large channels which inhib-
ited the recovery of the embankments and allowed long-term
sediment delivery. Examples are the Braakman (1404 and
1421 CE), Reimerswaal (1530 and 1532 CE) and the Dollard
(1509 CE). Semi-controlled floods by means of military in-
undations have also led to long-term loss of land (e.g. Saeft-
inghe 1583 CE; see Fig. 1a for locations).

Centuries of sedimentation were required to infill accom-
modation space to MHW at that time, before such lands
could be reclaimed in the 20th century. The rate of the in-
filling strongly depended on the availability of sediments,
which varied between the different individual tidal systems
(Vos, 2015). Furthermore, peat compression by delivered
sediments increased accommodation space during the pro-

proc-iahs.net/382/767/2020/



K. Koster et al.: Controlled sedimentation

(a) b
o )
- -
o
] 3 o
o < _
[Ta]
o
"
o)
o
[
*
=] —
a 00
. H I °
1 -
FLUVIAL SYSTEM TIDAL SYSTEM

B ClaydSandy clay, clayey sand O Fine sand £ Medium sand B Coarse sand, gravel

45.30

(b)

23.36
20.18

6.00
3.59

SAND TOTAL TOTAL

B Fluvialsystem B Tidalsystem [ Anthropogenic deposits

Figure 3. (a) Summary of the lithology of the sediments delivered
by the fluvial Rhine system and the tidal systems. (b) Accumu-
lated sand and total sediments brought by both systems and anthro-
pogenic deposits.

cess of infilling (Fig. 4). Controlled sedimentation by natural
systems might therefore only work in areas proximal to tidal
inlets with high sediment yields and with minimal amount of
uncompressed peat layers, like the Westerschelde and Dol-
lard system (Fig. 1a).

Smart design of engineering infrastructures could also en-
hance sedimentation. For instance, Elias et al. (2012) quan-
tified that net 600 millionm?® of sediments were stored in
the western Wadden Sea during 80 years after the construc-
tion of a large dam that separates the area from Lake IJssel
(Fig. 1a, b). These sediments were net transported landwards,
but never reached the coastal plain as embankments restrict
high water to enter the land.

An alternative approach inspired by past systems is tem-
porarily turning parts of the lowered land into peatlands and
allow these peatlands to raise. The low sediment supply in-
herent to the natural tidal and river systems in the Nether-
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Figure 4. Schematic cross-section illustrating the interplay between
tidal channels, embankments, subsidence, and water levels (from
Vos, 2015).

lands gave way to widespread peat formation in the past
(Erkens, 2009), filling accommodation space that did not re-
ceive enough sediment and would otherwise have flooded.
This solution will not result in land suitable for modern agri-
culture or urbanization, but would allow for nature develop-
ment, and also serve as a carbon sink (Chmura et al., 2003).

4.2 Anthropogenic deposits

Emplacing sand to counteract subsidence is at present per-
haps a more viable option than sedimentation from water
courses. Sufficient sand supplies are located on the inland
part of the coastal plain. For instance, Maljers et al. (2015)
quantified with GeoTOP for a 40 x 40km area in the up-
stream part of the Rhine river delta plain that ca. 12km?
of coarse sand and gravel are available between 10 to 30 m
below the surface, of which 62 % are actually physically
exploitable. A more robust analysis conducted by Van der
Meulen et al. (2005) showed that down to 50 m below the
surface some 520km® of coarse sand and gravel are avail-
able, of which maximum 240km? are actually exploitable.
Circa 20 % of these sediments are situated below the coastal
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plain and are evidently not suitable for mining. This means
that onshore sand supplies exceed accommodation space pro-
visioned by subsidence with a factor 4 to 5.

Also offshore sand can be exploited. At present, offshore
sand supplies are being mapped, which are expected to yield
high volumes (Maljers et al., 2010). On a small scale these
sand recourses have been deployed for decades. However,
exploitation of large volumes is challenging as it damages
ecosystems, hinders infrastructures, and windfarms.

Combining natural and anthropogenic sedimentation
would also be a viable option. The best-known example of
this is coastal nourishment; putting dredged sand in areas
where waves and currents take care of its emplacement.

5 Conclusions

We assessed controlled, i.e., forced natural and anthro-
pogenic, deposition as a measure to elevate the subsiding
coastal plain of the Netherlands to saver levels, i.e. equaling
predicted future MHW. We focused on sedimentation from
tidal systems and the Rhine river fluvial system to fill ac-
commodation space. Our main conclusions are:

Projected accommodation space for IPCC scenarios
RCP2.6 and RCPS.5 superimposed on MHW and subsidence
will be 22.41 and 29.29 km?> respectively at the end of the
21st century.

The tidal systems delivered 45.30km> of sediments to
the coastal plains of the Netherlands or 150 millionm?3 yr—!,
whereas the Rhine river system delivered 20.18 km® or
2.5millionm3 yr~!. Sand from the tidal systems is most
abundant and therefore its deployment is most feasible to
counteract subsidence during controlled sedimentation.

Most viable option for controlled sedimentation will be
inundating designated areas proximal to tidal areas with a
high sediment yield. This option would take centuries to have
volumetrically significant results.

Anthropogenic deposits comprise 3.59 km?, the capacity
of man to emplace allows us to theoretically keep up with
subsidence and sea-level rise
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