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Abstract

Estuaries comprise channels vital for economic activity and bars as valuable habi-
tats. They are increasingly under human-induced pressures (e.g. sea-level rise
and dredging), resulting in morphological changes that affect navigability, flood
safety and ecology. Antecedent geology may strongly steer how estuary channels
will adapt to these pressures, but is surprisingly absent in most models. Here geo-
logical data and a unique bathymetry dataset covering 200 years from the Ems-
Dollard estuary (Netherlands/Germany) were used to demonstrate how local
resistant layers force the position and dimensions of confluences and bars on
the scale of an entire estuary. These layers limit channel depth and consequently
cause widening, resulting in mid-channel bar formation and increased channel
curvature. This could lead to unexpected estuary widening and may cause land
loss in densely populated areas. With increasing channel volume (as may hap-
pen again under future sea-level rise), resistant layers in the estuary's substrate
become more exposed, which enhances their effects. Many systems around the
world contain shallow resistant layers that potentially constrain estuary channel
dimensions and steer bank erosion. This highlights that resistant layer effects are
important to consider as part of mixed depositional processes in coastal environ-
ments. It is therefore necessary to globally account for the effects of inherited
resistant layers in the possible response of estuaries to sea-level rise and increased
tidal penetration.
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1 | INTRODUCTION

Vriend et al., 2011) and their intertidal bars are valuable

ecological habitats (Bouma et al., 2005; Chen et al., 2016).

Estuaries are highly dynamic wetland areas that develop
at the transition from the river to the sea. The channels
of many large estuaries provide access to harbours (De

Estuarine landscapes are formed by processes of sediment
transport, mixing and sorting of sand and mud driven
by river flow, tidal currents, waves and salinity gradients
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(Coco et al., 2013; Dalrymple et al., 1992; Leuven et al.,
2016; Townend, 2012), as well as by bioturbation and
biofixation of sediments by microphytobenthos, macro-
benthos and plant species (Braat et al., 2017; Briickner
et al., 2020). Estuaries are increasingly under pressure by
human influence mainly resulting from dredging (Essink,
1999; van Maren et al., 2015), sediment depletion (Wang
et al., 2016), bank stabilisation (Mosselman et al., 2000)
and sea-level rise (Kirwan & Megonigal, 2013; Nicholls &
Cazenave, 2010), which potentially cause bottom erosion
(Hoitink et al., 2017; Huismans et al., 2016, 2021; Sloff
et al., 2013), and may change tidal prism, water levels,
channel volume (water volume in the channels below
MSL) and bar area (Leuven et al., 2018a).

Besides being driven by hydrodynamical boundary
conditions from both the sea and the river, such changes
are expected to be strongly steered by resistant layers
present in the estuary substrate, such as bedrock, con-
solidated peat or stiff pre-Holocene clays and tills, which
potentially limit channel incision or lateral migration.
Such layers are inherited from antecedent geological
processes, often not directly related to the present tidal
system. Few studies, however, consider these effects on
the scale of the entire estuary in the light of future global
change (Townend, 2012). Instead, many recent studies
on relationships between hydrodynamics and large-scale
channel-bar patterns implicitly assume that the estuary
subsurface consists of cohesionless sediment and hence
that channels and bars can freely adapt their shapes to
changes in the tidal and fluvial regime or to human im-
pact (Hibma et al., 2004; Leuven et al., 2016, 2018b; Van
Veen, 1950; Van Veen et al., 2005) (i.e. they are assumed to
be fully alluviated [Leuven et al., 2018b; Savenije, 2015]).
Tidal bar and meander dimensions are mainly deter-
mined by local estuary width in accordance with physi-
cal bar theories (Leuven et al., 2016). Nevertheless, from
geological case studies it is well-known that geological
constraints not only determine the initial position of the
estuary from which the modern estuary evolved (De Haas
et al., 2018; Townend, 2012), but can also form obstacles
causing flow deflection in estuaries (Burningham, 2008;
Heap & Nichol, 1997) and determine tidal inlet geometry
(Bertin et al., 2004; Fitzgerald et al., 2000). Local effects
by resistant self-formed clay layers on channel erosion
also have been reported in tidal environments (Briickner
et al., 2020; Fagherazzi & Furbish, 2001; Gruijters et al.,
2004; Van de Lageweg et al., 2018; Ralston & Geyer, 2009;
Schaumann et al., 2021). They may lead to hampering of
channel incision or lateral migration (van der Wegen &
Roelvink, 2012), limit the cross-sectional area of tidal in-
lets (Monbaliu et al., 2014) cause irregular local bottom
topography, for example edges or scours (Hoitink et al.,
2017; Huismans et al., 2016, 2021; Sloff et al., 2013), and

are also suggested to locally affect channel and bar dimen-
sions, positions and channel sinuosity (Dam et al., 2016;
van der Wegen & Roelvink, 2012). Also in fluvial systems,
resistant layers are known to limit channel erosion and
influence channel pattern (Candel et al., 2020), as well as
affect the morphology of the channel floor for example
Mississippi (Nittrouer et al., 2011), Mekong (Allison et al.,
2017) and Rhine-Meuse delta (Huismans et al., 2021).
The effects of these constraints on the long-term evolu-
tion have hardly been assessed on the scale of an entire
estuary. It therefore remains unknown to what degree
channel-bar patterns in estuaries and the shape of estuar-
ies are self-formed or controlled by initial conditions. This
currently poses limits to realistic scenarios in state-of-the-
art morphodynamic models that assume full alluviation
(Van Der Wegen, 2013). By understanding and including
the effects of resistant layers it will be possible to better
predict changes in flood safety (Monbaliu et al., 2014; Van
Wesenbeeck et al., 2014), navigability (Van Dijk et al,,
2020; Wilson et al., 2017) and valuable habitat evolution
(Chen et al., 2016; Kleinhans et al., 2021) in response to
sea-level rise and other increasing human pressures.

Analysed here are the effects of resistant layers, and
their varying degree of exposure over time at the chan-
nel base, on the shape and tidal bar pattern of the Ems-
Dollard estuary, situated on the Dutch-German border
(Figure 1). This estuary is a classic example of self-formed
systems evolved in cohesionless sediments, ever since its
channel-bar patterns with mutually evasive ebb and flood-
dominated channels were described as typical for tidal en-
vironments by Van Veen (1950). However, its substrate is
not only sandy, but erosion-resistant Pleistocene clays and
tills occur at critical positions in the system. Two unique
detailed datasets on historical bathymetry and subsurface
composition are combined to track channel and node (i.e.
confluence) locations, bar positions and bar dimensions
through time and directly connect this to the presence of
resistant layers. In this way, it is possible to demonstrate
how such inherited resistant layers forced channel-bar
morphology on a system-scale. Using published data of
other systems, the effects of resistant layers are shown to
be common worldwide.

2 | GEOLOGICAL AND
GEOGRAPHICAL SETTING

In this section, the Pleistocene and Holocene substrate of the
study area is described, which is summarised in Figure 2. In
addition, Holocene estuary evolution and changing hydro-
dynamics are outlined. In the results section, the more de-
tailed position of resistant layers and their effects on estuary
evolution are shown.
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FIGURE 1 (A)Location of the study area. (B) Bathymetry of the Ems-Dollard estuary in 2005 with surrounding geology and the
reconstructed position of resistant layers. Purple tones indicate where Pleistocene resistant layers (tills and clays combined) are close to the
channel bottom (see Supplementary Materials section 1 for more detail on historical bathymetry). Resistant layers this study, see Figure 6.
Geological map: Geologische Ubersichtskarte 1:200,000 -https://produktcenter.bgr.de/terraCatalog/Start.do. Dashed lines: likely position of
Late Pleistocene valleys after Hepp et al. (2019); TNO-GSN (2021a); course on land redrawn after map ‘relief of the Holocene base’ (NIBIS)

FIGURE 2 Schematic geological
cross-section of the substrate of the
estuary, used to design the workflow of
compiling the layer models. Red dotted
line indicates erosional contacts, black
and grey lines represent the top of the
Holocene and Pleistocene resistant layers
respectively. Names correspond to the
environmental interpretation in Table 1,
all Pleistocene sandy deposits have been
lumped into one unit in this illustration

2.1 | Pleistocene substrate

The substrate of the Ems-Dollard estuary, within the
depth reach of channels, mainly consists of Pleistocene
and Holocene unconsolidated sands (Kruiver et al.,
2017; TNO-GSN, 2021a), which are relatively easy to
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erode (Figure 2). This stratigraphy is interrupted by two
strongly consolidated layers, interbedded within these
erodible sands (Figure 2): Elsterian glacio-lacustrine
clays (also known as ‘potclays’; MIS 12 or 10; 475-420 or
370-330 ka BP) and glacial tills of Saalian age (MIS 6; ca
150 ka BP) (Peelo and Drente Formations respectively;
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TABLE 1 Geological units in the substrate of the estuary, with lithostratigraphy of the Geological Survey of the Netherlands (TNO-GSN
2021b). Resistant layers in bold, see Figure 2 for their schematic stratigraphical position

Age and
environmental Resistance to
Age Lithostratigraphy General description interpretation erosion
Pleistocene Peelo Formation, undiff. Fine sands Elsterian (MIS 12 or 10) -
(>11.7 ka) glacio-lacustrine
Peelo Formation, Nieuwwolda Very compact and erosion- Elsterian (MIS 12 or ++
Member (potclay) resistant clay layer 10) glacio-lacustrine
Drente Formation, Gieten Very compact and erosion- Saalian (MIS 6) glacial ++
Member resistant clay layer, till
containing abundant silts,
sands and gravel
Drente Formation, Sandy meltwater deposit, Saalian (MIS 6) —
Schaarsbergen Member position in valleys cutting off deglaciation
older deposits meltwater valley infill
Eem Formation Marine and tidal fine sands Eemian (MIS 5e) marine  sandy facies: —
and tidal deposits clayey facies: +
mainly absent
in study area
Boxtel Formation Sandy aeolian deposits Weichselian (MIS 5d—2) —
(coversands), periglacial and local aeolian and
(local) river sands. periglacial fluvial
deposits
Holocene Nieuwkoop Formation, Basal = Compacted erosion-resistant Mid Holocene peat +
(<11.7 ka) Peat Bed peat layer swamp
Nieuwkoop Formation, Erosion-resistant clay and Peat swamps, mid +
(excluding the Basal peat layers Holocene tidal
peat bed) + Naaldwijk deposits
Formation, Wormer
Member
Naaldwijk Formation, Walcheren Mainly sands, locally mud Late Holocene tidal +

Member

TNO-GSN, 2021a, 2021b). Both resistant layers crop out
locally in the estuary and are present underneath the
wider coastal plain, although locally they have been sub-
stantially eroded by glacial meltwater (Van den Berg &
Beets, 1987). Elsterian glacio-lacustrine clays were de-
posited in a network of former glacial tunnel valleys of
several kilometres wide and up to hundreds of metres
in depth (Huuse & Lykke-Andersen, 2000; Praeg, 2003;
TNO-GSN, 2021a). These clays became overconsolidated
due to ice-loading during the late Saalian glaciation.
This same ice sheet formed an up to ca 2 m thick till
sheet that consists of a mixture of strongly consolidated
clays, silts, sand and gravel (Rappol, 1987). Till ridges
generally have a ENE-WSW orientation, reflecting for-
mer ice movement, and are flanked by meltwater val-
leys infilled with erodible sands (Van den Berg & Beets,
1987; Pierik, 2010). Eemian marine sands locally occur
in the study area as well as Weichselian periglacial and

deposits, recent Ems
deposits

aeolian sands (Eem and Boxtel Formations; TNO-GSN,
2021a; 2021b). The Late Weichselian course of the Ems
(palaeo-Ems valley) was different from the current posi-
tion of the Ems river and estuary (Figure 1). It followed
a more northerly course near Emden (well-mapped by
Barckhausen & Streif, 1978) and Barckhausen (1984),
where the resistant Elsterian potclay is positioned rela-
tively deep. Under the current estuary, its course is more
uncertain, but it probably ran west, just south of the cur-
rent estuary, where the base of the Pleistocene deposits
are lower (TNO-GSN, 2021a). A northern branch possi-
bly existed as well, 40 km north of the island of Juist.
A palaeovalley was traced in seismics and linked to the
Late Weichselian/Early Holocene Ems by Hepp et al.
(2019). The current spatial configuration of both the
tills and the glacio-lacustrine clays is the result of the
position of these tunnel valleys, till ridges and the post-
glacial erosion valleys.
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2.2 | Holocene substrate and evolution

The Holocene coastal wedge on top of the resistant lay-
ers consists of a succession of sand, clay and freshwa-
ter peat (Figure 2). Its thickness ranges from 15-25 m
close to the coastline to 5-8 m inland (Kruiver et al.,
2017; Roeleveld, 1974; Streif, 2004; TNO-GSN, 2021a).
The coastal wedge is thickest and oldest where Late
Pleistocene inherited valleys were present in the land-
scape. Especially the locally preserved layers at the base
of the Holocene wedge, compacted early Holocene basal
peat (Nieuwkoop Formation; Basal Peat Bed; TNO-
GSN, 2021b) and mid Holocene tidal clays (Vos & Van
Kesteren, 2000; Naaldwijk Formation, Wormer Member;
TNO-GSN, 2021b), form moderately resistant layers. The
mid Holocene tidal deposits are generally sandy around
former channels and more clayey toward the edges of the
basin with occasional peat intercalations (Barckhausen
& Streif, 1978; De Haas et al., 2018; Roeleveld, 1974; Vos
& Van Kesteren, 2000). They formed before 4000 yr BP
and are positioned below —5 m Mean Sea Level (MSL)
(Hijma, 2016). In the second half of the Holocene, the
Ems was a river with modest tidal influence, positioned
in a coastal peatland environment, debouching into
the Wadden Sea (Behre, 1999, 2004; Vos & Knol, 2015).
These peatlands were reclaimed from the Middle Ages
onwards, the Ems was embanked from around the year
AD 1000 to the 13th century (Ey, 2010; Oost, 1995; Vos &
Knol, 2015). The peatland drainage resulted in land sub-
sidence (Vos & Knol, 2015), but marine influence along
the river was still relatively small. This changed, how-
ever, as major land losses occurred in the 13-16" centu-
ries forming the Dollard Bay (50 km inland) (Stratingh
& Venema, 1855). This happened after a series of storm
surges into reclaimed and subsided peatlands with
too weak embankments (Pierik et al.,, 2017; Vos &
Bungenstock, 2013; Vos & Knol, 2015). Former peatlands
were eroded and the effects of tides became significantly
larger. The tidal prism of the estuary increased signifi-
cantly (by ca 350 km?), enlarging the major channels
(Van Maren et al., 2016). In the centuries afterwards,
Dollard Bay was gradually infilled, forming supratidal
flats that were successively embanked (Esselink et al.,
2011; Homeier, 1962, 1977; De Smet, 1962). The Ems
channel, bar and tidal flat deposits formed over the last
centuries are generally sandier than the mid Holocene
tidal deposits because they formed under higher energy
conditions. In the 20th century, human impact on the
estuary increased further. Deepening of the upstream
tidal river, substantial dredging and the creation of large
harbours changed tidal and sediment dynamics in the
system (Van Maren et al., 2016). Also, tidal discharges,
volumes and current velocities have increased between

1937 and 2005 (Herrling & Niemeyer, 2008). The tidal
range at the entrance of the estuary, is currently around
2 m (Borkum), which has not significantly changed over
the past several thousand years. In the current estu-
ary, tidal range near the cities of Emden and Delfzijl is
around 3 m. The Ems river has a mean annual discharge
of 81 m*s™".

3 | MATERIALS AND METHODS

To study the effect of resistant layers on the channel pat-
tern for the Ems-Dollard estuary in detail, historical ba-
thymetry was mapped over the last two centuries and
the position of the resistant layers was reconstructed in
high spatial resolution. To do so, new cross-sections were
compiled and a new geological GIS dataset was collected
showing the occurrence and depth of resistant layers.
Finally, to determine effects of geology on historical evo-
lution, channel dimensions were quantified from the ba-
thymetric time series along the estuary.

3.1 | Reconstruction and analysis of
historical bathymetry

Bathymetrical changes throughout the last two centuries
were used to trace potential effects of resistant layers over
time. Bathymetry was extracted using historical maps of
the Ems-Dollard estuary, compiled by the department of
defence for 1833, 1888, 1928 and 1953. These maps were
digitised and subsequently interpolated to 100 X 100 m
grids. From 1985 onward detailed bathymetries are avail-
able (SI 1). Measurements for estuarine dimensions, that
is width-to-depth (W/h) ratio and cross-sectional area
(CSA) were extracted on cross-sections with a 200 m spac-
ing along the estuary centreline, following (Leuven et al.,
2018c). Bar length and spacing between the confluences
(i.e. nodes) were measured along the centreline and com-
pared to the local estuary width, which is defined as the
channel width including bars.

3.2 | Layer modelling

The occurrence and position of resistant layers was recon-
structed by compiling a geological layer model (Figure 3)
using geological borehole data from the Dutch DINOLoket
(https://www.dinoloket.nl/en; TNO-GSN, 2021b) and
the German LBEG (https://nibis.lbeg.de/cardomap3/)
data repositories. Boreholes with resistant layers were
identified (Figure 4), and the top of these layers was in-
terpolated into raster files that show the position of the
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FIGURE 3 Iterative workflow for interpolating the base of resistant layers. In the first step, boreholes are selected that reach the

resistant layers’ bases, these serve as input for interpolation plane ‘surface 1’, In steps 1.2 and 1.3, this plane is adapted to boreholes in which

the target layer is deeper or shallower. In step 2 all younger layers and bathymetry over all time steps are used to cut the plane. For the cases

only the top of the target layer was reached whereas the base was not, the average thickness was subtracted from its top

resistant layers, following the procedure of Gunnink et al.
(2013). To account for post-depositional erosion, younger
erosive channel fills (e.g. glacial meltwater deposits, tidal
channels) were identified from the borehole data and used
to cross-cut the resistant layer raster files, following the
conceptual stratigraphy in Figure 2.

Model steps are explained below and in Figure 3. Steps
1.1-1.3 were done for all target layers, that is the resistant
layers and (lumped) other deposits that relate to them (in
Table 1 and Figure 2). Step 2 was only performed for the
resistant layers.

Step 1.1 - Selection of all stratigraphic bases of the
target layer in the boreholes in which the base of the tar-
get layer was reached. These values were interpolated, re-
sulting in surface 1 as a first approximation of the layers’
base.

Step 1.2 - Selection of stratigraphic boreholes with
tops that are older than the target layer but occur higher
than surface 1. At these locations, the target layer is
absent but higher, older topography is present. These
points from steps 1.1 and 1.2 were interpolated, creating
surface 2 as a second iterative step of the base of the
target layer.

Step 1.3 - Selection of boreholes in which the tar-
get layer was reached, but its base was not. For these
cases a theoretical base of 1 m below the end-depth

of the borehole was defined, thereby forcing the to-be-
interpolated surface below the depth of surface 2. A
topogrid interpolation of surface 3 of the base of the
target layer was applied using points from steps 1.1,
1.2 and 1.3.

Step 2 - After modelling the stratigraphic base of each
layer, a stacked layer model was constructed with consis-
tent stratigraphical cross-cut relationships (see Figure 2).
For example, deposits associated with channels (e.g. the
base of the deglaciation meltwater channel, Figure 3) dis-
sect older deposits (e.g. tills and older Pleistocene sands),
where they occur at greater depth. Because the LEBG
borehole data were labelled manually, the workflow had
to be adapted for these data: where resistant layers do
not occur based on step 1.1, although expected, a chan-
nel structure was assumed that cuts them. The youngest
Holocene Ems channel sands were labelled and used to
cut all layers (no older layers could be present higher than
this surface). The same was performed using bathymetry
over the last 200 years, that is maximal depth over the last
two centuries.

Step 2 results in a set of grids or layers of the base of
each unit. Using these data, the top of any layer, includ-
ing those of the resistant layers could be calculated and
or combined. This was done by combining the maximal
depth of the base of all younger deposits.
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FIGURE 4 Boreholes in the Ems-Dollard estuary used for grid interpolation for all Pleistocene and Holocene resistant layers separately.

Coloured boreholes indicate where resistant layers were encountered. Deepest position of estuary channels since 1833 indicated in blue
(i.e. deepest points of all bathymetry datasets combined). Borehole data from the Geological Surveys of the Netherlands and Lower Saxony.

Projection in Dutch coordinate system RD New (EPSG: 28992)

4 | RESULTS
4.1 | Position of resistant layers in new
geological reconstructions

In this section the existing geological insights of the study
area are supplemented with new and more detailed in-
formation on the position of Pleistocene resistant and
Holocene resistant layers. For this the detailed cross-
sections and new raster layer files are used (Figures 5
and 6). Where relevant, other (less resistant) units were
considered as well, for example in the cases where these
may represent infillings of old deglaciation meltwater val-
leys that dissected older Pleistocene resistant layers (see
Figure 2).

The new raster layer files and cross-sections show that
the erosion-resistant layers are present in the estuary's
substrate at several distinct locations (Figures 5 and 6).
The glacio-lacustrine potclay is close to or at the channel
floor on three locations: in the northern channel around
bar 3 at —18 m MSL, along the western channel of bar 1
at —15 m, and around node 1 around 15 m (Figures 5, 6A
and 7). Tills are present in the northern channel around
bar 3 on top of the potclay (Figure 5: E-E’ and F-F’). Near

bar 2, a ENE-WSW oriented till ridge was found around
13 m depth (Figure 5: F-F’; 4B and 6). This orientation is
in line with till ridges on either side of the estuary on land
(Van den Berg & Beets, 1987; Pierik, 2010; Figure 1). These
deposits are generally covered by Weichselian coversands
and periglacial fluvial deposits, reaching several metres
thick. This cover is generally absent where Holocene ero-
sion occurred (Figure 5).

As in the adjacent till plateaus, small and large melt-
water valleys have locally eroded these layers before the
Holocene. Where the Holocene estuary crosses these
sandy infilled Saalian meltwater valleys, deeper tidal ero-
sion was facilitated, and the confluences preferentially
formed (nodes 2,3,4 in Figure 6A). The presence of coarser
fractions in the bed (D50 >300 um Oberrecht et al., 2016:
their Figure 8) show that the till has been eroded by abra-
sion to some degree. These resistant layers have, however,
been persistently visible in the bathymetry over the last
200 years, which confirms their high resistance to tidal
channel erosion.

In the study, several generations of Late Pleistocene
(Ems) valleys are present with different orientations,
two of which could be mapped. A Late Weichselian/
Early Holocene Ems palaeovalley was convincingly
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demonstrated north of Emden (Barckhausen, 1984;
Figure 5: A-A’). A second, relatively large meltwater chan-
nel (ESE-WNW) was found running south of the most
downstream part of the estuary. It is filled with sandy gla-
ciofluvial sediments and topped by Weichselian aeolian
coversands (Figure 5: E-E’ and 6). The base of the Holocene
is located relatively low along its course (Figures 5 and 6;
TNO-GSN, 2021a). This valley probably formed during
the Saalian deglaciation and may have been active during
the Eemian and a substantial part of the Weichselian as
well. In addition, a northern branch may be present, con-
necting to the presumed Ems palaeovalley north of Juist
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(Hepp et al., 2019). In the study area, its most likely course
would be through cross-section D-D’ (Figure 5) (base pre-
Holocene around —20 m), around the current position of
the Oostfriesegaatje. The till ridge (around bar 2 in Figures
1 and 6A) with its top around —13 m MSL (Figure 5: F-F’),
must have been a barrier in the landscape, so probably the
valley ran just east of it, through an area with very low
data density (Figure 4A,B).

The cross-sections and raster layer files also show that
Holocene tidal clays and peat are found at the channel mar-
gins and also at the channel base in the most landward part
of the estuary (Figures 4C,D and 5). Where the top of the
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ﬂ- Elsterian, glacio-lacustrine clays (‘potclay’) ,,- Basal and coastal peat
Elsterian, glacio-lacustrine sands *- Humic tidal and fluvial clays
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FIGURE 5 Geological cross-sections in and around the Ems-Dollard estuary. Geological units in the map inset same as in Figure

1. Borehole data derived from borehole databases of the Geological Surveys of the Netherlands and Lower Saxony, supplemented with
existing cross-sections. Channel bathymetry is from 2014. A-A’: cross-section after Barckhausen (1984) showing the Late Weichselian/
Early Holocene palaco-Ems valley north of the current Ems following a zone where resistant glaciofluvial clays are positioned lower. B-B’:
German part in after Streif (2004). Dollard Bay infill on top of peat and the Ems river embedded in Holocene peat and clays can be seen.
C-C’: Holocene peat at the channel base with scours up to ca —15 m below sea level (see also bathymetry in Figure 9C). D-D’: part west
from Bocht van Watum after Roeleveld (1974), part east of Ems after Barckhausen and Streif (1978). Palaco-Ems valley likely positioned
under the current main estuary channel, clay and peat on its flanks cause edge effects in bathymetry (Figure 9B). E-E’: Geology in northern
Ems channel (Ranzelgat) after Jonkman and De Vries (2010). Pleistocene clays hamper channel deepening, south of the estuary a large Late
Pleistocene meltwater valley is likely present, formed by Saalian meltwater and likely also active in the Weichselian (Figure 6). F-F’: Cross-
section through dredged shipping channel after Jonkman and De Vries (2010) showing presence and absence of Pleistocene clays on the

channel bottom
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Pleistocene surface is deeper (e.g. at the position of old dis-
secting valleys), these layers are also generally positioned
deeper (e.g. in Figure 5: D-D’). Especially these deeper peat
and clays are most compressed under the weight of several
metres of sediments making them relatively resistant to ero-
sion. Towards the sea, the Holocene tidal deposits are more
sandy, reflecting an increasing energy gradient towards the
mouth of the estuary. Perpendicular to the estuary, Holocene
sediments become finer as well and the flanking peatlands
contain layers of tidal clays (Figure 5: D-D’), representing
distal coastal swamp environments with a varying degree of
marine influence.

4.2 | Reconstructed bathymetry and
changes in channel volume

The bathymetry dataset starts in the 19" century and
shows relatively large channels in which resistant layers
are well-exposed (e.g. till ridge in segment 2; Figures 1, 5

| 1km |
5km 1

and 7). Since the 19th century, the channels have shown
a net import of sediment, of 1-3 Mm? per year, burying
most resistant layers at the channel base. Most likely the
system adapted to the stepwise decreasing tidal prism by
embankment of the Dollard in the preceding centuries
(Van Maren et al., 2016) (Figure 7). In the most seaward
section (segment 1) a contrasting trend is observed in the
19 century. Here, channel volume became larger instead
of smaller by ca 1.4 Mm?/yr, probably as a reaction to the
silting up of the Eastern Ems (Figure 1).

From the beginning of the 19th century to the 1960s,
the system had four nodes and two channels with a rel-
atively large meander curvature (Figure 7C,D,E). This
changed as the Oostfriesegaatje (eastern channel around
bar 1 in segment 3) became larger after AD 1900, while the
Bocht van Watum (western channel around bar 1) became
smaller (Gerritsen, 1952; Van Maren et al., 2016; Figure
7D,E,F ‘marked I’). These developments decreased chan-
nel sinuosity around bars 2 and 3 from 1.28-1.31 in 1833
to 1.08-1.01 in 1928 (Figure 8B).
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FIGURE 6 Grid interpolations of (A) the Pleistocene layers: glacio-lacustrine clays and glacial tills combined and (B) Holocene layers:
peat and tidal clay combined. Workflow in Figure 3, source data in Figure 4. Most likely routes of the Late Pleistocene valleys are indicated,
they generally coincide with deeper or absent Pleistocene resistant layers. Position of bars is coeval with shallow occurrence of resistant

layers; nodes preferentially form where resistant layers are absent or deep. Hillshade and contour lines are shown for the maximum channel
depth since 1833 (i.e. the deepest position of all bathymetry sets combined). Projection in Dutch coordinate system RD New (EPSG: 28992)

Over the last 50 years human impact increased sig-
nificantly through land reclamation, new harbours and
dredging (Van Maren et al., 2015). Between 1953 and
1985 the total channel volume increased by ca 200 Mm®
(0.3 Mm®/yr in segment 4 to 2.7 Mm?/yr in segment 1
- Figure 7A), which equals an average of 1 m for the
entire estuary. This is in accordance with the 134 Mm®
that has been extracted between AD 1960 and 1985
(Mulder, 2013; Figure 7B).

4.3 | Effects of Pleistocene
resistant layers

Discussed here are the effects of resistant layers on
the dimensions and position of channels and bars. In
the discussion section, their local and regional impact
are compared and the wider implications are shown.
At locations where erosion-resistant Pleistocene clays
and tills outcrop (ca 10-15 m below MSL: Figure 8A),
channels are less deep and the estuary is relatively
wide. These trends are most prominent around bars
2 and 3 and on the bathymetry of the 19th century,
when channel volume was relatively large (Figure
7). At places where the Pleistocene resistant layers
are present at or close to the channel floor, channel

width-to-depth ratios vary between 400 and 800 with
a quasi-periodic pattern in longitudinal direction, re-
flecting the outcrop positions (Figure 8D). Meanwhile,
the cross-sectional area (CSA) of the channels de-
creases approximately linearly in landward direction
for all time steps (Figure 8C). This implies that, to
maintain this linear longitudinal trend in CSA (Figure
8C,D), the channels have increased their widths where
the equilibrium depth was limited by resistant lay-
ers. Where present, the resistant layers caused lateral
channel migration and outer bank erosion, rather
than channel deepening. This resulted in curved chan-
nels around non-migratory mid-channel bars (Leuven
et al., 2018b), present between 6-12, 20-25, 27.5-
36 km (orange shadings in Figure 8C,D). Subsequent
estuary widening allowed the width of bars to increase.
This mechanism explains the preferential occurrence
of mid-channel bars where resistant layers are present
(Figure 8A). These allogenically forced bars alternate
with relatively deep and narrow channel confluences
(nodes). These occur where the resistant layers are ab-
sent or too deep, for example because these zones are
positioned in former Saalian meltwater valleys, filled
in with Pleistocene erodible sands, flanking the till
ridges (Figures 6A and 8A around 15-25 km, the latter
only before 1928).
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not dispersed again) (Mulder, 2013). In total, ca 140 Mm® has been extracted from the system between 1953 and 1985, which corresponds

to the channel volume increase found for this period in this study. (C-F) Bathymetry and channel volume reduction per segment for the
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glaciofluvial clays above —20 m MSL (see Figure 6A). Bathymetrical data of the Dollard bay are not available for 1833 and 1953. Position of

the resistant layers around moderate channel depth coincide with the presence of wide meander bends and a large total width of the estuary

4.4 | Effects of Holocene resistant layers
Where Holocene peat and clays form the bottom of the
channel floor, channel deepening is hampered as well.
Their thickness and their degree of erosion resistance
are, however, smaller compared to the Pleistocene clays
and tills, and therefore scour holes and edges formed
more easily (Figure 5: C-C’; Figure 9A,C). These features
formed at places where the channel has become deeper
over the last century (e.g. Oostfriesegaatje, Gaatje Bocht
Figures 7E,F and 9). These scours penetrate layers of clay
and peat and then encounter Pleistocene sands that they
can more easily erode, making them relatively deep, as
described by Huismans et al. (2016, 2021) for scours in
the Rhine-Meuse delta. Sharp edges are observed (Figure
9B) over longer distances in the channel east of bar 1 in
segment 3. This channel (Oostfriesegaatje) has deepened
over the last two centuries, exposing these older layers
that were probably formed in early stages of Holocene
transgression along the palaeo-Ems valley (Figures 1 and
5: D-D’). In the southern part of Figure 9B (Gaatje Bocht),
the very base of the scour is limited by the occurrence of
Pleistocene clay.

5 | DISCUSSION

5.1 | Resistant layers: a local or an
estuary-wide effect?

The position of nodes and bars in the Ems-Dollard estu-
ary are thus forced by the distribution pattern of resistant
layers to a large extent, rather than resulting from chang-
ing hydrodynamic boundary conditions. Depth-limiting
resistant layers result in channel widening, local bank ero-
sion, and mid-channel bar formation, while deeper nodes
preferentially occur where resistant layers are absent. This
means that erosion-resistant layers at depth can have simi-
lar effects on bar and bend morphology as horizontal topo-
graphic forcing, for example by erosion-resistant banks,
has long been known to have (van Dijk et al., 2012; Leuven
et al., 2018c). These effects directly force at least two ca
10 km long bars (bars 2 and 3), over half the length of the es-
tuary. These effects do not only occur locally at the positions
of resistant layers; forced channel curvature around bar 2
(S = 1.28 in 1833; Figure 8) propagates to the next meander
bend, favouring the branch connected to the outer bend at
the bifurcation in the Bocht van Watum (during ebb flow)
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(S =1.311in 1833; red arrow in Figure 7C). Similar effects of
propagating meander curvature to the neighbouring bends
have been observed in fluvial environments (Van Dijk et al.,
2012). This cascade of meander and tidal bifurcation effects
through the system means that the effects of resistant layers
can also be expanded beyond local effects over at least one
bar or meander wavelength.

If these resistant layers are so important, would the bar
lengths and node spacing have been so different without
their forcing effects? Global datasets show that alluvial bar
lengths and node spacing scale with estuary width (Leuven
et al., 2016, 2018b). For the Ems-Dollard these variables, es-
pecially bar 1 and 3 and their bounding nodes, plot on the
upper range of those found in many modern tidal systems
and in laboratory scale experiments. This applies especially
to node spacing that lies outside or just within the 95% confi-
dence range of other estuaries (Figure 10A,B). Bar lengths are
relatively long, but still fall within the 95% confidence range.
These patterns are attributed to the fact that the spacing of
the resistant layers coincidentally falls within the hydromor-
phologically suited range for bar and node dimensions (i.e.
the confidence interval in Figure 10). The Pleistocene resis-
tant layers hence force the exact location and the actual di-
mensions within or very close to that confidence range.

There were no indications that the Holocene resis-
tant peat and clays affected channel and bar patterns on
the scale of the entire estuary. Most likely this was be-
cause they are not as resistant and thick compared to the
Pleistocene clays and tills that affect the system on longer
timescales. The Holocene resistant layers do, however,
cause significant scours and edges, which may locally lead
to unstable channel banks in case scour holes may grow
towards them (Huismans et al., 2021).

5.2 | Human impact on exposure of
resistant layers

Within the Ems-Dollard estuary an increase in chan-
nel volume can be seen that can be linked to a stronger
forcing effect, while a decrease in channel volume (i.e.
increased alluviation) correlates to less forcing by resist-
ant layers. A good example of the former can be seen in
the most seaward segment (segment 1), where channel
volume has increased over the last century (Figure 7)
and resistant Pleistocene layers became more exposed
(Figure 5E-E’ and F-F’), correlating with increased
meander curvature and a higher W/h ratio (around
5 km) for the more recent timesteps (Figures 7D and
8B,D). In the more upstream segments, a similar cor-
relation is observed. The diagonally oriented till ridge
in segment 2 had forced the channel curvature to be
high towards the beginning of the 19th century (outer

bend bar 2 around ridge marked ‘III’ in Figure 7C). This
probably happened because an increase in tidal prism,
caused by the formation of Dollard Bay in the 16" cen-
tury upstream (Van Maren et al., 2016), facilitated the
formation of deeper channels between the 16™ and 19"
century, exposing this till ridge at their bases. As sedi-
mentation continued over the last two centuries, this ex-
posed till ridge was partly buried and meander curvature
decreased (Figure 7D, sinuosity in segment 2 decreased
from 1.28 in 1833 to 1.08 in 1928; Figure 8B). The tidal
flow subsequentely preferred the Oostfriesegaatje over
the Bocht van Watum since 1888 (Figure 7D). The lat-
ter eventually closed, straightening the channels in seg-
ments 2 and 3. This resulted in a decrease in sinuosity
from 1.23 to 1.08 between 1833 and 1928 over the entire
estuary. The trend observed in the Ems-Dollard, implies
that after a period of dominant forcing by geology, au-
togenic processes could become more important with
increased alluviation. These examples demonstrate that
decreased alluviation can be associated with the stronger
effects of resistant layers, because a relatively large part
of the channel wetted perimeter is bounded by resist-
ant layers. Intensified bedrock control during periods of
deeper channels has also been demonstrated locally in
the Marennes-Oléron Bay, France (Bertin et al., 2004).
In summary, it is shown here how larger and deeper
channels can trigger bedrock effects on the scale of an
entire estuary via meander propagation trends. In the
case of the Ems-Dollard estuary, the initial increase in
channel volume and subsequent decrease over the last
two centuries was not the result of changing boundary
conditions. Instead, it can be linked to initial estuary
expansion after storm surges in response to human-
induced peatland subsidence, followed by silting up
enhanced by phases of embankment (Van Maren et al.,
2016; Vos & Knol, 2015).

Although channel volume and hence tidal energy in
the system has varied over time, this did not seem to have
strongly affected the degree to which the resistant layers
could be eroded. Many Pleistocene layers did not expe-
rience significant erosion over the last centuries, despite
long exposure at the channel floor. This was also observed
by Schaumann et al. (2021) in a tidal channel near the
German Wadden island of Norderney. The less compact
and thinner Holocene peat and clays eroded faster and
show clear signs of local erosion (scouring) as soon as
channels form or deepened in 19 century.

5.3 | Implications for other estuaries

This study demonstrates that inherited resistant layers
force the long-term morphological evolution of Holocene
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estuaries that were hitherto assumed to be fully alluviated
(i.e. embedded in easily erodible substrate). The Ems-
Dollard case illustrates how these locally present layers

can affect the channel-bar pattern and planform shape of
an entire estuary: they force channel, bar and node po-
sitions. These results suggest that estuary-scale forcing is
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length, node spacing and estuary width, dashed lines the 95% confidence limits (Leuven et al., 2016, 2018b). Bar length and node spacing is

relatively high compared to reference datasets. Bar and nodes in the middle of the estuary show most complex behaviour

strongest for the cases where the spacing of independently
formed inherited resistant layers is coincidently close to
the hydromorphologically expected spacing between
nodes in the channel-bar system.

An inventory of 27 river mouths from around the
world, for which geological and bathymetrical data were
available, shows that various types of resistant layers in-
terfere with channels (in 23 out of 27 cases, values are
below 1 in Figure 11), regardless of the size of the es-
tuary and the tidal range (for sources, see Supporting
Information, Table S2.1). Channel depth and the po-
sition of geological layers may vary along the estuary;
here the maximum channel depths are compared to the
highest position of a nearby resistant layer. This means
that the resistant layers are at least locally very close to
the channel floor and may potentially outcrop in many
other estuaries. As such hydrodynamics and morphol-
ogy may be at least locally constrained in depth, with
potential estuary-wide effects as observed in the Ems-
Dollard estuary. This indicates that the influence of re-
sistant layers is most likely much more widespread than
hitherto thought. This limits the applicability of con-
cepts and models that assume full alluviation.

With increased dredging and future sea-level rise, re-
sistant layers are expected to become more exposed at
the bases and edges of channels (i.e. data points will shift

down in Figure 11), increasing their potential effects on
the estuary morphodynamics. Such effects are especially
expected in a large number of estuaries where the tidal
prism is expected to increase. This could, for example,
occur when the estuary surface area becomes larger when
the surrounding land drowns, when tidal amplitude at
the mouth increases due to seaward shifting of amphi-
dromic points related to sea-level changes (Idier et al.,
2017; Pickering et al., 2017), or due to local anthropogenic
effects (Cox et al., 2021; Huismans et al., 2021). It is well-
known that increasing tidal prisms lead to channel deep-
ening (Jarrett, 1976); and over the last 20 years already,
the German Wadden Sea has shown an increase in chan-
nel volume in response to sea-level rise (Benninghoff &
Winter, 2019). While deepening, resistant layers could
be encountered, that potentially limit further deepening,
which results in unexpected widening and subsequent
land loss of the often densely populated fringing lands.
In addition, where Holocene peat and clays cover the
bottom of a channel, scours may form and grow as chan-
nel volume increases. These may undercut structures or
channel edges, potentially causing bank instability, more
than already expected from the enlargement of channel
volume due to sea-level rise (Leuven et al., 2019). The
filling tendency of the Ems estuary studied here suggests
that such a trend can be mitigated by sediment supply.
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a resistant layer. Instead, it indicates that the resistant layer may outcrop on the channel floor or is currently very close, and that, given

the dynamic nature of channels, past or future exposure is likely possible. Most systems over the world have resistant layers close to

their channel bases that potentially affect estuarine morphodynamics. Resistant layers are potentially relevant for all types of estuaries,

independent of the size and boundary conditions (mean annual discharge and spring tidal range). For data and references, see Supporting

Information, Table S2.1

Given the potential implications of resistant layers, these
results highlight the need to better map shallow resistant
layers in other estuaries as well. Incorporating these into
morphological studies and new conceptual models would
lead to improved model forecasting reliability for estuaries
worldwide.

6 | CONCLUSIONS

In this paper newly compiled historical bathymetry and
geological datasets are used to reconstruct the impact of
resistant layers on channel-bar evolution over the last two
centuries in the Ems-Dollard estuary, the Netherlands/
Germany. Findings are as follows:

« The configuration of the most resistant (Pleistocene)
clay layers under the Ems-Dollard estuary is the result
of glacial and glaciofluvial processes, overprinted by
(meltwater) valley erosion. Over the past 150 kyr, the
old Ems valley has had different orientations, causing
complex erosion patterns of the Pleistocene layers.
The youngest Late-Weichselian Ems valley created
the depocenter where Mid Holocene peat and clay are
nowadays deepest and therefore most compact and
erosion-resistant.

« In the Ems-Dollard estuary, channel dimensions and
bar-node positions strongly depend on the presence and
position of the Pleistocene resistant layers (i.e. tills and
glaciolacustrine clays) in the subsurface. Depth-limiting
layers force channel widening preferentially leading to
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bar formation, while absence of resistant layers facili-
tates nodes.

« Effects of increased bend curvature may propagate to
the adjacent bends, affecting channel-bar patterns in
the entire estuary.

» Holocene resistant layers in the study area (compacted
peat and tidal clays) cause scouring and edge formation
on the channel floor as significant local effects.

+ Both local and estuary-wide effects of resistant layers
in the substrate will be larger if more of them are ex-
posed when channel volume is increasing, for example
as a result of dredging, sea-level changes or changing
tidal prism. In this case this is exemplified by a stron-
ger resistant layer effect under higher channel volumes.
These were caused by human-induced land losses in the
fringing peatlands, increasing tidal prism, while other
boundary conditions remained relatively constant.

+ Resistant layers presently seem close to the channel
floor in many estuaries around the world. These may
cause local effects such as unexpected widening or bank
failure of usually populated estuary banks or loss of
vital habitats in and along the estuary. To improve the
prediction of morphological behaviour of estuaries in
response to global change and human impact, resistant
layers in estuaries need to be more extensively mapped
and included in conceptual and numerical models.
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