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A B S T R A C T

A newly developed in-situ setup of the Closed Gust Erosion Microcosm System (C-GEMS) was utilized for erosion 
experiments in a tidal mudflat in the mouth of the Elbe in the German Wadden Sea to investigate the temporal 
variability of the erosion threshold τc of cohesive sediments. In addition, erosion experiments with extracted 
sediment cores from the same site were conducted in the field and in the laboratory with the identical device to 
analyze the influence of sample extraction and transport on the derived erosion threshold. A total of 21 erosion 
experiments were carried out in four measuring campaigns between April and September 2024. The erosion 
thresholds derived from the in-situ experiments exhibit considerable temporal variability across campaigns, with 
values of τc = 0.1–0.27 N/m2, while repeated experiments within the individual campaigns demonstrate a high 
degree of reproducibility. Accompanying analyses of surface sediment particle size distribution and bulk density 
revealed that mud concentration (clay and silt) varied with wind conditions and the associated hydrodynamic 
load prior to the measurement campaigns. The observed temporal variability in τc is reasonably well captured by 
a mathematical model based on mud concentration and particle size, suggesting that τc can be plausibly esti
mated from these parameters. For campaigns with a cohesive surface sediment layer, erosion thresholds derived 
in the ex-situ experiments are consistently lower than those obtained in the in-situ experiments. This is attributed 
to the disturbance of the surface sediments due to mechanical extraction and liquefaction during transport. The 
findings offer insights into the transport dynamics of cohesive sediments and help guide decisions on whether 
future erosion experiments should be conducted in situ, despite the significant effort involved, or whether 
extracted sediment cores are a suitable alternative.

1. Introduction

Intertidal mudflats cover large areas of estuaries and sheltered 
coastal zones and may act as both a sink or source of cohesive sediments. 
To improve the understanding of the exchange processes between 
mudflats and adjacent estuarine and coastal waters, characterizing the 
erosion behavior of cohesive sediments is essential. While the erosion of 
non-cohesive sediments is dominated by the particles size and shape of 
the sediment particles (Shields, 1936), the erodibility (erosion threshold 
and rate) of cohesive sediments is further influenced by a variety of 
physical, biological and geochemical parameters and therefore still 
difficult to predict (Berlamont et al., 1993; Grabowski et al., 2011). The 
cohesive or non-cohesive behavior of a sediment mixture is primarily 
influenced by the content of very fine sediments (clay and fine silt), as 
cohesion increases with decreasing particle size (Mehta and McAnally, 

2008; Ternat et al., 2008). A clay content of 5–10 % is often reported as 
the threshold for cohesive behavior of sediment mixtures (van Rijn, 
1993; Winterwerp et al., 2021). The erosion threshold of a sediment 
mixture generally increases with an increasing mud fraction (clay and 
silt), reaching its maximum at a mud fraction of 30–40 % 
(Panagiotopoulos et al., 1997; Ternat et al., 2008; Perkey et al., 2020). 
Debnath and Chaudhuri (2010) provide an overview of various defini
tions of the erosion threshold and summarize values obtained from field 
and laboratory experiments. Erosion thresholds are commonly esti
mated based on the bulk density or water content (Amos et al., 1997; 
Aberle et al., 2004), the mud content (Mitchener and Torfs, 1996) or, as 
a combination of the forementioned parameters, on the dry bulk density 
of the mud component (Chen et al., 2021) of a cohesive sediment 
mixture. In mudflats, microphytobenthos and macrozoobenthos have 
been observed to influence the erosion threshold as well (Widdows et al., 
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2000; Andersen et al., 2010). Microphytobenthos is associated with an 
increasing erosion threshold (biostabilisation) and macrozoobenthos 
with a decreasing erosion threshold (bioturbation). Several studies have 
shown that the erodibility of intertidal mudflats can vary considerably in 
space and time (Houwing, 1999; Andersen, 2001; Zhu et al., 2019). This 
variability underscores the need for detailed field studies to better 
constrain and predict erosion dynamics in these environments.

The Wadden Sea is the world’s largest interconnected system of sand 
and mudflats and has been at the center of competing demands such as 
navigation, flood protection and nature conservation for centuries 
(Lotze et al., 2005). While the Wadden Sea is largely dominated by 
sandy surface sediments, fine, cohesive sediments tend to accumulate 
particularly in nearshore areas (Sievers et al., 2021). Recent large-scale 
studies based on long-term bathymetry and surface sediment composi
tion data, revealed two phenomena: First, a gradual increase of mudflats 
in the German Wadden Sea (Lepper, 2023), with potentially negative 
impacts on e.g. tourism and shipping, and second, that the mud-budget 
of the Wadden Sea as a whole is nearly closed, indicating that mud has to 
be treated as a finite resource (Colina Alonso et al., 2024). Additionally, 
during the 2010s, German authorities observed a significant increase in 
suspended sediment concentration (SSC) and deposition of fine sedi
ments in the inner Elbe estuary, leading to an increase in maintenance 
dredging, especially in the area of the Port of Hamburg, and therefore 
financial and ecological burdens (Weilbeer et al., 2021). One major 
driver of this development is seen in the re-mobilization of fine sedi
ments from tidal mudflats in the river mouth during two consecutive 
storm surges at the end of 2013, followed by upstream transport into the 
estuary under flood-dominated tidal conditions. To improve the un
derstanding of the described developments and interrelations for past as 
well as future scenarios and to work towards a sustainable sediment 
management, large-scale hydro- and morphodynamic numerical models 
are increasingly applied, which need to be calibrated and validated 
based on reliable field data.

Erosion experiments with natural cohesive sediment samples can be 
conducted either directly in-situ on the sediment bed or ex-situ with 
extracted sediment samples, either at the sampling site or in laboratory. 
Because the extraction and transport of cohesive sediment samples may 
disturb the sediment structure, several authors recommend the in-situ 
determination of erosion characteristics (Berlamont et al., 1993; 
Whitehouse et al., 2000). However, in-situ measurements typically 
involve considerably more effort than ex-situ experiments. Over the past 
decades, a range of erosion devices has been developed, most of which 
are designed for one specific type of experiment (in-situ, ex-situ with 
extracted-cores or ex-situ with artificially placed beds). The in-situ de
vices in particular are often large and difficult to handle. Summaries of 
the existing devices can be found in Lee and Mehta (1994), Widdows 
et al. (2007) and Beckers (2021). Several studies have shown that the 
utilized device, measuring technique and the experimental procedure 
may significantly affect the erosion parameters obtained (Tolhurst et al., 
2000a; Widdows et al., 2007).

To date, only a limited number of studies have addressed the po
tential influence of the extraction and transport of sediment samples on 
the derived erosions parameters in detail. Importantly, previous studies 
have generally involved different erosion devices for the in-situ and ex- 
situ experiments, making it difficult to isolate the effects of sample 
handling. Noack et al. (2015) investigated the erosion thresholds of 
cohesive sediments from the middle course of the Elbe and Saale Rivers 
both in-situ and in the laboratory. For the in-situ measurements, a 
benthic flow-through flume was placed onto the river bed, whereas for 
the laboratory experiments a different flume was used, in which previ
ously extracted sediment cores were incrementally inserted from the 
bottom of the flume. Differences in flume dimensions and instrumen
tation limit the comparability of the results. The authors reported 

increases in mean τc of 20 % (Elbe) and 44 % (Saale) in laboratory ex
periments, attributing the differences to disturbances or loss of the fluffy 
top layer of the sediment during withdrawal and transport of the sedi
ment cores. Tolhurst et al. (2000b) compared the results for τc from 
in-situ measurements with an annular flume with laboratory experi
ments in a straight flume for sediments from mudflats in the Humber 
estuary. The values for τc derived from the laboratory experiments were 
significantly higher than the in-situ measurements (lab.: 1.7–8 N/m2; 
in-situ: 0.01–0.58 N/m2). The authors attributed this discrepancy to the 
drying and compaction of the surface sediments during the transport of 
the sediment samples, as the samples were transported in a dry state, i. 
e., without a water column above the sediment surface. In the same 
study, results from in-situ measurements with a cohesive strength meter 
(CSM) in the Sylt-Rømø Bight were compared to laboratory experiments 
with an EROMES device (see Tolhurst et al. (2000b)) for a description of 
both devices). In this case, the samples for the laboratory experiments 
were transported with a 30 cm water column above the sediment sur
face. The results exhibited large scatter, yet after a recalibration of the 
EROMES results based on the CSM results, the authors concluded that 
the influence of the sampling and transport on τc may be rather small 
compared to other factors, if conducted carefully.

To address the described challenges, the present study aims to 
improve the understanding of the variability of the erosion threshold of 
cohesive sediments and to form a basis for future numerical and 
experimental investigations. The specific objectives can be summarized 
as follows. 

• Development and presentation of a microcosm setup suitable for 
both in-situ erosion experiments and experiments with extracted 
sediment cores.

• Execution and evaluation of in-situ measurements of τc in an inter
tidal mudflat in the German Wadden Sea under varying environ
mental conditions and accompanying investigation of the changes in 
composition and concentration of the surface sediments.

• Comparison of the in-situ measurements of τc with ex-situ experi
ments conducted immediately after sample extraction on site and 
after transport to the laboratory, using the same erosion device and 
experimental procedure.

2. Study site and measuring campaigns

2.1. Overview

Four measurement campaigns were carried out between April and 
September 2024 at the location “Trischendamm” in the German Wadden 
Sea (Fig. 1). Each campaign consisted of two consecutive days of field 
measurements and sampling, followed by additional laboratory experi
ments. On each day in the field, both one in-situ erosion experiment and 
and one ex-situ (field) experiment with an extracted sample were per
formed (TD1 only in-situ). In addition, on each field day one sediment 
sample was collected for the ex-situ (lab.) experiments, which were 
conducted ~48 h after sampling. For TD3, one in-situ erosion experi
ment had to be excluded due to problems with the measuring devices, so 
a total of 21 erosion experiments were conducted, of which 7 were 
conducted in-situ, 6 ex-situ at site in the field and 8 ex-situ in the lab
oratory (see Table 1).

To characterize the sediment properties of the upper sediment layers 
of the mudflat, subsamples were taken at continuous depths of up to 
~12 cm below the sediment surface during each campaign. The derived 
sediment properties are used to investigate the temporal variability of 
the depth-resolved sediment composition and concentration in the 
upper mudflat layers between the campaigns.
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2.2. Location

The four measurement campaigns were carried out at the same 
location in an intertidal mudflat of the outer Elbe estuary in the German 
Wadden Sea (Fig. 1). The mudflat on the northern side of the “Tri
schendamm” was chosen based on three main criteria: i) a sediment 
composition dominated by fine sediments (clay and silt), ii) a suffi
ciently long exposure period during the low water phase, allowing for 
the in-situ erosion experiments to be carried out and iii) the accessibility, 
under consideration of the required measurement equipment and the 
minimization of the disturbance during transport of the sediment sam
ples taken for the laboratory experiments.

The “Trischendamm” is an approximately 2.2 km long cross-shore 
structure, built to secure the dike line of the peninsula “Frie
drichskoog” (Lorenzen, 1960). On both sides of the dam, groynes extend 
perpendicular to the dam into the mudflats. In some parts, remains of 
rectangular systems of brushwood fences exist, which were installed to 
increase sedimentation in this area. Over the past decades, salt marshes 
have developed on the southern side of the dam. As the dam crest is at 
+3.0 m NHN and the mean high-water level is approx. MHW = +1.61 m 
NHN (Büsum gauge), the dam is rarely overtopped.

The erosion experiments and the extraction of sediment samples 
were conducted halfway along the dam in a distance of ~20 m to the 
dam (see Fig. 1C). The experiments and samples of all campaigns were 
conducted or taken within a maximum distance of ~30 m from each 
other, with attention paid to the visual comparability of the sediment 
surface between the different experiments of a campaign. The altitude of 
the mudflat in the designated measuring area was determined as +1.22 
m NHN in May 2024 by RTK-corrected GNSS measurement. The tide is 

semi-diurnal, with a mean-tidal range of MTR = 3.2 m and is therefore 
classified as mesotidal. Due to the altitude of the measuring location in 
relation to the mean high and low tides, the location is part of the high 
intertidal zone, which offers relatively short inundation times (see 
Fig. 2A–B). Between January and September 2024, the measuring 
location was inundated for 28 % of the time.

2.3. Environmental conditions during the measurement campaigns

The measuring campaigns were conducted during neap periods, to 
ensure sufficient time for the in-situ erosion experiments. During neap 
tides, the experimental area might not get inundated during single high 
tides (see Fig. 2A–B), which was the case for the high tide in the early 
morning before the measurements on 17/04/24 and 15/05/24 (day two 
of TD1 and TD2, respectively). Since in both cases the area was inun
dated during the previous evening high tide, the area was exposed to 
very little evaporation due to the absence of relevant solar radiation and 
was still covered by a film of water at the chosen sampling locations 
when starting the experiments in the morning, the effect of air exposure 
time on the erosion characteristics of the sediments is seen to be 
negligible.

Wind data measured at the weather station Büsum (Deutscher Wet
terdienst, 2024) show comparable wind conditions for the period before 
campaigns TD1 and TD3 (Fig. 2C–D). During the week before each of the 
two campaigns, strong to stormy winds from southwestern directions 
dominated, leading to a leeward position of the measuring area in 
relation to the dam and therefore rather calm water conditions with no 
significant waves. In the days directly preceding and during TD2, fresh 
to strong winds from eastern directions occurred, and also around 
01/05/24, two weeks before TD2, a distinct wind event with winds from 
the northeast took place. Under these wind conditions, the measuring 
area is more exposed to wind waves (Hs ~ 0.1–0.2 m). Before campaign 
TD4, trends in the wind conditions were less pronounced. In the week 
preceding TD4, weak to moderate winds from northeast dominated, 
turning to southwest during the campaign.

During campaigns TD3 and TD4, the surface of the mudflat within 
the designated measuring area was covered by a thin biofilm, the 
occurrence of which seems to be favored by high temperatures and solar 
radiation. The biofilm might have an influence on the erodibility of the 
sediment (see section 1), but no further measurements to characterize 
the biofilm were conducted, since this is out of the scope of the present 
study.

Fig. 1. Measuring and sampling location on the northern side of the "Trischendamm" in the outer Elbe estuary (data: DEM10-2022 (Panel B): BAW (2024); 
DEM1-2022 (Panel C): WSV (2024a)).

Table 1 
Overview of the conducted measurement campaigns and experiments. Ex-situ 
(field) experiments were initiated in response to TD1 results from campaign 
TD2 onwards, to distinguish the effects of sample extraction and transport on the 
erosion threshold.

Campaign Date Erosion experiments Subsamples for  
sed. charac.

In-situ Ex-situ  
(field)

Ex-situ  
(lab.)

TD1 16.+17/04/24 2 – 2 x
TD2 14.+15/05/24 2 2 2 x
TD3 27.+28/08/24 1 2 2 x
TD4 24.+25/09/24 2 2 2 x
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3. Material and methods

3.1. Erosion experiments

3.1.1. Closed Gust Erosion Microcosm System (C-GEMS)
A Closed Gust Erosion Microcosm System (C-GEMS), introduced in 

Patzke et al. (2022) and described in detail in Witt et al. (2024), was 
utilized for the erosion experiments in this study. In the mentioned 
studies, the C-GEMS was used for erosion experiments with extracted 
sediment cores from a navigation channel (Patzke et al., 2022) and with 
placed beds in the laboratory (Witt et al., 2024). In this study, an 
extended in-situ setup of the device is introduced.

The original version of the GEMS was presented by Gust (1989), as 
an apparatus to apply precisely defined bed shear stresses to a sediment 
surface. It consists of a cylindrical housing, herein called erosion 
chamber, which contains the sediment sample in the lower part and 
water in the section above. A stirring disk, positioned at a defined dis
tance from the sediment surface, induces a rotational flow. Water is 
pumped from the erosion chamber through the center of the stirring disk 
and replaced via an eccentric inlet in the chamber’s lid at the same rate. 
The applied bed shear stress depends on both the rotational speed of the 
stirring disk (N) and the pumping rate (Q) (Gust, 1989; Gust and Müller, 
1997). Measuring the suspended sediment concentration (SSC) within 
the effluent from the erosion chamber allows for the derivation of the 
temporal evolution of the erosion process over the experimental 
duration.

The GEMS is a widely used device to determine the erosion charac
teristics of cohesive sediment beds and is generally deployed as i) an 
open system and ii) with sediment cores, which were extracted in the 
field and subsequently installed into the device (Dickhudt et al., 2011; 
Briggs et al., 2015; Work and Schoellhamer, 2018; Seo et al., 2020; Ha 
and Ha, 2021). The term “open system” of the GEMS refers to the water 

pumped from the erosion chamber, which is continuously replaced by 
clear water from a reservoir. Accordingly, the suspended sediment 
concentration (SSC) does not accumulate in the system over the duration 
of the experiment.

In contrast to the GEMS, the C-GEMS is a closed system, in which the 
effluent from the erosion chamber is pumped to a second chamber, the 
measuring chamber, from which it is recirculated to the erosion cham
ber at the same rate. Thus, the system is closed and suspended sediments 
accumulate over the experimental duration. In the measuring chamber, 
the SSC is continuously measured throughout the duration of the 
experiment. A circulation pump prevents settling of the sediment par
ticles and ensures a homogeneous distribution of the SSC in the 
measuring chamber. The SSC measurement is conducted by a highly 
sensitive Hach® Solitax hs-line sc probe, which operates on a combined 
infrared absorption scattered light technique and checked by density 
measurements with an Anton Paar DMA 35. The inner diameter of the 
erosion chamber (or sample cylinders) of the utilized C-GEMS is 20 cm 
and the stirring disk is adjusted in a distance of 7 cm to the sediment 
surface. The functional relationship between τb, Q and N can be found in 
Witt et al. (2024). A major advantage of the C-GEMS is the low con
sumption of processing water, which facilitates the mobile application of 
the device. In this study, the C-GEMS was deployed for direct in-situ 
erosion experiments for the first time. For the in-situ measurements, 
the C-GEMS was mounted onto a piercing cylinder, which was inserted 
into the mudflat (see section 3.1.3). Additionally, the device was 
equipped with a mobile battery pack for all experiments conducted in 
the field.

3.1.2. Experimental procedure and data processing
During the erosion experiments, the applied bed shear stress was 

increased stepwise from 0.03 to 0.34 N/m2 across 13 load steps. Each 
load step had a duration of 15 min, leading to a total experimental 

Fig. 2. Panels A–B show the water level measured at the gauge “Büsum” (data: WSV (2024b)) in relation to the elevation of the measuring location (MHW=+1.61 m; 
MLW=− 1.56 m). Panels C–D show the wind speed and direction measured at the weather station “Büsum” (e.g., arrow to the top indicates wind from south; data: 
Deutscher Wetterdienst (2024), averaged per hour). In all panels the periods of the in-situ measurements are marked in red. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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duration of 3.25 h.
The SSC was measured by the Hach® Solitax hs-line sc probe at a 

frequency of 0.2 Hz. To reduce scatter in the data, a moving average over 
60 s was applied to the raw data before further processing. The 
measured SSC data were corrected by the initial SSC of the site-specific 
water used for the experiments, thus the increase in SSC in relation to 
the initial concentration was captured. Over the entire duration of the 
in-situ experiments, between 0.2 and 0.5 L of water were lost due to 
percolation, representing max. ~5 % of the system’s total fluid volume. 
As the percolation rate was fairly constant throughout the experiments, 
a steadily decreasing fluid volume over the experimental duration was 
assumed for the calculations. The SSC values measured in the in-situ 
experiments were projected to the nominal total fluid volume accord
ingly. Since the loss of water during the in-situ experiments conducted in 
this study was comparatively small, the effect of the applied correction is 
marginal. However, when working with more permeable sediment 
layers, it might become relevant. The erosion rates ε [kg/(m2s)] were 
calculated from the change in SSC between two consecutive time steps, 
taking into account the fluid volume of the system and the sediment 
surface area.

The applied method to derive the critical erosion threshold τc from 
the SSC-data was presented and validated in Witt et al. (2024). The 
method is based on a log-log regression between the mean SSC per load 
step and the applied bed shear stress τb (Eq. (1)): 

ln(SSC) = m*ln(τb) + a Eq. 1 

Herein, m and a denote the regression parameters. The critical bed shear 
stress τc is determined as the interpolated value where the regression 
line intersects the natural logarithm of the SSC threshold (SSCT = 40 
mg/l). This value represents the surface erosion threshold, hence minor 
erosion may occur below this value due to floc erosion (Winterwerp 
et al., 2021). Log-log regression provides equal weighting to values 
across different orders of magnitude. The resulting relationship can be 
transformed back into linear space as SSC = eaτm

b , representing a 
power-law relationship between SSC and τb. A key advantage of this 
method is its high level of automation, which reduces subjective data 
interpretation in the derivation of τc. In this study, this method was 
applied with a slight modification: load steps with a mean SSC below 2 
mg/l were excluded to enhance the stability of the method.

3.1.3. Sample preparation, extraction and transport
For the in-situ experiments, an acrylic piercing cylinder with a diameter 

of 20 cm was inserted directly into the mudflat to a depth of approx. 20–25 
cm. Site specific water, which was collected during high tide for each 
measuring campaign, was added to the cylinder above the sediment sur
face (ρw ~ 1018 kg/m3; salinity: 20–25 PSU). This process was conducted 
very carefully (~15 min for 3 L of water), ensuring minimal disturbance 
and no measurable resuspension of the surface sediments. After mounting 
the C-GEMS onto the piercing cylinder, the lid and the stirring disk were 
carefully lowered to the intended distance from the sediment surface 
(Fig. 3A). The supplementary devices needed (namely a battery pack, the 
measuring chamber, controllers for both the C-GEMS and the Solitax SSC 
probe), were transported to the measuring location using a mud sledge.

For the ex-situ (field) experiments conducted in the vicinity of the 
measuring site and the ex-situ (lab.) experiments, mostly undisturbed 
sediment samples were extracted from the mudflat. Cylinders of equiva
lent diameter to those used in the in-situ experiments were inserted to the 
sediment and sealed with an airtight top-plug. After the sediment around 
the cylinder had been removed, the samples could be easily extracted due 
to the sticky nature of the sediment and the under-pressure in the cylinder. 
Directly after the extraction, another air- and watertight plug was inserted 
at the bottom of the cylinder (with pressure compensation through the top- 
plug). After removing the top-plug again, site-specific water was added on 
top of the sediment surface, as previously described for the in-situ exper
iments. The samples prepared in this way were either directly installed into 
the sample holder for the ex-situ (field) experiments (Fig. 3B) or sealed 
again for the transport to the laboratory. The ex-situ (field) experiments 
were initiated approximately 2 h after extraction of the sediment samples.

The transportation of the sediment samples to the laboratory was 
conducted by a handcart on the Trischendamm and subsequently by car. 
For campaign TD1, a handcart with hard rubber tires was used, which, in 
combination with the rough and partially damaged asphalt surface of 
the Trischendamm, led to a vibration exposure of the sediment samples. 
For all following campaigns, a handcart with large pneumatic tires was 
used to minimize vibrations during transport. The ex-situ erosion ex
periments in the laboratory were carried out approximately 48 h after 
extraction of the respective sediment sample. The time span of 48 h was 
chosen to ensure uniform test conditions for the samples collected on the 
two consecutive field days of each campaign and yet limit possible 

Fig. 3. A) In-situ erosion experiment in a tidal mudflat with the C-GEMS. B) Ex-situ (field) experiment with an extracted sediment core directly at the sampling site. 
Measuring chamber, controllers and battery pack are stored on a mud sledge outside pictures A and B. C-D) Surface of the mudflat during TD1 (C) and TD2 (D). The 
hole in each of the latter pictures has a diameter of 20 cm.
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temporal effects on the erosion characteristics.
To collect the sediment samples used for the characterization of the 

depth-resolved sediment properties, another cylinder was inserted to the 
mudflat and the sediment inside the cylinder was carefully extracted and 
filled into separate containers in layers of generally 2–3 cm. During 
campaigns TD1, TD2 and TD4 a distinct layer of 1–2 cm of soft freshly 
deposited material was present at the sediment surface, which clearly 
differed from the denser layers below (Fig. 3C). To capture the proper
ties of this layer separately, the topmost sample included only this sec
tion of 1–2 cm for the respective campaigns. During the TD2 campaign, 
no such distinct layer was present and the topmost 0.5 cm were taken as 
separate sample to characterize the surface sediments (Fig. 3D).

3.2. Characterization of sediment properties

The particle size distributions (PSD) of the sediment samples were 
determined by a combined sieve and hydrometer analysis following ISO 
17982-4 (DIN, 2017). The water content (W) was determined by oven 
drying at 105 ◦C after ISO 17982-1 (DIN, 2022) and is expressed in 
relation to the weight of the solid matter of the sample. The loss on 
ignition (LOI) was determined after EN 17685-1 (DIN, 2023) by 
annealing at 550 ◦C as a proxy for the organic content of the samples. 
The bulk density (ρb) of the sediment samples was measured using a 
suspension balance and checked by measurements with an Anton Paar 
DMA 35 density meter for densities below ~1400 kg/m3.

4. Results and discussion

4.1. Sediment characteristics

As outlined in section 3.1.3, subsamples of the mudflat sediments 
were collected up to a depth of ~12.5 cm below the sediment surface 
during each measuring campaign. These subsamples were used to derive 
depth-dependent sediment properties. Fig. 4A illustrates the results for 
the water content and Fig. 4B for the bulk density. Focusing on the water 

content in Fig. 4A, it is evident, that the water content near the sediment 
surface varied significantly for the different measuring campaigns. 
While for TD2, the water content of the topmost sediment layer was 
~95 %, it was ~280 % at the time of TD3. The obtained water content of 
the TD1 and TD4 surface layers was in the range between these mini
mum and maximum values. Over the upper 5 cm, a sharp decrease in 
water content was observed for all measuring campaigns, reaching a 
uniform lower bound of ~50 %. The depth, in which this equilibrium 
water content was reached and the water content in the transition area 
depended on the water content of the mudflat’s surface sediments. Since 
a high water content of a sample implies a low sediment concentration 
and therefore a low bulk density, the depth-dependent bulk densities 
illustrated in Fig. 4B show the opposite trends compared to the depth- 
dependent water contents. The bulk densities of the surface layer 
ranged between 1200 kg/m3 (TD3) and 1460 kg/m3 (TD2) and reached 
a bulk density of ~1600 kg/m3 in a depth of 5–10 cm. The LOI of the 
surface layer ranged from 8 % to 13 % across the campaigns (TD1: 12 %, 
TD2: 10 %, TD3: 13 %, TD4: 8 %). In the layers below, LOI values ranged 
from 4 % to 9 % in all campaigns, showing a general trend of decreasing 
LOI with increasing depth.

In addition to water content, bulk density and LOI, the PSD of the 
upper sediment layers was analyzed. Fig. 5 presents the results for all 
measurement campaigns, covering depths of up to 10 cm below the 
sediment surface. The topmost subsample represented the layer of soft, 
freshly deposited sediment (1–2 cm thick) when present, as in cam
paigns TD1, TD3, and TD4. For TD2, where no such fresh layer was 
found, the uppermost 0.5 cm was sampled to characterize the surface 
sediments. Similar to water content and bulk density, the surface layer 

Fig. 4. Water content (A) and bulk density (B) of the upper sediment layers at 
the time of the respective measuring campaign. Two sets of subsmaples were 
collected for each campaign (indicated by triangle/circle). The drawn lines 
show the interpolated depth and water content/bulk density for the corre
sponding subsamples.

Fig. 5. Depth-dependent PSD for the upper sediment layers at the time of the 
respective measuring campaign. The topmost subsample (surface sediments) 
included only the soft layer of freshly deposited sediments for campaigns TD1, 
TD3 and TD4. During TD2, no layer of freshly deposited material was present.
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PSD varied considerably. Fine sediment content (clay and silt) ranged 
from ~80 to 90 % in TD1 and TD3, but only ~50–60 % in TD2 and TD4. 
In contrast, the deeper layers showed consistent PSD profiles across all 
campaigns, with no significant changes with depth.

As mentioned in section 1, the cohesive or non-cohesive behavior of 
a sediment mixture is primarily determined by the content of very fine 
particles (clay and fine silt) and a clay fraction of just 5–10 % is sufficient 
to induce cohesive behavior. In the surface layer, the clay and fine silt 
fraction ranged from 10 % to 26 % in TD1, TD3 and TD4, indicating 
cohesive sediment mixtures. In contrast, the surface layer in TD2 con
tained no clay and only negligible amounts of fine silt, suggesting non- 
cohesive or only weakly cohesive behavior. The differences in the water 
content and PSD of the surface sediments were likely caused by the wind 
conditions and the resulting hydrodynamic loading of the sediment 
surface in the period prior to each measuring campaign (see section 2.3). 
Campaigns TD1 and TD3 were preceded by periods of strong south
westerly winds, but rather calm water conditions in the measurement 
area. These conditions provided both available fine sediments, which 
were re-mobilized at more exposed sites and transported in the water 
column as suspended matter, and suitable conditions for the deposition 
of fine sediments in the measurement area. In contrast, before and 
during TD2, the measurement area was exposed to wind waves, result
ing in higher hydrodynamic loading of the sediment surface, which led 
to erosion of the upper sediment layers. Prior to campaign TD4, trends in 
the wind conditions were less distinct.

4.2. Erosion experiments

4.2.1. Temporal variability of the erosion process and erosion threshold
Erosion experiments have been conducted during the four measuring 

campaigns (TD1 to TD4) in-situ and ex-situ in the field and in the lab
oratory. The in-situ experiments are expected to provide conditions 
closest to nature, hence the in-situ experiments of each campaign are 
compared in this section to investigate the temporal variation of the 
erosion process and specifically the erosion threshold over the period of 
several months. Fig. 6 shows an overview of the conducted in-situ ex
periments of the campaigns TD1, TD2 and TD4. The in-situ experiment 
during TD3 exhibited comparable erosion behavior as the TD1 experi
ments (see Fig. 7 for full overview).

Fig. 6A–C shows the stepwise increase in applied bed shear stress 
over time, along with the corresponding evolution of suspended sedi
ment concentration (SSC) measured in the C-GEMS. The resulting 
erosion rates (ε) are presented in Fig. 6D–F. In the TD1 experiments, a 
notable increase in SSC and consequently ε was observed around 120 
min into the experiment. In contrast, for TD2 and TD4, this increase 
occurred much earlier, after 20–45 min and 45–60 min, respectively. For 
all experiments, SSC continued to rise with each subsequent load step. 
Following the onset of floc erosion, erosion rates in TD1 and TD2 
increased sharply, reaching values up to 4 x 10− 4 kg/(m2s), and 
remained within this range until the experiment concluded. In TD4, 
however, both the maximum erosion rates were slightly lower and the 
increase in ε was more gradual. These patterns are mirrored in the SSC 
profiles. Each new load step, marked by an increase in bed shear stress, 
typically results in a peak in erosion rate, followed by a gradual decline 

Fig. 6. Comparison of in-situ erosion experiments of campaigns TD1, TD2 and TD4. Panels A–C show the respective evolution of the measured SSC over the 
experimental duration. Panels D–F display the derived erosion rates ε. Panels G–I illustrate the log-log regressions of the load step averaged SSC. The intersection 
point of ln(SSCT) and the regression line corresponds to ln(τc).
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over the duration of that load step. This behavior is commonly observed 
in erosion experiments involving cohesive sediments. It can be attrib
uted to two factors: i) increasing erosion resistance with depth (erosion 
depth max. ~2 mm in the conducted experiments) and ii) the probabi
listic nature of both the applied shear stress and the erosion resistance of 
individual sediment particles (Winterwerp et al., 2012).

To determine the critical erosion thresholds τc, a log-log regression of 
the mean SSC per load step against the applied bed shear stress τb was 
calculated and solved for SSCT for each individual experiment (see 
section 3.1.2). The regression parameters, coefficients of determination 
(R2), mean absolute errors (MAE), and resulting values of τc are sum
marized in Table 2. For TD1, both repetitions of the in-situ experiments 
yielded values for τc of 0.27 N/m2. For TD2, τc ranged between 0.08 and 
0.12 N/m2 and for TD4, between 0.18 and 0.22 N/m2. In the single TD3 
experiment, where the SSC- and ε-evolutions were comparable to TD1, a 
τc value of 0.24 N/m2 was determined. Fig. 6G–I illustrates the results of 
the log-log regressions. Fig. 7 provides an overview of all in-situ ex
periments, showing the load step-averaged total eroded mass (EM [kg/ 
m2]) plotted against the applied bed shear stress. Converting the SSC 
measured in the C-GEMS into EM – by relating it to the system’s fluid 
volume and the area of the test section – allows for better comparison 
with results obtained using erosion devices of different sizes or types. In 
Fig. 7, the results are shown in the original data space, displayed on 
logarithmically scaled axes, to facilitate interpretation.

The repeated in-situ experiments conducted within a single mea
surement campaign showed a high degree of consistency, demonstrating 
the repeatability of both the experimental procedure and the results. The 
minor variations observed between repetitions within a measurement 
campaign were likely due to small-scale spatial heterogeneity of the 
mudflat. In contrast, the results from different measurement campaigns 

revealed significant variability, indicating temporal changes in both the 
erosion process and τc across campaigns (Figs. 6 and 7). Comparing the 
calculated mean erosion thresholds of the different campaigns with the 
respective sediment properties described in section 4.1, it is noticeable 
that the erosion thresholds for campaigns TD1, TD3 and TD4, for which 
the surface sediments had clearly cohesive character, were considerably 
higher than for campaign TD2, for which the surface sediments were 
rather weakly-cohesive to non-cohesive. This finding is in line with 
previous studies, which found a minimum τc for (homogeneous) sedi
ments with particle sizes in the range of coarse silt and increasing values 
of τc for smaller particles, due to the increasing importance of inter
particular bindings (cf. Grabowski et al. (2011)). Focusing on the cam
paigns with cohesive surface sediments, the highest values for τc were 
derived for TD1 and TD3, for which the surface sediments had slightly 
lower bulk densities, but higher mud contents compared to TD4. The 
accordance of these findings with the relations proposed by a recent 
mathematical model for the erosion threshold of cohesive sediments is 
investigated in section 4.2.3. No distinct influence of the biofilm, which 
was present at the sediment surface during campaigns TD3 and TD4, on 
the erosion characteristics was observed.

Houwing (1999) and Debnath and Chaudhuri (2010) provide 
comprehensive overviews of the τc values reported in earlier in-situ 
studies on mudflat erodibility. The values typically range from 0.03 to 
0.74 N/m2, placing the results of the present study well within this 
range.

4.2.2. Comparison of in-situ and ex-situ erosion experiments
In order to assess the influence of the extraction and transport of the 

sediment samples on the erosion threshold, erosion experiments with 
extracted sediment cores were carried out in the vicinity of the mea
surement area (ex-situ (field)) and in the laboratory (ex-situ (lab.)) in 
addition to the in-situ experiments. A detailed comparison of the results 
from campaign TD4 across the different types of erosion experiments is 
presented in Fig. 8. The evolutions of both SSC and ε show similar 
patterns for the two repetitions of the in-situ and ex-situ experiments, 
conducted both in the field and in the laboratory, taking into account the 
expected natural variability of the sediment samples. Nonetheless, for 
the ex-situ experiments a slight tendency to an earlier onset of (floc-) 
erosion and higher SSC values/erosion rates compared to the equivalent 
load step of the in-situ experiments could be observed. Thus, the derived 
mean erosion thresholds for the ex-situ experiments were lower than 
those for the in-situ experiments.

The results of the derived τc for all measuring campaigns and types of 
erosion experiments are summarized in Table 3 and visualized in Fig. 9. 
Except for TD2, the mean τc derived from the ex-situ experiments were 

Fig. 7. Load step averaged total eroded mass (EM [kg/m2]) for the in-situ experiments of the different measuring campaigns. The threshold value EMT ~0.013 kg/m2 

is obtained by generalizing SSCT by relating it to the C-GEMS fluid volume and the area of the test section.

Table 2 
Regression parameters, coefficient of determination (R2), mean absolute error 
(MAE) and resulting τc of the conducted in-situ experiments. R2 and MAE refer to 
the log-transformed data.

Campaign Date Regression values (ln(SSC) = m*ln(τb) + a) τc [N/m2]

m [-] a [-] R2 [-] MAE [-]

TD1 16/04/25 14.29 15.69 0.93 0.410 0.27
17/04/25 11.48 11.99 1.00 0.065 0.27

TD2 14/05/25 3.38 5.37 0.98 0.206 0.08
15/05/25 4.67 6.60 0.97 0.239 0.12

TD3 27/08/25 – – – – –
28/08/25 11.56 13.08 0.92 0.449 0.24

TD4 24/09/25 4.53 4.62 0.98 0.238 0.18
25/09/25 4.99 4.42 0.98 0.205 0.22
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consistently lower than those derived from the in-situ experiments. For 
TD1, the difference in the derived mean τc between the in-situ and 
laboratory experiments was particularly high, with a decrease of τc of 
nearly 60 % in the laboratory experiments. As described in section 3.1.3, 
the samples collected for TD1 laboratory experiments were exposed to 
vibrations during the transport, due to the unsuitable tires of the 
handcart used for transportation on the Trischendamm. Presumably, the 
vibrations caused liquefaction of the cohesive surface sediment layer 
due to intrusion of the overlying water, reducing the erosion resistance 
of the samples. In response to these results, a handcart with vibration- 
damping tires was used for all subsequent campaigns and the execu
tion of the ex-situ (field) experiments was initiated to differentiate be
tween the influence of the extraction and the transport on the erosion 
threshold of the sediment samples. For the TD3 and TD4 experiments, in 
which the surface sediments were also cohesive, the reduction in τc in 
the ex-situ experiments (both field and lab.) compared to the in-situ 

measurements was ~10–20 %. For both campaigns, a reduction in τc 
of 10–15 % was already observed for the ex-situ (field) experiments. 
Thus, despite careful extraction and preparation of the sediment sam
ples, minor disturbances of the surface sediments seemed to have 
occurred. The trend between ex-situ (field) and ex-situ (lab.) experi
ments of these campaigns was not distinct, with a further reduction in τc 
for TD3 and unchanging results for TD4. Compared to TD1, the reduc
tion in τc measured in the laboratory experiments was significantly 
reduced due to the adapted transport of the samples for these cam
paigns. No reduction in the derived erosion threshold was observed for 
the ex-situ experiments conducted during TD2. Since the TD2 surface 
sediments were of rather non-cohesive character, their transport 
behavior was characterized not by bulk properties, but by the single 
sediment particles. Therefore, the surface layer and its erosion threshold 
were not, or only marginally, susceptible to intrusion by the water 
above.

Fig. 8. Comparison of in-situ and ex-situ erosion experiments of campaign TD4. Panels A–C show the respective evolution of the measured SSC over the experimental 
duration. Panels D–F display the derived erosion rates ε. Panels G–I illustrate the log-log regressions of the load step averaged SSC. The intersection point of ln(SSCT) 
and the regression line corresponds to ln(τc).

Table 3 
Overview of the derived erosion thresholds for all conducted measuring campaigns and types of erosion experiments. The relative change of the mean erosion threshold 
for the ex-situ experiments is calculated in relation to the mean value derived in the in-situ measurement (SR ≙ semi-range).

Campaign In-situ Ex-situ (field) Ex-situ (lab.)

τc (±SR) [N/m2] τc (±SR) [N/m2] Rel. Change τc (±SR) [N/m2] Rel. Change

TD1 (04/24) 0.27 ± 0.00 – – 0.11 ± 0.01 − 59.1 %
TD2 (05/24) 0.10 ± 0.02 0.10 ± 0.01 +0.5 % 0.10 ± 0.01 − 0.5 %
TD3 (08/24) 0.24 0.22 ± 0.01 − 11.0 % 0.19 ± 0.01 − 21.1 %
TD4 (09/24) 0.20 ± 0.02 0.17 ± 0.01 − 15.2 % 0.17 ± 0.01 − 14.4 %
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The comparison of the in-situ and ex-situ erosion experiments of all 
conducted measuring campaigns suggests that the erosion threshold of 
cohesive sediments may be underestimated when derived from ex-situ 
experiments. Despite great care during sampling and transport, it ap
pears that (non-visual) disturbances of the sediment samples could not 
be completely avoided. The level of reduction, in turn, may vary greatly, 
depending on details in the specific sampling or transport procedure. For 
future erosion experiments, careful consideration should be given to 
whether the tests should be carried out in-situ, despite the high effort 
involved, or whether an assessment of the erosion threshold in ex-situ 
experiments is sufficient. Further comparative experiments at the 
beginning of an investigation can also be useful in order to estimate the 
magnitude of the deviation between in-situ and ex-situ experiments. In 
general, conducting ex-situ experiments directly at the extraction site 
reduces the risk of further disturbances of the sediment samples during 
transport. The erosion characteristics of non-cohesive sediment samples 
appear to be less sensitive to sample extraction and transport and may 
therefore be investigated ex-situ.

4.2.3. Modelling of the in-situ erosion thresholds
This section investigates the agreement between the derived range 

and trends of in-situ erosion thresholds and the behavior predicted by 
the mathematical model recently proposed by Chen et al. (2021). The 
model is designed to be suitable for both cohesive and non-cohesive 
sediment mixtures and assumes that the erosion threshold increases 
with the dry bulk density of the mud component (clay and silt). The 
comprehensive formulation of the model is as follows (Eq. (2)): 

τc = ϴcr,ds*

(
ρps − ρw

)
gds

+ A
1

dm,50

(
ρdm

/
ρpm

)2
3

⎡

⎣
(
ρdm

/
ρpm

)− 1
3 − 1

⎤

⎦

− 2

exp
(
2.4ρdm

/
ρpm

)
Eq. 2 

Where the first term describes the erosion threshold of non-cohesive 
sediments with the Shields parameter ϴcr (Shields, 1936). The param
eter ds is the dimensional particle diameter of the sand fraction, while 
ρps, ρw and g describe the particle density of the sand particles, the water 
density and the gravitational accelaration, respectively. The second term 
of Eq. (2) describes the increase in τc due to cohesive particles, with dm,50 

as median particle size of the mud fraction and ρpm, ρdm as the density of 
the mud particles and the dry bulk density of the mud component. 

Parameter A is a site-specific calibration parameter and is typically on 
the order of 10− 6-10− 5 J/m2. ρdm is calculated from the dry bulk density 
ρdb as ρdm = ρdbPm/

(
1 − ρdbPs /ρps

)
. Herein, Pm and Ps denote the mud 

and sand content of the sediment mixture. ρdb in turn is calculated from 
the (wet) bulk density ρb as ρdb = ρp(ρb − ρw) /

(
ρp − ρw

)
, with ρp as 

weighted particle density based on the mud/sand content. The 
Shields-parameter in the first term of Eq. (2) can be calculated after 
Soulsby and Whitehouse (1997), who applied a correction for 
fine-grained particles to the Shields curve (Eq. (3)): 

ϴcr(ds*)=
0.3

1 + 1.2ds*
+ 0.055(1 − exp(− 0.020ds*)) Eq. 3 

The dimensionless particle diameter of the sand fraction is defined as 
ds* = ds

( (
ρps/ρw − 1

)
g/υ2

)1/3 , with υ being the kinematic viscosity of 
water.

The parameters used to calculate τc according to Eq. (2), and the 
derived values, are summarized in Table 4 for all measuring campaigns. 
The particle size distribution and bulk density values used in the cal
culations were derived from the respective surface sediment layer (i.e., 
the topmost layer of each campaign in Fig. 5). While dm,50 varied for the 
different measuring campaigns, the median particle size of the sand 
fraction was consistently ~100 μm. The particle densities are assumed 
as 2.65 g/cm3 for sand particles and 2.575 g/cm3 for mud particles (cf. 
Malcherek (2010)). The value of the fit-parameter A was determined as 
9.2 x 10− 6 J/m2.

For campaigns TD1, TD3, and TD4, the calculated τc values closely 
match the erosion thresholds derived from the in-situ experiments, with 
deviations of only 0.01–0.03 N/m2. However, for campaign TD2, the 
calculated τc (0.29 N/m2) is considerably higher the erosion threshold 
observed in the in-situ experiments (0.10 N/m2). This discrepancy is 
attributed to an overestimation of the increase in τc due to cohesion by 
the applied model for the TD2 surface sediment mixture (second term in 
Eq. (2)). The mud fraction of the TD2 surface sediments consisted solely 
of silt, with clay and fine silt fractions either absent or nearly absent. 
Since these finer fractions are critical to the cohesive behavior of a 
sediment mixture, the TD2 surface sediments likely behaved as non- 
cohesive material. Recalculating τc for TD2 following Shields (1936)
and Soulsby and Whitehouse (1997), using the median particle size of 
d50,TD2 = 58 μm (i.e., considering only the first term of Eq. (2), corre
sponding to a non-cohesive sediment mixture), results in τc = 0.10 

Fig. 9. Derived mean erosion thresholds for the four measuring campaigns and different types of erosion experiments. In case n > 1 (n ≙ number of repetitions), the 
error bar indicates the range of the conducted experiments. The samples collected for TD1 laboratory experiments were exposed to vibrations during transport.
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N/m2, which closely matches the erosion threshold determined in the 
in-situ experiments.

Overall, the variations and trends in τc measured in the in-situ exper
iments of the different measuring campaigns are well reproduced by the 
applied mathematical model. The results suggest that, for practical engi
neering tasks, estimating the erosion threshold and its changes based on 
sediment composition and concentration may yield realistic values. One 
limitation of the computed model results is the limited availability of in- 
situ measured data points. Furthermore, the transition between cohesive 
and non-cohesive sediment behavior may not be accurately captured, for 
example if the commonly made assumption of a constant clay-to-silt ratio 
within the mud fraction does not hold (van Ledden, 2003; Winterwerp 
et al., 2021). Although the model is capable of describing the variability of 
the erosion threshold based on sediment concentration and composition, 
future studies could benefit from considering parameters related to 
organic activity, such as chlorophyll-a content, given that several authors 
have reported a potential influence on the erodibility of cohesive sedi
ments (Austen et al., 1999; Zhu et al., 2019).

With regard to the limitations and uncertainties of the overall 
investigation, the selection of sites for the in-situ tests and sampling 
should be mentioned. Despite considerable efforts to ensure the use of 
comparable and representative samples, the selection process inevitably 
involves a certain degree of subjectivity. Moreover, the findings should 
be validated for other tidal flats, particularly in more exposed areas, to 
better understand the spatial and temporal variability of surface sedi
ment composition and its influence on erosion properties.

5. Conclusions and outlook

In the present study, a newly developed in-situ setup of the C-GEMS 
was utilized for erosion experiments in a tidal mudflat located in the 
mouth of the Elbe in the German Wadden Sea during four measuring 
campaigns between April and September 2024. The in-situ experiments 
were analyzed to assess the temporal variability of the surface erosion 
threshold τc. Additionally, the in-situ experiments were compared to the 
results of ex-situ erosion experiments (field and lab.) with extracted 
sediment cores from the same site, to evaluate the influence of the 
extraction and transport of sediment samples on the derived erosion 
threshold. The erosion experiments were accompanied by the charac
terization of the mudflat sediments in layers up to a depth of ~12 cm for 
each measuring campaign, regarding the water content, bulk density 
and particle size distribution. The following conclusions can be drawn 
from the results: 

1) The developed in-situ setup of the C-GEMS is well-suited for erosion 
experiments in tidal mudflats. Its field of application includes both 
experiments with extracted sediment cores and placed sediment 
beds, enhancing the comparability between different types of erosion 
experiments.

2) The composition and concentration of mudflat surface sediments 
may show significant temporal variability. A cohesive surface layer 
was present during TD1, TD3, and TD4, but absent during TD2, 

where surface sediments were non- or weakly cohesive. Water con
tent and bulk density of the top layer ranged from 95 to 280 % and 
1200–1460 kg/m3, respectively. The differences in surface sediment 
composition can be attributed to the wind conditions before and 
during the measurement campaigns, as these affect the hydrody
namic load on the sediment surface. Depending on wind speed and 
direction, this can lead to either erosion or deposition of fine sedi
ments in the study area.

3) The erosion thresholds measured in the in-situ experiments varied in 
a range of 0.1–0.27 N/m2. The lowest mean value of τc = 0.1 N/m2 

was determined for TD2 with rather non-cohesive surface sediments. 
For TD1, TD3 and TD4 mean values of τc = 0.2–0.27 N/m2 were 
obtained. These findings are in line with theory, which predicts a 
minimum in τc for non-cohesive particles in the range of coarse silt 
and increasing erosion resistance for smaller particles due to 
cohesion.

4) The biofilm observed at the sediment surface during TD3 and TD4 
had no clear influence on the derived erosion threshold. The vari
ability in τc could be described reasonably well by the concentration 
and composition of the surface sediments, using the model of Chen 
et al. (2021). The results suggest that, for practical engineering ap
plications, estimating the erosion threshold and its variability based 
on these parameters may yield realistic values.

5) For campaigns with a cohesive surface sediment layer, τc values 
derived from ex-situ experiments were consistently lower than those 
obtained from in-situ measurements. This discrepancy is attributed 
to (non-visible) disturbances of the surface sediments during sam
pling, as well as to liquefaction caused by vibrations during trans
port. The reduction in τc was approximately 60 % in the TD1 
laboratory experiments and around 10–20 % in the ex-situ field and 
laboratory experiments of TD3 and TD4. The extent of this reduction 
appears to be strongly influenced by specific aspects of the experi
mental procedure, particularly the transport of the sediment 
samples.

6) The findings indicate that ex-situ erosion experiments for cohesive 
sediments may lead to an underestimation of the erosion threshold. 
In future studies, careful consideration should be given to whether 
erosion experiments are carried out in-situ or ex-situ, taking into 
account the effort involved and the reliability of the results.

Based on the results of this study, further investigations are planned 
on the temporal and spatial distribution of cohesive fine sediments, as 
well as on the variability of the erosion threshold, using the developed 
in-situ C-GEMS setup. The aim is to extend the investigations to tidal 
mudflats of different hydrodynamic exposure in order to better under
stand the sediment exchange processes between the estuary and adja
cent tidal mudflats and to determine under which conditions the 
mudflats act as a sink or source of cohesive sediments. The erosion de
vice and the methodology presented in this study can also be applied to 
address a wide range of additional research topics – such as biological 
effects on cohesive sediment erosion, seasonal variations in erodibility 
or estuary-specific differences in erosion behavior – and offer a feasible 

Table 4 
Parameters used for modeling of the erosion thresholds and comparison of calculated and measured τc values.

Campaign In-situ experiments Parameters for calculation of τc Chen et al. (2021)
(*Soulsby and  
Whitehouse (1997))

τc (±SR) Pm ρb dm,50 ds ρps ρpm ρw A τc (±SR)

[N/m2] % g/cm3 μm μm g/cm3 g/cm3 g/cm3 J/m2 [N/m2]

TD1 (04/24) 0.27 ± 0.00 76 1.23 13

100 2.65 2.575 1.018 9.2 x 10− 6

0.28
TD2 (05/24) 0.10 ± 0.02 55 1.46 31 0.29 0.10*
TD3 (08/24) 0.24 85 1.20 18 0.23
TD4 (09/24) 0.20 ± 0.02 48 1.32 38 0.17
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approach to collecting reliable field data for the calibration and vali
dation of numerical models.
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Nomenclature

Symbol Unit Description

Latin
A J/m2 Calibration parameter
a – Regression value
d50 m Median particle size
dm,50 m Median particle size of mud
ds m Particle diameter of sand
ds* – Dimensionless particle diameter of sand
EM kg/m2 Total eroded mass
g m/s2 Gravitational acceleration
Hs m Significant wave height
m – Regression value
N 1/s Revolutions per second
N – Number of repetitions
Pm % Mud content
Ps % Sand content
Q m3/s Pump rate
R2 – Coefficient of determination
SSCT kg/m3 SSC-Threshold
W % Water content
Greek
ε kg/(m2s) Erosion rate
ϴcr – Shields parameter
υ m2/s Kinematic viscosity
τb N/m2 Applied bed shear stress
τc N/m2 Critical erosion threshold
ρb kg/m3 Bulk density
ρdb kg/m3 Dry bulk density
ρdm kg/m3 Dry bulk density of mud
ρp kg/m3 Particle density
ρpm kg/m3 Particle density of mud
ρps kg/m3 Particle density of sand
ρw kg/m3 Water density

Data availability

Data will be made available on request.
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