:' frontiers ‘ Research Topics

Cohesive sedimentary
systems: Dynamics and
deposits

Edited by
Andrew James Manning, Claire Chassagne and
Daniel R. Parsons

Published in
Frontiers in Earth Science



https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/research-topics/18368/cohesive-sedimentary-systems-dynamics-and-deposits
https://www.frontiersin.org/research-topics/18368/cohesive-sedimentary-systems-dynamics-and-deposits
https://www.frontiersin.org/research-topics/18368/cohesive-sedimentary-systems-dynamics-and-deposits

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-4377-1
DOI 10.3389/978-2-8325-4377-1

Frontiers in Earth Science

February 2024

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics February 2024

Cohesive sedimentary systems:
Dynamics and deposits

Topic editors

Andrew James Manning — HR Wallingford, United Kingdom
Claire Chassagne — Delft University of Technology, Netherlands
Daniel R. Parsons — Loughborough University, United Kingdom

Citation

Manning, A. J., Chassagne, C., Parsons, D. R., eds. (2024). Cohesive sedimentary
systems: Dynamics and deposits. Lausanne: Frontiers Media SA.

doi: 10.3389/978-2-8325-4377-1

Frontiers in Earth Science 2 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4377-1

& frontiers | Research Topics

Table of
contents

Frontiers in Earth Science

05

18

45

56

57

68

79

101

125

137

152

February 2024

Contamination of Stream Sediment With Heavy Metals in the
Awetu Watershed of Southwestern Ethiopia

Higemengist Astatkie, Argaw Ambelu and Embialle Mengistie

Current- and Wave-Generated Bedforms on Mixed Sand-Clay
Intertidal Flats: A New Bedform Phase Diagram and
Implications for Bed Roughness and Preservation Potential
Jaco H. Baas, Jonathan Malarkey, lan D. Lichtman, Laurent O. Amoudry,
Peter D. Thorne, Julie A. Hope, Jeffrey Peakall, David M. Paterson,
Sarah J. Bass, Richard D. Cooke, Andrew J. Manning, Daniel R. Parsons
and Leiping Ye

Shallow Compaction Modeling and Upscaling: A
One-Dimensional Analytical Solution and Upscaling
Jingchen Zhang, Jingsheng Ma, Gary D. Couples and
Nicholas Izuchukwu Osuji

Corrigendum: Shallow Compaction Modeling and
Upscaling: A One-Dimensional Analytical Solution and
Upscaling

Jingchen Zhang, Jingsheng Ma, Gary D. Couples and
Nicholas Izuchukwu Osuiji

Effect of Composition on the Compressibility and Shear
Strength of Dredged Cohesive Sediment

Maria Barciela-Rial, Philip J. Vardon, Thijs Van Kessel, Jasper Griffioen
and Johan C. Winterwerp

Estimating P- and S-Wave Velocities in Fluid Mud Using
Seismic Interferometry
Xu Ma, Alex Kirichek, Karel Heller and Deyan Draganov

Controls on Sediment Bed Erodibility in a Muddy,
Partially-Mixed Tidal Estuary

Cristin L. Wright, Carl T. Friedrichs and Grace M. Massey

Grain-Size Analysis of Ancient Deep-Marine Sediments Using
Laser Diffraction

Hannah L. Brooks, Elisabeth Steel and Mikaela Moore

ADCP Observations of Currents and Suspended Sediment
in the Macrotidal Gulf of Martaban, Myanmar

Courtney K. Harris, Jacob T. Wacht, Matthew J. Fair and
Jessica M. Coté

Dispersion of Benthic Plumes in Deep-Sea Mining: What
Lessons Can Be Learned From Dredging?

Rudy Helmons, Lynyrd de Wit, Henko de Stigter and

Jeremy Spearman

Impact of the Salt Concentration and Biophysical Cohesion
on the Settling Behavior of Bentonites

Ellen Krahl, Bernhard Vowinckel, Leiping Ye, Tian-Jian Hsu and
Andrew J. Manning

3 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/

& frontiers | Research Topics

168

184

202

218

240

260
272

285

301

312

Frontiers in Earth Science

February 2024

Floc Size Distributions of Cohesive Sediment in
Homogeneous Isotropic Turbulence
Minglan Yu, Xiao Yu, S. Balachandar and Andrew J. Manning

Spatial and Temporal Variability of Bed Exchange
Characteristics of Fine Sediments From the Weser Estuary
J. Patzke, E. Nehlsen, P. Frohle and R. F. Hesse

Controlling factors of organic matter enrichment in
continental shale: A case study of the Jurassic Da'anzhai
member in the Sichuan Basin

Yao Du, Xingzhi Wang, Rongrong Zhao, Chi Chen, Siying Wen,
Ruifeng Tang, Qianwen Mo, Jizhi Zhang, Yu Zhang and Shuo He

Experimental study and a physical model on the geomorphic
response mechanisms of meandering rivers under
progressive sediment reduction

Zhanchao Zhao, Shiming Yao, Enhui Jiang and Bo Qu

Review of the action of organic matter on mineral sediment
flocculation

Zhirui Deng, Dong Huang, Qing He and Claire Chassagne

Effect of flocculation on turbidity currents
W. Ali, D. Enthoven, A. Kirichek, C. Chassagne and R. Helmons

Sensitivity of sheltered mudflats to wind events
Qin Zhu, Wei Nie, Zhenchang Zhu, Yanpeng Cai and Zhifeng Yang

Assessment of the potential of radiography and
ultrasonography to record flow dynamics in cohesive
sediments (mud)

Bart Brouwers, Jeroen van Beeck, Dieter Meire and Evert Lataire

Using Maxwell's Theory to model and quantify the fracture
evolution of cyclothymic deposition phosphate rock

Deng Pan, Yuanyou Xia, Dianji Zhang, Xuyong Chen, Qiaoyun Wu,
Manging Lin, Zhanggiong Wang and Jun Pan

A new setup to study the influence of plant growth on the
consolidation of dredged cohesive sediment

Maria Barciela-Rial, Remon M. Saaltink, Thijs van Kessel,

Claire Chassagne, Stefan C. Dekker, Hugo J. de Boer,

Jasper Griffioen, Martin J. Wassen and Johan C. Winterwerp

4 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/

1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 19 July 2021
doi: 10.3389/feart.2021.658737

OPEN ACCESS

Edited by:
Daniel R. Parsons,
University of Hull, United Kingdom

Reviewed by:

Mike Rogerson,

University of Hull, United Kingdom
Venkatramanan Senapathi,

Ton Duc Thang University, Vietnam

*Correspondence:
Argaw Ambelu
aambelu@yahoo.com

Specialty section:

This article was submitted to
Sedimentology, Stratigraphy and
Diagenesis,

a section of the journal

Frontiers in Earth Science

Received: 26 January 2021
Accepted: 05 July 2021
Published: 19 July 2021

Citation:

Astatkie H, Ambelu A and Mengistie E
(2021) Contamination of Stream
Sediment With Heavy Metals in the
Awetu Watershed of

Southwestern Ethiopia.

Front. Earth Sci. 9:658737.

doi: 10.3389/feart.2021.658737

Check for
updates

Contamination of Stream Sediment
With Heavy Metals in the Awetu
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Surface sediment samples were collected from different streams of Awetu Watershed
in southwestern Ethiopia. Sediment samples were analyzed for As, Cd, Cr, Pb, and Hg
levels using inductively coupled plasma optical emission spectrometry. The heavy
metal concentration ranged from 183.60 to 1,102.80 mg/kg for As (mean 623.32 +
291.65mg/kg), 4.40-303.20mg/kg for Cd (151.09 =+ 111.5mg/kg),
149.20-807.20 mg/kg for Cr (375 + 212.03 mg/kg), 485.60-3,748.80 mg/kg for Pb
(2005.94 + 954.99 mg/kg) and 3.6-5.6 mg/kg for Hg (4.64 + 0.59 mg/kg). The mean
heavy metal concentration in the streams followed the decreasing order of Pb > As > Cr >
Cd > Hg. As, Cr and Pb are detected at high concentrations with values of 623.32,
375.00, and 2,005.94 mg/kg respectively. A low level of heavy concentration (3.6 mg/kg)
was recorded for Hg. The contamination factor (CF) of all the studied heavy metals
ranged from a low degree (CF < 1) to a very high degree (CF < 6). Mainly, Dololo and Kito
streams show a very high degree of contamination (CF < 6) than Awetu and Boye
streams. Specifically, As, Cd and Cr in the Dololo and Kito streams have significantly
elevated concentrations than others. Geo-accumulation index (Igeo) shows low to
moderate contamination level with As, Pb, and Hg; uncontaminated to heavily
contaminated by Cr; and moderate to extreme contamination by Cd. Untreated solid
waste, garages and farmlands were sources of contamination. Streams receiving
wastewater effluents from teaching institutions had higher heavy metal
concentrations. Dumping of electronic wastes and car washing discharges also
identified as another source of pollution.

Keywords: Awetu watershed, contamination, Ethiopia, heavy metals, sediment

INTRODUCTION

Quality of water is affected by human-induced or natural activities in the upstream watershed (Sany
etal., 2013). As a result of the natural flow of the water, most pollutants are drained into a one-point
collection site, such as reservoirs that can serve as a sink for different pollutants (Nowrouzi and
Pourkhabbaz, 2014a). Due to its potential and toxic environmental and public health effects and the
ability to accumulate, heavy metal contamination of the aquatic ecosystems is becoming a potential
global problem (Sharma et al., 2015).

Sediment contamination with heavy metals could be either from natural geogenic sources or
sourced from anthropogenic activities (Giouri et al., 2010). The benthic environment of aquatic
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ecosystems receives and absorbs heavy metals from natural
weathering, erosion, industrial wastes, and atmospheric
deposition (Jaishankar et al,, 2014). Anthropogenic activities,
such as industrial and agricultural discharges, inappropriate
disposal of industrial wastes, dumping of domestic and
municipal wastes, faulty drainage systems are some of the
causes for heavy metal contamination of aquatic ecosystems
(Hahladakis and Smaragdaki, 2013; Islam et al., 2015).

Several studies indicated that heavy metal concentration in
stream sediments is relatively high due to significant
anthropogenic metal loadings carried by tributary rivers (Li
et al, 2011). As a result, surficial sediments may serve as a
metal puddle that can release metals to the overlying water
that could potentially adversely affect the riverine ecosystems
(Evans et al,, 2003; Reda and Ayu, 2016). It is well-known that the
mobility and availability of heavy metals in aquatic environments
are primarily affected by physicochemical parameters of water,
such as pH, dissolved oxygen, and organic matter content (Sim
et al., 2016).

Due to the absence of waste treatment facilities in cities and the
discharge of wastes into the nearby water bodies, rivers located
near cities are often suffering from heavy metal contamination
(Giridharan et al., 2008). A study conducted by Mekonnen and
his colleagues (2014) on the Akaki river that crosses Addis Ababa
city showed severe contamination of the stream water with heavy
metals sourced from industrial, residential, and agricultural
wastes. The quality of the water gets worsened as heavy metals
bioaccumulate in algal blooms in the downstream section of the
water bodies where wastes are discharged from the upstream
(Melaku et al., 2007).

Other studies of sediment and water pollution assessment in
Ethiopia and in the region showed that the concentration of
heavy metals rapidly increases when it entered Addis Ababa city
(Akele et al., 2016; Aschale et al., 2016; Woldetsadik et al., 2017),
Kombolcha city (north-central part of Ethiopia) (Zinabu et al.,
2019), but significantly decreased downstream of the cities. This
decrement of heavy metal in the downstream of the town might
be due to heavy metals adsorbed into the sediment portion of the
river (Khan et al.,, 2017). Bottom stream sediments are sensitive
indicators for monitoring contaminants as they can act as a sink
and a carrier for pollutants in the aquatic environment (Benson
and Etesin, 2008; Asefa and Beranu, 2016). The presence and
behavior of metals in the natural water is a function of the
substrate sediment composition, the suspended sediment
composition, and the water chemistry (Suresh et al, 2012).
Heavy metals are potentially accumulated in sediments and
aquatic organisms in the fresh water environment and
subsequently transferred to man through the food chain. As a
result the concentration of heavy metals in aquatic ecosystems are
usually scrutinized by measuring their concentrations in
sediments (Ekeanyanwu et al., 2010; El Bouraie et al., 2010).

Nowadays, various indices are developed to assess the level of
sediment contamination and ecological risk. Geo-accumulation
index (Ig,), enrichment factor (EF), contamination factor (CF),
and pollution load index (PLI) methods have been commonly
used for geochemical standardization approaches (Miiller, 1979).
The presence of heavy metals in stream sediments has created an

Sediment Contamination With Heavy Metals

alarming situation that requires immediate attention. Thus,
sediment analysis plays a vital role in evaluating the aquatic
environment (S. Li and Zhang, 2010). However, information on
metal concentrations in stream sediments at a spatial scale along a
course of streams in the urban and semi-urban environment is
insignificant. Hence, this study addresses existing research gaps
and provides valuable information regarding the spatial
distributions of selected heavy metals in the urban rivers
around the Awetu watershed catchment. This paper discusses
the concentrations of heavy metals (As, Cd, Cr, Pb, and Hg) in the
surface sediments of four streams around the Awetu watershed
catchment, comparing with the Sediment Quality Guidelines
(SQGs), and assess the heavy metal contamination using the
Leor CF, and PLI methods.

METHODS AND MATERIALS
Study Area and Site Description

Awetu watershed encompasses Jimma City and the surrounding
urban and semi-urban regions of southwestern Ethiopia. The
streams under the Awetu watershed are receiving pollution from
different sources, such as different laboratories of Jimma
University, Jimma Medical Center, garages and carwashing
points, untreated Jimma town municipal effluent, agricultural
non-point source discharges, and animal feedlots. The watershed
mainly contains four different streams, of which Awetu is the
largest, which divides Jimma city into two while Dololo, Kito, and
Boye are tributaries of Awetu stream. The major land-use
activities in the Awetu watershed along with the site code and
the coordinate points are listed in Table 1. Sampling sites were
mapped using the ArcGIS 10.3 for Desktop (ESRI, Redlands,
California, United States). Twenty surface integrated sediment
samples were collected from each sampling point (Figure 1).

Sediment Samples Collection and

Preparation

Submerged surface integrated sediment samples collected from
20 sampling stations in the urban and semi-urban streams of the
Awetu watershed are used. As described by Decena et al., 2018,
each sample constituted a 0-15 cm depth of sediment collected
using a stainless steel bottom sampling dredge (grab sampler).
Different grain size of the sediments were considered and
homogenized to keep the uniformity of samples collected from
each sampling stations (Figure 2). The grab sampler was washed
with detergent and rinsed with distilled water before each use to
reduce possible contamination. Sediment samples were placed in
a new polyethylene zip-lock bag and placed in a cooler with ice,
transported to the Environmental Health Laboratory of Jimma
University within a few hours sampling, and kept at 4°C until
analysis. During sample collection, a hand-held GPS was used to
identify the sites (Garmin eTrex®). The sediment samples were
air-dried and ground using a pestle and mortar after
homogenized. Cobles, pebbles, and other coarse debris were
manually removed. Finally, the grounded samples were sieved
to pass through 63 um mesh size to obtain fine-powdered
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TABLE 1 | Sampling stations and their code, GPS coordinates, and major anthropogenic activities in the Awetu watershed streams.

Stream Site Site GPS coordinate
name name code
Awetu Awetu 1 Al 36° 49’ 51.15" E7° 42/
28.14"N
Awetu 2 A2 36° 49’ 52.39"E 7 °42'
4.03"N
Awetu 3 A3 36° 49’ 52.89"E 7° 41'
43.38"N
Awetu 4 A4 36° 49’ 57.27"E 7 *41'
13.20"N
Awetu 5 A5 36° 50’ 5.95"E 7 “40’
46.11"N
Awetu 6 A6 36° 50’ 9.79"E 7 40’
15.47"N
Dololo Dololo 1 D1 36° 50’ 50.67"E 7° 40’
45.52"N
Dololo 2 D2 36° 50’ 41.99"E 7° 40’
0.28"N
Dololo 3 D3 36° 50" 41.65"E 7° 39’
44.82"N
Dololo 4 D4 36° 51" 4.81"E 7° 39’
22.63"N
Dololo 5 D5 36° 51" 43.74"E 7° 40’
2.46"N
Kito Kito 1 K1 36° 48’ 34.68"E 7° 40’
23.97"N
Kito 2 K2 36° 49" 15.04"E 7° 40’
19.80"N
Kito 3 K3 36° 49’ 32.86"E 7° 39’
54.87"N
Kito 4 K4 36° 49’ 53.70"E 7° 39’
31.91"N
Kito 5 K5 36° 50" 18.86"E 7° 39’
1.56"N
Boye Boye 1 B1 36° 50" 46.97"E 7 °38'
57.16"N
Boye 2 B2 36° 51’ 23.16"E 7° 39’
19.66"N
Boye 3 B3 36° 51" 44.99"E 7° 39’
38.48"N
Boye 4 B4 36° 52" 12.42"E 7° 39’
42.30"N

particles and placed in a clean polyethylene zip-lock bag. The
processed samples were refrigerated at —20°C until further

analysis.

Major anthropogenic activities of the site

Agricultural activities and grazing

Agricultural activities, grazing, washing clothes, and bathing

Horticulture, recreational, residential and commercial, vehicle traffic, and agricultural runoff
Washing, swimming, and fetching water for household consumption

Vehicle traffic, washing, car washing, and seedling plantation

High vehicle traffic, residential area, and small scale industries

Public institutions, domestic activities, vehicle traffic, hospital, chemical and biological laboratories,
and construction sites

Car washing, small scale enterprises like garages, woodwork, and vehicle traffic

Commercial area, high vehicle traffic, garages, gas/petro station, and seepage

Car washing, gas/fuel station, garages, residential and commercial and seepage

Commercial, recreational, vehicle traffic, bus park, gas/petrol station, cement stores, metal works
and fabrications, and seepage

Grazing, institutional wastes, waste stabilization pond, wood and metalwork enterprise, garage,
car washing, agricultural activities, and bridge

Residential, commercial, garage, seepage, and agricultural activities

Residential, commercial, seepage, agricultural activities, and airport

Grazing, agricultural activities, and small scale enterprises like garages

Solid waste dump sites, horticulture, residential and vehicle traffic

Car washing, vehicle traffic, residential and commercial area

Agriculture runoff, irrigation, and residential area

Irrigation, agricultural runoff, slaughterhouse, and residential area

Wetland, grazing, agricultural activities, fishing and recreational

(SPECTRO ARCOS Model: ARCOS FHS12, Germany). The
calibration curves obtained from concentration and
absorbance were used to determine the level of heavy metals
of each sample. Data were statistically analyzed using the fitting of

Analysis of Sediment Samples

A 0.25 g sediment sample was accurately weighed and placed in a
dry and clean Teflon microwave digestion vessel and digested
with 20 ml aqua regia (3 HNOs:1 HCI v/v) until the solution
turned colorless in an open thermostatically controlled hot plate.
The digest samples were heated near to dryness and cooled to
ambient temperature. The beaker walls were rinsed with 10 ml
de-ionized water, and 5 ml HCI were added, mixed, and heated.
After that, filtration of the sample into a 50 ml volumetric flask
using Whatman No. 42 filter paper was made. Then the digest
was allowed to cool and transferred into a 100 ml standard flask
and filled to the mark with de-ionized water. The digested
samples were subjected to metal analysis using inductively
coupled plasma optical emission spectrometry (ICP-OES)

a straight line (r > 0.999). A blank reading was used to make a
necessary correction during the calculation of concentrations.

Data Analyses

Different contamination indices were used to evaluate the
findings with different standards. The contamination status of
sediment was assessed based on the geo-accumulation index
(Igeo), contamination factor (CF), and pollution load index
(PLI) (Graga et al., 2002).

Contamination Factor

CF was used to determine the simple and effective tool in
monitoring the level of heavy metal contamination at each site
using the following formula (Graca et al., 2002).
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FIGURE 1 | Map showing the study area and location of sampling sites in the streams of Awetu watershed.

C sample

cF= C background W
Where Cgmple is the mean metal content in sample sediment,
Chackground is the mean natural background value of the metal.
The natural background sample was collected from A1, which is
about 10 km from the main areas where maximum anthropogenic
activities are performed. This area is assumed to be free from the
known anthropogenic source of selected heavy metals. The ratio of
the measured concentration to the natural abundance of a given
metal had been proposed as the index CF being classified into four
grades for monitoring the pollution of a single metal over a period
of time (Ali et al., 2016): low degree (CF < 1), moderate degree (1 <
CF < 3), considerable degree (3 < CF < 6), and very high degree
(CF < 6). Thus, the CF values can monitor the enrichment of a
given metal in sediments over a while.

Pollution Load Index

PLI is used to evaluate sediment quality. PLI of the combined
approaches of the five heavy metals were calculated according to
(M. A. Islam et al., 2017). The PLI is defined as the nth root of the
multiplications of the contamination factor of the target heavy
metals (CF).

PLI = (CF1 x CF2x CF3 % ... x CFn)l/n (2)

Where CF, is the concentration of the first metal, CF, is the
concentration of the second metal, CF; is the concentration of the
third metal and CF,, is the concentration of metal nth, and n = the
total number of studied heavy metals in the sample. PLI = 0
indicates excellence; PLI = 1 suggests the presence of only a
baseline level of pollutants and PLI > 1 indicates progressive
deterioration of the site and estuarine quality (Tomlinson et al.,
1980). The PLI evaluated the overall toxicity status of the sample
and its contribution to the contribution of the five metals.

Geo-Accumulation Index (lgeo)

The degree of contamination from the heavy metals could be
assessed by measuring the geo-accumulation index (Ig,). The
index of geo-accumulation has been widely used for the
assessment of sediment contamination (Islam et al.,, 2014). To
characterize the level of heavy metal contamination in sediment
samples, geo-accumulation index (I,) was calculated using the
equation:

Igeo = LogZ[ ] (3)

1.5Bn

Where; Cn is the content of measured metal “n” in the
samples, Bn is the crustal shale background content of the

«

metal “n”, the constant of 1.5 is introduced to minimize the
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FIGURE 2 | Sample collection and preparation of sediment samples in Awetu watershed streams.

variation of background values due to lithogenic origins, and I,
is a quantitative index of metal enrichment or contamination
levels.

Geo-accumulation index (I,,) values were interpreted as I, <
0 uncontaminated; 0 < I, < 1—uncontaminated to moderately
contaminated; 1 < I, < 2—moderately contaminated; 2 < I, <
3—moderately to heavily contaminated; 3 < I, < 4— heavily
contaminated; 4 < I, < 5—heavily to extremely contaminated;
and 5 < I, —extremely contaminated (Miiller, 1979).

Statistical Analyses

Heavy metal concentration data were log-transformed to reduce
the variability and minimize outliers. R statistical package (R Core
Team, 2019) was used to undertake a paired permutation test
evaluating the presence of a statistically significant difference
between the streams. To determine heavy metal concentrations
variability among sediment samples between the urban and semi-
urban sites, a one-way ANOVA was applied. Pearson’s
correlation was made to examine the correlation between
heavy metals and selected physicochemical properties. A
probability of 0.05 was considered as a level of significance.

Quality Control and Quality Assurance
The quality of the analytical results is assured by laboratory
quality assurance and quality control methods. These were

implemented by pre-cleaning of laboratory materials with 10%
HNO:;, use of standard operating procedures, analysis of blanks,
calibration with the standard, and recovery of known additions.
Each heavy metal was analyzed in three replicates, and the results
were presented as mean. The recovery percentages attained for
the reference materials of sediment is between 97 and 120%,
meeting the acceptable recovery of 80-120% recommended by
the United States-EPA. In this study, the metal contents were
measured according to dry weight to ensure consistency.

RESULTS AND DISCUSSION

Description of Anthropogenic Activities

Heavy metals concentration in stream sediment indicates the
magnitude of pollution in water ecosystems and the capacity to
accumulate contaminants (Nowrouzi and Pourkhabbaz, 2014b).
Speciation and bio-availability of heavy metals in aquatic
ecosystems are strongly dependent on pH, and values <4
increase the toxicity of heavy metals (Edokpayi et al., 2016).
The average pH values determined varied between 5.82 and 7.60,
reflecting the availability of carbonate hosts in the area (Moore
etal., 2011). Mobility of metal is also affected by pH, adsorption/
desorption processes, salinity, sulfur, and carbonates (Giouri
et al,, 2010). Bottom sediments with a higher concentration of
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8 8% organic matter also influence the solubility and mobility of the
F °erTe heavy metals in the aquatic ecosystems (Journal et al., 2010). The
L o o8 formation of potential mobile metal dissolved organic carbon
£ 6853 complexes under oxidizing conditions prevents metals from co-
R precipitation with or adsorbing to oxides of metallic ions (Du
¥ frees Laing et al., 2009).
3 §68%
8 38ggS Heavy Metal Distribution
N - Heavy metal concentrations in sediments of the Awetu
E § g 5 g g watershed catchment channelized streams with different
A world standards are summarised in Table 2. The present
T f3sie study exposed all the heavy metals in stream sediment were
° A found above the permissible limit set by WHO (1993) and EU
g 3328¢ (1998) (Bhuyan et al,, 2017). A significant difference in the
CTeT concentration of As, Cr, Cd, and Pb between streams was
MEFEEE: identified (p < 0.01).
¢ The heavy metal concentration ranged from 183.60 to
5 Sess. 1,102.80 mg/kg for As (mean 62332 + 291.65mg/kg),
ge=e 4.40-303.20 mg/kg for Cd (151.09 + 111.5mg/kg),
o Cam@ 149.20-807.20 mg/kg  for Cr (375 + 212.03 mg/kg),
¥ 3®g%ae 485.60-3,748.80 mg/kg for Pb (2005.94 + 954.99 mg/kg) and
- 3.6-5.6 mg/kg for Hg (4.64 + 0.59 mg/kg). The mean heavy
¢ grg § N metal concentration in the streams followed the decreasing
order of Pb > As > Cr > Cd > Hg. As, Cr and Pb are detected
2 393 g N at high concentrations with values of 623.32, 375.00 and
CeEe 2,005.94 mg/kg respectively and the minimum concentration
y g SY%3e = found is Hg with a value of 3.6 mg/kg.
E SRR S The heavy metals concentrations of sediment samples from
g 0 o oy @ s individual streams showed high variability where the Dololo
- € S835%- g stream was the highest for all studied heavy metals except Hg.
g . e N § The concentration of heavy metals in all stream sediments are by
*g g 8 5358 % 3 ‘g;) g\ far higher than the Sediment Quality Guidelines (SQG) values set
2 % s K by World Rivers Khan et al,, 2005), EC and PEL (Nadu et al,,
g é 3 Sge 3 o $ ;‘,3‘ 2014), USEPA water quality criteria (Hahladakis and
3 R é § Smaragdaki, 2013), Canadian Freshwater Sediment Guidelines
8 w Cau2. 2 3 (Gergen et al,, 2015), and World River Sediment Background
é 8 5883 B § Concentration (WRSB) concentration and background
8 o % 3 concentration of this study.
2 g £ g5 § ° 2 g The highest concentrations of As were observed in D2, D3,
2 . § 2 K1, and K2 sampling sites where it is the center of the city at
8 5 %2583 3 é which maximum anthropogenic activities are experienced.
5 ceee £ g Some of the heavy metal sources of pollution are the burning
% ¢ I9Zgs § % & of fossil fuels, the use of arsenical fungicides, herbicides and
- T o7 2 9 § insecticides in agriculture, and wood preservatives in woodwork
’_\@ 9 3858 % s 5 enterprises (Shankar et al., 2014). The highest value of As is
2 - T a =7 perceived at lower pH (5.82). The study supports this; pH is the
° « 39924 3 : g most critical factor controlling arsenic speciation under
-(% < IFEEs 3 58 oxidizing conditions and H,AsO,  is dominant at a lower
g - Z 3 g value (pH < 6.9) (Smedley and Kinniburgh, 2001). The
] 2 e £ < 9] . . . . I . .
S S885Y = S5 interchange in oxidation and solubility of arsenic species
T; 5 & & affects the environmental behavior and subsequent
£ 9 §§§% ® g §¢x transportation of arsenic species in the aquatic ecosystems
s T 8Eos (Chatterjee et al., 2017).
i T SyEgs § § § i The highest values of Cd are found at K1, D2, and D3 sampling
o °0 é §oa sites. The value at K1 could be attributed to the direct influence of
3 g 2 LS effluents coming from institutional wastes, garage, car-washing,
2 2T 23587 §ESZF d agricultural activities where phosphate fertilizer has been in
F 28 235 a and agricu phosp
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TABLE 3 | Contamination categories based on a geo-accumulation index (lgeo), pollution load index (PLI), and contamination factor (CF).

lgeo PLI CF

Class Value Classification Level Value Contamination Level Value Level

0 <0 Uncontaminated 1 CF <1 Low degree 1 PLI=0 Excellent

1 0-1 Uncontaminatedto moderately contaminated 2 CF=1-3 Moderate degree 2 PLI =1 Baseline

2 1-2 Moderately contaminated 3 CF =36 Considerable degree 3 PLI >1 Progressive deterioration
3 2-3 Moderately and heavily contaminated 4 CF>6 Very high degree

4 3-4 Heavily contaminated

5 4-5 Heavily to extremely contaminated

6 >5 Extremely contaminated

use. The values at D2 and D3 sites could be attributed to
commercial waste, high vehicle traffic, garages, gas/petrol
stations, and seepage from chemical laboratories and public
institutions. The high level of Cd in the sediment compared
to its levels in the water is to be expected for sediments that
have been described as a sink or reservoir for pollutants in
water (Topi et al., 2012). The concentration of Cd from all
sites is significantly different from the background
concentrations (23.2mg/kg). It is also significantly differ
World River Sediment background concentrations by EC
(3mg/kg), PEL and CFSG (3.53mg/kg), and WRSB
(0.25 mg/kg) (Table 2).

The highest values of Cr are found at the K1 sampling site,
which could be attributed to the direct influence of effluents
coming from institutional wastes like seepage of laboratory and

electroplating (Song et al., 2000; Baig et al., 2013). The high level
of Cr (VI) in sediment is expected more than water, mainly in
the mobile environment but has low mobility under moderately
oxidizing and reducing conditions and nearly neutral pH (Decena
et al., 2018) and discharged into the nearby natural waters bodies
without treatment (Figure 3). Such contaminated environmental
resources could be hazardous to humans, wildlife, and highly
toxic to aquatic life (Olafisoye et al., 2013).

As explained on Figure 4, the highest values of Pb was
recorded in Dololo (D1-D5), and Kito (K1-K3) streams with
areas near intensive anthropogenic activities like garages,
gasoline stations, chemical laboratories, and construction
industries (Wuana and Okieimen, 2011). The other factors
contributing to higher Pb concentrations might be due to the
waste generated from public and private institutions released

A B
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FIGURE 3 | Mean metals contents in mg/kg (mean + standard deviations) in sediments samples collected from stations in Awetu (A), Dololo (B), Kitto (C) and Boye
(D) streams in Awetu watershed.
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FIGURE 4 | Mean metal contents in mg/kg (mean + standard deviations) in sediments samples of the study area.

to the adjacent water bodies without treatment and old water ~ to elevated concentration of Pb through drinking water or
pipelines (Adela et al, 2012). These values exceed the  food may damage the kidney, increase blood pressure, and
background concentrations of this study (952 mg/kg), EC  anemia (Basim and Khoshnood, 2016). Pb is a threat to public
(300 mg/kg), PEL and CFSG (91.3 mg/kg) and WRSB  health even at very low concentrations because it usually
(48 mg/kg) guideline values (Nadu et al., 2014). Exposure  bioaccumulates in the body. Specifically, it is essentially
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FIGURE 5 | The results of CF (A) and PLI (B) in sampling stations of the study area.
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FIGURE 6 | Box and whisker plot of heavy metals concentrations and level of electrical conductivity (EC) along with the different streams in Awetu watershed.

harmful to children under six and causes mental and physical
retardation (Kathuria, 2017).

The highest values of Hg is recorded D2 (6 mg/kg) followed by
B3 (5.6 mg/kg) and D4 (5.2 mg/kg). This might be due to the
anthropogenic emission sources of mercury, mostly from solid
wastes (municipal and medical) incineration (Wang et al., 2004).
As shown in Table 2, these values exceeded the background
concentrations of this study (4.4 mg/kg), PEL (0.486 mg/kg) and
WRSB (0.4 mg/kg).

The concentration of heavy metals alone does not provide
sufficient information on the mobility and potential toxicity of
contaminants or their potentially harmful effects on the
environment, because different chemicals can inactivate and
promote synergistic effects. Igeo, CF, and PLI determine the
potentially harmful effect of heavy metals in the environment
(Table 3). These indices provide a basis for assessing the effects of
sediment-associated contaminants in sediment compared to the
values concerning each index (Moore et al., 2011).

Contamination Level of the Tributaries

Against the Different Indices
Based on the I, values, As and Pb made moderate pollution (0),
Cr moderately to heavily polluted, Cd extreme pollution, Hg
unpolluted to moderately polluted in the Dololo stream (Table 4).
The CF and PLI values are indicated in Figure 5. These values
for heavy metals in sediments are essential to monitoring the
enrichment of a given metal over time (Ali et al, 2016). The
results indicate that the CF of As in all streams except Boye (0.9)
shows a moderate degree of pollution (1 < CF < 3) while Awetu,
Dololo, and kito streams with the values of 1.08, 1.09, and 2.33
respectively showing a moderate degree of pollution (1 < CF < 3).

The CF of Cd in Awetu and Dololo streams are 1.62 and 1.1,
respectively, which shows the sediment is in the status of a
moderate degree of pollution (1 < CF < 3). CF of Cd in the
Boye riverine wetland is 3.56, which shows a considerable degree
(3 < CF < 6), and Kito stream is 10.01, which shows a very high
degree of pollution (CF < 6). The CF of Cr in Awetu stream is
0.95, which indicates the sediment is in a low degree of pollution
(CF < 1) while the CF of kito stream is 3.13, which indicates the
sediment is in a considerable degree of pollution (3 < CF < 6).
Dololo and Boye streams with the CF values of 1.06 and 1.33
respectively, show a moderate degree (1 < CF < 3). The CF values
of Pb in Awetu, Dololo, Kito, and Boye streams are 1.25, 1.17,
2.84, and 1.47 respectively, which shows these streams are in a
moderate degree of pollution (1 < CF < 3) by Pb. The CF values of
Hg in Awetu, Dololo, Kito, and Boye streams are 1.06, 1.07, 1.02,
and 1.07 respectively, indicating streams are in a moderate degree
of pollution (1 < CF < 3).

The PLI values calculated for each stream revealed the
decreasing order of contamination: Kito > Boye > Awetu >
Dololo. All the studied streams were found to be polluted (PLI
> 1), suggesting inputs from anthropogenic sources. PLI was
found to increase in sediments downstream along with Boye and

TABLE 4 | |, values for heavy metals in surface sediments of Awetu watershed
streams.

Streams As Cd Cr Pb Hg

Awetu -0.47 (0) 0.11 (1) -0.64 (0) -0.27 (0) -0.49 (0)
Dololo 1.61 (1) 7.5 (6) 219 (3) 1.95 (2) 0.72 (1)
Kito 0.63 (1) 2.74 (3) 1.09 (2) 0.92 (1) -0.56 (0)
Boye -0.74 (0) 1.25 (2 -0.17 (0) -0.03 (0) -0.49 (0)
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TABLE 5 | Correlation between heavy metals, DO, EC, pH, and Turbidity in sediment (n = 20).

DO EC pH Turbidity

DO 1
EC -0.227 1
pH 0.224 0.087 1
Turbidity 0.444* 0.046 -0.227 1
As -0.040 0.467* -0.054 0.574"
Cd -0.218 0.484* -0.170 0.441
Cr -0.166 0.448* -0.268 0.513*
Pb -0.094 0.411 -0.172 0.555*
Hg -0.241 -0.121 -0.121 -0.151
* ** Correlation is significant at 0.05 and 0.01 level respectively.
TABLE 6 | Correlation between heavy metals in sediment (n = 20).

As Cd Cr Pb Hg
As 1
Cd 0.9012 1
Cr 0.916% 0.978% 1
Pb 0.9122 0.963% 0.958% 1
Hg -0.065 -0.018 -0.084 -0.103 1

ACorrelation is significant at the 0.01 level.

Awetu channelized streams. The I, of As shows practically
unpolluted in Awetu and Boye, which shows a very low value
(<0), unpolluted to moderately polluted in Kito (0-1), and
moderately polluted in Dololo (1-2).

The I, values calculated for each stream of the studied
metals is also indicated in table 4. Accordingly, the
concentration level of As indicates unpolluted to moderately
polluted status in Awetu and Boye (0-1) and moderately
polluted in Dololo and kitto streams (1-2). Cd indicates
unpolluted to moderately polluted status in Awetu (0-1),
moderately polluted in Boye (1-2), moderately to heavily
polluted in Kito (2-3), and extremely polluted in Dololo
streams (>5). Cr shows practically unpolluted in Awetu and
Boye (<0), moderately polluted in Kito (1-2), and moderately
to heavily polluted in Dololo streams (3-4). Pb shows
practically unpolluted in Awetu and Boye (<0), unpolluted
to moderately polluted in Kito (1-2), and moderately polluted
in Dololo (1-2) streams. Hg shows practically unpolluted in
Awetu, Kito, and Boye streams (<0) and unpolluted to
moderately polluted in the Dololo stream (0-1). The
anthropogenic pressures largely contribute to the observed
heavy metal concentrations rather than the mineralogical
composition of the crust along the watershed. The higher
values of I, were observed in samples from the Dololo
stream as compared to other streams, which might be due
to the kind and magnitude of anthropogenic pressures on the
areas and differences in industrial and household waste
management. However, both factors are likely to be the
most significant cause of the observed differences. When
compared with results from other developing nations, the
concentrations measured in this study are much higher than
rural and urban streams (Bai et al., 2011).

As Cd Cr Pb Hg
1
0.901" 1
0.916" 0.978" 1
0.912" 0.963" 0.958" 1
-0.209 -0.220 -0.186 -0.235 1

The box and whisker plot (Figure 6) indicates that relatively
higher heavy metal concentrations were identified in the Dololo
and Kito streams, except for Hg. Pairwise permutation test using
R statistical package (R Core Team, 2019) showed no significant
concentration difference between Awetu and Boye, and Dololo
and Kito streams for As, Cd, and Cr concentrations between.
These streams are known to receive wastewater discharges from
Jimma University compasses. For example, the Dololo stream
receives untreated wastewater discharge from the main campus
and the Jimma Medical Center. Similarly, Kito stream receives the
wastewater effluent from the waste stabilization pond of Jimma
Institute of Technology. These campuses have different
laboratories which could be a source of these contaminants.
The highest level of electrical conductivity at Dololo, followed
by Kito streams, could be a clear indication that the sources of
contamination could be from those campuses. Though the
further investigation of tracing which exact laboratory source
from these campuses is crucial, this might be the possible reason
why these two differently located streams showed a similar
pattern of heavy metal contamination.

The interrelationship among metals in sediment of the aquatic
environment provided important information on sources and
pathways of variables (heavy metals). The result of bivariate
correlations between parameters is shown in Table 5, 6. The
elemental pairs, As and Cd (r = 0.901, p < 0.01); As and Cr (r =
0.916, p < 0.01); Asand Pb (0.912, p < 0.01); Cd and Cr (0.978, p <
0.01); Cd and Pb (0.963, p < 0.01); Cr and Pb (r = 0.958, p < 0.01)
showed significant positive correlation. This result might indicate
that similar pollution sources of two or more heavy metals. The
elemental association may signify that each paired elements have
a common sink in the stream sediments discharged from
municipal wastes and agricultural inputs (Bhuyan et al., 2017).
Metal and physicochemical associations show pairs EC/As (r =
0.467, p < 0.05), EC/Cd (r = 0.484, p < 0.05) and EC/Cr (0.448,p <
0.05) are correlated with each other, whereas the rest are not
significantly correlated. The positive correlations of heavy metals
concentration of the sediment with EC might be attributed to
anthropogenic impacts (Alghobar and Suresha, 2017). Turbidity
has correlated with As (r = 0.574, p < 0.01), Cr (r = 0.513, p < 0.05)
and Pb (r = 555, p < 0.05). DO and pH are negatively correlated
with all studied heavy metals in the stream sediment, which
significantly affects heavy metals (Sekabira et al., 2010). The
concentrations of heavy metals were significantly correlated
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TABLE 7 | Heavy metal concentrations in sediment samples from ou study and from other studies from river sediment.

Study area Mean concentrations of heavy metals in Source of contamination References
the sediment (mg/Kg dw) identified
As Cd Cr Pb Hg
Awetu watershed, Ethiopia 623.3 151.1 375.0 2005.9 4.6 Untreated municipal wastewater discharge and The present study
solidewaste damping sites
Tisza River and its tributaries, Serbia a a 11.37 19.13 Industrial activities, municipal sewage discharges, and  Manojlovic (2009)
agricultural inputs
Yangtze River intertidal zone, China a 0.261 78.9 27.3 Not mentioned Zhang et al. (2009)
Yilong Lake wetland, China 15.46 0.76 86.73 53.19 Industrial discharges, coal and lead mining areas, and  Bai et al. (2011)
domestic effluents
The northern part of Lake Babrukas, 2459 3179 76.97 7.25 10.25  Municipal wastewater discharge Raulinaitis (2012)
Lithuania
Butrinti Lagoon, Albania @ 0.125 56.5 31.2 0.16  Pedo-geological processes and human activity Topi et al. (2012)
Upper Tigris River, Turkey 590 3.02 135.81 3804 Copper mine plant Varol and Sen,
(2012)
Jinjiang river, China 9.6 1.6 32.2 95.1 0.08  Residential, industrial, and agricultural pollutant loads ~ Chen et al. (2013)
Turag, Buriganga and Shitalakha rivers, 35 17 695 356 From residents and household waste and sewage M. S. Islam et al.
Bangladesh treatment facility (2014)
Korotoa River of Bogra district urban area, 25 1.2 109 58 Domestic raw sewage, household waste, and industrial ~ S. Islam et al., (2015)
Bangladesh wastes
Karnaphuli River, Bangladesh 81.1 2.01 20.3 43.7 Industrial effluent and domestic sewage discharge Ali et al. (2016)
Lake Edku, Egypt @ 2 113.1 44.6 Run-off from agricultural fields Waheshi (2017)
Jiaozhou Bay rivers, China 7.7 0.159 69.3 20.2 Industrial and domestic waste discharge Xu et al. (2017)
Zhelin Bay, China a 0.063 23.07 35.7 Not mentioned Gu (2018)
Mustafakemalpas, Turkey 154 8.78 516 65.6 Mining and industrial activities Omwene et al.
(2018)
Miyun District, China 151 0.18 31.5 33.01 Not mentioned Pan et al. (2018)

aNo data.

with pH (negatively), turbidity (positively) except for Hg
(negatively).

The absence of a significant correlation between the heavy
metals and pH might be due to variation in sediment composition
that implies, minerals are the only factors controlling the fixation
of heavy metals (Ali et al., 2016). Other studies also showed that
there is a significant variation in the concentrations of heavy
metals based on the type of waste discharge at different sites
(Nagajyoti et al., 2010). Heavy metals originate by their natural
occurrence in soil and their concentrations depend on the rock
type and environmental conditions, activating the weathering
processes. Our findings showed elevated heavy metal
concentration than many other published studies (Table 7).
This indicates how much the aquatic environment and
probably the biota is at risk of elevated heavy metal
contamination.

Besides the teaching institutions’ wastewater discharge, run-
off and waste discharges from different sources, such as car
washing facilities, hotels, garages are directly entering the
stream system. This could be the main reason for the
extremely exceeded Pb concentration than the other studies
done in China, Turkey, and Bangladesh. Similarly, Liao et al.
(2017) found that the concentrations of heavy metals were upto
120 fold than the background concentration, which was mainly
sourced from mining activities. However, for our case, multiple
sources of aquatic pollution might have contributed to these very
high concentrations of heavy metals.

CONCLUSION

An investigation was made on sediments of streams from Awatu
watershed that showed heavy metal contamination (As. Cd, Cr,
Pb, and Hg) at various degrees in southwestern Ethiopia. The
concentration of the metals in sediments decreased in the order of
Pb > As > Cr > Cr > Hg. The concentrations of heavy metals in
the streams of Awetu watershed sediments were remarkably high
and varied among sampling points. The data analyses by I, CF,
and PLI values showed contamination of the sediments by all the
studied heavy metals which exceeded the limits of average world
concentration. Correlation analysis shows that heavy metals have
common anthropogenic pollution sources that resulted in rapid
urbanization and inappropriate waste discharge. As a result, the
higher concentration level of heavy metals in sediment poses a
risk of water pollution during sediment disturbance or changes in
sediment chemistry, which eventually intermix and transferred
easily with the water in the hydraulic movement. The results
suggested that special attention must be given to the issue of
heavy metal pollution since a considerable portion of elements in
sediments is likely to release back into the water column.
Therefore, public institution and commencial centers shold
properly manage their waste discharge. Besides, authorities of
in low income countries should inforce waste generating
institutions to have waste treatment facilities before releasing
to the environment. Studying seasonal influence of heavy meatal
concentration in sedimets is recommended.
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Current- and Wave-Generated
Bedforms on Mixed Sand-Clay
Intertidal Flats: A New Bedform Phase
Diagram and Implications for Bed
Roughness and Preservation Potential

Jaco H. Baas'*!, Jonathan Malarkey 2!, lan D. Lichtman®', Laurent O. Amoudry?,
Peter D. Thorne®, Julie A. Hope?*, Jeffrey Peakall®, David M. Paterson®, Sarah J. Bass’,
Richard D. Cooke?®, Andrew J. Manning?®”®, Daniel R. Parsons? and Leiping Ye*°

"School of Ocean Sciences, Bangor University, Bangor, United Kingdom, 2Energy and Environment Institute, University of Hul,
Hull, United Kingdom, ®Joseph Proudman Building, National Oceanography Centre, Liverpool, United Kingdom, *Sediment
Ecology, Research Group, University of St. Andrews, St. Andrews, United Kingdom, °School of Earth and Environment, University
of Leeds, Leeds, United Kingdom, 8Scottish Oceans Institute, School of Biology, University of St. Andrews, St. Andrews,
United Kingdom, ”School of Biological and Marine Sciences, University of Plymouth, Plymouth, United Kingdom, ®HR Wallingford,
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The effect of bedforms on frictional roughness felt by the overlying flow is crucial to the
regional modelling of estuaries and coastal seas. Bedforms are also a key marker of
palaeoenvironments. Experiments have shown that even modest biotic and abiotic
cohesion in sand inhibits bedform formation, modifies bedform size, and slows
bedform development, but this has rarely been tested in nature. The present study
used a comprehensive dataset recorded over a complete spring—-neap cycle on an
intertidal flat to investigate bedform dynamics controlled by a wide range of wave and
current conditions, including the effects of wave-current angle and bed cohesion. A
detailed picture of different bedform types and their relationship to the flow, be they
equilibrium, non-equilibrium, or relict, was produced, and captured in a phase diagram that
integrates wave-dominated, current-dominated, and combined wave—current bedforms.
This bedform phase diagram incorporates a substantially wider range of flow conditions
than previous phase diagrams, including bedforms related to near-orthogonal
wave—current angles, such as ladderback ripples. Comparison with laboratory-derived
bedform phase diagrams indicates that washed-out ripples, lunate interference ripples and
upper-stage plane beds replace the subaqueous dune field; such bedform distributions
may be a key characteristic of intertidal flats. The field data also provide a means of
predicting the dimensions of these bedforms, which can be transferred to other areas and
grain sizes. We show that an equation for the prediction of equilibrium bedform size is
sufficient to predict the roughness, even though the bedforms are highly variable in
character and only in equilibrium with the flow for approximately half the time. Whilst the
effect of cohesive clay is limited under more active spring conditions, clay does play arole in
reducing the bedform dimensions under more quiescent neap conditions. We also
investigated which combinations of waves, currents, and bed clay contents in the
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intertidal zone have the highest potential for bedform preservation in the geological record.
This shows that combined wave—current bedforms have the lowest preservation potential
and equilibrium current ripples have the highest preservation potential, even in the
presence of moderate and storm waves. Hence, the absence of wave ripples and
combined-flow bedforms and their primary stratification in sedimentary successions
cannot be taken as evidence that waves were absent at the time of deposition.

Keywords: mixed sand-clay, tidal currents, waves, intertidal flat, bedform size predictor, bedform phase diagrams,

bed roughness, preservation potential

INTRODUCTION

Bedforms are amongst the most common and important
sedimentary structures in modern and ancient marine
depositional environments. They characterise the roughness of
the modern seabed, cause flow modification and energy
dissipation, and enhance sediment suspension (e.g., Allen,
1984; Soulsby and Whitehouse, 2005; Soulsby et al, 2012).
Currents, waves, and combined flows generate different types
of bedform, which are used routinely as a proxy for
reconstructing  depositional ~environments and near-bed
hydrodynamic processes in the sedimentary record (e.g., Allen
1984; Clifton and Dingler, 1984; Van den Berg and Van Gelder,
1993; Baas et al., 2016; Parsons et al., 2016; Collinson and
Mountney, 2019). The development of accurate models for
tidal and wave energy dissipation, sediment transport,
flooding, and acoustic reflectivity of the seabed relies on
correct predictions of bedform dimensions, shape, and plan
morphology, and the parameterization of bed roughness (e.g.,
Soulsby et al., 2012; Aldridge et al., 2015). Existing bedform
predictors, encompassing bedform stability diagrams and
empirical equations based on laboratory flume and field
studies, focus on specific bedform types, such as wave ripples,
current ripples, and dunes (Allen, 1984; Van Rijn, 1984; Southard
and Boguchwal, 1990; Van den Berg and Van Gelder, 1993;
Soulsby, 1997; Kleinhans, 2005; Soulsby and Whitehouse,
2005; Camenen, 2009; Pedocchi and Garcia, 2009a, 2009b;
Nelson et al, 2013). In contrast to stability diagrams for
current- and wave-generated bedforms, stability diagrams for
combined-flow bedforms of the basic form shown in Figure 1
(e.g., Arnott and Southard, 1990; Dumas et al., 2005; Kleinhans,
2005; Perillo et al., 2014) cover such a small fraction of the
parameter space that their application is challenging. This is
because laboratory flume investigations typically do not allow for
the evaluation of more than two or three variables, and field
studies of more complex combined-flow bedform dynamics are
poorly integrated into these stability diagrams (Amos et al., 1988,
1999; Gallagher et al., 1998; Li and Amos, 1998; Gallagher, 2003;
Hay and Mudge, 2005; Smyth and Li, 2005; Larsen et al., 2015;
Wengrove et al., 2018, 2019; Wu and Parsons, 2019; Cuadrado,
2020). For example, despite being the most comprehensive flume
study available in the literature, the experimental dataset of
Perillo et al. (2014) is limited to co-linear waves and currents,
a single sand size, and three closely spaced wave periods. In
geological outcrops, the comparison of observed combined-flow

bedforms with existing predictors for these bedforms is often
cursory (e.g., Myrow and Southard, 1991; Myrow et al., 2002;
Harazim and Mcllroy, 2015; Wang et al, 2015; Taral and
Chakraborty, 2017; Badenas et al., 2018; Isla et al, 2018),
possibly because the existing stability diagrams for combined-
flow bedforms use different bedform terminologies and do not
include all the bedform types recognised in nature (e.g.,
ladderback ripples; Klein, 1970).

A better understanding of the hydrodynamic conditions
required to form current-dominated, wave-dominated, and
combined-flow bedforms requires field measurements that
integrate methods to record hydrodynamics, sediment
dynamics, biogenic effects, and bedform development. To
cover a parameter space that flume experiments cannot mimic,
such measurements should include time-series of all variables
that are known to affect the shape, size, and plan morphology of
bedforms, i.e., sediment size, physical and biological cohesion,
flow depth, bed shear stress, angle between wave and current,
suspended sediment concentration, bedform migration rate, and
adaptation time of bedforms in waning and waxing flow.

From a geological perspective, the shape and size of bedforms,
and their primary stratification patterns, are essential for
interpreting the relative importance of waves and currents in
the depositional environment. Up to now, this has focussed
mainly on hydrodynamic conditions that result in the
formation of hummocky cross-stratification (e.g., Duke, 1985;
Dumas and Arnott, 2006; Tinterri, 2011), but published research
in laboratories and modern environments suggest that a wider
range of bedform types exists in combined flows, such as
ladderback ripples and different kinds of ripple-sized and
dune-sized, symmetric and asymmetric, and two-dimensional
and three-dimensional bedforms (Klein, 1970; Arnott and
Southard, 1990; Dumas et al., 2005; Perillo et al., 2014).
Process interpretations from geological outcrops and cores
require that combined-flow bedforms are preserved after their
formation. Given that mixed wave-current forcing is highly
variable temporally, especially in tidal environments, we
hypothesise that preservation potential varies with bedform
type, because some types are more common than others and
because the preservation potential depends on the hydrodynamic
and sediment dynamic conditions after the formation of each
bedform type. Conditions expected to promote preservation are
rapidly waning flows, rapid deposition of sediment on top of the
bedforms, and bed stabilisation by cohesive clay and biological
polymers.
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The present paper uses field data from a mixed sand-mud
intertidal flat in the Dee estuary (NW England, United Kingdom)
collected with state—of-the-art instrumentation (Figure 2) and
incorporates an unprecedented combination of the above
controls on bedform dynamics, including variations in bed
cohesion, current, wave, and combined-flow bed shear stresses,
water depth, and wave—current angle. This dataset has allowed us
to link equilibrium bedform size, shape, and plan morphology to
flow dynamics, but also distinguish between equilibrium, relict,
and non-equilibrium bedforms, based on evolutionary trends in
bed morphology. The specific aims of this study were to:

1) Classify equilibrium bedform type as a function of wave,
current, and combined-flow forcing, and bed material
properties using a bedform phase diagram;

Establish the relative importance of non-equilibrium, relict,
and equilibrium bedforms in a full spring-neap tidal cycle
with and without wave forcing;

Determine the residence time and preservation potential of
various wave-dominated, current-dominated, and combined-
flow bedforms;

Make recommendation for sediment transport rate
predictions and preservation potential of intertidal
bedforms in modern environments and the geological record.

2)

3)

4)

MATERIALS AND METHODS

The hydrodynamic and sediment dynamic data used in this study
were acquired on a mixed sand-mud intertidal flat in the Dee
Estuary near Hilbre Island, United Kingdom (Figure 2). The Dee
Estuary is connected to Liverpool Bay, and it is funnel-shaped and
macrotidal, with a mean spring tidal range of 7-8 m at Hilbre
Island. Hilbre Island separates Hilbre Channel from intertidal
flats west of the town of West Kirby (Figure 2). These tidal flats
are flood-dominated and rich in fine-grained sediment (Moore
et al,, 2009), especially towards the landward limit of the estuary
(Halcrow, 2013). Waves are mainly generated locally within
Liverpool Bay; north-westerly waves have the strongest
influence on the sedimentary processes in the Dee Estuary
(Brown and Wolf, 2009; Villaret et al., 2011). The intertidal
flats to the north-west of Little Eye (Figure 2) are ideal for
studying bedform dynamics in mixed sand-mud, owing to the
large variation in sand-mud ratio, ranging from pure sand to
sandy mud, and the variable hydrodynamic forcing by currents
and waves (Way, 2013; Lichtman et al., 2018; Baas et al., 2019).
Three sites were studied over a spring-neap tidal cycle from neap
to neap between May 21st and June 3rd, 2013, to record a time-
series of bedform evolution controlled by tides, waves, and
sediment dynamics. These sites were located in or near a
shallow intertidal gully within 140 m of each other, differing
in bed elevation by 0.19 m.

Sediment samples taken at regular intervals during the field
deployment revealed a seabed dominated by medium sand with a
median size of 0.227 mm. The cohesive clay fraction in this
sediment ranged from 0.6 to 5.4 volume %, and the fraction of
cohesive extracellular polymeric substances (EPS) was between
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FIGURE 1 | Basic form of phase diagrams for combined-flow bedforms
used in literature and in the present study. The wave and current forcing
parameters can be wave velocity amplitude and depth-averaged current
velocity or dimensional or non-dimensional wave and current bed shear
stresses. Here, bed shear stress is preferred, because it describes near-bed
bedform dynamics better than velocity. It should be noted that specific
bedform types and phase boundaries may vary with sediment size and
wave—current angle.

0.02 and 0.30 weight %, with the lowest bed clay and EPS fractions
between May 21st and 29th and gradually increasing bed clay and
EPS contents between May 29th and June 3rd (Lichtman et al,,
2018: their Figure 4).

A suite of instruments on the SEDbed frame of the National
Oceanography Centre was deployed at each site. The present
study used water velocity data collected with an Acoustic Doppler
Velocimeter (ADV; located at 0.53m height in Figure 2;
Supplementary Table S1) and measuring at 0.37 m above the
sediment surface. These data were acquired at a frequency of
8 Hz, and tidal currents were extracted by applying a 5-min
running mean. The ADV time-series were used to compute the
equivalent linear current-only, wave-only and non-linear
combined-flow bed shear stresses associated with skin friction,
using the two-layer logarithmic model of Malarkey and Davies
(2012) and the PUV method of Gordon and Lohrmann (2001), as
elaborated by Lichtman et al. (2018). In flows where both currents
and waves are present, the combined bed shear stress is affected
by the angle between the wave and current directions. For a vector
addition of the wave-only and current-only stresses, the
maximum linear combined bed shear stress during the wave
cycle, Tpay is:

Eq. 1, maximum linear combined bed shear stress:

1)

where T, is the current-only shear stress, T,, is the wave-only shear
stress, and ¢ is the angle between the wave and the current (0 < ¢
<90°). In the present paper, only these linear skin-friction stresses
are considered and referred to as simply the wave, current and
combined stresses. For combined flows, the threshold for

0.5
Tmax = (T2 + 7. + 277, cOS )
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cohesionless sediment movement corresponds to Tp,.x = To, Where
1, is the critical shear stress for movement, with 1, = 0.18 Nm ™2
for 0.227 mm sand (Appendix Equation Al). In the two
wave—current directional extremes of co-linear (¢ = 0°) and
orthogonal (¢ = 90°), 1o can thus be expressed as:

Eq. 2, critical shear stresses for sediment movement for co-
linear and orthogonal waves and currents:

Tmax = To = {

or for a particular current shear stress, T, = T5—T,, for ¢ = 0", and
1. = (1o°=1,2)°%, for ¢ = 90°. Thus, T, requires a larger current
shear stress for orthogonal than for co-linear waves and currents.
All other intermediate angles (0 < ¢ < 90°) lie between these two
directional extremes.

The ADV also measured water pressure at 0.53 m above the
seabed, which, in combination with pressure data from a
Conductivity, Temperature, and Depth (CTD) system
(Figure 2; Supplementary Table S1) and after correction for
air pressure, were converted to water depth, following the
procedure described in Lichtman et al. (2018). A 3D Acoustic
Ripple Profiler (3D-ARP; Figure 2; Supplementary Table S1)
provided seabed topography data. The 3D-ARP is a dual-axis,
mechanically rotated, pencil beam scanning sonar operating at
1.1 MHz (Thorne and Hanes, 2002; Marine Electronics, 2009;
Kriamer and Winter 2016; Thorne et al,, 2018). It measured a
12 m” area of the bed every 30 min, from which a central region of
c. 1.4 m* was selected for analysis over the entire field deployment
(Supplementary Video S1). The initial step in the analysis of the
3D-ARP data was to remove the large-scale bed morphology
from the scans using a linear fit. The 3D-ARP scans were then
corrected for the bedform orientation. Lichtman et al. (2018)
found that the bedform migration was closely associated with the
maximum stress in the wave cycle. Thus, the default bedform
orientation was aligned with the maximum stress direction. This
was a reasonable assumption for the vast majority of the
bedforms in the 3D-ARP However, there were
exceptions. If the bedforms were relict, ie. the maximum
shear stress was below T, the last above-threshold orientation
was used. These orientations were determined by eye in cases
where two types of bedform with different orientations were
superimposed on one another. The orientations were not
necessarily orthogonal to one another or aligned with the
wave or current stresses, because the 3D-ARP scanning
process takes longer to complete than some rapid changes in
bedform orientation. Once the orientation had been decided, the
bedform dimensions were determined along three fixed transects,
and subsequently averaged together. The dimensions were
calculated by the zero-crossing method (Van der Mark et al,
2008; Krimer and Winter 2016) once outliers greater than four
standard deviations from the mean were removed. The zero-
crossing method was used to locate the position of the crests and
troughs, but these were also checked by eye for consistency and to
ensure that the dominant dimensions were being faithfully
represented. The asymmetry of the bedforms was quantified
by the longer crest to trough distance divided by the total

Te + Ty ¢ =0°,

(TCZ + Tj)O.S’ (p = 9Q° (2)

scans.
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bedform length along each transect. The method applied
herein to determine bedform heights, lengths and asymmetries
was distinct from that of Lichtman et al. (2018), because it allowed
for the measurement of separate heights and lengths for the wave-
induced and current-induced parts of combined-flow bedforms.

The bedforms on the seabed were also visualised using a
Bedform And Suspended Sediment Imager (BASSI; Figure 2;
Supplementary Table S1). The BASSI produces an acoustic
curtain over a 2D vertical slice of the near-bed water column,
with centimetric resolution over intrawave and turbulence
timescales (Moate et al., 2016; Thorne et al., 2018). The BASSI
can thus be used to trace trains of moving bedforms and
suspended sediment above these bedforms at higher temporal
resolution than the 3D-ARP. In the present study, the BASSI was
set to record vertical cells of 3.3 mm length. The rate of recording
was 12.5 Hz, the burst length was 10 min, and the burst interval
was 30 min. The analysis of the BASSI data focussed on the
bedforms, to obtain an independent check of the bedform
dimensions obtained with the 3D-ARP as well as a record of
high-frequency changes in bed morphology.

During the field deployment, the tidal flats experienced a wide
range of current, wave and combined flow conditions (Figures
3A,B). Maximum current stresses were largest during the spring
tide, 0.7 Nm™2, and up to one order of magnitude smaller during
the neap tides. From May 21st to 24th, when neap tide progressed
towards spring tide, waves had a strong influence on the
hydrodynamics and the bedform evolution, caused by wind
ranging from a moderate breeze to gale force (Beaufort scale
4-8: 5.8-17.6 ms™'). Moderate waves were present at around
noon on May 27th (spring tide) and after midnight on May 30th
(spring tide progressing towards neap tide). On the other days,
waves had little to no influence on the hydrodynamic forcing of
the bedforms on the seabed. Wave period ranged from 2 to 10's
and wave height was up to 0.5 m (Lichtman et al., 2018).

LINKING BEDFORMS TO HYDRODYNAMIC
DATA: OBSERVATIONS AND PROCESS
INTERPRETATIONS

General

Figures 3-10, Table 1, Supplementary Table S2, and
Supplementary Video S1 provide a detailed summary of all
the field data collected on the tidal flat during the spring-neap
cycle between May 21st and June 3rd, 2013. Figure 3 presents
time-series of water depth (Figure 3A), wave and current stresses
(Figure 3B), bedform types (Figure 3C), bedform length
(Figure 3D), bedform height (Figure 3E), and asymmetry
index (Figure 3F). The relative importance of currents, waves,
and combined flow for the generation of these bedforms is shown
in Figures 3G,H shows the percentage equilibrium, relict, and
transitional bedform states. The wave-current angles for
ladderback ripples, tile-shaped interference ripples, lunate
interference ripples, and upper-stage plane beds are plotted in
Figure 31. Figures 4-8 show characteristic 3D-ARP and BASSI
data for selected tidal inundations, and Figure 9 displays the main
geometric properties of the equilibrium, relict, and transitional
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FIGURE 3 | Summary of observations during the spring—neap cycle. The dates and times for each tidal inundation shown at the top are for time-series of: (A) water

depth; (B) maximum combined stress showing wave and current stress contributions; (C) bedform types; (D) bedform length; (E) bedform height; and (F) asymmetry
index. The graphs at the bottom right denote: (G) distribution of flow types; (H) distribution of equilibrium, relict, and transitional bedform states, given in shades of purple;
and (1) mean and standard deviation of wave—current angles for three types of combined-flow ripples and upper-stage plane bed. Colour legend for bedform types

in (C,l) is shown on bottom left. (B,C,G,l) Wave stress and wave ripples are given in shades of blue, current stress and current ripples in shades of red, and combined-
flow bedforms in shades of green. The transitional bedforms include non-equilibrium current ripples, which in turn comprise incipient and straight-crested current ripples
sensu Baas (1994). Clay and EPS content gradually increased from 2 to 5% and 0.05 to 0.08%, respectively, from inundation 16 onwards (Lichtman et al.,

2018).

bedform types present, as well as the characteristic hydrodynamic
conditions at which these bedforms formed. The phase diagram
in Figure 10A shows how the various bedform types are related to
the wave and current stresses, and Figure 10B shows the
equivalent for the wave velocity amplitude, Uy, and depth-
averaged current velocity, @, as used by Perillo et al. (2014).
Whilst both the stresses and velocities are dimensional,
the stresses in Figure 10A can more readily be made

non-dimensional, e.g., by using Shields parameters (Kleinhans,
2005), since the median size of the sand particles on the bed was
constant in the study area.

Tidal Inundations 1 and 2

In tidal inundations 1 (May 21st, pm) and 2 (May 22nd, am), the
current stresses were below 1, at all times, whereas the wave
stresses exceeded 1o around high slack water (Figures 3A,B). In
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FIGURE 4 | Equilibrium wave ripples recorded by the (A) 3D ARP and (B) BASSI at high slack water in tidal inundation 2 (May 22nd, am). (C-F) Bedforms generated
during tidal inundation 3: (C) Wave ripples evolving into lunate interference ripples during flood; (D) Lunate interference ripples during flood; (E) Lunate interference ripples
evolving into wave ripples at high slack water; (F) Small incipient current ripples during ebb. Red, blue and magenta arrows indicate current, wave, and combined flow
directions, respectively. The length of the arrows is a qualitative measure of the relative shear stress magnitude. White lines indicate cross-sections along which
ripple heights and lengths were measured. The discontinuities in C,D,F relate to morphological changes that took place during the 30-min radial scanning time.
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both inundations, the currents and waves were co-linear. The
3D-ARP shows small, straight-crested, near-symmetric ripples
with bifurcation patterns that are typical of wave ripples (Figures
4A, 9C, 10; Table 1; Allen, 1984; Perron et al., 2018). Since the
wave stress was close to zero at the start of inundation 1, these
wave ripples are interpreted as relict bedforms generated by waves
in an earlier inundation. During flood and ebb, when current
stresses reached 0.09-0.18 Nm™, the wave ripples migrated
slowly in the downstream direction (slightly inclined vertical
lines in BASSI data in Figure 4B), possibly because these weak
currents helped the combined stresses to exceed T, (Figure 3B).
Relatively high, equilibrium wave ripples were present around

high slack water on May 22nd, when the wave stress reached
0.5 Nm 2 (Figures 3B,C,E), which signifies the precursor of the
storm that started to affect the field site later that day. The length
of the wave ripples in tidal inundations 1 and 2 was 124 mm
(Figures 3C,D), whereas the height of these bedforms increased
from 10 to 16 mm, reaching a temporary maximum of 18 mm
during the period of large wave stresses in tidal inundation 2
(Figures 3B,C,E).

Tidal Inundation 3

Tidal inundation 3 (May 22nd, pm) experienced a peak current
stress of 0.34 Nm™> during flood and a peak wave stress of
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FIGURE 5 | Bedforms generated during tidal inundation 4. (A) Straight-crested current ripples during flood; (B) Relict tile-shaped interference ripples at the end of
flood; (C) Ladderback ripples during high slack water; (D) Relict wave ripples with straight but discontinuous crestlines near the end of high slack water. See Figure 4 for
explanation of line colours. Dashed arrows in (D) denote stresses below threshold of motion.

X (m)

0.8 Nm™> immediately before high slack water (Figures 3A,B),
and the currents and waves remained co-linear. Strong combined
currents and waves during the flood (T, < 0.88 Nm%
Figure 3B) caused the two-dimensional wave ripples of
inundation 2 to evolve into larger, more asymmetric bedforms
with a moon-shaped plan morphology, classified as Iunate
interference ripples (Figures 3A-F, 4C,D, 9F, 10; Table 1).
Figure 4C shows that this process included an initial period in
which both bedform types were present on the sediment bed. The
lunate interference ripples were particularly high and long for c.
1h around high slack water (Figures 3C-E, 4D), Thereafter,
when the current stress was small and the wave stress decreased,
the lunate interference ripples changed back gradually to smaller
wave ripples (Figures 3B-E, 4E). During the ebb, these
transitional bedforms formed the nucleus for the formation of
incipient current ripples (Baas, 1994; Table 1), which were about
half the size of the lunate interference ripples (Figures 3A,C-E,
4F). The current stress was larger than the wave stress at the end
of inundation 3 (Figure 3B), which supports the presence of these
non-equilibrium current ripples.

Tidal Inundation 4

Tidal inundation 4 (May 23rd, am) reveals complex and rapidly
changing hydrodynamics, which caused rapidly changing bed
morphology. The wave stress was 0-0.50 Nm ™2 during the flood,
it decreased around high slack water, and waves were absent

during the ebb (Figures 3A,B). The tidal currents rotated
clockwise from south-southeast to north-west and the wave
direction varied between east and south-east. The 3D-ARP
recordings start with small, asymmetric, two-dimensional
bedforms formed by the flood current (Figures 3A-F, 5A).
These bedforms resemble straight-crested current ripples
(Figures 9A, 10; Table 1), which probably evolved around low
slack water from the incipient current ripples in inundation 3.
The bed then changed to lunate interference ripples, similar to
those in inundation 3 under large co-linear wave and current
stresses. Thereafter, the wave stresses fluctuated between
0.06 Nm™? and 0.34Nm (Figure 3B), the tidal current
waned, and the wave-current angle increased to 65°. This
resulted in the formation of tile-shaped bedforms that were
clearly asymmetric in cross-section on the 3D-ARP and
BASSI profiles, with two crest-line orientations that
corresponded to the current and wave directions (Figures 5B,
9E; Table 1). These tile-shaped interference ripples became relict
towards the end of the flood (Figures 3A-C), but waves
continued to reshape the bed during high slack water by
forming small wave ripples in the troughs of the tile-shaped
interference ripples, classified as ladderback ripples (Figures 5C,
9D, 10; Table 1; Klein, 1970). Near the end of high slack water,
the ladderback ripples had evolved into wave ripples. Local
remnants of the tile-shaped interference ripples caused the
wave ripples to have straight but discontinuous crestlines
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FIGURE 6 | Bedforms generated during tidal inundation 5. Upper-stage plane bed recorded by the (A) 3D-ARP and (B) BASSI during flood. The 3D-ARP image
shows wave-parallel longitudinal ribbons. Slowly migrating wave ripples in the process of transforming into straight-crested current ripples, recorded by the (C) SD-ARP

and (D) BASSI during ebb. See Figure 4 for explanation of line colours.
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FIGURE 8 | (A) Equilibrium linguoid current ripples formed during ebb in tidal inundation 16; (B) Washed-out ripples formed during ebb in inundation 10; (C) Tile-
shaped interference ripples formed during ebb in inundation 12; (D) Ladderback ripples formed during ebb in inundation 12. (E-F) Current ripples in plan form during the
neap tide: (E) Migrating equilibrium linguoid current ripples formed during ebb in tidal inundation 18; (F) Stationary, relict linguoid current ripples at high slack water in tidal

(Figure 5D) and possibly also an uncharacteristically large
asymmetry (Figures 3C,F). The ebb current, in the absence of
waves, was strong enough to form small, quickly migrating,
incipient to locally  straight-crested current ripples
(Figures 3A-E).

Tidal Inundations 5 and 6

A storm passed the field site during tidal inundations 5 (May
23rd, pm) and 6 (May 24th, am). The current stresses were
generally close to or well above 15, with a peak stress of c.
0.6 Nm™ during flood, more than twice the peak stress in
inundation 4 (Figure 3B). The wave stresses were also larger
than in inundation 4, particularly around high slack water

(Figures 3A,B). Upper-stage plane beds (Figures 6A,B, 10;
Table 1) prevailed during most of the flood tide when the
combined stress was in the sheet flow regime (Figures 3A-C).
The 3D-ARP recorded ribbon-like features (MclLean, 1981),
oriented parallel to the wave direction (Figure 6A), on these
plane beds. In inundation 5, the upper-stage plane bed was
preceded during the flood tide by a bed covered in
asymmetric, equilibrium linguoid current ripples (cf., Baas,
1994; Figures 9B, 10; Table 1), formed when strong currents
acted in the same direction as weak waves in relatively shallow
water. In inundation 6, however, the plane beds were preceded by
washed-out, lunate interference ripples (Table 1) during
somewhat weaker combined flow. The 3D-ARP recorded
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FIGURE 9 | Schematic drawings of (A) straight-crested non-equilibrium current ripples, (B) linguoid equilibrium current ripples, (C) wave ripples, (D) ladderback
ripples, (E) tile-shaped interference ripples, (F) lunate interference ripples. Not to scale.
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smaller straight-crested to slightly three-dimensional current
ripples, when the hydrodynamics were current-dominated, half
an hour before the bed was covered with the washed-out ripples
(Figures 3B,C). After the flood in both inundations, when the
current stresses were small, but the wave stresses caused Ty, >>
To, washed-out ripples (Table 1) and then more pronounced
ripples with straight but discontinuous crestlines appeared on the
flat bed. Based on the dominance of wave action and the large
wave—current angle, these bedforms are interpreted as wave
ripples in which the weak tidal current disrupted the two-
dimensional plan morphology. The wave-free ebb current
(Figures 3A,B) may have been just powerful enough to move
the wave ripples in a downstream direction (Figure 6C), given
their low migration rate (Figure 6D), and initiate a change to
current ripples at the end of the inundation.

Tidal Inundation 7

At the start of tidal inundation 7 (May 24th, pm), the storm had
peaked and the tide was midway between neap and spring. The
current stresses dominated the combined stresses during the

flood and ebb, reaching 048Nm™ and 0.25Nm7>
respectively, and the wave stresses pushed the combined
stresses above T, around high slack water (Figures 3A,B).
Current ripples and wave ripples dominated this inundation.
Downstream-migrating equilibrium linguoid current ripples
(Baas, 1994) formed during the flood (Figures 3A-C, 7A,C).
At high slack water, moderate waves slowly modified these
current ripples into wave ripples by slightly decreasing the
asymmetry and forming more continuous crestlines. Upon the
decrease in wave stress during ebb, these wave ripples became
relict and then changed gradually to more asymmetric
equilibrium linguoid current ripples (Figures 3A-C,F, 7B,D).

Tidal Inundations 8 to 16

Except for tidal inundation 12 (May 27th, am), the wave stresses
were small or absent in tidal inundation 8 (May 25th, am) to
inundation 16 (May 29th, pm) (Figure 3B). Current-generated
bedforms therefore dominated these inundations. Equilibrium
linguoid current ripples formed during the flood and ebb tides
(Figures 3A-C, 8A). These bedforms were stationary and thus
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relict during high slack water, even when the bed was exposed to
weak waves in inundations 10, 11, 15, and 16. The BASSI data
show that the migration rate of these ripples increased, as the
current stresses increased (cf.,, Lichtman et al., 2018). Spring tidal
current stresses peaked at 0.6-0.7 Nm ™ in the final recording of
the ebb in inundations 10 and 11 (Figures 3A,B), resulting in the
formation of washed-out ripples (Figures 3C, 8B). On either side
of these peak spring inundations, the ebb current formed merely
linguoid current ripples.

Spring tide inundation 12 was different in that it captured
large maximum current stresses in combination with moderate
wave stresses during high slack water that caused the combined
stresses to be above 1, throughout the inundation (Figures 3A,B).
These conditions led to a dominance of two types of combined-
flow bedforms, both of which formed at large wave-current
angles of between 40° and 85°. Tile-shaped interference ripples
were recorded during the last hour of the flood tide (Figures
3A-C, 8C). These bedforms replaced equilibrium linguoid
current ripples that formed earlier, when the current stress
was at its peak and waves were absent. The second type of
combined-flow bedforms were ladderback ripples (Figure 8D).
These bedforms formed during high slack water and the ebb,
mostly when the wave stresses were larger than the current
stresses, and they were roughly 50% lower and shorter than
the tile-shaped interference ripples (Figures 3A-E). The height
and length of the subordinate bedforms in the trough of the
ladderback ripples gradually decreased in time in parallel with a
gradual change from wave-dominated to current-dominated

flow. The final recording during the ebb, when the flow depth
had reduced to 1.72m and waves were absent, revealed
asymmetric, non-equilibrium current ripples that were partly
straight-crested and in the process of replacing the ladderback
ripples (Figures 3A-C).

Tidal Inundation 17

The wave stress had a significant influence on the bedform
dynamics during tidal inundation 17 (May 30th, am). Wave
stress dominated the combined stress around high slack water,
whereas the current stress was dominant during the flood and ebb
(Figures 3A,B). Consequently, the 3D-ARP data show a bed
occupied by equilibrium linguoid current ripples during most of
the flood. The waves gradually changed these current ripples into
wave ripples over high slack water and then into ladderback
ripples at the start of the ebb. The final recording shows bedforms
in which the wave-generated “steps” of the ladderback patterns
had almost disappeared and the current-generated crests had
become more pronounced; these bedforms thus started to
resemble non-equilibrium straight-crested current ripples. All
the bedforms in inundation 17 migrated in the direction of the
flood and ebb current, helped by the waves when the current
stress was small. The current ripples were more asymmetric than
the wave ripples and the ladderback ripples (Figures 3C,F).

Tidal Inundations 18 to 25
Tidal inundations 18 (May 30th, pm) to 21 (June 1st, am)
experienced small wave stresses and peak current stresses that
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TABLE 1 | Main properties and characteristic flow conditions for all equilibrium, relict, and transitional bedform types.

Bedform type

Equilibrium bedforms
Current ripples

Wave ripples

Lunate interference ripples

Tile-shaped interference
ripples

Ladderback ripples

Washed-out ripples
Upper-stage plane bed

Relict bedforms
Current ripples

Wave ripples

Transitional bedforms

Non-equilibrium current ripples

Current ripples changing to

Geometry

Larger than equilibrium wave ripples; 3D in plan view, typically
linguoid to irregular; asymmetric in vertical cross-section

Smaller than equilibrium current ripples; 2D in plan view,
straight to sinuous crests with bifurcations; symmetric in
vertical cross-section

Moon-shaped 3D ripples; asymmetric in vertical cross-section;
usually larger than equilibrium current ripples

Square, tile-shaped in plan view; asymmetric in vertical cross-
section; usually larger than equilibrium current ripples

Current ripples with small wave ripples in trough; crestlines at
right angles to each other

Low-height, washed-out lunate interference ripples and 3D
current ripples
Flat bed, possibly with longitudinal ribbons or scours

subparallel to wave direction

As equilibrium linguoid current ripples

As equilibrium wave ripples

Smaller than equilibrium current ripples; incipient or 2D in plan
view; partial preservation of antecedent bedforms may cause
variation in plan form; asymmetric in vertical cross-section

Combination of 3D and 2D ripples; may resemble the tile-

Flow conditions

Tide-dominated conditions, weak to no wave action; most
common in ebb and flood currents; present as relict bedforms
at high slack water and during weakest neap tides
Wave-dominated conditions, weak to no current; formed at
high slack water; may be relict

Strong combined flow, with waves usually stronger than
currents; wave direction parallel to current direction
Combined flow, variable in strength, but weaker than for lunate
interference ripples; large angle between wave and current
direction, reflected in two crestline orientations

Usually formed by waves that modify the trough of larger
current ripples in weak combined flow; tend to migrate intact in
the current direction

Formed by strong waves or currents, but weaker than for
upper-stage plane bed

Very strong waves, currents, or combined flow; sheet flow
conditions

Present below 1 for tides (and waves); formed by earlier
stronger currents; most common around high slack water and
during neap tides, with preservation around low slack water
during weakest neap tides

Present below 1, for waves (and tides); preserved after a period
of wave action, usually during weak neap tides or high slack
water

Present during weak tides above 1o; mainly forming during
flood and ebb currents in relatively shallow water when waves
are absent; mostly preceded by wave or interference ripples in
ebb currents

Moderate waves, weak to no currents; waves change 3D

Cases

52

60

wave ripples shaped interference ripples

Lunate interference ripples

changing to wave ripples crested bedforms

progressively decreased, in line with the change from spring to
neap tide, but were above 1, (Figures 3A,B). This current
dominance resulted in the formation of asymmetric equilibrium
current ripples (Figures 3C, 8E) that were stationary, and therefore
classified as relict, when the current stress was below c. 0.18 Nm 2.
These current ripples migrated during part of the flood in
inundation 18, but this swapped to migration during the ebb in
inundations 20 and 21. In the intermediate inundation 19, the
current ripples migrated during both the flood and ebb tides
(Figure 3A). The bed morphologies can be followed across the
low slack water between the tidal inundations, as the current
ripples migrated over a short distance without radically
changing their plan morphology. When waves were present, the
wave stress was largest during high slack water, but this did not
significantly modify the current ripples.

During the neap tide inundations 22-25, the linguoid current
ripples that were actively migrating earlier became stationary and
therefore relict (Figure 8F). Waves were entirely absent, and all
flood and ebb current stresses were below 0.12 Nm™ and thus too

Combination of 3D moon-shaped bedforms and 2D straight-

current ripples, formed during flood, into 2D wave ripples;
characteristic of high slack water

Combined flow with current direction parallel to wave direction 2
changes into wave-dominated regime; Waves gradually re-
establish straight crestlines

weak to move the current ripples (Figures 3A,B), even at shallow
depths around low slack water.

LINKING BEDFORMS TO HYDRODYNAMIC
DATA: SYNTHESIS

Bedform Phase Diagram for

Combined-Flow Bedforms

As expected, equilibrium current ripples (Figure 9B) formed
when the combined stress was above T, = 0.18 Nm* for
0.227mm sand and current-dominated (Figure 10A). The
equilibrium current ripples formed at stresses below c.
0.65Nm™>. Likewise, equilibrium wave ripples (Figure 9C)
formed at wave-dominant combined stresses between
0.18 Nm > and 0.65 Nm > The grey dashed lines near to the
axes in Figure 10A delimit the stability regimes of equilibrium
wave ripples and equilibrium current ripples, based, on the
following equations:

Frontiers in Earth Science | www.frontiersin.org

30

November 2021 | Volume 9 | Article 747567


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Baas et al.

Eq. 3, regime boundaries for equilibrium wave ripples:

17.<0.21,, 0.18< (7. +71,)<0.65 3)
Eq. 4, regime boundaries for equilibrium current ripples:
7.>3.31,, 0.18<(7.+1,)<0.65 (4)

Using Eq. 2 to calculate T, for single and combined currents
and waves, the black dashed quarter circle in Figure 10A, based
on ¢ = 90°, accurately delimits a no-motion regime with
stationary, and therefore relict current ripples and wave
ripples. The black dashed straight line, based on ¢ = 0°, is
shown for comparison. Non-equilibrium, incipient and
straight-crested current ripples (Figure 9A) plot mostly within
the current ripple stability regime, but these bedforms are
characterised by combined stresses between 0.18 Nm™> and
0.44Nm™* (Figure 10A). Such small current stresses explain
the transitional state of these bedforms, as non-equilibrium
current ripples need more time to reach linguoid equilibrium
morphology as the current stress is reduced (Baas, 1994, 1999;
Oost and Baas, 1994) and therefore are more likely to be recorded
at small than at large current stresses. For a similar reason,
bedforms that were transitional from current ripples to wave
ripples plot at small, combined stresses, where the wave stresses
dominate (Figure 10A).

With few exceptions, the combined-flow bedforms plot well
outside the stability regimes for current ripples, wave ripples, and
no motion in Figure 10. Lunate interference ripples (Figure 9F)
have combined wave-current stresses between 0.8 Nm™ and
0.9 Nm™2, when the wave direction was almost parallel to the
current direction (Figure 3I) and the wave stresses were larger
than the current stresses (Figure 10A). The lunate interference
ripples may correspond to the lunate megaripples and the
oriented hummocks in the combined-flow phase diagram of
Kleinhans (2005). The ladderback ripples (Figure 9D) and
tile-shaped interference ripples (Figure 9E) were stable at
smaller combined stresses than the lunate interference ripples.
The ladderback ripples formed at combined stresses of 0.26 +
0.04 Nm™. The tile-shaped interference ripples formed at a
slightly larger combined stress of 0.33 + 0.08 Nm >, but there
is a substantial overlap in the combined stresses for these two
bedform types. The angles between the wave and current
directions for the ladderback and tile-shaped interference
ripples were mostly above 45° (Figure 3I). The ladderback and
tile-shaped interference ripples may correspond to the mixed
wave—current ripples and the three-dimensional asymmetrical
ripples in the combined-flow phase diagrams of Kleinhans (2005)
and Perillo et al. (2014), respectively. These phase diagrams also
include symmetric and asymmetric dunes between ripples and
upper-stage plane beds for a similar grain size, but these large
bedforms were not present at the study site. This may be because
the flow conditions changed too quickly for dunes to develop,
causing wave ripples and current ripples to change directly to and
from washed-out ripples and upper-stage plane bed.

Woashed-out ripples formed mainly at large shear stresses in
current-dominant and wave-dominated flow, averaging
0.69 Nm™ (Figure 10A). In contrast, upper-stage plane beds

Bedforms on an Intertidal Flat

mostly required strong combined stresses between 0.81 Nm™>

and 1.20 Nm™2. The formation of upper-stage plane beds appears
independent of the wave-current angle, because it covers a wide
range of angles from 0° to 70° (Figure 3I) whereas the lunate
interference ripples are confined to angles less than 25°
Combined stresses of 0.78 Nm™> and 0.89 Nm > can be used
to separate the stability regime of the lunate interference ripples
from that of washed-out ripples and upper-stage plane bed under
strong wave-dominated conditions (Figure 10). Lunate
interference ripples do not appear to form under current-
dominated conditions, approximated by a gradual tapering of
the phase boundary between lunate interference ripples and
upper-stage plane bed in Figure 10A, according to the
following equation:
Eq. 5, regime boundaries for lunate interference ripples:

17.< -0.593 1, +0.621, 0.39<71,<0.66 (5)

Comparing the field-based bedform phase diagrams in
Figure 10 with laboratory-based phase diagrams (e.g., Arnott
and Southard, 1990; Yokokawa et al., 1995; Dumas et al., 2005;
Kleinhans, 2005; Tinterri, 2011; Perillo et al., 2014) is complicated
by the large number of physical variables that bedform dynamics
are controlled by under natural wave-current conditions. Phase
diagrams of the principal form presented in Figure 1 do not
incorporate the effects of, for example, grain diameter, water
depth, wave-current angle, wave period, bed clay content, and
tide-induced shear-stress variations. Although Dumas et al.
(2005) and Perillo et al. (2014) proposed phase diagrams for
different wave periods and grain diameters, no diagram covers a
full range of controlling parameters yet. Another difference is that
the field data were collected in an intertidal environment, where
the hydrodynamic forcing changed on the scale of tens of
minutes, whereas the laboratory-based phase diagrams used
constant wave and current forcing, thus essentially simulating
subtidal conditions in which bedforms are more likely to be in
equilibrium with the hydrodynamic forcing and water depth
plays a smaller role than in intertidal environments. For
example, storm waves were found to have only a small effect
on bedform dynamics during shallow water at the field site.

Despite these complications, some of the bedforms found at
the field site can be matched to those recognised in experimental
flumes. The linguoid current ripples and wave ripples in
Figure 10 correspond to the 3D current ripples and 2D/3D
symmetric ripples of Perillo et al. (2014), respectively. These
bedforms also appear in the phase diagrams of Arnott and
Southard (1990), Yokokawa et al. (1995), and Dumas et al.
(2005), but a comparison of forcing parameters is hampered
by the small current velocities simulated in these experiments.
The stability regime of the tile-shaped interference ripples
overlaps with the 3D quasi-asymmetrical and asymmetrical
ripples of Perillo et al. (2014), although the plan morphology
of the tile-shaped interference ripples in this study is more
regular. This difference might be explained by the fact that the
tile-shaped interference ripples formed at large
wave—current angles and Perillo et al. (2014)’s 3D quasi-
asymmetric and asymmetric ripples were associated with co-
linear waves and currents. Subaqueous dunes were not found at

were
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the field site. Instead, the stability fields of 3D symmetric and
asymmetric dunes and current dunes of Perillo et al. (2014) are
occupied by washed-out ripples, lunate interference ripples, and
upper-stage plane beds in Figure 10. This may be a key
characteristic of intertidal environments, where water depths
are generally shallow and rapidly changing, thus hindering the
development of dunes, which need greater water depths and more
time to form than ripple-sized bedforms. Dunes were seen on
intertidal flats adjacent to the field site, but these dunes were
poorly defined, with large form indices—the ratio between length
and height. The 3D-ARP data did not show any hummocks,
which have been considered to form in combined flow (Duke,
1985; Arnott and Southard, 1990; Dumas et al., 2005; Dumas and
Arnott, 2006; Tinterri, 2011). The washed-out ripples at the field
site are probably nearest to small-scale hummocks (Tinterri,
2011), because these share a similar size and large form index,
but their shape is closer to flattened current ripples and lunate
interferences ripples. The lack of conventional hummocks at the
field site agrees with the facts that: 1) hummocks have not been
described in estuarine sedimentary sequences (Tinterri, 2011, his
Table 2); 2) hummocky cross-stratification serves “as a useful
indicator of deposition in unrestricted, open-water conditions”
(Dumas et al., 2005) instead of semi-enclosed esturaries, and; 3)
hummocks form by wave-dominated combined flows with wave
periods of 8-10s (Dumas et al., 2005), whereas the measured
wave periods at the field site were c. 6-8s for the lunate
interference ripples, washed-out ripples, and upper-stage plane
beds and c. 3-6 s for the wave ripples. Hence, a dominance of
ladderback ripples and tile-shaped and lunate interference ripples
over hummocks and dunes might be diagnostic in sedimentary
successions of estuarine mixed sand-mud tidal flats.

Temporal Distribution of Bedforms

The time-series in Figures 3A-F reveal that equilibrium current
ripples dominated the flood and ebb during spring tides; these
bedforms were relict for a short period around high slack water.
Some of the highest-energy ebb currents during the spring tide, at
current stresses of 0.6 Nm > - 0.7 Nm™ 2 (inundations 10 and 11),
were able to form washed-out ripples from these equilibrium
current ripples. The flood currents during spring tide did not
form washed-out ripples within the measurement period, even
though the shear stress was occasionally as large as in the ebb
currents (e.g., tidal inundation 11). The relict current ripples
became progressively less frequent in the runup to spring tide and
more frequent during the transition from spring to neap tide.
Around neap tide, the current ripples stopped moving altogether
and near-identical bed morphologies could be traced across areal
exposure in tidal inundations 22-25 (Figures 8E,F).

Water surface waves modified or replaced the current-
generated bedforms during nine tidal inundations. The wave
stresses were largest just before and at high slack water, suggesting
that during ebb and most of the flood, when water depths were up
to 3m lower than during high slack water, waves largely
dissipated before reaching the study site. This resulted in 23%
of the bedforms showing wave-dominance or combined-flow
properties (Figure 3G). The storm waves between May 22nd
and 24th (inundations 3-6) had the largest influence on the bed
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morphology. The relict wave ripples at the start of inundation 2
evolved into equilibrium wave ripples when the waves were
strong enough to move sediment around high slack water.
Combined flow was dominant at the peak of storm intensity,
resulting in the development of tile-shaped interference ripples
and ladderback ripples at relatively weak current stresses, and
lunate interference ripples, washed-out ripples and upper-stage
plane beds at relatively large current stresses. The bedform
evolution closely followed temporal changes in wave stress,
best exemplified in inundations 4 and 6. In inundation 4, non-
equilibrium current ripples existed when waves were absent.
These current ripples then rapidly evolved into lunate
interference ripples as the wave stress quickly increased,
followed by tile-shaped interference ripples, ladderback ripples
and wave ripples during decreasing current and wave stresses,
and ending with non-equilibrium current ripples in the wave-free
ebb current. Inundation 6 also started and ended with non-
equilibrium current ripples. In between these, washed-out ripples
followed by upper-stage plane beds formed around peak wave
stress. Eventually, wave ripples and then current ripples formed
during decreasing wave stress and small current stresses. The
wave stress during tidal inundation 7 was just large enough to
form wave ripples from relict current ripples during high slack
water. These wave ripples became relict and then evolved into
current ripples during the ebb. In inundation 17, ladderback
ripples formed as an intermediate stage between the wave ripples
and the current ripples. Finally, relatively weak waves affected the
bed during the spring tide of inundation 12, forming a temporal
sequence of tile-shaped interference ripples to ladderback ripples
over high slack water and the ensuing ebb tide.

In summary, the field data show that strong waves lead to the
formation of predominately lunate interference ripples, washed-
out ripples and upper-stage plane beds, whereas weaker waves
generate merely tile-shaped interference and ladderback ripples.
Spring tides promote the development of upper-stage plane beds.
In this dynamic environment, only 50% of the bedforms were
found to be in equilibrium with the flow conditions (Figure 3H).

Comparison of Bedform Dimensions and

Geometric Properties

Figures 3D,E show that the bedforms found in the study area are
remarkably similar in height and length, even though the
sediment bed was exposed to substantial variations in current
stresses during the neap-spring cycle and to several periods of
large wave and combined stresses. Except for the upper-stage
plane beds, bedform height and length ranged from 11 to 17 mm
(average: 14 + 2 mm) and from 122 to 192 mm (average: 149 +
23 mm), respectively. However, within this small range of
bedform dimensions, which will be covered in more detail in
the following sections, distinct differences in the asymmetry
index and form index were distinguished, when grouped based
on bedform type (Figure 11).

Although fully symmetric ripples, i.e., with an asymmetry
index of 0.5, did not form, the wave ripples were more symmetric
than the current ripples and the interference ripples, with the
lunate interference ripples, tile-shaped interference ripples, and
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washed-out ripples showing the highest asymmetry (Figure 11).
Based on their phase space positions in Figure 10, a set of wave-
dominated bedforms can be grouped together, including the
transitional current-to-wave, lunate interference, transitional
lunate-to-wave, and wave ripples. The ladderback and tile-
shaped interference ripples are wave-influenced, but these
bedforms are grouped with the remaining current-dominated
ripples, because the near orthogonal waves and currents resulted
in two distinct sets of bedforms where those associated with the
waves were subordinate. Except for the transitional
current-to-wave and lunate interference ripples, the
asymmetry index for the wave-dominated bedforms was below
0.61, the significance of which will be explained in the next
section, and this provides a way of distinguishing wave- and
current-dominated bedforms. The wave ripples had the lowest
form index of all the bedform types encountered at the study site,
and indeed a form index of below 10 distinguishes all but the
lunate interference ripples in the wave-dominated set. The tile-
shaped interference ripples had relatively high asymmetry and
form indices whereas the ladderback ripples had indices much
more in keeping with current ripples. Although being
considerably smaller, the subordinate bedforms in the trough
of the ladderback ripples had similar form and asymmetry indices
to the main bedforms. As expected, the washed-out ripples had
the highest form and asymmetry indices (Baas and De Koning,
1995; Figure 11). The size and shape of the transitional
lunate-to-wave and current-to-wave ripples were in between
their end members. For the transitional current-to—wave ripples,
the form index already represented that of the wave ripples, but
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the asymmetry was still closer to that of the current ripples
(Figure 11).

Predicting the Size of Bedforms Affected by

Waves

The bedforms that were affected by waves in the field area include
equilibrium and relict wave ripples, ladderback ripples, tile-shaped
and lunate interference ripples, and transitional current-to-wave
and lunate-to-wave ripples. The widely used wave bedform size
predictor of Wiberg and Harris (1994) is chosen to verify if it is
sufficiently accurate to generalise the relationships between wave-
generated and combined-flow bedform size, and flow and sediment
parameters found in this study. The non-iterative version of
Wiberg and Harris’ (1994) predictor (Malarkey and Davies,
2003; Appendix Equation A2) depends only on the ratio of the
wave orbital diameter, dy, (= TUy/m, where T is the wave period and
U is the wave velocity amplitude; Lichtman et al.,, 2018) and the
median grain diameter, Dsy. The predictor distinguishes between
orbital ripples (do/Dsy < 1754), where the bedform dimensions
depend on the orbital diameter, anorbital ripples (do/Dsq > 5,587),
where the bedform dimensions depend on the grain diameter, and
suborbital ripples (1754 < dy/Dsy < 5,587) where the bedform
dimensions depend on both the orbital and grain diameters.
Soulsby and Whitehouse (2005) produced a similar wave ripple
predictor, whereas some researchers have done away with the
intermediate suborbital range (e.g., Traykovski, 2007). The
presence of a small current is accounted for with an enhanced
orbital diameter, d,,, following the approach of Lacy et al. (2007):
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Eq. 6, Enhanced orbital diameter:

dye = \/dg +0.25(Tuy)* + doTus cos ¢ (6)

where us = 0.65i is the current velocity at c. 20 mm above the bed
in terms of &, the depth-averaged current velocity. In the absence
of a current, @ = 0, the enhanced orbital diameter returns to its
wave-only value, d,. = dy. As in the wave-only case, Eq. 6
determines the distance a particle is advected in half a wave
cycle. This definition is only meaningful if the magnitude of the
freestream velocity has two minima in the wave cycle,
corresponding to (us/Up)cosp < 1. Therefore, Eq. 6 was
applied only when this condition was met. The comparison
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for the measured bedform heights and lengths is shown in
Figures 12A,B.

The subordinate bedforms in the ladderback and tile-shaped
interference ripples are of interest here, since the crest of these
bedforms tend to be oriented perpendicular to the wave
propagation direction. It is therefore anticipated that these
subordinate bedforms are dependent on the wave-only orbital
diameter d,, rather than d,,.. The subordinate dimensions of the
ladderback and tile-shaped interference ripples tend to be lower
than the dimensions of the wave ripples. Their lengths are in the
orbital range, but their heights are lower than expected for orbital
ripples (Figures 12A,B). This may be because the subordinate
bedforms are topographically constrained by their
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and transitional current-to—wave and lunate-to—wave ripples, using dy. (Eq. 6), and for the subordinate bedforms in ladderback and tile-shaped interference ripples,
using do (Appendix Equation A2), compared to the Wiberg and Harris (1994) predictor (WH94). (C) Asymmetry index and Sato and Horikawa’s (1986) asymmetry
prediction (SH86) against freestream wave velocity asymmetry from Stokes second order theory, Unmax/Uo. (D) Relative current shear stress against wave
asymmetry. Symbols in (B,C,D) are the same as in (A), with vertical lines denoting error bars (one standard deviation); grey shading reflects the spread of the original data;
O = orbital, S = suborbital, A = anorbital, and dashed lines in (A) correspond to 535D5, and 806Ds, and in (B) correspond to 68Dsq. (C,D) do not show the lunate
interference ripples with the largest d,,/Dso values from (A,B) with an asymmetry index of 0.64 and relative current shear stress of 0.58, because of an unrealistically large
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superimposition on the main bedforms in the ladderback and tile-
shaped interference ripples.

Figure 12A shows that the relict wave ripples fall to the left of
the grey shading associated with the original experimental scatter
of Wiberg and Harris’ (1994) predictor, because the orbital
diameters of the waves were too weak to influence the
bedforms. Moreover, most equilibrium wave ripples and
transitional current-to-wave ripples fall within the original
laboratory and field data scatter and have lengths that are
close to Wiberg and Harris’ (1994) anorbital value of 535Ds,.
Most of these ripple types can be considered as suborbital, but
their dimensions correspond to anorbital ripples. This agrees with
a laboratory study by Lacy et al. (2007), who found that wave-
dominated ripples in combined wave-current flow fall in a
similar suborbital region of the Wiberg and Harris (1994) plot.
Anorbital ripples are analogous to current ripples in that their size
depends only on the grain diameter. This may explain why there
were only modest changes in the ripple dimensions during the
field campaign when evolving from wave-dominated to current-
dominated conditions. Indeed, since several wave ripples
developed from current ripples at the beginning of the flood
and weak currents commonly accompanied the wave ripples
(Figures 3A-C), we infer that these currents may have forced
the wave ripples towards becoming anorbital.

Because of their formation under wave-dominated conditions
(Figure 10), it is reasonable to test the lunate interference ripples
against the Wiberg and Harris (1994) predictor. These
bedforms tend towards the anorbital range, but their length
is larger than the predicted value for anorbital bedforms.
Various researchers have found that the dimensions of
anorbital ripples can have wave-period dependence
(Mogridge et al,, 1994; O’Donoghue et al., 2006), which is
reflected in the scatter in the original Wiberg and Harris
(1994) data in Figure 12A. This wave-period dependence
may thus also apply to the lunate interference ripples.

For practical purposes, the length of the equilibrium and relict
wave ripples and the transitional current-to-wave ripples can be
considered constant, hence independent of the orbital diameter, at
Wiberg and Harris™ (1994) anorbital value of 535Ds,. However, the
length of the lunate interference ripples, which is distinct from the
wave ripples, is better described by 806Ds. Hence, L = 535Ds, for
d,y/Dsg < 5,320 and L = 806D, for d,,./Dsq > 5,320 (Figure 12A).
Assuming that the bedform height can also be represented by a
constant value, the mean of all the heights, other than for the lunate
interference ripples, gives H = 68Ds (Figure 12B). Since the lunate
interference ripples represent wave-dominated bedforms with the
highest combined stress before upper-stage plane beds develop and
are well described by Wiberg and Harris” (1994) predicted heights
for anorbital ripples, a better predictor in this case would be H =
68Ds for d,,./Dsg < 5,320 and H = Hyyy, for d,,./Dsg > 5,320, where
Hyyy is the height from the Wiberg and Harris (1994) predictor.
This yields a representative form index of c. 7.7 for the wave ripples
and transitional current-to-wave ripples and 12.5 for the lunate
interference ripples. These predicted form indices are close to those
shown in Figure 11B.

Since it is anticipated that wave ripples are more symmetric
than current ripples and perhaps combined-flow bedforms, it is
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worth comparing the asymmetry indices of the wave ripples,
lunate interference ripples and transitional current-to-wave
ripples with the asymmetry indices found in literature. Sato
and Horikawa (1986) determined that the asymmetry of wave
ripples formed in the laboratory has an upper limit of 0.61, based
on the steepest part of the upstream slope reaching the angle of
repose. The ripple asymmetry increased up to this limit with
increasing wave asymmetry (skewness), as determined by Up../
Uy, where Uy, is the maximum near-bed velocity in the wave
cycle, Unax/Uy is calculated by Stokes 2" order (Upar/Us =
1+3kH/8sinh’kh, where H and k are the surface wave height
and number and 4 is the water depth, Soulsby, 1997), and Up./
U, = 1 corresponds to a symmetric wave. Sato and Horikawa’s
(1986) prediction is shown in Figure 12C together with all the
bedforms shown in Figures 12A,B. The accompanying
Figure 12D shows 7./1,, versus Upn,.x/Uy. Figure 12C reveals
that the asymmetry is generally in the correct range for the wave
ripples and the transitional lunate-to—wave ripples, even though
Sato and Horikawa’s (1986) expression tends to underpredict the
ripple asymmetry as a function of wave asymmetry. Figure 12D
shows that there is an inverse relationship between the relative
current stress and the wave asymmetry, and Figure 12C shows
that the weaker the wave asymmetry is the more substantial the
ripple asymmetry underprediction, thus strongly suggesting that
the presence of the current causes additional ripple asymmetry.
This is valid in particular for the transitional current-to-wave
ripples, which have ripple asymmetries that are completely
independent of wave asymmetry and generally greater than
0.61. The lunate interference ripples, although fitting the
general predicted trend in wave asymmetry (Figures 12C,D),
show a slightly larger asymmetry (Figure 11A), possibly because
their larger form index (Figure 11B) means they are not
constrained by Sato and Horikawa’s (1986) angle-of-repose limit.

Predicting the Size of Current-Dominated

Bedforms

Most of the bedforms in the field area were either wholly or
partially influenced by currents. These include the equilibrium,
non-equilibrium, and relict current ripples; the dominant
bedforms in the ladderback ripples and tile-shaped
interference ripples; washed-out ripples; and upper-stage plane
beds. These bedforms can be used to test the accuracy of the
Soulsby and Whitehouse (2005) equilibrium current ripple
predictor (Appendix Equation A3) and possibly extend its use
to combined wave-current flows under natural conditions.
Appendix Equation A3 has a grain size dependence but also
predicts a linear decrease in ripple height with increasing stress
for washed-out ripples, with the height becoming zero for sheet
flows on upper-stage plane beds. Because waves and currents
were both present at the field site, it is the maximum shear stress,
Tmaw rather than the current stress, that controls the ripple height.
Also, we optimised the Soulsby and Whitehouse (2005)
descriptor for this dataset by forcing Hy,, = 67Dso and L =
655Ds, based on the mean height and length of the equilibrium
current ripples, and 7y, = 0.65 Nm 2 and 7= 0.78 Nm 2, based
on the lower and upper boundaries of washed-out ripples in

Frontiers in Earth Science | www.frontiersin.org

35

November 2021 | Volume 9 | Article 747567


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Baas et al.

Figure 10A (according to Appendix Equation A3, H,,,, = 84Ds,
and L = 674Dsg, Tyo = 0.76 Nm ™ and 7,6 = 1.08 Nm ™).

The heights and lengths of all the current-dominated ripples
are plotted against 7,,,, in Figures 13A,B, respectively. These
figures also show the predicted values according to Soulsby and
Whitehouse (2005). The range in the dimensions of the current
ripples appears to increase, as the maximum stress increases, with
the largest mean heights and lengths at 7,4 > 0.5 Nm™>. This
increase in current ripple size agrees with the presence of
relatively large ripples at high shear stresses in laboratory
experiments with 0.238 mm sand, interpreted as bedforms
transitional to subaqueous dunes (Baas, 1999).

The dominant bedforms in the ladderback and tile-shaped
interference ripples are also well described by the Soulsby and
Whitehouse (2005) predictor. However, the non-equilibrium
current ripples have lower heights and lengths, and some relict
current ripples have lower heights (c. 10 mm instead of 15 mm),
but not lower lengths, than predicted. The non-equilibrium
current ripples were clearly not fully developed, and therefore
plot below the equilibrium heights and lengths predicted by
Soulsby and Whitehouse (2005) in Figures 13A,B. Moreover,
these non-equilibrium ripples were most common during ebb,
near the end or directly after periods of declining wave stress. The
low-amplitude relict current ripples were present during neap
tides with increased bed clay and EPS content (inundations
16-24). The greater reduction in height than in length of these
relict ripples is consistent with increased bed clay and EPS
content in the experiments of Baas et al. (2013) and Malarkey
et al. (2015), respectively. The gradual reduction in ripple height
during inundations 15, 16, and 17 is inferred to relate to the
increase in bed clay and EPS content measured by Lichtman et al.
(2018, their Figure 4) by drawing cohesive clay into the bed
through hyporheic processes (Dallmann et al., 2020; Wu et al.,
2021).

DISCUSSION AND IMPLICATIONS:
ROUGHNESS PREDICTION

Determining turbulence and hence sediment transport rates is
crucially dependent on the bed roughness. When bedforms are
present, the main contribution to the roughness is through the
form drag associated with their dimensions, as defined by the
quantity H*/L (for example, k,” = 20H*/L in the Chézy coefficient
definition of Van Rijn (2006; 2011), where k,” is the form
roughness height of Nikuradse). In certain field settings, waves
and currents each have their own roughness, e.g., combined
strong waves and weak orthogonal currents over two-
dimensional bedforms (Guerrero et al., 2021). However, it is
reasonable to assume that there is a common wave-current
roughness based on the main bedform heights and lengths in
the study area, because of the varied wave-current angle, varied
relative strengths of the waves and the currents, and the general
three-dimensionality of the bedforms. The H?/L values, based on
the measured bedform heights and lengths for all the different
types of bedform, are shown in Figure 13C together with the H*/
L values determined from the equilibrium current ripple and
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wave ripple predictors described in the previous sections.
Figure 13C shows that the uncertainty in roughness is almost
always larger than the variation over a tidal inundation, such that
there is a limit to how well the roughness can be defined.
However, Figure 13C also reveals that, with the exception of
the 10-mm high relict current ripples in inundations 16-24,
where the black dashed line is the roughness calculated with
H = 10 mm, the predicted roughness agrees reasonably well with
the measured roughness. This includes the non-equilibrium
current ripples, despite the fact that these bedforms had
smaller heights and lengths than their equilibrium and relict
counterparts.

However, this independence of bed roughness on current
ripple development stage may be particular to the study site.
In other field studies, the need to adjust bedforms towards
equilibrium may therefore require a more involved hysteresis-
type calculation. Another aspect of the roughness predictions at
the study site is that the wave ripple predictor makes only a
modest difference to the roughness calculations. The current
ripple predictor alone could therefore be considered sufficient
to do the roughness calculations for most of the bedforms
encountered at the study site. However, there are notable
exceptions. The low roughness of the current ripples affected
by high bed clay and EPS content in tidal inundations 16-24
indicates that cohesive forces can significantly reduce the bed
roughness, and can start to do this at bed clay contents of 2%,
corresponding to inundation 16 at the study site (Lichtman et al.,
2018). This lower boundary of 2% clay corresponds reasonably
well with the 3% clay proposed by Baas et al. (2019) as the lower
boundary for the onset of bed stabilisation by cohesive forces.
Moreover, the most substantial reductions to the bed roughness
relate to the low-relief washed-out ripples and the upper-stage
plane beds (Figure 13C). These bedform types were relatively
rare at the study site, but their effect could be greater in areas that
are exposed to larger waves and longer periods of wave forcing
during ebb-flood tidal cycles.

DISCUSSION AND IMPLICATIONS:
PRESERVATION POTENTIAL OF
INTERTIDAL BEDFORMS

Conditions for Preservation of Bedforms

The large variety of sedimentary bedforms in the study area
underlines the complex interactions between hydrodynamics and
sediment dynamics on intertidal flats (e.g., Deloffre et al., 2007;
Gao, 2009). However, this large variety does not necessarily mean
that each bedform type has a preservation potential in
sedimentary successions of intertidal flats that matches its
frequency of occurrence on modern intertidal flats. The
present study shows that bedform type is often related in a
predictable way to tidal phase and bed shear stress, the
presence or absence of waves, and large (near orthogonal) or
small (near co-linear) wave-current angles (Table 1). Since
previous studies have shown at which conditions intertidal
sediment is most likely to be preserved (e.g., Deloffre et al,
2007; Gao, 2009), it should also be possible to predict which
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equilibrium current ripple predictor (SW05). (C) Bed roughness over the measurement campaign for all bedforms, including wave-dominated ripples, compared to bed
roughness calculations based on the SWO05 predictor and the modified Wiberg and Harris (1994) predictor (WH94) (cf., Figures 12A,B).

intertidal bedform types have the highest preservation potential
in the sedimentary record.

Using a combination of numerical modelling and field
validation, Gao (2009) found that supratidal, high intertidal,
and subtidal environments have a higher preservation
potential than low intertidal environments, such as the study

area. This reflects the notion that salt marshes and tidal channels
usually have more space to accommodate net sediment
accumulation than intertidal flats. Intertidal flat sediment can
be preserved when the rate of bed aggradation is higher than the
rate of bed erosion, but such aggradation rates are often too low to
preserve entire bedforms, as exemplified by a comparative study
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of three estuaries by Deloffre et al. (2007). Even in the highly
dynamic Seine estuary, NW France, the aggradation rates did not
exceed 6 mm per semi-diurnal tidal cycle (Deloffre et al., 2007).
Specific conditions are therefore required to preserve diagnostic
sets of cross-stratification or entire bedform profiles in vertical
cross-section. These include: 1) rapid aggradation after a sudden
large influx of sediment by decelerating current-dominated or
combined flow; 2) deposition of a protective layer of cohesive,
‘sticky’ clay during high slack water; 3) formation of a biofilm, i.e.
a protective surface layer of extracellular polymeric substances
(EPS) produced by benthic micro-organisms, during low slack
water (Hope et al., 2020); and 4) a prolonged period of small stress
and absence of strong bed erosion after these events, most likely
around neap tide after the largest spring tides (Deloffre et al,
2007), and in the absence of strong waves over periods of at least
weeks to months. Examples of large influxes of sediment are river
floods, strong flood tides combined with strong onshore wind,
and upstream breaching of, for example, the cut bank of a
meandering tidal channel (e.g., Van den Berg et al., 2002). The
formation of a protective layer of cohesive clay is most effective
during long high slack water periods, i.e. at spring tide, in the
estuarine turbidity maximum and in estuaries with strong
ebb-flood asymmetry (Deloffre et al., 2007; Friedrichs, 2011;
Kirwan and Guntenspergen, 2012; Lichtman et al., 2018).
Protection from erosion by biofilm growth is most common
during spring and summer, when storm events are less frequent
along most coastlines, and during neap tides, when the period of
bed strengthening by drying owing to atmospheric exposure is
longest (Amos et al., 1988; Lichtman et al., 2018).

Preservation of Bedforms in the Absence of

Waves

Although the sediment bed in the Dee estuary was not exposed to
significant periods of deposition or erosion during the field study,
the above-mentioned conditions for bedform preservation can be
used to predict the preservation potential of the various types of
bedform in the sedimentary record (Figure 3). In the absence of
wave stresses, the tidal stresses almost exclusively formed current
ripples. Upper-stage plane beds and washed-out ripples were
found only for maximum ebb stresses during spring tides,
although their generation during flood tides at depths below
the minimum measurement depth of the instruments on the
SEDbed frame cannot be ruled out. The upper-stage plane beds
and the washed-out ripples have a low preservation potential,
because these bedforms transform rapidly into current ripples, as
the flow decelerates to slack water. Their preservation is probably
limited to periods of rapid bed aggradation, thus forming
sequences of plane-parallel lamination or climbing washed-out
ripples. Migrating equilibrium current ripples were most
common during flood and ebb in between neap and spring,
whereas relict equilibrium current ripples were characteristic of
high, and possibly also low, slack water periods and neap tides in
the study area. In the absence of waves, these equilibrium ripples
have a high preservation potential, not only because of their
abundance, but also because these bedforms are stationary under
the small current stresses around neap and become covered by
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increasing amounts of cohesive clay and EPS in the transition
from spring to neap (Lichtman et al., 2018). The preservation
potential of current ripples is expected to be even higher under
weaker hydrodynamic forcing than at the study site, e.g. towards
salt marshes or in estuaries with a lower tidal range, where the
stresses are weaker and bed strengthening by cohesive clay and
EPS is enhanced. However, such conditions are more likely to
lead to the preservation of non-equilibrium than equilibrium
current ripples, because the bedform development rate decreases
exponentially with decreasing current stress (Baas, 1993, 1999).
Even though upper-stage plane beds and washed-out ripples will
be more common under stronger hydrodynamic forcing than at
the study site, e.g. towards tidal channels, where tidal stresses are
larger and cohesive clay and EPS are less abundant, the sediment
bed is still subjected to rapid current ripple development when
entering the current ripple stability regime during flow
deceleration. An exception is fast runoff on steep local slopes
during late ebb by sheet flow, which is prone to preserving upper
stage plane beds (e.g., Collinson and Mountney, 2019). Hence,
equilibrium current ripples are expected to remain the dominant
bedform type in sedimentary successions of such dynamic
intertidal environments, provided that 1, << T..

Effect of Weak and Moderate Waves on

Preservation
Weak waves (1, < 1) had little effect on the bedforms in the
study area, even for large combined stresses. Moderate waves (7,
> Tg), such as in inundations 2, 7, 12, and 17, were able to modify
the currents and thus change the bedform type. During neap
tides, equilibrium wave ripples formed around high slack water
and these bedforms became relict during the flood and ebb. This
suggests that wave ripples can replace current ripples and persist
as relict bedforms on the bed during neap tides, when currents are
not strong enough to move bed sediment, as exemplified by tidal
inundation 1. However, moderate waves are unlikely to be
accompanied by a large influx of sediment during neap when
7. < To. Hence, the high aggradation rates required to preserve
wave ripples in this way are inferred to be rare. This leaves the
potential to preserve wave ripples by the bed strengthening effect
of clay and EPS, as discussed above. The clay would be preserved
as a drape over the wave ripples in the sedimentary record.
During spring tides and the transitions between spring and
neap, moderate waves modified the flow field to form tile-shaped
interference ripples, wave ripples, and ladderback ripples at the
study site. The ladderback ripples evolved rapidly from wave
ripples or tile-shaped interference ripples around high slack
water and then into current ripples in late ebb (e.g., tidal
inundations 12 and 17). Because of these rapid changes in
bed morphology, we anticipate the tile-shaped interference
ripples, wave ripples, and ladderback ripples to be preserved
only in exceptional circumstances, also because the formation
of the tile-shaped interference ripples and ladderback ripples
requires large wave—current angles, and the moderate waves
prevent the tide from reaching zero stress at high slack water
(e.g., tidal inundation 12 in Figures 3A,B) needed for bed
strengthening by clay deposition. This leaves rapid sediment
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delivery and bed aggradation—here, during a period of up to 3 h
(tidal inundation 12; Figure 3C)—combined with rapid waning
of the waves, as the only scenario at which the tile-shaped
interference ripples and ladderback ripples might be preserved.
This rapid aggradation without clay deposition would be
reflected in the sedimentary record as co-sets of climbing
bedforms, but the lack of descriptions of such co-sets in the
geological literature might be indicative of their scarcity.
Instead of exhibiting a clay drape, the tops of these rare co-
sets may be reworked into current ripples and cross-lamination,
since 7,, < Tj in the late ebb, presumably because the moderate
waves are dissipated before reaching the study site. In fact, these
non-equilibrium and equilibrium current ripples have a higher
preservation potential than the tile-shaped interference ripples,
wave ripples, and ladderback ripples, because they may be
stabilised by EPS and clay around low slack water (Lichtman
et al., 2018; Hope et al., 2020). In contrast, the equilibrium
current ripples formed in the early flood (Figures 3A-C) have a
low preservation potential, because these bedforms are rapidly
replaced by wave ripples or tile-shaped interference ripples
during late flood.

Although it is reasonable to assume that the preservation
potential of wave ripples and combined-flow ripples increases
as moderate waves recur more often, it is more difficult to predict
their preservation potential under conditions of weaker and
stronger current stresses than at the study site. Smaller current
stresses during neap may lead to an increased preservation
potential of wave ripples (cf., inundation 2; Figures 3A-C).
Larger current stresses during neap may cause tile-shaped
interference ripples and ladderback ripples to become more
common, with their preservation potential requiring the same
specific conditions as those mentioned above. Smaller current
stresses during spring may induce a shift in preservation from
tile-shaped interference ripples and ladderback ripples to wave
ripples (cf., inundation 7; Figures 3A-C), whereas larger current
stresses during spring may cause a change to washed-out ripples,
upper-stage plane beds, and possibly lunate interference ripples.
However, it should be mentioned that the present dataset lacks a
clear picture of stable bedform types at moderate wave stresses
and large current stresses (Figure 10A).

Effect of Storm Waves on Preservation

During the transition from neap to spring in tidal inundations 3-6,
storm waves (7, >> T,), with wave stresses up to 0.84Nm>,
formed upper-stage plane beds, washed-out ripples, lunate
interference ripples, tile-shaped interference ripples, and
ladderback ripples under the rapidly changing contributions of
waves and currents to the combined stresses. For reasons similar to
those discussed for moderate waves above, we anticipate these
bedforms to be preserved only in exceptional circumstances,
limiting the preservation to sets of plane-parallel lamination and
co-sets of climbing current ripples without clay drapes, but possibly
with the tops reworked into non-climbing current ripples during
the late ebb. Again, these current ripples have a higher preservation
potential than the storm-wave induced bedforms, because the
current ripples may be stabilised by EPS and clay around low
slack water (Hope et al., 2020), if the storm wanes rapidly. The
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relatively high preservation potential of these late-ebb current
ripples is remarkable because it may conceal evidence of waves,
including storm waves, in the sedimentary record.

No recordings of storm waves during neap, spring, and the
transition from spring to neap are available from the study site.
Predicting bedform types and their preservation potential is
therefore more challenging. Storm waves affecting the bed
during neap are hypothesised to induce a dominance of
wave ripples and wave-induced upper-stage plane beds
around high slack water. The upper-stage plane beds are
unlikely to be preserved because they change into wave
ripples as water levels drop during the ebb, and rapid bed
aggradation and clay drape formation are unlikely to take place
during large wave stresses combined with small current
stresses. The wave ripples may be larger than those formed
by moderate waves during neap, discussed earlier, but their
preservation potential is similar. Storm waves occurring during
spring (Tmax >> 7o) are expected to promote the formation of
bedforms typical of large combined stresses, i.e., upper-stage
plane beds, washed-out ripples and lunate interference ripples
(Figure 10A). Upper-stage plane beds and washed-out ripples
may also dominate shallow-water flood and ebb tides, when the
wave stresses are small and the current stresses are in or just
below the sheet flow regime. The preservation potential of
these bedforms is probably similar to that of the bedforms
formed by storm waves during the transition from neap to
spring and by tidal currents in the absence of waves during
spring at the field site, as discussed earlier. However, the highly
dynamic conditions induced by storm waves during spring
tides may cause bed scouring that removes bedforms preserved
in earlier tidal inundations. Finally, it seems reasonable to
assume that bedforms forming in the transition from spring to
neap are similar to those forming in the transition from neap to
spring. However, their preservation potential may be
somewhat higher because current stresses progressively
decrease from spring to neap, thus the potential for bed
reworking also decreases.

Summary: Bedform Preservation

Figure 14 summarises the preservation potential of bedforms on
intertidal flats using a relative scale, as quantification of the
preservation potential is not possible yet. The schematic
drawings of sedimentary deposits in Figure 14 are based on the
most likely scenarios at which each bedform type can be preserved.
Current ripples generated under wave-free conditions have the
highest preservation potential, as individual ripple trains or
climbing ripple co-sets covered by clay drapes and further
stabilised by EPS. Wave ripples formed by moderate or strong
oscillatory flow combined with relatively weak currents, for example
during neap, have a moderate preservation potential, as individual
wave ripple trains stabilised by clay and EPS, but not as climbing
ripple co-sets. These deposits comprised of current ripples or wave
ripples resemble flaser and lenticular bedding (Reineck and Singh,
1980). In contrast, combined-flow ripples, upper-stage plane beds,
and washed-out ripples have a low to very low preservation
potential, limited to conditions of rapid aggradation. These
bedforms are unlikely to form part of flaser and lenticular
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FIGURE 14 | Summary of preservation potential of bedforms on intertidal flats without wave influence and with moderate and storm waves. No data are available for

bedding, but the plane-parallel laminated sets and climbing-ripple
co-sets they generate may be covered by current ripples and their
cross-lamination that form during ebb and around low slack water.
So even under storm conditions, current ripples are more likely to
be preserved than upper-stage plane beds, wave ripples and
combined-flow ripples. Figure 14 is primarily based on the
synthesis of the data collected in the Dee Estuary, so further
work is needed to test the concepts presented. This should
include combined hydrodynamic and sediment dynamic data
acquisition on microtidal, mesotidal, and other macrotidal sand
and mixed sand-mud flats in different wave climates, as well as
targeted studies of bedforms and primary current lamination in
sedimentary successions of intertidal flats.

CONCLUSION

Our comprehensive 2-week times-series of bedform dynamics on
a mixed sand-mud flat in the Dee Estuary, United Kingdom,

allowed us to propose a new bedform phase diagram in which the
stability regimes of different types of bedform are delineated
using the relative contributions of the current stress and wave
stress to the maximum combined stress. As expected, non-
equilibrium and equilibrium current ripples form in current-
dominated flows without significant wave influence, and wave
ripples form in wave-dominated flows without significant current
influence. Relict current ripples and wave ripples are stable
bedform phases below the critical combined flow shear stress
of 0.18 Nm ™2, and ladderback ripples and tile-shaped interference
ripples form when the maximum combined stress is between 0.18
and c. 0.65 Nm 2, and both the wave and current stress make a
significant contribution to the maximum combined stress. For
maximum combined stresses above 0.65 Nm 2, the bedform type
changes from washed-out ripples (0.65-0.78 Nm?) via lunate
interference ripples (0.78-0.89 Nm™) to upper-stage plane bed
(>0.89 Nm?). The lunate interference ripples were only observed
in flows where the wave stress has the largest contribution to the
maximum combined stress. The subaqueous dune field in
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laboratory-derived bedform phase diagrams was found to be
occupied by washed-out ripples, lunate interference ripples
and upper stage plane beds; this absence of dunes may be a
key characteristic of intertidal flats.

The dataset also reveals that current ripples are the
dominant bedform type on tidal flats, with actively
migrating equilibrium current ripples dominating spring
tides, stationary relict current ripples dominating neap tides,
and non-equilibrium and equilibrium current ripples
dominating early flood and late ebb tides, even under
conditions of moderate or strong wave forcing. Wave ripples
and combined-flow ripples form around high slack water when
surface water waves are present. These bedforms change to
washed-out ripples and upper-plane stage beds under storm
waves. Around half of the bedforms were in equilibrium with
the flow conditions, the remainder being either relict or in a
transitional state between two bedform types. This confirms
that the lack of a one-to-one relationship between flow forcing
and bedform size might be a source of error in sediment
transport rate predictions. However, most of the bedforms at
the study site can be described by a single roughness value of
H?/L = 1.6 mm, even the non-equilibrium current ripples, thus
potentially simplifying sediment transport rate predictions.
Exceptions are washed-out ripples and upper-stage plane
beds, as controlled by the maximum combined stress, and
current ripples in sand with at least 2% clay, which all have
a significantly lower roughness.

Based on an assessment of the frequency of the various
bedform types, their probability of being modified in
flood-ebb and neap-spring tidal cycles as a function of bed
aggradation rate and bed strengthening by clay drapes and
biofilms, and extrapolation to tidal flats with weaker and
stronger wave and current forcing, current ripples are
inferred to have the highest preservation potential. Wave
ripples have moderate preservation potential, and combined
flow bedforms, such as ladderback and tile-shaped interference
ripples, have the lowest preservation potential in sedimentary
successions of intertidal flats. Since current ripples were the
stable bedform phase near the end of the ebb in almost all the
tidal inundations, even in the presence of moderate waves and
storm waves, the waves and combined flows may rarely leave a
permanent imprint on the sediment bed in intertidal
environments. Therefore, the absence of wave ripples and
combined-flow bedforms and their primary stratification in
sedimentary successions cannot be taken as evidence that
waves were absent at the time of deposition.
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APPENDIX A: THRESHOLD OF MOTION
AND RIPPLE PREDICTORS

According to Soulsby (1997), the threshold Shields parameter is:
Eq. Al, Shields parameter for threshold of motion:

0.3
By = —————— +0.055

_ 1 — o002
1+1.2D, (1-e)

(A1)
where 0y = To/(p—p)gDso, p is the density of sea water, p; is the
density of sediment, g is the acceleration due to gravity (= 9.81 ms™2),
D- = D5 [(pp)g/py*]"” and » is the kinematic viscosity. For the
non-iterative Wiberg and Harris (1994) ripple predictor (Malarkey
and Davies, 2003), the equilibrium length and height are:

Eq. A2, equilibrium bedform length and height according to
Wiberg and Harris (1994):

0.624, A <1754,
— =1 535exp[f(A)], 1754<A<5587,
535, A > 5587, (A2)

H
—_— = ACXP{ [B3 - B1 1n(AD50/L)] - Bz}
D50

Bedforms on an Intertidal Flat

where A = dy/Dsp, f (A) = —In (0.62x)[Q—(Bs—Bslnx)*], x =
A/535, Q = In (0.01)+Bs, B, = 1/0.095, B, = 0.721B;, and Bs =
B,>-2.28B,. For the Soulsby and Whitehouse (2005)
equilibrium current ripple predictor the equilibrium height
and length are:

Eq. A3, equilibrium bedform height and length according to
Soulsby and Whitehouse (2005):

max

L —1.5
— =500 + 1881D."
50

— 202D70A554

(A3)

50
where H is controlled by 6., the Shields parameter associated with
the current stress [ = 7./(ps—p)gDsol, H = Hppax for 0, < 0y, H =
Hox (0470.)/(049,,,) for 0,,, < 0. < 0, H=0 for 0, > 0,and 0,,,
and O are the wash-out and sheet-flow Shields parameters, given
by 8,0 = 1.66D-"" or 0.916 and 0 = 2.26D.""* or 1.25, for D >
1.58 or D« < 1.58, respectively [0y, = Two/ (Ps—p)gDso and O = T4/
(p—p)gDs0l.
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Natural depositional processes frequently give rise to the heterogeneous multilayer
system, which is often overlooked but essential for the simulation of a geological
process. The sediments undergo the large-strain process in shallow depth and the
small-strain  process in deep depth. With the transform matrix and Laplace
transformation, a new method of solving multilayer small-strain (Terzaghi) and large-
strain (Gibson) consolidations is proposed. The results from this work match the
numerical results and other analytical solutions well. According to the method of
transform matrix which can consider the integral properties of multilayer consolidation,
arelevant upscaling method is developed. This method is more effective than the normally
used weighted average method. Correspondingly, the upscaling results indicate that the
upscaled properties of a multilayer system vary in the consolidation process.

Keywords: Terzaghi, Gibson, multilayer consolidation, analytical solution, upscaling

INTRODUCTION

Sediment compaction involves the process of reduction in pore volume of the sediment accompanied
by an increase in density (Bjorlykke et al., 2009). The physical characteristics of the sediment change
after deposition due to stress from overburden (gravitational), biological, or chemical reactions. To
explain the major processes for the sediment compaction and help visualize the relationship of
porosity loss with depth, various models were developed over the years to better capture the
compaction process.

Athy’s (1930a, 1930b) compaction model illustrates that the decrease in porosity with depth is as a
result of expulsion of the interstitial fluid within the pores. Hence, porosity reduction and density
increase are directly proportional to the increase of overburden and tectonic stresses. Hedberg (1936)
classified the process of sediment compaction into four stages: 1) mechanical rearrangement and
dewatering of sediments as porosity reduces from 90 to 75%; 2) loss of adsorbed water as porosity
reduces from 75 to 35%; 3) mechanical deformation as the sediment resists further compaction,
leading to grain recrystallization with porosity from 35 to 10% to even below 10%; and 4) chemical
readjustment stage. Athy’s, Hedberg’s, and Terzaghi’s data were adopted for Weller’s model (1959)
which states that clay particles occupy the void spaces as the non-clay particles deform and share
mutual contact. In addition, Power’s (1967) compaction model is based on changes in clay
mineralogy with burial depth and explains clay transformation and changes in the adsorbed
water content at different depths.

Teodorovich and Chernov (1968) in their model explained that compaction occurs in three stages:
1) fast expulsion of a large volume of fluid takes place with initial porosity loss, from 66 to 40% for
clays and sandstones, and from 56 to 40% for siltstones; 2) porosity falls sharply to approximately
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FIGURE 1 | (A) Consolidation model sketch map (left), simplified sketch map of three layers with different properties (right). (B) Consolidation curve.

time

20%; and 3) porosity plunges to about 7-8% for shale and
sandstones, at 1,400-6,000 m burial depth. Burst’s (1969)
compaction model resembles the previous models of clay
transformation and dehydration, and states that the amount of
water in movement should constitute 10-15% of the compacted
bulk volume. However, this model has not been substantiated by
experimental investigation. Interestingly, Beall's model (1970) is
based on his study on core data from offshore Louisiana and from
high-pressure experiments on marine muds. Beall's model
involves the expulsion of fluid during initial stages of sediment
burial with a pore throat angle at approximately six around a
depth of 1,006 m. Here, the porosity decreases at a slower rate
during the third stage of compaction where the angle is > 1 A. In
Overton and Zanier’s (1970) model, the compaction of sediments
in four stages resembles Beall’s model. This model states that in
the Gulf Coast, sands and shales are difficult to distinguish on
self-potential electric log at depths less than 3,000 ft due to
similarities of water in them. Consequently, Overton and
Zanier’s model focused on the different water types in four
stages at different depths.

Natural deposition processes frequently give rise to layered soil
deposits with alternating or random layers, which are
characterized by varying properties such as permeability,
compressibility, and thickness. The deposited sediments
undergo a large-strain process at shallow depth and a small-
strain process in deeper locations. The existence of these
processes has been recognized in geology/geotechnical
engineering to influence compaction. Small-strain mechanical

compaction typically involves minimal deformation of

compacted grains due to vertical load and captures the
behavior of sediments buried deeply in a basin, whereas large-
strain compaction involves large deformation of compacted
grains due to its interaction with varying loads at shallow
depths. These heterogeneous fine-grained sediments at shallow
burial (<1000 m) below the seafloor experience not only large
strain but also variable degrees of overpressure in their pore space
as a result of disequilibrium dissipation of pore fluid (Mondol
et al., 2007). Consequently, the shallow overpressure poses a
significant risk to the economics and safety of hydration
production and may impact hydrocarbon generation deep in a
basin and hydrocarbon migration to traps during basin evolution.
In fine-grained sediments, deformations related to mechanical
processes are dominant in the very first kilometers of depth
(Hedberg, 1936; Maltman, 1994). At greater depths and
temperatures, chemically modified consolidation becomes an
important porosity-reducing process (Schmid and Mcdonald,
1979; Bjorlykke et al., 1989; Bjorlykke, 1998; Bjorlykke, 1999).
A sketch map for a one-dimensional consolidation model is
shown in Figure 1 (left). The surcharge, which is an additional
load in the form of a concentrated force or distributed load that
acts on a ground surface or inside the soil body, is applied on the
top of the sediment with an infinite horizontal width and is
surmounted by a certain depth of water on the top of the
sediment. The sediment undergoes consolidation processes, in
which water flows out from the top and/or bottom boundaries as
the sediment height decreases. The top (T) and bottom (B)
boundaries may be permeable (P) or impermeable (I) and,
hence, can be marked as PTIB (permeable top and
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impermeable bottom) and PTPB (permeable top and permeable
bottom). Figure 1B shows a typical consolidation curve,
depicting the consolidation degree versus the time. The
consolidation degree is the ratio of the settlement at time t to
the final settlement. Hence, the consolidation curve captures the
sediment’s consolidation characteristics.

Some geotechnical engineering studies such as basin modeling
require the research object to be discretized into blocks, with sizes
in kilometers laterally and hundreds of meters vertically. Each
block is then assumed to behave according to a single
(homogeneous) compaction and flow relationship, even though
the material is typically heterogeneous to variable degrees. The
basin modeling ignores the heterogeneity of the sediment, large-
strain deformation, and fluid flow conditions that occur at smaller
length- and/or time-scales than those at basin scales. This can lead
to incorrect predication of shallow compaction and overpressure,
and subsequently basin evolution (refer to general software in the
basin simulation field, such as PetroMod). Therefore, the effects of
intra-block heterogeneity must be taken into account by upscaling,
which then substitutes the heterogeneous property region
consisting of fine grid cells with an equivalent homogeneous
region of a single coarse-grid cell having an effective property
value (Jingchen 2015).

Theories have been developed by researchers to describe the
large-strain and small-strain consolidation processes. However, the
widely adopted theories are the Terzaghi theory (Terzaghi, 1943)
for small-strain and the Gibson theory (Gibson et al., 1967) for
large-strain consolidations. The Terzaghi consolidation theory is
widely adopted for small-strain consolidation due to its
convenience and its improved methods which are still widely
adopted in geotechnical engineering and other fields (Terzaghi,
1943; ArminKauerauf, 2009). As for the large-strain consolidation,
the Gibson consolidation theory is more effective (Gibson et al.,
1967; Gibson et al., 1981; Gibson et al., 1982), and the equation
solutions are primarily based on numerical solution. However,
some analytical solutions have been provided under certain
conditions (Xie and Leo, 2004; Morris and Dux, 2010).

As for the multilayer system, analytical solutions such as state
space (Ai et al., 2008a), three-dimensional transfer matrix solution
(Ai et al,, 2008b), and differential quadrature method (Chen et al.,
2005) have been developed, and numerical finite difference is also
widely adopted. In addition, a great deal of research has been done
on multilayer consolidation, considering small-strain and large-
strain processes (Schiffman and Stein, 1970; Lee et al., 1992; Xie
et al., 1999; Xie et al., 2002; Chen, 2004; Chen et al., 2005; Abbasi
et al,, 2007; Cai et al,, 2007; Ai et al., 2008b; Geng, 2008; Ai et al.,
2011). However, there are two main drawbacks associated with the
previous research studies. The first is that the solutions are under
restricted (some parameters such as permeability, compressibility,
and height are the same for different layers), and second, none of
those researches focused on upscaling and supplying integral
property for the multilayer consolidation system. Our work
therefore focuses on overcoming these drawbacks.

As earlier mentioned, the effects of intra-block heterogeneity
must be taken into account by upscaling. Since the weighted average
method commonly adopted in geological engineering for multilayer
systems is presently not supported by theoretical derivation, we then

Shallow Compaction Modelling and Upscaling

implemented the transform matrix and Laplace transformation to
solve the multilayer small-strain (Terzaghi) and large-strain
(Gibson) consolidations. According to the method of transform
matrix which considers the properties of multilayer consolidation,
an upscaling method is developed. Results obtained accurately
match the numerical and other analytical solutions. Hence, this
method is more effective than the common weighted average
method. The upscaling results indicate that the properties of
multilayer systems change during the consolidation processes.

ANALYTICAL SOLUTION AND UPSCALING
FOR MULTILAYER TERZAGHI
CONSOLIDATION

Governing Equations of Solution and
Upscaling for Multilayer Terzaghi

Consolidation

The Terzaghi theory for one-dimensional consolidation states
that all quantifiable changes in the stress of a soil (compression,
deformation, and shear resistance) are a direct result of changes in
effective stress. The effective stress ¢’ is related to total stress o

and the pore pressure p by the following relationship:
o=0+p

1)

The overpressure dissipation is described by the following
equation:

o _ou @
Yoz2 ot
kE
c, - &, ®
Yuw

where C, is the coefficient of consolidation, E; is the modulus of
compressibility, k is the hydraulic conductivity, y,, is the unit
weight of water, and u is the excess pore pressure.

In addition, Terzaghi’s consolidation theory (Terzaghi, 1929;
Terzaghi, 1943) was put forward under the following
assumptions:

(1)
)
3)
(4)
(5)
(6)
(7)

The soil is homogeneous.

The soil is fully saturated.

The solid particles and water are incompressible.

Soil compression and flow are one-dimensional.

Strains in the soil are relatively small.

Darcy’s law is valid for all hydraulic gradients.

The coefficient of permeability and the coefficient of volume
compressibility remain constant throughout the process.
There is a unique relationship, independent of time, between
the void ratio and the effective stress.

(8)

It is therefore necessary to point out that according to the
principle of effective stress, total stress increment is produced by
the load applied on the multilayer systems. Resultantly, the
effective stress increases with excess pore pressure decrease as
time goes on.
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FIGURE 2 | Schematics of multilayer Terzaghi consolidation (positive
axis from O to 2).

o'=0-P

4

According to Eq. 4, the following equation with the variable of
effective stress increment can be obtained, which will benefit our
solution.

o%d’ _ 00’

va—zz - E (5)

The common weighted average method generates a C, for the
whole multilayer system according to

n
zh,‘ X Cv,‘
CV = 1:1,17 .

2 h

=1

The Laplace transform is a widely used integral transform with
many applications in physics and engineering. Hence, Stehfest
numerical inversion of Laplace transforms is adopted (Stehfest,
1960) for our study, and we utilize the transformation matrix to
connect parts within the multilayer system. According to the
integral multilayer transformation matrix and transformation
matrix between different layers, the distribution of effective
stress increments and excess pore pressure can be obtained.
Moreover, results are verified with an implicit finite difference
numerical solution. Figure 2 shows a schematic plot of the
multilayer Terzaghi consolidation.

Consequently, the Laplace transform of Eq. 5 can be
expanded to

(6)

Cva%}’ (z.5) _
0z2

s6' (z,s) — o' (z,0), (7)
where ¢'(z,s) is the Laplace transform of ¢’ (z,t).

At the beginning of consolidation, according to the effective
stress principle, pore pressure is equal to overburden stress, which
is zero initial effective stress; thus Eq. 7 can be obtained.

Shallow Compaction Modelling and Upscaling

087 (29

T (7a)

sé' (2, 9).

Then, the general solution of the ordinary differential equation
for Eq. 7 is as follows:

0’ (z,5) = c1exp(Bz) + ¢, exp (-fz), (8)

where ¢; and ¢, are constants, § = \/CE .
,

Combining Eq 9 #HIRIKKBISIAIR. and its partial
derivative about z, the following expression can be derived:

f:l(z,s) _ [ exp(Bz)  exp(-Bz) Hcl ] ©)
00’ (z,s) Bexp(fz) —Pexp(-Pz) ||
0z
When z = 0:
a'(0,9) 1T
oo |5 s)le) -

0z

Combining Eq 10 and Eq 11 yields Eq. 12:

709 ] [5lew(-p2) +ep(B2)] 5 lexp(-pz) - exp (62)
90’ (0, 5) 8 .
oz 5 lexp(=Pz) —exp(B2)] - 5 [exp (-p2) + exp (B2)]
7' (z,5)
X1 9o’ (z,8) |
0z
(10)
And when z; is not zero:
i(zi’s) 11 exp (fz;) 0
00’ (zis) |~ | B - 0 exp (-pzi)
o0z
B 1 ~
Bexp(Bz)  2pexp(fz) || 7 &9
B 1 00’ (z,9) |’
2pexp(—pz) 2pexp(-pz) 1L 92
(11)

Then the relationship between the top surface stress and
the bottom stress can be derived. When considering the
equation of continuous stress, and flow conservation,
between two layers, the relationship between different
layers can be derived.

00’ (z;,s) o ed (z},s)
k; T kin 3% (12)
o (z7,s) = o (z],5). (13)

Combining Eq 12 and Eq 13 yields Eq. 16:

Frontiers in Earth Science | www.frontiersin.org

48

December 2021 | Volume 9 | Article 762176


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Zhang et al.

o' (z;,s) 1 o' (z},s)
30" (z:,5) :[ b} 30 (z1,9) | (14)
0z ki 0z

Stress distribution in the same layer and in the interface can be
derived, respectively, by using Eq. 11 and Eq. 14. With the
equation of each layer combined together, a transform matrix
T can be obtained to express the relationship between z =0
and z = z,,.

o (0,s) o (2> )
30 (0,5) | = T| 80" (2, 5) (15)
0z 0z

Here, this article only considers the situation of the pervious
top surface and impervious bottom PTIB for illustration.
The following boundary conditions are implemented:

ou(z,t

2= 0u(nt)=0;2=2,, @D _q (16)
0z
The corresponding Laplace transformation:

) 5‘7 n>

z=0,0’(0,s)=g;z=zn,m=0 (17)
s 0z
Hence
~ o

"(2n8) = o 18
' (2n, $) oS (18)

where o is the pressure on the surface and T}, is the value of the
first column and the first row of T. _

With ¢’ (z,,, 5), the stress at each upper point ¢’ (z,s) can be
obtained by the transformation matrix. Moreover, the real stress
distribution can be derived by the inverse of Laplace
transformation.

As for an n-layer consolidation system, the multilayer
consolidation transform matrix is

e (i) rexp(B)] 2 5 lexp (k) —exp (5 )]

ky
T, =
B fexp (i) —exp (Bh)] 125 [exp (i) + exp (8, )]
3o () exp(Bh)] S S fexp () - exp (6]
T; =
/3,' ki+1 1
2 [exp(_ﬁihi) Y (ﬁihi)] k_1 2 [exp(—ﬁih,-) + exp (ﬁihi)]
310 B+ (B )] 5 [exp (B ) ~exp (8]
T, =
B fexp (-, )~ exp (1)) 3 [exp (B, ) + exp (B, )]
o (0,5) 0 (2w 9)
_ =T, T Tn| — . i=23mn—1
90’ (0, s) 00’ (2, $)
0z 0z

(19)
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The common weighted average method will lead to the
following weighted average method transform matrix:

709 ] [5lew(-pa) +exp(pen)] 55 lexp(-per) - exp(p)
390 (0,9) | )
oz | [5lew(pa) -exp(Ban)] 5 lexp(-z) + exp(6z)
E’(z,,,s)
X a?’(z,,,s) )
0z

(20)

Whent — 00,5 — 0,8 — 0, by applying the following Taylor
expansion we obtain

=y = (21)

As for a multilayer transform matrix, Eq. 18 will develop
into

_ n-1 kn _
o (0, ) 1 —<h,, +Z?h,~ o' (24, 5)
=~ = oy . (22)
oo (0, S) oo (zm S)
0z 0 K 0z
ky

Then, the weighted average method transform matrix given in
Eq. 20 will develop into

o' (0, 5) 1 o' (z,5)

—_— — _Z -,

oo’ (0,s) | ~ [0 1 ] 90’ (z,3) | (23)
0z 0z

It can therefore be concluded that when conductivities in
different layers are nearly the same, the weighted average method
can be adopted for the whole multilayer system, which is the
situation of homogenous.

Verification

This analytical solution is verified against the results of Lee
et al. (1992), as shown in Figure 3. The parameters used in
Lee’s model are shown in Table 1, and the model sketch map
follows the illustration in Figure 1 (right), showing a
simplified sketch map of four layers with a PTIB and
without overlaying water.

To compare different upscaling methods, an implicit
finite-difference numerical model is developed. This study
utilizes a numerical model as a benchmark model and is
verifiable with both laboratory tests and a basin model
(Jingchen Zhang., 2015). Analytical results are also
compared with implicit finite difference numerical
solution for verification. The parameters of the three
different layers are shown in Table 2. Comparison of the
results is then shown in Figure 4. Hence, a conclusion can be
reached that this method can be applied to multilayer
Terzaghi consolidation compaction. It should be noted
that the values of m, and surcharge ensure the small
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FIGURE 3 | Verification with Lee—excess pore water pressure
isochrones and PTIB (qy is the surcharge on the surface and H is the height of
the multilayer system).

TABLE 1 | Parameters of Lee’s model (my, = 1/Es).

Layer number  C, (m%/d) k (m/d) Height (m) my, (Pa™)
1 0.0038 2.4049 x 107® 3.048 6.41 x 107°
2 0.0178 0.7132 x 107° 6.096 4,07 x 107°
3 0.0051 1.0150 x 107° 9.144 2,034 x 1074
4 0.0064 25451 x 107° 12.192 4.07 x 107°
TABLE 2 | Model parameters (m, = 1/Es).

Layer C, (m?/s) k (m/s) Height (m) my(kPa™)
Upper 3.125 x 1078 1.038 x 10712 1.02 3.3948 x 10°©
Middle  2.662 x 10°®  6.8403 x 107 "2 1.02 2.6221 x 107°

strain, and correspondingly nearly no settlement can be seen
in Figure 4. Resultantly, the small changes in height are
shown in Figure 5.

Comparisons of Different Upscaling
Methods

Here, T represents the properties of the multilayer system; then a
new consolidation coefficient C, is needed to represent the whole
multilayer system. With the new C,, a new transform matrix for
the multilayer consolidation T’ can be obtained. The new C,
should be the one that makes the minimum of Eq. 24, to
numerically match T and T".

\/(T’(l, D -TL)) + (T'(1L,2) -T(L2)Y + (T' 2 1) -T2, D) + (T'(2,2) -T(2,2))
(24)

—#— 10 days analytical result
—®— 10 days numerical result
—A— 100 days analytical result
—w— 100 days numerical result
1000 days analytical result
—e— 1000 days numerical result
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FIGURE 4 | Comparison of overpressure evolution of three layers with
different properties between analytical and numerical results for 10, 100,
1,000 days.
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FIGURE 5 | Graph of height evolution with respect to time.

Under the condition of PTIB, it can be found that w =0,
$06(0,s) =T (1,1) X o' (2, s)". This provides a thought of using
a homogeneous layer T(1,1) to represent multilayer
nonhomogeneous consolidation. A new f3 is required to fit the
value of T'(1, 1). The example of the afore-mentioned three layers
with different properties is adopted for this illustration. The new
C, can be derived from

%[e*ﬂz +e] =T(1,1). (25)

C, changes with time according to Eq. 25, as shown in
Figure 6.

In light of the long-time consolidation, Cy is set to be 1.4 x
107® (m?/s). A homogeneous layer with the new upscaling C, can
then be compared with the three-layer system. Specifically, the
transform matrix for a three-layer system is
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Meanwhile, the common weighted average method will lead to
another C,. Here, C, = 3.0093 x 10~® (m?%/s) in the weighted
average method is used. With this C,, a new 8 and a weighted
average transform matrix can be derived. Comparisons between
the three methods are shown in Figure 7.

Y — il

n

R= 27)
According to Eq. 27, the relative error between the weighted
average method or the new upscaling method and the three-layer
numerical results can be obtained, as shown in Figure 8.
When it comes to 20,000 days, there is nearly no overpressure;
hence, the multilayer system’s characteristics are studied within
20,000 days. As can be seen from Figure 9, in the first 100 days,

FIGURE 8 | Plot of relative error change with time for weighted average
upscaling and the new upscaling method.

the weighted average method is more efficient than the upscaling
method. As fluid flows out through the top surface, the whole system
is determined by the properties of the first layer before pressure
reduction reaches the second layer. Overpressure distributions of one
homogeneous layer (same properties with the upper layer) and three
nonhomogeneous layers” consolidation are the same. This can explain
why the results of changing C, and the weighted average method
compact faster than the real situation. The possible explanation is that
bigger C, of the upper layer is applied to the whole layers with small
C,, characteristics. The multilayer consolidation will show the integral
properties more accurately after the stimulation reaches the bottom.
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ANALYTICAL SOLUTION AND UPSCALING
FOR MULTILAYER GIBSON
CONSOLIDATION

Governing Equations of Solution and
Upscaling for Multilayer Gibson

Consolidation

Gibson et al. (1967) developed a large-strain consolidation
theory with more general basic assumptions than the small-
strain theory in (3), (5), and (7) of Terzaghi’s assumptions. The
limitation of small strains was not imposed, and the soil
compressibility and permeability are allowed to vary with
the void ratio during consolidation. These assumptions are
closer to the actual scenario. Furthermore, Darcy’s law is
assumed to be valid, but it is recasted in a form in which it
is the relative velocity of the soil skeleton and the pore fluid.
The fluid velocity is related to the excess pore pressure
gradient.

1 oe (v,
1+eoat+ Y de l+e ]8

+E[ k(1 +e) do’ Oe _o, (28)
0z Y (1 +e) de 0z
where e is the void ratio; ey is the initial void ratio; k is the
conductivity; y,, and p, are the unit weight of water and soil,
respectively;z is the solid coordinate; and ¢’ is the effective stress.

To apply the transfer matrix method to large-strain
consolidation, the simplification of Xie et al. is adopted to
simplify Gibson’s equation (Xie and Leo, 2004). The influence
and theoretical analysis of this simplification can be found in his
research.

Shallow Compaction Modelling and Upscaling

The coefficient of volume compressibility of the soil skeleton
for a large strain is defined as

1 de
1+edd

=m,. (29)

Then Gibson’s equation can be changed to

1 0 [k(1+e0) Bu] _

l+e (ou 0q, (30)
S_ | — mv— =, )
(1+e) oz ll+eo ot ot

Yy 02

where ¢, is the surcharge and m, is constant during
consolidation.
The relationship between conductivity k and void ratio is

2
k _ ( l+e > ’ 1)
ko 1+ €y
where k, is the initial conductivity at time ¢ = 0, k is often found
empirically to be a logarithmic function of the void ratio, and e, is
the initial void ratio.
A load gy, is applied suddenly at t = 0 on the top surface of the
model and remains constant thereafter. According to the effective
stress principle and Xie’s assumption (Xie, K. & Leo, C., 2004), the

relationship between the void ratio and the excess pore water
pressure can be deduced as follows.

= exp (- my(q, —u)) (32)

With Eq. 29, Eq. 30 and Eq. 32 can now be changed to the
following one, which determines excess pore evolution in
Lagrangian coordinates:

aiu ou\’ _ou (33)
oz o) | o
where c,, is the initial coefficient of consolidation at time t = 0 given by
ko
Coo = : (34)
myry

The solution to the large consolidation theory is facilitated by
the following transformation.

w=w(z,t) = exp(my,u) (35)

In consideration of the permeable top impermeable base
(PTIB) boundary condition, with Eq. 35 and Eq. 33, the
equation of the Terzaghi form will be obtained as follows:

’w Ow
C— = —
0z ot

w(0,t) =1 (36)

ow
a (H> t) =
w(H,0) = exp (myuq,).

Then the transfer matrix can be adopted for the solution and
upscaling of multilayer Gibson consolidation. To use the transfer
matrix method, w should be continuous; hence, different layers
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FIGURE 10 | Overpressure evolution comparison of numerical and
analytical results for the three layers with different properties for 1, 10, 100,
and 1,000 years.

share the same #1,;. Then according to Eq. 34, what upscaled is actually
ko, ie., conductivity upscaling.

Verification

Analytical solution is compared with the developed implicit finite
difference numerical code for verification. The model sketch map
follows Figure 1 £Hix!RIKEI5|IAIR. (right), PTIB, and no
overlying water. A three-layer model is adopted for comparison,
with the surcharge 1 x 105 Pa, y, = 26.950 kN/m?, and y,, = 10.045
kN/m?’. For each layer, 7,;= 4 x 10~° Pa™" and thickness = 5 m. The
k, of the surface, middle, and bottom layers are 1.00 x 10~° m/s,
1.16 x 107" m/s, and 1.04 x 10 m/s. The e of the surface, middle,
and bottom layers are 3, 4, and 5. Figure 10 shows the comparison
results, which are consistent and proves the effectiveness of this
method in solving large-strain multilayer consolidation.

Comparisons of Different Upscaling
Methods

To evaluate this upscaling method, comparison with the weighted
average method is carried out here, utilizing the same three-layer
model in Verification. When it comes to 1,000 years, there are
nearly no excess pore pressures according to the weighted average
method; hence, we focus within 1,000 years.

Upscaling k,, changes with time as shown in Figure 11. In
consideration of the long geology process, the k, value is set to be
2.8356 x 107'° (m/s), and C, is 7.2337 x 10~° (m?/s). While for
the weighted average method, k, is 7.1867 x 107" (m/s) and C, is
1.8333 x 10~° (m%/s). The comparisons of the two upscaling
methods and numerical solution are shown in Figure 12.

The whole model only shows properties of the first layer
before the pressure reduction reaches the second layer. Also, the
weighted average k, is closer to the first layer’s k, than the
upscaled k,. Hence, within the first 10 years, the results obtained

Time(year)

to time.

3.80E-010 s o
=— upscaled permeability parameter variation
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FIGURE 11 | lot of upscaled permeability k, changes with respect
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FIGURE 12 | Overpressure evolution comparison between the two
upscaling methods (weighted average and the new method) and numerical
results for 1, 10, 100, and 1,000 years.

through the weighted average method are closer to the
numerical results than those obtained through the upscaling
method. However, as a whole, the upscaling method is more
effective than the weighted average method.

The multilayer system only shows properties of the place
affected by the stimulation, and the integral properties will
change with the increase in the affected region. This can partly
explain the result of a changing upscaled k,. Consequently,
this upscaling method is more accurate than the common
weighted average method as a whole for multilayer large-
strain consolidation.
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CONCLUSION

This work studies the modeling and upscaling of a shallow
compaction using a one-dimensional analytical solution
approach. The basic law of one-dimensional basin sedimentary
simulation is revealed considering the effects of intra-block
heterogeneity for both small-strain (deep compaction in the
basin) and large-strain (shallow compaction in the basin)
consolidations. And the following conclusions are made:

1. Multilayer small-strain (Terzaghi) and large-strain (Gibson)
consolidations are solved with the transform matrix and
Laplace transformation. The transfer matrix can upscale the
heterogeneous multilayer system into one homogenous layer;
therefore, it is more convenient and effective in both physical
significance and the numerical form than the common
weighted average method.

2. The upscaling properties of the whole multilayer system are
dynamic, and the multilayer systems only show integral
properties of the place affected by the stimulation. The
integral properties vary with the increase in the affected
region for both small-strain and large-strain consolidations.
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Progressively, more dredged sediments are being reused for engineering projects. For
example, the Marker Wadden is a new wetland constructed in lake Markermeer, the
Netherlands, with dredged cohesive sediments originating from the bed of the lake. Such
dredged sediments are often dominated by cohesive sediment particles with varying
amounts of sand and organic matter. In addition, during and after the construction
process, the material consolidates and is often compressed from a very loose state
into a significantly denser condition. To assess the mechanical behavior of this material, the
compressibility of the Markermeer dredged sediment samples with various sand and
organic matter contents was analyzed with incremental loading oedometer tests, whereas
the undrained shear strength was studied using the fall cone test. The behavior was
theoretically analyzed assuming a fractal structure of the sediment and applying power law
constitutive equations for effective stress, hydraulic conductivity, and undrained shear
strength. These constitutive equations, usually used at low initial sediment densities,
worked well at the relatively high initial densities studied and proved to be a useful tool to
identify the transition fines content TFC. The constitutive equations were put in context with
indicators traditionally used in soil mechanics. Samples, each with an identical composition
of the fines fraction (particles< 63 um), but with a sand content varying from 9 to 40%,
showed the same compressibility and undrained shear strength behavior when
considering the sand a filler material. For a natural sand content of 70%, the behavior
was dominated by sand. The organic matter oxidation was observed to drastically
decrease the compressibility and the shear strength, and even to decrease the
amount of sand needed to exhibit sand-dominated behavior, showing the importance
of the reactivity or state of organic matter on the TFC.

Keywords: dredged sediment, organic matter, compressibility, cohesive, shear strength, fractal structure,
composition
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INTRODUCTION

Large amounts of sand are used in infrastructure projects and
industries. Sandy sediments are becoming scarce (Vorosmarty
et al, 2003), while billions of cubic meters of fine cohesive
sediments are dredged worldwide to maintain navigation channels.
It is likely that significantly more of these fines will be used in
infrastructure development (Barciela-Rial et al,, 2021). An example
is the Marker Wadden pilot, a new wetland constructed in lake
Markermeer, the Netherlands, using dredged cohesive sediment from
the bed of the lake itself. However, dredged sediments are more
complex to use because they consist of a heterogeneous mixture of
water, fines, sand, and organic matter. Furthermore, the composition
of the dredged sediment varies largely within the same natural system,
which presents a challenge when using these sediments in building
projects. This large variation of sediment composition occurs also at
lake Markermeer, as shown by Barciela-Rial et al. (2020).

A key aspect in building with dredged sediment projects is to
understand how the heterogeneity in sediment composition will affect
the consolidation and strength behavior and how, based on a limited
number of laboratory tests, the behavior of a wide range of
compositions can be characterized. The sand content can largely
vary locally at the dredging site, and sand segregation can occur
during dredging, transportation, and deposition. The effect of the
sand content on the mechanical properties of clayey sediments has
been substantially studied over the last decades. For example, Cabalar
and Mustafa (2015) showed a decrease in the liquid limit and
undrained shear strength with an increasing percentage of sand in
a clay matrix. Al-Shayea (2001) found a large decrease in permeability
with decreasing sand content from 100 to 60% sand, below which the
reduction was less significant. Other authors (e.g, Thevanayagam,
1998; Monkul and Ozden, 2007; Peters and Iv, 2010; Jacobs, 2011)
studied the effect of the sand content on the behavior of clay—sand
mixtures and determined a transitional fines content (TFC) threshold.
This threshold characterizes the amount of fines at which a sand-
dominated sediment changes from a granular behavior to a cohesive
fines-dominated behavior. Simpson and Evans (2016) found that the
TFC depended on the mechanical property studied, that is, they found
a threshold of 20% fines for consistency, while 40-60% fines for
conductivity. At lower fines content, hydraulic conductivity increases
because pores become more interconnected, creating pore water flow
paths. Miftah et al. (2020) found a transitional fines content of 10% for
shear strength, that is, additional fines increased the shear strength until
reaching the TFC of 10% fines, after which shear strength decreased.
The effect of organic matter (OM) has also been studied. For example,
Santagata et al. (2008) related an increase of 8-10% in OM with a three-
to fivefold increase in permeability of a normally consolidated soil, and
Zentar et al. (2009) found an increase in the consistency limits with
increasing OM content. In a study linked to the work presented here,
Barciela-Rial et al. (2020) found a correlation between the lability
(reactivity) of the OM and the drying behavior of the sediment: labile
OM decreased the unsaturated hydraulic conductivity and increased
the water retention capacity at low matric suctions. They found that the
effect on water retention was even larger for coarse-textured than for
fine-textured samples. Moreover, in building projects using dredged
sediments containing OM, the OM may oxidize over time during the
dredging and filling processes and specially during drying as the
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material is more in contact with the atmosphere and which can
further change properties (e.g, Oliveira et al, 2017). The TFC
seems to be both soil- and process-dependent, which makes the
comparison of findings challenging.

The initial densities of the dredged sediment are at the interface
between those traditionally studied in fluid and soil mechanics, which
have not been studied widely. The indicators used in these two
disciplines are different, and there is a knowledge gap between the
fields. The sediments investigated in this work have a density between
those typically used by the two disciplines, offering an opportunity to
compare the relationships and coefficients traditionally used in fluid
and soil mechanics. Traditionally, the mechanical behavior of dense
soils at large stresses is modeled with exponential relations. From the
perspective of low-density virgin soils, derived from soil particles
settling in water, Merckelbach and Kranenburg (2004a) presented a
model that assumes scale invariance or fractal structure of the
sediment. From this model, constitutive equations for effective
stress and permeability are derived. These equations can be used
in a large strain model such as the Gibson model (Gibson et al., 1967).
The Merckelbach and Kranenburg model yields power relationships
between the volumetric concentration of solids (defined as the ratio
between the volume of solids and the total volume) and hydraulic
conductivity and effective stress in normally consolidated sediments.
Winterwerp and van Kesteren (2004) promoted the use of such power
law relationships for these soft dredged sediments, instead of
exponential relationships traditionally used with denser soils (e.g.,
Wichman, 1999; Bartholomeeusen et al., 2002; Van Kessel and de
Boer, 2009). Various studies have shown that the density can be
modeled with a fractal coefficient based on the constitutive relations
found by Merckelbach and Kranenburg (Chassagne, 2019).
Barciela—Rial (2019) showed that the Merckelbach and Kranenburg
model works well with soft dredged sediments.

In this study, the consistency (Atterberg limits), undrained shear
strength, and compressibility of natural as well as sieved, and treated
(dried-rewet and oxidized) Markermeer dredged sediment samples
with varying sand and organic matter contents are analyzed. The
differences in undrained shear strength upon fall cone tests and
compressibility upon incremental loading (IL) oedometer testing
and the TFC are quantified using the Merckelbach and
Kranenburg constitutive equations. The results put these equations
in context with indicators traditionally used in soil mechanics and
provide insights useful for building with dredged sediment projects, in
particular regarding varying sand contents and the effect of oxidation
of organic matter.

METHODS

In this section, the sampling sites and the sample collection and
preparation method are presented, including the composition of
the different samples. The tests performed for determining the
sample composition as well as the compressibility and shear
strength are described.

Sediment Collection and Preparation
Different sediment samples were collected with a Van Veen grab
at two locations in lake Markermeer: the southwest (SW) and the
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FIGURE 1 | Location of lake Markermeer (left) and sampling sites (right). Source image: Publieke Dienstverlening Op de Kaart (PDOK) 2016.

northeast (NE) sites (see Figure 1). The upper layer of the lake
bed consists of a thin (circa 0.1 m) layer of soft sediment, of which
only the few upper millimeters are oxic (Van Duin, 1992). The
sediment composition of this soft sediment layer is detailed in
Table 1, labeled as sample NE2B-70%. Underneath this soft
sediment layer, a thick layer of Holocene deposits (clay/silt
mixtures, peat, or sand) is present (Rijkswaterstaat, 1995). The
material from this layer tested in this study is referred to as clayey
silt and was sampled at the southwest sampling site (Table 1).
Markermeer sediment mineralogy is dominated by illite and
smectite at all sampling sites, while kaolinite (<11%) and
chlorite (<6%) are present in small amounts (see Barciela-Rial,
2019). After sampling, all samples were transported to the
laboratory and stored in dark conditions at 4°C.

For the incremental loading (IL) oedometer test and the fall
cone test, sample NE2B-70% (NE site) was used as the “mother”
sample (where the suffix indicates the percentage sand content).
From this material, subsamples were prepared in the laboratory
with 0, 10, 20, and 40% sand content with respect to the total dry
mass (Mgana/ Mayy,torar): samples NE2B-0%, NE2B-10%, NE2B-20,
and NE2B-40%, respectively. These subsamples were obtained by
separating the fines and sand fractions by sieving and
recombining afterward. The value of the % sand contents in
mass is almost identical to their correspondent % sand in volume
because of the similar particle densities measured for the sand and
fine fractions. The water content with respect to the fine fraction
was kept constant for all subsamples. For the fall cone test, a
sample from the deeper clayey silt material SW1B was also tested.

Additionally, a subsample from the 40% sand sample from the
NE (sample NE2B-40%), tested with IL and fall cone tests, and
sample SW1B, tested with the fall cone test, were oxidized to
mimic the behavior of the Markermeer sediment after being in
contact with atmospheric conditions for a long time. As natural
oxidation is slow, the oxidation process was accelerated in the
laboratory. This was done by treatment with hydrogen peroxide
(H,0,), following an adapted procedure from the British
Standards (British Standards Institute, 1990a) including two
drying-rewetting cycles. First, the samples were dried in an
oven at a constant temperature of 50°C until there was no
further mass loss. Then, subsamples of 100 g were rewet by
adding demineralized water and oxidized according to the
standard. After centrifuging to remove the oxidant, the
material was dried again at 50°C and rewet with filtered
Markermeer water. pH was measured before and after
oxidation by immersing a pH electrode in the samples, which
showed that the treatment did not change the pH of the sediment.
The labels of the treated samples are identified with the identifier
T: samples SWIBT and NE2B-40%-T. The origin and
composition of all the samples for the IL and fall cone tests
are described in Table 1.

Sample Characterization

Atterberg limits and undrained shear strength were determined
according to ISO (2016) and ISO/T'S (2004b), respectively. For
the liquid limit (LL), 80 g/30° tip angle fall cone tests were
performed. The plastic limit (PL) was determined using the
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TABLE 1 | Sediment properties of all samples studied.

Site Depth Type ID Sand
[m] [Yomass]

Southwest 0.1-0.5 Bulk clayey silt SW1B 8
Bulk treated SWIT 8

Northeast 0.0-0.1 Bulk silty sand® NE2B-70% 69
Laboratory prepared NE2B-0% 0
Laboratory prepared NE2B-10% 10
Laboratory prepared NE2B-20% 20
Laboratory prepared NE2B-40% 40
Treated NE2B-40%-T 407

“Not measured. Assumed to not vary with the oxidation treatment.
PMother sample from the sampling site NE.

rolling thread test. The total organic matter (TOM) content was
obtained by loss on ignition (LOI), according to the European
Standard (EN, 2012), and the amount of total organic carbon
(TOC) and its reactivity were determined using the Rock Eval
machine (Behar et al., 2001). The particle density was measured
using a gas pycnometer (ISO/TS, 2004c), and the particle size
was determined using a hydrometer and by dry sieving
according to the British Standards Institute (1990b). Sample
characteristics are presented in Table 1. In this table, sand
particles are defined as those with size >63 um, silt as the
particles between 2 and 63 um, and clay particles as those
smaller than 2 pm.

Undrained Shear Strength

The undrained shear strength ¢, was obtained with the fall cone
test following the ISO/TS (2004b) standard for each sample
prepared with a range of different water contents.

Incremental Loading Oedometer Test

IL tests were undertaken according to ISO/TS (2004a) to
determine the compression and consolidation properties. With
an IL test, a cylindrical soil sample is enclosed in a stiff steel ring
in between two porous stones and incrementally loaded through
the upper porous stone. The typical test interpretation is based on
the Terzaghi consolidation theory (Terzaghi, 1923), which
assumes small deformations. For a comparison with the more
general large strain consolidation theory (Gibson et al., 1967),
check the supplementary materials. As the initial water contents
of the thick dredged sediment samples studied were higher than
soil samples traditionally studied with this device, the loading
protocol was adapted according to the initial water content of the
sample to ensure small deformations to enable typical test
interpretation to be undertaken. For most of the samples, the
initial load was 0.6 kPa (Table 3). The IL experiments were
performed in a climate-controlled room with a constant
temperature of 10°C. The bulk and dry densities of the test
specimens were determined by weighing before the test and
after drying for 24 h in an oven at 105°C.

The samples tested had 0, 10, 20, 40, and 70% sand, and the
tests are thus referred to as I-NE2B-0, I-NE2B-10, I-NE2B-20,
I-NE2B-40, and III-NE2B-70%, where the first identifier (I, II, or
III) indicates differences in the initial ratio of the water content
and LL. Two additional IL tests were performed to investigate the

Compressibility and Shear Cohesive Sediment

Silt Clay Dso TOM TOC Ps LL PL Pl
[um] [%] [%]  [kg/m’] [%] [%] [%]  [%]  [%]
63 29 10 8.6 3.3 2,530 104 46 58
637 297 10% 6.7 2.0 2,620 60 31 29
21 10 87 21 0.7 2,640 41 25 16
68 32 17 5.1 2.2 2,540 89 34 55
61 29 13 4.8 1.9 2,550 80 30 50
54 26 25 3.8 1.5 2,570 69 27 42
41 19 51 3.4 1.2 2,600 52 23 29
412 197 512 21 0.5 2,700 33 23 10

different compression behaviors of the treated (oxidized) samples
with 40% sand content with different initial water contents: test
II-NE2B-40%-T and test III-NE2B-40%-T. Test II-NE2B-40%-T
was started at a water content of 1.6 times the LL, and test III-
NE2B-40%-T at 1.2 LL. This corresponds with a water content of
the fines fraction of 0.9 and 0.7 [M,,/Mj fi.], where Mj 4, is the
dry mass of the fraction <63 pm (Table 2). The 1.6 LL water
content test was selected because it was the maximum water
content of the sample below which no self-weight consolidation
occurred (Barciela-Rial, 2019). The reduction in the water
content until 1.6 LL (sample II-NE2B-40%-T) or below
(sample III-NE2B-40%-T) was done by atmospheric drying.

For the second additional test (III-NE2B-40%-T) and for
the 70% sand content test (III-NE2B-70%), a different loading
program with higher initial stresses was applied. This was
necessary because of the higher stiffness of these samples. The
three different loading plans (for the different initial fines
water contents I, II, and III) are described in Table 3.

INTERPRETATION MODEL

The power law constitutive equations for clays presented by
Merckelbach and Kranenburg (2004a) are based on the
volumetric concentration of sediment ¢. When only fines
(i.e., particles <63 um) are present, ¢, = ¢/, where ¢/ is the
volumetric concentration of fines. However, if the sediment
also contains some passive sand (i.e., there is not a sand
skeleton), ¢, can be adapted to ¢, 4 (Merckelbach and
Kranenburg, 2004a). This is because sand particles in this
situation merely act as space-filling material, and the behavior
of the sediment is dominated by the fine fraction. ¢, can
then be calculated according to Eq. 1:

f
o= ()

where ¢ is the volumetric concentration of sand. When sand is
present, ¢ . should be used instead of ¢, in the equations
presented in this section.

In the constitutive equations from Merckelbach and
Kranenburg, the relation theory between the vertical effective
stress and the volumetric concentration is given as follows

1)
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TABLE 2 | Initial and final water contents of the IL tests, including water content of the fine fraction and ratios between initial and final water contents and the liquid limit.

Sample ID Fines Initial Final
content
-] w w/LL w fines Prmod w w/LL w fines Drmod
-1 [ [ [-] -1 -1 -1 -1
[Mw/Ms] [Mw/Ms,fines] [Mw/Ms] [Mw/Ms,fines]
|- NE2B-0% 1.0 1.38 1.55 1.38 0.23 0.62 0.70 0.62 0.39
I-NE2B-10% 0.9 1.23 1.54 1.36 0.23 0.58 0.73 0.65 0.38
|- NE2B-20% 0.8 1.05 1.53 1.31 0.24 0.52 0.75 0.65 0.38
I-NE2B-40% 0.6 0.80 1.53 1.33 0.24 0.38 0.74 0.64 0.38
Ill- NE2B-70% 0.3 0.42 1.02 1.39 0.22 0.28 0.68 0.93 0.29
II- NE2B-40%-T 0.6 0.53 1.62 0.89 0.31 0.30 0.90 0.50 0.44
lll- NE2B-40%-T 0.6 0.40 1.20 0.66 0.39 0.23 0.71 0.39 0.50
: by using the modified void ratio ey,eq in Eq. 4. This modified void
TABLE 3 | IL tests loading plan (kPa). ..
ratio is defined as follows:
Series | Series Il Series Il
e _ 1- ¢mod (5)
Loading step 1 0.6 0.6 3.1 mod by
Loading step 2 1.3 1.3 6.3
Loading step 3 4.3 4.3 12.8 To allow a comparison between the power law relation (Eq. 4)
Load!ng step 4 102 102 251 and the commonly calculated compression index, Eq. 4 can be
Loading step 5 25.0 25.0 50.3 . . ! K . definiti foll
Loading step 6 _ 57.9 1005 written using volumetric concentration definitions as follows:
Loading step 7 — 119.1 — 3
-nsIn(1
Loading step 8 — 241.3 - C.= f ( 0)) (6)
2 &,
e where instead of ¢, ¢,,,, can be used to modify for the sand
3-n ..
Ot = Kopoa” > (2) content for fine contents above the TFC, thus obtaining C;,meq. In

where the coefficient K, is material-specific and ny [-] is the
fractal dimension, representing the fractal structure of the
sediment flocs.

The undrained strength c, can be approximated by the yield
strength 7, (e.g., Winterwerp and van Kesteren, 2004). Therefore,
c, takes the mathematical form of the effective stress model of
Merckelbach and Kranenburg. The empirical intrinsic parameter
K, [Pa], representing the effect of the sediment particles on the
strength of the sediment, can then be obtained as follows
(Winterwerp and van Kesteren, 2004):

3)

2
~ _ n
Cu =Ty = K}’(l)mod /.

On the other hand, for denser soils, often exponential laws
and traditional soil mechanics indicators are used. The
compression index C, is often used as an indicator to
quantify the compressibility behavior using the IL
oedometer test. This C. coefficient is defined in the ISO/TS
17892 (2004a) as follows:

Ae

de B @
dlog(a,) ~ B Alog(o,)

c =

where Ae is the change in void ratio along a linear section of the
compression curve and Alogo; is the change in logarithm of
applied stress along that linear section of the compression curve
(ISO/TS 17892-5, 2004a), which at the end of each loading steps
equals to the effective stress. Next to this traditional compression
index, the modified compression index C. o4 can be calculated

this article, the power-law plots between ¢, and o against ¢, 4
were used to identify the TFC. This criterion is based on the
following three assumptions:

1. Further to Winterwerp and van Kestern (2004), the transition
between cohesive and non-cohesive behaviors occurs at a
plasticity index of 7%, which yields a critical clay content
in the activity plot.

2. Further to Kranenburg (1994), the mechanical properties of
cohesive sediment follow power law relations.

3. Further to Merckelbach and Kranenburg (2004a), these power
law relations are unaffected by the presence of some sand, as
long as no sand skeleton is formed, that is, below the critical
sand content.

Thus, the power law relations for samples at different sand
content are expected to collapse or overlap on one single curve
after correcting for this sand content, as long as this is below its
critical value.

RESULTS
Undrained Shear Strength

Figure 2 shows the undrained shear strength (c,) results.
Herein, ¢, is plotted against the non-corrected ¢,
(ie., ¢/ +¢9) and ¢_ 4. They follow a linear relationship
on the log-log scale (i.e., power law). For each sample, a
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FIGURE 3 | Left: log effective stress—void ratio (€) graph. Right: Effective stress as a function of ¢4 for the IL tests.

decrease in undrained shear strength with a larger water
content (lower ¢, or ¢, ) is observed. Plotting against ¢,
does not allow to identifying the TFC nor determining patterns
of similar behavior. However, plotting against ¢, shows that
the samples containing 0, 10, 20, and 40% sand overlap because
they have the same OM composition (same mother sample).
Thus, the TFC has not yet been reached at 40% sand. This is
not the case for the sample with 70% sand content, implying
that a TFC somewhere between 40 and 70% sand content.
Therefore, the mechanical behavior of sample NE2B-70% is
governed by a granular skeleton. Other authors found TFCs at
similar sand content. For example, Thevanayagam (1998)
found that the clay matrix governed the undrained shear
strength behavior below 70% (mass) sand content, while
Kumar and Wood (1999) found a TFC between 30 and 40%
(mass) fines contents.

Sample SW1B exhibits lower initial ¢, 4 than the samples
originating from the other sampling sites because of its larger
amount of OM and subsequent larger ability to bind water
(different sampling sites). This sample is therefore located at
the left in Figure 2. On the other hand, treated samples SW1B-T
and NEB-40%-T moved to the right because of their loss in ability
to bind water given the lower lability (reactivity) of the remaining
OM, reflected in a lower PI. It is remarkable that the slopes of the
curves remain almost identical, suggesting a similar internal
structure of the clay matrix.

Incremental Loading Oedometer Test
Figure 3 shows the traditional log(effective stress)—void ratio (e)

space and shows the effective stress against the corrected
volumetric concentration ¢, obtained from the IL tests. All
the non-treated samples with sand contents up to 40% (i.e., tests
I-NE2B-0%, I-NE2B-10%, I-NE2B-20%, and I-NE2B-40%) show
virtually the same power law relation with overlapping lines in the
log-log plot (right panel). This indicates that the TFC occurs for
sand contents above 40% but below 70%. This agrees with the
findings for the undrained shear strength.

The treated samples (tests II-NE2B-40%-T, III-NE2B-40%-T)
also follow a power law relationship. The o.g—¢0q correlations
from these treated samples have a steeper slope, implying a larger
increase in effective stress for an increase in ¢, 4 with respect to
the non-treated samples (ie., larger n; see Eq. 2 and the
Supplementary Material). This indicates that the floc structure
became denser as a result of the treatment, and primary particles
may touch each other. This is in accordance with the findings of
Barciela-Rial (2019), who found the same change of behavior
after oxidation treatment for samples tested upon the constant
rate of strain (CRS) consolidation tests for other Markermeer
sediment samples.

The 0.—¢moq correlation of sample of test III-NE2B-70% does
not overlap with the other non-treated samples. This is because
the fines content is below the TFC, and therefore, a granular
skeleton is present. Remarkably, it still follows a power law, while,
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for instance, Schultze and Moussa (1961) presented exponential
relationships for sand compressibility.

The compression index C, calculated according to the
geotechnical standard (i.e., applying Eq. 4 with e, instead of
emod) is presented in Figure 4A,C as a function of the effective
stress and corrected solid content ¢ ;. Overall, C. decreases with
both increases in effective stress and solid contents but becomes
nearly constant during the last phases of the tests. C, appeared to
be invariant with sand contents up to 10%. Possibly the sand
particles are too diluted in the fines matrix to affect the
compression, although an experimental error may have
affected the results as well. For sand contents of 20% or more,
C. decreases with sand content. This is caused by the
incompressibility of sand particles as has frequently been
reported in the literature (e.g., Monkul and Ozden, 2007;
Watabe et al., 2011; Simpson and Evans, 2016). However,
when correcting C. for the amount of sand (C,,0q calculated
by using emod in Eq. 4; Figure 4B,D), the C, ,,04 for samples with
0-40% sand overlap, indicating that the TFC has not yet been
reached with sand contents up to 40% (see Figure 4).

Regarding the effect of the oxidation treatment, the treated
samples have smaller C, values because of a lower ability to bind
water (Barciela-Rial et al., 2020); thus, less pore water is expelled
upon loading. The C_-effective stress plot also shows that when
using the void ratio e, instead of the corrected void ratio eyoq to
calculate C,. (Figure 4A), the compressibility behavior of the
treated sample with 40% sand (III-NE2B-40%-T) and the natural
sample with 70% sand (III-NE2B-70%) is the same for loading
scheme III (starting at higher initial stress). For the test with the
treated sample at higher initial water contents (II-NE2B-40%T),
the compressibility values were slightly larger.

The treated sample III-NE2B-40%-T and the sandy sample
III-NE2B-70% exhibit a different tendency; the compression
index increases with the effective stress. This is likely to be
because both samples behave as silty sand. The increase in
compressibility with effective stress for sandy sediment has
been shown by multiple authors. For instance, Mesri and
Vardhanabhuti (2009) showed an increase in C, with effective
stress for dense quartz sands with a maximum C, value below 0.01
for stresses of 100 kPa. It is therefore concluded that the oxidation
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Fines dominated, OM Sand dominated, OM

(no sand) (with sand)

Fines dominated,
oxidized OM (with sand)

FIGURE 5 | Schematic of mechanical behavior of the studied sediment as a function of its composition. Legend: curly lines represent OM, dashed curly lines
represent oxidized OM, small oval particles represent fines, and big round particles represent sand.

treatment for the material with 40% sand content changed For sand contents of 40% and lower, the behavior of the
the TFC. Markermeer sediment is dominated by the fines. However, for the

Figure 4E shows C, ,,q as obtained from Eq. 6 with the fitting ~ sediment sample with 70% sand, the sand particles form a
parameters determined from results presented in Figure 3. For  skeleton which dominates its behavior. The same sand-
sand contents of 40% or smaller, the C, o4 curves overlap. The =~ dominated behavior is observed for the treated samples. This
values obtained also agree with the ones calculated with ey and ~ means that the material parameters have changed. However, the
Eq. 4, that is, Figure 4D. This implies that Eq. 6 may be used to  constitutive model still appears to be applicable for these samples
determine C, ;04 as a function of ¢ directly with the material as the o —¢,, 4 curves still follow the power law (e.g., Figure 3).

mod>
parameters determined from standard settling experiments (e.g., ~ The fact that oxidation of the OM changed the behavior of a
Merckelbach and Kranenburg, 2004b). sample with 40% sand from fines-dominated to sand-dominated

suggests that the physical particle interactions are affected by the
presence of OM and by the type of the organic matter present

DISCUSSION (fresh organic matter or oxidized organic matter). Thus, the type
of OM is also relevant, as discussed by Barciela-Rial et al. (2020)
Conceptual Model who showed that the mechanical behavior upon drying of the

Figure 5 presents a schematic of the mechanical behavior of the =~ Markermeer sediment is correlated stronger with the reactivity of
cohesive sediment with organic material. Herein, a possible = OM than with the total organic matter content.

collapse of flocs upon loading is not addressed. In this The activity plot (Skempton, 1953) reflects the relation
schematic, the different behavior found for Markermeer  between the plasticity index (PI) as a function of the clay
samples are classified into four (sub)categories: (1.1) fines content, yielding the sediment’s activity (the slope of the
dominated with OM (no sand), (1.2) fines dominated with curve) and the critical clay content above which the sediment
OM and some sand (passive sand particles), 2) fines  depicts cohesive behavior. Active sediments undergo
dominated with oxidized OM and some sand (passive sand  considerable changes of volume when wetted (swelling) or
particles), 3) sand dominated with OM and some fines dried (shrinkage), for example, Mitchell and Soga (2005).
(passive fines), and 4) sand dominated with oxidized OM and  Figure 6 presents the activity plot for the samples used for the
some fines (passive fines). The transition from case 1.2 to case 3~ IL-tests with an activity A = 1.8 and critical clay content of 6%.
and that from case 2 to case 4 determine the TFC. The removal of the OM (treated sample) shifts the activity plot to

Frontiers in Earth Science | www.frontiersin.org 64 February 2022 | Volume 10 | Article 786108


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Barciela-Rial et al.

Compressibility and Shear Cohesive Sediment

60
® Non treated IL @
50 y=17973x-32073 @
O Treated samples
40 @
= 30
T @ )
20
[ o . y=1.9x-26.1
10 ’ o
0
0 5 10 15 20 25 30 35
Clay content [%]
FIGURE 6 | Activity plot for the natural samples tested upon IL and for the treated samples. The natural samples presented here have the same composition of the
OM because they originate from the same mother sample.

the right, at the same slope (activity). However, the critical clay
content increases substantially to 17%, which is in agreement with
the aforementioned analyses on the impact of treatment on the
mechanical behavior of the sediment.

Power Law Constitutive Equations
The sediment studied in the present work has much larger initial
water content than usually studied in classical soil mechanics yet
lower than those at which the Merckelbach and Kranenburg
model has traditionally been applied. The results showed that at
these relative low water contents, the constitutive equations of
Merckelbach and Kranenburg work well. The mechanical
response to external stresses can be described with these
equations. This is in line with the findings of, for example,
Chassagne (2019); Barciela-Rial (2019), who showed that the
fractal theory could reproduce the evolution in time of
consolidation for natural sediment mixtures also at large initial
concentrations of sediment. A higher fractal dimension applies
than traditionally available in the literature (between 1.8 and 2.2
for flocs, e.g., Merckelbach, 2000), which makes sense as a higher
fractal dimension is an indication of a more compacted clay.
However, the fact that the samples obey power law relationships
does not prove that they are fractal, and further research would be
needed to quantify this, which is out of the scope of this study.
When building with the dredged sediment, the initial water
content and sand content may vary considerably, and which will
also affect the consolidation behavior. The practical question is
how to cover various sand or water contents with as few tests as
possible. The present study shows that trends in behavior can be
identified from Og—¢mod and c,~Pmoa relations. At sand contents
below the TFC, the effect of sand can be accounted for through a
correction of the sediment volumetric concentration, and all
Ocf—Pmod and ¢,~Py0q curves collapse (overlap). However, the
behavior of the treated samples NE2B-40%-T and SW1B-T did not
overlap with the natural samples and exhibited a steeper increase
with the volumetric fraction. This is consistent with the increase in
the critical clay content after treatment, as discussed before.

CONCLUSION

Progressively, more and more soft sediments are being used as
construction materials. However, most studies refer either to
fluid-like or very stiff sediment water mixtures, that is,
sediment suspensions with a low initial concentration of
solids or highly consolidated soil samples. This article
shows how the Merckelbach and Kranenburg constitutive
equations can be used for soft soils with an intermediate
initial density, which is relevant for the dredged sediment
that forms a bed while initially being in suspension. Based on
their constitutive equations, a useful tool to identify the TFC is
developed, correcting for relatively small sand contents in
sediments with a fines-dominated behavior. A new
formulation of C, is presented as an inverse function of the
volumetric concentration of solids. The results obtained from
this equation are satisfactory when compared with the results
obtained with standard procedures of the geotechnical norm.

Quantitatively small changes in the amount of organic matter,
for example, oxidation, had a big impact on the compressibility
and undrained shear strength of the material. The results suggest
alarge decrease in the ability of the Markermeer sediment to bind
water, after long-term exposure to atmospheric conditions. The
undrained shear strength after oxidation at the same solid content
(density) decreases for the samples from both sampling sites. For
the material with 8% sand (SW1B), a more pronounced change in
behavior was observed upon oxidation, given the larger initial
amount of OM present. Furthermore, the differences in behavior
of the Markermeer sediment caused by the natural variability or
segregation of sand were studied. This behavior is dominated by
the fine fraction, except when the threshold of transitional fines
content TFC was passed somewhere between 40 and 70% sand
content. In the same way, treatment by oxidation reduced the
amount of fines at which the transitional behavior to sand-
dominated behavior occurred. The results show that the type
of organic matter (oxidized or labile) may impact the TFC by
changing the critical clay content. This is an important
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observation as OM reactivity is generally ignored in the literature
and technical standards.
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Fluid mud plays an important role in navigability in ports and waterways. Characterizing
and monitoring the seismic properties of the fluid mud can help understand its
geotechnical behavior. Estimation of the wave velocities in fluid mud with high
accuracy and repeatability enables investigating the behavior of parameters like the
yield stress in a nonintrusive and reliable way. We perform ultrasonic reflection
measurements in a laboratory to investigate the wave propagation in a water/fluid-mud
layered system. The component of wave propagation in the water layer inevitably brings
kinematic dependence on the characteristics of that layer, making the estimation of exact
velocities in the fluid mud more challenging. In order to extract the wave velocities only in
the fluid-mud layer, we use a reflection geometry imitating field measurement to record the
ultrasonic data from sources and receivers in the water layer. We then use seismic
interferometry to retrieve ghost reflections from virtual sources and receivers placed
directly at the water-mud interface. Using velocity analysis applied to the ghost
reflections, we successfully obtain the P-wave and S-wave velocities only inside the
fluid-mud layer, and investigate the velocity change during the self-weight consolidation of
the fluid mud. Our results indicate that the S-wave velocities of the fluid mud increase with
consolidation time, and show that reflection measurements and ghost reflections can be
used to monitor the geotechnical behavior of fluid mud.

Keywords: ultrasonic measurement, fluid mud, p- and s-wave velocities, seismic interferometry, yield stress

INTRODUCTION

The geotechnical behavior of fluid mud significantly affects the navigability in ports and waterways.
Better understanding of the geotechnical behavior of the fluid mud can thus help to estimate
accurately the nautical depth and thus safe navigating through fluid mud, as well as decrease the
dredging costs (McAnally et al., 2007; McAnally et al., 2016; Kirichek et al., 2018). The strength of the
fluid mud is low but could increase over time due to the consolidation effect to form a layer with high
rigidity (Abril et al, 2000). Port authorities usually have their own methods to determine the
navigability of the fluid mud. For example, the Port of Rotterdam uses the levels of 1.2 kg/L while the
Port of Emden uses the yield stress of 100 Pa as criteria for estimating the water/mud interface
(Kirichek et al., 2018). These levels are chosen based on the combination of seismic data and yield
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stress/density vertical profiles, which are measured in a water/
mud column by mud profilers (Kirichek et al., 2020; Kirichek and
Rutgers 2020). Because of the individual differences in mud
composition, an accurate parameter that can be adopted by
different ports is needed. It is challenging to accurately
measure the in-situ geotechnical behaviors of the fluid mud,
because the common techniques of measurement, including
yield strength and density measurement, will inevitably disturb
the fluid mud during the intrusive sampling process (Kirichek
et al., 2020). That is, why, a laboratory protocol was developed to
determine the fluidic yield stresses (Shakeel et al., 2020). On the
basis of this protocol, a link was found between the S-wave
velocities and the fluidic yield stress (Ma et al, 2021). The
non-intrusive measurements such as x-ray and ultrasonic
measurements are favorable because other measurements will
alter the characteristic of the fluid mud and the result will be
inaccurate (Kirichek et al., 2018; Carneiro et al., 2020).

The wultrasonic measurements for fluid mud include
transmission measurements and reflection measurements. The
transmission measurements are straightforward and simple to
use in a laboratory. In recent years, most commonly used seismic
survey techniques for marine sediment, such as sonar and
velocimeter, employ longitudinal (P-) waves (Gratiot et al,
2000; Schrottke et al., 2006). In a marine seismic survey, the
sources and receivers need to be located in the water column. In
practice, they are often close to the water surface, meaning that
the sources, such as airgun arrays, and the receivers, usually
towed by a vessel as streamers, send and receive only P-waves,
respectively. Therefore, the utilization of S-waves is limited in the
marine environment and extracting the S-wave information is
challenging and time-consuming (Drijkoningen et al., 2012). At
the same time, P-waves are related to the bulk properties of the
materials and the geotechanical properties of marine sediments
cannot be inferred only from P-waves. S-waves can be used to
precisely characterize the fluid mud as the propagation velocity
and amplitude of the S-waves strongly depend on the
geotechanical properties of the marine sediments (Meissner
et al,, 1991). Developing an accurate and reliable way of using
S-waves for the seismic survey in a marine environment without
the complications of deploying receivers at the water bottom to
characterize the marine sediments can greatly facilitate the
investigation of the geotechnical behavior of the marine
sediments. Leurer (2004), Ballard et al. (2014), Ballard and Lee
(2016) performed transmission measurement in a laboratory to
measure the velocities of the seismic waves. Leurer (2004) used
high frequencies and found that the S-wave velocities ranged
from 450 to 975m/s. The S-wave velocity is calculated using
travel distance and traveltime along the travelpath, which usually
is a straight line (Ma et al., 2021). However, there are limitations
using the transmission measurements in the field because there
are no open side positions to plant the transducers as used in
containers in the laboratory-measurement setup. In contrast,
reflection measurements in marine exploration allow deploying
the transducers or hydrophones in the water column. Using such
measurements, layer-specific propagation velocities of the fluid
mud can be estimated to monitor the variation of the shear
strength of the fluid mud. Given that correlations are found
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between the S-wave velocity and the yield strength, the S-wave
velocity can be used as a proxy to estimate the yield strength of the
fluid mud; therefore, ultrasonic measurements have a great
potential in helping estimate the yield strength of the fluid
mud (Ma et al., 2021).

The goal of this study is to measure the layer-specific propagation
velocities and investigate the temporal variation of these velocities
with the consolidation of the fluid mud using seismic reflection
measurement and retrieval of layer-specific reflections. To obtain the
latter, we apply seismic interferometry (SI) to the recorded reflection
data to eliminate the travelpaths inside the water layer and retrieve
reflections only inside the fluid-mud layer. SI is a technique to
retrieve new seismic recordings between receivers from cross-
correlation of existing recordings at the receivers (e.g, Shapiro
and Campillo 2004; Wapenaar and Fokkema 2006; Draganov
et al, 2009; Draganov et al. 2010; Draganov et al. 2012
Draganov et al. 2013). In this study, we first briefly introduce the
reflection measurements. We, then, show the process of retrieving
seismic traces based on ghost-reflection retrieval, followed by the
velocity-calculation process. We show the temporal variation of the
propagation velocity inside the fluid-mud layer and the correlation
between the S-wave velocities and yield strengths. Additionally, we
compare the S-wave velocities from the reflection measurement to
those of a transmission measurement that was performed in a
previous study (Ma et al., 2021).

MATERIALS AND METHODS

We have developed a seismic reflection system to measure the
layer-specific propagation velocities. Below, we give a short
description of the main measurement steps. The sample and
the system are described in detail in Ma et al. (2021). The mud
sample was retrieved from the Calandkanaal (Port of Rotterdam).
The sampling location is shown in Figure 1A. Before the
reflection measurement, a two-layer system is formed due to
the density difference between water and fluid mud (Figures
1C,D). We first stir the fluid mud using a mechanical mixer to
ensure that the fluid mud is in a homogeneous form with a
uniform density (Figure 1B). We deposit the fluid mud in the
fluid-mud tank and gently add water above it without eroding the
fluid-mud layer in the tank. The fluid mud in the tank settles and
consolidates during the self-weight consolidation process. At the
start of the measurements, the water layer is about 82 mm thick,
the mud layer below it is about 100 mm thick.

The Reflection Measurement System

The reflection measurement system includes a signal control part,
a fluid-mud tank, and ultrasound transducers (Figure 1D). We
use a transparent glass tank that allows to visually see the
settlement of the fluid-mud layer (Figure 1C). The multiple
positions of the receiver transducer along the horizontal
direction are evenly distributed so that a common-source
gather (CSG) can be constructed by placing one after the
other the measurements (traces) at each consecutive horizontal
position of the receiver. The horizontal distance between the
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FIGURE 1 | (A) Mud-samples collection location in the Calandkanaal (Port of Rotterdam). (B) Mud-stirring process using a mechanical mixer. (C) A glass tank with
fluid mud, transducers, and a thermocouple. (D) A cartoon showing the reflection measurement system.
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receiver positions is 5 mm. The distance between the first and last
receiver positions, which correspond to the shortest and longest
source-receiver offsets, respectively, is 95 mm, meaning that a
CSG includes 20 traces at different offsets. The parameters of the
acquisition geometry and the different kinds of expected arrivals
for this two-layer system are shown in Figure 2. For our analysis,
we use the P-wave reflection of the mud top and the primary
reflections of the mud bottom (explained in the following
section).

Time-Lapse Measurement and Data
Acquisition

We place the source transducer at two positions, labeled S1 and S2
in Figure 2, the signals of which are recorded by the same receiver
array. The sources are distanced 50 mm and 100 from the
leftmost receiver. The excitation frequency of the sources is

100 kHz. By applying SI to the recordings from the two
sources at a specific receiver position to retrieve a ghost source
and a ghost receiver that are effectively placed on the top of the
mud, i.e., the water/mud interface (Figure 3). Cross-correlating
the reflection from the mud top with the reflection from the mud
bottom effectively eliminates the common travelpath from S1 to
the receiver and S2 to the receiver in the water layer (dashed lines
in Figure 3). Because the specific receiver position depends on the
thickness and velocity of the mud layer, and thus changes with
time, we record CSGs.

We monitor the changes in the propagation velocities in the
two-layer system during a 2-week period. During several days
in this period, we conduct measurements to obtain a CSG from
each source. In the first week, we perform reflection
measurements every day from Monday to Friday. In the
second week, we only conduct a reflection measurement on
Friday. As shown in Figure 4, there are two kinds of primary
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reflections that we emphasize in this study. One kind is the
arrival that is, reflected by the mud top (Figure 4A). The other
kind are the arrivals that are reflected by the mud bottom
(Figures 4B-D). The latter represents three reflections with
different travelpaths according to their possible partial
conversions. During the propagation of the P-wave
originating from the source transducer, part of the energy
propagates as a P-wave along the complete downward and
upward travelpaths (Figure 4B). A part of the energy converts
to an S-wave when the P-wave is reflected by the mud bottom
(Figure 4C). Yet another part of the energy converts to an
S-wave when the P-wave hits the water/mud interface and
continues to propagate as such downward to the mud bottom
and up to the water/mud interface (Figure 4D). In order to
compute the propagation velocities of the P- and S-wave inside
the fluid mud, we need to obtain the travel distances and
traveltimes along the travelpaths within the fluid mud.
However, the travelpaths of the primary reflections contain

also the travelpaths inside the water, as shown in Figures
4B-D. Figure 4B illustrates the travelpaths of the reflected
P-wave which does not undergo any conversion (PP). In this
way, the wave has the same incidence and reflection angle at
the mud bottom and thus the downward and upward
travelpaths are symmetrical. Figures 2, 4C shows the
travelpaths of the reflected P-wave that converts to an
S-wave after reflecting at the mud bottom (PPSP). Due to
conversion, the incidence and reflection angle are different and
thus the downward and upward travelpaths are asymmetrical.
As shown in Figures 2, 4D, the P-wave also converts to an
S-wave when hitting the water/mud interface and the S-wave
converts again to a P-wave only at the water/mud interface
along the upward travelpath (PSSP). Because of this, the
downward and upward travelpaths are symmetrical. Note
that the primary reflection PSPP has an identical arrival
time as the PPSP primary for a laterally homogeneous
medium, the PPSP arrival essentially is the superposition of
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FIGURE 4 | Travelpaths of the primary reflections in the ultrasonic reflection measurement: (A) the P-wave reflection (PP) from the water/mud interface from source

S2; (B) the P-wave reflection (PPPP) from the bottom of the mud layer from source S1; (C) the reflection from the bottom of the mud layer partly converted to an S-wave
(PPSP) from source S1; (D) the reflection from the bottom of the mud layer completely converted to an S-wave (PSSP) from source S1. The primary reflection in (A) is
used to correlate with the primary reflections in (B-D).

both PPSP and PSPP. In Figures 2, 4C, we only illustrate the
PPSP travelpaths. From here on, we only use the label PPSP but
we understand the superposition of PPSP and PSPP.

We apply the SI method for retrieval of ghost reflections.
For this, we correlate trace-by-trace the PP reflection arrivals
in the CSG from source S2 (Figure 4A) with each of the three
primary reflection arrivals, i.e., PPPP, PPSP, and PSSP, in the
CSG from source S1 (Figures 4B-D). The results are three
correlation gathers containing correlated traces. The final step
of SI is the summation of the traces inside each of the three
correlation gathers. In this way, we retrieve three ghost
reflections that appear to have propagated only inside the
fluid-mud layer by effectively removing the travelpaths
inside the water layer. These three ghost reflections
represent a PP, PS, and SS reflection arrivals. Next, we pick
the two-way traveltimes of the ghost reflection inside the fluid
mud and calculate the travel distances along the travelpaths.
Calculation of the travel distances is possible as the distance
between the source and receiver of the three ghost reflections is
always the same and equal to the distance between the sources
S1 and S2, while we monitor the thickness of the fluid-mud FIGURE 5 | Geometry and parameters (see text for their explanation) for

. . S-wave velocity calculation based on Snell’s law.

layer using a ruler along the vertical wall of the tank. We then

estimate the P- and S-wave velocities in the fluid-mud layer by

dividing the travel distance by the picked two-way traveltimes

While the calculations for the PP and SS ghost reflections are x+y=50 (1)
straightforward, to calculate the velocities from the PS ghost sin(i) X / d, v
reflection, we form a system of three equations with three - = P_Cp
unkowns x, y, and v sin(r) — y[ds - vs

ghost source ghost receiver

water layer

dp dS

S-wave
travel path

P-wave
travel path

mud layer

2
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Equation 1 states that the distance between the ghost source
and the ghost receiver is 50 mm, which is the sum of the
horizontal projection x of the P-wave travelpath and y of the
S-wave travelpath of the PS travelpath inside the fluid-mud layer
(Figure 5). Eq. 2 is established based on the Snell’s law, where d,,
is the P-wave travelpath, d; is the S-wave travelpath, and vp and v,
are the velocities of the P- and S-wave inside the fluid-mud layer.
Eq. 3 shows that the two-way traveltime is the sum of the
traveltimes of P-wave and S-wave inside the layer.
Additionally, h represents the thickness of the mud layer
(Figure 5). As shown in Figure 5, d, = Vx?+h? and

= +/y? + h2. We consider vp known as we calculate it using
the PP ghost reflection.

RESULTS AND DISCUSSION

We record CSG from S1 and S2 on each of the days from Monday
to Friday during the first week and on Friday during second week.
Figure 6 shows the CSGs for days 0, 2, 4. The arrivals from S1
appear to be characterized by lower amplitudes than those from
S2 which is expected because the receiver array is 50 mm closer to
S2 compared to S1. The recording order in time of the different
arrivals depends on the propagation velocities of the seismic
waves in the water and fluid-mud layers and the travel distances
along the travelpaths. The different arrival types we identify are
color-coded in Figure 6. As we explained above, we aim to utilize
the PP, PPPP, PPSP, and PSSP reflection arrivals to monitor for
velocity changes during the 2-week self-weight consolidation.
Although with the consolidation the two-way traveltime of the
reflection arrivals PPP, PPSP, and PSSP gradually decreases, it is
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still uncertain whether the P- and/or S-wave velocities can
increase because the thickness of the fluid-mud layer decrease
due to the settling. The decrease of the two-way traveltime could
result from decrease of the travel distance or from increase of the
P- and/or S-wave velocities. Note that simultaneously with the
decrease of the thickness of the fluid-mud layer, the thickness of
the water layer increases. It is thus necessary to accurately
calculate the velocities inside the fluid-mud layer using the
travelpaths and two-way traveltimes of reflection arrivals from
only inside the fluid mud. As we explain above, we achieve this
using SI for retrieval of ghost reflections.

Figures 6B,D,F show the interpreted direct waves and
reflection arrivals from S2. The direct waves (light green color)
interfere with the PP reflections (magenta color) from the fluid-
mud top. In the SI process for retrieval of ghost reflections, we
need to correlate the PP reflection from S2 with the primary
reflections from the fluid-mud bottom from S1—PPPP, PPSP,
and PSSP. In order to suppress the influence of the direct waves

on the PP reflections, we use a frequency-wave number filter (Ma
et al, 2021). After the correlation, we obtain correlation gathers
(left columns in Figures 7A,B), which we have to sum along the
receiver positions to obtain the final retrieved ghost reflections.
As shown in Ma et al. (2021), more accurate retrieval is obtained
when summing only the traces inside the so-called stationary-
phase region (Snieder, 2004). In the summation process, such
traces contribute constructively to the final result, while traces
outside the stationary-phase region should interfere destructively
with each other if sufficiently long receiver array is available. AS
our array is limited in length, we taper the traces outside the
stationary-phase region. The results of the summations (right
columns in Figures 7A,B) represent retrieved ghost reflections
with travelpaths only inside the fluid-mud layer. In Figure 7, we
show the retrieved ghost reflections PP and PS. The ghost reflections
SS are not included in this study because the energy of the PSSP
reflections is relatively lower when the settling time is not long
enough, making the retrieval of SS for the earlier days difficult. Longer
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TABLE 1 | Parameters for calculating the P- and S-wave velocities inside the fluid-mud layer for the six different days of measurements.

Fluid-mud Two-way Travel path length for PP Two-way Travel path length for PS velocities (m/s) PS velocities (m/s)
thickness travel time PP (mm) velocity travel time PS (mm) using individual using the mean
(mm) for PP (s) (m/s) for PS (s) measurements P-wave velocity
Left leg Left leg Right leg P-wave Left leg Left leg Right leg Left leg Right leg Left leg Right leg
P-wave; right P-wave P-wave P-wave; right P-wave S-wave P-wave S-wave P-wave S-wave
leg P-wave leg S-wave
102.0 0.1321 105.02 105.02 1590 0.1745 106.74 103.67 1590 966 1588 967
99.0 0.1283 102.10 102.10 1592 0.1695 103.88 100.72 1592 967 1588 968
96.0 0.1245 99.20 99.20 1593 0.1643 101.08 97.77 1593 969 1588 971
95.0 0.1243 98.23 98.23 1581 0.1619 100.00 96.84 1581 981 1588 979
92.5 0.1211 95.82 95.82 1582 0.1569 97.60 94.41 1582 988 1588 989
86.0 0.1125 89.56 89.56 1592 0.1463 91.51 88.01 1592 991 1588 993

settling time causes a larger difference between the densities of the
water and the fluid mud meaning that a greater portion of the P-wave
energy turns into S-wave energy when stricking the water/mud
interface. Only the measurement after 1week can ensure an
accurate pick and reliable retrieval for the ghost reflection SS, the
result of which was presented in Ma et al. (2021). So, in this study, we
calculate S-wave velocities from the retrieved ghost reflections PS. We
then use the retrieved ghost reflections to pick the first break to
determine the two-way traveltime of these arrivals (green numbers in
the right columns in Figure 7). We do the same also for days 1, 3, and
11 (see figures in Supplementary Appendix SA).

Using the picked two-way traveltimes, we can estimate the P- and
S-wave velocities using the travelpath distances. Figure 8 shows the
PP and PS travelpath distances for day 0. The travelpath of PP is
symmetrical so that the travel distances for the left leg and the right leg
are equal. In contrast, the travelpath of PS is asymmetrical, and thus
the travel distances of the left leg for the P-wave and the right leg for
the S-wave need to be calculated by solving the system of Eqs 1-3
using the two-way traveltime pick and the known P-wave velocity
from the ghost reflection PP. Here, we calculate the velocities using the
parameters from Table 1 for day 0. The P-wave velocity is estimated
to be 1,590 m/s. The S-wave velocity is thus estimated to be 966 m/s.

Using the same process, we analyze the seismic traces of the
measurement from day 0 to day 11 and monitor the time-lapse
evolution of the P- and S-wave velocities (Table 1). For
comparison, Table 1 also includes the S-wave velocities
estimated using the mean P-wave velocity from the reflection

measurement. The S-wave velocities estimated using the mean
P-wave velocity and the individual P-wave velocities are very
close to each other. As shown in Table 2, the P-wave velocities
suggest that, although we observe fluctuations, there is no obvious
pattern for P-wave velocity change in relation to the
consolidation. On the other hand, the S-wave velocities appear
to be clearly increasing with the consolidation process, despite the
apparent close velocities for day 0 and day 1.

Additionally, we synchronously measure the yield stress of the
fluid mud using a rheometer with Couette geometry and Vane
geometry. We compare the progress of the fluidic yield stress with
consolidation and examine the correlation with the S-wave velocities.
As shown in Figure 9, the S-wave velocities (green dots; calculated
using the P-wave velocities estimated from the PP ghost reflection for
each day) appear to be positively correlated with the fluidic yield
stress with the progress of the consolidation for both the reflection
measurement in this study and the transmission measurements (blue
dots) from Ma et al. (2021). The overall change of the S-wave
velocities with the evolution of the fluidic yield stress indicates a
nonlinear process. From day 0 to day 2, although the fluidic yield
stress shows a pronounced increase, the S-wave velocities show a
limited increase, especially for the measurement with Vane geometry.
This could be ascribed to the initial homogeneous status of the fluid
mud. We start the measurements after homogenizing the fluid mud.
The conversion from the homogeneous to inhomogeneous condition
could certainly strengthen the fluidic yield stress of the fluid mud.
However, during the conversion from homogeneous to
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TABLE 2 | Time-lapse velocities from transmission and the ghost-reflection measurements.

Settling day Velocities from transmission Velocities from ghost-reflection
measurements (m/s) measurements (m/s)
P-wave S-wave P-wave S-wave
0 1570 959 1590 966
1 1570 957 15692 967
2 1570 959 1593 969
3 1570 970 1581 981
4 1570 995 1582 988
11 1570 998 1592 991
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inhomogeneous mud, the effect of the consolidation probably cannot
contribute to the immediate increase of the S-wave velocities. From
day 2 to day 3, the S-wave velocities notably increase with a mild rise
of the fluidic yield stress. This implies that the S-wave velocities are
more sensitive to the increase of the vyield stress when the
consolidation has started with a duration more than 24 h. From
day 2 to the last day—day 11, the correlation between the S-wave
velocities and the fluidic yield stress shows a good apparently linear
relationship. The measurements from day 2 to day 11, which are
within the linear increase duration, show that the average increase
rate of the fluidic yield stress is 1.84 m/(s*Pa) with the Couette
geometry and is 1.03 m/(s*Pa) with the Vane geometry.

We also compare the estimated S-wave velocities from our
ghost-reflection measurements with the S-wave velocities from

seismic transmission measurements that were also conducted
synchronously (Ma et al, 2021). The comparison in Table 2
shows that, the S-wave velocities from both the ghost-reflection
and the transmission measurement are close but nevertheless
they exhibit small differences. One reason for this could be that
the directional difference of the seismic transmission
measurement and the reflection measurement causes a
discrepancy. In the transmission measurements, the source and
the receiver transducers are mounted at the same height on
opposite sides of the measurement tank, and thus the travelpath
from the source transducer to the receiver transducer is along the
horizontal direction. The seismic transmission measurement
essentially sample the S-wave velocities horizontally along the
middle part of the fluid-mud layer because the transducers were
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FIGURE 10 | Comparison of P- and S-wave velocities from the
transmission measurement in Ma et al. (2021) and the reflection
measurement.

mounted there. In contrast, the waves in the reflection measurements
travel the complete height of the fluid-mud layer twice along paths as
in Figure 8. Thus, the two measurement geometries might be facing
the effect of anisotropy between the horizontal and vertical directions.
This means that the S-wave velocities estimated from the ghost
reflections might reflect possible changes in consolidation with depth.

Another reason for differences in the S-wave velocities from the
transmission and ghost-reflection measurements is that we
estimate the S-wave velocities from the ghost reflections using
the estimated P-wave velocities from the PP ghost reflections.
Comparing the P-wave velocities estimated from the transmission
and ghost-reflection measurements in Table 2; Figure 10, we see
that they are also slightly different. An error in estimating the
P-wave velocity might be coming from insufficient sampling of the
stationary-phase region. Another error might be due to the
differences in the directionality in the measurement geometries
of the transmission and reflection measurements, just like for the
S-waves. Still, the maximal error in the estimated P-wave velocities
is 0.29%, which can ensure a reliable estimation of the S-wave
velocities. To visualize this, we compare the estimated S-wave
velocities using the estimated P-wave velocities from the PP ghost
reflections for each of the 6 days of the measurements to the S-wave
velocities estimated using the average P-wave velocity obtained by
averaging the six individual PP ghost-reflection velocities. We
show these results in the rightmost column in Table 1. As we
can see, the differences are very small, i.e., less than 0.9%. We
visualize the comparison also in Figure 9 by the black uncertainty
intervals. We calculate the intervals for each measurement day:
using the P-wave velocity averaged from the six individual PP
ghost-reflection velocities and using the P-wave velocity from the
transmission measurements; taking the maximum difference
between the S-wave velocity for each measurement day and the
S-wave velocity obtained using the average or transmission P-wave
velocity; the maximum difference is assigned as the uncertainty
interval. We can see that the uncertainly interval is again less
than 0.9%.

The results from our laboratory experiments show that using
ghost reflections has a good potential for monitoring the seismic-
velocity characteristics, and consequently also the fluidic yield
stress, of fluid mud. Our experiment used fluid-mud layer with
thickness of about 100 mm and source signals with center

Ultrasonic Velocities of Fluid Mud

frequency of 100 kHz. We expect that this could upscaled to
the field situation of a port or waterway with a thickness of the
fluid-mud layer of about 2m by using a source signal with a
center frequency of 5kHz as this would keep the same
proportions relative to the dominant wavelengths in the fluid
mud. The length of the acquisition geometry, which in our
experiment had a maximum source-receiver offset of about
200 mm could be upscaled in the same way, i.e., relative to the
thickness of the fluid-mud layer. An extra factor to take here into
account is the thickness of the water layer. The length of an
acquisition setup in a port or waterway should be such that the
expected incidence angles at the water/fluid-mud interface are
sufficiently away from vertical to allow P-to-S-wave conversions
at the interface. Le., the deeper the interface, the longer the
maximum source-receiver offset. This would also entice
assuming local lateral homogeneity in the water at the scale of
the maximum source-receiver offset; inside the fluid-mud layer,
the assumption for local lateral homogeneity would still be at the
scale of the distance between the two source only.

CONCLUSION

We investigated longitudinal (P-) and transverse (S-) wave velocities
in fluid mud for time-lapse monitoring of the geotechnical behavior
of fluid mud in a water/fluid-mud system. For this, we used
ultrasonic laboratory data from measurements in reflection
geometry. We estimated P- and S-wave velocities directly from
inside the fluid mud by removing the influence of the water layer by
application of seismic interferometry for retrieval of ghost
reflections. The latter allowed us to retrieve a P-wave reflection
and a P-to-S-wave converted reflection from the bottom of the fluid
mud as if from measurements with a source and receiver directly
placed at the top of the fluid mud. We compared the estimated P-
and S-wave velocities to values estimated from direct transmission
measurements made horizontally along the middle height of the
fluid-mud layer. The comparison showed that the transmission
velocity of P-wave was more stable than the reflection velocity,
which appeared to be fluctuated. The reflection S-wave velocity and
the transmission S-wave velocity were close to each other. The
S-wave velocities we estimated in the fluid-mud layer from the ghost
reflections increase with the self-weight consolidation of the fluid
mud, while the P-wave velocities did not show a trend. Concurrently,
the yield stress of the fluid mud also increased with the consolidation.
We found that the S-wave velocities are positively correlated with the
fluidic yield stress of the fluid mud. This relationship implies that the
time-lapse change in S-wave velocities might be used to indicate the
progress of consolidation, which would provide a basis for a new
non-intrusive ultrasound measurement tool in ports and waterways
for monitoring the condition of the fluid mud.
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Cristin L. Wright, Carl T. Friedrichs* and Grace M. Massey

Virginia Institute of Marine Science, William & Mary, Gloucester Point, VA, United States

The objectives of this study are to better understand controls on bed erodibility in muddy
estuaries, including the roles of both sediment properties and recent hydrodynamic
history. An extensive data set of erodibility measurements, sediment properties, and
hydrodynamic information was utilized to create statistical models to predict the erodibility
of the sediment bed. This data set includes >160 eroded mass versus applied stress
profiles collected over 15 years along the York River estuary, a system characterized by
“depth-limited erosion,” such that the critical stress for erosion increases rapidly with depth
into the bed. For this study, erodibility was quantified in two ways: the mass of sediment
eroded at 0.2 Pa (a stress commonly produced by tides in the York), and the normalized
shape of the eroded mass profile for stresses between O and 0.56 Pa. In models with
eroded mass as the response variable, the explanatory variables with the strongest
influence were (in descending order) tidal range squared averaged over the previous
8 days (a proxy for recent bottom stress), salinity or past river discharge, sediment organic
content, recent water level anomalies, percent sand, percent clay, and bed layering.
Results support the roles of 1) recent deposition and bed disturbance increasing erodibility
and 2) cohesion/consolidation and erosion/winnowing of fines decreasing erodibility. The
most important variable influencing the shape of the eroded mass profile was eroded mass
at 0.2 Pa, such that more (vs. less) erodible cases exhibited straighter (vs. more strongly
curved) profiles. Overall, hydrodynamic variables were the best predictors of eroded mass
at 0.2 Pa, which, in turn, was the best predictor of profile shape. This suggests that
calculations of past bed stress and the position of the salt intrusion can serve as useful
empirical proxies for muddy bed consolidation state and resulting erodibility of the
uppermost seabed in estuarine numerical models. Observed water content averaged
over the top 1 cm was a poor predictor of erodibility, likely because typical tidal stresses
suspend less than 1 mm of bed sediment. Future field sampling would benefit from higher
resolution observations of water content within the bed’s top few millimeters.

Keywords: bed erodibility, muddy sediment, bed properties, bed disturbance, estuarine hydrodynamics, multiple
linear regression
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INTRODUCTION

High sediment bed erodibility can lead to a number of ecological
and societal complications within an estuarine or coastal system.
Ecological implications relating to high bed erodibility include
bed disturbance influencing benthic community structure
(Schaffner et al, 2001) and increased suspended sediment
concentrations decreasing photosynthesis (Cloern, 1987; Kruk
etal, 2015). Additionally, sorption of harmful contaminants and
excess nutrients to fine-particles can cause re-introductions of
these pollutants during sediment erosion, which can lead to
harmful bioaccumulation (Yujun et al., 2008) or increased
nutrient loadings within a system (Moriarty et al, 2021).
Aside from ecological complications, societal ramifications of
high sediment bed erodibility relate to infilling of shipping
channels (Brouwer et al, 2018) and potential burial or
exposure of dangerous unexploded ordinance (Cooper and
Cooke, 2018).

Sediment bed erodibility describes how susceptible sediment is
to being entrained into suspension in response to the bed stress
(1p) caused by the movement of the water immediately above the
bed. The more sediment mass a given stress erodes in a given
amount of time, the greater the bed erodibility. A widely applied
equation for predicting the rate of fine sediment mass eroded into
suspension as a function of bed stress is the Ariathurai-
Partheniades equation (e.g., Mehta, 2014):

E =M (2) (1, — 7:(2)) (1)

where E is the sediment mass erosion rate, z is depth into the bed,
7. is the critical stress for erosion of the sediment, and M is the
empirical erosion rate parameter which linearly relates the excess
shear stress (7,-7,) to the observed erosion rate, E. Assuming that
Eq. 1 holds, then observations of E as a function of 7;, can be used
to determine best-fit values for 7, and M, which then quantifies
the sediment’s erodibility.

When applying Eq. 1 to many natural estuarine
environments, it is helpful to recognize the endmember
case of “depth-limited” erodibility that is characterized by
values of 7. that increase rapidly with depth into the bed
(Sanford and Maa, 2001; Rinehimer et al., 2008). In that case,
if a continuous, constant bed stress (7;,) is applied that is
greater than the surface value of 7, the total amount of
sediment eventually eroded in a given “long” period of
time depends only on (and is limited by) the depth into
the bed at which 7, = 1. The value of M does not matter. The
“long” period of time needed for this adjustment to 7, = 7, in
muddy  tidal with  moderate sediment
concentrations (10-100s of mg/L) is commonly as little as
15 min, which is effectively instantaneous relative to the
timescale of a tidal cycle (Sanford and Maa, 2001). This
means that in such systems, one can quantify and,
ultimately, predict the erodibility of the sediment bed
simply by quantifying and modeling the 7, profile, without
needing to model the behavior of M.

The magnitude of erodibility can be influenced by physical,
geochemical, and biological sediment properties and processes

estuaries
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(Grabowski et al,, 2011). Sediment bulk density (or conversely,
sediment water content) is often found to be a prominent physical
property influencing erodibility of mud (e.g., Jepsen et al., 1997;
Roberts et al., 1998; Mehta, 2014). Grain size and minerology can
also affect sediment erodibility. For sand, a decrease in grain size
increases erodibility. But for muds, a further decrease in grain size
below medium silt (~20 microns) tends to decrease erodibility
(Roberts et al., 1998; Grabowski et al., 2011; Mehta, 2014).
However, erodibility trends for mixed grain sediment can be
more complex (Barry et al., 2006; Jacobs et al., 2011; Wu et al,,
2018). With regards to mud composition, muds rich in more
cohesive clays, such as smectite, are generally less erodible than
those rich in less cohesive clays, such as kaolinite (Mehta, 2014).
Higher organic content of seabed mud is commonly associated
with biofilms that stabilize the bed and decrease erodibility,
especially on intertidal flats (e.g., Andersen, 2001; Lucas et al,
2003; Zhu et al,, 2019). Alternatively, a positive relationship
between organic content and erodibility may indicate the
presence of freshly deposited flocs rather than older, more
consolidated muds (Dickhudt et al., 2009; Kraatz, 2013). The
relationship between sediment erodibility and bioturbation has
been reported to both increase and decrease sediment stability,
depending on species and grain size present (Li et al, 2017;
Cozzoli et al., 2019) and the burrowing and feeding style of the
organisms (Luckenbach, 1986; Grabowski et al, 2011). For
example, compaction of loose muddy flocs into denser,
resilient pellets by suspension-feeding polychaetes increases the
settling velocity of mud aggregates while decreasing their
cohesion, which could increase or decrease their ease of
resuspension (Haven and Morales-Alamo, 1968; Kraatz, 2013).

Although sediment properties and biological influences are
locally important in determining erodibility, it is hydrodynamic
forces that ultimately create bottom stresses and circulation
patterns that determine the patterns of recent erosion and
deposition that then influence subsequent erodibility (Sanford,
2008; Brouwer et al., 2018). Increasing or decreasing tidal range
over the past several days has been shown to influence bed
erodibility (Kraatz, 2013; Huang et al., 2020), presumably due
to its correlation with recent tidal bed stress and associated bed
disturbance. Patterns of erodibility within a partially-mixed
estuary can also be related to location within the estuary and
position along the salinity gradient (Dickhudt et al, 2009;
Burchard et al,, 2018). In stratified estuaries, higher (or lower)
river discharge changes the salinity distribution and locations of
sediment transport convergence, pushing easily suspended pools
of mud down (or up) the system. Analogous along-channel
migrations of highly erodible deposits are seen in well-mixed
estuaries in response to temporally-varying competitions between
tidal asymmetry and river discharge (Friedrichs et al, 1998;
Brouwer et al., 2018).

In this study, we build upon previous findings regarding
controls on estuarine sediment bed erodibility by empirically
analyzing an extensive set of erodibility data collected over the last
15 years in the York River estuary, VA, United States. Our goal is
to investigate the relative importance of various sediment
properties and environmental forcings in predicting bed
erodibility in a representative muddy, moderately turbid,
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FIGURE 1 | Map of the field setting. Red circles are coring locations. (A) and (B) indicate Claybank and Gloucester Point coring areas.

partially-mixed, tidal estuary. In the following section, the
estuarine setting of the study is reviewed, followed by a
presentation of data collection and analysis methods, including
the multiple linear regression approach used to rank the relative
importance of the explanatory variables. Next, results are
presented for linear models that predict 1) the total mass
erosion at a characteristic bed stress (0.2 Pa) reached during
most tidal cycles and 2) the normalized shape of the eroded
mass profile as a function of applied bed stress from 0 to 0.56 Pa.
Finally, the last two sections provide a discussion and summary of
the study’s most important findings, their implications, and
directions for future work.

ESTUARINE SETTING

The York River estuary (Figure 1) is an opportune location for
examining years of available observations of erodibility to
statistically investigate the relative importance of multiple
factors that may influence estuarine bed erodibility. Numerous
individual studies involving erodibility measurements have
focused on this estuary (Friedrichs et al., 2008; Cartwright
et al, 2009; Dickhudt et al., 2009; Fall, 2012; Kraatz, 2013;
Bilici et al., 2019; Massey et al., 2019), taking advantage of its
relatively wide range of environmental conditions, as well as its

convenient proximity to the Virginia Institute of Marine Science.
Along with this, a variety of research has been conducted in the
York aligning with the motivations highlighted in the
introduction, such as benthic organism communities and
sediment interactions (Schaffner et al., 2001; Hinchey, 2002;
Gillett and Schaffner, 2009) and sediment effects on water
clarity and light limitation of primary production (Moore
et al,, 1997; Sin et al., 1999; Reay, 2009; Fall, 2020).

The York River, which is a tidally-dominated, partially-mixed
estuary, is one of the major tidal tributaries of the Chesapeake Bay
and is formed at its head by two additional tidal tributaries, the
Pamunkey and the somewhat smaller Mattaponi (Figure 1).
Although its tidal range (0.7 m at the York’s mouth, increasing
to 1 m in the upper Pamunkey) defines the system as microtidal,
the tidal current along the estuary can reach 1 m/s at spring tide
(Schaffner et al., 2001; Friedrichs, 2009). The impact of wind
waves is generally limited to quite shallow water (<~2-m depth),
given that the mean wave period is only 1.9 s, and significant wave
heights exceed 0.3 m only 1% of the time (Vandever, 2007).
Nonetheless, winds are still important to mean currents in deeper
water, with the typical pattern of estuarine circulation enhanced
or reduced by down- or up-estuary winds, respectively (Scully
et al., 2005). The main channel that reaches from the mouth to
West Point ranges in depth from 6 to 20 m, deepening towards
the mouth, and salinity stratification increases seaward in
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response to the depth increase. There is also a 5-m deep
secondary channel that runs from Gloucester Point to
Claybank that is separated from the main channel by a
shallow channel-parallel shoal (Schaffner et al, 2001;
Friedrichs, 2009). The salt intrusion limit for the York
River—Pamunkey River system lies between 40 and 90 km
upstream of the York River mouth and moves up and
downriver with fluctuations in river discharge.

The areas of highest erodibility along the York tend to mirror
the region of the estuary containing its main estuarine turbidity
maximum (ETM) and secondary turbidity maximum (STM)
(Dickhudt et al, 2009). Thus, understanding large-scale
controls on bed erodibility in the York requires understanding
the dynamics of the STM and ETM. The main ETM in the York
(Figure 2) follows the migration of the salt intrusion limit and is
formed largely by a decrease in the strength of near-bed estuarine
circulation with distance upstream, which traps easy to resuspend
sediment in the upper estuary (Lin and Kuo, 2001; Friedrichs,
2009). In addition to the ETM, a seasonal secondary turbidity
maximum (STM) is often observed in the York River, with the
downstream extent falling in the Claybank region, 30 km from
the mouth (Figure 2) (Lin and Kuo, 2001). The STM tends to be
more intense during times of high river discharge and low salinity
(Lin and Kuo, 2001; Dickhudt et al., 2009). The STM is formed by
similar mechanisms as the ETM, but is located downstream of the
salt intrusion limit, at a transition zone between the shallower,
more well-mixed water column upriver, and the deeper, more
stratified water column downriver (Lin and Kuo, 2001). The STM
and ETM in the York are more intense at spring tide than neap

tide, but their along-channel locations do not notably change at
spring versus neap (Lin and Kuo, 2001).

Grain-size distributions of the sediment bed of the York are
largely dependent on location and water depth. The upper and
mid-river locations have high percentages of mud (>80% mud) in
the tidal channels with sediments coarsening (<40% mud) on the
narrow shoals and along the shoal between the primary and
secondary channels (40-80% mud) (Nichols et al., 1991). In the
lower river, the main channel remains muddy (>80% mud), but
with broad, sandy shoals with coarser sediment (<40% mud)
(Nichols et al., 1991).

DATA AND METHODS

Field Data Collection and Laboratory
Analysis

Erodibility data, along with a suite of sediment and water column
parameters, were collected from cores over 160 times in the York
River—Pamunkey River system (Figure 1) between 2005 and
2019. A GOMEX box core (surface area 625 cm?) was collected at
each location, and then multiple 10-cm diameter sub-cores were
collected by hand from the box core. These sub-cores were used
for analysis of erodibility and for determining disaggregated
sediment grain size, resilient pellet content, organic content,
and water content. For this project, parameter values from
only the top centimeter were used. Disaggregated fractions of
sand (>63 pum), silt (63 to 4 um), and clay (<4 pm) by mass were
determined by sonification followed by a combination of wet
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FIGURE 3 | (A) Examples of interpolation at 0.2 Pa of erosion curves

from the Gust microcosm experiments. (B) Bottom shear stress observed in
the Claybank region of the York River (Fall, 2012) along with bed stress
estimated from 7, = Cp U?, where U is cross-sectionally averaged tidal
velocity amplitude (see Section Quantifying the Erodibility Profile).

sieving and pipette analysis. Starting in 2010, resilient fecal pellet
abundance was determined by wet sieving untreated sediment
following the methods of Kraatz (2013). This involved first using
a 63-um sieve to isolate sand plus resilient sand-sized mud pellets
and then subtracting out the previously calculated disaggregated
sand component. More details regarding steps in the field data
collection and laboratory analysis are provided in Wright (2021).

Sediment erodibility at each location was evaluated using a
Gust microcosm (e.g., Dickhudt et al., 2009). During erodibility
analysis, a sediment core is topped with a specially designed cap
that is equipped with a rotating disk. The disk spins at varying
speeds to create known stresses on the sediment bed while site
water is pumped through the core. The water pumped out of the
core is analyzed for turbidity and then filtered for suspended
solids, and the calibrated turbidity time series is used to determine
the mass of sediment eroded at each applied stress (Figure 3A).
After a 30-min initial interval at 0.01 Pa, the stress is increased
stepwise from 0.02 to 0.56 Pa, each lasting 20 min. These stresses

Controls on Sediment Bed Erodibility

are within the range of natural shear stresses observed in the York
River in response to typical tidal and fluvial processes
(Figure 3B).

Water content of each sediment sample by mass was
determined by calculating the difference in mass from wet
weight and dry weight after being thoroughly dried in an oven
at 103-105°C. Due to most samples having high contents of mud,
the percent water of the mud portion [100 x water mass/(water +
dry mud mass)] was used instead of percent water of the total
sample, similar to analysis performed by Dickhudt et al. (2011).
The logic behind this approach is that at high mud content (when
interlocking sand grains are not supporting the weight of the
sediment), the most relevant role of water is to indicate the
compaction of the mud matrix, not the compaction of the sand.
The samples used for percent water were then muffled at 550°C to
determine percent organic based on loss on ignition.

In the majority of cases, a 11.5 cm by 2.5 cm rectangular sub-
core was also collected for X-radiography, and the resulting X-ray
images were manually sorted into two categories. One category
included samples that had a clearly mottled fabric (Figure 4A),
and the other category included those that were laminated
(Figure 4B) or that had a distinct low-density deposit layer at
the surface (Figure 4C). Because 1) there were individually far
fewer cases that were either laminated or that had a detectable
surface layer relative to those that displayed mottling up to the
surface, and 2) the hypothesized meaning of lamination or
layering was similar (i.e., recent net deposition without time
for extensive bioturbation), the laminated and surface layer
categories were combined into one “layered” category.
“Layered” vs. “Not layered” (i.e., mottled) was then included
as an explanatory variable in model runs.

It is important to note that on each sampling cruise, a Gust
erodibility sub-core was typically collected from each of two
consecutive box cores, and the two sub-cores were then each
analyzed by the Gust microcosm. The two box cores were usually
collected on the order of a few to 10 s of meters apart, as dictated
by the boat’s movement around its anchor point, typically close to
slack tide. Two sediment property sub-cores were taken (one
from each box core), and sediment from corresponding depths
from both cores were combined for an average for the location.
Because of this, many of the Gust experiment data have
independent erodibility measurements but identical grain size,
percent organic, percent water, and pellet content for a single
sampling station. Limitations of sampling approaches in this
study with regards to the interpretation of statistical analyses
are further addressed in the discussion section.

Quantifying the Erodibility Profile

In the depth-limited erodibility extreme, which has been found to
apply very well to the muddy bed of the York River estuary
(Rinehimer et al., 2008; Cartwright et al., 2009; Dickhudt et al.,
2011; Fall, 2012), the sediment’s critical stress profile (z.) alone is
sufficient to fully quantify its erodibility. As surficial sediment is
removed during active bed erosion in estuaries like the York, the
magnitude of 7, at the newly exposed, underlying bed surface
typically approaches the value of the bed stress (7,) imposed by
the overlying flow within ~15 min (Sanford and Maa, 2001). This
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FIGURE 4 | X-ray images representing (A) mottled, (B) laminated, and (C) thick deposit layer fabrics. These “negative” images are darker where wet sediment
density is lower. The laminated and deposit layer classes were combined and likely represent younger near-surface sediments, whereas the mottled class likely

means that at the end of each of the 20-30 min periods of
constant stress utilized by the Gust microcosm on cores from
the York as 1, was increased incrementally from 0.01 to 0.56 Pa,
one could assume that 7. = 7,. The corresponding mass of
sediment eroded at each of these levels of 7, = 7, was known
from integrating the flow rate through microcosm times the
recorded time-series of suspended sediment concentration.
Thus, the vertical profile of 7, as a function of eroded mass
was successfully quantified.

The next step was to condense the information provided
by the 7, profile at each site (i.e., seven eroded masses at seven
corresponding values of 7;,) into just two values, one
representing the overall magnitude of erodibility, and the
other representing the shape of the 7, profile. Each of these
values was used as a response variable in subsequent
statistical models. The first response variable was chosen
to be the mass of sediment that had been eroded at a
single representative bed stress common to all of the Gust
microcosm experiments (and also characteristic to typical
tidal flows in the York). The second response variable was
obtained by using the dominant component of a principal
component analysis to describe the erosion profile shape.

As noted above, the first erodibility response variable was the
mass of sediment that had been eroded at a specific applied bed
stress. In this study, the cumulative eroded mass at 0.2 Pa was
interpolated and used as the characteristic eroded mass value for
each Gust erosion experiment (Figure 3A). Based on
observations of 7, from acoustic Doppler velocimeters
(ADVs), previous investigators have identified 7, = 0.2 Pa as a
representative tidal stress for the York River estuary (Friedrichs

et al., 2008; Fall, 2012; Kraatz, 2013). For example, Fall (2012)
found that during the summer of 2007 (Figure 3B), 7, during that
time often reached ~0.2 Pa during peak flood and ebb flows, with
a few maximum stresses reaching ~0.5-0.6Pa. Similar
magnitudes for 7, can be found for each tide based on the
analytical solution for the amplitude of cross-sectionally
averaged tidal velocity (U) in a long, straight channel with
weak friction (Friedrichs, 2010):

U= (Re/2)(g/<h)™ 2

where Ry is the observed range between each low and high tide, g =
9.8 m/s’, <h> is spatially- averaged water depth, and 7, = C, U”. For
the York, <h> =~ 6 m (Nichols et al., 1991; Friedrichs, 2009), and Cp =
0.0012 based on the ADV measurements of Fall (2012) (Figure 3B).

In channelized tidal estuaries such as the York-Pamunkey
system, the amplitude of tidal shear stress associated with a
given tidal range is often relatively uniform for long distances
along the main tidal channels. For example, observations by
Cartwright et al. (2009) found a similar range of 7, at both
Gloucester Point and Claybank during several months of ADV
deployments, and 3-D modeling by Fall et al. (2014) calculated
relatively similar 7, in channels along the York in both downstream
and upstream locations. Thus, tidal range squared at a given time is
expected to be approximately proportional to the amplitude of 7,
within channels along much of the system. Morphodynamics
favors relatively uniform peak tidal velocity and 7, along
channelized tidal estuaries in general, and this pattern has been
noted along additional systems such as the Delaware, Gironde,
Hudson, James, Thames, and many others (Friedrichs, 1995;
Lanzoni and Seminara, 2002; Olabarrita et al., 2018).
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FIGURE 5 | Erosion profile shape normalization process. (A) Interpolated Gust output data with interpolation points highlighted by dashed red lines. Each profile in
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Erodibility was also quantified by the shape of the eroded mass
profile. Profiles for each Gust experiment were compiled
(Figure 5) and analyzed using principal component analysis
(PCA) to determine the shape of the most common deviation
for the mean profile. Eroded masses for 7, = 0.01, 0.05, 0.1, 0.2,
0.3, 0.45, and 0.56 Pa were interpolated for each profile produced
by the Gust experiments (Figure 5A). When profiles did not
reach 7, = 0.56 Pa, but the final experimental stress point
exceeded 0.50 Pa, the last data point was linearly extrapolated.
All Gust erosion profiles were divided by the mass eroded at 7, =
0.56 Pa, resulting in a normalized erosion profile shape
constrained between 0 and 1 (Figure 5B). The normalized
values were then averaged across all the profiles, and the
average normalized profile was subtracted from the individual
normalized profiles to center the data around a global mean of
zero (Figure 5C). Finally, the deviations from the average
normalized profile were used as input to the PCA. Similar

PCA methods for describing profile shapes have been used for
the topography of tidal flats and are described in Bearman et al.
(2010). Note that for this analysis, some Gust experiments did not
have applied 7, exceeding 0.45 Pa. These profiles were removed
(see Wright et al., 2021 for a list of the removed profiles), which
created a slightly smaller data subset for this response variable
relative to the set for eroded mass at 7, = 0.2 Pa. Figures 5D-F
display the output of the PCA analysis, which is described in the
results section.

Additional Environmental Data Compilation
Observed and predicted tidal ranges were downloaded from the
National Oceanic and Atmospheric Administration (NOAA,
2021) for the tide gauge located at the Yorktown Coast Guard
pier (see Figure 1) to provide a variable proportional to the
amplitude of the tidal current. Tidal ranges are defined as the
absolute difference between each high tide and its preceding low
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TABLE 1 | List of data subset names and sample sizes for the Eroded Mass Model Set and the Erosion Shape Model Set.

Subset name

All Sites

Estuarine Sites

Claybank & Gloucester Point
Claybank & Gloucester Point w/X-rays
Claybank

Claybank w/X-rays

TABLE 2 | Data and variance statistics for variables prior to log transformation or
standardization, but after low-pass averaging recent tidal range squared,
water level anomaly, and river discharge.

Variable name Units Mean Standard Dev. Min Max
Eroded Mass @ 0.2 Pa kg/m?  0.089 0.105 0.004 0.559
Tide Range Squared m?  0.497 0.115 0273 0.751
Salinity PSU 16.0 4.4 0.1 23.6
% Organic by Dry Mass % 5.8 3.2 0.5 1.7
Water Level Anomaly m 0.050 0.020 0.020 0.130
River Discharge m®/s 50.0 27.0 5.9 108.4
% Sand by Dry Mass % 18.8 21.0 0.8 94.5
% Clay of Dry Mud Mass % 58.3 10.2 29.2 90.0
Distance Upriver km 27.0 11.6 2.1 7.7
% Water of Mud by Mass % 75.5 4.5 62.3 92.2

tide and vice versa; so, each day includes an average of 3.9 tidal
ranges. The observed tidal ranges were then squared to transform
that variable into one proportional to the amplitude of the tidal
bed stress. Time series of tidal range squared prior to each box
core collection were used to produce running averages of
progressively increasing length, preceding the timing of each
associated erodibility measurement. The preceding running
average length that produced the highest correlation between
past tidal range squared and eroded mass at 0.2 Pa was then used
for calculating the tidal range squared explanatory variable. In
addition to observed tidal ranges, the absolute difference between
NOAA predicted and observed tidal ranges was recorded, which
here is termed the water level anomaly. This variable was used to
determine if meteorological events that drive relatively rapid
changes in set-up or set-down of water level along the estuary
influence sediment erodibility. The water level anomaly was
likewise put through a series of preceding running averages of
increasing length, and the case with the best correlation with
eroded mass at 0.2 Pa was retained as the water level anomaly
explanatory variable.

River discharge and salinity were also compiled for use as
explanatory variables. Changing discharge and salinity are
expected to serve as proxies for the movement of temporary,
highly erodibility mud deposits which migrate, up- and down-
river in concert with the ETM and STM. Daily river discharge
data were downloaded from the United States Geological Survey
(USGS, 2021) and summed for the two main tributaries of the
York River: the Pamunkey and Mattaponi. An approach similar
the treatment to tidal range and water level anomaly was used to
create an optimal running average of river discharge prior to

n for eroded Mass

n for erosion shape

model set model set
165 146
158 139
136 119
104 85
110 93
82 63

sampling of eroded mass. Salinity data for erodibility samples
collected at Claybank and Gloucester Point were downloaded
from the Virginia Estuarine and Coastal Observing System
(VECOS, 2021) stations (see Figure 1) that are also located
near Claybank and Gloucester Point. Because short-term
salinity variation was high due to tidal advection, the previous
25h before sampling (the approximate length of two M, tidal
constituent cycles) was averaged for each set of VECOS salinity
readings and used for data analysis. For sample sites not located
in close proximity to the VECOS buoys (only 26 out of >160
erodibility measurements), depth-averaged salinity collected at
the coring site at the time of sampling was used as a best available
estimate of the recent characteristic salinity.

Data Subsets

Different data subsets with increasingly more common attributes
(and smaller sample size) were created and were explored with
multiple statistical methods (Table 1). The entire data set
included 167 erodibility profiles collected at various locations
(see Figure 1) along the York River system (which here includes
the lower Pamunkey). The means, standard deviations, and
ranges for the entire data set are provided in Table 2. Two of
the 167 data points were found to be extreme outliers in all
models over the course of model exploration and were removed
from further model-fitting. [A complete listing of all data points
and their individual properties are provided in Wright et al.
(2021)]. The first data subset analyzed statistically included all the
remaining observations (n = 165). Most samples were located
below the ETM except those in the Pamunkey River. The next
data subset removed the Pamunkey River samples and only
contained the fully “estuarine” sites (i.e., sites located seaward
of the transition to fresh water) (n = 158), the logic being that
distinct physical processes (such as density-driven estuarine
circulation) occur in brackish conditions.

The two sampling locations that were the most consistently
visited over the 15-year sampling period were Claybank and
Gloucester Point. Thus, these two locations were combined
within one subset (n = 136). Previous studies (Dickhudt et al.,
2009, 2011; Fall, 2012) focused on these two areas because of their
contrasting degrees of physical bed disturbance and deposition
frequency as revealed in X-rays. Due to a large percentage of
samples being within the Claybank region alone, these samples
were also analyzed separately (n = 110). The logic behind the
focus on Claybank and Gloucester Point and then on Claybank
alone is the larger number of quasi-replicates available to
strengthen detection of meaningful statistical trends relative to
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FIGURE 6 | Pearson correlation plot results for the All Sites data subset. Upper and lower diagonal plots show correlation values for the Eroded Mass and Erosion
Shape model sets, respectively. Correlations with the response variables are boxed in blue.

other inherent environmental “noise.” Most, but not all, of the
Claybank and Gloucester Point samples include X-ray
classifications. Because near surface layering could be an
important driver of erodibility, both the Claybank and
Gloucester Point subset and the Claybank subset were divided
further, with each subset containing only samples that included
an X-ray classification (n = 104 and n = 82, respectively).

Many samples from 2010 to 2019 also included data for fecal pellet
abundance. Kraatz (2013) hypothesized that pellet abundance could
alter erodibility, and therefore various fecal pellet subsets were initially
included in the analysis. However, none of the statistical models
considered produced a linear dependence of erodibility on fecal
abundance in a manner that was consistent with the simultaneous
linear effects of other variables. Thus, fecal pellets were dropped from
further modelfitting. Possible non-linear associations between fecal
pellets and erodibility are revisited in Section Variables That Could
Also Have High Impact but Were Not Included.

Statistical Approaches

Data set familiarization techniques included histograms and
scatter plot matrices. Histograms of eroded mass at 0.2 Pa
appeared log normal, and eroded mass at 0.2Pa was log-
transformed for subsequent analysis. River discharge was also
log-transformed because it is common practice in the
hydrological literature (e.g., Iddrisu et al., 2017). All variables
were then linearly standardized by subtracting their means and
dividing by their standard deviations. To allow standardization,
“mottled” and “layered” X-rays were first assigned values of 0 and
1, respectively, before being standardized. Scatter plot matrices

were then used to examine the size and sign of correlations
between the explanatory and response variables and to assess co-
linearity between the explanatory variables themselves (Figure 6).
Any two explanatory parameters with high correlation values
were monitored if included in the same model, and variance
inflation factor (vif) values were evaluated for each model as a test
for severe collinearity. If strong collinearity existed (common
threshold of vif values >5) (James et al., 2013), each explanatory
variable was tested separately in similar models and only one of
the pair was retained.

Two different model sets (Table 3) were used to evaluate the two
erodibility response variables identified for this study: 1) eroded mass
at 7, = 02Pa and 2) the shape of the erosion vs. 7, profile as
determined by its principal shape component. The goal of the first
grouping of explanatory variables (the “Eroded Mass Model Set”) was
to determine the relative importance of various sediment properties
and hydrodynamic conditions in determining erodibility at a
representative, commonly occurring bed stress within the York
River. The goal of the second variable grouping (the “Erosion
Shape Model Set”) was to determine which sediment and
hydrodynamic factors may be important in determining the overall
shape of the 7, versus eroded mass profile. Explanatory variables that
were considered for this second model set were identical to those in the
previous model set, but also include eroded mass at 0.2 Pa.

Multiple linear regressions were run for each data subset
within each model set (see Table 3 for model framework).
The general equation for multiple linear regression is:

yz[)’0+[>’1X1+[32X2+~~+ﬁqu+e 3)
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TABLE 3 | Model set and data subset framework for multiple linear regression analysis.

Model set Name Model set goal

Eroded Mass
Model Set

Evaluate eroded mass at a common bottom shear
stress

Erosion Shape
Model Set

Evaluate how sediment may erode at higher and lower
shear stresses

where y is the predicted response variable, f3; is the model intercept,
X, though X, represent individual explanatory variables, and f3;
through f3, represent the corresponding best-fit regression
coefficients. Lastly, € is the model residual, i.e., the component of
y not reproduced by the other terms on the right-hand-side. Due to
the data being standardized prior to model formulation, the absolute
value of the f coefficients can be ranked to show which explanatory
variables resulted in the largest change in the response variable. For
instance, for a f3 coefficient of 0.3, for every increase of one standard
deviation of the explanatory variable, the response variable will
increase by 0.3 standard deviations.

All possible combinations of the explanatory variables for each data
subset were used in assessing Eq. 3, and the relative likelihood of any
given model being the best among the available choices for that data
subset was assessed using the Corrected Akaike Information Criterion
(AICc). A lower AICc value indicates that a model is more likely to be
best, and a model’s AAICc value is defined as its own AICc minus that
of the model with the lowest AICc value in its model subset. In this
study, all models with a AAICc value <2.0 units are considered
comparable models with useful information regarding trends
(Burnham and Anderson, 2004). Because AAICc values are relative
within a given model subset, they cannot be used to compare the
explanation of variance of response variables across model subsets. To
remedy this, adjusted R* values were included to describe how much
of the data variation was explained by the combination of parameters
in each model across sub-model categories.

RESULTS

Time-Lags for Tidal Range, Water Level

Anomaly, and Discharge
Application of running means indicated that the average of the past
33 tidal range squared observations (8.5 days—i.e., centered around

Response
variable

Eroded Mass @
0.2 Pa

Shape Score

Explanatory variables Data subsets applied

e Percent Sand e All Sites

e Percent Clay of Mud ® Estuarine Sites

e Percent Organic ® Claybank & Gloucester Point

e Tidal Range Squared ® Claybank & Gloucester Point
with X-rays

® Water Level Anomaly ® Claybank

River Discharge OR Salinity
X-Ray Layering (where
applicable)

Claybank with X-rays

® Eroded Mass @ 0.2 Pa e All Sites
® Percent Sand e Estuarine Sites
e Percent Clay of Mud e Claybank & Gloucester Point
e Percent Organic ® Claybank & Gloucester Point
with X-rays
Tidal Range Squared e Claybank

Water Level Anomaly

River Discharge OR Salinity
X-Ray Layering (where
applicable)

Claybank with X-rays

conditions 4.3 days prior) had the highest correlation with eroded
mass at 7, = 0.2 Pa. The best correlation between the water level
anomaly and eroded mass was found to be over the past 27 cycles
(7.0 days). For river discharge, the running average with the highest
correlation with eroded mass at 0.2 Pa was over the previous 170 days
(ie., centered around conditions 2.8 months prior).

Principal Component Analysis for Gust

Erosion Shape Profiles

PCA for Gust profiles was completed to reduce the shape profile
containing seven eroded mass values and seven stress values, to
one shape score that could be used as a response variable in
multiple linear regression. Principal component one (PC1)
(i.e,, the shape score) explained approximately 83% of the
variation of shape within all data subsets (Figure 5D). Positive
and negative values of PC1 made the normalized eroded mass
profile less and more concave, respectively, than the average
profile shape (Figures 5E,F). Negative shape scores
corresponded to a geometrically increasing shape profile, such
that each increase in stress resulted in a proportionately greater
increase in eroded mass. In contrast, positive shape scores tended
to indicate a more linear profile or, when most positive, a
proportionally smaller increase in eroded mass with each
increase in stress. PC1 was the only component whose scores
were used as a response variable in the models reported here
because PC1 explained ~83% of the variability in erosion profile
shape in all data subsets. PC2 described only ~11-13% of
variation in the erosion profile shapes, and PC3 accounted for
just ~3-4% (Figure 5D).

Initial Assessment of Data via Correlations
Initial assessment of relationships among variables was facilitated
by correlation plot results (Figure 6) applied to each of the six
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FIGURE 7 | Bar graphs showing average absolute 8 values for each explanatory variable for each data subset (corresponding colors) that were included in
candidate models. Signs below bar graphs indicate whether the 8 value was positive (blue “+” = direct relationship) or negative (red “~” = inverse relationship). Absent
lines indicate parameters that were not considered in the model or parameters that were not present in any of the candidate models.

data subsets listed in Table 1 and Table 3. (The X-ray layering
parameter is not part of the All Sites data set in Figure 6 because
X-rays were not collected at every site.) A complete set of
correlation plot results for all six data subsets are included in
Wright et al. (2021).

Despite its dominant role in the erodibility literature (e.g.,
Mehta, 2014), percent water of mud was consistently found to be
poorly or nonsensically correlated with erodibility, and percent
water was ultimately dropped from all multiple regression models
for all six data subsets. For example, for the All Sites data subset,
percent water of mud had the poorest correlation with eroded
mass at 0.2 Pa of any variable, with r = —0.002 in the Eroded Mass
Model Set (Figure 6). Across the other five data sets, the average
magnitude of the correlation between percent water of mud and
eroded mass was likewise quite poor, with a mean |r| of 0.111
(Wright et al., 2021). Furthermore, when included in multiple
regressions with the other variables, the few models for eroded

mass with AAICc < 2.0 that retained water content produced a
negative 3 value for percent water (Wright, 2021). This is
physically nonsensical given that there is a rich and long-
established literature (see Mehta, 2014 and references within)
demonstrating that erodibility for fine sediment should be
negatively correlated with sediment bulk density (and thus
positively correlated with percent water). Possible explanations
for the unexpected result for the role of percent water are
discussed in Section Limitations Associated With Sampling
Approach and Resolution of Bed Properties.

Collinearity among explanatory variables was also assessed
using correlation plot results. Among the All Sites
explanatory variables that were further considered, salinity
had the highest correlations with other variables: namely,
with distance upriver (at r = —0.701) and with river discharge
(at r —-0.532) within the Erosion Shape Model Set
(Figure 6). This is not unexpected, since salinity along the
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York River estuary is predicted well by a nonlinear model
based only on position along the estuary and past river
discharge (Parrish et al, 2019). Thus, for the All Sites
linear models, salinity was dropped from further
consideration. However, for the other data subsets, salinity
turned out to be a better predictor of the response variables
than river flow, so salinity was utilized in its place. Across all
data subsets, which include 452 explanatory variable
correlations, only three other cases (not involving river
discharge or salinity) had correlation values over 0.6.
However, in the individual candidate and global models
for those data subsets, vif factors were all below 5.0, so the
associated variables were retained.

Linear Model Sets for Eroded Mass at 0.2 Pa
There were 33 candidate models identified (i.e., models with
AAICc <2.0) within the six data subsets for the Eroded Mass
Model Set. Overall, tidal range squared and salinity/river
discharge were the most consistent explanatory variables

throughout the entire model set, with these variables being
retained in 100% of the models in which they were
considered. Figure 7A shows average |B| values for each
individual data subset, with each subset corresponding to a
given bar color. [All individual 8 and adjusted R* values for all
33 models are provided in Wright et al. (2021)]. The variables
with the highest average |B| values across all of the Eroded
Mass Model subsets included past tidal range squared
(0.424), salinity (-0.294) / river discharge (0.252), and
percent organic (0.226). Variables that were less
important, but still had consistent trends in average f
were past water level anomaly (0.171), percent sand
(-0.143), distance upriver (0.136), percent clay of mud
(-0.135), and presence of X-ray layering (0.108).

Model performance tended to increase as data subsets
became more spatially focused and otherwise specific.
Partial residual plots are shown in Figure 8 for
representative 5-component models from the All Sites,
Claybank & Gloucester Point, and Claybank with X-rays
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subsets. The slope of the line in each panel is the § value for the
corresponding explanatory variable within the model. The f3 value for
the most important explanatory variable (tidal range squared)
(Figure 8) increased as the data sets became more localized, and
the overall performance of the models with AAICc scores of 0 also
tended to improve (Appendix Figure Al). As presented in detail in
Wright et al. (2021), the multiple All Sites subset models had an
average adjusted R” of 0.392, which increased to an average of 0.464 in
the Estuarine Sites subset. Furthermore, both Claybank & Gloucester
Point subsets (with and without X-rays) had an average of 0.585, and
both Claybank subsets resulted in an average adjusted R* of 0.609.

Linear Model Sets for Shape of the Erosion
Profile

The model set for profile shape score consisted of 39 candidate
models throughout the six different data subsets. Throughout all
data subsets, eroded mass at 0.2 Pa was by far the most prominent
explanatory variable for all candidate models, being included in
100% of candidate cases and exhibiting an absolute value for 8 twice
as large as any other variable (Figure 7B, Figure 9). In every model,
the relationship between eroded mass and profile shape was positive,
such that greater erodibility favored a straighter (or less concave-up)
profile (see Figure 5F). Following eroded mass at || = 0.519
(averaged across all data sets), the next highest |f3| values were for
organic proportion at 0.249, water level anomaly at 0.182, tidal range
squared at 0.171, and percent sand at 0.166. Six other variables had
moderately low average |f| values, ranging between 0.136 and 0.058.

Given the strong positive relationship between profile shape
score and eroded mass at 0.2 Pa, one might initially expect the
remaining explanatory variables to show relationships with shape
score such that the sign of their § values matched the signs
relating them to eroded mass in the previous section. This was
indeed the case for percent organic, water level anomaly, tidal
range squared, river discharge, and salinity. However, the signs
for the 8 values relating percent sand, percent clay of mud, X-ray
layering, and distance upriver to profile shape score were all
opposite to signs of the 3 values relating them to eroded mass.

As was the case for eroded mass at 0.2 Pa, the models for
profile shape score also tended to increase in performance as data
subsets became more spatially focused, although not as
dramatically (Figure 9 and Figure A2). Partial residual plots
are shown in Figure 9 for representative 6-component models
from the All Sites, Claybank & Gloucester Point, and Claybank
with X-rays subsets. The All Sites subset had an averaged adjusted
R® of 0.537, which slightly decreased in the Estuarine Sites subset
to 0.517 (see Wright et al., 2021). However, adjusted R averages
increased again in the Claybank & Gloucester Point subsets and
the Claybank subsets to 0.581 and 0.703, respectively.

Validation Test of the Stability of the Best

Models

Using the top-performing (AAICc = 0) model from each model
subset (Blue circles and blue dashed lines in Appendix Figure A1
and Figure A2), a validation exercise was performed to test the
general stability the model fits. Each data subset was split into two

Controls on Sediment Bed Erodibility

halves, with one half used to calibrate new best-fit § values. The
new f3 values were then used to predict the response variable for
the validation half (red squares and red dashed lines in Appendix
Figure Al and Figure A2). To help ensure that each half
encompassed a similar range of variable values, the calibration
half consisted of the first and fourth quarters of each subset in
time, and the validation set consisted of the second and third
quarters. This was done because the lower- and upper-most
estuary had mainly been sampled during the first and second
halves of the 15-year time record, respectively.

The adjusted R* values for the validation data fits were
generally similar to the adjusted R* values for the best model
sets (Figure A1l and Figure A2), which demonstrates that the
model fits were reasonably stable. In several cases, adjusted R* was
larger for the validation set than the corresponding full data set,
indicating that some of the validation data subsets were less noisy
than their corresponding full data sets. The regression lines for
the validation sets (red dashed lines), however, were almost
always somewhat farther from the 1:1 line relative to the full
data sets (blue dashed lines), as would be expected.

DISCUSSION

Recent Bed Disturbance and/or Deposition
Increase Erodibility

Two of the explanatory variables with the strongest positive
effects on eroded mass at 0.2Pa across all data subsets
highlight the influence of recent physical bed disturbance on
bed erodibility. Past tidal range squared, the most influential
variable of all, represents the role of recent tidal bed stress in
repeatedly suspending and depositing mud, such that the newly
disturbed sediment is unconsolidated and easier to subsequently
entrain into the water column again. Past water level anomaly, or
the absolute difference between observed and predicted tidal
range, is interpreted here to represent the role of recent winds
causing set-up or set-down of water level, which is also associated
with winddriven currents that further physically disturb the
seabed, enhancing erodibility.

Several explanatory variables also emphasize that recent
deposition increases erodibility as measured by eroded mass at
0.2 Pa. When considering observations from a location that is
seaward of the ETM, such as data from Claybank, a decrease in
salinity indicates the continued progression of the pool of
easily suspended sediment down the estuary and net
deposition of mud. Thus, erodibility increases at Claybank
as salinity decreases. An increase in percent organic matter in
the upper 1 cm of the bed also suggests recent deposition of
“fresher,” easier to resuspend muddy flocs. So, erodibility
increases with percent organics. Likewise, the presence of
layering at the surface as seen by X-radiographs indicates
recent deposition, and layering was found to be positively
correlated with erodibility. The past water level anomaly may
also be associated with recent deposition events in the channels
where most of the erodibility measurements were collected.
Episodic wind waves associated with the water level anomaly
might winnow mud from the shoals, which then might
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FIGURE 9 | As in Figure 8, but from the Erosion Shape Model Set for representative 6-component models.

produce temporary deposition and higher erodibility in the
neighboring channels.

Greater Consolidation Time, Erosion, and/

or Winnowing of Fines Decrease Erodibility
Multiple explanatory variables highlight the role of time since
deposition (ie., consolidation time), the effect of erosion exposing
older sediment, and/or the past winnowing of fines decreasing eroded
mass at 0.2 Pa. At a given site below the ETM, an increase in salinity
indicates the likely net movement of mud upstream and away from
the site, exposing older sediment and decreasing erodibility. As
“fresher” mud migrates away, one would expect lower percent
organics and higher percent sand, trends which are each seen to
be associated with reduced erodibility in all models in which they
appear. Likewise, the negative association between mottled
X-radiographs and eroded mass at 0.2Pa indicates that older
sediment (i.e.,, that which has had time to be fully bioturbated) is
less erodible. A lower fraction of silts (as indicated by a higher clay
fraction of mud and/or higher sand fraction overall) is associated
with lower erodibility in the York. As previously recognized

by many investigators, fine sediments tend to become harder
to erode as their clay-sized grain content increases because of
an increase in grain-to-grain cohesion as grains become
smaller (e.g., Postma, 1967; Dade et al., 1992; Roberts
et al., 1998; Mehta, 2014). In contrast, mixtures containing
sand-sized sediments eventually become harder to erode as
their sand content increases, because suspension of non-
cohesive sediment is more difficult as grain size increases.
An important finding in this study with regards to consolidation
of the uppermost seabed is that the strong increase in erodibility due
to recent physical disturbance (as parameterized by tidal range
squared and water level anomaly) only lasts several days. For both
tidal range squared and water level anomaly, the average of the
previous ~7 to 8 days of observations—i.e., a time period centered
around conditions ~4 days prior—had the highest correlation with
eroded mass at 0.2 Pa. This timescale of a few days is consistent with
consolidation times scales reported for high water content muds in
laboratory studies (Mehta, 2014 and references within), with those
found to work well in modeling studies (Rinehimer et al., 2008;
Sanford, 2008; Sherwood et al., 2018), and is also close to the time
scale for the transition from spring to neap tides (as likewise noted by
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Mehta, 2014). Similar results have also been seen in the field by
others. Based on a weekly time-series of five cores from the York
River estuary, Kraatz (2013) previously found that eroded mass at
0.2Pa was best correlated to the tidal range averaged over the
previous 5days, and Huang et al. (2020) found that it took
approximately 7 days for sediment layers to consolidate after
being deposited by tides in the Pearl River Estuary.

Hydrodynamics Can Serve as a Proxy for

Effects of Bed Properties on Erodibility
Throughout the Eroded Mass Model Set, the hydrodynamic
explanatory variables had a statistically stronger relationship to
eroded mass at 0.2 Pa than did the sediment property variables,
according to average || values. However, hydrodynamic variables
influence erodibility indirectly. Physically, erodibility is associated
more directly with the properties of the bed, as seen in laboratory
consolidation and erosion experiments focusing on specific sediment
grain sizes and bulk densities (Roberts et al., 1998; Mehta, 2014).
Nonetheless, for the Eroded Mass Model Set, the parameter with the
highest average |B| value was past tidal range squared (0.424;
Figure 7A). Past tidal range squared was present in all candidate
models, and it had the highest |8| within all 33 cases. The
mechanistically similar parameter of past water level anomaly was
also present in every subset of models. These two hydrodynamic
parameters, which are interpreted as proxies for physical bed
disturbance and reduced consolidation, predicted erodibility more
successfully than most directly measured sediment properties. The
second most important variable of all, salinity at an average || of
0.294, is also a hydrodynamic variable, as is river discharge at third
most important (average || = 0.226).

The overall importance of hydrodynamic variables may have
ramifications for enhanced performance of bed erodibility routines
within computationally-intensive, multiparameter numerical models,
such as 3D hydrodynamic codes that include biogeochemistry. It is
easier to accurately model hydrodynamic environmental variables
than to reproduce centimeter or millimeter-scale sediment bed
properties. By applying these empirical relationships between
hydrodynamics and erodibility in the York or by developing
similar relationships for other estuaries, modelers may be able to
produce a more accurate representation of sediment bed critical
stresses and associated eroded mass in given areas of an estuary by
only having to include the effects of external variables such as recent
velocities (or bed stresses), salinity, and/or river discharge. These
parameters are likely more straightforward to model than having to
precisely reproduce sediment properties throughout the estuary,
especially when they are spatially heterogeneous. If it is possible to
represent bed grain size and organic matter well in the estuarine
numerical model, a multiple regression to predict erodibility could
also use these variables to further improve erodibility results.

Profile Shape Becomes More Linear as
Erodibility and Physical Disturbance

Increases
The Erosion Shape Model Set included an additional sediment
property, namely eroded mass at 0.2Pa, as an explanatory
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variable, which ended up having the largest influence on shape
score by far. Eroded mass at 0.2 Pa had the highest average || in
all the candidate models across all Erosion Shape Model subsets,
with an average of 0.519 which was more than twice as large as ||
for the next most important erosion shape variable (Figure 7B).
Higher eroded mass at 0.2 Pa tended to make the shape score
more positive, which indicated a more linear eroded mass profile
(blue PC1 > SD lines in Figures 5E,F). Conversely, beds with low
erodibility tended to have a more strongly curved, concave-
upward relationship between applied stress and total eroded
mass (red PC1 < -SD lines in Figures 5E,F). Although they
did not comment on this shape trend, Dickhudt et al. (2009) also
observed more strongly curved profiles at low stress and an
increase in profile linearity at higher erodibility. Dickhudt
et al. (2009) fit a curve of the form 7, ~ mb plus an offset to
groupings of their York River erodibility profiles, where m is
cumulative eroded mass. Values of b closer to 1 indicate a more
strongly linear fit, whereas smaller b indicates a more concave fit.
For their “low,” “transitional,” and “high” erodibility groups,
Dickhudt et al. (2009) found b 0.51, 0.65, and 0.75,
respectively. An analogous fit to the lower erodibility (red),
intermediate (black), and higher erodibility (blue) curves from
the present study (Figure 5F) yields b = 0.29, 0.60, and 0.89,
which is a consistent trend.

The low erodibility, concave-upward shape may represent a
near-steady-state erodibility profile present in the absence of
significant recent bed disturbance, such as immediately
following neap tide. This shape is similar to the concave
equilibrium eroded mass vs. applied stress profile assumed by
modelers of muddy bed erodibility in the absence of disturbance
(Rinehimer et al., 2008; Sanford, 2008; Sherwood et al., 2018). The
transition towards a more linear erodibility profile in the presence
of more frequent recent disturbance (and higher overall
erodibility), such as immediately following spring tide, reflects
a relatively larger increase in incremental eroded mass in the
range of ~0.2 to 0.4 Pa than at higher or lower applied stress
(Figure 5F). This makes sense, since the frequency at which the 7,
= 0.2 to 0.4 Pa is reached in the York notably increases during
spring tides (see Figure 3B). Stresses larger than 0.4 Pa are not
reached very often, even on spring tides, and stresses less than
0.2 Pa are reached on nearly every tide, so spring-neap variability
in bed disturbance does not change erodibility as dramatically at
either of these 7, end members.

Similar to the magnitude of erodibility, the erosion shape
profile can potentially be predicted by numerical models in some
cases based solely on hydrodynamic forcings. As discussed in
Section Hydrodynamics Can Serve as a Proxy for Effects of Bed
Properties on Erodibility, eroded mass for very muddy beds can be
predicted relatively well based on recent hydrodynamic
conditions. In turn, eroded mass is the most influential
predictor of erosion shape, with |B| values twice that of any
other explanatory variable. Thus, modelers can constrain both the
magnitude and profile shape of the critical stress in very muddy
sediments by focusing largely on the hydrodynamic history of a
study area. In this respect, the findings of this study are highly
consistent with the conceptual approach of Sanford (2008), who
included a mud-only case for which changes in erodibility in time
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were predicted based only on a time history of tidally varying
applied bed stress.

Limitations Associated With Sampling

Approach and Resolution of Bed Properties
This study was largely an opportunistic analysis of an extensive
sediment erodibility data set that was not collected for a single
purpose. The samples were collected over 15 years at differing
temporal and spatial scales for various projects. Due to clustered
sampling in time and space associated with the past
measurements, many standard statistical assumptions were not
well adhered to. Thus, formal statistical significance levels such as
p-values were not reported here for any of the multiple linear
regressions. Over 75% of the samples used in this study were
taken during the spring and summer months (March through
August). Therefore, it is hard to definitively state that explanatory
variables with seasonal changes like discharge, salinity, and water
level anomaly follow the same predictive models all year round.
For example, the average wind speed and freshwater discharge
along the York are greater in winter than in summer by a factor of
~1.3 and ~3.2, respectively. Additionally, the data set was heavily
skewed by the Claybank location, with over 65% of samples being
in that subset. Given these sampling design limitations, the goal
here was not to rigorously focus on the absolute level of the
statistical significance of the results. Rather, the focus was on
trends in the responses and the relative importance of one
explanatory variable versus another.

In addition, the field methodology for subsampling sediment
cores for water content analysis most likely did not sufficiently
resolve the very surface of the sediment core. Based on a mean
water content of 75.5% (Table 2), the upper 1 mm of the seabed
contained, on average, 0.29 kg/m* of dry sediment. The average
dry sediment mass eroded at 0.2Pa was only 0.089 kg/m?
(Table 2), and >90% of cases eroded less than 0.29 kg/m2
(Wright et al,, 2021). Thus, the Gust experiments, on average,
eroded only ~0.3 mm into the bed at 0.2 Pa, and >90% of Gust
experiments eroded less than 1 mm at 0.2 Pa. Unfortunately,
subsamples from box cores did not attempt to resolve the
uppermost 1 mm, and instead the top 1cm from sub-cores
was homogenized. Quite possibly, the water content of the full
1 cm of the upper seabed was not sensibly correlated to the water
content of the uppermost 0.3 to 1 mm. The same methodology
was used in the Dickhudt et al. (2009, 2011) studies, and it may be
a contributing factor to why they also found no meaningful
relationships between the variation of water content of mud in
the York River estuary and sediment erodibility. In contrast,
sensible and meaningful correlations with eroded mass at 0.2 Pa
were found for the clay content of mud, sand content, and organic
content of the top 1cm. A logical explanation is that vertical
gradients in clay, sand, and organic content over the top 1 cm are
not nearly as strong as the vertical gradients in water content.

There may be additional factors relevant to moderately turbid,
muddy tidal estuaries like the York that could make the
correlation between water content over the top 1cm and
erodibility noisier than that observed in well-controlled lab
experiments. As also noted by Dickhudt et al. (2009), the
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water content of mud over the top 1cm in the York varies
much less than other potential controls on erodibility. The
standard deviation of water content divided by its mean was
only 0.06 (Table 2). This means that even modest errors in
quantifying water content could overwhelm the signal in the
variance. In contrast, standard deviations divided by the mean for
the bed properties with the most observed influence on
erodibility, namely organic content and sand content, were
0.55 and 1.1, respectively, meaning that their signals were
more likely to exceed their noise. Another complication when
averaging over the top 1 cm may be that water content at this scale
is positively correlated to percent clay of mud (Figure 6), possibly
because high clay content reduces mud permeability (Zhang et al.,
2015). Clay content of mud, in turn, was found to reduce
erodibility. So, given the relatively small variation in water
content in York River mud when averaged over the top cm of
the bed, variations in clay content may at least partly counteract
the influence of the mud’s water content.

Variables That Could Also Have High Impact
but Were Not Included

There are variables that were not included in this analysis that
could also influence sediment erodibility and produce some of the
unexplained variance remaining in the models. These include
local mean water depth, position across the channel, and bedform
types. Mean water depth and across-channel position were
considered but were not found to notably account for variance
in erodibility in this study’s data set within the context of general
linear models. This may be because so much of the data in this
study were repeatedly collected at a few specific sites with
relatively little sample-to-sample variation in depth or lateral
location. Bedform types were not used because of a lack of
observations corresponding with each sample, although mud
furrows have been shown to potentially play a role in physical
disturbance of the bed in the York River estuary (Dellapenna
et al, 1998, 2003). In general, additional explanatory variables
were not available because this data set dates back to 2005. The
variables used in the final model formulations are either those
that were collected according to lab protocol and have stayed
consistent from 2005 to 2019 or ones that were accessible from
online sources for each of the sediment cores. For example, the
smaller number of pellet abundance samples (58 samples) versus
most other bed properties (165 samples) stems in part from it not
becoming a standard variable until later in the sampling record.

Within estuaries characterized by a main channel bordered by
distinct shoals, such as the York River, lateral changes in sediment
properties and hydrodynamic properties may especially influence
sediment bed erodibility. The northeast and the southwest shoals
of the York River tend to differ in terms of grain-size distribution
and the mechanisms of sediment reworking (Hinchey, 2002;
Dellapenna et al., 2003; Kniskern and Kuehl, 2003). For
example, the northeast shoal of the river is sandier than the
southwest shoal. Ideally, the inclusion of grain-size distribution
and distance upriver might be able to adequately account for
these observed differences. However, Huzzey (1988) reported
lateral density gradients at Claybank, with homogenous lateral

Frontiers in Earth Science | www.frontiersin.org

94

March 2022 | Volume 10 | Article 805130


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wright et al.

0.30 ° °
~~
N S
£ 2° 0 o
()] e o ©
% S0 o 0 o= °
” \
o P L & ) go
N © o7 ° S \
o [ 4 L4 S
— ’ N
© 0.03 /°8 ..
% r Yo 8 o %
] / e s N
= 9 . S .
'8 o © ° ~ &
5 0.017 . ~.
9 ° o
Ll
o
0.00 0.05 0.10 0.15 0.20
Proportion of Pellets
FIGURE 10 | Eroded mass at 0.2 Pa versus the proportion of total
sediment mass composed of resilient pellets for the top centimeter of all cores
sampled for pellets. A superimposed smoother highlights the possibility of a
non-linear relationship between eroded mass and pellet proportion.

densities only present during maximum tidal currents. Huzzey (1988)
also states that the cross-estuarine gradients could drive significant
lateral water circulation in the area, which may likely be strong
enough to preferentially erode sediment and deposit in different areas
of a channel cross-section, especially in such a soft-bottomed area
such as Claybank. The influence of lateral circulation and resulting
changes in lateral transport convergence and erodibility have been
suggested for the neighboring James River Estuary (Huijts et al.,
2006). In the current study, only longitudinal estuary circulation was
considered in the form of river discharge and salinity affecting the
presence of the estuarine turbidity maxima.

Future Directions

Only linear relationships were reported here, but non-linear
relationships were also considered during early stages of the
analysis. Generalized additive models (GAMs) were initially
included, but they tended to show exaggerated, oscillatory, and
unrealistically non-linear relationships with many of the
explanatory variables due to overfitting. When this tendency was
compensated for by increased smoothing in the GAM settings, the
results then provided insights very similar to multiple linear
regression, suggesting that the added complexity of GAMs was
not warranted. Nonetheless, at least one potential explanatory
variable, namely resilient fecal pellets, seemed to have a
systematically non-linear relationship with erodibility (Figure 10).
In the pellet subset, there was an initial increase in eroded mass with
pellet abundance at a low proportion of pellets, but then eroded mass
began to decrease again at a higher proportion of pellets. Perhaps the
initial increase in pellet abundance is acting as a proxy for decreasing
clay content of mud, which would increase erodibility. Eventually,
continued increases in pellet abundance may be a proxy for behavior
similar to coarser non-cohesive sediment, such as sand, which would
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decrease erodibility once more. It could be beneficial to better explore
these non-linear relationships in further investigations of this or other
similar datasets.

The current study would have likely explained a greater
amount of variance within the dataset had it included more
accurate measurements for water content in the upper few mm of
the seabed. The upper few mm of very soft muddy sediments, like
those found in the York River estuary, can be difficult to sample.
Perhaps higher resolution methodologies for measuring water
content, such as resistivity profiling (Wheatcroft and Borgeld,
2000), fiber optical backscatter profiling (Hooshmand et al,
2015), or freeze coring followed by thin slicing (Harrison
et al, 2016) could be used in conjunction with future
sediment sampling to better determine the true fine-scale
influence of this parameter on sediment erodibility.

Finally, future statistical studies of controls on bed erodibility
in muddy estuaries would also benefit from improved field
sampling in terms of experimental design. Choices for future
erodibility coring sites should utilize aspects of random sampling
in time and space to reduce potential autocorrelation of samples
and better ensure that the true range of variability in explanatory
and response variables is well represented. Nonetheless, the large
sample size and temporal duration of the present data set still
makes it a uniquely valuable resource for better understanding
controls on estuarine sediment bed erodibility, as long as its
inherent limitations are recognized.

CONCLUSION

Multiple linear regressions were applied to an extensive, 15-year
data set from the York River estuary to determine and better
understand which sediment and hydrodynamic properties are
most important in controlling estuarine bed erodibility in terms
of 1) the magnitude of eroded mass at a characteristic bed stress
(0.2 Pa), also termed “eroded mass” and 2) the normalized shape
of the eroded mass profile between 0 and 0.56 Pa, also termed
“erosion shape.” Major conclusions from the study include:

e The explanatory variables in the Eroded Mass Model Set (past
tide range squared, salinity, percent organic, past water level
anomaly, past river discharge, percent sand, percent clay of mud,
and distance upriver) supported the roles of 1) recent deposition
and bed disturbance increasing erodibility and 2) cohesion/
consolidation and erosion/winnowing of fines decreasing
erodibility. Trends regarding the effects of explanatory
variables were highly consistent across multiple models.

e The Eroded Mass Model Set resulted in larger magnitude
regression coefficients for hydrodynamic properties than for
sediment properties, indicating that hydrodynamics can serve
as a proxy for the effect of consolidation state on erodibility.
Past increases in tidal range squared and water level anomaly
are related to previous disturbance of the surface sediment
layers and likely create a less stable, more erodible sediment
surface. Seaward of the turbidity maximum, lower salinity/
higher discharge are related to new deposition, which also
drives higher erodibility. The best-fit ~7 to 8 days lag for the
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effects of tidal range squared and water level anomaly identifies
a characteristic time-scale for mud consolidation that is close to
the period between spring and neap tide.

e The response of the Erosion Shape Model Set was dominated by
the effect of eroded mass on the shape of the eroded mass
profile, such that a strongly concave profile shape under low
erodibility conditions became substantially more linear as
erodibility increased. The low erodibility, strongly curved
shape may represent a near-steady-state erodibility profile
present in the absence of significant recent bed disturbance,
such as immediately after neap tide. The transition towards a
more linear erodibility profile in the presence of more frequent
recent disturbance, such as immediately following spring tide,
reflects a relatively larger increase in incremental eroded mass in
the mid-to-upper-mid range of periodically observed bed
stresses.

e The results of this study suggest that numerical modelers
may be able to use their simulations of hydrodynamic
variables in very muddy estuarine systems as a proxy for
consolidation state to help predict the magnitude and shape
of the eroded mass versus critical stress profile, rather than
relying solely on predicted sediment bed properties. Some
muddy sediment properties, like bulk density and clay
content of mud can be difficult to model, especially
where they are spatially and temporally heterogeneous.
Parameters like past river discharge, salinity, and recent
velocities (or bed stresses) are often much more accessible.

¢ Although many of the variables were adequately described
with linear relationships, some may be better represented
with non-linear modeling. Also, future sampling would
benefit from higher resolution measurements of water
content within the upper few millimeters of the seabed.
Finally, improved distribution of spatial and temporal
sampling would likely enhance understanding and
prediction of erodibility across the entire estuarine system.
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APPENDIX

Controls on Sediment Bed Erodibility
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FIGURE A1 | Blue circles and blue dashed line show performance for models with AAICc = 0 from each data subset in the Eroded Mass Model Set relative to a
black 1:1 line. Red squares and red dashed line show validation model performance when half of the data were chosen to reset the models’ coefficients, and the same
reset coefficients predicted erodibility using the other half of the data.
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FIGURE A2 | As in Figure A1, but for the Erosion Shape Model Set.
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Grain-size analysis of siliciclastic sedimentary rocks provides critical information for
interpreting flow dynamics and depositional environments in sedimentary systems and
for analysing reservoir quality of sandstone. Methods such as sieving and thin-section
analysis are time consuming and unsuited for large sample numbers. Laser diffraction
particle analysis is quick and reliable for analysing 100s of samples, assuming successful
disaggregation. Here, we evaluate this method utilizing samples from three siliciclastic
formations in Northern Italy: the Miocene Castagnola and Marnoso-Arenacea Formations,
and the Cretaceous to Palaeocene Gottero Formation, which vary in degree of lithification.
We focus on: 1) methods of whole-rock disaggregation; 2) methods of subsampling
sediment for laser diffraction analysis; and 3) comparison of thin-section analysis with
laser-diffraction particle size analysis. Using an ultrasonic bath and a SELFRAG (high
voltage selective fragmentation) as disaggregation tools, this study evaluates separation of
whole, undamaged grains subsequently measured by laser diffraction analysis. We show
that it is possible to disaggregate ancient, well cemented rocks using an ultrasonic bath.
When disaggregating samples with the SELFRAG method, grain-size measurements
become less accurate and less precise with increasing sample lithification and
increased presence of cement. This is likely a combination of incomplete grain
disaggregation in the SELFRAG and heterogeneity within samples. Following
disaggregation, we compare sub-sampling methods using a stirrer plate versus a
pipette. Both produce accurate analyses, but the stirrer method is the most reliable
and replicable. A comparative small subsample method, run as one whole sample with no
need for subdivision into aliquots, is found to be reliable and replicable but is more
susceptible to heterogeneity within field samples. When comparing laser diffraction results
to grain-size volume methods estimated from thin-section analysis, thin-section sand
grains are overestimated, and clay/silt grains are inaccurate. These results provide a
framework for understanding potential biases introduced through various sample
preparation and measurement methods.

Keywords: grain-size analyses, hybrid event bed, turbidites, method, laser-diffraction grain-sizing
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INTRODUCTION

Grain-size analysis is ubiquitously employed by sedimentologists,
geomorphologists, geographers and civil engineers working with
outcrop and core datasets in clastic sedimentary systems. In
detailed studies, where a description using a hand-lens is
insufficient, further methods are required to build a more
quantitative description of grain-size and sorting. Older
methods for grain-size analysis are based on sedimentation
rates for fine-grained (clay to silt) fractions and sieving for
coarse-grained (silt and larger) fractions (Buller and
McManus, 1972; Gee and Bauder, 1986). These methods have
some drawbacks, such as they are time-consuming, very
dependent on laboratory technique and operator error
(Syvitski, 1991) and a large amount of material is needed (at
least 10 g). These classic techniques are therefore not suitable for
rapid, accurate analysis of many samples. Techniques such as
thin-section analysis and laser particle-size analysis have become
the norm when analysing cemented rock (Krumbein, 1935;

Chayes, 1950; Greenman, 1951; Rosenfeld, et al, 1953;
Friedman, 1958; Smith, 1966; Sahu, 1968; Harrell and
Eriksson, 1979; Kong, et al, 2005) and unconsolidated

sediment/soil (Konert and Vandenberghe, 1994; Blott, et al,
2004; Di Stefano, et al.,, 2010; Zihua, et al., 2009), respectively.
The time-consuming nature of thin-section point counting
has been somewhat abated by newer image analysis techniques
(Mazzullo and Kennedy, 1985; Francus, 1999; Persson, 1998; Van
den Berg, et al, 2002; Van Den Berg, et al., 2003; Seelos and
Sirocko, 2005; Fernlund, et al., 2007; Resentini, et al., 2018), but
these methods can have their own technical issues, and beyond
that, the time and money necessary to make thin-sections
significantly limits the number of samples that can be
processed. Within the last couple of decades, laser diffraction
analysis has become more common, but is primarily utilized for
unconsolidated sediment and soil (Konert and Vandenberghe,
1994; Sperazza, et al., 2004; Cheetham, et al., 2008; Di Stefano,
etal., 2010) or in relatively young, Holocene/Pliocene-Pleistocene
sedimentary rocks that are poorly lithified (Barrett and Anderson,
2000; Ito, 2008; Zihua, et al., 2009; Bralower, et al., 2010). In
deepwater clastic systems, laser diffraction analysis has been
effective at characterizing subtle changes in grain-size
distributions in unconsolidated sediment (Stevenson et al,,
2014), but the method has been under-utilized in ancient
clastic systems because of challenges in disaggregating well-
lithified samples (Loope, et al., 2012; Maithel, et al., 2019).
Recent studies have shown that disaggregation of lithified
rocks and grain-size measurement of the sand-sized fraction
through laser diffraction can be a useful tool in ancient sand-
rich sedimentary systems (Maithel, et al., 2019), but the clay
fraction can be altered or damaged by disaggregation methods,
which commonly include crushing or chemical disaggregation.
Crushing of aggregate grains (Barrett and Anderson, 2000; Jiang
and Liu, 2011; Maithel, et al., 2019) can add uncertainties by
fracturing or damaging grains and should therefore be avoided
where possible. Chemical disaggregation has often been applied
to well-lithified samples (Suczek, 1983; Triplehorn, et al., 2002;
Maithel, et al., 2019). This is a useful method, but it may dissolve
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or abrade some minerals and can be time consuming, taking
hours or days. Sodium hexametaphosphate (Nag [(PO3)¢]/
NaHMP) is a relatively gentle chemical method of
disaggregation which is used to deflocculate clays within a
sample (Sridharan, et al, 1991; Andreola, et al, 2004;
Andreola, 2006) and therefore is useful as a complimentary
method after other disaggregation techniques are used on the
larger grains (Zihua, et al., 2009).

High-voltage selective fragmentation (SELFRAG) can be an
effective tool in rock disaggregation (van der Wielen, et al., 2013).
This method is most commonly used for mineral analysis in the
mining industry (Andres, 2010; Wang, et al., 2011; Wang, et al,,
2012; Zuo, et al., 2015), but in this study the SELFRAG method is
used for siliciclastic sedimentary rocks in order to establish
whether it is a reliable method for disaggregation prior to laser
diffraction grain-size analysis.

Aims/Objectives

The aim of this study is to create a replicable and relatively quick
method for disaggregating ancient clastic sediments and
preparing them for laser diffraction grain-size analysis. This
will therefore allow quicker and more accurate processing of
multiple samples from the ancient rock record. Objectives are: i)
to produce a reliable and repeatable workflow for disaggregating
ancient mudstone and sandstone utilizing an ultrasonic bath and/
or a SELFRAG machine; ii) Evaluate the reliability and potential
biases associated with various subsampling methods for laser
diffraction grain-size analysis; and iii) to compare the results to
thin-section analysis of the same samples.

METHODS
Sampling

The samples used in this study were collected from deepwater
turbidites and hybrid event beds/linked debrites (Haughton, et al.,
2003; Hodgson, 2009; Sumner, et al., 2009; Talling, 2013) from
three basins located in north-west and central Italy with ages
spanning from the Cretaceous to Miocene (Figure 1A). In total,
338 samples were collected and processed for grain-size analysis.
Results from nine field samples are presented in this paper as
examples for method development.

Castagnola Formation

The Castagnola Formation is a deep-marine unit of the
Aquitanian-Burdigalian sedimentary fill of the eastern part of
the Tertiary Piedmont Basin of north-west Italy (Andreoni, et al.,
1981; Cavanna, et al., 1989; Di Giulio and Galbiati, 1993). The
sandstone composition of the Castagnola Formation varies
throughout the sections from Arkosic to Mixed to Litharenite
(Figure 7 of Patacci et al., 2020). The sandstone composition of
the studied interval (Beds 208, 209 and 210 sensu Southern et al.,
2015) is arkosic with calcite cementation (on average Q60, F30,
L10) and is interpreted to be sourced from continental basement
units with limited Permian cover (Patacci, et al., 2020). Samples
were taken vertically through these three beds from four logged
locations (V1, V, IV and II; Southern et al., 2015; Figure 1B) in a
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FIGURE 1 | (A) Locations of three basins in Northern Italy, the Castagnola Formation, the Marnoso-Arenacea Formation and the Gottero Formation, inset map of

Italy in the top right corner. (B) Outline of the Castagnola Formation outcrops (deepwater sandstone and mudstone succession) stratigraphically above the Rigoso Marls
Formation, South of the Villalvernia— Varzi tectonic line (modified from Patacci et al., 2020). (C) Outline of outcrops of the Marnoso-Arenacea Formation in the Northern
subbasin of the Marnoso-Arenacea foredeep, with the location of the main thrust faults through the section and logged tracts from Amy and Talling (2006). Inset

map of key proximal locations in the village of Coniale (modified from Amy and Talling, 2006). (D) Location of Gottero Formation outcrops with proximal locations on the
coast and distal location at Mount Ramaceto, modified from Fonnesu et al., 2018.

dip to oblique section to overall palaeoflow. Bed thicknesses range
from 1.5—5 m and samples were selected vertically through beds
at 20 cm intervals. This formation is poorly lithified. Sandstone
was easily sampled with a hammer and chisel and mudstone-rich
samples were broken by hand.

In this methodological analysis, we present results from the
following samples (naming convention is log—bed—sample;
Figure 1B and Southern et al., 2015 for log locations and bed
details):

- IV B210 S5 is from the sand-rich lower division (H1) of a
hybrid event bed.

- II B209 S9 is from a dewatered/soft-sediment deformed,
clast-rich lower division (H1b) of a hybrid event bed.

- V B209 S22 is from an argillaceous upper division (H5) of a
hybrid event bed.

- VI 208 S2 is from sand-rich lower division (H1) of a hybrid
event bed.

Marnoso- Arenacea Formation
The Miocene Marnoso-Arenacea Formation was deposited in
a deepwater basin plain environment of a foreland basin

Tinterri, 2010) and is now exposed in the Apennine fold-
and-thrust belt within Central Italy. The samples were
collected from a section that is Serravillian in age, directly
above the marker Contessa megabed (Lucchi and Valmori,
1980; Amy and Talling, 2006). The sandstone is a calcite
cemented quartz arenite with subordinate feldspar, biotite
and lithic grains (Amy, et al., 2016), with an estimated 54%
Quartz, 28% Feldspar and 18% lithic fragments (Valloni and
Zuffa, 1984).

Samples were collected at 20 cm stratigraphic intervals
through four beds (Bed 0, 0.4, one and two sensu Amy and
Talling, 2006) from four logged locations (Coniale 1, 2, 4 and 5;
locations 1, 81, 27 and 82 from Figure 9 of Amy and Talling,
2006) in a oriented perpendicular to the overall palaeoflow
(Figure 1C). Bed thicknesses range from 0.3 to 1.8 m. This
formation has “moderate” lithification. Sandstone samples was
easily sampled with a hammer and chisel, while finer, mudstone-
rich sections were more cemented and difficult to sample, with
one sample uncollectable with the tools at hand.

Analysed samples come from two sections in the Coniale
area—Coniale 1 (C1), which corresponds to log one of Amy and
Talling (2006) and Coniale 2 (C2), which corresponds to log 80 of

(Lucchi and Valmori, 1980; Argnani and Lucchi, 2001;  Amy and Talling (2006). Naming convention is
Amy and Talling, 2006; Muzzi Magalhaes and and  Log—Bed—Sample:
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- C1 B2 S1is in the lower sand-rich division of a turbidite bed
(Ta/b).

- C1 B2 S$4 is in the mud-rich division of a turbidite bed (Te).

- C2 B0.4 S7 is from the argillaceous upper division (H5) of a
hybrid event bed.

- C2 B1 S5B is from the argillaceous upper division (H5) of a
hybrid event bed.

Gottero Formation

The Gottero deepwater turbidite system is Maastrichtian to early
Palaeocene in age (Passerini and Pirini, 1964; Marroni, 1990;
Marroni, et al., 2004) and was deposited onto oceanic crust in a
trench basin (Abbate and Sagri, 1970; Nilsen and Abbate, 1984).
The Gottero sandstone is a feldspathic wackestone, with an
estimated 51% Quartz, 39% Feldspar and 10% lithic fragments
(Valloni and Zuffa, 1984). Grains contain fragments of
metamorphic, volcanic and sedimentary rocks (Malesani, 1966;
Pandolfi, 1997) derived from the Sardo-Corso massif, where large
igneous crystalline masses were exposed (Parea, 1965; Valloni
and Zuffa, 1981; van de Kamp and Leake, 1995). Samples are
cemented with quartz and calcite (van de Kamp and Leake, 1995).
Samples were collected through three beds in a proximal area
(Figure 1D) and two beds in a distal area (Figure 1D) at 50 cm
intervals or at major lithological changes. Beds in the proximal
area are 0.3-1.6 m thick and beds in the distal area are 1.5-2.2 m
thick. This formation is well lithified with sandstone samples very
difficult to take with a hammer and chisel. Wider spacing in
sampling was necessary due to the difficulty in removing samples
and time constraints in the field.

From the distal area, Mount Ramaceto:

- GOT A B13 S3- Location ‘A’ is in the vicinity of Log F
(Fonnesu et al., 2018), B13 is Bed 13 of (Fonnesu et al., 2016;
Fonnesu et al., 2018), sample 3 is from a mud clast-rich

section of the lower sand-rich division of a hybrid event
bed (H1).

Nomenclature for Samples

The samples collected in the field were subsampled in various
ways and using several methods. For clarity, we describe sample
terminology for field samples, large and small subsamples, and
aliquots below.

Field Samples

These are samples taken directly from the beds in the field at
20cm intervals in the Castagnola and Marnoso-Arenacea
Formations and at 50 cm intervals in the Gottero Formation.
Due to the debritic nature of the deposits, some heterogeneity
within field samples was unavoidable. Field samples weighed
between 50 and 1,000 g.

Large or Small Subsamples

Subsamples are taken directly from field samples. A small
(0.5-5g) or large (5-10 g) piece is gently hammered from the
field sample and then disaggregated for grain size analysis. Effort
is made so that the piece chosen looks representative of the whole
sample. Small subsamples (designated ‘S’ in Supplementary
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Table S1) can be directly introduced into a laser particle size
analyser (LPSA) in one batch without the need for further
subdivision (see obscuration limitations below for explanation
on sample size). Large subsamples (designated L’ in
Supplementary Table S1) are over the obscuration limit and
must be further split into aliquots before processing with
the LPSA.

Aliquots

An aliquot is a subdivision of the larger subsamples that is
sufficiently small to be introduced directly into the LPSA.
These are sampled using the pipette or stirrer method
(outlined below) for wet samples disaggregated with the
ultrasonic bath method, or the riffle splitter for dry samples
disaggregated with the SELFRAG method. Aliquots are placed
directly into the laser diffraction grain-size analyser for
measurement.

Equipment and Techniques Used

Samples were taken from the formations described above and
disaggregated. The full method for disaggregation can be seen in
Figure 2. Equipment used can be seen in Figure 3.

Mechanical Disaggregation
Two mechanical disaggregation methods were used in this study:
an ultrasonic bath and a SELFRAG machine (Figure 2).

Ultrasonic Bath

Ultrasonic baths (Figures 2, 3) use ultrasonic vibrations to break
aggregate sediment apart along grain boundaries. Ultrasonic
sound waves radiate through the water bath causing
alternating higher and lower pressures (Figure 3C). During
the low-pressure stage, microscopic bubbles form and grow,
increasing cracks along grain boundaries until they eventually
break apart. This has been used as a rapid and efficient sediment
disaggregation method for many decades (Edwards and Bremner,
1967; Walker and Hutka, 1973; Rendigs and Commeau, 1987).
There is very low risk of quartz grains being abraded and minor
risk for feldspar and mica grains (Hayton, et al., 2001) and,
overall, this is considered a gentle method of disaggregation with
low risk of breaking sediments beyond grain-boundaries. This
method is therefore used as the primary tool for disaggregation
and only when unsuccessful should the SELFRAG be used. The
steps for disaggregation in the ultrasonic bath method can be seen
in the dark blue boxes in Figure 2. Samples took from 10 min to
1h to be disaggregated in total. Despite this method being
relatively mild, there is still the possibility that grains are
broken down beyond natural grain boundaries and therefore
made artificially ‘finer’ if it is overused (discussed further in
“Sensitivity Test”below).

SELFRAG

A SELFRAG is a high-voltage-pulse fragmentation machine
(Figures 2, 3B). This instrument can generate 90-200 kV with
the number of pulses set by the user and is used on samples up to
~1 kg. The sample is placed in a vessel and energy is discharged by
electrodes with water used as a conductor. User-controlled
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FIGURE 2 | Flow chart depicting entire workflow of study, including sample disaggregation methods, grain-size analysis and data processing. Each method is
further explained in the text.

settings are: number of pulses; discharge voltage (90-200 kV), sizes (van der Wielen, et al.,, 2013) and was therefore used on
i.e., energy per pulse; electrode gap (10-40 mm); and frequency of ~ sand-rich samples in this study. This method of disaggregation
discharge (1-5Hz). It works most efficiently on coarser grain-  has traditionally been used on ore minerals (Wang, et al., 2011;

Frontiers in Earth Science | www.frontiersin.org 105 April 2022 | Volume 10 | Article 820866


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Brooks et al.

Deep Marine Grain-Size Analysis

Input

'

Mastersizer 3000

11

Laser diffraction

Large particle
Small angle
high intensity

Incident light | Light scattering

Large angle
low intensity

Small particle

Voltage &
frequency
input

Marx generator|
& transformer

[ |
Ground electrode

Lifting table

Ultrasonic bath
Water level

Beaker

e
symphony™

1. Low pressure stage bubbles form and
grow (cavitation).

2. High pressure stage bubbles collapse
releasing energy, causing further opening of
small fractures (between grain boundaries)

FIGURE 3 | Key equipment used in this study (A) Mastersizer 3000 laser diffraction unit with wet dispersal system. (B) SELFRAG selective fragmentation machine
and (C) ultrasonic bath. For use of equipment see methods flow chart in Figure 2.

van der Wielen, et al., 2013) and for fossil preparation (Saini-
Eidukat and Weiblen, 1996). In this study we started with a lower
number of pulses (e.g, 20-50) and discharge voltage
(100-140 kV) and repeated as necessary to disaggregate.

Chemical Disaggregation

Sodium Hexametaphospate

Sodium hexametaphosphate (NaHMP) was added to samples
after disaggregation in the ultrasonic bath or in the SELFRAG
(Figure 2). This chemical is commonly used as a dispersant, not
only in grain-size separation (Maithel, et al., 2019; Sperazza, et al.,
2004) but in pigmenting and dyeing operations, in oil well drilling
muds, and as a water softener (van Olphen, 1977; Andreola,
2006). The NaHMP solution separates clay particles, preventing
them from bonding together to form ‘flocs’ through forming
soluble undissociated complexes with many cations which
prevents the flocculation effects (Wintermyer and Kinter,
1955). In this study we use a solution of 0.5% NaHMP in
water, within the range of 0.025-0.06 g per 100 cc (Chilingar,
1952), with roughly 20 ml added to each sample. Samples are left
in the NaHMP solution for 24 h before analysis.

Laser Diffraction Analysis

In this study, grain-size analysis was conducted using the
Malvern Panalytical Mastersizer 3000 particle size analyser
(Figures 2,3). Laser-diffraction size analysis is based on the
principle that particles of a given size diffract light through a
given angle, with the angle increasing as particle size decreases.
The Mastersizer 3000 uses two different light sources to analyse
the entire granulometric range light sources to analyse the entire
granulometric range. In particular, there is a red laser with Ne-
He source producing a radiation with 632.8 nm of wavelength

and a blue laser emitted by a LED source with a characteristic
wavelength of 470 nm. These light sources pass through a sample
cell containing an upward moving suspension and the diffracted
light is focused onto detectors (Figure 3A). The grain-size
distribution is calculated from the light intensity reaching the
array of detectors. The Mastersizer 3000 uses the full Mie theory
to calculate grain-size, which completely solves the equations for
interaction of light with matter. Mie theory requires the
knowledge of the: Refractive Index (RI) of the grains—this
value relates to the speed of light within the material, which
in turn allows the degree of refraction (light bending) to be
predicted when light passes from one medium to another—and
the Absorption Index (AI)—a number that describes the amount
of absorption that takes place as the light enters the particle. For
this study the value of quartz was used with a RI of 1.54 and Al of
0.01. The size distribution is measured while the suspension is
continuously pumped around, which ensures random
orientation of most particles relative to the laser beam so that
the equivalent spherical cross-sectional diameter is measured.
The Mastersizer 3000 measures particles in the range of
10 nm-3,500 ym. This study used a wet-dispersion unit,
which circulates the mixture of water and sample through the
glass cell. Mie theory also assumes that the particle is spherical,
therefore the grain-size results correspond to the equivalent
diameter of the sphere of a grain. This means that the same
grain-size will be given if two particles have the same volume but
vary significantly in sphericity and roundness, allowing for more
accurate comparison of grain size within and between samples.
This also does not compare directly to sieving because sieving
compares the b-axis of grains. The Mastersizer 3000 was set to
measure each aliquot three times whilst it circulates through the
glass cell, which is standard procedure to ensure that repeated
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measurements of the same aliquot are consistent. If these three
measurements are consistent with each other, their average is
used for analysis. Reasons for inconsistency could be flocculation
of clays or dissolution of material during measurement.
Dissolution is not relevant here because the sediment is
stable, and to prevent clay flocculation during measurement
an internal ultrasonic instrument was turned on during
measurements. Deionized water was wused for sample
processing. Although the Mastersizer 3000 is used in this
study, our results are broadly applicable to other brands of
LPSA instruments.

RESULTS AND METHOD DEVELOPMENT

The ideal grain-size analysis method is one that provides the
ability to analyse several hundred samples within a reasonable
timeframe, while remaining as accurate as possible. In order to
establish the ideal sample preparation and measuring
procedure, several different methods of sample preparation
are compared. The steps investigated here focus on 1)
disaggregation of lithified samples, and 2) subsampling of
disaggregated sediment for laser particle size analysis.
Disaggregation methods include an ultrasonic bath or high
voltage electrical discharges (SELFRAG). Presumably, large
samples (~5-10g when dry) would provide the most
representative grain size distributions that span the full
range of grain sizes within a given field sample, however,
large subsamples typically exceed the obscuration limit (the
level at which the lasers can no longer shine clearly through the
sample and water mixture) of laser particle-size analysers.
Division into aliquots is therefore necessary prior to
running samples through the LPSA. Aliquot methods
compared below include subdividing lithified samples prior
to disaggregation or subdividing wet samples after
disaggregation using either a) the stirrer method, or b) the
pipette method, described below. A sub-sampling method for
dry samples using the SELFRAG method is discussed later.
In order to compare results between various methods, and
whether differences between methods is comparable to the
natural variability within the samples themselves, we use the
two-sample Kolmogorov-Smirnov test (KS test; Chakravarti et al.,
1967) to test whether samples are statistically likely to come from
the same distribution. In the KS test, the null hypothesis is that
both samples come from a population with the same distribution.
A high p-value therefore suggests that two distributions could be
generated from the same population and a low p-value suggests
the distributions are significantly different from each other. The
typical significance threshold for p-values is taken as 0.05,
however as illustrated by Supplementary Table S2 the
p-values for all samples compared to other samples are quite
high (rarely <0.1). This is likely because we are comparing
samples with extremely similar distributions to one another, so
statistically they are all similar. However, we can qualitatively take
the p-values as an indication of how similar the distributions are
to one another, with the understanding that small changes in
p-value are not particularly meaningful but samples with very low
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p-values (e.g., p < 0.3) are likely less similar than those with very
high p-values (e.g., p > 0.9).

Obscuration Limits

The suggested obscuration limits for the Mastersizer 3000 are
roughly between 8 and 24% (Figure 4). The obscuration of the
sample depends on the number of grains in the sample. Finer-
grained samples therefore provide a higher obscuration for a
given sample weight. During the measurements of this study,
results were reliable with lower (3-8%) obscuration, especially
with mud dominated samples, as well as with a much higher
obscuration (up to 45%). Blott et al. (2004) also found that
reproduceable results can be obtained with lower than
recommended obscuration values. An obvious change within
the grain size distribution was observed if obscuration values
were too high (Figure 4), with results showing an additional
smaller peak in grain sizes <0.1 pm, which is considered
unreasonably small for these samples because it is not
recorded in any reliable measurements. For samples with
fewer grains or finer grain-sizes, increasing the measurement
time for each sample may help to improve measurement
accuracy, however for this study the standard measurement
time of 10 s was kept throughout for consistency.

Sensitivity Test
In order to understand the efficacy of the ultrasonic bath in
disaggregating sediments, a time trial was undertaken by
measuring the grain size of the same sample after increasing
intervals of time in the ultrasonic bath (Figure 5). This was also
important to assess whether the ultrasonic bath was significantly
breaking down grains beyond grain boundaries if left in the
ultrasonic bath for a longer time period than necessary for
disaggregation.

This trial was undertaken with two field samples (Figure 5): II
B 209 S9 (Figures 5A-C), a sand-rich sample from the
Castagnola Formation; and V B209 S22 (Figure 5D), a more
silt-rich sample from the Castagnola Formation. Both samples
were calcite cemented. For each of these field samples, a large
subsample was put into a beaker with 50 ml of NaHMP solution
and placed into the ultrasonic bath. Every 10 min, an aliquot was
taken from the beaker and placed into the LPSA for analysis,
allowing for comparison of how the grain-size distribution
changed with increasing time in the ultrasonic bath. The
grain-size curves initially get slightly finer through time,
which we interpret as a record of larger grains disaggregating
with more time in the ultrasonic bath. Eventually, around 70 min
for V B209 S9 and 40 min for IT B209 S9, the curves maintain
similarity despite additional time in the ultrasonic bath,
indicating that the samples are fully disaggregated and the
distribution is remaining stable with any additional time in
the ultrasonic bath. Moreover, after 20 min for V B209 S9
and 10 min for II B209 S9, the minimum grain size is stable,
indicating that clay particles aren’t further broken down by
further time in the ultrasonic bath and therefore no micro-
fragmentation is occurring.

For Field sample IT B209 S9, an additional timing test was
conducted by taking 4 small subsamples (B—D in
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FIGURE 4 | Volume frequency and cumulative frequency graphs showing two versions of the same subsample: the green with too much material added to the
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Arenacea Formation. (A) Location Coniale 1, Bed 2 (Amy and Talling, 2006), Sample 4, interpreted as a turbidite. The acceptable obscuration in blue is 20.61%, the high
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in blue is 19.74%, the high obscuration examples are 44.21 and 44.66%. For details Supplementary Table S1.

Supplementary Table S1) and each small subsample was given
20, 30, 40, and 50 min in the ultrasonic bath, respectively, and
placed directly into the LPSA for analysis. This removed any
potential bias tied to repeated aliquot sampling but increased
potential uncertainty about whether changes in grain size were
due to natural sample variability or degree of disaggregation.
Overall, very little difference can be seen between the results of
these subsamples (Supplementary Table S1; Figure 5B),
showing that after 20 min in the ultrasonic bath the sample is
well disaggregated. When the data is examined in detail
(Supplementary Table S1) some evidence of further
disaggregation can be noted; The dso decreases through time
from 83 to 65 pm. This change in average appears to be mostly
due to a decrease in the larger grains (dg) change from 271 to
255 um) and to a lesser extent by a slight increase in fines (d;o)
changes from 5.38-4.8 pm, and increase in clay % from
7.03-8.01%). Despite this overall increase in clay and silt the
minimum grain size is stable after 20 min for all samples,
indicating that micro-fragmentation and breakdown along
grain boundaries is not occurring.

Both sets of tests (A-C and B-D) indicate that the ultrasonic
bath effectively disaggregates lithified siliciclastic rocks.
Furthermore, there is no apparent concern “over-
sonicating” samples and damaging grains and the length of

in

time needed to fully disaggregate samples will vary based on
sample size, lithology, degree of cementation and modal
composition. However, care should be taken with biogenic
sediments because they may be at greater risk of ‘over-sonication’.

Aliquot Methods for Large Subsamples
Large subsamples weighing ~ 5-10 g were used in order to get a
representative grain size distribution for measurement. These
large subsamples were placed into 50 ml centrifuge tubes with
20 ml of NaHMP solution, disaggregated with the ultrasonic bath
method (Figure 2), and left for 24 h. These subsamples were too
large to be processed in one pass with the Mastersizer 3000
because they would increase the obscuration beyond measurable
levels (see above). Two aliquot sampling methods were therefore
tested for wet dispersions and the average of all measured aliquots
for a given large subsample were compared to one another in
order to establish the reliability of each method.

The two aliquot sampling methods used were the stirrer
method and the pipette method, outlined below.

Aliquot Sampling Method

The challenge of extracting representative aliquots from samples
is not trivial, and a consistent methodology does not exist within
the sedimentology community. Two common aliquot sampling

Frontiers in Earth Science | www.frontiersin.org

108

April 2022 | Volume 10 | Article 820866


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Brooks et al.

Deep Marine Grain-Size Analysis

e Stirrer 10 min.
7 | sm—=Stirrer 20 min.

e Stirrer 30 min.

——Stirrer 40 min.

Stirrer 50 min.

Stirrer 60 min.

e Stirrer 70 min.

FREQ. VOL (%)

l

SILT

SAND

s
CUM. VOL (%)

100

—Stirrer 10 min.

= Stirrer 20 min.

e Stirrer 30 min.

e Stirrer 40 min.

Stirrer 50 min.

Stirrer 60 min.

= Stirrer 70 min.

— — Dx(10)
- = Dx(50)

— — Dx(90)

jie

01 1 10 100 1000 01
um
s 100
—ssenall 20 i CLAY sILT SAND — Small 20 min.
7 % | e Small 30 min.
w—Small 30 min.
80 m— Small 40 min.
& | fs=esenall 40 nin e Small 50 min.
0
3, | —smalisomin. z - = Dx(10)
e =60
3 e
3 3 Dx(50)
o ; so | = = Dx(90)
E -
T o

100 1000,

01 1 10 100 1000 o1
pm
(C
! N 00
1
= Stirrer 20 min. CLNG S SAND e stirrer 20 min. CLAY
%0 ) .-
! Stirrer 50 min. Stirrer 50 min.
80 | = Small 20 min.
6 | ===Small 20 min.
== Small 50 min.
70
. e Sl 50 min. - = Dx(10)
= Ko
£ 2 - = Dx(50)
g 3
Qs 550 { ==0Dx%0)  |me-————
<] H
o =
(4 O 4
ws
30
2
2
10
0
10 100 1000 0.1 1 100 1000
Hm
100
— Stirrer 10 min, CLAY SILT SAND ==SHirrer 10 min. ? SAND
— Stirrer 20 min. o0 | =mmstirer20min, |EE————— L A}
7| —stirrer 30 min ——Stirrer 30 min.
Stirrer 40 min 8 Stirrer 40 min.
© Stirrer 50 min. - Z“”ef 28 min.
e Stirrer 60 min. o S::”*" = L
q e ST :
5 | stirrer 70 min. =0 i
t A ) 3 —— Stirrer 80 min.
o e Stirrer 80 min.
> > =—stirergomin. (NGNS | | L[ 4 0 L) ]
g 4 | m=stirrer 90 min. z = oxio}
g O, = = =Dx(50)
0 = = =Dx(90)
2
: \ _________________
p \
01 1 10 100 1000 01 1 100 1000
Hm
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FIGURE 6 | Volume frequency and cumulative frequency of aliquots for mud-rich field sample V B209 S22 using various trial methods. See text for full details. (A)
Average results for all trial methods for comparison. (B) Individual results and average for the ‘Stirrer centre’ method. (C) individual results and average for “Stirrer base to
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FIGURE 7 | Volume frequency and cumulative frequency of aliquots for mud-rich field sample V B209 S22. These are further tests using the stirrer method and
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methods are evaluated here: the pipette method, in which a
pipette is used to agitate and then extract material from a
centrifuge tube, and the stirrer method, in which the samples
are placed in a beaker and a magnetic stirrer creates a suspension
from which aliquots are extracted. These methods are explained
in more detail below. In order to validate both the pipette and
stirrer methods, two different forms of each method were

evaluated using field sample V B209 S22 from the Castagnola
Formation (Figure 6). This sample was collected from an
argillaceous section at the top of a hybrid event bed (H5 of
Haughton et al, 2009). Results are documented in
Supplementary Table S1; Figures 6, 7. Three large
subsamples (A, B, and C) were used for method comparison
(Figure 7).
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Trial 1: Stirrer “Centre”

Subsample A was placed in a beaker with a NaHMP solution and
mixed with a magnetic stir plate. The rotation of the stirrer was
increased until all grains appeared to be in suspension. A 7 ml
pipette with a 3 mm opening was used to extract an aliquot,
approximately halfway up the sediment/water mixture and
halfway between the centre and the outer edge of the beaker.
Three aliquots were measured for comparison.

Results (Supplementary Table S1; Figure 6B): All recorded
parameters for aliquots A Stirrer Centre 1, two and 3 are very
similar. Calculated p values between the three aliquots
(Supplementary Table S2) give values of 0.9999-1.0000 (at 4
decimal places), showing this method to be highly replicable.

Trial 2: Stirrer “Base to Top”

Stirring plates were set up as above, with the remaining
subsample A prepared in a beaker and the rotation of the
stirrer increased until all grains appeared to be in suspension.
A 7 ml pipette with a 3 mm opening was then used to extract an
aliquot by placing it halfway between the centre and outer edge of
the beaker and sampling while moving it upwards from the base
to the top of the beaker.

Results (Supplementary Table S1; Figure 6C): All recorded
parameters for aliquots “A stirrer base to top” 1, 2 ,and 3 are very
similar. Calculated p values (Supplementary Table S2) give
values of 0.9999-1.0000. This shows this method to be highly
replicable. When comparing between the “centre” and ‘base to
top” methods, p values are between 0.9956 and 1.0000, with a p
value between the averages of each method of 1.0000. Therefore,
little difference can be noted between these two methods for
aliquot sampling, and both are replicable and representative of
the subsample. This also suggests that potential grain-size
stratification within the suspension was not significant.

Trial 3: Pipette “Settled”

Grains were left to fully settle to the base of the of the beaker,
without any stirring. A 7 ml pipette with a 3 mm opening was
inserted into the base of the mixture and whilst collecting the
sample slowly moved upwards until the pipette was out of the
sediment/water mixture.

Results (Supplementary Table S1; Figure 6D): Results from
this method (‘A Pipette settled’ 1, 2 and 3, Supplementary Table
S1; Figure 6D) were highly variable. The dso results were
considerably lower when compared to both stirrer methods,
with the clay content up to 28% higher than in the stirrer
method. p wvalues for comparisons between samples
(Supplementary Table S2) are 0.2713-0.4938. This is still
above the 0.05 range suggesting that these results are not
statistically significantly different, but is less so than the other
trialled methods. Therefore, this method is considered less
reliable and replicable.

Trial 4: Pipette “Agitated”

For this trial, the remainder of subsample A was placed into a
50 ml centrifuge tube. A 7 ml pipette with a 3 mm opening was
inserted into the mixture and pumped vigorously and
continuously until all sediment was in suspension. An aliquot

Deep Marine Grain-Size Analysis

was then quickly taken by moving the pipette from the base of the
centrifuge tube upwards through the mixture while sampling.

Results (Supplementary Table S1; Figure 6E): All parameters
from aliquots ‘A pipette agitated’” 1, two and 3 are very similar.
Calculated p values (Supplementary Table S2) between aliquots
are 0.7695-1.0000. So, although this method is not as replicable as
either stirrer method, it is still sufficiently replicable. When
compared to the pipette settled method, p-values are
0.0219-0.1317 ranging below the 0.05 limit of statistical
significance, again indicating that the Pipette settled method is
less reliable.

Outcomes From Aliquot Trial Methods

Opverall, the “centre” method for the stirrer and the ‘agitated’
method for the pipette are the most replicable methods for the
stirrer and pipette, respectively (Figure 6A). These are therefore
the methods used when “pipette” and “stirrer” methods are
referred to hereafter. Because the stirrer method was the most
replicable, additional subsamples (B & C) were used to re-test this
method for comparison and to further interrogate its reliability.

Additional Stirrer Samples
Subsamples B and C (Supplementary Table S1) were taken from
field sample V B209 S22 for further testing using the stirrer
(centre) method (Table 1; Figures 7B-D).

Comparisons of aliquot results between subsamples A, B, and
C show very little difference in dso or any other measured
parameters (Supplementary Table S1). An anomaly is seen in
the Average Standard Deviation (ASD) of B stirrer 1, which may
be due to an anomalously large grain incorporated into this first
pipette aliquot, but it does not seem to have significantly altered
the dgg (57.5 um compared to average 54.9 um values) or clay and
silt percentages (92.00 compared to 93.12%). This is further
distinguished by the p-values in B Stirrer one compared to all
other B aliquots, which range from 0.3722-0.4938, whereas
comparisons between B aliquots 2, 3 and 4 provide p-values of
1.000 (Supplementary Table S2). This indicates that averages of
multiple aliquots are important to avoid any small anomalous
results likely due to picking up one or two large grains.

p-values comparing “A stirrer (centre)” average and “C stirrer
(centre)” average are 0.9999 (Supplementary Table S2). When A
Stirrer and C Stirrer are compared to the B Stirrer average values
the p-value is from 0.4938 to 0.6307 (Supplementary Table S2),
due to the issue with the Ist aliquot in B. Overall, this stirrer
method is still judged to be reliable, but care should be taken and
multiple aliquots should be used and averaged to reduce risk of
anomalous grains skewing results.

Small Subsample Comparison

Small Subsample Method

When evaluating aliquot sampling methods, it is important to
understand natural variability within samples in order to ensure
that changes are due to sampling methods and not real variability
between subsamples. As discussed above, large subsamples (roughly
5-10 g) were used initially to get a representative sample that might
account for slight heterogeneity within samples. Next, we investigate
measurement  differences  between  disaggregating  smaller
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Frontiers in Earth Science | www.frontiersin.org

113

April

2022 | Volume 10 | Article 820866


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Brooks et al.

subsamples (0.2-2 g) that could be run in one batch and do not
require aliquot subsampling, therefore speeding up the measurement
process and potentially reducing bias introduced during the
extraction of aliquots. Small subsamples ranging from 0.2 to 2.0 g
were taken from field samples, with sandier samples on the large end
of that range and muddier samples on the small end because mud
and silt have a greater effect on obscuration and therefore require less
material for measurement (Figure 2). These samples were placed in
a small centrifuge tube (15 ml) along with 10 ml of NaHMP solution.
The centrifuge tubes were placed in the ultrasonic bath until the
samples were fully disaggregated (Figure 2). Disaggregation was
determined by eye and by inspection under a microscope. The
samples were then left for 24 h to ensure clays were deflocculated.
Results for this method were compared to the average of subsamples
for the “large subsample” methods above in order to compare
natural variability between samples in the absence of any
potential biases introduced through aliquot subsampling.

Small Subsample Results

Four small subsamples were taken from the same field sample
used in previous trials, V B209 S22, designated D, E, F and G
(Table 1; Figures 7A,D). These four small subsamples showed
little variation from each other in ds, (varying from 16.2 to
17.1 ym) or the clay percentage which varied from 15.48 to
16.48% (Supplementary Table S1). KS test comparisons
between the small samples provided p-values ranging from
0.9956 to 1.000 (Supplementary Table S2).

The small samples have very similar ds, values to the stirrer
results from subsamples A, B and C. KS test comparisons between
small subsamples (D-G) and stirrer samples A and C provide
p-values greater than 0.9956. When compared to stirrer sample
B, the p-values range from 0.2713 to 0.6307, again due to the issues
with the first aliquot from the B sample. Overall, this indicates that
the small subsample method is as reliable as the large subsample
method, provided that the field samples are relatively homogenous.
It also does not risk the inaccuracies incurred in the aliquot sampling
for the stirrer method (i.e. B Stirrer 1).

Applicability to Sand-Rich Samples

Having validated the best methods for aliquot subsampling
and compared these to the small sub-sample method, we now
explore the utility of each method with a more sand-rich
sample, which may be more susceptible to aliquot biases
due to the difficulty in suspending coarser grains. Small and
large subsamples were taken from the field sample II B209 S9
(Figure 8; Supplementary Table S1), which is from a
dewatered, clast-rich lower division (H1b) of a hybrid event
bed (Southern et al., 2015).

Three small samples were analysed to provide context for the
natural variability within the field sample and to provide a baseline
for comparing potential biases introduced with the stirrer and
pipette aliquot methods. The small subsamples are overall
consistent with one another (Supplementary Table SI;
Figure 8D), with p-values ranging from 0.8887 to 0.9998
(Supplementary Table S2) and allow for comparison between
pipette and stirrer aliquot methods extracted from a large sub-
sample.

Deep Marine Grain-Size Analysis

From a large subsample (subsample A), 11 aliquots were extracted
using the stirrer method (Figure 8A) and seven aliquots using the
pipette method (Figure 8B). Overall, the stirrer method slightly
underestimates the grain size and the pipette method slightly
overestimates the grain size (Figure 8C) when compared to the
small samples, which we take here as a representative ‘true’
distribution of the field sample. A general increase in dsy can be
noted from the stirrer method aliquots 1-11, ranging from 42.7 to
75.6 um, however these values are still much lower than the average
dsy value of 121um from the pipette method aliquots
(Supplementary Table S1). The increasing trend in dso values
with continued aliquot sampling is likely due to the tendency for
this method to preferentially select finer grains that are more easily-
suspended, meaning that continued sampling results in distributions
becoming progressively coarser. However, this trend is subtle
compared to the differences between the pipette and stirrer
methods and the averages of all stirrer and pipette aliquots
highlight the tendency for the stirrer method to preferentially
select clay and silt while the pipette method preferentially selects
sand-sized particles.

The stirrer method is slightly more replicable than the pipette
method (Figures 8A-C), however both methods appear to be
internally consistent; Grain-size distributions of aliquots sampled
from sand-rich samples with the same method—either pipette or
stirrer—come with their own biases. Pipette method aliquots are
slightly coarser than the average of the whole sample and stirrer
method aliquots are slightly finer (Figure 8C). Each method is
potentially sufficient depending on whether the focus of the
analysis is on fine- or coarse-grained constituents and results
from different methods should be compared with caution.

p-values (Supplementary Table S2; Supplementary Material
S1) are generally lower for the sand-rich sample (II B209 S9),
particularly when compared to the average of all samples.
However, many of the stirrer aliquots had high p-values (p >
0.6), particularly those that were sampled in close succession
(Supplementary Table S2). The pipette aliquot comparisons
show lower p-values, with most aliquot comparisons showing
p < 0.2 and many with p < 0.05 (Supplementary Table S2).

A Note on Sample Heterogeneity

To further validate the comparisons between the stirrer, pipette
and small subsample methods, analysis was undertaken using a
mud-rich sample from the more lithified Marnoso-Arenacea
Formation. Field sample C2 B0.4 S7 was taken from the upper
mud-rich H5 division (Haughton et al., 2009) of a hybrid event
bed. Importantly, this interval is also affected by bioturbation,
with sand-filled burrows infilled during emplacement of the bed
above. Burrows themselves were not sampled but some
contamination was possible. From this field sample, two large
subsamples were taken (A and B) and were analysed using both
the stirrer and pipette aliquot methods, and 5 small subsamples
were taken (C—G) in order to provide a baseline for natural
variability within the field sample.

Small subsamples (placed directly into the LPSA with no
aliquot subsampling) show significant variability between one
another (Figure 9; Supplementary Table S1). With the exception
of small samples E and F, which are very similar to each other, the
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FIGURE 9 | Volume frequency and cumulative frequency graphs for field sample C2 B0.4 S7. (A) Results from subsample A, pipette and stirrer, with average, and
sub-sample B stirrer 1 and 2 as well as pipette 1 and 2, with average. An average for both sub-sample A and B combined is also shown. (B) Results for small sub-
samples A, B, C, D, E, F, corresponding names small sample 1-5 and an average of all combined. For detailed results Supplementary Table S1, for p-values

small subsamples have very different distributions from one
another. The mud content in these samples ranges from 67.7
to 97.5% and the ds, values range from 8.3 to 34.1 um. This
natural variability within a single field sample highlights the
extent to which small-scale heterogeneity can drastically affect
grain-size results. Analysing several small subsamples can
provide context for how much variability there may be within
a single field sample, which in this case can be attributed to the
fact that this sample comes from a debritic bed that is bioturbated.
Debrites are inherently heterogeneous and bioturbation can add
an additional level of variability within field samples. One way to
account for sample heterogeneity is to disaggregate larger
samples, which may span a wider range of grain sizes and
may capture a broader picture of the outcrop itself.

Two large subsamples were disaggregated and analysed using the
stirrer and pipette aliquot methods. Subsample A was processed as
two aliquots: A stirrer and A pipette (Supplementary Table S1), all
parameters measured were very similar except for the ASD which is
significantly higher for the stirrer aliquot. Visual comparison of the
stirrer and pipette aliquots from subsample A show very consistent
results between the two methods (Figure 9) and the KS test provides
a p-value of 0.6307 for these distributions. Four aliquots were
extracted from subsample B: two stirrer aliquots and two
pipettes. The parameters measured for this sub-sample are also

very similar between aliquots. Accordingly, the P-vales are between
0.8888 and 1.000. Both subsample A and B are similar to the small
samples E and F described above, and both aliquot sampling
methods are consistent within each sample, again suggesting that
either method can provide dependable results in mud-rich samples.

Comparison of Ultrasonic Bath to SELFRAG
Disaggregation

Although the ultrasonic bath is a very useful method for
disaggregating most samples, some well lithified samples with
quartz cement (such as some from the Gottero Formation) were
difficult or sometimes impossible to disaggregate through this
method. A SELFRAG machine was utilized to disaggregate these
more lithified samples. In order to establish how replicable the
SELFRAG disaggregation method is, a sample from each of the 3
formations (Gottero, Marnoso-Arenacea and Castagnola), which
vary in lithology and lithification, were compared to corresponding
small subsamples disaggregated in the ultrasonic bath.

Method

In order to compare to the samples disaggregated using the
ultrasonic bath method, three samples were disaggregated
using the SELFRAG method (Figure 2). A significantly
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FIGURE 10 | Photos taken under magnification of three samples disaggregated in SELFRAG, results shown in Figure 11. (A) Sample from Marnoso-Arenacea
Formation (B) sample from Gottero Formation and (C) sample from Castagnola Formation. For data Supplementary Table S1.

larger subsample was selected (roughly 25-100 g) and placed
into the SELFRAG vessel and filled with water. The voltage
(140 v) and number of discharges (50) was selected for the
SELFRAG and the machine was activated. This was repeated
until samples were sufficiently disaggregated, determined by
feeling with a hand, and the sediment-water mixture was
placed into the oven to dry. Dry samples were poured
through a riffle splitter until they were deemed of sufficient
size to be within obscuration limits for the Mastersizer 3000.
This aliquot was then placed into a small centrifuge tube
(15ml) along with 10 ml of NaHMP and left for 24h to
deflocculate clays. Samples were checked under the
microscope for disaggregation. These aliquots were then
placed into the ultrasonic bath for a few minutes before
measurement in the LPSA.

Results Castagnola Formation- VI 208 S2

Results from the three formations vary significantly. The poorly
lithified formation (Castagnola Formation; Figures 10A, 11A),
shows variable consistency between SELFRAG samples, with p
values varying from 0.1317 to 1.0000. When compared to an
average of small samples, SELFRAG samples S1-3 results are
relatively similar in d,, dso and dgg values (Supplementary Table
S1; Figure 11A). p-values between the small sample and
SELFRAG samples range from 04938 to 0.6307
(Supplementary Table S2). These results suggest there is some
inconsistency in the SELFRAG preparation method, but overall,
they compare well to an average of small samples from the
SELFRAG method (Figure 11A).

Results Marnoso-Arenacea Formation- C2 B0.4 S7
The formation with an intermediate lithification (Marnoso-
Arenacea Formation, Figures 10A, 11B), shows consistency
between SELFRAG samples, with p-values between 0.8888 and
0.9999 (Supplementary Table S2).

When compared to an average of small sample, SELFRAG samples
S1-3 shows more significant variation. The d;o and ds, values are
relatively similar, particularly between the average small subsample
and Selfrag S3 sample, but the dg, values are significantly lower for the
small sample as is the ASD (Figure 11B; Supplementary Table S1).
Therefore, either the SELFRAG samples are not sufficiently
disaggregated during processing, or the small subsample is not
capturing the largest grain sizes in the field sample. p-values
between the small sample and SELFRAG samples are 0.0878-0.3722.

Results Gottero Formation- GOT a B13 S3

The most lithified formation (Gottero Formation, Figures 10C,
11C), shows variability between SELFRAG samples 1-3, with p
values varying from 0.0130 to 0.4938 (Supplementary Table S2).
When comparing these SELFRAG samples to an average of small
subsamples, dsg, dog and d;¢ values for the SELFRAG samples are all
significantly higher than for the small subsamples. Again, the higher
dy value indicates that the SELFRAG samples are not sufficiently
disaggregated during processing, or the small sample is not capturing
the largest grain sizes in the field sample. The lower percentages of
silt and clay volume for the SELFRAG samples, may be an indication
that the SELFRAG is not sufficiently separating the finer portion
from these well lithified samples. p-values between the small sample
and SELFRAG samples show 0.0878-0.7695.
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FIGURE 11 | Volume frequency and cumulative frequency graphs for field sample showing comparison of samples disaggregated in SELFRAG and split with a riffle
splitter (see text for details) and small subsample (yellow). (A) Example from the Castagnola formation, VI 208 S2 from the lower H1 division of a hybrid event bed. (B)
Example from the Marnoso-Arenacea Formation, Location Coniale 2, Bed 0.4 (Amy and Talling, 2006), Sample 7, interpreted as part of the upper debritic portion of a
hybrid event bed. (C) Example from the Gottero formation, GOT A B13 S3 from the matrix of a debritic portion, H3, of a hybrid event bed. For detailed results
Supplementary Table S1, for p-values Supplementary Table S2.

Recommendations

Overall, there is a general trend that the poorly lithified formation
is efficiently disaggregated using the SELFRAG method, but the

formation of intermediate lithification and the more lithified
formation show more variability in statistical similarities. For
the latter two formations, this trend is particularly noticeable in
the dgy values, which are significantly higher for the SELFRAG
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FIGURE 12 | Volume frequency graphs from Mastersizer data compared to volume frequency graphs plotted from thin section measurement. The grain-size at the
10th, 50th and 90th percentile for the Mastersizer curve (MS) and from thin-section (TS) are shown in the inset graph. Data less than 20 um were removed from the
Mastersizer for more accurate comparison with thin section. Representative photos are shown for each thin section. (A) Example from the Marnoso-Arenacea
Formation, location Coniale 1 (Figure 1B), bed 2, sample 1, collected from a sand-rich turbidite (Amy and Talling, 2006). (B) Example from the Marnoso-Arenacea
Formation, location Coniale 2 (Figure 1), bed 1, sample 5B, collected from a clast within a hybrid event bed (Amy and Talling, 2006). (C) Example from the Castagnola
Formation from log IV, bed 210 (Figure 1B), sample 5, collected from the sand-rich base of a hybrid event bed (Southern et al., 2015).

samples. This indicates that either the SELFRAG is not
sufficiently disaggregating the most lithified samples or that
the small samples from the most lithified formation are not
accurately including the full range of grain sizes in the sample,
particular the coarse grain-sizes. Further samples are needed to
establish this. As this method could be highly beneficial for use
with samples too cemented to be disaggregated in the sonic bath,
this method is still reccommended for use when necessary but
must be used with caution and some trial for reproducibility.

Comparison to Thin Section Grain-Size

Analysis
Method

Three samples are used to compare thin-section analysis with laser
particle-size analysis: two from the Marnoso-Arenacea Formation
and another from the Castagnola Formation (Figure 12). Three to
five images were analysed for each thin section by measuring the
long and short axes of individual grains. A grid was displayed over
each image and each grain at the intersection of the vertical and
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horizontal lines was measured in order to assure grains were
randomly selected. This measurement was undertaken manually
by one single user for consistency of method.

Grains from thin section are not a direct comparison to those
from laser diffraction analysis because Mie theory gives results as
volume equivalent spheres. Therefore, we can assume that a volume
calculated from long and short axis measurement from the thin
section will only show an approximation for any individual grain
compared to the laser diffraction analysis. Due to the random cut of
thin sections through grains, it is unlikely that the true long axis or
short axis is captured. Long- and short-axes for 152-376 grains were
measured for each thin section. To estimate the volume of each
grain, the long axis was used as length, the short axis as the height
and short axis again as the depth. The volumes were used to calculate
a volume percentage of the whole for each grain in order to compare
more directly with LPSA results. Grains were grouped into bins of
60 um starting from 20 um which was selected as the smallest
reliable measurable value in thin-section. Results were then
plotted at the midpoint for each distribution. There is some error
involved in the comparison of volume distribution graphs between
thin-section and LPSA results due to the large size of these bins.

Additionally, there is some human error involved in the
manual measurement of grain-size in thin section. No grains
under 20 pm were measured and grains under 100 pm are likely
significantly underrepresented due to difficulty recognising and
measuring these smaller grains. In order aid comparisons, LPSA
results have been recalculated omitting grains <20 pm, therefore
simulating measurements where finer grains are unmeasured.
These LPSA curves are then compared to the thin section results
(Figure 12). Unlike the LPSA samples, where calcite cement may
have dissolved in the preparation process or be disaggregated,
cement is still present in the thin sections. This cement is
identified using cross-polarised light and therefore omitted
from any measurement.

Results of Comparison

Thin Section 1- Marnoso-Arenacea Formation (Bed 2,
Turbidite).

This section is the from the Marnoso-Arenacea Formation,
location Coniale 1 (Figure 1B), bed 2, sample 1, collected
from a sand-rich turbidite (Amy and Talling, 2006). Grain size
curves and d;g, dsg and dgg values are shown in Figure 12A.

Description

Grain size curves are broadly similar for the coarser values,
although a distinct finer tail can be shown in the LPSA data,
which is not seen in the thin section data (Figure 12A). The thin
section curve is shifted coarser by 60 um for the silt to very fine
sand component and 10pm for the fine to coarse sand
component, with the peak shifting 100 um coarser for the thin
section data (from very fine to fine sand). The d,, dsp and do,
values are all significantly higher for the thin section compared to
the LPSA (Figure 12A). The d;, value varies from coarse silt in
the LPSA results to very fine sand in thin section. The ds, value
varies from very fine sand in the LPSA results to fine sand in the
thin section. The dy, value varied from fine sand in the LPSA
results to medium sand in the thin section.

Deep Marine Grain-Size Analysis

Thin Section 2- Marnoso-Arencea Formation, Clast
(Bed 1, Hybrid Event Bed).

This section is the from the Marnoso-Arenacea Formation,
location Coniale 2 (Figure 1B), bed 1, sample 5B, collected
from a rip-up clast within a hybrid event bed (Amy and
Talling, 2006). Grain size curves and d;o, dsp and dgy values
are shown in Figure 12B.

Description

The grain size curves are broadly similar shapes for the coarser
grain-size fraction (>100 um) but differ significantly for the
finer fraction (<100 um). The data from the LPSA and the thin
section indicate that this sample has a larger portion of clay
and silt grains compared to the previous sample (Figure 12A).
The finer tail and significant silt portion shown in the LPSA
curve are not seen in the thin section curve. The grain sizes
greater than 300 um are a similar volume distribution for both
the LPSA and thin section curves. A double peak is seen in the
thin section curve that is not apparent in the LPSA curve. The
tallest peak is around 100 pm coarser for the thin-section curve
(from fine to medium sand). The d,, d5o and dgg values are all
significantly higher for the thin section compared to the LPSA,
with the d;( value varying from medium silt in the LPSA to fine
sand in thin section and the ds, value varying from very fine
sand in the LPSA to fine sand in the thin section. The
dgo is medium sand for both the LPSA and the thin section
curves.

Thin Section 3- Castagnola Formation (Bed 210,
Hybrid Event Bed).

This sample is from the Castagnola Formation from log IV, bed
210 (Figure 1B), sample 5, collected from the sand-rich base of a
hybrid event bed (Southern et al., 2015). Graph of data and d,,
dso and dgg values are shown in Figure 12C.

Description

The LPSA and thin-section curves are broadly similar shapes for
the coarser portion, with the thin section missing the finer tail
present in the LPSA curve (Figure 12C). Both curves have peaks
at fine sand grain sizes. Like the previous examples, the d;o, dso
and dy, values are all higher in the thin section analysis, although
they are most similar out of all three examples. The d,o value
varies from coarse silt in the LPSA to very fine sand in thin
section. The ds, value is fine sand for both the LPSA and thin
section curve. The dg, is medium sand for both the LPSA and the
thin section curve.

Interpretation

Overall, there are significant differences between the LPSA and
thin section grain-size distributions. Most importantly, the thin
section curves are missing the finer tail present in the LPSA data
and correspondingly all graphs show significantly coarser d;o, dsg
and dyg values. Major differences between LPSA and thin section
results could arise from difficulty in measuring small grains in
thin section, volume approximation methods, spherical grain
assumptions made by the LPSA, and error introduced by
sample preparation prior to LPSA analysis. The higher dio
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values likely result from the difficulty in accurate measurement of
silt-sized grains and the smaller sample size of grains measured in
thin section. This is most notable in thin section 2 (Figure 12B),
which is the most clay/silt-rich (according to the LPSA data and
images). This in turn affects the dso and doy values, with
distribution weighted more towards the coarser grains in the
thin section. Additionally, the method used to create a volume
approximation could be influencing the result. Using the long axis
and the short axis twice is a best estimate and may not result in
realistic volumes for each grain. The double peak apparent in the
thin section 2 curve (Figure 12B) is likely a result of the lower
number of grains counted (262) compared to thousands in the
LPSA as well as the grouping of samples into 60 um bins. The
angularity of the grains is likely not a large factor, as all three
samples appear to be of similar angularity (sub-angular to sub-
rounded, Figure 12). There is a possibly that the finer-grained
LPSA values, both the increased fine-grained component and the
decreased maximum grain size, could result from sample
breakdown beyond grain boundaries in the preparation
process for the LPSA, but due to the replicability of samples
in the LPSA this is unlikely.

Despite all effort being made to take field samples within
proximity of each other, some natural variation between samples
is possible, particularly from thin-section 2 (Figure 12B) which is
from a clast within a hybrid event bed. Due to the large sample
size needed to make a thin section, samples can be estimated as
only being within the same 20 cm section of each bed. It is
therefore possible that, like for the large and small subsamples
described above, some differences between thin section and LPSA
curves represent real variation between samples.

The comparison between thin section and LPSA results
suggest that care should be taken when comparing grain-size
analysis methods to one another. While trends within a given
method may be meaningful, specific values of d,, dsg, or dgy may
vary significantly between methods. Thin sections in this study
underestimate the silt-sized fraction and were unable to measure
clay fraction, which results in a coarse-grained shift in cumulative
grain size values (e.g., ds).

DISCUSSION AND RECOMMENDATIONS
Aliquot Methods

Overall, aliquots measured using the stirrer method were more
replicable than the pipette method. This is likely due to the
mechanisation of the stirrer being more consistent than manual
pumping with the pipette when dispersing grains into suspension.
However, individual aliquots can show inaccuracies due to a few
anomalously large grains. One way to avoid this potential error is
to take a large subsample and continue to extract aliquots until
the entire sample has been measured. This is the most accurate
representation of grain size available because using all of a large
subsample allows for more individual grains to be measured. By
averaging multiple subsamples there is also less risk of an
anomalous aliquot or measurement error interfering with the
dataset. However, using a very large number of aliquots (>6) will
significantly increase processing time.

Deep Marine Grain-Size Analysis

Large Subsamples or Small Subsamples?
Although larger subsamples give more representative data,

smaller subsamples negate any aliquot sampling error and are
accurate when compared to an average of large subsamples in
most cases. Overall, small subsamples are significantly less time
consuming and were sufficiently accurate for the samples in this
study. However, it is advised that multiple small samples are
measured for a given field sample to account for any potential
heterogeneity.

Speed and Accuracy Ultrasonic Bath
Method

Overall, samples were highly replicable and therefore the
ultrasonic bath method is reliable. The speed at which samples
could be processed was a few minutes for the sample preparation,
20 min to 1 h in the ultrasonic bath, 24 h for clay deflocculation,
3 min to run through the Mastersizer 3000 and 1 min for cleaning
in between samples. As 10s of samples could be placed in the
ultrasonic bath together and left to deflocculate overnight, it was
possible to get through approximately 30 samples per day.

Speed and Accuracy SELFRAG Method

Disaggregating samples using the SELFRAG method was much
more time consuming than the ultrasonic bath. Approximately 5
samples could be processed in the SELFRAG per day and left to
dry overnight. These were then subsampled in the riffle splitter
the following day and left in a 0.5% NaHMP solution over a
second night before being measured in the LPSA (Figure 2). The
results suggest that the SELFRAG method was not fully
disaggregating clasts in the most lithified formations, and
because the least lithified formations can be more -easily
disaggregated in the ultrasonic bath method, it is not
recommended to use the SELFRAG method without further
testing. The SELFRAG method could potentially be used in
conjunction with the ultrasonic bath method, however further
testing is required.

Comparison With Thin Section
There are many issues with the direct comparison between laser
diffraction methods and thin section for grain-size analysis. Most
thin section studies use the long axes measured in a 2D thin
section, which does not represent the true longest axes of the
original grains and will therefore likely underestimate the size of
larger sand grains in most cases (Smith, 1966; Sahu, 1968;
Johnson, 1994), but will also not accurately capture clay and
silt grains. In this study, we attempted to offset this issue through
calculating an artificial volume. Other methods for converting 2D
to 3D grain-size distributions have been developed (e.g.,
Barrett, 2014), but these are not
straightforward. In general, results show an overestimation of
grain size using thin section analysis, which could be due to using
the short axis as both the height and depth, potentially
overestimating the z-axis.

Recent work by Maithel et al. (2019) comparing laser
diffraction and thin section analysis for sandstones found a
good comparison between their results, with the laser

Heilbronner and
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diffraction being slightly coarser overall, which was expected
because they used the long-axis method in thin section. The
difference between the medians for thin-section and laser-
diffraction data sets (based on average grain sizes for each
sample) was 33.7 um. They hypothesised the difference could
be due to numerous variables such as natural sample variation
and sources of error or potentially due to measurement of quartz
overgrowths in disaggregated samples. The more consistent
relationship between laser diffraction and thin-section
methods by Maithel et al. (2019) compared to this study is
likely to due to the removal of fines in their sample
preparation stage. Silt particles are underrepresented in thin
section measurements and clay was not measured at all
Despite this, Maithel et al. (2019) did also find issues relating
to disaggregation quality and correspondence with thin section
samples, like those demonstrated by the SELFRAG samples in
this study. Overall Maithel et al. (2019) conclude that consistency
between their laser diffraction and thin section results confirms
the robustness of both methods for textural analysis, which may
be the case when using only sand-sized grains, but which this
study demonstrates is not the case when including silt and clay.

Issues With Clays

In comparison with thin-section analysis, the LPSA was more
accurate in documenting the presence of silt and was able to
measure clay particles. Although this is likely missing in the thin
section analysis due to the limitations of the method, some studies
(Buurman, et al., 1997; Buurman, et al., 2001) have shown that
laser diffraction methods can inaccurately measure the size of clay
and fine silt fractions of a sample. Work carried out using soil
profiles (Bah, et al., 2009), suggested that the relationship between
clay determined by settling method (e.g., sieve-hydrometer
method) and clay determined by laser diffraction analysis may
depend on the physical properties of the clay. This can be due to
the heterogeneity of sediment particle density and the deviation
of particle shapes from sphericity (Bah, et al., 2009). Therefore, in
the LPSA, an irregular shaped soil particle reflects a cross-
sectional area greater than that of a sphere having the same
volume. Thus, particles are assigned to larger size fractions of the
particle size distribution and the clay fraction is underestimated.
Non-spherical particles in settling methods have longer settling
times than their equivalent spheres, which results in an
overestimation of the clay fraction. This is likely only a minor
consideration when mixed sand, silt, clay samples are used, but
should be taken into consideration when exact clay volumes are
more pertinent to the study.

What Are the Limits of This Method Overall?

Overall, this study found that the laser diffraction grain size
analysis with the Malvern Mastersizer 3000 is generally replicable
and reliable for mixed sand-silt-clay samples of varying
distributions. The small subsample method is the most time
efficient sub-sampling method for analysing datasets with
hundreds of field samples, but care needs to be taken to re-
run samples that appear anomalous. Despite the accuracy and
speed of the small subsample method, there are still some
drawbacks. Natural samples will almost always vary spatially,

Deep Marine Grain-Size Analysis

which will add error to the dataset. Despite this drawback, sieving
and thin section analysis will also have issues with subsampling
and therefore this is a source of error that cannot be completely
negated. There is a certain amount of specialist equipment
required for laser diffraction grain-size analysis, but this
method may be more cost effective when compared to thin
section preparation in the long run or labour in processing
sieved samples. Users can be trained in the methods described
in this study (Figure 2) within a day. Ultrasonic baths are cheap
and easily accessible. The SELFRAG on the other hand is a large,
expensive, and specialised piece of equipment, which requires
more training and has been shown in this study to give variable
results. It is therefore not recommended unless access is already
available.

CONCLUSION

This study demonstrated that it is possible to produce a reliable and
repeatable workflow for disaggregating ancient mudstone and
sandstone utilizing an ultrasonic bath for variably cemented
samples. This study also demonstrates these techniques are
possible on moderately-cemented rocks up to Cretaceous age,
opening the opportunity for laser-diffraction grain size analysis on
ancient sedimentary rocks. The most efficient samples to run were
“small” (0.2-2 g) subsamples, which were found to be sufficiently
accurate when compared to an average of “large” (5—10g)
subsamples. Multiple small samples can be run relatively quickly
to rule out anomalous results. Alternatively, large subsamples, which
are presumably more representative of the entire field sample, can be
measured using aliquots obtained with either the pipette or stirrer
method. In argillaceous samples, the “agitated” pipette method and
“centre” stirrer method were found to be replicable, and the stirrer
provided more consistent results in general. In sand-rich samples, the
pipette method is slightly skewed towards coarser grain sizes and the
stirrer method is slightly skewed towards finer grain sizes, however
each method was internally precise.

The SELFRAG method for disaggregation was possible, but due to
the large amount of sample needed for this method, drying and
splitting the dry sample with a riffle-splitter was time consuming.
This method is therefore only suitable with a small number of field
samples. Moreover, there were potentially some remaining aggregate
grains for the samples from moderately lithified and most lithified
formations. Therefore, this method may need to be further developed
or combined with the ultrasonic bath method to be fully reliable.
However, the SELFRAG does have the potential to allow
disaggregation of older and more well-cemented sedimentary rocks.

When compared to thin section analysis, laser diffraction results
showed significant differences, including LPSA results being finer
due to a more accurate measurement of the silt portion and inclusion
of the clay portion of samples. Grain-size of the sand portion was
over-estimated in the thin-section analysis, potentially due to the
overestimation of the unmeasured z-axis of grains.

Despite some issues, the wultrasonic bath method of
disaggregation and measurement using the Mastersizer 3000
has made it possible to measure accurate grain size
distributions for hundreds of samples in a reasonable amount
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of time. Therefore, by following the workflow outlined in this
study and using the processing techniques most suitable for the
dataset, it is possible to greatly expand the amount of quantitative
grain-size datasets for ancient siliciclastic sedimentary rocks.
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The Ayeyarwady and Thanlwin Rivers, which drain Myanmar, together form one of the
largest point sources of freshwater and sediment to the global ocean. Combined, these
rivers annually deliver an estimated 485 Mt of sediment to the northern Andaman Sea. This
sediment contributes to a perennially muddy zone within the macro-tidal Gulf of Martaban,
but little is known about the processes that dominate dispersal and trapping of sediment
there, as very few water column observations are available. A research cruise in December
2017 provided a rare opportunity to obtain Acoustic Doppler Current Profiler (ADCP) data
along transects from the Gulf of Martaban and adjacent continental shelf. Two transects
were obtained from the outer portion of the Gulf of Martaban in water depths that ranged
from about 20-35m. These showed very fast currents, especially during flood tide
conditions, exceeding 1.5m/s. The backscatter record from the ADCP indicated
asymmetries in distribution of suspended sediment during the ebb versus flood phase
of the tide. During ebb tidal conditions, the backscatter record indicated that sediment was
transported in either a surface advected layer, or fairly well-mixed throughout the water
column. In contrast, during flood tidal conditions, sediment was confined to the bottom
boundary layer, even though the velocities were faster during flood than the ebb
conditions. The vertical structure of the currents during flood tide conditions indicated
the presence of sediment—induced stratification because currents within the near-bed
turbid layers were relatively slow, but speeds increased markedly above these layers. This
albeit limited dataset provides an exciting glimpse into the dynamics of sediment transport
within the muddy, macrotidal Gulf of Martaban, and implies the importance of tidal straining
and bottom nepheloid layer formation there.

Keywords: Gulf of Martaban, tidal currents, suspended sediment, macrotidal estuary, ADCP

1 INTRODUCTION

Riverine discharge accounts for the majority of sediment input to the ocean, with the largest
~25 rivers accounting for 40% of this sediment (see Milliman and Meade, 1983; Meade, 1996;
McKee et al., 2004). Once delivered to oceanic environments, a number of transport processes
operate on, and transform sediment and associated nutrients such as organic carbon, before
their eventual deposition and burial (McKee et al., 2004). Large Asian rivers draining the
Tibetan Plateau are especially significant and account for 25% of global sediment delivery to
marginal seas (Kuehl et al., 2020). The third-largest contributor from the Tibetan Planteau is
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FIGURE 1 | Map of study area in the northern Andaman Sea (see inset for location within Indian Ocean). Black and white lines show locations of all ADCP transects.
This manuscript focused on the eastern-most ADCP Transects #5 and #21, shown as black lines. Red markers show locations of CTD-Tu samples. Orange marker
shows location of Duya, Myanmar. The dotted black line demarcates areas identified as the mud blanket to the north; and a zone of accumulation to the south (Flynn
et al., in press). The orange area in the zone of accumulation represents the location of the Martaban Depresssion Clinoform (Kuehl et al., 2019; Liu et al., 2020).
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the combined Ayeyarwady and Thanlwin Rivers (Kuehl et al.,
2020). Its combined freshwater discharge is estimated at
528 km’/year, and sediment discharge at approximately
485 MT per year (Baronas et al., 2020). Additionally, these
rivers annually output 5.7-8.8 MT of organic carbon to the
coastal ocean, globally ranking second behind the Amazon
River (Bird et al,, 2008). The Ayeryarwady and Thanlwin
Rivers are also relatively unaltered by damming, and as such

have been identified as the last non-Arctic long rivers in Asia
that remain free flowing (Grill et al., 2019).

Located between the Bay of Bengal and Andaman Sea, the
coastal ocean offshore of the Ayeyarwady delta includes a deltaic
ramp directly south of the delta; and a shallow but expansive
embayment to the east, called the Gulf of Martaban (Figure 1).
The funnel-shaped Gulf of Martaban is macrotidal, with semi-
diurnal tides and a strong spring/neap cycle. Tidal energy
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increases toward the eastern side of the Gulf of Martaban, where
tidal ranges can exceed 7 m, and tidal current speeds reach 3 m/s
(Ramaswamy et al., 2004; Rao et al., 2005). The combination of
the influx of riverine muds with strong tidal energy is likely the
reason that the Gulf of Martaban exhibits one of the largest
perennially muddy coastal areas in the world, covering
45,000 km® during spring tides (Ramaswamy et al, 2004).
Additionally, the Gulf of Martaban has been identified as one
of the most productive areas within the Bay of Bengal; the
nutrients delivered by rivers here seem to play a critical role
in supporting vital fisheries (Hossain et al., 2020).

The Gulf of Martaban receives sediment and freshwater from
the Ayeyarwady River, the Thanlwin River, and the smaller
Sittang River; their combined sediment discharge accounts for
about 600 MT of sediment potentially input to the Gulf each year
(Kuehl et al., 2020). The smallest of these, the Sittang River
discharges an estimated 50 MT of sediment annually (Milliman
and Farnsworth, 2013). Previous studies have indicated that flows
and sediment transport in tidal flats within the Sittang estuary
tend to be dominated by the flood tide, but that the morphology
may be heavily influenced by ebbing flows during high discharges
in the rainy season (Choi et al., 2020). Similarly, in situ
observations of three distributaries that drain the Ayeyarwady
Delta showed these to be exporters of sediment during the rainy
season, while during low flow conditions the distributaries may
retain sediment delivered from offshore (Glover et al., 2021).
While these studies showed that sediment delivery to the Gulf of
Martaban responds to spatial, seasonal, and interannual
variability; studies have yet to directly link the fluvial sediment
sources to the depositional record offshore.

Previous studies have mapped seabed sediment texture within
the Gulf (Rao et al., 2005) which has been characterized as a “mud
blanket” (Hanebuth et al., 2015). Recently, however, analysis of
sediment cores and CHIRP seismic data have provided insight
into the depositional environment in this area. The seabed within
the shallow Gulf of Martaban contains a thick mixed layer
(0.25-1.2m thick) which is evidence of intense resuspension,
but exhibits relatively low accumulation rates (Kuehl et al., 2019).
It has been characterized as a “fluid mud reactor” (i.e., Aller,
1998), because the frequent resuspension and apparent trapping
within the Gulf likely impact geochemical cycling of organic
matter there (Kuehl et al, 2019; Flynn et al, in press).
Accumulation rates generally increase offshore in the Gulf of
Martaban, and Flynn et al. (in press) note a general transition
from the mud blanket to a zone of accumulation at about the
mouth of the Gulf (Figure 1).

Offshore of the Gulf of Martaban a clinoform depocenter has
developed spanning water depths from ~40-130 m (Kuehl et al.,
2019; Liu et al, 2020). Termed the Martaban Depression
Clinoform (Figure 1), this depocenter has been active over the
Holocene (Liu et al, 2020); and currently accumulates
approximately 6-8 cm/year (Flynn et al., in press; Kuehl et al.,
2020). This feature appears to trap a significant fraction of the
Ayeryarwady/Thanlwin River discharge of sediment and organic
matter (Kuehl et al., 2019; Flynn et al,, in press). However, the
transport mechanisms that carry material from fluvial sources to
the clinoform; and the residence time of material within the mud

Gulf of Martaban Currents and Suspended Sediment

blanket/fluid mud reactor of the Gulf of Martaban are poorly
constrained and limited by our lack of observations from the site.

The oceanographic and coastal dynamics in this region are
influenced by tides and seasonal monsoons (Rodolfo, 1969;
Ramaswamy and Rao, 2014). From the months May to
September the region experiences Southwest (SW) monsoon
conditions, dominated by strong winds from the southwest.
During the months December through February, the area
experiences Northeast (NE) monsoons with moderately strong
winds typically from the NE (Ramaswamy and Rao, 2014).

Seasonal fluctuations in circulation have been argued to
produce a bi-directional transport pathway; wherein fine-
grained sediment would be imported into the Gulf of
Martaban during the energetic SW monsoon, but exported
westward during NE monsoon conditions (Anthony et al,
2019; Kuehl et al., 2019; Liu et al., 2020; Glover et al., 2021).
Generally, historical data from this location and satellite
observations have been used to characterize surface currents
(Rodolfo, 1975; Rao et al., 2005), but the directions of the
near-bed flows that dictate sediment movement and fate
remain unclear. Additionally, CTD-Tu (Currents/Temperature/
Depth/Turbidity) casts obtained in December 2017 indicated the
presence of fluid mud in the bottom meters of the water column
within the Gulf of Martaban (Kuehl et al., 2019). The presence of
these fluid mud layers implies that the surface currents that have
been characterized may be very different from near-bed currents
that control sediment movement. Little is known about the near-
bed processes and circulation that are responsible for maintaining
the turbidity within the Gulf of Martaban, or for delivering
material to offshore depocenters.

Direct observations of suspended concentrations for the Gulf
of Martaban are limited to an april/May 2002 study that used
filtered water samples to characterize sediment concentrations as
being in the 100s of mg/L, and composed of terrigenous silty clays
(Ramaswamy et al., 2004). Satellite data have been used to infer
spatial patterns and have shown that turbidity in the Gulf of
Martaban is especially responsive to the spring/neap cycle, with
the extent of the turbid zone being largest during spring tides
(Ramaswamy et al., 2004). Compilations of satellite images have
also indicated a seasonal signal to the surface turbidity, with the
turbid zone covering the largest expanse during the NE monsoon
season of December—February (Matamin et al., 2015). Analysis of
satellite data has indicated that seasonal suspended sediment
concentrations are highest in December, when monthly averaged
surface concentrations were estimated to exceed 200 mg/L
throughout the Gulf of Martaban (Anthony et al., 2019).

In summary, the Gulf of Martaban has a global significance in
terms of sediment and organic carbon transfer from land to
ocean, and in basin-scale fisheries productivity. In spite of this,
very little has been observed regarding estuarine hydrodynamics
or suspended sediment transport within the Gulf. At present we
lack data to constrain the sediment transport mechanisms that
carry material from fluvial sources, through their residence in the
muddy Gulf of Martaban, to their ultimate deposition in the
clinoform depocenter. Observations of currents and turbidity at
depth are needed to test numerical and conceptual models of
hydrodynamics and sediment transport, and constrain sediment
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transport pathways there. This manuscript presents data from
two ADCP (Acoustic Doppler Current Profiler) transects that
were obtained during December 2017 from the outer Gulf of
Martaban.

2 MATERIALS AND METHODS

Within this paper, we provide a unique glimpse at
hydrodynamics and sediment dynamics for the Gulf of
Martaban, based primarily on water column observations
taken during a research cruise.

2.1 Cruise Data

During December 2017 a research cruise was conducted on the
vessel the Sea Princess over the Ayeyarwady subaqueous delta
and within the Gulf of Martaban (Kuehl et al., 2019; Liu et al,,
2020). Though the primary focus of the cruise was to obtain
sediment bed samples and map the seafloor, it afforded a rare
opportunity to obtain water column data.

2.1.1 ADCP Data
During the cruise, which surveyed over 1500-km in the northern
Andaman Sea and Bay of Bengal, an ADCP was mounted from the
boat, facing vertically downward to record current velocities and
acoustic backscatter within the water column. Though it was not
calibrated, the backscatter intensity of the ADCP acts as a proxy for
the relative magnitudes and vertical distribution of suspended
sediment concentrations (e.g., Holdaway et al., 1999). During this
cruise, over fifteen ADCP transects were recorded covering a large
geographic portion of the coastal Ayeyarwady delta and Gulf of
Martaban (Figure 1). The TRDI (Teledyne RD Instruments)
600 kHz ADCP was configured in mode 12 and recorded
measurements from 255 vertical bins each with a thickness of
33cm for a maximum coverage of 84 m water depth. Bottom
tracking that assumed the presence of a static seafloor was used
to adjust current velocities to account for the boat’s speed relative to
the sea floor. Of these ADCP transects, six were chosen for initial
analysis. Data from transects located south and west of the
Ayeyarwady Delta showed a general westward direction to
currents, consistent with seasonal patterns of circulation that have
been published (Rodolfo, 1975; Ramaswamy and Rao, 2014).
However, because the sampling period was short relative to the
expected variability of non-tidal currents, this paper is limited to
analyzing the ADCP data from within the tidally dominated area.

This paper focuses on two transects taken in the outer Gulf of
Martaban. Transects #5 and #21 (see Figure 1) provided insight
into the tidal control on sediment dispersal in the outer Gulf of
Martaban. These two transects covered water depths that ranged
from about 20-35 m. Transect #5 was located along the eastern
side of the outer Gulf, while Transect #21 was located in the
central area of the outer Gulf (Figure 1). In discussing the ADCP
data, locations will be referenced with respect to distance along
the transects.

Suspended sediment concentrations cannot be directly inferred
from the backscatter data, because they were not calibrated. Sediment
cores taken prior to both transects showed variations in grain size,
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FIGURE 2| Timeseries of oceanographic and meteorological conditions
during the December 2017 research cruise. Transects #5 and #21 were
obtained during the times marked. (A) Times of high and low tidal elevation for
Duya, Myanmar (Egbert and Erofeeva, 2002). (B) Wind vectors and (C)
Wave heights from GFS (Environmental Modeling Center, 2003). Wind vectors
show direction toward which the modeled wind blew.

indicating that sand fraction varied from ~3 to ~30% within the area
sampled by these transects (data from Kuehl et al, 2019), while
suspended material was previously characterized as silty clay
(Ramaswamy et al, 2004). Seabed organic content in this area
was fairly uniform at about 0.6-0.7% (Flynn et al, in press).
Water column samples were not obtained with which to
characterize suspended grain sizes or concentrations, but the
ADCP backscatter remains useful for characterizing the vertical
distribution of, and relative concentrations of suspended material.

For each transect, a principal axis for the current velocity was
identified using a Principal Component Analysis (PCA). The
principal axes for both transects were generally oriented in a
northeast/southwest direction, and the majority of the variability
in the currents was along the major axes. This manuscript reports
velocities components that are rotated to be along and
perpendicular to the major axis of the currents, which we
term the local “along Gulf” direction.

2.1.2 CTD-Tu Data

While on the cruise, several CTD-Tu (Conductivity, Temperature,
Depth, and Turbidity) profiles were taken when the ship was
anchored. Specifically, the CTD-Tu (RBR XRX-620) package was
manually deployed, sampling at 6 Hz during descent through the
water column at a rate of ~20 cm s—1. An OBS was mounted on the
CTD and its voltage readings indicate relative turbidity, but were not
calibrated to provide suspended sediment concentration. These were
analyzed previously and shown to provide evidence that fluid muds
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FIGURE 3 | Satellite image taken within a day of ADCP Transect #5.
Location of transect (black line) and CTD-Tu (red circle) shown. Duya,
Myanmar shown as orange marker. Image from NASA Worldview.

exist within the Gulf of Martaban, having vertical thicknesses of a few
meters (Kuehl et al., 2019). Two of these CTD-Tu profiles, obtained
nearly concurrently with ADCP Transects #5 and #21, are used
within this manuscript to characterize water column structure to as a
complement to the ADCP data.

2.2 Ancillary Data

Observations of oceanographic and meteorological data are
largely unavailable for the Gulf of Martaban. Therefore, data
from global numerical models provided useful information for
placing the ADCP data in the context of the oceanographic and
meteorological conditions present during the cruise. Data from a
global tidal model (Egbert and Erofeeva, 2002) for the location of
Duva, Myanmar (see Figure 1) allowed us to characterize the
tidal conditions at the time of ADCP deployment (Figure 2A).
Because local measurements of winds and waves were not
available for the Gulf of Martaban, we used a global numerical
model, the Global Forecast System (GFS (Environmental
Modeling Center, 2003)) to classify the meteorological
conditions during the cruise (Figures 2B-C). Additionally,
satellite imagery from NASA Worldview Application (2021)
allowed us to put the ADCP transect observations into the
larger spatial context.

3 RESULTS

This section provides the observed current velocities and ADCP
backscatter for two transects from the outer Gulf of Martaban
recorded in December 2017. Both of these ADCP transects were
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initiated near the end of ebb tide; continuing through low tide and the
transition into flood tide conditions (Figure 2A). Output from the
global GFS model indicated that conditions during the cruise were
rather calm, with wave heights estimated to be ~1 m (Figure 2C).
Wind speeds were estimated at < 5 m/s, and the GFS model indicated
that winds turned from being from the northwest early in the cruise,
and then were primarily from the northeast (Figure 2B).

3.1 Eastern Gulf of Martaban: Transect #5
Transect #5 was recorded on 9 December 2017 beginning at 05:34
UTC and finishing at 08:40 UTC. The transect covered about
22 km on the eastern side of the Gulf of Martaban, with the boat
traveling westward toward the middle of the Gulf of Martaban
(Figure 3). Water depths along the transect spanned from about
25 to 35 m, with the shallowest region sampled earliest in the
transect. Based on water level at the closest tidal station to the
transect (Duya), tidal conditions during the 3-h transit spanned
from the end of ebb tide, through slack, to flood tide (Figure 2A).
Sediment cores were taken immediately prior to, and following
the ADCP transect. These data indicate that there was little
change in organic content (~0.6%); though seabed texture
changed from muddy near the start of the transect, to mixed
sediments (sand, silt, and clay) at the deeper end of the transect
(Kuehl et al., 2019; Flynn et al., in press). The satellite imagery
from the day prior to the ADCP deployment shows the sampling
location to be within the fringe of the extent of the turbid waters
of the Gulf of Martaban (Figure 3).
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marks on the x-axis represent the position along the transect of ebb and flood, respectively, shown in Figure 8. The dotted lines during flood tide (~12-25 km) represent
the approximate thickness of the near-bed turbid layer, as described in Section 4.1.

Additionally, a CTD-Tu was obtained immediately before
Transect #5. This showed that the water column was well-
mixed, with a thin (~few meters) surface layer that had
slightly depressed salinity and increased temperature (Figures
4A,B). The voltage for the OBS (Optical Backscatter Sensor)
provides a measure of the vertical structure of water column
turbidity. It showed relatively low backscatter (~0.3 V) and
indicated that the suspended sediment was well mixed at this
time (Figure 4C). For comparison, OBS readings reached 4 V at
other locations and times during this cruise (Kuehl et al., 2019).

The Principal Component Analysis (PCA) performed on the
velocity data from Transect #5 showed that the principal axis of
the velocities was directed 9.4° clockwise from North, aligned
generally in “along Gulf’ and “across Gulf” directions. The
currents were strongly oscillatory, with components along the
principal axis containing most (93%) of the variability in the
currents. The component of the currents perpendicular to the
principal axis had much smaller magnitudes (0.1 m/s), compared
to velocity components that exceeded 1m/s along the
principal axis.

Considering the ADCP data in terms of the spatial variations
along the 22-km transect, conditions observed over the shallower
portion of the transect (0-7 km on Figure 5A) had a well-mixed
water column with moderate current velocities. The backscatter
in this portion of the transect indicated that suspended sediment
was mixed throughout the water column, except for surface layers
that had small backscatter (0-7km on Figure 5B). This was
consistent with the CTD-Tu record that showed little evidence of
stratification or isolated layers of turbidity. When the boat
traveled into deeper water away from the coast (17-23 km on

Figure 5), current velocities accelerated, and the backscatter
indicated that a near-bed turbid layer developed.

The changes observed along the transect correspond to tidal
forcing. Considering the temporal changes in the current speed
and direction (Figure 5A), the ADCP data show the transition
from ebb to flood conditions. Initially, during the first ~5km of
the transect, which coincided with the end of ebb tide, there were
moderate speeds of about 0.5 m/s that flowed southward (Figure 5A).
Next, the speeds slowed to zero during slack water at low tide from
~5-10 km along the transect. Then, as the tide turned to flood, the
current direction shifted northward and speeds exceeded 1 m/s from
~17km to the end of the transect (Figure 5A).

Similarly, the backscatter intensity showed a strong relationship
to the tides, indicating tidal forcing of suspended sediment.
Initially, during ebb (from 0 to 5km along the transect) there
was usually a high return at all depths suggesting suspended
sediment was well mixed throughout the water column
(Figure 5B). At some times, there was evidence of clear surface
plumes in the upper 3-5 m of the water, for example at 1, 3 and
5 km along the transect (Figure 5B). As the water speeds slowed
during slack water at low tide, the upper water column cleared (at
about 6-12 km in Figure 5B). As tidal currents turned to flood tide
and accelerated, a two-layer system developed (20 km to the end of
the transect, Figure 5B). There was evidence of suspended
sediment in the bottom-most 5m of the water column, above
which the backscatter intensity showed a sharp decrease indicating
the presence of a near-bed turbid layer overlain by clearer water.
The current velocity also showed speeds were slow within the
turbid layer but reached very fast speeds (~1.5 m/s) directly above
the turbid layer (Figure 5).
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FIGURE 6 | Satellite image taken on the same day that Transect #21
was sampled. Location of transect (black line) and CTD-tu (red mark) shown.
Duya, Myanmar shown as orange mark. Image from NASA Worldview.

3.2 Central Gulf of Martaban: Transect #21

Transect #21 was collected in two sections in the outer portion of
the central Gulf of Martaban, with a gap of about 10-min between
the two collection periods. Sampling began on December 17, at
11:39 UTC, and concluded on 17:26 UTC (Figure 6). The data
from these two sections covered about 39 km, and were obtained
over about 6h. It sampled water depths that ranged from
20-30m with the boat traveling southward. Additionally, a
CTD-Tu was obtained during the gap in the ADCP collection.
Similar to Transect #5, during the time when Transect #21 was
sampled, the tides went from ebbing, through low tide at slack
water, and then reached flood tide (Figure 2). A sediment core
taken adjacent to Transect #21 showed that the seabed was about
20% sand and 80% mud; with an organic content of about 0.6%
(Kuehl et al., 2019; Flynn et al., in press).

Principal Components Analysis (PCA) of the velocity data
from Transect #21 showed that the principal axis of the velocities
was directed 20.5° clockwise from North; roughly aligned with
“along Gulf and “across Gulf” directions. The currents at this
location were strongly oscillatory, with components along the
principal axis containing most (92%) of the variability in the
currents. The velocity components perpendicular to the principal
axis were an order of magnitude smaller (0.12 m/s) than the
velocity components along the principal axis, which reached
magnitudes of 1.5 m/s.

Three distinct portions of Transect #21 are evident. At the
most shoreward portion of the transect (0-7 km), velocities were
high (~1 m/s) and southward, and the backscatter indicated the
presence of a surface turbid plume (Figure 7). In the next region
(~7-17 km), current velocities slowed, and the turbid water was

Gulf of Martaban Currents and Suspended Sediment

found at increasing water depths (Figure 7). The CTD-Tu taken
in the middle of Transect 21 was located around 20 km
(Figure 4). It showed a fairly well-mixed water column with
relatively low voltage by the OBS (~0.5V), indicating low
sediment concentrations compared to other locations that
were sampled during the cruise (i.e. Kuehl et al,, 2019). In the
more seaward portion of the transect (~25-39km), the
backscatter indicated the presence of a near-bed turbid layer,
while turbidity in the upper water column was reduced
(Figure 7B). At this point in the transect (~25-39 km), the
northward directed current velocities reached high speeds
(~1.5m/s; Figure 7A).

The temporal changes in the current speed and direction along
Transect #21 correspond to tidal forcing and show the transition
from ebb to flood conditions (Figure 7A). The first ~10 km of the
transect coincided with the timing of the ebb tide. The highest
observed currents during the ebb were about 1m/s, flowing
offshore (Figure 7A). Next, the speeds fell to zero during slack
water at low tide from ~12-17 km along the transect. Then, as the
tide turned to flood, the current direction shifted northward, and
speeds exceeded 1.2 m/s from ~25km to the end of the transect
(Figure 7A).

The backscatter record indicated that the vertical distribution
of suspended sediment also responded to tidal forcing. At the
beginning of the transect (0-8 km), the current was ebbing, and
there were two distinct backscatter layers (Figure 7B). At this
time, the surface waters showed much more backscatter than the
lower water column, indicating that the ebb tide was exporting
muddy water in the surface layer from the Gulf of Martaban.
During slack tide, from 8-18 km along the transect, sediment
appeared to settle as the turbid layer shifted from surface waters
toward the mid-water column (Figure 7B). Then, flood tide
commenced, and current speeds increased (20-35km along
the transect), and a near-bed turbid layer appeared in the
bottom few meters of the water column (Figure 7B). This
suspended layer experienced northward flux in the relatively
thin near-bed bottom layer. Sediment concentrations during
the flood tide appeared to be smaller than during the ebb tide,
based on comparing the backscatter intensity during these times
(Figure 7B).

In summary, over the conditions observed for Transect #21,
fast currents (>1 m/s) occurred during both ebb and flood tidal
conditions. The backscatter indicated more sediment was
suspended during the ebb tide than the flood tide, even
though observed currents were faster during flood. This was
expected since the ebb transports water from the more turbid
estuarine waters, carrying it seaward (see Figure 6). During the
strong flows observed during the flood tidal phase, a two-layer
flow developed with a turbid near-bed layer.

4 DISCUSSION

Here, the ADCP data from both transects are synthesized to look
for common features during ebb and flood tide conditions, and
qualitatively assessed to evaluate net sediment fluxes over the

ebb-to-flood tide.
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4.1 Vertical Structure of Ebb vs Flood

Comparing conditions observed at these two transects (e.g.,
Figure 4), the eastern Gulf of Martaban (Transect #5) had
higher salinity than the transect from the central Gulf of
Martaban (Transect #21). Satellite imagery indicated that the
surficial suspended sediment concentrations would be higher
in the central region compared to the eastern Gulf of
Martaban (Figure 3, Figure 6), and the ADCP backscatter
was consistent with this: showing higher backscatter for
Transect #21 than #5 (Figure 5B, Figure 7B).
Additionally, the ADCP transects show that the eastern
region had lower current velocities than the central region,
at least for the time sampled (Figure 5A, Figure 7A). Current
speeds along both transects reached magnitudes of about
1.5 m/s during flood tide, and for both transects the fastest
currents occurred in the mid-water column during flood
(Figure 5A, Figure 7A).

To better visualize the vertical structure of the currents and
suspended sediment, profiles for each were taken from Transects #5
and #21 that were representative of ebb and flood conditions
(Figure 8). These profiles present data that was smoothed by
time-averaging the samples for 1-min along the transect, and by
applying a 1-m running average in the vertical. For both transects,
the profiles for flood tide had faster current velocities than the ebb
tide (Figures 8A,C). Additionally, the vertical structure for the flood
tides showed more shear at both locations than the ebb tide; and the
flood tide had a mid-water column peak in speed, whereas the ebb
tides showed current speeds to increase toward the surface water
(Figures 8A,C).

Though currents were faster for these profiles during flood
conditions than ebb, the acoustic backscatter were higher during
ebb than flood (Figure 8). This indicates that concentrations were
higher during ebb than flood. The acoustic backscatter from both
transects showed that the vertical distribution of suspended
sediment differed during ebb tide compared to flood (Figures
8B,C). During ebb tide, suspended sediment was fairly
well-mixed at Transect #5 (Figure 8B), while a surface turbid
layer was seen in the central Gulf of Martaban (Transect #21;
Figure 8D). During flood conditions, however, the acoustic
backscatter from both transects indicated the presence of near-
bed turbid layers, with high backscatter evident in the bottom
40% of the water column (Figures 8B,D).

The backscatter records from both transects were analyzed to look
for a sharp vertical gradient in suspended sediment concentrations,
ie., alutocline. The thickness of the near-bed turbid layer for the flood
portions of the transects were identified and are shown as dotted lines
in Figure 5B, Figure 7B. The lutocline was identified as the deepest
point for which a threshold backscatter reading was observed. High-
frequency variability in the layer thickness was removed by
application of a Robust Loess smoothing function. Thus identified,
these near-bed layers ranged from about 2-11 m in thickness (dotted
lines in Figure 5B, Figure 7B). Interestingly, the velocity structure of
the flood-tidal currents showed a similar behavior to the thickness of
the near-bed turbid layer. Velocities within the turbid layer tended to
be lower than the velocities immediately above the turbid layer, and
the thickness of these turbid layers aligned with the approximate
height of the mid-water column peak in speeds (Figure 5A,
Figure 7A).
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This provides evidence that sediment-induced stratification
(Smith and McLean, 1977; Glenn and Grant, 1987) dampened
vertical mixing and influenced the vertical structure of the
observed currents during flood tide conditions. The reduced
velocities within the turbid bottom layer could be attributed to
enhanced drag and reduced turbulent mixing due to the increased
density gradient in the bottom layers (e.g., Trowbridge and
Kineke 1994; Friedrichs et al., 2000).

4.2 Tidal Modulation of Sediment Flux

Because the ADCP backscatter was not calibrated for suspended
sediment, and because the transects did not cover a full
ebb-to-flood tidal cycle, it is impossible to quantitatively
assess sediment fluxes. However, the backscatter and current

velocity data indicate that seaward sediment flux was an
important component of the net flux for the conditions
sampled. The ADCP backscatter was higher during ebb
conditions than flood for both transects (Figures 8B,D).
During flood conditions at both transects, near-bed turbid
layers appeared, but they had lower backscatter values than
those seen for ebb conditions (Figures 8B,D). Additionally,
current velocities were depressed in the bottom boundary layer
where these turbid layers formed (Figures 8A,C). Furthermore
the transects were begun during the waning portion of ebb
conditions, when velocities were decreasing and therefore
likely underestimated the capacity of the ebb tides to transport
sediment. Taken together, these indicate that the flood tides
would not be very effective at transporting sediment, so that
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the ebb tides may contribute a significant part of the net
sediment flux.

The ADCP data, made in water depths of ~30 m, contrast
somewhat with the observations that have been made in the
shallower, tidal-river portions of the sedimentary system. For
example, water column observations obtained over a 3-day period
on a tidal flat of the Sittang River, saw sediment fluxes were
dominated by landward pulses during flood tidal bores (Choi
et al., 2020). Geomorphology indicated that over longer-term
timescales (seasonal to century), however, ebbing conditions
during high discharges (i.e., during the southeast monsoon, or
tropical cyclones) were important to maintaining the structures
of the Sittang River channels and meander bends (Choi et al,
2020). Water column observations from three distributary
channels that spanned the Ayeyarwady Delta similarly showed
a seasonal variation in ebb vs flood-tide dominance of sediment
flux (Glover et al., 2021). During the rainy season, the three
distributary channels showed export of fluvial sediment to the
shelf. During the low flow season, however, the eastern-most
distributary (the Yangon River estuary) appeared to have
sediment fluxes dominated by the flood tide indicating that
sediment from the Gulf of Martaban was transported landward
in this channel during these conditions (Glover et al., 2021).

These ADCP transects were located in the transition zone
between what has been characterized as a “fluid mud reactor”
(i.e., Aller 1998) within the shallow Gulf of Martaban and the
clinoform depocenter (Kuehl et al, 2019; Liu et al, 2020).
Transect #21, in particular, was located at the landward edge of
the clinoform (Figure 1). The residence time of sediment within the
Gulf, and resultant geochemical cycling of organic matter associated
with the sediment, depend on the specific transport mechanisms that
deliver material from the muddy Gulf of Martaban to the
depocenter. Mechanisms that have been suggested for delivering
sediment from the turbid Gulf of Martaban to the clinoform include
bottom nepheloid layers, seasonal variations in wind-driven
currents, storm-driven transport, and tidally modulated fluxes
(Ramaswamy et al., 2004; Liu et al., 2020).

Though limited in scope, the data from this study indicate that
tidal pumping creates export of sediment during ebb tides that
deliver sediment from the Gulf of Martaban to the depocenter. It
also implies that tidal straining, whereby stratification effects
impact the vertical distribution of momentum and suspended
sediment concentration may play a role. Classically, tidal
straining has been attributed to variations in density due to
salinity (i.e., Simpson et al., 1990), and many estuaries exhibit
the straining effect during ebb tides when freshwater is carried
over more salty water (e.g., Scully and Friedrichs 2007). In the
Gulf of Martaban data, however, the suppression of turbulence
appears to occur during flood conditions, when the clearer water
from the deep-sea is carried over the muddy water from the Gulf
of Martaban. Similar behavior has been observed in the Huanghe
Estuary, and attributed to longitudinal variations in suspended
sediment availability (Wang and Wang 2010).

The apparent importance of ebb tidal sediment flux for these
locations within the Gulf of Martaban provide an interesting
contrast to other estuaries that have been classified as flood
dominant. To better quantify the sediment residence times
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within the Gulf of Martaban, and delivery mechanisms from
riverine sources to the clinoform depocenter, however, obviously
requires consideration of larger spatical scales and longer
timescales. Numerical models that couple hydrodynamics and
suspended sediment that can reproduce the vertical structure of
these ebb and flood conditions may provide insight into the
transport mechanisms that carry sediment from the turbid zone
to depocenters. Multi-scale numerical models would be needed to
place in context the relative contributions of seasonal, tidal, and
spatial variations in sediment delivery that have been observed in
the tidal rivers of the system (e.g., Choi et al., 2020; Glover et al.,
2021), with the larger scale development of the Gulf mud blanket
and Martaban Depression clinoform. Additionally, a three-
dimensional numerical model could put these limited
observations into the larger context of the Gulf of Martaban
by accounting for exchanges with the Ayeryarwady delta region,
the impact of baroclinic forcings, spring/neap variability, and
seasonal variations in winds and wave energy.

5 CONCLUSION

Though limited, this dataset provides rare observations of
currents and acoustic backscatter for the outer portion of the
central and eastern Gulf of Martaban, one of the world’s
largest perennially turbid coastal areas. The observations,
made in ~20-35 m water depths, indicated that the currents
are strongly oscillatory. The primary axes of the currents
were directed in generally northeast/southwest direction at
both transects. Over the times sampled, surface currents
oscillated between 1 m/s seaward (during ebb) to >1.5m/s
landward (during flood), and velocity components were
much larger in the along-Gulf directions compared to the
across-Gulf directions. Both transects were sampled as ebb
tide conditions gave way to slack, and then flood conditions.
For the situations that were sampled, the flood velocities
exceeded the current speeds observed during ebb conditions.
The ADCP backscatter also indicated that the vertical
distribution of suspended sediment varied spatially and
with the tidal conditions. Acoustic backscatter and satellite
imagery indicated larger suspended sediment concentrations
in the central Gulf of Martaban than in the eastern Gulf of
Martaban. For both transects, the backscatter signal was
larger during ebb conditions than flood, even though
current velocities were faster during flood. During ebb
tidal conditions, suspended sediment appeared vertically
well-mixed in the eastern Gulf transect; or formed a
surface plume in the central Gulf transect. During slack
tide, both transects recorded that the suspended sediment
seemed to settle toward the bottom. For both transects as
slack gave way to flood tide, fast currents coincided with the
appearance of a near-bed turbid area that ranged from
2-11m in thickness. During flood tide at both transects,
the velocity profiles showed mid-water column maximums
in current speeds. The upper limit of the thickness of the
near-bed turbid layer was similar to the height of the
maximums in velocity. This could indicate a feedback
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mechanism between the near-bed turbidity and velocity
shear, such as suspended-sediment induced stratification
that would be expected for conditions of near-bed fluid
muds or bottom nepheloid layers. Though it bears more
consideration, the data indicate that tidal straining during
flood conditions limited the flood-tidal sediment inputs into
the Gulf of Martaban, while export of sediment during ebb
conditions is an important component of the net sediment
balance for the outer Gulf of Martaban. This data indicates
that ebb-tidal delivery may be an important mechanism for
delivering material from the Gulf of Martaban mud blanket
to the Martaban Depression clinoform.
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Over the past decade, deep-sea mining (DSM) has received renewed interest due to
scarcity of raw materials. Deep-sea mining has been spurred by the need for critical
resources to support growing populations, urbanization, high-tech applications and the
development of a green energy economy. Nevertheless, an improved understanding of
how mining activities will affect the deep-sea environment is required to obtain more
accurate assessment of the potential environmental impact. In that regard, the sediment
plumes that are generated by the mining activity have received the highest concern, as
these plumes might travel for several kilometers distance from the mining activity. Various
plume sources are identified, of which the most profound are those generated by the
excavation and collection process of the seafloor mining tool and the discharge flow to be
released from the surface operation vessel after initial dewatering of the ore. In this review,
we explore the physical processes that govern plume dispersion phenomena (focusing in
the main on benthic plumes), discuss the state of the art in plume dispersion analysis and
highlight what lessons can be learned from shallow water applications, such as dredging,
to better predict and reduce the spread and impact of deep-sea mining plumes.

Keywords: sediment transport, negatively-buoyant plumes, flocculation, aggregation, sediment spill

1 INTRODUCTION

The demand for critical raw materials, such as cobalt and rare earth elements is growing worldwide.
This growth in demand is driven by the increasing world population and its increasing welfare,
urbanization and development of technology (Hein et al., 2020). One of the main drivers nowadays is
the electrification of the energy supply, e.g., cars, batteries, PV cells and wind-turbines. There is an
increased global attention to the potential of deep-sea mineral deposits as an unexploited resource for
various (critical) raw materials, and they is considered as a potential alternative to terrestrial deposits,
hence they are of high economic interest (Wedding et al., 2015).

In general, three types of deposits, each with their own characteristics, are considered,
i.e., polymetallic nodules, seafloor massive sulfides and cobalt-rich crusts. Polymetallic nodules
are found on the surface of abyssal plains of the oceans, typically at water depths of 4-6 km.
Polymetallic nodules are rich in metals and rare earth elements. The most extensive known nodule
deposits are found in the Clarion Clipperton Fracture Zone (CCFZ) in the Pacific Ocean and the
Indian Ocean Nodule Field (Hein et al., 2020). Seafloor massive sulphide (SMS) deposits are areas of
hard substratum with high base metal and sulphide content that form through hydrothermal
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circulation and are commonly found at hydrothermal vents. Such
vents are typically found at tectonic plate boundaries and
undersea volcanoes, e.g., Mid-Atlantic Ridge, Indian Ocean
and Bismarck Sea (Boschen et al., 2013). Cobalt-rich crusts
(CRC) are rock-like metalliferous mineral layers that form on
the flanks of seamounts. Depending upon the concentration of
metal compounds in the sea water, crusts with different
thicknesses have formed in different ocean regions, ranging
from 2 to 26 cm thickness. Most crusts have been found in the
Prime Crust Zone (north-west Pacific), north-east of the Pacific
Island states and Indian Ocean (Hein and Petersen, 2013).

While being of economic interest, these deposits are also
essential habitats for benthic communities (Kaiser et al., 2017).
Concerns exist on the recovery rate of the area affected by the
mining activity (Gollner et al., 2017).

The structure of this paper is as follows. First, we provide an
overview of a typical mining system and discuss the main
comparisons and differences for the three main marine
mineral deposit types. In the next chapter, we introduce the
turbidity plume theory and apply it to plume sources originating
from a seafloor mining tool, based on publicly available
equipment properties. We will discuss relevant sediment
properties and we will elaborate on to what extent particle
aggregation might be of influence on the behavior of turbidity
plumes. Next will be an analysis of how specific conditions at
marine mineral deposits might be of influence on the generated
turbidity plumes. Finally, we will take a closer look about what
knowledge is currently lacking for deep-sea mining, but where we
might benefit from experiences in shallow waters, e.g., in the field
of dredging. This will be done mainly through analysis of near-
bed turbidity discharges occurring from trailing suction hopper
dredges. In addition, we will indicate what experiences from
dredging might bring to the new field of deep-sea mining, aiming
at improved prediction of plume dispersion and what might be
done to minimize environmental impact caused by the
equipment.

1.1 Mining Process

For each of the deposits, the lay-out of the entire mining
system will be comparable. The ore is to be excavated and
collected by one or more seafloor mining tools. For nodules,
this pick-up process can be either hydraulic, mechanical or a
combination of both. Typically, such collectors not only collect
nodules, but also sediments and an excess of water. In the
collector, nodules are to be separated from the entrained water.
The excess of water and sediments will then be discharged as a
plume behind the collector, which is often referred to as a
collector plume.

In the case of SMS and CRC, the hard substrate needs to be
excavated by rock cutting machines. So far, little is known about
what particle size distribution is to be expected, especially to what
extent fines (also referred to as fine sediment, here defined as
having a grain size diameter <63 pm) will be generated, which will
depend on rock properties, water depth and the excavation tool
(Alvarez Grima et al., 2015; Helmons et al., 2016). As a result,
little is known about the amount of fines that will be generated
and spilled (not collected) by the seafloor mining tool. The spilled

Cohesive Sedimentary Systems: Dynamics and Deposits

fines might result in a turbidity flow. To date there has been no
deep-sea mining of SMS although the Solwara project, which
concerned the mining of SMS in Papua New Guinea in
1,450-1,700 m water depth, progressed as far as a full
Environmental Impact Assessment (Nautilus Minerals, 2008)
and production of a full-scale mining plant. The project
collapsed in 2019 when the developer, Nautilus, went into
administration. There has been no full-scale mining of cobalt-
rich crust to date although in July 2020 Japan Oil, Gas & Metals
National Corporation (JOGMEC, 2020), successfully undertook
test mining of cobalt-rich crust from the Takuyo No. 5 Seamount
approximately 400 km east of Tokyo (JOGMEC, 2020).

The seafloor mining tool will feed the ore to a vertical
transport system to transport the ore to surface. Once the
stream of ore, water and remaining sediments arrives at the
production support vessel, the ore needs to be dewatered and the
excess water and sediment will be returned back to the deep sea,
creating a discharge plume of fine particulate material (Oebius
et al.,, 2001). Scenarios considered for the return water plume
foresee that it will be released 1) in the water column below the
thermocline, or 2) near the seabed (Washburn et al., 2019).

In the exploitation phase of nodule mining, a typical seafloor
mining tool would have a width of 10-20 m and would move
forward at a speed of approximately 0.3-0.5m/s (Global Sea
Mineral Resources NV, 2018). Estimations of seabed disturbance
(or erosion depth) are in the region of 7 cm (Lang et al.,, 2019), but
others state a range of potentially 5-15 cm (Global Sea Mineral
Resources NV, 2018), or 10-15 cm (Nauru Ocean Resources Inc,
2021). Little information is publicly available regarding the
estimated amount of excess water discharged by the collector
system, these vary in the range of 125—375 L/s per meter width of
a collector (Lang et al., 2019). Based on the estimated erosion
depth and the discharge flow rate, a volumetric sediment
concentration of approximately 1-3% is expected, which is
equivalent to 25-80g/L (initial bed porosities have been
reported to be in the range of 0.8-0.9 (Jones, et al, 2021)). In
the mining concepts published so far, independent of the choice
of the collection method, the excess water and sediment will be
discharged behind the mining vehicle, creating a plume of fine
particulate material.

In the case of the near-bed generated plumes, i.e., nodule
collector, SMS/CRC excavator or return water, sediment
redeposition and bottom blanketing within the vicinity of
the mining site could potentially bury benthic organisms,
clog the respiratory surfaces of filter feeders and pollute the
food supply for most benthic organisms. Both processes would
affect the deep-sea ecosystem structure and functioning to a
certain, although presently unknown, extent (Ramirez-Llodra,
et al,, 2011; Jones, et al., 2017). Currently, it is not yet known
how large the affected area will turn out to be, and thus it is
uncertain how severe the resulting environmental impact will
be. From a technical point of view, it is of utmost importance to
1) be able to accurately predict where these plumes will travel
and what deposition layer will be generated and 2) minimize
the area affected by said near-bed plumes. Experience gained
in turbidity management and analysis by the dredging industry
can be of help to achieve aforementioned objectives.
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2 TURBIDITY PLUME THEORY

The mixture of water, sediment and fine-grained nodule debris
that is discharged behind the mining vehicle can be characterized
as a negatively buoyant jet or plume. Due to its higher density, the
plume will sink quickly to the seabed, from where it will
propagate as a turbidity current. The following analysis is
valid for any type of mining plume, but here special emphasis
will be put on the sediment plume generated by a nodule collector
(as this is the source of a turbidity plume that is best described in
literature in terms of flow rate, concentration and the sediment
properties). A similar approach can be used for other plume
sources as well.

The source term exiting from the mining vehicle is
characterized by its volume, momentum and buoyancy flux, in
the frame of reference of the moving vehicle, defined as:

Q o = Au 70
MjO = PjOQjoujo
Pjo ~ Pes

Pjo

Bjo = Qjogjo’

gi= 9

With the volume flux exiting from the discharge Qjo, cross-
sectional area A, initial discharge velocity u o, initial momentum
flux Mo, discharge density p;,, ambient density p,,, reduced
gravity g’jo, gravity g, and initial buoyancy flux Bj,. It is worth
mentioning, that in the case of an operational mining vehicle, the
source is moving, discharging at an approximate neutral velocity.
This is envisaged by adjusting the discharge opening to
accommodate a similar discharge velocity of the mixture
opposing the forward velocity of the mining tool, aiming for a
minimum net momentum. The conditions of the flow exiting
from the vehicle diffusers can be described with Reynolds Re,
densimetric Froude Fr, Richardson Ri numbers, and the ratio of
net vehicle-discharge velocity relative to the current velocity ratio
(square root of the momentum ratio) y, respectively given by

e= PutpHl

u
Fr = Yo

goH
!

H
Ri =22
7

With height of the discharge opening H, vehicle velocity u, and
dynamic viscosity p.

For Re > 10% the outflowing mixture will be turbulent. As long
as the jet starts fully turbulent, mixing of the jet is not strongly
affected by the jet Reynolds number (Jirka, 2007) but it is
primarily governed by Ri (equal to 1/Fr?) and y. For Fr < 1
the outflow is subcritical, for Fr > 1 the outflow is supercritical.

Cohesive Sedimentary Systems: Dynamics and Deposits

TABLE 1 | Range of dimensionless numbers for the discharge conditions. Values
are based on design specifications,—indicates lower bound, + indicates upper
bound for concentration ¢ (0.01-0.03) (mol/L), vehicle velocity v (0.25-0.5) [m/s]
and discharged volume Q (0.125-0.375) [m®/s per meter width]. Values are taken
from (Lang et al., 2019).

Re Fr Ri 3 n
o=, v-, Q- 13255 0.96 1.08 11885 1.14
c-, v+, Q- 6627 1.36 0.54 37733 3.85
o, v—, Q+ 39765 0.56 3.24 8241 0.50
c- v+, Q+ 19883 0.79 1.62 26162 1.69
o+, v-, Q- 27230 1.11 0.81 12099 0.66
o+, v, Q- 13615 1.57 0.41 38413 222
o+, v=, Q+ 81690 0.64 2.40 8389 0.29
o+, v, Qt 40845 0.91 1.22 26634 0.97

For Ri < 1, the flow is dominated by momentum, for Ri > 1 the
flow is dominated by buoyancy. Based on the numbers provided
by (Lang et al., 2019), the range of the dimensionless numbers is
provided in Table 1. The current velocities close to the seabed in
the abyssal plains are generally rather low, with typical mean
current velocities in the range of 5-15 cm/s (Gillard et al., 2019).
During the mining operation, it must be assumed that the current
can come from any direction, cross or parallel.

It remains to be seen how the mining systems will perform
operationally. However, based on the analysis of the Froude and
Richardson number, some regime changes, e.g, sub- or
supercritical flow being discharged from the mining collector.
In the case where the outflow is subcritical (Fr < 1), the mixture
will automatically redistribute to arrive at Fr = 1 with a discharge
at higher concentration and velocity in the lower half of its height
compared to the upper part of the discharge. In severe cases,
water from the environment can even flow into the discharge. As
a result, the assumed neutral exit velocity does not hold and thus
the outflow maintains more energy than anticipated. To
minimize the chance of heterogeneous outflow, various
options are available, e.g., guided vanes and/or vortex generators.

2.1 Length Scales

Initially the horizontal momentum is important, but eventually
(negative) buoyancy will force the flow towards the seabed. After
impinging on the bed, it will continue as a turbidity current.
Various regimes can be distinguished for a (negatively) buoyant
jet in crossflow (Fischer et al., 1979). An x-z reference frame is
used, ie, x is in horizontal direction and z is in vertical
direction.Within a distance of z<I, from the source a
buoyant jet acts as a jet and when z >1,, a buoyant jet acts as
a plume. A length scale z), is defined for the influence of the
initial momentum compared to the ambient current. Length scale
zp is defined for the influence of the initial buoyancy, when z < z
initial buoyancy is dominant over the ambient current. These
length scales are given by
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Zp = %
of
See Figure 1 for a sketch of the different flow regimes in
relation to the different length scales. As the discharged flow is
sediment laden, an additional length scale can be defined, based
on the jet momentum flux and the particle settling velocity

2/3
B M

Wy

I

This length scale plays an important role in the analysis of the
sedimentation spatial variation. The horizontal distance when particle
fallout first occurs can be linearly correlated to I;. A larger value
suggests that the particles mainly follow the plume trajectory, while
low values of [ result in settling velocity dominating the flow response.

According to experiments performed by (Lee et al., 2013),
the particle concentration contours may be divided into three
regions. For x <0.5l;, the sediment jets behave like a pure jet
with concentric contours. For 0.5l < x <, the sediment cloud
starts to depart from the water jet and for x > [, the particle jet
is separated significantly from the water jet. They also found a
longitudinal deposition rate F, based on I;. According to their
experiments, sediment starts to fall out of the jet at
approximately x /; = 0.2-0.3, the peak deposition rate at
approximately x = 0.93[; and at x = 2.4/, over 90% of the
sediment input has settled. It has to be noted, that these
experiments have been conducted for various narrow particle
size distributions consisting of sand or glass spheres.

Laboratory experiments for horizontal sediment-laden
plumes have been conducted by (Bleninger, 2000) and
(Neves et al., 2002) who conducted experiments where the
sediment deposition was found to be log-normal distributed.
These experiments were coupled with dimensional analysis to
determine the deposition rate of small particles based on a
momentum-settling length scale.

(Cuthbertson et al., 2008) and (Liu and Lam, 2013) demonstrated
experimentally and numerically that for initial sediment
concentrations below 0.1% of volume, no significant changes to
the properties of the jet flow are noticeable. For jets with higher
initial sediment concentrations, the settling of particles is observed to
drag the jet with a downward bending trajectory.

It is worth noting that hardly any publications so far have
taken into consideration that in the case of a mining vehicle for
the collection of polymetallic nodules, the vehicle will be
moving. The research conducted in laboratory seems to be
entirely based on stationary jets.

The work of (Decrop and De Wachter, 2019) is only one of the
very few public articles that address the effect of the moving

Cohesive Sedimentary Systems: Dynamics and Deposits

vehicle on the discharged sediment plume. This work is based on
a Computational Fluid Dynamics (CFD) model based on
Reynolds Averaged Navier Stokes (RANS) turbulence
modelling. In this work, various vehicle scenarios are
considered, mainly for different vehicle velocities and
discharge conditions. It also considers the effect of the wake of
the vehicle in the initial mixing phase. So far, no validation
through experiments has been provided.

Recently, (Ouillon et al., 2021) presented research on gravity
currents originating from moving sources. In their research, they
conducted experiments in a towing tank where a model collector
discharges a dense dyed fluid in its wake. These experiments have
been used to validate CFD results based on Direct Numerical
Simulations (DNS). It is identified that the ratio of the speed of
the source (mining vehicle) to buoyancy velocity can be used to
define sub- and supercritical gravity current formation. In the
case of supercritical flow (where the mining vehicle is able to stay
in front of its own generated turbidity current), a wedge-shaped
gravity current occurs behind the collector. In this supercritical
regime, the turbidity current goes through a second transition in
which the head of the turbidity current moves approximately
normal to the vehicle’s direction, and the time evolution of the
front in lateral direction tends to be comparable to a constant
volume lock-release gravity current. Their research provides
valuable insights on the near-field behavior of the mining
vehicle plumes. For obvious reasons, their experiments have
not considered the presence of actual sediments in the
discharged flow. The effects of sediments will be discussed in
the next section.

2.2 Deep-Sea Sediments

Where coastal and shelf sediments usually are predominantly
composed of lithogenic clay, silt and sand produced by
weathering and erosion of the adjacent land mass (except on
subtropical and tropical carbonate shelves), deep-sea sediments
encountered at sites of potential DSM are usually a mixture of
clay and silt transported from distant land masses by ocean
currents or wind, or produced by weathering of oceanic rock,
and silt to sand-sized skeletal remains of mostly pelagic
organisms composed of carbonate (mostly coccolithophores
and planktonic foraminifera) or silica (mostly diatoms and
radiolarians). Volcanic debris and authigenic minerals
precipitated from seawater or local pore water contribute a
relatively minor fraction, with areas rich in polymetallic
sulphide or oxide precipitates as a notable exception. On the
crests of mid-ocean ridges and seamounts, enhanced bottom
currents associated with internal waves often winnow out the
finest sediment fractions, producing a relatively coarse-grained

plume
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plume

FIGURE 1 | Length scales and flow regimes of a buoyant jet in cross flow in case zg >zy (left) orin case zy > zg (right) with z¢ = zy (%’:)”3, (de Wit, 2015).
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TABLE 2 | Fraction distribution of sediments. GSR and NTNU data from (Lang et al., 2019), IOM data from (Zawadzki et al., 2020). Averaged data is provided by Global Sea
Resources, based on the Belgium license area in the CCFZ, NTNU data is data of specific box-cores of the GSR data average. IOM data is based on data of the Inter

Ocean Metal license area in the CCFZ.

Fraction Diameter range GSR data NTNU data NTNU data IOM data Gillard et al.
(um) average (%) BC062 (%) BC064 (%) average (%) (2019)

Clay <2 12.0 1.3 14.5 23.24 25.3

Silt 2—63 76.2 85.7 82.5 70.36 52.11

Sand 63—2000 11.8 3 6.13 225

TABLE 3| Percentages of mineral groups in deep-sea sediment. IOM data from (Zawadzki et al., 2020), GSR data from (Global Sea Mineral Resources NV, 2018), Sites A-C
(Bisschof et al., 1979). Note that for IOM 1, 2, 3, clay mineral % is given relative to total sediment. For Site A, B, C and GSR clay mineral % is relative to sum of clay

minerals only.

IOM 1 IOM 2 IOM 3
Smectite (%) 12.71 17.33 16.49
lite (%) 13.82 12.05 14.25
Kaolinite (%) 0.65 0.43 0.54
Chlorite (%) 1.7 1.85 2.35
Amorphic (%) 50.47 47.09 44.42

residue. Corals, sponges and other benthic megafauna which at
these sites find favourable conditions for nutrition, often produce
a significant amount of coarse-grained bioclastic sediment. In
contrast, sediment of the abyssal plains is mostly very fine
grained, reflecting the sluggish bottom current regime.
Characteristic particle size distributions in nodule-rich areas
are presented by (Lang et al., 2019; Zawadzki et al., 2020), see
Table 2. The local clay composition varies to a larger extent.
However, in all publicly reported cases, smectite and illite are the
most abundant, see Table 3.

Since large parts of the abyssal seafloor are located well below
the carbonate compensation depth (CCD), biogenic carbonate
settling out from the euphotic zone is mostly not preserved. The
deep-sea clay is therefore typically poor in carbonate, and
predominantly composed of a mixture of clay minerals and
siliceous remains of plankton like diatoms and radiolarians.
Only below biologically productive surface waters such as the
equatorial upwelling zones, where the supply of biogenic
carbonate exceeds the dissolution below the CCD, is carbonate
preserved in the sediment.

The supply of fresh organic matter to the seabed, which may
play an important role in the aggregation of suspended
sediment (Fettweis and Baeye, 2015), varies greatly
depending on the overall productivity regime of the surface
water and the water depth. In general, organic matter flux to
the seabed decreases with increasing water depth due to
progressive degradation and remineralisation of organic
matter as it sinks to greater depths. Seamounts reaching to
shallow depths below biologically productive surface waters
receive an orders of magnitude higher flux of fresh organic
matter than abyssal plains. As is clearly reflected by abundance
and biomass of benthic life depending on the vertical flux of
organic matter. The upper few centimeters of the sediment in
the CCFZ have a carbon content of less than 0.5% of the mass

Site A Site B Site C GSR IOM
52 38 40 36.41 16.3
31 42 50 48.34 13.2
17 20 10 10.33 1

4.92 1.5

of the sediment. Below 30 c¢m, this declines to 0.1% of the mass
of the sediment (Volz et al., 2018).

2.3 Sediment Flocculation and Cohesive

Sediment

The discharge flow of the nodule collection vehicle is expected to
consist of sediment, water and nodule debris. It might be assumed
that the nodule debris exiting from the discharge has a
significantly larger settling velocity than that of the sediment,
and that this nodule debris will settle close by. The exact
composition of the discharged flow will strongly depend on
the nodule collection method and separation method that is
used to separate the nodules from the excess of water entering
the collector. Under influence of turbulence, differences in
settling velocity and Brownian motion, mud particles can
cluster together to form flocs with typical sizes of 0.05—1 mm
(Gillard et al., 2019). The density of the flocs is less than the
density of the individual particles, but the settling velocity is
larger. Flocculation is especially relevant when the mud
concentration is large. In shallow water, Strong flocculation
effects have been found for mud fractions in the overflow
dredge plume of a TSHD, with floc diameters of 40-800
micron and floc settling velocities of 0.1-6 mm/s (Smith and
Friedrichs, 2011). Similar floc settling velocities have been found
for CCFZ sediment by (Gillard et al., 2019).

As shown in Table 3, the clay fraction of CCFZ sediment
mainly consists of smectite (montmorillonite) and illite. Smectite
particles are relatively small and have a large specific surface area
(SSA, which is defined as the ratio of the surface area of a material
to either its volume or mass (Baker et al., 2017). The SSA affects
the magnitude of the interparticle forces, where larger SSA leads
to larger interparticle forces (Atkinson, 2017). The SSA of
smectite is further enhanced by its ability to absorb water into
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TABLE 4 | Typical values of thickness, planar diameter, specific surface area and cation exchange capacity for common clay minerals (Yong et al., 2012).

Edge view Typical thickness (nm) Planar diameter (nm) Specific Cation exchange capacity
surface area (m3/kg) (mEq/100 g)

Montmorillonite 2 10-1,000 700-800 80-100

Ilite 20 100-2000 80-120 10-40

Chlorite 30 100-2000 70-90 10-40

Kaolinite 100 10-1,000 10-15 3-15

behave more plastic and higher cohesive and adhesive shear
strengths may be expected as well (Kooistra et al., 1998; Baker
et al,, 2017).

Initial phase

2.4 Particle-Driven Gravity Currents
After the impinging on the seabed, the remaining plume will
continue as a particle-driven gravity current. While the current
spreads, particles fall out and the effective driving strength of the
current, compared to a homogeneous current, decays (Ungarish,
2009). Alternatively, sediment may be entrained if the current is
passing sufficiently rapid over an erodible bed, which will increase
the particle concentration and thus the driving buoyancy force.
The behavior of the resulting particle-driven current can be
divided into three phases, i.e., the initial or starting phase, the
transition phase and a traveling shock phase, see Figure 2. During
the initial or starting phase, the initial volume of the current

FIGURE 2 | Results of low concentration suspended sediment lock-
exchange experiment, depicting the different phases of a particle-driven
current, (Helmons et al., 2019)

its crystal lattice structure (Yong et al., 2012), see Table 4. The
cation exchange capacity (CEC) provides the potential chemical
activity of a clay mineral, which in turn is directly related to the
magnitude of the cohesive forces. For higher CEC, the clay will

collapses, which typically happens in the impingement region. In
the transition phase, the height of the nose increases and the
particle concentration is declining faster in the tail than at the
head. In the last phase, the traveling shock phase, a bore is
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FIGURE 3 | Snapshots of currents 10 m above the bed in the vicinity of the Tropic Seamount, during a spring tide at HW (black), HW+4 h (ref) and HW+8 h (blue)
(Spearman et al., 2020).
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developed within the current, which rapidly changes the height
and velocity of the current (Bonneaze et al., 1993).

(Gladstone et al., 1998) conducted non-cohesive lock
exchange experiments (where fluids of higher density, in this
case due to suspensions of particles, are released into fluids of
lower density) with bi-disperse particle size distributions. They
found that the mixing of different sizes of particles has a strong
non-linear effect on both the motion of the current and the
sedimentation patterns. Adding small amounts of coarse particles
to a current composed of small particles has little effect on the
dynamics of the current. In the opposite case, adding a fraction of
fine particles to a dominantly coarse material has a significant
effect as the flow will travel further and will be able to maintain its
velocity for a longer duration. This non-linearity arises from the
presence of modest amounts of fines which cause the current to
maintain an excess density difference for a longer time. The decay
of velocity is dominated by particle settling, which is reduced by
the presence of fines. In conclusion, the transport of bi-disperse
and poly-disperse mixtures depends strongly on the amount of
fines present.

(Marr et al., 2001) conducted experiments of cohesive sand-
rich sub-aqueous gravity flows in a flume which also carried
bentonite or kaolinite. They found that between 0.7 and 5% by
mass bentonite was sufficient to produce coherent flows,
compared with 7% for kaolinite.

In their definition, coherent flows are flows that resist breaking
apart and becoming completely turbulent under the dynamic
stress associated with the head of the propagating gravity flow.
That this phenomenon occurs for lower concentrations of
bentonite is caused by the mixtures’ higher yield strength.
(Baas et al, 2016) found similar results in channel flow
experiments of low concentration kaolinite and bentonite
mixtures.

(Baker et al., 2017) conducted lock exchange experiments for
various concentrations and clay types, i.e., silica flour, kaolinite
and bentonite, all in ambient seawater. Based on these
experimental results, there is no significant difference in flow
response for low concentrations of sediment. For volumetric
concentrations of 10% for bentonite, 15% for kaolinite and up
to 44% for silica flour, the resulting flow exhibits strong turbulent
mixing. The only significant differences for comparable initial
densities would be the result of the effective settling velocity of the
sediment used. In the case of volumetric concentrations >15% for
kaolinite and >10% for bentonite, the flow behavior is affected by
gelling of the mixture.

3 DEEP-SEA MINING
3.1 Deep-Sea Conditions

In dredging operations in coastal waters, the dispersion of the
sediment plume in vertical direction is often confined within a
few metres to tens of metres between the sea surface and the
seabed. In deeper waters of the shelf, strong vertical density
gradients associated with a seasonal or permanent thermocline
and present below the upper few tens of metres of mixed surface
water, may also limit the vertical dispersion of plumes. Spreading
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of the plume in coastal and shelf waters thus occurs mostly in
horizontal direction by relatively strong wind- or tide-driven
currents, whilst turbulence makes the plume expand vertically
within the boundaries set by sea surface, seabed and density
stratification. Plumes generated by DSM, in contrast, are much
less vertically confined.

Although density stratification is normally also present in
waters below the thermocline, it is less strongly present than in
shallower waters. Especially in their initial phase after release,
sediment plumes have substantial excess density relative to the
water of the receiving environment, which will make the plume
sink vertically if released in open water or roll downslope as a
turbidity current if released above a sloping seabed. Thus, DSM
plumes may spread out over a considerable vertical distance
before mixing with ambient water slows down their descent.
In addition to the negative buoyancy of the plume itself, vertical
dispersion may be further enhanced by vertical water motions
induced by internal waves. These are oscillations within a water
mass produced when stratified water flows over abrupt seabed
topography, such as typically the case at the shelf break, or on
mid-ocean ridges or isolated seamounts. Internal waves may
induce large vertical water mass motions of more than 100 m
in the ocean interior, and especially where they break they
produce strong turbulence and water mass mixing (van Haren
and Gostiaux, 2012; van Haren et al.,, 2017) although they may
also lead to hydrodynamic conditions which hinder the wider
dispersion of sediment plumes, such as tidally rotating currents
(Spearman et al., 2020). Internal waves are thus an important
factor to be taken into account when considering plume
dispersion for DSM in topographically complex terrain, such
as mining of SMS and polymetallic crusts (both deposit types are
typically found at or near seamounts). But even in abyssal plain
settings, away from major topographic features, significant
turbulence and mixing has been observed, generated by
internal waves produced over abyssal hills (van Haren, 2018).

3.2 Return Flow of Sediments, Waste and

Other Effluents
In all types of DSM, ore slurry pumped up from the seabed

through the riser system needs to be dewatered to allow safe
storage on board of the mining vessel. Subsequent transfer of the
ore to a bulk carrier for transport to land will require a second
dewatering step, if the ship-to-ship ore transfer is done in a
slurrified state. The dewatering on board of the mining vessel may
also involve further separation of valuable ore from unwanted
sediment entrained in the flow. The excess water produced in the
dewatering process, loaded with sediment and also the fine-
grained ore fraction that cannot be retrieved by sieving and
centrifugation, will have to be returned back to sea, creating a
discharge plume of fine particulate material (Oebius et al., 2001).
In the case of nodule mining, the amount of fine-grained material
discharged from the mining vessel may be substantial. The total
discharge of water and solids has been estimated previously at
50,000 m® per day, with a solids concentration on the order of
10 kg/m3 (Oebius et al., 2001). More recent estimates give an
order of magnitude higher numbers for total discharge and solids

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 868701


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Helmons et al.

concentration (Lang et al,, 2019). According to the latter, fine-
grained sediment entrained with the nodules will make up the
bulk of the solid material discharged. Nodule fines, produced by
abrasion and fragmentation of nodules during pickup, vertical
transport and dewatering, and too small to be retrieved during
on-board processing, would constitute only a few percent of the
solid mass. In the case of SMS and crust mining, any sediment
overburden will likely be removed prior to ore excavation, and the
excavated material pumped up as a slurry to the mining vessel will
thus consist predominantly of valuable ore. The solids discharged
with dewatering fluid will likewise consist mostly of fine-grained
ore material. Estimates of total dewatering discharge for SMS
mining are between 22,000 and 38,000 m® per day (Nautilus
Minerals, 2008; Okamoto et al., 2019). The only available estimate
of solids concentration is from the Nautilus Solwara EIA which
was estimated as around 6 kg/m3 (Nautilus Minerals, 2008).

Discharge of dewatering water and solids directly at the
surface is expected to have multiple and potentially harmful
impacts on surface ocean pelagic life, such as shading out of
photosynthesizing plankton, phytoplankton blooms due to input
of mineral nutrients, clogging of feeding apparatus of pelagic
suspension feeders, reduced buoyancy of plankton, reduced
visibility interfering with predators hunting on sight, toxic
effects of trace metals released from ore particles. To avoid
these impacts, ISA draft regulations for exploitation of
polymetallic nodules (Lenoble, 2000) prescribe that water and
solids should be discharged below 1,000 m water depth, well
below the biologically productive sunlit surface ocean layer, and
below the steep density gradient of the permanent thermocline
which will impede return of the discharged material to the
surface. (Munoz-Royo et al, 2021) have studied such a mid-
water plume in dynamic discharge experiments at approx. 60 m
water depth with mixtures based on CCFZ sediment. They
identified that its vertical and horizontal extent is notably
influenced by 1) the amount of discharged sediment and 2)
background turbulent diffusivity. Another key finding in their
work is that flocculation of sediment does not play a notable role
due to initially high turbulent shear rates near the discharge
opening and low concentration downstream due to rapid
turbulent entrainment.

However, (Drazen, et al., 2020) have pointed out that there is a
wide variety of pelagic life also below 1,000 m depth, which will be
impacted likewise by discharge plumes. The authors argue that
the pelagic ecosystems should be an integral part of
environmental impact assessment and environmental
monitoring plans. To mitigate impacts on pelagic life, they
suggest delivering the discharge to the seafloor where a
sediment plume will already exist from seafloor activities. This
would result in additional pressure on benthic organisms but
would relieve pressures on the mid-water ecosystem.

Releasing the dewatering discharge at short distance above
the seabed brings about the risk that erosive turbidity currents
are generated at the point where the plume impinges on the
seabed, due to initial momentum of the discharge and the
relatively high excess density relative to the ambient deep-sea
water (van Grunsven et al., 2018). In the path of the turbidity
current, the seabed may be stripped of the surface sediment
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layer including benthic life and organic material serving as
primary food resource for the benthos, whereas the
resuspended sediment will be dispersed and settle out
downslope, aggravating the impact of the plume generated
by the mining vehicle. Adjustment of the discharge height
above the seabed and the direction of the discharge jet and a
diffuser may help to prevent or reduce the formation of erosive
turbidity currents.

3.3 Plume Generation When Mining Seafloor
Massive Sulphides and Cobalt-Rich Crusts

Sea-floor massive sulphides (SMS) are deposits of metal-bearing
minerals that form on and below the seabed as a consequence of
the interaction of seawater with magma below the seabed. During
this process, cold seawater penetrates through cracks in the sea
floor and is heated to high temperatures causing metals to be
leached out from the surrounding rock. The resulting chemical
reactions that take place in this process result in seawater
enriched in dissolved metals and sulphur. Due to the lower
density of this evolved seawater, it rises rapidly to the sea
floor, where most of it is expelled into the overlying water
column as focused flow at chimney vent sites. The dissolved
metals precipitate when the fluid mixes with cold seawater. Much
of the metal is transported in the hydrothermal plume and is
deposited as fallout of particulate debris. The remainder of the
metal precipitates as metal sulphides and sulphates,
producing black and white smoker chimneys (Baker and
Beaudoin, 2013).

Fe-Mn crusts occur on hard-rock substrates throughout the
ocean basins. They form at the seabed on the flanks and summits
of seamounts, ridges, and plateaus where the rocks are largely
depleted of sediment (Hein and Koschinsky, 2014). The most
metal-rich crusts occur at depths of about 800-2500 m (Hein and
Petersen, 2013). The thickest crusts on individual seamounts
commonly occur on outer-rim summit terraces and broad saddles
on the summit of guyots (flat-topped seamounts).

3.3.1 Estimating the Loss of Crust/SMS Particles Into
the Water Column

Crust and SMS plumes are in principle similar to those arising from
dredging of weak rock (crusts; (Yamazaki et al, 1995) and
moderately strong rock (SMS; (Spagnoli et al, 2014) by cutter
suction dredger (CSD) in shallow waters (Spearman et al., 2020).
The near-field processes which contribute to losses from CSD are
complex and difficult to model numerically. However, a reasonable
estimate of the resulting loss of fines can be established by using
standard dredging industry approaches, e.g., (den Burger, 2003;
Becker, et al., 2015), based on field and laboratory measurements,
to estimating cutter suction losses. (van Wijk et al., 2019) showed
that polymetallic nodules can fragment upon impact with (in) the
mining equipment, potentially complicating preliminary subsea
separation processes. It should be pointed out that for mining,
particles lost to the surroundings represent a loss of resource and
there is an incentive for the developer to reduce these losses further,
as much as is practically possible, through design of the
mining plant.
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FIGURE 4 | Snapshots of predicted increases in suspended sediment concentration (averaged over bottom 10 m of water column) resulting from 5-h simulation of
mining on the Tropic Seamount with representative rates of release. Snapshots shown at +2.5 h and +5 h. Envelope of increases greater than 0.01 mg/L (equivalent to
background) over whole of simulation are indicated by magenta line (Spearman et al., 2020).

3.3.2 Effect of Topography on Hydrodynamics
Cobalt-rich crusts occur on the summits and sides of seamounts
(and other similar topographical features) which exhibit specific
dominating hydrodynamic features, including Taylor caps, an
isolated region of flow situated above the seamount, and internal
tides, where surface tides move stratified water up and down
sloping topography, producing a wave in the ocean interior
(Lavelle and Mohn, 2010). SMS fields also commonly occur
on ridge features with steep slopes and display great variation
in bathymetry, which can result in similar hydrodynamic
features. The nature of the resulting hydrodynamics will
always be site-specific but the typical features are here
discussed using the results of the Marine E-tech project
(Spearman et al., 2020) which investigated the hydrodynamics
(as well as the topography, geology, geochemistry, ecology and
potential mining plume dispersion) in the vicinity of the Tropic
Seamount around 300 nautical miles SSW of the Canary Islands.
The seamount has a star-shaped platform with a width of
approximately 40 km at the base and about 15 km at the crest.
Its summit rises 3,000 m from the abyssal floor to a depth of
~1,000 m where it forms a flat plateau partially covered by mobile
sediment deposits of silty sand, with the remainder being covered
by pavement crusts see Figure 3.

The currents just above the surface of the Tropic Seamount
were observed to be dominated by internal tide-generated
currents that rotate in an anti-cyclonic direction about the
seamount’s centre. Validated hydrodynamic modelling (using

the TELEMAC modelling suite, opentelemac.org) identified
that current speeds (driven by internal tides) varied up to
0.3 m/s, with the highest values on the east and west “spurs”
of the seamount, and that a weak Taylor cap exists around the
seamount, close to the seabed. The tidal variation was observed to
be semi-diurnal but transfer of energy via sub-harmonic
resonance from the semi-diurnal internal tidal harmonic can
also result (as here) in significant diurnal components of current
flow, even though there is minimal external diurnal influence
(Gerkema et al., 2006; van Haren et al., 2010).

The rotating currents found at the seamount were identified
in the Marine E-tech project as one of the key processes limiting
the dispersion of fine sediment from a (potential) mining
source. Figure 4 shows the results of a 5-h simulation of
continual release of fine sediment, (Spearman et al., 2020).
The figure shows snapshots of the plume (here at 2% and
5h) and the envelope of predicted increases in suspended
sediment concentration above 0.01 mg/L (which represents
the background sediment concentration). During the
simulation, the current starts in a SSW direction and rotates
clockwise, finishing in a north direction by the end of the
simulation. The figure shows that the excursion of the plume
towards the west and south (the principal direction of the
currents during the simulation) is limited to around 1.4 km
due to the combination of rotating tidal currents. This result
indicates the importance of reproducing tidal processes in deep-
sea mining studies, at least where they interact with bathymetry
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FIGURE 5 | lllustration of the influence of the depth/under keel clearance on TSHD overflow dredge plume mixing (de Wit et al., 2014a, b) for three different depths
with all else similar (Ri = 1.2 and y = 1.3). The propellers of the TSHD are included in the simulation and by entrainment pull some of the plume upward.
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and density gradients to induce currents much larger than those
normally associated with the deep ocean.

3.3.3 Effect of Substrate Type

While little research has been undertaken on the flocculation of
debris particles likely to result from SMS mining, detailed video-
imaging tests (LabSFloc-2 high resolution video-technology,
(Manning and Dyer, 2007) of cobalt-rich crust debris in in situ
seawater strongly indicates that crust particles flocculate more
readily than normal sediment particles (including the clay/silt
ooze found in the CCFZ—see Section 1.2). The Marine E-tech
project (Spearman et al., 2020) found that, due to flocculation
processes, 57% of particles less than 63 microns settled at a rate of
around 10 mm/s with only 3.5% of particles settling at less than
0.1 mm/s. Like the rotational effect of internal tides, this strong
flocculation effect causes a significant reduction in the dispersion
of the benthic plume caused by mining.

4 SHALLOW WATER APPLICATIONS
(DREDGING)

So far, we have discussed the most relevant aspects of deep-sea
mining turbidity flows. In this section we will discuss how
turbidity flows occur in shallow water applications like
dredging (and wet mining). While dredging sediment plumes
can be generated and dispersed to surrounding areas, just like
when executing DSM. The dredging industry is well established
and dredging projects take place all over the world. The
environmental impact of dredging, often with dredge plumes
as important component, has been the source of research for
many decades, e.g. (Pagliai et al., 1985; Nichols et al., 1990; Bray,
2008; Erftemeijer et al., 2012; Laboyrie and Kolman, 2018).
Knowledge gained from dredge plumes is used in this section
to learn lessons for DSM plume modelling. Specific focus is made
here on Trailing Suction Hopper Dredger (TSHD) overflow
plumes as a TSHD is an often-used type of dredge equipment

and TSHD overflow plumes bear similarities with DSM plumes
because both are generated by moving equipment.

4.1 Overflow Plume (Near Field)
A TSHD is a high production dredging plant, which is often used

for both maintenance dredging (e.g., recurrent dredging to
maintain or improve existing waterways) and capital dredging
(e.g., dredging in a new location and in material that has not been
dredged before, such as land reclamation, deepening and
widening channels). The overflow plume is generally the most
important source of turbidity while dredging with a TSHD (Bray,
2008; Laboyrie and Kolman, 2018). A TSHD overflow dredge
plume is generated while loading a TSHD and letting the excess
process water overboard. Typically, overflow is done via a vertical
pipe in the hopper which ends at the keel of the vessel, see
Figure 5 for an impression. During loading and overflowing a
TSHD is moving. For TSHD overflow dredge plumes both initial
buoyancy and initial momentum are important. The sediment
release is downward, perpendicular to the crossflow which is
formed by the combination of sailing speed and ambient current
velocity. The outflow velocity is often in the same order of
magnitude as the crossflow velocity. This is illustrated by the
typical velocity ratios and Richardson numbers of y = 0.3 -4
and Ri = 0.01 — 22 (de Wit et al,, 2014a, b; Decrop, 2015). Near-
field TSHD overflow plumes can behave dynamically driven by
negative buoyancy, while more diluted ones behave passively
driven by ambient currents (Winterwerp, 2002). Far away from
the dredger all overflow plumes are diluted so much that they end
up as passively driven. Especially at the end of loading a TSHD
the overflow discharge density can be high, growing to more than
400 kg/m® sediment concentration (van Rhee, 2002; Spearman
et al., 2011; Spearman, 2014).

When dredging in deeper waters the distance from the release
point at the keel of a TSHD and seabed is large, and the plume will
descend under influence of its excess density and initial
downward momentum. But when dredging in shallower water
the seabed is rather close and the propellers driving a TSHD can
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FIGURE 6 | lllustration of the influence of the crossflow velocity on TSHD overflow dredge plume mixing (de Wit et al., 2014a, b) for three different ue (0.5 m/s,
1.5 m/s and 3 m/s respectively, y = 0.6 y = 1.3 y = 3.8) with all else similar (Ri = 1.2). The propellers of the TSHD are included in the simulation and by entrainment pull

impact the plume behavior seriously by entraining the sediment
plume upwards to the water surface (de Wit et al., 2014a, b). In
addition, when a TSHD is sailing fast with respect to the ambient
current direction the upward movement of the plume to the water
surface is helped by the upward flow at the aft of the TSHD hull.
An example of the influence of the distance from release point
and seabed on TSHD overflow plume mixing is shown in
Figure 5 and an example of the influence of the crossflow
magnitude is given in Figure 6.

This clearly illustrates how the equipment generating a
plume and interaction between plume and immediate
surroundings can significantly impact the resulting plume
behavior. Also, for DSM this should be considered when
assessing plume dispersion. Although mixing up a sediment
plume all the way to the water surface, like for TSHD plumes, is
not possible for DSM plumes, also for DSM plumes some
additional mixing up by either the equipment movement, its
wake, or by the local details how the plume is released can
impact the travel distance and concentrations significantly.
Details of the initial release density, release momentum,
release direction (horizontal, vertical or at a certain angle),
influence of crossflow by the combination of ambient currents
and potential moving speed of the release structures, distance
from the seabed, and the presence of the collector vehicle,
should all be assessed and taken into account when significant
influence on plume mixing and travel distance is expected.
When local influences close to the equipment are important,
different plume models are required for far-field plume
dispersion and for near-field details of the release. Both the
far-field and near-field will have their own appropriate level of
detail and length/timescales involved, and it may not be
feasible to combine both fields into one model. The near-
field considers the zone of typically a few hundred meters
where the plume behaves dynamically and local influences
from equipment are important. This zone is likely to be smaller

for DSM applications, as the mining vehicle and current speeds
are lower than in dredging applications.

4.2 Overflow Plume (Far Field)

Far field considers the zone beyond the near field where the
plume behaves passively being influenced by ambient currents,
bathymetry, settling, deposition and resuspension. Depending on
the zone of influence the far field for a TSHD plume can extend
for tens of kilometers round a dredging project site. For DSM of
nodules, it is not known what the exact far-field plume area will
be. In laboratory experiments in a water column simulator,
flocculation characteristics were observed (Gillard et al., 2019).
These characteristics were then implemented in a plume
dispersion model which estimated a far-field plume extent in
the range of 4-9 km distance from the source Our results in
Section 2 indicate a similar range in the more favorable discharge
scenarios as do validated models of DSM of crusts on seamounts
(Spearman et al., 2020).

For dredge plumes in estuary mouths variations of velocity
direction and magnitude in the vertical must be taken into
account for correct plume dispersion simulations. When DSM
process water is planned to be released higher in the water
column it is very important to have the vertical stratification
and velocity distribution included in the plume modelling. It is
possible that higher in the water column the ambient currents
have completely different magnitudes and directions than near
the seabed and a plume can stay hanging on a gradient in ambient
density for instance induced by temperature or salinity gradients.

4.3 Lessons Learned From Dredging for
Deep-Sea Mining

A resemblance between DSM plumes from a collector and TSHD
dredge plumes is that they are generated by a moving device.
Especially when simulating deposition layers and potential for
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smothering it is important to consider the details of operations
like the work sequence, moving device locations in time, pauses in
production. Because when simulations would be simplified with
stationary sediment sources especially the amount of deposition
and potential smothering near the release location can be
overestimated while at the same time plume concentrations
and deposition at locations further away could be
underestimated.

Near-bed dredge plumes can stay near the bed for a long time
because of turbulence damping at the steep density gradient at the
top of the suspended sediment layer and when the density
difference is large enough start behaving as a density current
(Kirichek et al., 2021). DSM plumes are released near the seabed
and ambient currents are weak so they can form a density current
as well. Such density current will flow down bathymetry slopes
which can be significant in the deep sea and a numerical tool used
for DSM plumes should be able to deal with density currents
when the release concentrations are high enough for a density
current. Such numerical tool should have sufficient near-bed
resolution and also include numerical measures to prevent
artificially mixing up such near-bed density layer by for
instance appropriate turbulence damping functions (Violeau,
et al., 2002) otherwise the density current would numerically
be destroyed which leads to underestimation of travel distances,
deposition amounts, near-bed concentrations and overestimation
of sediment concentrations further away from the bed.

Sediment spill fractions will be different for different types of
equipment and will be dependent on sediment composition and
equipment handling and production rate. For a proper DSM
plume assessment, the spill characteristics, spill magnitude and
sediment composition should be determined by taking into
account the details of the spill generating processes of the
specific equipment being used. This has to be done for all
process steps which can generate spill including potential
release of tailings and process water. Examples from dredging
industry can serve as an example for such methodology (Becker
2015; Laboyrie and Kolman, 2018) and a modelling
framework for dredge plume assessment can be found in (Lisi
et al., 2019).

DSM can also learn much from the experience of, and
measurement protocols which are routinely applied to, dredge
plume measurements (VBKO, 2003; CEDA, 2015a, b; Laboyrie
and Kolman, 2018). Proper choice in measurement devices,
calibration, measurement location, moment in time (interval
and duration) are paramount to obtain the right insights into
plume behavior. Stationary monitoring locations can be used or
moving ones, or a combination of both. It is advisable to conduct
proper baseline monitoring to know the natural sediment
dynamics in the system at hand. In this way the increases in
suspended sediment concentration (SSC) arising from plumes
can be put into the context of natural background variation in
SSC. This has been highlighted as an important issue for DSM
(Spearman et al., 2020). For improving DSM plume modelling
and spill term assessment it is important to make a connection
between the measured plumes and the spill generating operations.

For dredging projects often turbidity (or SSC) limits,
ie, agreed thresholds in measured turbidity/SSC which
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FIGURE 7 | Adaptive management cycle, adapted from (CEDA, 2015a,
b) copyright CEDA.

establish the points at which more detailed measurements
should be taken or when dredging activities should cease, are
used to manage the environmental aspects of the dredging
project. These limits should be based on the local situation
and ecosystem at hand or otherwise there is the risk of having
not enough protection of the environmental system or having too
strict limits which unnecessarily make a project (much) more
expensive. In practice turbidity/SSC limits are sometimes simply
copied from another project without assessing whether they make
sense for this different situation. For the new DSM industry there
is an opportunity to do things better in this perspective and some
ideas for determining appropriate environmental limits can be
found in (CEDA, 2020)).

4.4 The Adaptive Management Concept for
Managing the Environmental Effects of
Plumes

For some years, albeit not ubiquitously, the dredging industry has
utilized a concept referred to as “adaptive management” to
overcome the difficulties associated with production targets in
an environment with (strict) environmental limits (CEDA, 2015a,
b; Laboyrie and Kolman, 2018).

In (CEDA, 2015a, b) adaptive management is defined as
decision framework that facilitates flexible decision-making
that can be refined in response to future uncertainties, as
outcomes from current and future management actions
become better understood. Figure 7 illustrates the adaptive
management cycle. Adaptive management typically involves
developing and implementing a management plan that defines
the project goals, reviewing progress towards those goals
periodically, and, in response to the outcomes of
(environmental) monitoring, implementing corrective actions
(and refining the plan), as needed, in future. Adaptive
management is a formal process, with specifically agreed upon
steps to deal with uncertainties. Adaptive management in
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dredging projects prescribes a process wherein management
actions can be changed in response to monitored system
response, so as to maximise efficiency while maintaining or
achieving a good ecological state. Adaptive management is
suitable for those dredging projects where the outcome is less
certain or accompanied by a low confidence in the prediction of
effects. This applies to DSM as well and therefore adaptive
management is a very useful decision framework for DSM.

5 SUMMARY AND CONCLUSIONS

Within this paper, we have addressed one of the environmental
pressures that cause most concern for deep-sea mining,
i.e., sediment plume dispersion. Before deep-sea mining can
take place, it is of paramount importance that environmental
pressures are investigated and measures are enacted to make sure
that impacts are not too large. There is vast experience within the
field of dredging engineering on how to manage and mitigate
suspended sediment plumes. Although some of the
characteristics of the processes might differ, there are many
similarities in equipment and processes among dredging and
deep-sea mining. Experience and best practices from the field of
dredging engineering might be used to reduce, mitigate and
manage suspended sediment plumes that would be generated
by mining equipment. Our main findings are:

1. Based on the dimensional analysis presented in Section 2,
the least plume dispersion for nodule DSM would be
expected for slower mining vehicles. In that sense, for a
comparable nodule production rate, it would be best to
design the mining vehicle to be as wide as possible. That
would then enable the collector to move forward more
slowly, resulting in more favorable source conditions of
the turbidity plume.

2. The suspended sediment plume is a direct result of the
equipment-seabed interaction. Optimization of the mining
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The flocculation behavior of clay minerals in aquatic environments is an important process
in estuarine and riverine dynamics, where strong gradients in salinity can locally occur.
Various contradicting observations have been reported in the literature on the impact of salt
concentration on the settling process of cohesive sediments. To address this issue in a
systematic manner, we investigate the settling behavior of clay minerals as a function of the
salt concentration of the ambient water. Specifically, we focus on montmorillonite as a
prototype clay mineral with a high cation exchange capacity (CEC). To this end, we study
suspensions of Wyoming bentonite (Volclay SPV) as a very important constituent for many
constructional and industrial purposes. We perform an experimental campaign to study
the settling behavior of moderately turbid montmorillonite concentrations in monovalent
salt solutions with different salinities (sodium chloride) to represent different environments
ranging from deionized to ocean water, respectively. The subsequent settling process was
monitored by taking pictures by a camera in regular time intervals over a total observation
time up to 48 h. In addition, a modified hydrometer analysis is conducted to determine the
grain size distribution (in terms of an equivalent diameter) of the flocculated clay suspension
in salt water. Despite the rather high cation exchange capacity of the investigated clay
(CEC=88.1), our results show that the settling speed drastically increases within a range of
0.6-1.0 PSU and stays approximately constant for higher salinities. This critical salt
concentration is defined here as the critical coagulation concentration (CCC) and lies
well below the salinity of natural open water bodies. The hydrometer analysis revealed that
60% of the agglomerates exceed the equivalent grain size of 20 um. Finally, the findings of
this study are supplemented with experiments studying the effect of Extracellular Polymeric
Substances (EPS) on the flocculation behavior of bentonite in salt water. Our results
demonstrate that salinity is the original trigger for flocculation, whereas EPS allows for even
larger floc size but it does not play a significant role for the settling processes of bentonite in
estuarine environments.

Keywords: bentonite, suspension, settling, flocculation, critical coagulation concentration, extracellular polymeric
substances
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1 INTRODUCTION

The fate and transport of cohesive sediments is an important
constituent of sediment transport in natural open water bodies
(Winterwerp and van Kesteren, 2004). Due to their small grain
size and their cohesiveness, fine-grained sediments can act as
vehicles for the transport of nutrients but also contaminants
(Ahmerkamp et al., 2022). Cohesive sediments are grains that
have a diameter size of smaller than 63 pm and can be further
sub-divided into silt (2-63 um) and clay (< 2 um). Silt are larger
silica grains that are similar in shape to sand grains (Te Slaa et al.,
2015), whereas clay particles are platelets with ionic charges that
create forces comparable with, or exceeding, the gravitational
force, and these cause the clay particles to interact
electrostatically. Such particles can be described by theories
from colloidal science (Lagaly et al., 2013), i.e., the mutual
forces experienced by two or more clay particles in close
proximity are the result of the relative strengths of the
repulsive and attractive forces (e.g, van Olphen, 1977;
Manning, 2001). If clay minerals are dispersed to their
primary clay platelets smaller than 1 um, suspended particles
of this size can form ideal sols, where the weight of the particles is
balanced by Brownian motion and particles do not settle out over
time (Partheniades, 2009; Berg, 2010). There has been evidence
that such a state can be obtained in the laboratory if clay particles
are dispersed in de-ionized water and flocculation is triggered at a
critical salt concentration (e.g., Seiphoori et al., 2021; Mietta et al.,
2009; Mehta, 2014; Sutherland et al., 2015; Adachi et al., 2020;
Ghazali et al., 2020). However, this critical salt concentration to
trigger coagulation, often times referred to as the Critical
Coagulation Concentration (CCC, van Olphen, 1977), has not
been reported for natural aquatic environments in such a
consistent manner (e.g., Gibbs et al, 1989; Droppo and
Ongley, 1994; Thill et al., 2001; Kumar et al., 2010; Mike$ and
Manning, 2010).

In freshwater suspensions, which contain very few positive
ions or possess low electrolyte concentration, the repulsive forces
between negatively charged particles dominate, and the particles
repel each other. The attractive forces dominate in saline waters
due to the abundance of sodium ions that form a cloud of positive
ions (cations in a high electrolyte concentration) around the
negatively charged clay particles. Consequently, the sediment
particles do not behave as individual particles but tend to stick
together and form flocs (e.g., Krone, 1962). Krone (1963) found
that flocculation quickly reaches equilibrium at a salinity of about
5-10 ppt, which is much less than that for sea water (approx.
35 ppt). Numerous field studies have observed large natural
macroflocs (>100 ym) present in very low salinity conditions,
including estuarial turbidity maximum zones (e.g., Eisma, 1986;
Eisma et al., 1990; Fennessy et al., 1994; Manning and Dyer, 2002;
Manning and Bass, 2006; Manning et al., 2006). Part of the
difficulty to properly determine threshold conditions for the
onset of flocculation may be the fact that open water bodies
are complex mixtures with many constituents (e.g., Gibbs, 1983;
Mikes and Manning, 2010). For example, it has been shown that
adhesive biofilms and Extracellular Polymeric Substances (EPS)
are ubiquitous in environmental flows and have a dramatic
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impact on the stability and morphodynamics of sheared
sediment beds (Malarkey et al., 2015; Schindler et al, 2015;
Parsons et al, 2016) as well as the flocculation of clay
minerals (Ye et al.,, 2020; Ye et al., 2021). These forces can act
as an adhesive coating of the clay minerals that prevents them
from being torn apart under shear.

Typical sediment values of suspended particulate matter
concentrations (SPMC) in riverine, estuarine and marine
environments range from 2-500mg/l. Determining the
governing mechanism for the onset of flocculation is,
therefore, crucial. Applying the Stokes law to estimate the
settling velocity of single fine-grained particles, we would
expect settling rates so small that the particles will not make
contact with the sediment bed in riverine transport. For this
reason, this part of the sediment load of a river has been called
wash load. In a recent contribution by Lamb et al. (2020), it has
been questioned that this is indeed true for clays transported in
natural aquatic environment. Lamb et al. (2020), however,
investigated datasets from eight low-land rivers and argued
that nearly all fine-grained sediments in natural open water
bodies are in a flocculated state even in freshwater
environments, so that flocs settle over time and make contact
with the sediment bed as they are resuspended. The question
remained, however, whether flocculation is triggered by either
(very low) salinity or EPS or a combination of both. This is an
important aspect as it may help to manage and mitigate sediment
transport processes. It can also be useful in the modeling of
cohesive sediments by means of continuum models (Jarvis et al.,
2005; Verney et al.,, 2011; Kuprenas et al., 2018; Hsu et al., 2021)
and newly emerging techniques of particle-resolved simulations
(Vowinckel et al., 2019a,b; Vowinckel, 2021; Zhao et al., 2021,
Zhu et al., 2022).

Consequently, this question is the focus of the present study.
We present results for different experimental campaigns
analyzing the impact of salt concentration and EPS in setups
for differential settling and shear, respectively. The first setup is
built on the work of Rommelfanger et al. (2022), who investigated
the impact of salt concentration for kaolinite clay. For the present
study, we follow this example and use pure mineral as sediment
which allows us to isolate the effect of salinity, since the picture
becomes more complicated for natural sediment (Zhu et al., 2018)
or even sediment sampled in estuaries (Gibbs et al., 1989; Mike$
and Manning, 2010). In these naturally occurring environments,
the effects of EPS and mineral mixtures may also play a role. We
therefore deliberately focus on bentonite with a large cation
exchange capacity (CEC). A higher CEC creates a larger
surface charge as the governing colloidal parameter to control
flocculation so that conclusions can be drawn for all clay minerals
compositions with a similar or smaller CEC. The setup of
differential settling allowed for a very controlled variation of
the salt concentration in the semi-dilute regime ranging from 4 to
8 ppt mass concentration (Zhu et al., 2018; Adachi et al., 20205
Ghazali et al., 2020) and, hence, the determination of the CCC for
sediment concentrations similar to the turbidity reported for the
Gironde estuary in France (Gibbs et al, 1989; Mikes and
Manning, 2010). Second, we compare these findings with a jar
test from the LabSFLOC-2 experimental stand of Ye et al. (2020;
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2021) to investigate the impact of EPS on the flocculation of
bentonite in salt water under shear.

This manuscript is structured as follows. First, we explain in
detail our materials and methods in Section 2 before we present
detailed results for flocculation of bentonite during differential
settling and under fluid shear, respectively, in Section 3. Finally,
we provide a discussion of the implications of our study in
Section 4.

2 MATERIALS AND METHODS

Since the idea of the present study is to focus on clays with a high
cation exchange capacity (CEC) to provide an extreme case for the
determination of the CCC, we investigated montmorillonite
dominated bentonites in a monovalent salt solution of sodium
chloride. This choice provides a reference, whether or not the
CCC may be an important parameter in naturally occurring
environments. We note that we focus on pH-neutral ambient
fluids, which is in close agreement with the salinity of riverine
waters (e.g., Gundersen and Steinnes, 2003) and any deviation from
pH=7 lowers the CCC even further (Goldberg and Glaubig, 1987).

Three different setups are considered in the present study. First, an
experimental stand was designed along the lines of Rommelfanger
et al. (2022) to conduct experiments of differential settling of clays.
This allows to determine the settling time and thereby the CCC for
the onset of flocculation. Second, a standard hydrograph analysis was
conducted to analyze the grain size distribution of the sediment.
Third, a selection of floc size and settling measurements are included
to analyze flocs generated by a jar test facility. For this batch, the novel
LabSFLOC-2 video floc camera system was used to observe the
resultant floc populations. Here, the relative level of flocculation
produced by a bentonite clay in salt water was compared with the
flocculation response from the addition of pure xanthan gum, a proxy
for EPS found in natural sediment (e.g., Tolhurst et al., 2002; Parsons
etal,, 2016). EPS-coatings are ubiquitous in natural muddy sediments
and can act as an adhesive to enhance flocculation (Black et al., 2002;
Fang et al,, 2016).

2.1 Fluid and Clay Properties

The fluid used in this study was de-ionized (DI) water with a
conductivity of 0.5-1.0 uS/cm. In addition, sodium chloride
(supplier Carl Roth, article number 9265) as a monovalent salt
was used to prepare saltwater solutions with different salinities.
Here, salinity is given in practical salt units (PSU) as it is
equivalent to ppt used as a measure to quantify the clay
concentration. The molar mass of the salt is 58.44 g/mol and
it has a density of 2.17 g/cm®. Note that the pH-value was not
modified in this way, but remained neutral at pH=7.

For the present study, we focus on Wyoming bentonite as a
montmorillonite rich clay with a rather high CEC. To this end, we
use Volclay SPV as a popular clay mineral for geo-engineering
(e.g., Studds et al., 1998). The batch of Volclay SPV used in this
study has been well characterized by the German Federal Institute
for Geosciences and Natural Resources (BGR) (Dohrmann,
2020). Table 1 shows the mineralogical composition. The large
fraction of Na,O reflects the fact that most of the exchangeable
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cations are Na'. The total CEC was determined via the X-ray
diffraction method as 88.1 cmol/kg (Dohrmann, 2020) as a sum
of different exchangeable ions in terms of their mass fraction.
These constituents comprise sodium (64.4 cmolc/kg), potassium

(1.6 cmol./kg), magnesium (4.1 cmol/kg) and  calcium
(18.0cmol./kg). As expected from the mineralogical
composition, sodium provides the majority of 73%

exchangeable ions.

The grain size distribution was determined using X-ray
granulometry (Micromeritics SediGraph 5100). As desired, the
majority of the grains (>87%) has a diameter smaller than 2 um
and only 5% of the grains are larger than 20 pum (Dohrmann,
2020). For our analysis, we will use clay suspensions with a
concentration of 4, 6, and 8 ppt, respectively (ppt in parts per
thousand as the mass fraction) which corresponds to the semi-
dilute regime (Zhu et al., 2018; Adachi et al., 2020; Ghazali et al.,
2020). After the preparation of the suspensions, the samples were
stored in a dark environment for a minimum of 7 days to
establish an equilibrium between the exchangeable ions and
the ions in the salt water solution.

2.2 Experimental Setup to Determine
the CCC

To guarantee reproducibility, we follow the example of
Rommelfanger et al. (2022) and design a test stand that
provides controlled conditions for differential settling.
Suspensions were prepared in newly purchased bottles that are
otherwise ~known as cell culture flasks of size
10cm x 3.8cm x 2.4cm (supplier Carl Roth, article number
CE48.1). The fluid volume inside the bottles is 50 ml and the
vertical extent as the distance available for settling is 5.5 cm. The
mass of the clay was determined with a scale of up to 0.001 g
accuracy (Sartorius Handy Type: H160-**V20). Preliminary tests
showed that clay concentrations within the range of 4-8 ppt yield
good results. Using lower concentrations does not provide
sufficient contrast for the optical analysis, whereas larger
concentrations do not allow for the investigation of the
settling of the suspension within the volume provided by the
bottles. The salt concentration ranges between 0 PSU and 35 PSU.
The latter value corresponds to the salinity of seawater. Small salt
concentrations were achieved by preparing a dilution series. The
clay was not rinsed by removing the supernatant as it was shown
by Rommelfanger et al. (2022) that this technique does not have
an effect on the settling behavior of clay suspensions.

Upon the initialization of the different experimental runs, the
suspensions were homogenized by shaking the bottles with a
platform shaker for a duration of 10 s at a frequency of 6.7 Hz and
a stroke of 2 cm, which yields a maximal velocity and acceleration
of 26.7cm/s and 0.0225cm/s’, respectively. Afterwards, the
bottles were placed in rack with fixed, marked position. This
process took approximately another 10 s before the recordings of
the experiment actually started. The rack was illuminated by a
light panel (Walimex pro Soft LED 200 Flat Bi Color, article
number 21243) with a light intensity of 10% at a light temperature
of 4400 K. The panel was placed at 7.5 cm distance from the rack.
This distance ensures that the bottles do not experience any
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TABLE 1 | Mineralogical composition of the bentonite used in this study. The mass fractions were determined by X-ray fluorescence analysis (Dohrmann, 2020) following the

procedure by Dohrmann et al. (2009).

XRF SiO, A|203 F9203 CaO MgO

wt% 59.2 19.2 3.7 1.3 2.3

FIGURE 1 | Experimental setup to determine the CCC. The distances
between the light panel and the bottles, and the bottles and the camera are
7.5 and 28.5 cm, respectively.

significant heat flux from the light panel. As a result, the
temperature within the test stand was kept constant at
19.8°-20°C throughout the entire experimental campaign. The
settling of the suspended clay was monitored by a single-lens
reflex camera (Canon EOS 1000D, aperture F14, shutter speed 1/
8). Pictures were taken in backlight at a distance of 28.5 cm and an
interval of 5min for observation periods up to 48h. The
experimental stand is shown in Figure 1.

The camera produced digital pictures with a resolution of
72 dpi in JPEG-format that are converted to gray scale images
using Matlab R2020b, so that the pictures can be analyzed as a
2D-matrix of gray scale pixels. Hence, the raw data provides
values within the range of 0 (black) to white (256) for pixels with a
grid size that represent squares of 0.096 mm edge length.

2.3 Experimental Setup to Determine the

Equivalent Diameter of the Flocculated Clay
The hydrometer analysis is used to determine the settling velocity
of flocculated and non-flocculated clay suspensions. The
hydrometer analysis according to DIN 18123 is generally used
to determine the grain size distribution of soil samples
(Briiggemann, 1982). This type of analysis is especially useful
to determine the grain size distribution for very fine sediments.
The change in density of the suspension is measured as the
buoyancy of the hydrometer submerged into the suspension. As a
result, the grain size distribution can be determined by the
differential settling behavior of the individual grain size
fractions and particles with grain sizes in the range of 2 and
20 um can be represented by this analysis.

The standard protocol after Briiggemann (1982) was derived to
determine the grain size of the primary particles. Here, we apply the
same methodology to analyze the primary particles of our clay
samples and conduct an additional, modified set of experiments,
where we determine the size distribution of the flocculated clay.

K20 NazO MnO TIOg P205 LOI Sum

2.3 0 0.2 0.1 10.7 99.5

According to the standard protocol of the hydrometer analysis, 25 ml
dispersant (sodium pyrophosphate) was mixed with 100 ml DI-water
and the mixture sat for 15 h. Afterwards, an additional 200 ml of DI-
water was added and the fluid was stirred for 30 min. Subsequently,
the dispersion was poured into a larger cylinder and filled with more
DI-water up to 990 ml. The larger cylinder was sealed, shaken and
filled with more DI-water to contain precisely 1,000 ml before the
time recording started. Hydrometer measurements were taken after
30s, 1 min, 2, 5, 15, 45 min, 2, 6, and 24 h alongside with the fluid
temperature (where the first reading was after 15 min). An example
of this procedure is shown in Figures 2A,C for pure DI-water and
DI-water with dispersant and clay, respectively. The buoyancy effect
on the draught of the hydrometer due to the clay suspension is clearly
visible.

To determine the grain size distribution, we follow the
protocol of Briiggemann (1982) and use Stokes’ law to

compute the settling velocity, v, of individual grains/flocs:
R+Cr)-a+b hy
v = % - TP (1)

where Cr is an empirical correction due to temperature changes
Cr=667-107-T*-1-10*.T>+9.58-102 -T2 -0.105-T
- 1.03872
2)
and R is the correction due to the reading of the hydrometer

R=(p'=1)-10°+C,. 3)

Here, p' is the density of the suspension at time f and a, b
and C,, are constants that have to be calibrated for the
hydrometer at use to yield the comprehensive hydrometer
correction as the total submersed depth h,;. To this end, the
calibration procedure was to plot R as a function of hy; for
predefined densities p’ to determine a, b and C,,. The settling
velocity is directly connected to a characteristic diameter via

Stokes’ law
d= 18.85;71/. (4)
Ps—P

where p_ and p are the densities of the grain material and the clear
fluid, respectively, # is the dynamic viscosity of the clear fluid as a
function of temperature

~ 0.00178
T 1+40.0337-T +0.0022 - T2

n (5)

Using these considerations, we can determine the grain size
distribution as follows
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cylinder.

FIGURE 2 | Examples of the immersion depth of the hydrometer in (A) DI-water, (B) salt water 35 PSU, (C) DI water with clay suspension, and (D) salt water
35 PSU with clay suspension. The images with suspensions were taken after 24 h observation time. Note in (D) how the clay is already deposited at the bottom of the

100 p,
my p,—1

P= - (R+Cry) (6)

where m, is the dry mass of the sediment. Eq. 6 is a measure to
quantify the sieving size smaller than a certain mass percentage.
Every measurement was performed three times in an
independent  experimental = sequence  to  guarantee
reproducibility. For the standard procedure, we choose a =
-0.415 [-], b=120.555 [-], and C,, =1 [-] as calibration
parameters in Egs 1, 3.

As mentioned above, a second set of hydrometer
experiments was carried out with a modified procedure to
analyze the grain size distribution of the flocculated clay. In
contrast to the standard protocol, saltwater was used with a
salinity of 35 PSU and no dispersant was added. This allowed
the clay suspension to aggregate, so that the analysis reveals the

characteristic floc diameter. Another difference to the standard
procedure is that we stopped the recording after 900 s, because
all clay had settled out at that time. An example of the modified
procedure is given in Figures 2B,D, where the effect of salt
water and flocculation becomes apparent in the respective
panels. The modifications required a re-calibration of the

hydrometer, which vyielded the following calibration
parameters a = -0.4166 [-], b=20.194 [-], and C, =
-22.5 [-].

2.4 Experimental Setup to Determine the

Effect of EPS

We analyze the effect of EPS on flocculation of bentonite by
means of jar tests and the LabsFLOC-2 experimental setup
previously conducted by Ye et al. (2020). Here, we provide a
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brief summary to keep the manuscript self-contained. Full details
of the experimental procedure for reproducibility can be found in
Ye et al. (2020).

2.4.1 Jar Tests and LabSFLOC-2 Experimental Setup
Laboratory jar test experiments were undertaken at the Center for
Applied Coastal Research, University of Delaware utilizing a
magnetic stirring system, with a self-designed turbulence
monitoring frame attached (cf. Figure 3A). The resultant floc
populations were measured with a LabSFLOC-2 (the 2nd version
of Laboratory Spectral Flocculation Characteristics instrument,
Gratiot and Manning, 2004; Manning and Dyer, 2007) aside of
the jar test apparatus (Figure 3B). Each experimental run
adopted a uniform stirring speed of 490 rpm (equivalent to a
turbulence shear rate parameter G = 140 57!, as predetermined
by three-component flow velocities measured by a Vectrino
Profiler (Nortek), see Ye et al., 2020). As discussed in Ye et al.
(2020), this was a relatively high shear rate parameter similar to
the highly turbulent conditions experienced under breaking
waves. To prepare each sample, 1L of artificial seawater was
used for each run and the salinity was set nominally to 35 PSU
using laboratory grade sodium chloride. Wyoming sodium
Bentonite clay (85.2 +2.3% Montmorillonite) and xanthan
gum as a proxy for EPS were each added to the artificial
seawater solution using a mini pipette. This artificial EPS,
xanthan gum, has been widely used in many flume
experiments or jar tests in mimicking natural cohesive
particles in sediment transport studies (such as Tolhurst et al,
2002; Schindler et al., 2015; Parsons et al., 2016; Ye et al., 2021). In
fact, many field studies measuring transparent exopolymer
particle (TEP) concentration in the coastal/estuarine zone
show EPS concentration as Xanthan gum equivalent
concentration (e.g., Passow, 2012; Malpezzi et al., 2013). The
Xanthan gum equivalent concentration is based on colorimetric
determination.

Each experimental jar test run had a nominal 2 h duration
before they were collected for analysis using the LabSFLOC-2
system (Manning et al,, 2007). As demonstrated by Ye et al.
(2020), for the given turbulence level, the flocculation process
reaches equilibrium within the 2-h experimental run time. The
total floc population characteristics were observed using the
LabSFLOCS-2 system which comprised a high-resolution (one
pixel ~5 microns) video camera that observes and records
individual flocs whilst settling in a dedicated settling column.
The analyzed digital floc data provided by LabSFLOCS-2 includes
complete population mass-balances: floc numbers, floc size, floc
effective density (floc bulk density minus the fluid density),
settling velocity, and porosity.

2.4.2 Data Processing-LabSFLOC-2 Camera Floc
Data

The LabSFLOC-2 system produces visible floc images that are
analyzed to obtain other essential quantitative floc properties
including floc size, floc shape and floc settling velocity (Manning
et al,, 2010). Through additional theories, other floc quantities
can be derived, such as floc density, porosity and floc mass. The
recorded videos of floc settling videos can be analyzed with
Matlab software routines based on the HR Wallingford Ltd.
DigiFloc software (Benson and Manning, 2013) and a Java
Script to semi-automatically process the digital recording
image stack to obtain floc size and settling velocity spectra
(Manning et al, 2010; Uncles and Mitchell, 2017). Using the
measured floc diameter D, settling velocity W, and floc shape, a
modified Stokes Law (Stokes, 1851) is used to estimate individual
floc effective density p, (Manning and Schoellhamer, 2013) as:

18Wn
gb*’

Pe=pP;—p= )

in which p is the floc bulk density, p is the saltwater density,  is
the dynamic viscosity, and g is gravitational acceleration. To
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FIGURE 4 | Example of the settling process over time for (A) 4 ppt and
0.98 PSU for a total observation period of 7.5 h, (B) 6ppt and 0.75 PSU for a
total observation period of 15.5 h and (C) 8 ppt and 0.62 PSU.

account for the floc shape effect, the diameters associated with the
major and minor axes are identified and the sphere-equivalent
diameter is used to calculate the floc diameter
D = | (Dajor - Diinor). Using specially derived algorithms,
Fennessy et al. (1997), Manning (2004) and Manning et al.
(2007) accurately calculated other physical characteristics for
each individual floc, including porosity and fractal dimension
(Kranenburg, 1994; Winterwerp, 1998). To compute porosity ¢,
we consider the difference of solid and fluid density, i.e., (p, — p),
to obtain ¢ = 1 - p,/(p, — p). For the pure bentonite, we assume
(p, —p) = 1256 [kg/m3 ]. For the EPS + bentonite sample, we
assume (p, — p) = 200 [kg/m’] for the xanthan gum and compute
the weighted mean of the of the 1:1 mixture, which yields
(p,—p) =728 [kg/m3].

3 RESULTS
3.1 Settling Behavior

To illustrate the general settling behavior of the clay suspension,
we show exemplary runs as a collage of snapshot photographs
taken at a regular interval of 30 min over time in Figure 4.
Looking at the three different figures that represent the different
clay concentrations, 4 ppt, 6 ppt, and 8 ppt, respectively, we can
identify three different characteristic regions. First, a light grey
area that dominates the water column at the initial period of the
experiments. During this time, sediment particles move around
due to the differential settling dictated by their weight and
frequently come into contact. This is the so-called flocculation
and hindered settling stage (Winterwerp, 2002), which will be the
main focus within the study. Second, a dark grey area that builds
on the bottom of the bottle and grows in thickness over time. This

Settling Bentonites: Salt and EPS

region represents sediment that has settled out and has made
contact with the bottom wall via force chains among the sediment
grains (Mehta and McAnally, 2008; Adachi et al., 2020; Ghazali
etal,, 2020). Third, a light region, where the fluid is mostly cleared
up and only small amounts of sediment are still in suspension.
This region also grows in thickness over time.

At some instant in time, the first light grey region vanishes so
that the bottle volume contains only clear fluid and sediment
deposit. This instant is called the point of contraction, where the
settling stops and the sediment column enters the process of self-
weight consolidation. Consequently, the settling behavior
observed in our experiments is in very good agreement with
the overall phenomenology of settling suspensions (Winterwerp
and van Kesteren, 2004; Mehta and McAnally, 2008), and we
conclude that the present data set is very well suited for the
present analysis. As a main difference among the different
experimental runs with different clay concentrations, the
flocculation and hindered settling process was completed after
7.5 h for 4 ppt (Figure 4A), whereas particles stay in suspension
for longer in higher clay concentrations and the settling process
takes a longer time to reach the point of contraction (here, we
show an observation time of 15.5 h). However, we will show that
the settling with different clay loadings yields similar scaling
behavior.

3.2 Critical Coagulation Concentration

To determine the CCC, we conducted a systematic campaign of
settling experiments as depicted in Figure 4 for the three clay
concentrations 4 ppt, 6 ppt, and 8 ppt. For those three batches,
the salinity was varied in small increments in the range from
0 PSU (pure DI-water) to 35 PSU (sea water salinity). For
salinities lower than the CCC, we expect no or slow
aggregation, so that the settling process should take much
longer than the settling for aggregated clays submerged in
fluids with a salinity that exceeds the CCC. To this end, we
determine an observation level in the bottles, where we record the
gray level of the photograph as a surrogate for the clay
concentration of the suspension (red horizontal line in
Figure 5A), ie., the lower the gray value of the pixel the
higher the clay concentration. Hence, we refer to this quantity
as light intensity. For the settling analysis, the recorded light
intensity is averaged over the entire observation level and
normalized by a reference value that was taken from a bottle
filled with DI-water only. These results for normalized light
intensities are plotted against time for various clay
concentrations and salinities in Figures 5B-D.

Despite the qualitative differences observed in Figure 4, the
settling behavior shown in Figures 5B-D is remarkably similar
among the different clay concentrations. As expected, for large
salt concentrations, rapid aggregation occurs that speeds up the
settling process so that the fluid in the observation level clears up
much more rapidly than for lower salt concentrations. For lower
salt concentrations, the increase in light intensity takes a much
longer time and transitions from a stepwise to a more gradual
increase. The present results are in contrast with the recent
findings of Rommelfanger et al. (2022), who investigated the
CCC of Kaolin clay with a similar experimental protocol. In this
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TABLE 2 | Summary of the parameter fits using Eq. 7 for the data in Figure 6.

Observation Time Clay Concentration (ppt) A
4.0h 4 0.377
7.5h 4 0.339
6 0.362
8 0.394
15.5h 6 0.316
8 0.336

study, the settling process of 4-40 ppt Kaolin clay over a vertical
distance of 4.5cm was completed within 10 min, which is
substantially shorter than the settling process observed with
4-8 ppt Montmorillonite in the present study. This suggests
that the different clay properties, namely different CECs of
3cmol/kg  and  88.1cmol/kg  for  kaolinite  and
montmorillonite, respectively, yield settling speeds that differ
by orders of magnitude. Montmorillonite as used in the
present study can, therefore, be seen as an extreme case in
terms of its CEC and, hence, its ability to flocculate.

It is now interesting to compare the observed light intensity
recorded for different salinities at different observation times to
provide a quantitative comparison among the settling behavior
with different salinities (Rommelfanger et al., 2022). This was
doneatt =4handt =7.5hfor4 pptaswellasatt = 7.5 h and at
t=15h for 6 and 8 ppt to investigate the impact of salt
concentration on the settling behavior of the clay at different
characteristic times. The results of this analysis are shown in
Figure 6. We can clearly identify a range of salt concentration,
where we see a rapid increase in light intensity at the given
observation times. For later observation times, the light intensities
at low salt concentrations increases gradually, whereas the
maximum was reached for all observation times and all clay
concentrations at higher salt concentrations as the settling
process was already finished at the observation level for these
times. To provide a comparison among the three clay
concentrations, we plot the data taken at t=7.5 h in
Figure 6D. All three batches show a similar behavior, except
for the slower settling process with higher clay concentrations as
indicated by the lower light intensity levels for low salt
concentrations.

A similar behavior was reported for kaolin clay by
Rommelfanger et al. (2022). Hence, we follow their reasoning
and fit an error function of the form

Liom(s) = A erf[Blog<i>] +€ (7a)

Scce
where Iprm (s) is the normalized light intensity as a function of
salinity s, and A, B, s, and € are fit parameters. In this regard, s..
marks the inflection point, i.e., the maximum rate of change, of
the error function, which we define here as an estimate for the
CCC. The results of this fit are shown as solid lines in Figure 6.

Fitting Equation 7 worked remarkably well. The resulting fitting
parameter together with the 95% confidence interval for sccc are

Settling Bentonites: Salt and EPS

B Scce 95% Confidence €
Bounds
lower Upper
14.31 0.859 0.844 0.874 0.614
8.97 0.728 0.716 0.740 0.649
34.68 0.694 0.686 0.702 0.635
36.51 0.751 0.745 0.757 0.596
13.93 0.591 0.573 0.610 0.670
79.56 0.602 0.598 0.607 0.623

given in Table 2 for all observation times and clay concentrations.
While results for A and e are very similar among the different
runs, the value of B increases with the progressing observation
time as the bottle clears up only gradually with lower salt
concentrations. Consequently, the results for scoc also
increases over time but are very much comparable among the
different clay concentrations at the same observation time (cf.
results for 7.5 and 15.5 h). For an early observation time of 4 h,
sccc = 0.859 was recorded, whereas the value decreased to an
average value of 0.724 PSU and 0.597 PSU at 7.5 and 15.5h,
respectively. This transient evolution of the sccc was not
addressed by the criterion for the onset of flocculation of
Rommelfanger et al. (2022), because the settling process was
too rapid to account for such an effect.

3.3 Characteristic Settling Time

Another way to analyze the data compiled in Figures 5B-D in
more detail is to cut horizontally to determine the time it takes for
the supernatant to clear to a normalized light intensity of 0.4,
which we denote as tg4. As can be seen from these data, this
condition is not reached for every run that is shown. Especially
the suspensions with a lower salt concentration took a much
longer time to reach a normalized light intensity of 0.4. Hence,
these experimental runs were extended up to 48 h observation
time to guarantee that every sample shown in Figure 5 had
cleared up to the desired threshold value. We plot o4 as a
function of the salt concentration in Figure 7. Note the
double-logarithmic plot-style to reflect the wide range of tp4
encountered in our analysis.

Looking at the data for the three clay concentrations in
Figure 7A, it becomes immediately obvious that two data
ranges exist for all three clay concentrations that demarcate
low from high salinities and, hence, the ability of the sediment
to flocculate. For low salt concentrations, t;4 decreases only
gradually with the increase of salinity. These data are plotted
as circles in Figures 7B-D and range until ~0.6 PSU. For larger
salt concentrations (indicated as crosses in Figures 7B-D),
sediment settles out much more rapidly and f;, decreases
exponentially as salinity increase. This observation suggests
that o4 obeys a power law of the form

to(s) = as® (8)

where, again, s denotes the salinity of the fluid, and a and b are
fitting parameters. Note that the fit was performed to the
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TABLE 3 | Results for the fit of Equation 8 to the data shown in Figure 7.

Clay Concentration A b Data Range [PSU]
4 ppt 8.58 -0.14 [0, 0.64]
2.58 -0.97 [0.72, 35]
6 ppt 10.72 -0.29 [0, 0.64]
3.49 -0.97 [0.72, 35]
8 ppt 27.76 -0.04 [0, 0.54]
6.06 -1.04 [0.6, 35]

logarithmic data of t( 4 to avoid over-emphasizing the large values
of to4 at low salinities.

The results of the fit are shown in Figures 7B-D as solid and
dashed lines for the low and high salinity data ranges,
respectively. To this end, the data was truncated into two
different sets (circles and crosses) by visual inspection of the
graphs. Due to this heuristic choice to distinguish between high
and low salinity, a bit of scatter exists for the data with low salt
concentrations, but the overall agreement of these fits with the
experimental data is very good, especially for the high salt
concentrations. Note, however, that the good fit with a power
law at higher salt concentrations does not imply to4 — 0 as
s — oo, because the maximum salinity of 35 PSU used in the
present study reflects the maximum solubility of sodium chloride
in water. The results of the fit in terms of the values determined
for a and b are summarized in Table 3. While a comparison

among the different clay concentrations yields very similar
results, the two regimes are clearly visible in the different
values of a and b for low and high salinities. Especially the
parameter b that reflects the slope of the solid and dashed
lines in Figures 7B-D increases significantly to a value around
unity for all three clay concentrations at high salinities (dashed
lines). This result expands the interpretation of Figure 6, where
an abrupt change in settling behavior was detected for a salinity in
the range 0.6-0.85 PSU, which we denoted as the CCC.

The analysis of t 4, on the other hand, shows that a salinity of
about 0.6 PSU can be taken as the onset of flocculation, where a
non-linear process is triggered that allows the clay particles to
aggregate more easily with increasing salt concentration. This
value also coincides with the CCC determined in Section 3.2 for
an observation time of 15.5 h. Hence, we conclude that 0.6 PSU
serves as a threshold for the onset of flocculation that has an
impact on the characteristic settling time, but becomes negligible
with increasing salt concentration. On the other hand, depending
on the quantity one may be interested in, local gradients in salt
concentrations may continue to affect the settling process even
for salinities typically encountered in estuaries, but the sensitivity
decreases exponentially for salinities that exceed the CCC.

Overall, we conclude for the Wyoming bentonite with a
CEC of 88.1 cmol./kg used in this study that a change in the
settling dynamics sets in for salinities in the range 0.5 PSU to
1 PSU. This value range is about 25 times larger than the one
determined for kaolin clay with a CEC of 3 cmol./kg by
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(cylinder 7), and (D) same as (C) but after 24 h.

FIGURE 8 | Experimental setup for the hydrometer analysis to determine the grain size distributions with three identical probes per run to guarantee reproducibility.
(A) montmorillonite clay in DI-water after 1 h 15 min, (B) same as (A) but after 24 h, (C) montmorillonite clay in salt water (35 PSU) after 1 h (cylinder 5 and 6) and 7 min

Rommelfanger et al. (2022), who reported a critical salinity of
0.04 PSU for suspensions as dense as 40 ppt. Since the CEC of
the clay used in the present study is 30 times higher and the
suspensions are much more dilute than the material used by
Rommelfanger et al. (2022), the present study confirms the
linear dependency of the CCC on the CEC that was postulated
by Rommelfanger et al. (2022). We furthermore note, that even
though the s.. is much higher for the Wyoming bentonite,
water with a salinity of 0.5-1 PSU is still far below the salinities
typically encountered in estuaries. In fact, the s.. barely
exceeds the threshold value of a salinity of 0.5 PSU that is
typically used to distinguish fresh water from brackish water
(Canedo-Argiielles et al., 2013). The CCC can be expected to
even further reduce in slightly acidic conditions (Kaufhold
et al., 2018). Evidence for a similarly low CCC was reported by
Krone (1963), Gibbs (1983), Gibbs et al. (1989) and Le Floch
et al. (2002), but these authors could not determine the
threshold value with the precision given here. Since the clay
material used in our study represents an extreme case in terms
of CEC, we can conclude that local salt gradients are likely to
only have negligible influence on the hydrodynamics of
flocculated fine-grained sediments and we suspect that this
may also be the case in estuarine environments such as the
Gironde estuary (Gibbs et al., 1989; Mike§ and Manning, 2010)
or the Ems estuary (van Leussen, 1999), because the salinities

in these environments are well above the threshold for the
onset of flocculation determined here.

3.4 Hydrometer Analysis to Determine the
Equivalent Floc Size

For the analysis of the settling velocity outlined in Section 2.3, we
choose a grain density of 2.753 g/cm”. This value was determined
so as to obtain a sieving curve, where grain sizes larger than 20 um
describe the entire sediment sample, i.e., the cumulative sum of all
grain size fractions come out to be 100%. This value is also in
good agreement with previous analyses of the Volclay SPV
(Kaufhold, 2021).

Figures 8A,B show characteristic photos of the standard
hydrometer analysis for the suspension settling process at the
initial stage and the end of the experiment. Every run was
conducted in three parallel batches to ensure reproducibility.
Readings of the hydrometer were taken after 30 s, 1 min, 2, 5, 15,
45 min, 2, 6, and 24 h. For the initial readings, no or only little
difference in the submersion depth of the hydrometer was
detected (Figure 8A). This is the consequence of having only
a small fraction of grains larger than 20 pm in the sample. After a
total of 24 h of observation time, a good part of the particles still
remains in suspension (Figure 8B), which reflects the high
proportion of grain sizes smaller than 2pum. Owing to the
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added dispersant, these types of grains did not flocculate so that
their weight is entirely supported by Brownian motion to form a
stable sol that will not settle out (Partheniades, 2009). Indeed, we
tested this for more than a week of observation time, but it is not
shown here as it does not add to the analysis of the grain size
distribution.

Using the standard hydrometer analysis, a bulk settling
velocity of 0.0105cm/s was determined following the
methodology described in Section 2.3. Furthermore, we can
determine the grain size distribution from this analysis to
compare it to the granulometry analysis provided by the BGR
(Dohrmann, 2020). Based on the chosen time intervals for the
reading, the standard hydrometer analysis yields 85% grains
smaller than 2pm, 4% of the grains within the range
2-6.3 um, 4% of the grains within the range 6.3-20, and 7%
larger than 20 pm. These values are in very good agreement with
the grain size distribution determined via X-ray ganulometry by
the BGR (cf. Section 2.1).

As expected, the modified hydrometer analysis revealed a very
different behavior. Omitting the addition of the dispersant, but
instead using DI water to create a solution with sodium chloride
(salinity 35 PSU) promoted flocculation, so that rapid settling of
the suspension can be observed. In fact, the experiment was ended
after 15 min observation time, because by this point most of the
sediment had already settled on the bottom of the cylinder. This
becomes visible in Figure 8C that shows the modified
hydrometer procedure after 7 min 43s (most right cylinder)
and about 1h (middle and left cylinder). After 24 h, the fluid
was completely clear and sediment on the bottom of the cylinder
had consolidated (Figure 8D). Even at the early observation time
(~7 min), the suspension had already cleared the top third of the
right cylinder. Recall that this modified procedure, therefore, does
not yield the actual grain size diameter as a result, but a diameter
that is equivalent to a solid sphere that would settle with the same
velocity than the flocculated clay.

With the same framework of the hydrometer analysis outlined
in Section 2.3, we determine an equivalent settling velocity of
0.345 cm/s, which is 30 times more than the settling velocity
determined for the standard procedure. Consequently, the flocs of
this experiment all have an equivalent diameter larger than
6.3 um. A proportion of 35% has an equivalent grain size in
the range 6.3-20 um and 65% exceed an equivalent grain size
diameter of 20 um. The drastic increase in equivalent grain size
once more illustrates the strong effect of flocculation on the
settling process. Since we found in Section 3.2 and Section 3.3
that this effect sets in at ~0.6 PSU and rapidly reaches a well-
developed stage with increasing salinity, we conclude that the
grain size distribution for the flocculated sediment represents the
characteristic ~sediment composition for most aquatic
environments.

3.5 LabSFLOC-2 Results

The results reported so far demonstrate that a very low salinity is
sufficient to serve as the critical constituent to trigger flocculation
in pH-neutral conditions. To investigate how biogenic cohesion
can add to the flocculation behavior of bentonite, we analyze
additional data from previously conducted experiments of
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bentonite in salt water with and without EPS (Ye et al., 2020,
2021). The two batches one with pure bentonites and with EPS +
bentonite in saltwater of 35 PSU have been evaluated in terms of
their floc size D, effective density p, and settling velocity. The floc
size and the settling velocity were determined by visual
inspection, whereas the effective density was inferred using
Equation 7. The data of the settling velocity as a function of
floc size are shown in Figures 9A,B. We also plot solid lines for
the settling velocity computed via Equation 7 assuming effective
density p, =1,600, 160 and 16kg/m’ (in magenta, green and
orange, respectively) as an orientation.

To understand the diverse properties of the generated flocs, the
floc population is often classified into different floc size classes
(Eisma, 1986; Dyer et al,, 1996). Particularly, the floc diameter has
often been used by numerical models of cohesive sediment transport
to distinguish between micro- and macroflocs (e.g. Lee et al., 2011).
Here, we follow this approach and define those two size classes by
choosing a critical floc size of 160 ym (Table 4).

Looking at the entire floc population of the pure bentonite
sample (Figure 9A and Table 4), the 1705 individual flocs
demonstrated sizes ranging from 20 to 600 ym with a mean
floc size of the entire population of 184.8 um. Settling velocities
spanned 0.1-16 mm/s with a mean of 2.00 mm/s. Of note, we
observe about 30 very large size flocs up to 400-600 ym (1.7% of
the entire floc population). A total of 460 flocs (or 27%) are of
very low effective density (less than 50 kg/m”).

Making the distinction of micro- and macroflocs for the pure
bentonite, we find a total of 680 microflocs (D < 160 ¢ m) in the
sample with a mean floc size of 105 + 199 y m, a settling velocity
of 1.1 + 1.4 mm/s, a density 185 + 199 kg/m’ and a porosity of
85 +16 %. On the other hand, if we consider the macrofloc
(D> 160 y m) sub-fraction, we obtain a mean size of Dagaero Of
238 £ 71 y m and a mean settling velocity W macro of 2.6 + 2.2
mm/s. The Bentonite macroflocs had a mean porosity and
effective density of 93 + 6 % and 87 + 80 kg/m’, respectively.
Here, we represent the measurement deviations as their standard
deviations. In addition, we find that the macroflocs represented
77% of the total Bentonite floc mass. Figure 9C illustrates an
example of a large, low-density Bentonite macrofloc.

For the batch of bentonite flocs with EPS, we perform the same
statistical analysis. We detected a total of 1732 flocs and find that
among the total floc populations the flocs are larger in size ranging
between 34 and 993 pm. As expected, the EPS acts as an adhesive and
created a total of 94 flocs larger than 400 um, which is 5.4% of the
entire floc population and triples the number (1.7%) of the pure
bentonite sample. Specifically, there are 10 flocs that substantially
exceeded the maximum floc size observed for pure bentonite,
ie, (D>600u m). On the other hand, the flocs settled at speeds
ranging between 0.16 and 9.7 mm/s, with a mean of 2.26 mm/s which
is only slightly faster than that of pure bentonite (Table 4). Adding
EPS to bentonite also increases the density of flocs as we find that only
18% (or 318 flocs) show an effective density lower than 50 kg/m’.

More insights of EPS bentonite flocs can be found in the analysis
of the two floc size classes (Table 4). The microflocs of bentonite with
EPS are of almost the same size (109 + 32 y m) as the pure bentonite
flocs, but with a much smaller standard deviation (i.e., more uniform
in size). Consequently, the microflocs of bentonite with EPS settle
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FIGURE 9 | Settling velocity as a function of floc size measured in the LabSFLOC-2 experimental setup. (A) pure bentonite and (B) bentonite with EPS. The solid
lines provide settling velocities for different effective densities according to Eq. 7 (magenta p, = 1600 kg/m?®, green pe = 160 kg/mZand red pe =16 kg/m?). The bottom
panelsshow examples of microscopy images of (C) bentonite and (D) bentonite with EPS.

TABLE 4 | Summary of microflocs (D < 160 ¢ m) and macrofloc (D > 160y m) fraction key properties of pure bentonite and EPS-bentonite samples.

Pure bentonite

Microfloc Macrofloc
Floc numbers 681 1,023
Size (um) 105.6 237.5
Effective density (kg/m°) 185.8 87.5
Settling velocity (mm/s) 1.08 2.61
Fractal dimension (nf) 2.30 2.30
Porosity [vol%] 85.2 93.0

faster (1.5 + 1.3 mm/s), are much denser (232 + 158 kg/m’) and the
porosity is lower (68 + 13 %). Also note that the standard deviation of
the effective density has decreased substantially for the microflocs,
which means that EPS tends to homogenize floc properties. For the
macroflocs, we found similar results. Compared to the pure
bentonite, the macroflocs of bentonite with EPS show an
increased floc size (253 + 106y m), larger settling velocities
(3.06 mmY/s), effective density (114 + 93 kg/m3 ) and smaller
porosity (84 £ 7 %). Interestingly, we obtain a larger spread in
floc size and a smaller variability in effective densities for
macroflocs with EPS, presumably because the additional adhesion
of the EPS allows for larger flocs to remain more stable than pure
bentonite floc. An example of a bentonite floc with EPS is shown in
microscope image of Figure 9D. Compared to Figure 9C (image of
pure bentonite flocs), the two macroflocs are larger in size and seem
to be more complex in shape, which is in line with previous
experimental evidence (Spencer et al., 2021).

The findings of this analysis confirm the results obtained from the
differential settling analysis of Section 3.2 that particles flocculate in

EPS+Bentonite
Total Microfloc Macrofloc Total
1705 855 877 1732
184.8 109.2 253.7 192.3
126.7 231.3 113.8 171.9
2.00 1.81 2.83 2.29
2.30 2.45 2.34 2.39
89.9 68.2 84.4 76.4

salt water under shear and form aggregates that are much larger than
the individual primary clay platelets. Adding EPS to bentonite in salt
water enhances the ability to flocculate by allowing the clay minerals
to form larger aggregates that are more stable and having a slightly
faster settling based on the mean value. However, the overall effect of
EPS on bentonite floc settling velocity is not significant.

4 DISCUSSION AND CONCLUSION

In the present study, we conducted three experimental campaigns to
clarify the importance of different mechanisms for flocculation of
bentonite clay minerals as a prototype clay with a high cation
exchange capacity. First, experiments based on differential settling
of moderately turbid suspensions in the semi-dilute regime with
varying salinity revealed that there exists a critical salt concentration
at about 0.6 ppt, where flocculation is triggered. This salt
concentration is barely above the threshold for the salinity of
fresh water and exceeds most of the salinities reported for natural

Frontiers in Earth Science | www.frontiersin.org

164

July 2022 | Volume 10 | Article 886006


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Krahl et al.

surface waters. It can therefore be concluded that nearly all natural
occurring aquatic environments exceed this critical threshold
concentration of salinity for the onset of flocculation. Evidence of
similarly low values have been reported by Krone (1963) and Gibbs
(1983) for sediments sampled in various estuarine environments, but
the precise threshold value was not determined in such a systematic
manner. For example, Gibbs (1983) reported a salinity of 0.5-1 ppt
for various clay compositions by varying salinity in the range
0.5-17.5ppt in only four increments, whereas we varied salinity
from 0 to 35ppt in up to 20 increments that are systematically refined
in the range of threshold conditions. Nevertheless, the results of our
study seemingly contradict a number of field studies that reported
varying floc sizes as a function of salt concentration in estuaries, i.e.
the higher the salt concentration the larger the flocs (e.g., Thill et al,,
2001; Huang, 2017), but it is very hard to identify single parameters as
a key trigger for flocculation in these complex environments (Mikes
and Manning, 2010). It is well known that estuaries show a systematic
decrease of local shear rates along with an increase in salinity as one
moves from riverine to coastal conditions. In particular, the shear rate
is known to play a governing role in the control of floc sizes (Verney
et al, 2011).

The results of the present study, however, give clear indication that
fine-grained suspended sediments are in the flocculated state even in
freshwater environments, which has important consequences on
their hydrodynamic properties such as their settling velocities.
Indeed, this is confirmed by the second experiment conducted in
the present study, the modified hydrometer analysis, where it was
revealed that the floc size increases to aggregates larger than 20 pm in
a salient ambient fluid with 35 PSU. Consequently, such particles in
suspension can no longer be described as individual clay platelets
(smaller than 2 pm) but the primary particle becomes an assembly of
several hundred coagulated platelets (Partheniades, 2008). In
addition, it was shown by Rommelfanger et al. (2022) that the
CEC can be used as an indicator for the capacity of the
suspended clay mineral to bind cations before flocculation sets in.
We can, therefore expect that the threshold salinity for the onset of
flocculation decreases further for clay minerals with an even lower
cation exchange capacity (e.g., kaolinite).

We subsequently conducted a third analysis based on the
LabSFLOC-2 experimental setup to clarify the role of EPS on
bentonite flocs in salt water at salinity 35 PSU. Since the bentonite
is already flocculated at this salinity, this allows to investigate, whether
there is an additional flocculation effect due to the adhesive nature of
the EPS coating of the clay minerals. Our data show that, while there
is a change in the specific density and size distribution between
microflocs and macroflocs, the overall floc size was approximately the
same for the two batches of pure bentonite and bentonite with EPS.
Nevertheless, we see effects in terms of enhanced settling velocities
and larger effective densities for flocs of bentonite with EPS and the
adhesive EPS coating allows for larger maximum floc sizes.

Our results confirm the findings of Lamb et al. (2020) that all fine-
grained sediments in open water are likely to be flocculated and
challenge the existence of wash-load, where all sediments are
transported in suspension and never make contact with the
sediment bed (Partheniades, 1977). The salinity of natural open
waters is already sufficient to trigger flocculation. Depending on the
microbiological activity in open-water bodies, EPS coatings on
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flocculated clay minerals can enhance the effect even further, but
this was not found to be a prerequisite for flocculation to take place.
We derive these findings from pure bentonite but we hypothesize that
these observations will also hold for mixtures of mineral
compositions (Zhu et al,, 2018). This conclusion is in contrast to
the study by Guo and He (2011), who claimed that biochemical
factors are more important in riverine environments due to the more
favorable hydrodynamic (shear) and biochemical conditions
(particulate and dissolved organic carbon). Nevertheless, since
biofilms are ubiquitous even in salt water conditions (Malarkey
et al, 2015), the effect of biofilms is likely to be less important
and the salt concentration can be regarded as the governing trigger for
the onset of flocculation.

Future work of these types of experiments should focus on
sediment compositions sampled from natural environments
(Mike$ and Manning, 2010) and the effect of naturally grown EPS
instead of xanthan gum (Ye et al, 2020) as well as the impact of
varying shear rates as another important control mechanism for the
maximum floc size in estuarine environments (Guo et al., 2021).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

EK and BV performed the experiments and conducted the
analysis of the differential settling setup. LY, T-JH, and AM
conducted the LabSFLOCS-2 experiments. BV conceived the idea
of the research project and helped with the data analysis of the
LabSFLOCS-2 experiments. All authors read and approved the
manuscript.

FUNDING

BV gratefully acknowledges the financial support by the German
Research Foundation (DFG) grant VO2413/2-1. LY, T-JH, and
AM contribution towards this research was supported by the
National Science Foundation (OCE-1924532) and a grant from
the Gulf of Mexico Research Initiative to support CSOMIO
(Consortium for Simulation of Oil-Microbial Interactions in
the Ocean) (Grant No. SA18-10). AM contribution toward
this research was also partly assisted by the TKI-MUSA
project 11204950-000-ZKS-0002, HR Wallingford company
research FineScale project (Grant no. ACK3013_62), and NSF
grant OCE-1736668.

ACKNOWLEDGMENTS

The authors thank Reiner Dohrmann from the German Federal
Institute of Geosciences and Natural Resources (BGR) for the
mineralogic analysis of the bentonite clay.

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 886006


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Krahl et al.

REFERENCES

Adachi, Y., Kawashima, Y. T., and Ghazali, M. E. B. (2020). Rheology and
Sedimentation of Aqueous Suspension of Na-Montmorillonite in the Very
Dilute Domain. KONA Powder Part. ]. 37, 145-165. doi:10.14356/kona.
2020019

Ahmerkamp, S., Liu, B., Kindler, K., Maerz, J., Stocker, R., Kuypers, M. M. M., et al.
(2022). Settling of Highly Porous and Impermeable Particles in Linear
Stratification: Implications for Marine Aggregates. J. Fluid Mech. 931, A9.
doi:10.1017/jfm.2021.913

Benson, T., and Manning, A., 2013. Digifloc: the Development of Semi-automatic
Software to Determine the Size and Settling Velocity of Flocs. HR Wallingford
Report DDY0427-Rt001.

Berg, J. C. (2010). An Introduction to Interfaces & Colloids: The Bridge to
Nanoscience. Singapore: World Scientific.

Black, K. S., Tolhurst, T. J., Paterson, D. M., and Hagerthey, S. E. (2002). Working
with Natural Cohesive Sediments. J. Hydraul. Eng. 128 (1), 2-8. doi:10.1061/
(asce)0733-9429(2002)128:1(2)

Briiggemann, K. (1982). Die Bodenpriifverfahren bei Straffenbauten. Diisseldorfin,
German: Werner Verlag.

Canedo-Argiielles, M., Kefford, B. J., Piscart, C., Prat, N., Schifer, R. B., Schulz, C.
J., et al. (2013). Salinisation of Rivers: an Urgent Ecological Issue. Environ.
Pollut. 173, 157-167. doi:10.1016/j.envpol.2012.10.011

Dohrmann, R, Riiping, K. B, Kleber, M., Ufer, K., and Jahn, R. (2009). Variation of
Preferred Orientation in Oriented Clay Mounts as a Result of Sample
Preparation and Composition. Clays Clay Min. 57 (6), 686-694. doi:10.
1346/ccmn.2009.0570602

Dohrmann, R. (2020). Private Communication. Hannover.

Droppo, I. G., and Ongley, E. D. (1994). Flocculation of Suspended Sediment in
Rivers of Southeastern Canada. Water Res. 28 (8), 1799-1809. doi:10.1016/
0043-1354(94)90253-4

Dyer, K., Cornelisse, J., Dearnaley, M., Fennessy, M., Jones, S., Kappenberg, J., et al.
(1996). A Comparison of In Situ Techniques for Estuarine Floc Settling Velocity
Measurements. Neth. J. Sea Res. 36 (1-2), 15-29. doi:10.1016/s0077-7579(96)
90026-5

Eisma, D., Schuhmacher, T., Boekel, H., Van Heerwaarden, J., Franken, H., Lann,
M., et al. (1990). A Camera and Image Analysis System for In Situ Observation
of Flocs in Natural Waters. J. Hydraulic Res. 27, 43-56. doi:10.1080/00221686.
2016.1212938

Eisma, D. (1986). Flocculation and De-flocculation of Suspended Matter in
Estuaries. Neth. J. sea Res. 20 (2-3), 183-199. doi:10.1016/0077-7579(86)
90041-4

Fang, H., Fazeli, M., Cheng, W., and Dey, S. (2016). Transport of Biofilm-Coated
Sediment Particles. J. Hyraul. Res. 54 (6), 631-645.

Fennessy, M. J., Dyer, K. R., and Huntley, D. A. (1994). Size and Settling Velocity
Distributions of Flocs in the Tamar Estuary during a Tidal Cycle. Neth. J. Aquat.
Ecol. 28, 275-282. doi:10.1007/bf02334195

Fennessy, M. J., Dyer, K. R., Huntley, D. A,, and Bale, A. J. (1997). “Estimation of
Settling Flux Spectra in Estuaries Using INSSEV,” in Cohesive
Sediments - Proceedings of INTERCOH Conference, Wallingford, England.
Editors N. Burt, R. Parker, and J. Watts (Chichester: John Wiley & Sons),
87-104.

Ghazali, M. E. B., Argo, Y., Kyotoh, H., and Adachi, Y. (2020). Effect of the
Concentration of NaCl and Cylinder Height on the Sedimentation of
Flocculated Suspension of Na-Montmorillonite in the Semi-dilute Regime.
Paddy Water Environ. 18 (2), 309-316. doi:10.1007/s10333-019-00783-6

Gibbs, R. J., Tshudy, D. M., Konwar, L., and Martin, J. M. (1989). Coagulation and
Transport of Sediments in the Gironde Estuary. Sedimentology 36 (6), 987-999.
doi:10.1111/j.1365-3091.1989.tb01536.x

Gibbs, R. J. (1983). Coagulation Rates of Clay Minerals and Natural Sediments.
J. Sediment. Res. 53 (4), 1193-1203.

Goldberg, S., and Glaubig, R. A. (1987). Effect of Saturating Cation, pH, and
Aluminum and Iron Oxide on the Flocculation of Kaolinite and
Montmorillonite. Clays Clay Miner. 35 (3), 220-227. doi:10.1346/ccmn.1987.
0350308

Gratiot, N., and Manning, A. (2004). An Experimental Investigation of Floc
Characteristics in a Diffusive Turbulent Flow. J. Coast Res., 105-113.

Settling Bentonites: Salt and EPS

Gundersen, P., and Steinnes, E. (2003). Influence of pH and TOC Concentration on
Cu, Zn, Cd, and Al Speciation in Rivers. Water Res. 37 (2), 307-318. doi:10.
1016/s0043-1354(02)00284-1

Guo, C., Manning, A. J,, Bass, S., Guo, L., and He, Q. (2021). A Quantitative Lab
Examination of Floc Fractal Property Considering Influences of Turbulence,
Salinity and Sediment Concentration. J. Hydrol. 601, 126574. doi:10.1016/;.
jhydrol.2021.126574

Guo, L., and He, Q. (2011). Freshwater Flocculation of Suspended Sediments in the
Yangtze River, China. Ocean Dyn. 61 (2), 371-386. doi:10.1007/s10236-011-
0391-x

Hsu, T.-J., Penaloza-Giraldo, J., Yue, L., Manning, A. J., Meiburg, E., and Vowinckel, B.
(2021). “Toward Modeling Flocculation in Turbulence-Resolving Simulations for
Cohesive Sediment Transport,” in AGU Fall Meeting, 2021.

Huang, 1. B. (2017). Cohesive Sediment Flocculation in a Partially-Stratified
Estuary. PhD thesis. Stanford: Stanford University.

Jarvis, P., Jefferson, B., Gregory, J. O. H. N., and Parsons, S. A. (2005). A Review of
Floc Strength and Breakage. Water Res. 39 (14), 3121-3137. doi:10.1016/j.
watres.2005.05.022

Kaufhold, S., Kaufhold, A., and Dohrmann, R. (2018). Comparison of the Critical
Coagulation Concentrations of Allophane and Smectites. Colloids Interfaces 2
(1), 12. doi:10.3390/colloids2010012

Kauthold (2021). Bentonites — Characterization, Geology, Mineralogy, Analysis,
Mining, Processes and Uses. Stuttgart: Schweizerbart.

Kranenburg, C. (1994). The Fractal Structure of Cohesive Sediment Aggregates.
Estuar. Coast. Shelf Sci. 39, 451-460. doi:10.1006/ecss.1994.1075

Krone, R. B. (1962). Flume Studies of the Transport of Sediment in Estuarial
Shoaling Process: Final Report. Berkeley: Hydraulic Engineering Laboratory and
Sanitary Engineering Research Laboratory, University of California.

Krone, R. B. (1963). A Study of Rheological Properties of Estuarial Sediments.
Report No. 63-68. Berkeley: Hydraulic Engineering Laboratory and Sanitary
Engineering Research Laboratory, University of California.

Kumar, R. G., Strom, K. B, and Keyvani, A. (2010). Floc Properties and Settling
Velocity of San Jacinto Estuary Mud under Variable Shear and Salinity
Conditions. Cont. Shelf Res. 30 (20), 2067-2081. doi:10.1016/j.csr.2010.10.006

Kuprenas, R., Tran, D., and Strom, K. (2018). A Shear-limited Flocculation Model
for Dynamically Predicting Average Floc Size. J. Geophys. Res. Oceans 123 (9),
6736-6752. doi:10.1029/2018jc014154

Lagaly, G., Schulz, O., and Zimehl, R. (2013). Dispersionen und Emulsionen: eine
Einfiihrung in die Kolloidik feinverteilter Stoffe einschliefllich der Tonminerale.
Berlin: Springer-Verlag.

Lamb, M. P., de Leeuw, J., Fischer, W. W., Moodie, A. J., Venditti, J. G., Nittrouer,
J. A, et al. (2020). Mud in Rivers Transported as Flocculated and Suspended
Bed Material. Nat. Geosci. 13 (8), 566-570. doi:10.1038/s41561-020-0602-5

Le Floch, S., Guyomarch, J., Merlin, F.-X.,, Stoffyn-Egli, P., Dixon, J., Lee, K, et al.
(2002). The Influence of Salinity on Oil Mineral Aggregate Formation. Spill Sci.
Technol. Bull. 8 (1), 65-71. doi:10.1016/s1353-2561(02)00124-x

Lee, B. J., Toorman, E., Molz, F. J., and Wang, J. (2011). A Two-Class Population
Balance Equation Yielding Bimodal Flocculation of Marine or Estuarine
Sediments. Water Res. 45 (5), 2131-2145. doi:10.1016/j.watres.2010.12.028

Malarkey, J., Baas, J. H., Hope, J. A, Aspden, R. J., Parsons, D. R,, Peakall, J., et al.
(2015). The Pervasive Role of Biological Cohesion in Bedform Development.
Nat. Commun. 6 (1), 6257. doi:10.1038/ncomms7257

Malpezzi, M. A., Sanford, L. P., and Crump, B. C. (2013). Abundance and Distribution of
Transparent Exopolymer Particles in the Estuarine Turbidity Maximum of
Chesapeake Bay. Mar. Ecol. Prog. Ser. 486, 23-35. doi:10.3354/meps10362

Manning, A. J., and Bass, S. J. (2006). Variability in Cohesive Sediment Settling
Fluxes: Observations under Different Estuarine Tidal Conditions. Mar. Geol.
235, 177-192. doi:10.1016/j.margeo.2006.10.013

Manning, A. J., and Dyer, K. R. (2002). “A Comparison of Floc Properties Observed
during Neap and Spring Tidal Conditions,” in Fine Sediment Dynamics in the
Marine Environment - Proceedings in Marine Science 5. Editors
J. C. Winterwerp and C. Kranenburg (Amsterdam: Elsevier), 233-250.

Manning, A., and Dyer, K. (2007). Mass Settling Flux of Fine Sediments in
Northern European Estuaries: Measurements and Predictions. Mar. Geol.
245 (le4), 107-122. doi:10.1016/j.margeo.2007.07.005

Manning, A. J., and Schoellhamer, D. H. (2013). Factors Controlling Floc Settling
Velocity along a Longitudinal Estuarine Transect. Mar. Geol. 345, 266-280.
doi:10.1016/j.margeo.2013.06.018

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 886006


https://doi.org/10.14356/kona.2020019
https://doi.org/10.14356/kona.2020019
https://doi.org/10.1017/jfm.2021.913
https://doi.org/10.1061/(asce)0733-9429(2002)128:1(2)
https://doi.org/10.1061/(asce)0733-9429(2002)128:1(2)
https://doi.org/10.1016/j.envpol.2012.10.011
https://doi.org/10.1346/ccmn.2009.0570602
https://doi.org/10.1346/ccmn.2009.0570602
https://doi.org/10.1016/0043-1354(94)90253-4
https://doi.org/10.1016/0043-1354(94)90253-4
https://doi.org/10.1016/s0077-7579(96)90026-5
https://doi.org/10.1016/s0077-7579(96)90026-5
https://doi.org/10.1080/00221686.2016.1212938
https://doi.org/10.1080/00221686.2016.1212938
https://doi.org/10.1016/0077-7579(86)90041-4
https://doi.org/10.1016/0077-7579(86)90041-4
https://doi.org/10.1007/bf02334195
https://doi.org/10.1007/s10333-019-00783-6
https://doi.org/10.1111/j.1365-3091.1989.tb01536.x
https://doi.org/10.1346/ccmn.1987.0350308
https://doi.org/10.1346/ccmn.1987.0350308
https://doi.org/10.1016/s0043-1354(02)00284-1
https://doi.org/10.1016/s0043-1354(02)00284-1
https://doi.org/10.1016/j.jhydrol.2021.126574
https://doi.org/10.1016/j.jhydrol.2021.126574
https://doi.org/10.1007/s10236-011-0391-x
https://doi.org/10.1007/s10236-011-0391-x
https://doi.org/10.1016/j.watres.2005.05.022
https://doi.org/10.1016/j.watres.2005.05.022
https://doi.org/10.3390/colloids2010012
https://doi.org/10.1006/ecss.1994.1075
https://doi.org/10.1016/j.csr.2010.10.006
https://doi.org/10.1029/2018jc014154
https://doi.org/10.1038/s41561-020-0602-5
https://doi.org/10.1016/s1353-2561(02)00124-x
https://doi.org/10.1016/j.watres.2010.12.028
https://doi.org/10.1038/ncomms7257
https://doi.org/10.3354/meps10362
https://doi.org/10.1016/j.margeo.2006.10.013
https://doi.org/10.1016/j.margeo.2007.07.005
https://doi.org/10.1016/j.margeo.2013.06.018
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Krahl et al.

Manning, A. J., Bass, S. J., and Dyer, K. R. (2006). Floc Properties in the Turbidity
Maximum of a Mesotidal Estuary during Neap and Spring Tidal Conditions.
Mar. Geol. 235, 193-211. doi:10.1016/j.margeo.2006.10.014

Manning, A. J., Baugh, J. V., Spearman, J. R, and Whitehouse, R. J. (2010).
Flocculation Settling Characteristics of Mud: Sand Mixtures. Ocean. Dyn. 60
(2), 237-253. doi:10.1007/s10236-009-0251-0

Manning, A. J. (2001). A Study of the Effects of Turbulence on the Properties of
Flocculated Mud. Ph.D. Thesis. Institute of Marine Studies, University of
Plymouth.

Manning, A. J. (2004). “The Observed Effects of Turbulence on Estuarine
Flocculation,” in Sediment Transport in European Estuaries. Editors
P. Ciavola and M. B. Collins, 41, 90-104. Journal of Coastal Research.

Manning, A. J., Friend, P. L., Prowse, N., and Amos, C. L. (2007). Preliminary
Findings from a Study of Medway Estuary (UK) Natural Mud Floc Properties
Using a Laboratory Mini-flume and the LabSFLOC system. Cont. Shelf Res. 27
(8), 1080-1095. doi:10.1016/j.csr.2006.04.011

Mehta, A.J., and McAnally, W. H. (2008). “Fine Grained Sediment Transport,” in
Sedimentation Engineering: Processes, Measurements, Modeling, and Practice.
Editor M. Garcia (Reston, Va: ASCE), 253-306.

Mehta, A. J. (2014). An Introduction to Hydraulics of Fine Sediment Transport.
Advanced Series on Ocean Engineering, 38. Hackensack, NJ: World Scientific
Publishing Co.

Mietta, F., Chassagne, C., Manning, A. J., and Winterwerp, J. C. (2009). Influence of
Shear Rate, Organic Matter Content, pH and Salinity on Mud Flocculation.
Ocean. Dyn. 59 (5), 751-763. doi:10.1007/s10236-009-0231-4

Mikes$, D., and Manning, A. J. (2010). Assessment of Flocculation Kinetics of
Cohesive Sediments from the Seine and Gironde Estuaries, France, through
Laboratory and Field Studies. J. Waterw. Port. Coast. Ocean. Eng. 136 (6),
306-318. doi:10.1061/(asce)ww.1943-5460.0000053

Parsons, D. R, Schindler, R. J., Hope, J. A., Malarkey, J., Baas, J. H., Peakall, J., et al.
(2016). The Role of Biophysical Cohesion on Subaqueous Bed Form Size.
Geophys. Res. Lett. 43 (4), 1566-1573. doi:10.1002/2016gl067667

Partheniades, E. (1977). Unified View of Wash Load and Bed Material Load.
J. Hydr. Div. 103 (9), 1037-1057. doi:10.1061/jyceaj.0004825

Partheniades, E. (2009). Cohesive Sediments in Open Channels: Erosion, Transport
and Deposition. Oxford: Butterworth-Heinemann.

Passow, U. (2012). The Abiotic Formation of TEP under Different Ocean
Acidification Scenarios. Mar. Chem. 128, 72-80. doi:10.1016/j.marchem.
2011.10.004

R.J. Uncles and S. B. Mitchell (Editors) (2017). Estuarine and Coastal Hydrography
and Sediment Transport (Cambridge: Cambridge University Press).

Rommelfanger, N., Vowinckel, B.,, Wang, Z., Dohrmann, R., Meiburg, E., and
Luzzatto-Fegiz, P. (2022). A Simple Criterion and Experiments for Onset of
Flocculation in Kaolin Clay Suspensions. arXiv preprint arXiv:2203.15545.
https://arxiv.org/abs/2203.15545.

Schindler, R. J., Parsons, D. R, Ye, L., Hope, J. A, Baas, J. H., Peakall, J., et al.
(2015). Sticky Stuff: Redefining Bedform Prediction in Modern and Ancient
Environments. Geology 43, 399-402. doi:10.1130/G36262.1

Seiphoori, A., Gunn, A., Kosgodagan Acharige, S., Arratia, P. E., and Jerolmack, D.
J. (2021). Tuning Sedimentation through Surface Charge and Particle Shape.
Geophys. Res. Lett. 48 (7). €2020GL091251. doi:10.1029/2020g1091251

Spencer, K. L., Wheatland, J. A., Bushby, A. J,, Carr, S. J., Droppo, L. G., Manning,
A.TJ., etal. (2021). A Structure-Function Based Approach to Floc Hierarchy and
Evidence for the Non-fractal Nature of Natural Sediment Flocs. Sci. Rep. 11 (1),
14012. doi:10.1038/s41598-021-93302-9

Stokes, G. G. (1851). On the Effect of the Internal Friction of Fluids on the Motion
of Pendulums. Trans. Camb. Philosophical Soc. IX, 8.

Studds, P. G., Stewart, D. I., and Cousens, T. W. (1998). The Effects of Salt Solutions
on the Properties of Bentonite-Sand Mixtures. Clay Miner. 33 (4), 651-660.
doi:10.1180/claymin.1998.033.4.12

Sutherland, B. R,, Barrett, K. J., and Gingras, M. K. (2015). Clay Settling in Fresh
and Salt Water. Environ. Fluid Mech. (Dordr). 15 (1), 147-160. doi:10.1007/
510652-014-9365-0

Te Slaa, S., van Maren, D. S., He, Q., and Winterwerp, J. C. (2015). Hindered
Settling of Silt. J. Hydraul. Eng. 141 (9), 04015020. doi:10.1061/(asce)hy.1943-
7900.0001038

Settling Bentonites: Salt and EPS

Thill, A., Moustier, S., Garnier, J. M., Estournel, C., Naudin, J. J., Bottero, J. Y., et al.
(2001). Evolution of Particle Size and Concentration in the Rhone River Mixing
Zone:. Cont. Shelf Res. 21 (18-19), 2127-2140. doi:10.1016/s0278-4343(01)
00047-4

Tolhurst, T. J., Gust, G., and Paterson, D. M. (2002). “The Influence of an
Extracellular Polymeric Substance (EPS) on Cohesive Sediment Stability,” in
Proceedings in Marine Science (Elsevier), 5, 409-425.

van Leussen, W. (1999). The Variability of Settling Velocities of Suspended Fine-
Grained Sediment in the Ems Estuary. J. sea Res. 41 (1-2), 109-118. doi:10.1016/
$1385-1101(98)00046-x

van Olphen, H. (1977). An Introduction to Clay Colloid Chemistry. 2nd edn.. New
York, NY: John Wiley & Sons.

Verney, R,, Lafite, R., Brun-Cottan, J. C., and Le Hir, P. (2011). Behaviour of a Floc
Population during a Tidal Cycle: Laboratory Experiments and Numerical
Modelling. Cont. Shelf Res. 31 (10), S64-S83. doi:10.1016/j.csr.2010.02.005

Vowinckel, B., Biegert, E., Luzzatto-Fegiz, P., and Meiburg, E. (2019a).
Consolidation of Freshly Deposited Cohesive and Noncohesive Sediment:
Particle-Resolved Simulations. Phys. Rev. Fluids 4 (7), 074305. doi:10.1103/
physrevfluids.4.074305

Vowinckel, B., Withers, J., Luzzatto-Fegiz, P., and Meiburg, E. (2019b). Settling of
Cohesive Sediment: Particle-Resolved Simulations. J. Fluid Mech. 858, 5-44.
doi:10.1017/jfm.2018.757

Vowinckel, B. (2021). Incorporating Grain-Scale Processes in Macroscopic
Sediment Transport Models. Acta Mech. 232 (6), 2023-2050. doi:10.1007/
s00707-021-02951-4

Winterwerp, J. C., and van Kesteren, W. G. (2004). Introduction to the Physics of
Cohesive Sediment Dynamics in the Marine Environment. Amsterdam: Elsevier.

Winterwerp, J. C. (1998). A Simple Model for Turbulence Induced Flocculation of
Cohesive Sediment. J. Hydraulic Res. 36, 309-326. doi:10.1080/00221689809498621

Winterwerp, J. C. (2002). On the Flocculation and Settling Velocity of Estuarine
Mud. Cont. shelf Res. 22 (9), 1339-1360. doi:10.1016/50278-4343(02)00010-9

Ye, L, Manning, A. J., and Hsu, T. J. (2020). Oil-mineral Flocculation and Settling
Velocity in Saline Water. Water Res. 173, 115569. doi:10.1016/j.watres.2020.115569

Ye, L., Manning, A. J., Holyoke, J., Penaloza-Giraldo, J. A., and Hsu, T. J. (2021).
The Role of Biophysical Stickiness on Oil-Mineral Flocculation and Settling in
Seawater. Front. Mar. Sci. 8. d0i:10.3389/fmars.2021.628827

Zhao, K., Pomes, F., Vowinckel, B, Hsu, T. J., Bai, B., Meiburg, E., et al. (2021).
Flocculation of Suspended Cohesive Particles in Homogeneous Isotropic
Turbulence. J. Fluid Mech. 921, A17. doi:10.1017/jfm.2021.487

Zhu, Z., Xiong, X., Liang, C., and Zhao, M. (2018). On the Flocculation and Settling
Characteristics of Low-And High-Concentration Sediment Suspensions: Effects
of Particle Concentration and Salinity Conditions. Environ. Sci. Pollut. Res. 25
(14), 14226-14243. doi:10.1007/s11356-018-1668-0

Zhu, R,, He, Z., Zhao, K., Vowinckel, B., and Meiburg, E. (2022). Grain-resolving
Simulations of Submerged Cohesive Granular Collapse. J. Fluid Mech. 942, A49.
doi:10.1017/jfm.2022.404

Conflict of Interest: AM was employed by the HR Wallingford Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Krahl, Vowinckel, Ye, Hsu and Manning. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 886006


https://doi.org/10.1016/j.margeo.2006.10.014
https://doi.org/10.1007/s10236-009-0251-0
https://doi.org/10.1016/j.csr.2006.04.011
https://doi.org/10.1007/s10236-009-0231-4
https://doi.org/10.1061/(asce)ww.1943-5460.0000053
https://doi.org/10.1002/2016gl067667
https://doi.org/10.1061/jyceaj.0004825
https://doi.org/10.1016/j.marchem.2011.10.004
https://doi.org/10.1016/j.marchem.2011.10.004
https://arxiv.org/abs/2203.15545
https://doi.org/10.1130/G36262.1
https://doi.org/10.1029/2020gl091251
https://doi.org/10.1038/s41598-021-93302-9
https://doi.org/10.1180/claymin.1998.033.4.12
https://doi.org/10.1007/s10652-014-9365-0
https://doi.org/10.1007/s10652-014-9365-0
https://doi.org/10.1061/(asce)hy.1943-7900.0001038
https://doi.org/10.1061/(asce)hy.1943-7900.0001038
https://doi.org/10.1016/s0278-4343(01)00047-4
https://doi.org/10.1016/s0278-4343(01)00047-4
https://doi.org/10.1016/s1385-1101(98)00046-x
https://doi.org/10.1016/s1385-1101(98)00046-x
https://doi.org/10.1016/j.csr.2010.02.005
https://doi.org/10.1103/physrevfluids.4.074305
https://doi.org/10.1103/physrevfluids.4.074305
https://doi.org/10.1017/jfm.2018.757
https://doi.org/10.1007/s00707-021-02951-4
https://doi.org/10.1007/s00707-021-02951-4
https://doi.org/10.1080/00221689809498621
https://doi.org/10.1016/s0278-4343(02)00010-9
https://doi.org/10.1016/j.watres.2020.115569
https://doi.org/10.3389/fmars.2021.628827
https://doi.org/10.1017/jfm.2021.487
https://doi.org/10.1007/s11356-018-1668-0
https://doi.org/10.1017/jfm.2022.404
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

:' frontiers ‘ Frontiers in Earth Science

ORIGINAL RESEARCH
published: 19 July 2022
doi: 10.3389/feart.2022.815652

OPEN ACCESS

Edited by:
Katrien Van Landeghem,
Bangor University, United Kingdom

Reviewed by:

Guoxiang Wu,

Ocean University of China, China
Chris Unsworth,

Bangor University, United Kingdom

*Correspondence:
Xiao Yu
xiao.yu@essie.ufl.edu

Specialty section:

This article was submitted to
Marine Geoscience,

a section of the journal
Frontiers in Earth Science

Received: 15 November 2021
Accepted: 21 June 2022
Published: 19 July 2022

Citation:

Yu M, Yu X, Balachandar S and
Manning AJ (2022) Floc Size
Distributions of Cohesive Sediment in
Homogeneous Isotropic Turbulence.
Front. Earth Sci. 10:815652.

doi: 10.3389/feart.2022.815652

Check for
updates

Floc Size Distributions of Cohesive
Sediment in Homogeneous Isotropic
Turbulence

Minglan Yu ', Xiao Yu'*, S. Balachandar 2 and Andrew J. Manning ™**

"Department of Civil and Coastal Engineering, Engineering School of Sustainable Infrastructure & Environment, University of
Florida, Gainesville, FL, United States, 2Department of Aerospace & Mechanical Engineering, University of Florida, Gainesville, FL,
United States, *HR Wallingford, Coasts and Oceans Group, Wallingford, United Kingdom, “University of Plymouth, Plymouth,
United Kingdom

Floc size distribution is one of the key parameters to characterize flocculating cohesive
sediment. An Eulerian—Lagrangian framework has been implemented to study the
flocculation dynamics of cohesive sediments in homogeneous isotropic turbulent flows.
Fine cohesive sediment particles are modeled as the dispersed phase by the discrete
element method, which tracks the motion of individual particles. An adhesive contact
model with rolling friction is applied to simulate the particle—particle interactions. By varying
the physicochemical properties (i.€., stickiness and stiffness) of the primary particles, the
dependence of the mathematical form of the floc size distribution on sediment properties is
investigated. At the equilibrium state, the aggregation and breakup processes reach a
dynamic equilibrium, in which construction by aggregation is balanced with destruction by
breakup, and construction by breakup is balanced with destruction by aggregation. When
the primary particles are less sticky, floc size distribution fits better with the lognormal
distribution. When the primary particles are very sticky, both the aggregation of smaller
flocs and breakup from larger flocs play an equally important role in the construction of the
intermediate-sized flocs, and the equilibrium floc size distribution can be better fitted by the
Weibull distribution. When the Weibull distribution develops, a shape parameter around
2.5 has been observed, suggesting a statistically self-similar floc size distribution at the
equilibrium state.

Keywords: cohesive sediment, floc size distribution, two phase approach, discrete element method (DEM), dynamic
equilibrium

1 INTRODUCTION

The transport of fine-grained cohesive sediment in nearshore and estuarine environments plays a
critical role in ecosystem dynamics, water quality, bed morphology, and engineering applications, for
example, the rapid siltation in navigation channels and harbors (Hayter and Mehta, 1986;
Winterwerp et al., 2000), cohesive sediment transport in salt marsh (Graham and Manning,
2007), depositional rates of contaminated muddy sediments (Ye et al., 2020), and long-term
morphology of deltas (Edmonds and Slingerland, 2010). Cohesive sediment can bind together
through both physical (van Olphen, 1964; Winterwerp and van Kesteren, 2004) and biological
(Tolhurst et al., 2002) cohesion to form large aggregates, namely, flocs. A floc size distribution
develops in sediment suspension (Sheremet et al., 2017). Due to the variability in floc’s structure and
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effective density, flocs of different size settle at different velocities
(Manning, 2004; Mehta et al., 2014). The larger, low-density
macroflocs (van Leussen, 1994) tend to settle faster than smaller
microflocs (Eisma, 1986; Manning, 2001), but they are more
fragile and more prone to break up by turbulent shear. Macroflocs
often dominate the depositional mass flux (Mehta and Lott, 1987;
Manning et al., 2006). The floc size distribution is therefore of
crucial importance in understanding the spatiotemporal
transport patterns of cohesive sediment (e.g., Geyer et al
(2000); Baugh and Manning (2007); Prandle et al. (2005)).

Turbulence plays an important role in the flocculation process
of cohesive sediment in natural environments (Dyer, 1989; van
Leussen, 1997; Winterwerp, 1998; McAnally and Mehta, 2001;
Manning, 2004). On the one hand, turbulence enhances the
aggregation through the collision frequency, which scales with
the turbulent dissipation rate (Sundaram and Collins, 1997). On
the other hand, large flocs break in turbulent flows by turbulent
eddies via turbulent shear or hydrodynamic drag (Saha et al,
2016). Several phases exist during the flocculation. Initially, the
aggregation dominates with the rapid growth of the floc size. As
flocs continue to grow, large flocs with porous structures form.
Large flocs are vulnerable to fragmentation by fluid shear (Tambo
and Watanabe, 1984). Breakup starts to play an increasingly
important role in late stages of flocculation. When the two
competing mechanisms, namely, the aggregation and breakup
processes, balance, an equilibrium floc size distribution develops
(Manning and Dyer, 1999; Soulsby et al., 2013; Mehta et al.,
2014).

Due to the large variability in the floc size, cohesive sediment is
often characterized by the floc size distribution. The
mathematical properties of floc size distributions have drawn a
lot of attention from the cohesive sediment transport research
community, and the interest in unifying the properties of floc size
distribution has remained strong. Various statistics for floc size
distribution have been proposed to serve as indices of the quality
of sediment flocs, as well as sludge in waste treatment. However,
theoretical studies, field observations, and laboratory experiments
yield different statistics. It is important to investigate the physical
mechanisms that lead to different floc size distributions, and the
potential implication of different mathematical forms of the floc
size distribution.

By applying a dimensional analysis, Hunt (1982) showed the
steady state floc size distribution follows a power law. Pushkin
and Aref (2002) later developed a more rigorous self-similarity
theory of stationary coagulation and showed the floc size
distribution follows a power law in the coagulating system. In
these studies, the system is forced with particle injection at small
sizes, and breakup is not considered. The breakup of large flocs
can lead to a skewed floc size distribution with a peak (Hunt,
1982). Spicer and Pratsinis (1996) conducted laboratory
experiments to study the evolution of floc size distribution
induced by shear and showed the steady state floc size
distribution normalized by the average floc size to be self-
preserving, which is independent of the shear rate.

Floc size distribution is skewed and hence does not tend to
follow the normal distribution. The lognormal distribution and
Weibull distribution are commonly used to model skewed
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distributions; however, the physical origin of the distribution
is not well understood. Brown and Wohletz (1995) derived the
Weibull distribution with respect to the fragmentation process, in
which a power law was used to describe the breakup of a single
particle into smaller particles. The Weibull distribution has been
widely used as particle size distribution for coarse grains (Fang
et al., 1993; Kondolf and Adhikari, 2000). Previous studies of fiber
pulp suspension in a flat channel (Huber et al, 2006) and
activated sludge flocs (Li and Ganczarczyk, 1991) showed that
Weibull distribution is the best descriptor for the floc size
distribution. On the other hand, Kiss et al. (1999) developed a
model for particle growth that predicts the lognormal particle
distribution. They assumed the rate of change of the particle mass
is proportional to the surface area, and the particle residence time
in the active zone of particle interactions is lognormally
distributed. Floc growth is due to collisions with other flocs,
and the collision frequency is proportional to the surface area of
the floc. A lognormal distribution of velocity fluctuations (Mouri
et al, 2009) or dissipation rate (Yeung et al., 2006) that drive
inter-particle collisions could also lead to the lognormal floc size
distribution. Byun and Son (2020) applied a stochastic approach
to model the size distribution of suspended flocs, in which the
breakup process is modeled by a lognormal distribution. They
showed the lognormal distribution is the best descriptor for the
floc size distribution. Hosoda et al. (2011) showed that a
stochastic process of halving followed by addition can yield a
stationary lognormal distribution. For cohesive sediment flocs,
this suggests the breakup of a large floc into two small flocs
of equal size followed by the aggregation with another floc
could lead to a lognormal floc size distribution. Overall, it is
difficult to distinguish the lognormal and Weibull distribution
in floc size distribution curves and hence the physical origin
of the size distribution, which requires priori knowledge on
both the particle—particle and particle-fluid interactions during
flocculation.

In the mathematical approach, the aggregation and breakup
processes are parameterized. The accuracy of the predictive
cohesive sediment transport model strongly depends on the
aggregation and breakup models. The two-phase Eulerian-
Lagrangian model can resolve both the particle-particle and
particle—fluid interactions and can provide the particle-level
information on the aggregation and breakup processes. In
Eulerian-Lagrangian two-phase models, the carrier fluid is
modeled as the continuous phase and the particles are
modeled as the dispersed phase (Balachandar and Eaton,
2010). In total, two approaches, namely, the particle-resolving
approach (PR) and the point-particle approach (PP), have been
developed and implemented to study cohesive sediment
dynamics. In both approaches, the discrete element method
(DEM) models the particle-particle interactions. Particles are
modeled as soft spheres, allowing a small overlap when two
particles collide. When one particle collides with another
particle or floc, they may stick together. In DEM, the motion
of an individual particle is tracked, along with the aggregation and
breakup of flocs. Collisions among particles are modeled by the
contact mechanics theory, such as Hookean or Hertzian contact
models (Johnson, 1985). In the particle-resolving approach
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(Vowinckel et al., 2019), flows around individual particles are
fully resolved. Due to the large computational cost, the particle
resolving approach is often limited to systems with a few
thousands of particles, which may not generate satisfactory
statistics for flocculation dynamics. On the other hand, in the
point-particle approach (Marshall, 2009; Zhou et al, 2010),
hydrodynamic forces, such as drag force, lift force, and inertial
force, on the particle are modeled. The point-particle approach
can be implemented to millions of particles easily. However, the
accuracy of the point-particle approach strongly depends on the
hydrodynamic force models (Akiki et al., 2017). To investigate the
flocculation processes in homogeneous isotropic turbulence, the
point-particle approach is implemented to get better statistics of
particle dynamics.

In this study, we investigate the floc size distribution in
homogeneous isotropic turbulence using a two-phase Eulerian-
Lagrangian model, in which the particle-particle interactions are
modeled by the discrete element method. Due to the limit of
computational resources, we focused on flocculation processes in
high-energy estuaries or near-field river plumes with high
turbulent shear rate, in which turbulence dictates the
aggregation, breakup, and restructuring processes of flocs. We
investigated how the primary particle properties affect the
aggregation and breakup processes and hence the floc size
distribution by varying the stickiness, stiffness, and size of the
primary particle while keeping the turbulent shear rate the same.
We focus on the physical origin of the floc size distribution and
assess the performance of the lognormal distribution and the
Weibull distribution at the equilibrium stage. This study is
organized as follows. Methods are described in Section 2,
including the adhesive contact model and the one-way
coupling of the fluid and particle phases. Model validation and
model setup are also presented in Section 2. Model results are
presented in section 3 followed by the discussion in Section 4 and
concluding remarks in Section 5.

2 MODEL DESCRIPTION

2.1 Direct Numerical Simulation of

Homogeneous Isotropic Turbulence

Turbulence is characterized by a wide range of length scales.
Interactions between turbulent eddies of different length scales
with flocs play a critical role in flocculation dynamics. The primary
particles are smaller than the Kolmogorov length scale
(Kolmogorov, 1941a,b) in this study. Although the flow around
the particle is not resolved, all turbulent scales including the
Kolmogorov scale and larger, are fully resolved. Thus, the
present approach is the particle-unresolved direct numerical
simulations (DNS).The homogeneous isotropic turbulence is
implemented in this study, which is an idealized version of the
realistic turbulence and a reasonable approximation of the
turbulent flow away from bottom boundary. To generate
homogeneous isotropic turbulence, the linear forcing model
(Lundgren, 2003; Rosales and Meneveau, 2005) was
implemented. Instead of applying forces only to low-
wavenumber modes, a force proportional to velocity is

Floc Size Distributions

introduced in the momentum equation in the form of au.
Because the volumetric sediment concentration is dilute (< 1%)
and the dominant effect is that of the turbulent carrier flow on the
particle dynamics, the one-way coupling approach is adopted, and
the governing equations of the fluid phase are as follows:

V-u=0 (1)
and
ou 1 2
—+u-Vu=-—Vp+1Viu+au, (2)
ot p

in which u is the fluid velocity, p is the pressure, p is the density of
the fluid, v is the kinematic viscosity of the fluid, and « is the
linear forcing coefficient. The direct numerical simulations were
conducted with the open source code Nek5000 (Fischer et al.,
2008; Zwick and Balachandar, 2020), which uses a high-order
spectral element method.

2.2 Discrete Element Method for Cohesive
Sediment

To resolve particle-particle interactions, the sediment phase is
modeled by using the discrete element method (DEM), in which
motions of individual particles are tracked.

dX,‘

=i 3

FT 3)
dV,’

i = Fi> 4
m—=) @)
dwi
L‘ = T,‘. 5
=2 (5)

x is the position vector, v is the particle velocity vector, F is the
force vector, and m is the mass of the particle. The subscript “i” is the
particle label. The force on particle “s” is the sum of the collision force
(F,) between particle i and all other particles j, the hydrodynamic
force (Fy), and the gravitational force (F,) as F;= ) F,;; + Fy; + Fy. Tis
the moment of inertia, w is the angular velocity of the particle, and T
is the torque on the particle. In this study, we coupled the CFD code
nek5000 with the molecular dynamic code LAMMPS (Plimpton,
1995). The granular package in LAMMPS provides a variety of
options for the normal, tangential, rolling, and twisting forces
resulting from the contact between two particles, and hence is
used to model the complex interactions among cohesive sediment
particles. For soft clay particles, the Johnson-Kendall-Roberts (JKR)
model is adopted.

4Ea® 4yE
Fne,jkr = (W - 2na? E )n, (6)

where a is the radius of the contact zone and is related to the

overlap & according to
2
= 4 _ 21 @, 7)
R E

where E is the Young’s Modulus, R is the radius of the particle,
and y is the surface energy density. The overlap between particle
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i” and particle “j” is given as 8 = R; + R; - [x; — x;|. The JKR model
allows for a tensile force beyond contact (8 < 0), up to a maximum
of 3myR. When two particles are not in contact initially, they will
not experience this force until they come into contact (§ > 0), then
as they move apart, they experience a tensile force up to 3myR till
they lose contact. This force can be used to define the yield
strength of the floc. In addition, a viscoelastic damping force
model is used.

(®)

where #p is the viscoelastic damping coefficient, and V,, is the
relative velocity along the direction of the vector n, which is the
unit vector along the line connecting the centers of the two
particles. The total normal force is the sum of the adhesive JKR
and viscoelastic damping terms.

Fn,d = _WDVn:

)

The Mindlin no-slip model (Mindlin, 1949) is used to compute
the tangential force (F;), as follows:

F,= Fne,kjr + Fn,d~

F; = —min (y,F,o, | — kea§ + F4l)t, (10)

where g, is the friction coefficient, k; is the elastic constant for
tangential contact, and & is the tangential displacement
accumulated during the entire duration of the contact. The
vector t is the unit vector in the relative tangential velocity
direction. F,; is the damping term for the tangential force,
which follows the same general form as the normal damping
force (Eq. 9) but uses the relative velocity along the direction of
the tangential vector t. The normal force value F,, used to
compute the critical force is given as follows:

(11)

The floc restructuring, in which particles change their relative
positions while remaining connected, could also play an
important role in the flocculation dynamics. Compaction of
flocs by turbulent shear may occur with preferential floc
structures. To account for floc restructuring, a rolling
friction model of a pseduo-force formulation (Luding, 2008)
was implemented. The rolling friction model allows the
adjustment of rolling displacement of the contacting pair.
The rolling pseudo-force is computed analogously to the
tangential force, as follows:

Fpo = |F, + 2Fpullojf| = |Fne,jkr + 67-[le

Froll,O = krallgroll = Yroi Vroll> (12)

where ko is the elastic constant for rolling, y,,y is the damping
constant for rolling, &, is the rolling displacement, and v, is the
relative rolling velocity (Wang et al., 2015). A Coulomb friction
criterion truncates the rolling pseudo-force if it exceeds a critical
value of

Froll = min (H,OUan |Frull,0|)k) (13)

where k is the direction of the pseudo-force. The rolling
pseudo-force does not contribute to the total force on either
particle, but it acts only to induce an equal and opposite torque
on each particle.

Floc Size Distributions

T BB (14)
.= X y
rolli Ri N R]‘ n roll
Troll,j = _Troll,i' (15)
2.3 Hydrodynamic Force
The total hydrodynamic force on particle “i” is given as follows:
Frai = Fa;i + Fpj, (16)

where F; and F,, are the quasi-steady force and stress-divergence
force, respectively. The added-mass force is neglected in this
study assuming the small particle Stokes number. The drag force
F, on particle “i” is given as follows:

Fy; = %PCDA|U—V1'|(U—V;‘)- (17)
where p is the fluid density and A = T[D;/‘l is the projected area of
the spherical particle with D, as the diameter of the spherical
particle. For very dilute flow with sediment concentration ¢ «
0.1%, the standard drag coefficient Cp, for an individual particle is
used, which is given as follows:

24
R—ep(l + 0.15Reg“7),

0.44,

if Re,<1000
CD = (18)

otherwise,

where Re, = [u — v|D,/v is the particle Reynolds number. The
stress-divergence force experienced by the particle is calculated as
follows:

FPJ = (—Vp +V- T)Vp),‘, (19)

where the pressure gradient and stress divergence are interpolated
to the particle center. In the current formulation, only the
hydrostatic pressure is used to calculate the force F, for
simplicity. The buoyancy force due to the hydrostatic pressure
is F,; = —pgV,» where g is the gravitational acceleration vector
and V,, = an,/é is the volume of the particle.

2.4 Model Setup and Model Validation

The aforementioned governing equations are solved in non-
dimensional forms. With the characteristic velocity scale U
and length scale L, the non-dimensionalized variables are
defined as follows:

F

pU2L>

« u

p .

pU%

= p = (20)
In homogeneous isotropic turbulence, the Reynolds number
based on the Taylor microscale (1) and the root mean square
of turbulent velocity fluctuations (u,,,,s) is commonly used, which
is defined as Re, = Aut,,,,/v. The Taylor microscale is computed by
A = \/15V/€ly s, where € is the viscous dissipation rate and
computed from the simulation results. We varied the
properties of primary particles, including the particle diameter
(D; = D,/L), Young’s modulus (E* E/pUZ), viscoelastic
damping coefficient (1, = #,/pUL?), and the surface energy
density (y* = y/pU’L). Properties of primary particle used in
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this study are summarized in Table 1. Coefficients in the
tangential force and rolling friction models were kept the same
for all simulations. The Young’s modulus of soft clay particle is on
the order of 1 MPa, which can significantly restrict the critical
time step for DEM simulations. In practice, the Young’s modulus
used in the model is often several orders of magnitude smaller
than the actual value to accelerate the computation. Tsuji et al.
(1993) showed that stiffness can be reduced by orders of
magnitude without altering the collisional behaviors of
particles. In this study, the Young’s modulus and the surface
energy density are scaled down properly to make sure the relative
importance of the elastic force and adhesive force is kept the same
and the same floc structures can be reproduced. For simplicity,
the superscript “*” in the non-dimensionalized variables are
omitted in the analysis.

The computational domain is a periodic box of size 8 x 8 x 8,
and 16 elements of uniform size were used in each direction. A
polynomial order Py = 8 was used within each element, which
yields a total resolution of around 2.1 million grid points. The
third order Adams-Bashforth method was used for time
integration. A fixed time step was chosen in all simulations,
which ensures the maximum Courant-Friedrichs-Lewy (CFL)
number to remain around 0.2. The “3/2” rule was used for de-
aliasing. The PNPN-2 algorithm was applied (Maday et al., 1990;
Fischer, 1997), in which pressure is solved on a coarser grid with
polynomial order 6.

The DNS Model has been validated with previous DNS study by
Rosales and Meneveau (2005) using the time-averaged energy
spectrum. Due to the small Reynolds number used in both
studies, there is no clear “~5/3” slope. The red solid curve
represents the averaged non-dimensional energy spectra over
cases with different Reynolds numbers. Our model results agree
with the previous DNS study reasonably well (Figure 1). The forcing
coefficient (a = 0.033) and the viscosity (v = 5 x 107%) are kept the
same for all cases. This gives the Reynolds number of 200 based on
unit characteristic velocity and length scales, and Taylor Reynolds
number (Re,) of 32. For homogeneous isotropic turbulent flow, there
are no intrinsic characteristic scales for the mean flow. The Taylor
Reynolds number is commonly used in homogeneous isotropic
turbulence because it uses the fundamental length scale and
velocity scale of turbulence to define the Reynolds number. To
relate the idealized simulation conducted in this study with field
condition, the Taylor Reynolds number can be used to obtain the
turbulent shear rate when characteristic scales in dimensional form
are given. The average Kolmogorov length scale is 7 = 0.049 and the
average turbulent kinetic energy is k, = 0.12.

To make results relevant to geophysical or engineering
applications, simulation results can be interpreted in the
dimensional forms with given characteristic length scale and
velocity scale. Due to the limitation of computational
resources, the present study focuses on energetic environment
with high turbulent shear only. For a characteristic length scale of
L =107 m, the characteristic velocity scale is U = 0.2 m/s, based
on the Reynolds number, and the particle diameter is D, =
12.8 um for cases P,. The particles can be interpreted as the
smallest clay-based aggregates, namely, flocculi. Flocculi seldom
break down to the lowest-level primary particles even at the high

Floc Size Distributions
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FIGURE 1 | Model validation with DNS simulation results from Rosales
and Meneveau (2005).

turbulent shear and hence are the building blocks of large flocs.
The turbulent shear rate based on the characteristic scales is
350 s”" for all cases. The shear rate is higher than the values in
most laboratory experiments and field observations; however, the
model captures how turbulence affects flocculation dynamics.
The Young’s modulus for soft clay is in the range of 0.5 to 5MPa,
and the Poisson ratio of clay is 0.3. The Young’s modulus used in
the simulation is between 6.4 and 16 kPa, which is reduced by two
order of magnitude to accelerate the computation. In the JKR
theory, the pull-off force to separate two particles is 37yxrDp/2,
which can be used to define the yield strength of the floc. The
softness of particles does not affect the yield-strength of flocs
directly and hence the aggregation of particles. Detailed
measurement on the surface energy density p is still lacking.
In this study, the surface energy density used in the JKR model is
in the range of 2 x 107 to 1 x 107> J/m”. The stickiness of the
particle can be characterized by the adhesive number, which is
defined as the ratio of the yield strength of flocs represented by the
surface energy density y to the turbulent kinetic energy Ad = y/
pk.D. Because the turbulent intensity remains the same in all
cases, the average floc size increases with the adhesive number as
expected when the primary particle is kept the same (Table 1). In
addition, the averaged floc size is almost three times greater than
the Kolmogorov length scale for the cases with the largest
adhesive number. However, for cases with relatively small
adhesive number (case P,S, and P,S;), the floc size is limited
by the Kolmogorov length scale, and the average floc size is
comparable to the Kolmogorov length scale.

3 MODEL RESULTS

3.1 Flow Visualization
The flow velocity field from case P;S; is shown in Figure 2A. The
horizontal x — y plane is located at zy = 0. Only particles whose
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Y

FIGURE 2 | Model results. (A) Horizontal (x-y) plane of the flow field with particles from case P;S; with relatively larger primary particles. The streamwise velocity
component is used as background color. (B) Zoom in view of the velocity field and particles [black box in panel (A)].
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centers are located between z, — D,/2 and z, + D,/2 are projected
to the x — y plane. The zoom in view is shown in Figure 2B to
show the detailed structures of the flocs. Clusters of primary
particles can be observed as flocs form. The Stokes numbers St =
sDyufs /18v are 0.2 and 0.13 for P, and P, cases with the specific
gravity of s = 2.65, therefore we did not observe strong local
preferential accumulation of particles.

3.2 Time Evolution of the Floc Size
Distribution

All simulations are initialized with mono-dispersed spherical
particles, which are uniformly distributed in the simulation
domain. Initially, the particle velocity is set to zero. Due to
collisions driven by turbulence, flocs start to form gradually and
the floc size distribution evolves into an equilibrium
distribution. In total, two contrasting cases, P,S; (softer and
more sticky primary particles) and P,S, (more stiff and less
sticky primary particles), are selected to investigate the
dynamics. Figure 3 shows the time-evolution of the floc
population (N,,f) from case P,S;, where the primary
particles of size D, = 0.0128 are the stickiest (the adhesive
number Ad is the greatest), and ny represents the number of
primary particles consisting the floc. At the beginning stage (t =
2), a power law relation can be observed. With the formation of
larger flocs (t = 1000-3000), the power-law relation can still be
observed for small flocs, but the slope starts to decrease. The
slope is significantly different from the beginning stage. At the
early stage, small flocs form mainly due to aggregation, and the
power—-law relation can well capture the size distribution for
those small flocs (Hunt, 1982). At the intermediate stage (t =
4000-6000), we observe the accumulation of intermediate-
sized flocs with ny between 20 and 90, which forms a
staircase in the floc size distribution (for instance at t =

5000). At the late stage (¢ > 7000), the population of floc
(N,,f) with n; between 20 and 90 starts to decrease and a
peak appears around n; = 95. N, only changes slightly for
relatively large flocs at t > 10,000, suggesting the equilibrium
floc size distribution is reached. The floc size distribution shows
an asymmetric shape with respect to the peak of N, at ny=95
on the log-log plot.Figure 4 shows the time-evolution of floc
size distribution from a contrasting case P,S, with less sticky
and more stiff particles. Similarly, at the early stage (¢ < 2000),
the power-law relation between Ny, and n; can be observed.
However, there is no formation of the staircase-shaped
structure at the intermediate stage, and the peak around ny =
16 shows up at a much earlier time and is evident for ¢ > 3000.
In addition, the population (N,,) of large flocs of size ny> 16
does not change with time much. However, the depletions of
small flocs of size n17< 5 due to aggregation can still be observed
at the late stage. The floc size distribution shows a more
symmetric shape with respect to the peak at n; = 16 on the
log-log plot compared to the case P,S;.

To further investigate the aggregation process of flocs, the
time-evolution of the floc population for given floc sizes are
shown in Figures 5, 6. For case P,S;, small flocs of size ny
between 2 and 5 show a similar pattern (Figure 5A). The
population N, first increases and reaches a peak, then it drops
and approaches to an asymptotic value at the late stage when
the equilibrium is reached. For relatively large flocs
(Figure 5B), the time of the first appearance of the floc of
size ny increases with floc size ny since the flocs are built
gradually when the floc grows. For intermediate flocs of size
10 <ns < 40, we observed a similar pattern to small flocs, Ny,
increases, peaks, and then decreases and approaches to the
asymptotic value. However, for large flocs of size ns > 50, Ny,
increases to the peak value and then approaches to the
asymptotic value. Continuous aggregation and breakup keep
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FIGURE 4 | Time evolution of the floc population Ny, as function of floc of size n from case P.S, with less sticky and more stiff primary particles.

occurring at the equilibrium stage. The oscillations in N, at
the late stage are due to the intermittent nature of turbulence.

The time evolution of floc population N, from case P,S, is
shown in Figure 6. Similar patterns for small flocs of size ny< 5
can be observed. However, large flocs of size ny > 10 show a
different pattern that N, first increases and then approaches the
asymptotic constant at the equilibrium stage. This is consistent
with the time evolution of the floc size distribution that the peak

appears in the early case P,S, and the population of large flocs
does not change much with time at the late stage (Figure 4). The
time of the first appearance of large floc of 17> 10 also increases
with floc size, again suggesting the flocs grow gradually. Again, we
observe oscillations of N, at the equilibrium stage due to the
intermittent nature of turbulence. The oscillation is much
stronger for larger flocs because large flocs are more fragile
and more susceptible to breakup by turbulent shear.
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3.3 Flocculation Dynamics: Breakup and
Aggregation

To better understand how physicochemical properties of the
primary particle (i.e, stickiness) affect the equilibrium floc size
distribution, we examine the flocculation dynamics using the
population balance equation as follows:

on(vxt) onmx.t)[ui(xt)-86:;W, 0 ( on(vx1)
ot ox; o \* ox,

= %jn(v -vxt)n(vV,x,)Q(v-v,x,v)dv' + J B, V)L (v )n(v,x,t)dv'
0

n

I: Construction by aggregation IL: Construction by breakup

—Jn(v,x,t)n(v',x,t)Q(v,v’)dv’— rn(vxt) ,
0

1V: Destruction by breakup

TII: Destruction by aggregation

1)

where 7 (v, x, t) is the number density of flocs with volume (or
size) v at time f and location x, W is the floc settling velocity, u;
is the fluid velocity component in the i-th direction, and « is
the sum of the molecular and turbulent diffusivity. On the
right hand side of the equation, Q is the aggregation kernel and
I is the breakup kernel. 8 is the fragmentation distribution,
which describes the created number of daughter flocs of
volume v after the breakage of a mother floc of volume v'.
The aggregation kernel (Q) is a function of the collision
frequency and collision efficiency. The collision frequency is
a function of the turbulent shear rate and increases with the
turbulent shear rate. The collision efficiency is defined as the
rate of successful collisions resulting in the aggregation of flocs
to the total number of collisions, which is a function of the
properties of sediment particles.

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 815652


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Yu et al.

Floc Size Distributions

vy =1
A Cha B

c ny =64

) N )
Construction by aggregation —— Construction by breakup

|
Destruction by breakup < Destruction by aggregation

PDF
+

10°

10°

FIGURE 7 | Case P,S with the largest stickiness. (A) Probability density function (PDF) that a floc of size nsbecomes a floc of size ny= 16 in a non-dimensional time
period of 2 (blue circles) and the PDF that a floc of size ny= 16 evolves into a floc of size ny over the same period (red pluses). (B,C) Same as frame-(A) for n;= 32 and 64.

The first term (term I) on the right hand side represents the
formation of a floc of volume v by the aggregation of two smaller
flocs of volume v — v/ and v'. The second term (term II) on the
right hand side represents the formation of a floc of volume v
from the breakup of a larger floc of volume v'. In both term I and
term II, a new floc of volume v is generated, and hence they are
the construction terms. The third term (term III) represents the
aggregation of a floc of volume v with another floc of volume v’ to
form a larger floc of volume v + v'. The last term (term IV)
represents the breakup of a floc of volume v. In both term III and
term IV, a floc of volume v is consumed, and hence they are the
destruction terms.

In Eq. 21, both aggregation and breakup processes in the
population balance equation require parameterization, including
the aggregation kernel, the breakup kernel, and the fragmentation
distribution (Jeldres et al., 2015). By modeling the sediment phase
as the dispersed phase using the Lagrangian framework, we can
track the time-evolution of individual flocs of different size r (or
volume v = n/V,,, with V,, as the volume of the primary particle) to
understand the aggregate and breakup processes at the particle
scale. By comparing simulation results at two consecutive time
instances, aggregation and breakup of flocs can be obtained in the
time-driven Lagrangian model. Considering all the flocs of size
ng = 16, we investigate the state of each one of them at a time
interval At = 2 before. Most of the flocs of size n; = 16 have
remained the same over this small time interval. Some flocs would
have been of a smaller size (i.e., 1y < 16) at the previous time (¢ —
At) and have grown to flocs of 1, = 16 due to aggregation, while
some of the flocs would have been larger at the previous time and
have reduced in size to n; = 16 due to breakup. We refer to the
previous time floc size at t — At as the “prior-size”. Figure 7A
shows the probability density function (PDF) of the prior-size of
flocs whose current size is 7= 16. Most of the flocs of prior-size
ng = 16 that have remained the same without aggregation or
breakup and are not included in the analysis. In Figure 7A, the
blue circle symbols represent the source of ny = 16 flocs. The
circles to the left of the dash line correspond to the PDF of smaller
flocs aggregating and becoming 7, = 16 floc, while circles to the
right of the dash line correspond to the PDF of larger flocs

breaking up and generating a daughter floc of size 7=16. These
are terms I and II on the right hand side of (21).

In a similar manner, the red plus symbols represent the sink of
ng= 16 flocs, i.e., they measure the PDF of what a floc of size n,=
16 floc becomes after a small time interval of At = 2. The pluses to
the left of the dash line correspond to the PDF of smaller flocs that
form from the breakup of ny= 16 flocs, while pluses to the right of
the dash line correspond to the PDF of larger flocs that are formed
by the aggregation of a floc of size n; = 16 with another floc (or
other flocs). These are terms III and IV on the right hand side of
(Eq. 21). The collapse of the two curves (circle sources and plus
sinks) suggests a dynamic equilibrium with the balance between
the aggregation and breakup processes. The PDF is almost
uniform for small flocs. A peak is evident at ny =~ 80. A
power-law distribution of the PDF can be observed for the
large flocs with ny > 80. For small flocs, we observe a drastic
drop from the peak to ny = 30, and the distribution is quite
uniform for n; < 30.

We carried out the same analysis for flocs of size ny = 32
(Figure 7B), the power-law distribution is evident for large
flocs of ny > 80. A uniform distribution can be observed
between n; = 32 and 80. For smaller flocs of n < 32, the
distribution shows a minimum around n;~ 9 and peaks around
ny =32 and ny= 1 (primary particles). For floc of size n; = 64
(Figure 7C), the power-law distribution is still evident for
large flocs of ny > 80. In addition, a significant change of the
slope for large flocs of size greater than ny = 150 can be
identified. For small flocs of nf < 64, the distribution shows
a uniform distribution between 20 and 60 and two peaks near
ng= 64 and n; = 1 (primary particles). For case P,S, with less
sticky and more stiff primary particles, the terms are plotted
for flocs of size ny=8, 16, and 24 (Figure 8). The PDFs for flocs
of different size are quite similar. It shows a power-law relation
for large flocs of ny > 16. For smaller flocs of ny < 16, the
distribution exhibits a minimum at #¢= 5 and two peaks at ny=
16 and ny = 1 (primary particle). Compared to the case P,S$,
with the stickies primary particles, the presence of the uniform
distribution for intermediate-sized flocs (1, between 30 and
50 in case P,S;) is not evident in case P,S,.
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In both cases, at the equilibrium stage when the breakup and
aggregation processes balance with each other, simulation results
show that the construction by aggregation is primarily balanced
by the destruction by breakup and the construction by breakup is
primarily balanced by the destruction by aggregation. At the
microscopic level, each aggregation or breakup pathway is
reversible and hence in a dynamic equilibrium. With given
aggregation and breakup kernels, equilibrium solutions of the
floc size distribution exist (Vigil, 2009), and the mathematical
form of the equilibrium floc size distribution could be derived.

3.4 Equilibrium Floc Size Distribution
An equilibrium floc size distribution develops when the
aggregation process balances with the breakup process. The
floc size distribution is modeled as a function of n; instead of
the floc size Dj; because the number density (1) in Equation (21)
is expressed as a function of the floc volume v. In this study, flocs
are consisted of slightly overlapping identical spheres, and the
volume of a floc consisted of n; primary particles can be
approximated by n; as v:nan;/G. To calculate the floc
volume using the actual floc size Dy requires a priori
knowledge of the floc internal structure, which is difficult to
obtain. Because of the asymmetry around the peak, we tested the
floc size distribution against two widely used asymmetric
distributions, namely, the lognormal distribution and the
Weibull distribution. The lognormal probability distribution
function is expressed as follows:

>, (22)

1
€ex]
ngo2m p<

where In ny follows the normal distribution, ¢ is the mean, and o®
is the variance.

The Weibull distribution is a special form of Gamma
distribution with two parameters, namely, the scaling
parameter A and the shape parameter k.

(r;*f)kilexp@(”f/)‘)k) np=0.  (23)

(ln ng - y)z
202

f(nsimo®) =

k

f(nf;/\, k) 3

The Weibull distribution interpolates between the exponential
distribution and Rayleigh distribution. The shape parameter k
affects the shape of the distribution rather than simply shifting or
stretching it. Figure 9 shows the curve fitting for case P,S; (panel
a), P,S, (panel b), and P,S; (panel c). For case P,S; with the
stickiest primary particles, model results fit better with the
Weibull distribution, while results from case P,S, with less
sticky but more stiff primary particles fit better with the
lognormal distribution. For case P,S;, neither lognormal nor
Weibull distribution can fit the data for the entire range of the
floc size ny. To assess the performance of different distributions,
the Anderson-Darling (AD) test (Anderson and Darling, 1952)
was conducted, which is based on the empirical cumulative
distribution obtained from the sample. The AD test is
commonly used to test if a sample of data comes from a
population with a specific distribution. We used the significant
level of & = 0.01, which is commonly used in statistical hypothesis
test (Fisher, 1992). The results are summarized in Table 2, where
E; is the sum of squared residual errors. The accepted hypothesis
for each case is shown with “*” in Table 2, which means the
optimal descriptor for the floc size distribution. For the case with
less sticky primary particles (case P,S,), the lognormal
distribution fits better and for the cases with very sticky
primary particles (case P;S, and P,S;), the Weibull
distribution fits better. The AD test rejects both lognormal and
Weibull distribution hypothesis for most cases, suggesting neither
lognormal nor Weibull distribution can accurately predict the floc
size distribution. For instance, the lognormal distribution fits
better for small flocs and also captures the peak more accurately
in case P,S; (Figure 9C), while the Weibull distribution fits better
for large flocs (7> 35). The adjusted coefficient of determination
(Rid j) was then used to evaluate the goodness of the fit (Ezekiel,
1930). However, the R2,;. for both distributions are quite close,
and hence it is difficult to distinguish the two distributions. Based
on curve fitting results, the shape parameter k is around 2.5 for all
cases, suggesting a similarity in the floc size distribution.

Floc size distribution from P,S; fits better with the Weibull
distribution. To further investigate the floc size distribution
from case P,S;, we plotted model results under log-log scale
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TABLE 1 | Summary of parameters for all simulations, all parameters are normalized. Dy is the average floc size at the equilibrium state and Ad represents the adhesive

number.
Case Niotar ¢ D, E b y D¢ Ad
P1S4 50,000 4,09, x, 107 0.02 400.0 40.0 0.01 0.1044 4.09
P1Ss, 50,000 4,09, x, 107 0.02 400.0 40.0 0.025 0.1474 10.23
P2S4 200,000 4.29, x, 107 0.0128 160.0 20.0 0.008 0.0773 5.12
PsS, 200,000 4.29, x, 107 0.0128 400.0 40.0 0.005 0.0578 3.20
PoSg 200,000 4.29, x, 107 0.0128 200.0 20.0 0.005 0.0645 3.20
P2S, 200,000 4.29, x, 107 0.0128 160.0 20.0 0.006 0.0701 3.83
TABLE 2 | Anderson-Darling test results and the adjusted coefficient of determination Rﬁdj.
Case Range of ny Number of flocs N Distribution M, A o, k Es Rﬁdj
P1S4 [6,80] 6683 Lognormal 3.295 0.4438 7.45 x 107 0.9228
Waeibull 33.40 2.537 820 x 107* 0.9150
P1Ss [6,180] 6035 Lognormal 4.259 0.5350 1.29 x 107 0.5792
Weibull* 89.92 2.4160 8.23 x 107 0.7311
P2S1 [6,180] 4967 Lognormal 4.2884 0.4527 1.29 x 107 0.6512
Weibull* 87.87 2.8550 3.73 x 107 0.8988
PoSo [6,65] 11,389 Lognormal® 2.765 0.4158 1.49 x 107* 0.9943
Weibull 19.56 2.442 2.14 x 1078 0.9182
PS5 [6,80] 6924 Lognormal 3.267 0.4393 488 x 107 0.9573
Weibull 32.39 2.567 3.88 x 107* 0.9660
PS4 [6,100] 5340 Lognormal 3.520 0.4622 433 x 107 0.9445
Weibull 42.14 2.464 4.62 x 107 0.9408

4 DISCUSSION

(Figure 10A) and semi-log scale (Figure 10B). We averaged
Ny, from t = 11,000 to 12,000, when the equilibrium is
achieved for large flocs. For flocs with size n; between
30 and 75, a power-law relation can be identified when the
aggregation and breakup processes balance. For large flocs
with 7y greater than 110, we observe an exponential decay of
N, with ny. For case P,S, with lognormal distribution, we did
not observe the power-law relation, and hence the results are

not shown.

Different mathematical formulas of floc size distribution arise in
the aggregation or breakage processes (Huber et al, 2006).
Lognormal distribution has been observed in particle growth
or coagulation processes (Smoluchowski, 1918; Friedlander and
Wang, 1966), in which aggregation process dominates the
dynamics. On the other hand, Weibull distribution has been
commonly observed in the fragmentation process of large
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particles (Brown and Wohletz, 1995). In the flocculation process,
both the aggregation and fragmentation processes play an
important role. At the equilibrium state, a floc can be
constructed either by aggregation of smaller flocs or breakup
from larger flocs. To further understand under which
circumstances a lognormal or Weibull distribution performs
better, we analyzed the dominant floc construction
mechanisms at the equilibrium stage. Figure 11 shows the
relative importance of construction by aggregation and
construction by the breakup for flocs of size ny from the two
contrasting cases P,S; and P,S,. In case P,S; (Figure 11A), the
majority of small flocs are constructed by breakup of larger flocs,

while large flocs (1, > 75) are mainly constructed by aggregation
as expected. The aggregation and breakup processes play equally
important roles for flocs in the range of 30<n; < 75. The primary
particles first aggregate into microflocs, the microflocs are quite
resilient to turbulent shear and serve as the building blocks for
larger flocs. For case P,S, (Figure 11B), we observe a monotonic
increase in relative importance for aggregation and a decrease for
breakup process with respect to ns In general, a large portion of
flocs (ny< 75) in case P,S; are generated mainly from breakup of
larger flocs. However, in case P,S,, breakup only controls the
formation of a small portion of flocs with ny < 15, and the
aggregation process dominates the formation of flocs for a
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wide range of flocs. The lognormal distribution (case P,S,)
develops when the large flocs grow gradually from primary
particles without the intermediate stage (the formation of
“microflocs”). This behavior has not been observed in
laboratory experiments before, and future laboratory studies
are required to test whether this is an artifact of the numerical
model or an actual physical process.

Mathematical approach of floc modeling that has gained
much interest by modelers is the fractal representation of flocs
(Kranenburg, 1994; Merckelbach, 2000; Graham and
Manning, 2007). Fractal theory is dependent on the
successive aggregations of self-similar flocs, thereby
producing a structure that is independent of the scale (or
scale invariant). This is similar to the order-of-aggregation
theory (Krone, 1963). Following the fractal theory, simple
power laws can be used to describe floc properties such as
floc density and settling velocity, as well as the aggregation and
breakup processes (Winterwerp, 1998). Although some studies
suggest that individually some natural muddy flocs
(particularly those with high organic contents) may not be
fully fractal in structure (Zhang et al., 2018; Spencer et al.,
2021), the wider examination of in situ floc populations shows
that a fractal representation of flocs still has many merits (Dyer
and Manning, 1999; Winterwerp et al., 2006). The fractal
dimension d, used to characterize the floc structure is

defined as
d(]
e (&>
f = >
D,

where r; is the total number of the primary particles consisting
the floc, Dyis the floc size and D,, is the primary particle diameter.
The major axis length (longest axis) is used as floc size D which is
obtained by the principal component analysis (PCA). In general,

(29)

the fractal dimension (d,) is 1 for chain-like flocs and 2 for flat
plane-like flocs. Flocs with fractal dimension close to 3 have
compact structure and spherical shape.

Flocs with the same number of primary particles (15 can
exhibit different structures, and the averaged fractal dimension
(dy) for flocs with the same ny is shown in Figure 12. For case
P,S,, the fractal dimension first increases and reaches a constant
value around 2.4 for flocs of size ny between 50 and 120,
suggesting compact and similar floc structures. Fractal
dimension d_oidecreases for large flocs of ny > 120. The
increase in dy for small flocs is due to the limited
configurations of floc structure by finite n. For instance, the
most compact structure for a dimer (aggregate consisted of exact
two spheres) is a rod with a fractal dimension of 1, and the most
compact structure for a trimer (aggregate consisted of exact three
spheres) is an equilateral triangle of fractal dimension of 1.7. The
“microflocs” in the range of 30<n<75 (Figure 11A) have
relatively small fractal dimensions. The primary particles in
case P,S, are the stickiest and the turbulent shear stress is less
efficient to break these ‘microflocs’ at the scale. The decrease of d
for large flocs suggests that they are more porous. Similar trends
can be observed for cases P;S,, in which Weibull distribution
better describes the flocs size distribution.

In contrast, in case P,S, with the least sticky primary particles,
the fractal dimension increases to the peak value around 1.95 and
then drops for large flocs. The decrease in the fractal dimension
for large flocs has also been observed by Khelifa and Hill (2006)
and Maggi (2007). Our numerical results suggest the scale-
dependence of floc structure as the fractal dimension is not
constant for the entire range of the floc size. A variable fractal
dimension should be considered to characterize the flocs.

In general, for the cases with the same primary particle
diameter, primary particles with small adhesive numbers (or
surface energy density) lead to flocs with smaller fractal
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dimensions, and primary particles with large adhesive numbers
generate more compact flocs with fractal dimension as large as
2.4 in case P,S;. Floc compaction by the breakage-regrowth and
restructuring mechanisms are more pronounced in the case with
the stickiest primary particle. By comparing case P,S, and P,S;,
the stiffness of the particle also affects the floc structures. Primary
particles with larger Young’s modulus (case P,S,) lead to flocs
with smaller fractal dimension.

5 CONCLUSION

A two-phase Eulerian-Lagrangian framework was implemented
to investigate the equilibrium floc size distribution of cohesive
sediment in homogeneous isotropic turbulence. The primary
particles are modeled as identical sticky soft spheres, and
particle—particle interactions are modeled by the discrete
element method. The adhesive contact JKR model was
implemented to model cohesive sediment particles, which is a
tensile force model with hysteretic effect. In the adhesive contact
model, the pull-off force to break two particles apart scales with
both the particle size and the surface energy density (ie., the
physicochemical properties of the primary particle).

A series of numerical simulations were conducted by varying
the size and properties of the primary particles. At the
equilibrium state, the construction by breakup is balanced
with the destruction by aggregation, and the construction by
aggregation is balanced with the destruction by breakup. The
equilibrium floc size distribution depends on primary particle
properties, including the stiffness and the surface energy density.
For cases with more sticky primary particles, the floc size
distribution can be better described by the Weibull
distribution with a shape parameter around 2.5. In addition, at
the intermediate stage, a staircase structure develops in the floc
size distribution. The primary particles first form the ‘microflocs’,
which serve as the building blocks for large flocs. For the case with
less sticky primary particles, the lognormal distribution performs
better. Flocs grow gradually from primary particles without the
intermediate stage of ‘microflocs’.

By analyzing the construction mechanisms of flocs of different
size, when the Weibull distribution develops, construction by
breakup and construction by aggregation are of equal importance
for the intermediate-sized flocs. The fractal dimension of large
flocs then decreases with floc size, suggesting large “macroflocs”
are more porous and fragile. For less sticky particles, the
lognormal distribution develops, and the aggregation
dominates the floc construction for a wide range of flocs. The
fractal dimension of flocs first increases with floc size, reaches the
peak value, and then decreases with the floc size. However, given
the similarity between the lognormal and Weibull distributions
and hence the difficulties in distinguishing between them in
confidence, it is recommended to choose the floc size
distribution and make interpretations in practice with caution.

Due to the limited computational resources, the current
simulation focuses on the high-energy environments with large
turbulent shear rate (350 s~ in this study). Simulations with more

Floc Size Distributions

particles (several millions to billions of particles) are therefore
required for more realistic cohesive sediment transport studies in
low-to moderate-energy environments. In addition, current
model  framework  oversimplifies the  hydrodynamic
interactions among particles without the influence from
neighboring particles. For cohesive sediment, the particle
Reynolds number based on Stokes settling velocity is small,
and hence the sheltering and blockage effects from
neighboring particles could play an important role. The
sheltering effects from neighboring particles lead to reduced
hydrodynamic drag, and hence could affect the breakup
processes. A more sophisticated efficient model that can
accurately predict hydrodynamic interactions among a large
amount of particles is required and will be the future work.
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Spatial and Temporal Variability of Bed
Exchange Characteristics of Fine
Sediments From the Weser Estuary
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'Institute for River and Coastal Engineering (IWB), Hamburg University of Technology, Hamburg, Germany, 2Federal Waterways
and Engineering Institute (BAW), Hamburg, Germany

Sedimentation of fine-grained sediments in estuaries is a natural physical phenomenon
influenced by biogeochemical processes. In the estuarine turbidity maximum (ETM),
enhanced net deposition of sediments is observed even in areas with higher
hydrodynamic exposure, such as the navigational channel. Maintenance dredging is a
common method to maintain the navigational channel, which requires large financial effort
and has potential negative impacts on the environment. Research at the Institute for River
and Coastal Engineering addresses the challenge of understanding the processes leading
to net sedimentation and accumulation in estuarine navigational channels in reach of the
ETM. In this contribution, investigations of bed exchange properties of estuarine cohesive
sediments conducted in field and laboratory studies are presented. The results provide
rarely available and estuary-specific parameters characterizing sediment transport, mainly
related to erosion processes. By performing field campaigns within the ETM of the Weser
estuary, cores of freshly deposited sediments have been sampled from two sites (Blexer
Bogen and Nordenham) along the center of the navigational channel. Sediment
characteristics (grain size distribution, water content, loss on ignition, density profiles)
have been derived, and the erodibility of the deposits is investigated both quasi in situ and
in the laboratory using an erosion microcosm system. Erodibility experiments are run in a
closed system so sediment concentration above the lutocline increases during the
experiment. This is a unique feature of this study, and it is expected to produce more
natural characteristics of net erosion. By proving the reproducibility of the natural structure
of the deposited sediments (stratification and density profiles) in the laboratory, systematic
studies for analyzing the sensitivity of determined parameters (shear stresses and erosion
rates) to varying environmental conditions (settling conditions and density) could be
performed. Temporal development of suspended sediment concentration and erosion
rates is the main result of the erodibility experiments, from which we derive bandwidths for
erosion parameters, like floc erosion rate, critical shear for floc erosion, and critical shear for
mass erosion.

Keywords: cohesive sediment, erodibility characteristics, field and laboratory experiments, microcosm, Weser
estuary
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1 INTRODUCTION

Fine sediment transport plays a significant role in the marine
environment, making a detailed understanding and capable
modeling approaches of transport processes crucial for the
strategic maintenance of estuaries. While the transport of non-
cohesive sediment is understood reasonably well, the depiction
and prediction of cohesive sediment transport are still a challenge
because of their complex composition of inorganic minerals and
organic material (Grabowski et al., 2011). Particle mixtures are
referred to as cohesive sediments when they exhibit intrinsic
cohesion (Winterwerp et al., 2021), which is the case when a
mixture of fine sediments (fine sand, silt, and clay) exceeds a
critical threshold for clay minerals, often reported to be 10% (van
Rijn, 1993; Grabowski et al., 2011). Because almost all processes
defining the properties of cohesive sediments vary with time and
location, derived parameters for process description are
sediment- and estuary-specific. When cohesion is dominant,
particles are interconnected, forming flocs and aggregates,
resulting in transport dynamics that are significantly different
from non-cohesive sediment transport. Affected by tidal
asymmetry, stratification, and estuarine circulation, suspended
cohesive sediments tend to retain and accumulate in estuaries,
resulting in a zone of relatively high concentration of suspended
sediments, the estuarine turbidity maximum (ETM). The ETM
accounts for the main sediment deposition in many systems,
while the location and extent of the ETM are predominantly
affected by river discharge and the tidal cycle (Grabemann, 1992).
Anthropogenic impacts, e.g., the deepening of waterways to
enhance navigability, have the potential to cause intensified
sedimentation and deposition because tidal asymmetry may
increase. Even in the deeper navigational channel, where high
flow velocities may support sediment transport and erosion,
partly intensive net sedimentation and accumulation can be
observed with a resulting formation of temporary deposits of
high concentrated mud suspensions (HCMS). Depending on the
conditions, HCMS can occur either in a stationary or mobile
state, the extent of which varies greatly in space and time.
Maintenance dredging is a common method of preserving the
essential water depths for navigability but requires high financial
effort and has potential negative impacts on the environment.
Against this background, research at the Institute for River and
Coastal Engineering (IWB) of the Hamburg University of
Technology (TUHH) is carried out to improve the
understanding of bed exchange processes in the ETM
exemplary for the Weser estuary.

In this study, natural sediments gathered from the
navigational channel of the Weser estuary within the ETM are
investigated. Determining the characteristics of erodibility is one
major aspect of experiments undertaken. Sediments are
investigated in two different states. First, mostly undisturbed
samples containing natural sediments are characterized in field
trips. Second, sediment characteristics are investigated by
generating representative samples consisting of nature-like
density profiles, salinity, and composition. Being the second-
largest German estuary, the Weser discharges into the North Sea,
like the other two major German estuaries of Elbe and Ems. All of
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the mentioned estuaries are facing similar challenges in fine
sediment transport. The Weser is divided into different
sections: The Upper Weser originates in Hann. Miinden,
where the headwaters of the Werra and Fulda rivers converge.
The Middle Weser runs between Minden and Bremen, and the
Lower and Outer Weser mark the tide-influenced area. While
multiple definitions exist, here the Weser estuary and its
kilometry is defined from the head at the tidal weir in
Bremen-Hemelingen (def. as Weser-km 0), which marks the
artificial tidal limit (Lange et al,, 2008). Having a tidal range
roughly between 3 m (Outer Weser) to 4 m (Bremen) and, as of
today, a bottom at —11 m NHN in the navigational channel up to
Blexen (Weser-km 65) and —16 m NHN further seawards, the
Weser estuary is classified as mesotidal and hypersynchronical
(Grabemann, 1992; Kosters et al., 2018; Hesse 2020). In general,
deposited sediments reduce in size along the Weser from its
origin to its mouth. In the Upper Weser, rubble sediment, in the
Middle Weser, gravel, and in the Lower and Outer Weser,
medium and fine sand are dominating most parts. Due to
tidal dynamics and freshwater discharge, bed forms like dunes
and ripples appear in the Lower Weser until Nordenham (NH,
Weser-km 55). In the mixing zone of freshwater and seawater,
density gradients lead to gravitational circulation and contribute
to a resulting residual import of fine sediments. An ETM is
formed, causing high sedimentation rates of up to 5cm/d
(internal analysis of echo sounder data), depending on several
influencing factors, e.g., freshwater discharge, temperature,
salinity, and sediment availability. In the ETM, suspended
sediment concentrations (SSCs) of 300-600 mg/L in the water
column and up to 2000 mg/L near the bottom are observed
regularly (Lange et al., 2008). Multiple processes of deepening
of the navigational channel from the past has affected the tidal
symmetry, e.g., causing increased flood current velocities. Because
of the resulting net sediment import, large sedimentation and
deposition rates are noted. The resulting accumulation of
sediments intensifies the challenge of keeping the main
channel navigable. With frequent measurement campaigns
conducted by the Federal Waterways and Shipping
Administration (WSV), changes in bathymetry are surveyed
using multibeam echo sounders (MBES). On the basis of the
MBES results, maintenance dredging volumes are commissioned.
In the range of km 55 of the Weser near NH to km 65 near Blexen,
which is the major hotspot of dredging activity and the focus area
of this research work (see Figure 1), 0.5-2 million cubic meters
are dredged on a yearly base (Eberle, 2014). Because dredging
activities require investments of 8-18 Mio. €/year and each
displacement of dredged material has a potential ecological
impact in the Lower and Outer Weser, it becomes clear that
optimized maintenance resulting from an improved
understanding of estuarine processes is of true value for the
environment, citizens, authorities, and other stakeholders.

In the following paragraph, a hypothesis is formulated as to
how the accumulation of cohesive sediments in the navigation
channel of the Weser occurs. Echo sounder data indicate that
sedimentation and deposition within the ETM dominate in
phases of low flow velocities. Depositing flocs and particles
form a layered structure above the (dense) bed of the
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FIGURE 1 | Location of German estuaries in Europe (A), Weser and Elbe estuaries located in northern Germany (B), sampling sites in the estuarine turbidity zone of
the Weser estuary (C), and a close view at Blexer Bogen (D) and Nordenham (E); maps by ©OpenStreetMap.

waterbody of several decimeters up to meters in height
(Papenmeier et al., 2013; Becker et al, 2018). This structure
forms a fresh layer of mobile benthic suspension with initial
densities in the range of p = 1,050 kg/m?, being well below the
gelling point. Depending on the conditions during the formation
of a mud layer and its state of consolidation, a sediment is
composed of different percentages of sand, silt, and clay. If a
mud layer is formed naturally due to sedimentation in phases of
low velocities, differential settling likely leads to the segregation of
particles (Torfs et al, 1996). As a result, one will find higher
percentages of silt and clay in the upper part and higher sand
contents in the lower part of the upmost sediment layer above the
bed. The upper part of a freshly deposited layer may be eroded
during the adjacent flood or ebb phase, while the lower part is
affected by reduced shear stresses and will thus be able to increase
its density over one to several tides. The lower part of that layer,
now forming stationary fluid mud, is, on the one hand, more
resilient to erosion and, on the other hand, protected against
erosion by the concentrated benthic suspension (CBS) above. The
CBS might be regenerated with every tide. In the stationary fluid
mud layer, concentrations exceed structural density (also called
the gelling point/concentration), meaning that particles and flocs
form a coherent structure (van Rijn, 2016). At structural density,
effective stresses start to emerge when expelled water reduces
excess pore pressure. This indicates the beginning of the
consolidation process. The transition between settling and
consolidation is, for example, characterized by its vertical
velocities. Settling velocities w, are well above the rate of
consolidation w, (approx. by an order of magnitude), although
both parameters characterize the process of vertical reduction of

the suspension layer. In this way, during each phase of slack
water, deposits accumulate near the bottom, forming a
consolidated and stratified bed over time. Well-mixed,
homogeneous sediment beds are rare in nature (van Rijn,
2020), but when it comes to dredging activities, homogeneous
and stationary fluid mud layers might be formed without being
affected by differential settling beforehand. Hence, dredging
removes sediments, but the remaining sediments might be
homogenized, forming a layer of stationary mud. This results
in a resistive layer supporting the consolidation of fresh
sediments. The mentioned type of bed formation is even
expected to occur in the center of a tidal channel with
relatively high flow velocities. With and without dredging
inflluences, stratified and non-stratified suspensions have been
observed in the Weser estuary throughout the field campaigns.

According to the current state-of-the-art, processes of fine
sediment transport are replicated more or less accurately using
morphodynamical-numerical modeling techniques.
Morphodynamical-numerical models enable a process-based
simulation of dynamics on a large spatial and temporal scale,
allowing for impact studies of anthropogenic intervention and
helping to understand the effect of several mechanisms
consistently. Nevertheless, the underlying processes of those
models are increasingly physically based, but major processes
like the bed exchange processes are still based on empirical
relationships. The parameters required for these approaches
have to be derived by sensitivity studies in the laboratory and/
or by intensive on-site measurement campaigns. In this context,
erosion of cohesive sediments is a major mechanism that still
needs empirical estimation of parameters to represent their
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erodibility properly. Investigation on the erosion behavior of
sand-only deposits, on the one hand, and mud-only deposits,
on the other hand, has been conducted for several decades. While
the relationship between given flow conditions and the
movement of sand particles can be described reasonably well
with references from Shields (1936), it remains difficult to predict
the behavior of mud-only, and especially sand-mud, mixtures
because of interparticle forces, leading to transport properties
depending on several further factors besides gravity (e.g., sand to
clay ratio, concentration/density, consolidation and its history,
organic matter content and type, temperature, salinity, sodium
adsorption ratio, and pH). Those factors underlie a huge
variability on different spatial and time scales, especially in
estuaries (Winterwerp and van Kesteren, 2004). So far, no
generally valid relation to describe bed exchange processes
could be established using only physically based formulations
(van Rijn, 2020).

However, several authors have provided empirical
relationships to describe the erosion behavior of muddy
sediments (Partheniades, 1965; Parchure und Mehta, 1985;
Kranenburg und Winterwerp, 1997; Krishnappan, 2000;
Whitehouse et al.,, 2000; Sanford und Maa, 2001; Schweim,
2005; Mengual et al., 2017; Krishnappan et al, 2020; Chen
et al, 2021), mostly by relating applied shear stress to
resulting erosion rates, but only a few models have made their
way into engineering and modeling practice (Partheniades, 1965;
Parchure und Mehta, 1985; Sanford und Maa, 2001). Models can
be distinct by depth-dependent or depth-independent erosion
resistance (summary in William et al., 2000). Erosion is observed
to occur in different modes depending on the range of applied
shear stress (Winterwerp and van Kesteren, 2004; Kombiadou
und Krestenitis, 2013; van Rijn, 2020; Chen et al,, 2021). At low
shear stresses, single particles and flocs are eroded from locations
of weak erosion resistance when sudden peaks (turbulence) in
applied shear stress occur. This mode is called floc erosion. The
erosion rate for floc erosion is observed to be approx.
107%-10"* kg/(m?s) (Schweim, 2005). When medium shear is
applied, an intermediate stage of erosion, sometimes referred to
as surface erosion, might occur, in which several layers of particles
and flocs are mobilized (a failure of local networks). The
transition between floc and surface erosion is smooth; hence,
we do not make a distinction at this point in time. At higher shear,
mass or bulk erosion dominates, eroding lumps or chunks of bed
material. The erosion rate for mass erosion is observed to be
approx. 107°-107" kg/(m?/s) (van Rijn, 2020). Although it was
proposed for homogeneous consolidated beds (constant in time
and within the sediment), the “Partheniades law” (Partheniades,
1965) is used very commonly in modeling practice. The
Partheniades law relates the applied shear to the erosion rate,
which is the eroded mass per unit surface and unit time. In fact,
erosion resistance depends on various factors, including sediment
composition, porosity, and degree of consolidation (Kombiadou
und Krestenitis, 2013). This means, in turn, that sediment
deposits regularly are thought to have heterogeneous
properties with depth and time. However, it is possible to
argue that the composition of sediment deposits can be
homogeneous over a limited depth to apply Partheniades law

Bed Exchange Characteristics for Weser Sediments

and use individual fitting parameters for depth (e.g., fresh fluid
mud deposits). In the past, the Partheniades law was extended to
become valid for depth-dependent erosion resistance:

Tp " .
E=Eymil ——-1|,if 7> 175 1
0, d<Tcr(z) > fo (1)

where E [kg/(mzs)] is the erosion rate, Ey 4 [kg/(mzs)] is an
empirical erosion constant, 7,[N/m?] is the applied shear , 7 is an
empirical parameter, and 7.(z) [N/m?] is the depth-
dependent critical shear for erosion. The simplicity of this
model is most likely a major reason why the Partheniades law
is used very commonly in modeling practice. Sanford and
Maa (1985) proposed a relationship for more soft mud
deposits, taking the state of consolidation and the depth-
dependent density p(z) [kg/m®] at the sediment-water
boundary into account:

E = Brp(2)* (1 = T, (2)) if 162 Tes 2)

where E [kg/(m’s)] is the erosion rate, 7, [N/m?] is the depth-
dependent critical shear for erosion, 7, [N/m?] is the applied
shear, and B [m’s/kg] is the empirical fitting parameter. The
difference of critical to applied shear is referred to as effective
stress.

Parchure and Mehta (1985) proposed a relationship for soft
mud deposits, assuming a constant floc erosion rate erand depth-
dependent erosion resistance 7,,:

£ = gpet "G f Ty > T, (3)

where ¢ [kg/(mzs)] is the erosion rate, & [kg/(mzs)] is the floc
erosion rate, 7, [N/m?] is the applied shear, « [m/N®?] is an
empirical parameter, and 7.,(z) [N/m?] is the depth-dependent
critical shear for erosion. The floc erosion rate ¢rappears to vary
greatly for individual sediment deposits, with a range of 10™* to
1078 [kg/(mzs)], while o appears to range between 1 and 30
(Schweim, 2005). When focusing on bed exchange, sediment
deposition has to be taken into account:

D= CS*wSa (4)

where D [kg/(m?s)] is the deposition flux, Cs [kg/m?] is the
sediment concentration near the bed, and w, [m/s] represents
the mean settling velocity of sediment particles.

The research at IWB addresses the challenge of
understanding the process leading to net sedimentation and
accumulation in estuarine navigational channels by
investigating rarely available information on the vertical
transport and bed exchange properties of estuarine
sediments in field and laboratory studies. The sediment
samples are taken from the navigational channel of the
Weser estuary. We provide estuary-specific transport
parameterizations and adjusted bed exchange formulations
to advance the representation of sediment transport
processes in large-scale 3D morpho- and hydrodynamic-
numerical models. This contribution focuses on results from
investigating natural cohesive sediments with measurements
conducted in the field and in laboratory experiments, mainly
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FIGURE 2 | Sediment corer developed at the Institute for River and
Coastal Engineering.

related to erosion processes. Erosion rates and critical shear for
floc and mass erosion are derived for sediments from two
locations. The influence of consolidation history and density is
further investigated in sensitivity studies.

2 MATERIALS AND METHODS
2.1 Field Campaigns

To examine the assumptions made in Section 1, natural sediments
from the Weser estuary are collected during slack water within the
ETM of the Weser at Weser-km 56 (NH) and Weser-km 63 (Blexer
Bogen, BB). Field campaigns have been realized with regard to
meeting the following requirements of sediment samples:

i) Undisturbed (almost)

ii) From the navigational channel within the ETM zone

iii) Collected during slack water (v < 0.4 m/s) with upstream
river discharge conditions of approx. Q ~ 150 m*/s (late
spring and autumn discharge, when sedimentation rates
peak)

iv) Being ideally composed of a water layer, a soft mud layer of
fresh deposits, and a consolidating/consolidated layer.

To meet these requirements, a sediment corer for collecting
undisturbed sediment samples (of soft mobile mud as well as
consolidated mud) from the center of the navigational channel
has been developed at the Institute for River and Coastal
Engineering (Patzke et al, 2019), see also Figure 2. The
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samples are collected in Plexiglas cylinders of 20-cm diameter
and 1.2-m height. At the top, the corer is equipped with a pressure
gauge to determine the sampling depth. The timespan for the
sampling of a single cylinder (preparing, coring, releasing) using
the corer is under 10 min.

Three campaigns, MW-I (06/2019), MW-II (12/2019), and
MW-III (07/2021), have been conducted on the Weser, where a
set of six sediment cores could be obtained during the estimated
slack water period of 1 h. Each core receives a sample code in the
format  “site  abbreviation-campaignnumber/corenumber-
subsamplenumber.” Campaign numbers start at 0. For
example, code “BB-01-03” describes the third subsample from
the first core taken in BB during MW-I. Specific cores are
subsampled, representing layers of about 5-10cm. By
measuring the density of homogenized subsamples, profiles of
the near-bottom layers are generated. Information on size
segregation in the top and bottom layers is provided by
additionally using the subsamples to determine grain size
distribution. The remaining sediment cores are used to
observe settling behavior and to provide sediment material for
further laboratory studies. In MW-III, two cores of each sampling
site could be used to perform quasi in situ erosion experiments,
providing information on the erodibility of naturally stratified
and composed sediments.

2.2 Sample Preparation and Sediment

Characterization

2.2.1 Sample Preparation for Laboratory Experiments
To perform experiments in the laboratory, natural sediments
collected during the field campaigns are used to prepare
representative samples. A sample is defined as a representative
if it comprises both natural material including solids and organic
phase as well, having nature-like density profiles close to the
sediment-water interface where erosion processes are
investigated. In practice, the best results could be achieved by
first predefining an initial density/concentration that was
observed in the field. Second, a fraction of natural sediments
was taken from a core to generate a suspension of the predefined
density. In case fluid mud with a homogeneous density profile
was extracted from the river bed, the whole core was used to
generate a representative suspension. Then, the suspension is
homogenized at time t, exhibiting the initial density p,. Those
generated suspensions are called remolded samples. The density
evolution within those suspensions is recorded to describe and