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Abstract

On Saba, an island located in the Caribbean, a new harbour will be constructed. To protect coral
reefs in the vicinity from light attenuation and sedimentation, it is important to monitor and predict
the turbidity stresses caused by the dredging operation. In the early stages of such projects involv-
ing dredging operations, a common approach is to estimate the turbidity stresses in a simplified
way. These method simplifications include the use of stationary source terms and the exclusion of
important physical processes as tidal and wind-forcing by using simplified models, resulting in crude
estimates on the turbidity stresses caused by the dredging operation. Better methods by Becker
et al. (2015) and Tuinhof (2014) have already been developed, but have not been applied in the
context of Caribbean islands. Further refinement of these methods will allow for a more suitable
approach in simulating the turbidity stresses, which is favourable for the protection of corals.

This research focused on the development of a representative approach to simulate the turbidity
effects from dredging activities by backhoe dredgers in the vicinity of Caribbean islands. The Black
Rocks harbour project on Saba was used as a case study to test the effectiveness of the new method
approach, by simulating various ways to suitably represent the turbidity stresses of the dredging
process. The results of these simulations also aid in a more representative estimate on the expected
turbidity stresses to protect the corals in the vicinity.

As a first step, the local physical processes, focusing on the hydrodynamic conditions and sedi-
ment characteristics, were identified and their influence on the turbidity stresses and dispersion of
the sediment plumes were discussed. Insight in the wave heights and wave period should be obtained
to aid in the decision for the dredging equipment to use and their workability, since exceedance of the
operational limits can results in downtime. Key processes to include for a representative simulation
for the dispersion of the plumes were identified to be the tidal and wind driven currents over the
depth. By analysing the data over longer time periods, rare occurrences as current reversals can
be captured, adding to a more representative simulation. Another local phenomenon to consider
was the run-off from peak precipitation events, as this results in high background turbidity levels.
Analysis of local sediment samples is required to obtain insight in the fines content, required for
the estimation of the sediment flux, and the distribution of particle sizes and the particle density to
determine the settling velocity.

Insight in the work method and duration of the dredging cycle provided the framework for a new
methodical step to determine the temporal distribution of the source terms to suitably simulate the
loss of fines over time, making a distinction for the presence of the source between day and night
cycles and during relocation. The primary source term contributing to the release of fines, identified
to be the bucket drip, was spatially distributed to simulate the relocation of the backhoe. An addi-
tional method step was introduced by estimating the local fines content for each source term over
the dredging volume, resulting in a more representative approach for dredging volumes exhibiting a
heterogeneous distribution of the fines content compared to using a single value for the fines content.
The source terms were estimated using an existing method by Becker et al. (2015) and distributed
over multiple sediment fractions, to include the representation of the smaller particles, affecting the
far-field SSC in the model.

The effects of tidal and wind-forcing were incorporated using a 3D model, while running differ-
ent hydrodynamic scenarios to test the effects for a variety of flow conditions. The grid resolution
was chosen to ensure an accurate representation of the spatial distribution of the sediment concen-
tration resulting from the bucket drip. The source terms were equally distributed over the depth
to simulate the gradual loss of the fines over the depth by the bucket drip. The selection of an
appropriate formulation for the settling velocity, to account for the local hydrodynamic conditions
and sediment characteristics, increases the representation of the distribution of fines over time.
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The model results indicated that for both a stationary and relocating source term, an accurate
depiction of the average SSC values over longer time periods as days and weeks is simulated, while
the relocating source tends to estimate peak concentrations more accurately, as the source location
and quantity is represented more precisely. Turbidity thresholds, set for the Black Rocks project,
were only exceeded on one occasion during the occurrence of a current reversal for the relocating
source, but not for a stationary source. This indicates the added value of applying a more detailed
approach to simulate the turbidity stresses. Following the suggested additions to the methods an
updated approach to simulate the turbidity stresses by a backhoe dredger was proposed:

1.
2.

orok W

Identify and select the relevant local physical processes

Analyse the work method and determine temporal distribution of source terms
Identify the relevant source terms and distribute them spatially over the area
Assess and estimate the spatial variability of fines content for the source locations

Quantify the source terms, using the local fines content and distribute accordingly over the
sediment fractions

Configure the relevant physical processes and source terms appropriately in the numerical
model

Further research into refinement of the method, focusing on the spatial distribution of the source
and appropriate spatial and vertical grid resolution, can increase the suitability of the suggested
method for simulating turbidity stresses induced by a backhoe dredger.
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1 Introduction

The island of Saba is located in the Caribbean, to the East of Puerto Rico, as can be seen in Figure
1.1, and is part of the BES islands. These three islands (Bonaire, St. Eustatius and Saba) are
special municipalities within the Netherlands, referred to as public entities. The island has a steep
foreshore and is made up, for a large part, by the volcano Mount Scenery. The land mass of Saba is
around 13 km?. Tourists, providing one of the most important sources of income, are attracted to the
coral situated in Saba marine park and the Saba bank, which is located to the west of Saba. Many
goods have to be imported to the island, which stresses the importance of a functioning harbour
and airport. There are two points of entry to the island: Juancho E. Yrausquin Airport and Fort
Bay Harbour.
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Figure 1.1: Aerial view of the island of Saba

In 2017, Saba was hit by hurricanes Irma and Maria which caused significant damage to Fort Bay
Harbour. As a result, the harbour operations were partly disrupted. A plan for an upgraded and
hurricane proof harbour was made, which consisted of an extension of the main breakwater into
deeper water, to provide a sheltered inner harbor.

The results from physical model tests, however, showed that the extended breakwater would attract
huge wave impacts during hurricanes, which would make it unstable. The investments required to
guarantee the stability of the extended breakwater would be too expensive. Besides the stability
issues, the limitations regarding the future expansion options at the current harbour caused the need
to investigate other options for developing a hurricane and future proof harbour. Following feasibility
studies, a new location eastward of the existing harbour was chosen in the area Black Rocks (see
Figure 1.2). This area has a shallower foreshore, which would result in significantly smaller wave
heights during hurricanes. Additionally, the terrain would provide more room to develop a future
proof harbour.
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Figure 1.2: Location of the existing Fort Bay harbour and the new Black Rocks harbour

1.1 Problem description

During the construction of the harbour, turbidity in the water column is caused by dredging, rock
placement and levelling, and the placement of caissons, along with other marine activities. This
causes increased levels of suspended sediment loads. In the vicinity of the proposed harbour loca-
tion, colonies of different coral species are present. The increased Suspended Sediment Concentration
(SSC) in the water, caused by construction works and dredging, could affect the light penetration.
The coral species present in the area need enough light to thrive and the created sediment plumes
from dredging could endanger this process. Sedimentation of the coral reefs is another threat caused
by these sediment plumes, which might result in burying of the corals and subsequently starvation.

The average coral cover around the island of Saba has already decreased from 30% to 8% in the past
25 years (Meesters et al., 2019). The exact causes of the coral starvation are unknown as this has
not thoroughly been researched. Possible causes include the outbreak of diseases, pollution, run-off
from land due to construction works and overgrazing by goats resulting in sedimentation and limited
light transmission, global warming and a mass die-off of diadema, which prevent overgrowth of algae
on the corals (Meesters et al., 2019)(van der Vlugt, 2016).

To mitigate the impact on the remaining coral colonies, it is essential to minimize the turbidity
caused by the harbour construction works. Accurate estimations of turbidity levels during the
dredging operation will help to assess the significance of the effects caused by dispersion of the
sediment plumes. Therefore, it is important to accurately predict and monitor the turbidity levels
in the proposed harbour location both before and during the harbour construction.

As part of the Environmental Impact Assessment (EIA), a depth-averaged 2D hydrodynamic model
of the Black Rocks area has been set up by EcoVision. The model was used to inform the extent
of the high-risk zone based on high level plume modelling. At the time, the used approach for
the EIA was the best possible method. However, the model did not include some of the processes
which are important when simulating a representative dredging operation in the project area. In
the early stages of dredging projects, often a simplified approach is used to estimate the turbidity
impact. Some hydrodynamic forcing conditions, such as tidal- and wind-forcing, important driving
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factors of the dispersion of sediment plumes, are excluded from the numerical models. Additionally,
continuous source terms are used as well as a depth-averaged 2D model. An approach that is too
simplistic is at risk of providing unrealistic estimates of the turbidity stresses. Insight in a more
detailed approach to represent the effects of the dredging operation are favourable for the protection
of corals. In order to improve the quantification of the impact of the dredging operation on the
environment, investigation into methods resulting in an approach which improves the estimation of
dredging related turbidity stresses in the vicinity of a Caribbean island is required.

1.2 Research gap

In previous years, methods have already been developed, which provide a more suitable approach in
estimating the turbidity stresses caused by the dredging operation. Examples are methods and stud-
ies by Tuinhof (2014), Becker et al. (2015) and Laboyrie et al. (2018). Research on these methods
was conducted in various environments, such as Australia. While similar processes near Caribbean
islands will be present as for the methods mentioned, some aspects such as local hydrodynamic
processes and sediment characteristics will differ.

Insight in the specific local hydrodynamic processes near Caribbean island is required to allow
for a more representative simulation of the dredging operation in this area. The impact and rele-
vance of various metocean conditions, characteristic to the Caribbean, on the dispersion of sediment
plumes must be identified. Additionally, insight in key dredging processes, which allow for a more
representative simulation of the dredging operation is required. The existing methods make no clear
distinction in the temporal and spatial variability of the source term during dredging. The impor-
tance of including relocation of dredging equipment, day and night cycles and the use of a stationary
or relocating source are all factors influencing the estimation of the turbidity stresses.

Finally, more focus on the importance of the configuration of the processes in the numerical model
will aid in developing a more representative approach of the dredging operation. By focusing on the
choices regarding the use of 2D or 3D models and the input of the source in the model, the local
situation can be modelled as representative as possible. To address the research gap, an analysis
of the most important processes in the estimation of the turbidity impact is crucial to ensure all
relevant steps that help in simulating a representative depiction of the operation are included. By
applying these processes to the case of the Black Rocks harbour, various ways for a suitable approach
in representing the turbidity stresses from the dredging operation can be tested.
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1.3 Research objective & questions

The aim of this research is to develop a representative approach to simulate the turbidity effects
of dredging activities by backhoe dredgers in the vicinity of Caribbean islands. The additions and
improvement on existing methods provide a more suitable approach for estimating turbidity stresses,
especially in the Caribbean. Additionally, the results of the followed approach and model, run for
the Black Rocks case study, can be used to asses the possibility of the sediment concentration in the
sediment plumes exceeding the turbidity thresholds. These thresholds are set to protect the sensi-
tive receptors in the marine environment in the vicinity of the project area, ensuring no harm occurs.

The main research question is formulated as follows:

How can the turbidity impact of dredging activities by a backhoe in the Black Rocks area be simulated
using a representative approach, while accounting for both local physical characteristics and dredging
specific processes

The focus of the model is on the concentration and dispersion of the far-field plumes occurring
from the dredging operation in the Black Rocks area. Local circumstances, including oceanographic
currents, wind patterns and sediment characteristics, may differ from other cases where the effects
of far-field plumes have been researched. These factors should be taken into account to ensure an
accurate representation of the processes in the project area. The dynamic plume in the near-field
will not be modelled as the focus is on the effects of high turbidity outside the assigned high impact
zone. The coral reefs in the area will be the focus point of the sensitive receptors present in the ma-
rine environment. The corals present inside the high impact zone will be relocated and are therefore
not exposed to the effects of the dynamic plume. The effects on other marine species as sea turtles
and whales are not in the scope of this project. Additionally, the impact of noise and vibrations will
also not be considered. The focus of the model is on the marine environment, the run-off from land
is not specifically taken into account, although high precipitation events have a great impact on the
turbidity levels in the water.

A number of sub questions are formulated to help in answering the main research question:

1. What relevant local hydrodynamic conditions and sediment characteristics should be consid-
ered when simulating the effects of the dredging operation?

2. What is the used work method for the dredging operation and which dredging processes should
be incorporated in the model?

3. What are the relevant source terms and how should they temporally and spatially be dis-
tributed to represent the dredging operation?

4. What is the most suitable modelling approach and how should the source terms and local
hydrodynamic conditions be configured and implemented for an accurate simulation of the
dredging operation?

5. What is the potential intensity and duration of the turbidity stresses at the monitoring loca-
tions and on the environment resulting from the simulated dredging operation?

6. What additions to the current available methods can be suggested to improve the representa-
tion of the dredging processes?

The sub-questions serve as a foundation for answering the main research question. Each question is
addressed in a separate chapter and contributes to a step-wise approach in which the main research
question is answered. The final sub-question is answered in the conclusion to refer back to the
suggested additions to the current methods, before the main research question is treated.
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1.4 Methodology

This study aims to provide a suitable approach to simulate the effects of dredging operations by
backhoe dredgers in the context of a Caribbean island. In this thesis, a case for the construction
of a new harbour in the Black Rocks area on Saba is treated. In order to achieve a suitable ap-
proach, the methodology consists of four key steps in which the sub-research questions are addressed.

Step 1: Analysis of local physical characteristics

Step 1, which will answer the first sub-research question, will provide an overview of the various
physical processes in the project area and the Caribbean in general and their influence on the tur-
bidity stresses and dispersion of the sediment plumes. A comprehensive understanding of the system
is of vital importance in order to determine the work method for the dredging operation and is a
first step in the approach to provide a representative estimate of the turbidity stresses following the
dredging operation. The approach for this step includes a combination of a literature study, data
collection and analysis of both present and historically collected data to identify the relevant local
conditions.

Insight in the processes is given by analysing existing reports, including the SWAN model of the
Caribbean by Deltares and the design report of the harbour by Witteveen + Bos, which includes site
specific data. Ongoing data collection of the metOcean conditions is performed using instruments
from Obscape. This includes a tide gauge, weather station, wave buoy and turbidity sensor. Data
regarding currents was collected from August 2021 to November 2021 using an ADCP mounted on a
boulder next to the wave buoy. Two soil investigations have been performed by Geotron, providing
essential information on the sediment characteristics in the area.

Additionally, a site visit to Saba provided a firsthand perspective of the situation and processes
involved. The visit provides the opportunity to obtain valuable insights in the factors influencing
the dredging operation and understanding the importance of including the various processes into
the model. Finally, insight in the environmental criteria of the project area, such as identification
of the location, type and number of coral species and providing the turbidity thresholds will aid in
stressing the importance of developing an accurate model of the dredging operation.

Step 2: Obtain insight in the dredging operation

The second step for the methodology involves a detailed examination of the work method for the
dredging operation to determine the dredging processes which should be incorporated for a rep-
resentative depiction of reality. Additional focus in this step is on the identification, selection,
quantification and consideration of the relevant source terms. This includes an analysis and deci-
sion for the temporal and spatial distribution of the source terms and an in depth analysis on the
fines content to assign to the sources. This methodical step will help in providing the answer for
sub-questions two and three.

Firstly, the dredging volume and potential equipment used is discussed, as well as the work method
regarding operational hours and disposal methods. The identification of potential dredging equip-
ment and the duration of the dredging cycle will include a persistency analysis to account for
workability and possible equipment downtime. The expected duration of the dredging operation is
calculated to provide insight in the temporal distribution of the source terms, which is determined
next, ensuring a dynamic representation of the changing sediment flux. The different dredging pro-
cesses to include for a representative representation are determined as well.

The next step involves the identification, selection and quantification of the source terms. Iden-
tification of the sources in the dredging operation contributing most to the release of fine sediment
in the water column provides a next step in creating a representative model of the dredging oper-
ation. The estimation of the source terms caused by dredging is discussed and calculated through
an existing method for estimating source terms for far-field dredging plume modelling developed
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by Becker et al. (2015), while additions to this method for a more detailed approach are discussed
as well. The spatial distribution of the source terms is determined to represent the release of fines
during the dredging operation in a representative way. Additionally, an in-depth analysis on the
borehole samples is performed to determine a representative fines content for the spatially varying
sources. This will contribute to a more accurate representation of the source term in the model.

Step 3: Model choice and configuration

Steps 1 and 2 provide insights and input for methodical step 3, in which the most suitable numerical
model is selected. After selection of the model the configuration of the dredging operation into the
model to create the most representative situation must be performed. In essence, this step is a
bridge between the collection of data, insight in processes and application of these processes in the
model.

The chosen model must reflect the goal of the study and allow for a suitable representation of the
different aspects of the dredging operation. Factors that need to be considered include representation
and interaction of hydrodynamic conditions, processes influencing dispersion of the sediment plume
and efficient implementation of the source terms. Inclusion of new methods regarding modelling of
dredging induced plumes, such as depth layers and wind-forcing will aid provide an extension on
the current methods, allowing for a suitable representation of the turbidity effects. Additionally,
the computation time of the models run must be limited.

Once the numerical model is chosen, the next step is configuration of the dredging operation into the
model. Data collected in step 1 and 2 must be incorporated in a way to most accurately simulate the
local hydrodynamic conditions, dredging operation and the identified source terms. This involves
choices regarding grid resolution and boundary conditions. The input method for the source terms is
chosen with extra care to ensure a correct representation of the spillage of fines during the dredging
operation.

Step 4: Analysis of model results & discussion of suggested methods

The final step consists of presenting and analysing the results of the model and discussing the sug-
gestions for additional methodical steps to represent the dredging operation. The objective is not
only to discuss the validity of the model that is created, but also to analyse if the added methods
provide a more representative estimation of the SSC values during the dredging operation.

As an extra step, the results of the model are analysed with respect to the set turbidity limits
in the high impact zone in the Black Rocks area. If the results indicate possible exceedance of
the thresholds, recommendations will be given on possible changes to the dredging operation. The
results will not serve as a concluding endpoint, but only as a guideline on the expected impact of
the dredging operation.

In the discussion chapter, the uncertainties regarding the used methods and processes and their
effects on the results are discussed. The created model will also be compared to the model initially
created for the EIA, to compare the differences in methods and processes modelled. Finally, the
suggested additions to the existing methods and their impact on creating a suitable approach in
simulation the turbidity effects from dredging are analysed in the conclusion.

An overview of the most important steps regarding the explained methodical steps is given in the
schematic in Figure 1.3.
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Figure 1.3: Schematization of the methodological steps taken in this thesis report
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1.5 Thesis outline

The report is outlined as follows: the area study, in which the Black Rocks area is studied and data on
the hydrodynamic conditions and sediment characteristics is collected, is presented in Chapter 2. In
Chapter 3 the dredging operation is discussed including the dredging volume, equipment, workability
and cycle duration. Chapter 4 identifies the relevant source terms in the dredging operation and
provides an estimate of the sources, which can be used as input for the model. Additionally an
in-depth analysis on the sediment samples is provided. The model choice and configuration of the
dredging cycle in the model is reported in Chapter 5. The results of the model are discussed and
analysed in Chapter 6. Finally Chapter 7 contains the discussion in which the uncertainties of the
used methods is analysed. Discussion of the results and limitations of the research are discussed
in this chapter as well. The conclusion and recommendations for further research and improved
results are presented in Chapter 8. A schematic of the thesis outline, including indications in which
chapters the research questions and methodical steps are discussed can be seen in Figure 1.4:
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Figure 1.4: Schematic of the thesis outline indicating in which chapters the research questions and
methodical steps are discussed



2 Black Rocks area study: Analysis of the physical processes

Understanding of the natural system is of vital importance when creating a representative model
of the project area. This chapter focuses on the various physical processes in the area and their
influence on the turbidity stresses and dispersion of the sediment plumes. An area study is con-
ducted on the Black Rocks area to obtain a better understanding on the area itself, including the
bathymetry, hydrodynamic conditions, sediment characteristics and environmental criteria. Many
physical processes near Saba occur at other Caribbean islands, such that the described processes
and their effects on the turbidity stresses can be used for other dredging related projects in the area.

The chapter starts with a brief overview of the areas of interest for the Black Rocks project.
Through a combination of a site visit, literature study and data collection an examination regard-
ing the bathymetry, metocean conditions, sediment characteristics and environmental criteria, such
as present coral species and turbidity thresholds is conducted. This will provide a more complete
overview of the processes that should be included in the model for a representative simulation, dis-
cussed in Chapter 5, while input for validation of the model is collected simultaneously. Finally,
an overview of all the relevant physical processes to consider for a representative simulation of the
dredging operation in the context of a Caribbean island is given in a separate section.

In this chapter the first sub-research question is answered:

What relevant local hydrodynamic conditions and sediment characteristics should be considered when
simulating the effects of the dredging operation?

2.1 Areas of interest on Saba

The main focus for this area study is on the area Black Rocks, as the new harbour will be constructed
here. A high impact zone, outside which several coral patch reefs are located, will be used as reference
for placing observation points for the model at a later stage. Other areas of interest are the current
harbour and the assigned dumping location located to the north-west of Saba. An overview of the
areas of interest is given in Figure 2.1.

Dumping
location

Figure 2.1: Overview of areas of interest for the Black Rocks harbour project

Situated on the south side of the island, the Black Rocks area has a much more favourable topography
compared to many other parts on Saba. The relatively flat nature of the surrounding area provides a
suitable environment for construction of restaurants, offices and other amenities due to the absence
of (relatively) steep cliffs. One issue to take into account for the harbour construction is the presence
of two large gullies. During heavy rain water flows via these gullies towards the ocean. Due to the
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lack of trees in the area, erosion rates are expected to be high. Consequently, eroded sediment is
transported through the gully, resulting in run-off that can induce temporary peaks in background
turbidity values.

2.2 Bathymetry

The collection of bathymetric data is not only essential for accurately depicting the hydrodynamics
in the model, but also for determining the work method for the dredging operation based on depth
for navigation and identification of the presence of boulders. Both single-beam and multi-beam
echo sounders are used for data collection. While single-beam sounders only map directly below
the vessel, multi-beam sounders transmit an array of beams, resulting in a higher resolution profile
(Breman, 2010).

Bathymetry data is available from a single-beam survey performed in 2019 and a multi-beam survey
performed by Geotron in June 2023 in the Black Rocks area. Two older datasets from surveys per-
formed by the Royal Netherlands Navy in 2006 and 2018 for the western and eastern part of Saba
are used, together with manually added points from Navionics to create a more complete overview.
The available data from the multi-beam survey stretches from 1 m depth near the coastline to a
depth of 25 m at a distance of 350 m offshore. The results of the multi-beam survey can be seen in
Figure 2.2.

Figure 2.2: Results from the multi-beam bathymetry survey in the Black Rocks area

Noticeable are the large boulders present in the Black Rocks area. Theses boulders, as well as the
more gentle slope in the Black Rocks area creates a more difficult working environment for dredging
and construction of the harbour. Not only must these large boulders be removed for the port to be
constructed, but also to be able to get close enough to shore for the dredging vessels. Some boulders
in the area have a diameter up to 5 metres and can weigh up to 15 tonnes. An example of the
boulders present at the new harbour location can be seen in Figure 2.3.
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Figure 2.3: Overview of large boulders present in the Black Rocks area

The results of the single-beam surveys in the project area and near Fort Bay harbour as well as a
comparison between the single and multi-beam survey at the project area are reported in Appendix
Al

The final dataset used for the bathymetry consists a domain from the GEBCO 2023 bathymetry
dataset, refined with the multi- and single-beam surveys, datasets from the royal dutch navy and
points obtained from Navionics. Through interpolation using the triangulation method a complete
overview of the bathymetry around Saba has been created, which can be seen in Figure 2.4.

Bathymetry plot of the model domain
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Figure 2.4: Complete bathymetry overview around the island of Saba
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2.3 Hydrodynamic conditions

The hydrodynamic and atmospheric conditions on which data collection is performed include waves,
currents, tide, wind and precipitation. Analysis of the data will help to identify key processes, which
must be included in the model for a more suitable representation of the conditions during dredg-
ing. For each of the processes, their influence on the dredging operation and the dispersion and the
quantity of the turbidity stresses is discussed.

Waves

A study on the wave conditions is mainly conducted to obtain a better understanding of the possible
working conditions during the dredging operation. Large wave heights and long wave periods may
result in downtime as these conditions hinder the workability of the dredging equipment.

Offshore from the new harbour location a wave buoy has been deployed. This buoy is continu-
ously measuring the wave height, wave period and direction every 30 minutes, providing valuable
and accurate data. During a measuring period from 13-10-2022 to 21-09-2023 it was found that, on
average, the significant wave height Hy; = 0.78 m while the average peak and mean wave period are
T, = 6.5 s and T, = 4.1 s respectively. The peak period ranges from 4 s to 13 s depending on the
incoming swell direction. Occasional swells approach the Black Rocks area from the South-West, as
they come from the North and diffract around the island. The mean wave direction is 144 °N. An
increase in wave height generally occurs during the hurricane season, which spans yearly from June
to November. A wave rose plot of the data can be seen in Figure 2.5, while Figure 2.6 shows the
daily averaged significant wave height over a full year.

Significant wave height [m/s]
- (02:05)
B [05:07)
= [07:10)
3 (10:12)
3 2:15)
£ [15:18)
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= 20

Figure 2.5: Wave rose of the yearly measured significant wave height in the Black Rocks area
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Figure 2.6: Overview of the daily averaged significant wave height measurements between 13-10-2022
and 21-09-2023 in the Black Rocks area

The measurements of the daily averaged peak wave period measured over a year can be seen in
Figure 2.7. The different swell periods during which large wave periods occur are clearly visible.
These originate from (tropical) storms and hurricanes in the area.
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Figure 2.7: Measurements of the daily averaged peak wave period from 13-10-2022 to 21-09-2023 in
the Black Rocks area

During the hurricane season in the Caribbean, which spans from June to November, the significant
wave height can be considerably different. When a hurricane or tropical storm passes by northwards
of the island, a calm situation with a low wind speed and low wave height occurs. When a hurricane
passes southwards of the island, large swell waves can occur on the south side of the island, while a
hurricane passing over the island will naturally cause high wind speeds and large waves.

In addition to the available data from the wave buoy, a study has been performed by Deltares, in
which a SWAN model has been set up in the Caribbean focusing on the island of St. Eustatius,
but also including Saba in the model. In the SWAN model both hurricanes Irma and Maria were
modelled, while also setting up a hindcast of 42 years of data from 1980 to 2021. During hurricane
Irma, a maximum significant wave height near Saba of Hs = 6 m was obtained. The SWAN results
have shown that during hurricane Maria a Hs of 11 m occurred at different parts in the Caribbean,
meaning that the significant wave height near Saba could have turned out to be much greater in
case of a different path for hurricane Maria. This was one of the findings that let to the design of
a new harbour. The SWAN model showed, however, an average bias in the significant wave height
of 29%, overestimating the wave height. An overview of the 42 year hindcast data of the significant
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wave height computed using the SWAN model can be seen in Figure 2.8
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Figure 2.8: Overview of 42 year hindcast data of the H; near Saba

In addition to workability, the resuspension of fine sediment induced by waves is a process affecting
the SSC. Waves can play a crucial role in mixing of the water column and transport of the sedi-
ment plumes. Resuspension of the settled sediment in the nearshore region increases the SSC in the
nearshore plume. The extend of the increased concentration depends on the amount of fines settled
nearshore, which is influenced by the wave and current direction.

Currents

Understanding the current direction and velocity magnitude is a crucial step in modelling the effects
of the dredging operation as they significantly influence the dispersion of the sediment plumes. Fluc-
tuations in the current direction and magnitude over time and over the depth must be investigated
to obtain a clear overview of the local conditions.

The current direction and velocity in the project area has been measured by use of an Acoustic
Doppler Current Profiler (ADCP) in the period of September to November 2021. The ADCP was
mounted on a rock at a height of 0.7 m from the seabed. The depth averaged current measured dur-
ing this time period was 0.13 m/s, where the current velocity ranged from 0 to 0.6 m/s throughout
the water column. The ADCP has been measuring the current velocity and direction every 0.5 m
from the boulder on which the equipment was mounted on towards the surface. The current velocity
and direction has been plotted for three locations: at 0.7 m, 3.2 m and 6.7 m from the seabed. All
three figures show the measurements for a two day stretch between 27-10-2021 and 29-10-2021.
Figure 2.9 shows the current velocity and direction at 0.7 m above the seabed, Figure 2.10 at the
middle depth and Figure 2.11 at the surface. These figures are used to illustrate the fluctuations in
current speed and direction over the depth.

ADCP current measurements between 27-10-2021 and 29-10-2021 near the bed
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Figure 2.9: Current velocity and direction near the seabed in the Black Rocks area
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ADCP current measurements between 27-10-2021 and 29-10-2021 at middle depth
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Figure 2.10: Current velocity and direction at 3.2 m from the seabed in the Black Rocks area

ADCP current measurements between 27-10-2021 and 29-10-2021 at the surface
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Figure 2.11: Current velocity and direction near the surface in the Black Rocks area

Near the seabed, current velocities are low on average. Noticeable are the current reversals near the
bottom, which are caused by the tidal influence. Halfway of the water column the tidal influences
are still noticeable, with velocities slightly higher than those near the bed. Both near the seabed and
at middle depth the main current direction is 300 °N, which corresponds to a westward alongshore
current.

At the surface, the influence of the tide is less visible. Here, the current direction is almost consis-
tently around 300 °N with a high current velocity varying between 0 and 0.6 m/s. These high current
velocities can be related to surface stresses caused by wind on the top layer of the water column.
Occasionally, current reversals occur over the entire depth, in which the main current direction is
directed towards the east for a limited time. These reversals are rare and are only present once or
twice a month. Large ocean circulations moving through the Caribbean can have influence on the
current directions in the project area as well.

The difference in the velocity magnitude over the depth and the fluctuations in the current di-
rection are factors which influence the dispersion of sediment particles and consequently, the SSC
in lateral and vertical direction. Due to tidal-induced current reversals, particles near the bed can
move in opposite direction compared to the particles in the wind-driven upper layer. As an effect,
differences in the sediment concentrations between the different layers can be observed, stressing the
need of a 3D model. Simulating various time-periods is another important factor to consider for a
suitable approach in simulating the dredging operation, as the occasional eastward current reversals
can be captured as well to provide a complete overview of the local processes.
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Tide

As discussed in the section on currents, tidal influences play a role in the dispersion of the sediment
plumes due to the tidal-influenced current reversals near the bed. The tide near Saba can be
characterized as diurnal, where the tidal amplitude is maximum 0.45 - 0.5 m during spring tide and
around 0.25 - 0.3 m during neap tide. The reference point of the tide gauge is at Saba datum (SD),
which is at 8.6 cm above MSL. The tide gauge is installed in Fort Bay harbour near the end of the
breakwater. An overview of the measured hourly averaged water levels in September 2023 can be
seen in Figure 2.12.
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Figure 2.12: Tide plot of the hourly averaged measured water level elevation in the Fort Bay harbour
in September 2023

Historical data on the tidal amplitude has also been obtained from a pressure sensor which was
installed on the outer edge of the breakwater. The pressure sensor has been collecting data from
01-02-2019 to 16-02-2023, providing a second set of data. A snapshot showing a comparison between
the hourly averaged tidal amplitude at Fort Bay and the amplitude from the TPXO8 global tide
model for the month of September in 2021 can be seen in Figure 2.13.
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Figure 2.13: Comparison between the TPXOS8 tidal amplitude and the hourly averaged measured
tide in the Fort Bay harbour in September 2021
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Wind

As visible in the measurements of the top layer in the ADCP data, wind is one of the driving factors
for the current direction and speed in the area. Surface stresses caused by wind act on the surface
layer contributing significantly to the current velocity in this layer. In order to accurately reflect
the current velocities in the model, incorporation of wind forcing will be of vital importance.

A weather station has been deployed on land next to the proposed harbour location at a height
of around 15 m SD to measure the wind speed in the area. This instrument collects measurements
of both the wind speed and direction.

The average wind speed is 4.3 m/s with a mean direction of 79 °N measured over a one year period
from 21-09-2022 to 21-09-2023. The main variance in wind direction is between 30 and 130°N.
This shows that the main wind direction is coming from the east, resulting in an additional current
orientated towards the west. As mentioned in the section on waves, during the period from June
to November, the wind speed can change considerably due to passing hurricanes in the Caribbean.
This will not only have an effect on the wave height, but also directly on the workability of the
dredging vessels. The results are visualised in a wind rose plot in Figure 2.14. Figure 2.15 shows
the yearly data of the measured wind speed.
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Figure 2.14: Wind rose of measurements of the wind speed and direction between 21-09-2022 and
21-09-2023
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Figure 2.15: Wind speed measurements between 21-09-2022 and 21-09-2023 in the Black Rocks area.
A daily mean of the wind speed is added as shown in red.
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As the weather station in the Black Rocks area is placed at a sheltered location, the wind speeds at
sea are expected to be higher than the measured wind speed on land. From the ERA5 atmospheric
dataset wind speed data is obtained at a height of 10 m. The difference between the ERA5 and
the measured wind speed is visualised in Figure 2.16 for September 2021. This comparison confirms
the expectation of a lower wind speed measured by the weather station, as a difference of 1 m/s
can be observed. Figure 2.17 shows the comparison between the wind direction from both datasets,
which indicate a good correlation. In Figure 2.17 a change in wind direction can be observed on
21-09-2021. In the available ADCP data a current reversal towards is observed at this moment in
time, correlating the change in wind direction to the occurrence of the current reversal.
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Figure 2.16: Comparison of the modeled wind speed from the ERA5 dataset to the measured wind
speed at the Black Rocks area
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Figure 2.17: Comparison of the modeled wind direction from the ERA5 dataset to the measured
wind direction at the Black Rocks area
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Precipitation
Precipitation rates in the project area are examined to show events of heavy rainfall. As erosion
rates at the Dutch Caribbean islands are high (Meesters et al., 2019), high run-off rates can be ex-
pected following peak precipitation events, which cause increased turbidity levels. While the impact
of high precipitation events is acknowledge for this study, it is not included in the model due to
data limitations regarding the magnitude of the sediment concentration in the run-off. However,
the run-off caused by these extreme precipitation events is believed to cause significantly higher
turbidity levels compared to the dredging operation.

The precipitation rates in the Black Rocks area between 01-01-2023 and 01-01-2024 can be seen
in Figure 2.18. Figure a) represents the precipitation rate over a one hour interval, while Figure b)
present the total daily precipitation rates.
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(a) Precipitation rate in mm per hour in the Black Rocks area in 2023
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Figure 2.18: Bar charts of the precipitation rates for an hourly interval (a) and the total daily
precipitation rate (b) in the Black Rocks area in 2023

The highest recorded precipitation rate for the hourly interval during this period is 48 mm/h,
observed in September, while a rate of 34 mm/h is recorded in October. A total daily precipitation
rate of around 80 and 60 mm is recorded on the day of these peak precipitation events.
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indicates that the highest precipitation rates occurred on peak moments, rather than being evenly
distributed throughout the day. Higher rates during these months can be related to the hurricane
season. Throughout the year multiple events of rainfall with a rate between 10 and 20 mm/h have
been recorded, which shows that heavy rainfall is not only a seasonal occurrence.

2.4 Sediment characteristics

The collection and analysis of local data on the sediment characteristics is essential to identify the
properties of the sediment in the dredging volume. The amount of fines in the dredging volume
and the distribution of the various particle sizes determine the concentration of the plume and the
settling velocity. First, a general description on the geology of Saba is given, which highlights some
key properties on the soil layers. The data collected in the two soil investigations is discussed next
to identify the local sediment characteristics. This data serves as a basis for the in-depth analysis
to determine the specific fines content in the dredging volume in Section 4.3.

2.4.1 Geology of Saba

Saba is a relatively young volcanic island with an age of less than a million years old, dominated
by a single volcano called Mt Scenery (Sab, 2017). Due to its volcanic formation, the island is
characterized by steep slopes on all sides. The island overlies a fault line which results in seismic
activity and the risk of seismic events.

Due to its volcanic nature, the large boulders scattered around the island are mostly made up
volcanic rocks as basalt and andesite with andesite being the predominant type (75%) (Lindsay,
2005). Due to Saba being a young volcanic island, a small amount of fines in the soil samples can be
expected. The impact from past volcanic eruptions is visible in the cliffs of Well’s bay, located on the
North-West side of the island. Figure 2.19 shows the presence of (large) andesite boulders, pebbles,
gravel and sand distributed throughout the entire cliff. The soil layers exhibit a heterogeneous
pattern, referring to the inconsistent build-up of the different layers. For instance, at location A,
large andesite boulders and some gravel can be found, while these features may be absent at location
B just metres apart from the first location.

Figure 2.19: Cliffs at Wells bay, located on the western side of Saba, showing the different sediment
types and soil layers
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The heterogeneity of the soil is visible when four borehole logs originating from the 2023 soil inves-
tigation in the Black Rocks area are examined, see Figure 2.20. The four boreholes are all situated
along the coastline of the Black Rocks area. All four borehole logs show the presence of gravel,
boulders and sand. The layers, however, show variations in the soil composition at each location.

Field Soil description
R HE
Surface level /Seafloor level Surface level /Seafloor level Surface level /Seafloor level Surface level /Seafloor level
3 Groy and reddish brown fresh rounded andesite Grey and red rounded fresh andesit BOULDERS Lightreddish darkgrey sandy fne 1o coarse angular ‘Grey and reddish rounded fresh andesite
3 BOULDERS medium BOULDERS
Dense dark reddish brown and groy 1o
Dense dark reddish brown and groy rounded e e and Very dense dark roddish brown very gravelly
! andesite medium (o coarse rounded GRAVEL boulders packed in a greyish brown medium sand 42 Grey partly weathered andesite BOULDER machm 1o Very coarse SAND with rere @ corsl
packed in a greyish dark brown medium to coarse matr c
sandy mtrx whh many rounded boulders snd Wﬂ"midmu: Roht reddieh dark grey sandy fine 1o Dark roddish brown very weathered andosit
2 cobbles Coarse ang BOULDER
Grey rounded frosh andesite BOULDER Vory donse dark reddish brown very gravelly
Dense dark reddish brown and grey rounded medium o very coarse SAND
3 andesite medium to coarse GRAVEL pebbles and Light reddish grey fresh andesite BOULDER
boxiders pactad s gwyiehs beown mdn sand Kachu conee ok e eow, iy sty vey Dark grey fresh andesite BOULDER
" prririrgors byl Vory dense light brownish groy very gravelly
medium to very coarse SAND with some cobbles
4
Modium dense dark groyish reddish brown slightly
sikty medium to coarse angular extreme gravelly
5 SAND with abundant pebbles and cobble:
6
Modium dense brown siightly sitty gravelly fino to Dark roddish brown vory weathered andesite Very dense light brownish groy slightly sifty very
Medium dense dark greyish reddish brown slightly medium SAND with some cobbles and bould BOULDER gravelly medium to very coarse SAND with many
sikty medium to coarse SAND with occasionaly a firtend
rounded pebble Modium donse dak roddish brown sight sity very
T sandy subangular and angular fine to c
GRAVEL with some cobbles
ightly silty Dense to very dense dark greyish brown slightly sity
8 to coarse vevy auveuy SAND wim come rounded sandy subangular fine to very coarse GRAVEL with
pebbles £ occasional a boulder
Medium dense Iihtreddih brown ihty ity very
» o sandy angular medium gravel with som
Dense to very dense reddish_brown sity fine to Medium dense dark grey sightly sity very sandy
medium gravelly(fine) SAND with some subangular subangular and angular fine to coarse GRAVEL with
gravels and pebbe: some cobble
10 = 10

Figure 2.20: Overview of the boreholes logs of BH1 to BH4 in the Black Rocks area

2.4.2 Local sediment composition and properties

The local sediment characteristics can be investigated by analysing the data from two soil inves-
tigations, conducted on two separate occasions in the Black Rocks area in 2020 and 2023. The
geotechnical investigation in 2020 included tests at 17 different borehole locations in the project
area, covering both onshore and offshore locations. For the 2020 survey, the maximum depth of the
boreholes depends on the depth at which the borehole collapsed. The 2023 investigations consisted
of 6 boreholes onshore and 3 offshore. For this survey, each of these boreholes has a depth of 20 m
measured from the bed level at each location. The locations of the boreholes can be seen in Figure
2.21. The jack-up barge used to mount the drill for the offshore boreholes can be seen in Figure
2.22.
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Figure 2.21: Overview of the different borehole locations on land and at sea in the Black Rocks area
for the geotechnical surveys in 2020 and 2023.

Figure 2.22: The drilling platform located at the Black Rocks area for the soil investigation in August
2023

At several borehole locations, samples have been collected for lab testing. The laboratory tests in-
clude Particle Size Distributions (PSD’s), pycnometer tests (to determine the specific gravity of the
soil samples), carbonate and organic content, minimum and maximum density, chemical analyses
and Unconfined Compression Tests (UCS) and Brazilian Tensile Strength tests (BTS).

The samples taken in the Black Rocks area consist of a mixture of sand, some silt, gravel, peb-
bles, coral limestone and larger boulders. These boulders consist predominantly of andesite rock.
The interest for this study is on the fines content in the soil, since these smaller particles can remain
in suspension for longer periods of time. The figures containing the PSD’s for the average of all
samples can be found in Appendix D.1, while a complete overview of the fines content in each sample
taken at the boreholes is listed in Appendix D.2.
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2.4 Sediment characteristics

The laboratory results on the samples of the two geotechnical surveys show a limited variation
in the fines content. The average PSD for the samples from the 2020 survey, excluding some out-
liers, show an average fines content (<63 um) of 4%, sand 91% and gravel 4%. The samples of the
2023 survey are categorized into onshore and offshore boreholes. The average PSD on the onshore
samples shows an average fines content of 6.4%, sand 39.3% and gravel 54.3%. Offshore the fines
content was slightly higher at 8% while the sand content was 42.5% and gravel 49.5%.

The fines content in the 2023 samples is generally higher than for the samples of the 2020 survey.
Multiple factors could have influenced the results obtained in both surveys. First, the heterogeneity
of the soil and the fact that the borehole from the two surveys were not taken at the exact same
location provide the possibility for a varying fines content in the samples. Another possible reason
can be related to the diameter of the drill used to obtain samples. In 2020 the drill had a diameter
of 40 mm, while during the 2023 survey a drill with a diameter of 62 mm was used.

The effects resulting from sediment being brought in suspension is visible in Figure 2.23. This
figure, taken during the 2023 soil investigation, indicates the limited presence of fine sediment in the
boreholes. Most of the sediment particles in the plume, which was caused by leakage of sediment
originating from the boreholes into the ocean, had settled around 20 m from the source.

Figure 2.23: Sediment plume caused by leakage of sediment during drilling from the borehole samples
into the ocean during the 2023 soil investigation

Next to the fines content, other sediment characteristics such as the organic content, carbonate con-
tent and dry and particle density should be investigated to obtain a complete overview. If a large
organic content is present in the soil, processes as flocculation become important to consider. The
lab results indicated a low organic content of less than 1% for all samples, except for one outlier.
Therefore, the organic content is not further considered in this report. Regarding the carbonate
content, different values are observed in the samples from the two soil investigations. From the 2020
survey, the carbonate content on land exhibited values of less than 0.1%, while in samples from
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offshore boreholes percentages around 10 % where found with two outliers at 24 and 27%. The
samples taken in the 2023 survey exhibited a more generalised carbonate content of 9,8% with a
coefficient of variation of 2% for both the onshore and offshore samples. The high carbonate content
in some samples can be related to the presence of coral reefs in the area. Since carbonate minerals
are easily erodible, it can be expected that a large portion of the carbonate content found in the soil
samples is present as fines in the dredging volume. For the sand samples taken at B7, the maximum
and minimum dry density of the sand were determined. The mean maximum dry density was 1500
kg/m3 and the mean minimum dry density 1160 kg/m3. For calculations the maximum value of
the dry density reported will be used. The average particle density for the sand grains is 2620 kg/m3.

Due to the heterogeneity of the soil layers and the disparities between the fines content in the
samples taken alongshore in the 2020 and 2023 soil investigation, an in-depth analysis of the bore-
hole samples will be performed in Chapter 4 to find a representative value for the fines content at
different locations alongshore.

2.5 Environmental criteria

The need for modelling the effects of the dredging operation arises from the presence of coral colonies
in the area, which must be protected. Therefore, it is important to map the location of the coral
colonies to obtain knowledge on the areas in the model which must be observed. Additionally the
turbidity thresholds, which cannot be exceeded during the dredging operation will be given. The
turbidity thresholds for the Black Rocks case are based on the environmental permit related to the
construction works of the harbour.

Coral

The sediment plumes caused by the dredging works are a risk to sensitive receivers in the surround-
ing area. The term ’sensitive receiver’ refers to different flora and fauna which can be exposed to
risks caused by dredging or other ecological risks (Bray, 2008). Corals are the main sensitive receiver
on which the focus is for the harbour project in this report. This section provides an overview of
the coral species and location in the project area. An insight into the characteristics of corals and
the several coral stressors can be found in Appendix B.

The Black Rocks area contains different patch reefs. The most abundant protected coral species
present in the area are the Acropora Palmata, Orbicella annularis and the Orbicella faveolata. Some
colonies of Acropora cervicornis, Dendogyra Cylindrus and Montastrea Cavernosa are also present.
The location of each colony of these species with respect to the future harbour location can be seen
in Figure 2.24.
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Figure 2.24: Overview of different coral colonies present in the Black Rocks area

The Acropora palmata, which can be seen in Figure B.1, is regarded as the most endangered species.
About 40% of the coral in the area consists of colonies of Acorpora Palmata.

Before construction and dredging operations commence, the present coral colonies will be relocated
to a different area. Only the colonies in the direct vicinity of the new harbour will be relocated.
As coral colonies are located around the whole island, the dispersion length and direction of the
sediment plumes should still be checked to see if any other corals will possibly be damaged.

The coral colonies present in the project area will be relocated as they can be exposed to dif-
ferent stress levels due to sedimentation and light attenuation in the water column as an effect of
dredging. Dependent on the type of stressor, an increased duration of the coral to these stressors can
have an increasingly negative effect (Erftemeijer et al., 2012). A relationship between the intensity
of an impactful event and the duration can be seen in Figure 2.25.
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Figure 2.25: Relationship between the intensity of a stress factor and duration of a stress event on
corals and risk of the (lethal) effects. Figure after Erftemeijer et al. (2012).

The intensity of the stress event, in this case the suspended sediment caused by dredging, depends
on the SSC in the plumes. High values for the SSC can result in sub-lethal effects on the corals if
these concentrations are present for a couple of hours, while lower sediment concentrations are only
likely to affect the corals if these are present for longer periods of time, such as days or weeks. These
insights should be taken into account when interpreting the estimated concentrations following the
model results for this case study in the Black Rocks area in Chapter 6.

Turbidity

An important term regarding the SSC is turbidity, which causes light attenuation, reflection and
scattering instead of light transmission in straight lines (Ziegler, 2002). If the turbidity in a fluid
is high, light penetration is reduced causing aquatic organisms and plants to be less exposed to the
light. Certain organisms, such as corals, need enough light exposure to thrive.

Turbidity can be measured in Nephelometric Turbidity Units (NTU). To measure the turbidity in
NTU, a device is used which monitors the scattered and absorbed light from suspended particles
at an angle of 90°with respect to the incident beam (Toh, 2012). A higher NTU value means more
scattering of the light, which is caused by more suspended particles in the water column. NTU can
be measured by an optical backscatter (OBS), which detects infrared light reflected from suspended
particles in the water column (Ridd et al., 2001).

In order to protect the marine environment, in which the focus is on the coral colonies, a thresh-
old for the turbidity values must be set to take into account during the dredging operations and
construction of the harbour. One method, which could be used to determine these thresholds for
the coral species, is the method described by McArthur et al. (2003). Here, measurements of the
SSC are taken over a longer period of time to accurately determine the background values and
the turbidity levels occurring during storms. Using these values, the thresholds for turbidity under
which the coral species are able to survive can be known and used as threshold for the dredging works.

The threshold values for turbidity during construction and dredging operations are chosen as follows:
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2.5 Environmental criteria

e The average hourly value per day cannot exceed a value of 10 NTU
e The average value per day cannot exceed a value of 3 NTU

e The average value per week cannot exceed a value of 2 NTU

The thresholds apply to the high impact zone, which is an area around the new harbour that is
expected to suffer the highest impact of the dredging operation. In case any of the above mentioned
threshold values are exceeded, any dredging or construction activities should be halted immediately.
Background turbidity values will be added to the threshold mentioned above, if they exceed a value
of 0 NTU. A measuring campaign for a period of 12 months is set-up to determine the average
background turbidity values in the area. An In Situ turbidity sensor is used to collect the data.
The sensor is located 2 m below the water surface, measuring the turbidity in NTU continuously
every 30 minutes. The sensor is located at 17°36.79 N, 63°14.55 W (UTM Zone 20N: X = 474272,
Y = 1947427). During construction of the harbour the turbidity sensor will be located at the same
location as during the measuring campaign to obtain data on the background turbidity. Before
deployment the sensor has been calibrated by use of a calibration fluid. The location of the high
impact zone, together with the turbidity sensor can be seen in Figure 2.26.

® Turbidity sensor location
=== High_Impact_Zone

Figure 2.26: Overview on the location of the turbidity sensor and the assigned high impact zone in
the Black Rocks area

While the turbidity sensor measures in NTU units and the thresholds are given in NTU as well,
the results from the numerical model are normally given in mg/l. There is no standard correlation
between measurements of suspended sediment in mg/L and NTU (Henley et al., 2000). Therefore
extra tests for calibration to convert from one unit to the other have to be performed for each area
specific sample. A turbidity sensor can be used to measure the turbidity of the water in the tank
in NTU. This experiment can be repeated several times for different SSC to obtain a relationship
between the NTU and mg/1 values. An experiment as described was not performed for the sediment
samples taken on site and the turbidity sensor installed. Values from literature will therefore be
used to translate the threshold values given in NTU to a value in mg/l. Several values have been
reported in mg/l to equal 1 NTU: 6 mg/l, 2 mg/1, 0.9 mg/1 to 0.5 mg/1 ((Wenger and McCormick,
2013), (Cartwright et al., 2022), (Ellison et al., 2014), (Hossain et al., 2004)). As 6 mg/1 is seen as
an outlier, this value is not taken into account to determine an average from the literature values.
It is chosen that a value of 1 mg/1 is to be equal to 1 NTU.
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2.6 Overview of relevant physical processes in the Caribbean

In this section a concise overview is provided of the physical processes that are considered to be
relevant when simulating the effects of the dredging operation in the context of a Caribbean island.
Each process and their relevance and significance in the dispersion of sediment plumes and the
turbidity stresses on the sensitive receptors is discussed. A distinction is made between the hydro-
dynamic processes and sediment characteristics. While many of the physical processes mentioned
in this section occur in numerous locations across the Caribbean, each area has its own distinct
processes and these must therefore be investigated for each project separately.

Hydrodynamic processes

First of all, studying the wave climate in the project area is important to obtain a better under-
standing of the possible working conditions during the dredging operation. The wave climate affects
both the choice for the selection of the dredging equipment and determination of the workability to
estimate the duration of the dredging operation. The characteristic significant and maximum wave
height as well as the wave period determine the operational limits of the dredging equipment. Ex-
treme conditions in the area can be caused by swells and tropical storms during the hurricane season
in the Caribbean, which spans from June to November. Additionally, wave-induced resuspension
can affect the SSC as particles are kept in suspension for longer periods of time. Fines, which have
settled nearshore can be brought in suspension again by breaking waves. While for this case study
the impact of resuspension by waves is considered to be limited, the significance of the effect of
wave-induced resuspension must be assessed for each project separately.

Investigating the current velocities and direction will provide insight in the dispersion direction
of the sediment plumes and the distribution of the sediment concentration over the depth. When
discussing currents, the influence of the tide and wind becomes important as these can influence the
flow velocities and direction over the depth. Surface stresses caused by wind can result in higher
flow velocities in the top part of the water column, while tidal-induced current reversals can occur
near the bed. These factors provide the possibility of varying flow velocities and current direction
over the depth, stressing the need of using 3D models for a representative approach in simulating
the dispersion of the sediment plumes from dredging. Varying wind directions and large ocean cir-
culations moving through the Caribbean can result in current reversals. While the occurrence of
such an event may be rare during the dredging operation, the negative effects on sensitive receptors
present in the opposing direction of the main current direction should be kept in mind. Therefore,
it is advised to run simulations during varying flow conditions.

Finally, if the location of the considered project area has problems regarding erodibility, the ef-
fects from run-off on the turbidity should be kept in mind. If high precipitation events are likely to
occur, a significant increase in the background turbidity can be expected caused by the run-off. This
might result in downtime for the dredging operation in order to oblige to the set turbidity thresholds.

Sediment characteristics

The fines content in the soil is an important concept for the estimation of the turbidity stress caused
by dredging in the far-field. Accurate data on the fines content in the area is essential for a rep-
resentative approach. The build-up of the soil layers must be observed to determine if the soil
composition is heterogeneous or homogeneous. If the layers exhibit a varying composition, spatial
variability of the fines content in the dredging volume must be taken into account. In case of a large
difference over the dredging volume, the source at the dredging locations can be simulated using a
location specific fines content, aiding in a representative approach. Knowledge on the distribution of
the smaller particles in the soil is crucial as well, as the size and density of the particles has a large
influence on the settling velocity and, consequently, the concentration of the plumes. Additionally,
insight must be obtained in the organic content to decide if flocculation is important to consider.
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3 Analysis of the dredging process: Equipment selection and
cycle duration

The second step in simulating the turbidity effects of the dredging operation using a representative
approach is to determine the work method. This includes providing a brief introduction on the
behaviour of dredging plumes originating from the dredging operation and an introduction into ex-
isting methods, which are used as a starting point. Additionally, insight is obtained in the dredging
volume, appropriate dredging equipment is selected and their workability is determined. This will
be based on the data collected in Chapter 2. The selected equipment and work method are used to
determine which dredging processes should be included in the model. Subsequently, the dredging
time for the entire operation is calculated. This calculation not only determines the duration of the
dredging operation, but aids in the determination of the temporal distribution of the source terms,
discussed at the end of this chapter.

By focusing on these different aspects, a more comprehensive understanding of the work method is
obtained and therefore a more accurate approach can be followed in representing the dredging ac-
tivities. This chapter answers the second sub-research question and partially research question three:

2: What is the used work method for the dredging operation and which dredging processes should be
incorporated in the model?

3: What are the relevant source terms and how should they temporally and spatially be distributed
to represent the dredging operation?

3.1 Dredging plumes and existing methods

The focus in this study is on the turbidity effects in the far-field. To obtain a better understanding of
the difference between the near-field and the far-field regarding dredging plumes, a short description
on the different processes involved is provided. Additionally, an introduction and explanation on
the approach used by existing methods to simulate the effects from dredging in a representative way
is given. These methods will form a basis for a more detailed representative approach, specifically
focused on Backhoe Dredgers (BHD).

3.1.1 Dredging plumes

A distinction between a dynamic and a passive plume can be made in the plumes created as a result
of dredging. The spill caused by dredging can either mix directly in the water column or behave
as a density current when reaching the seafloor (Winterwerp, 2002). The plumes mixing directly
with the water are the passive plumes and the dynamic plumes are the ones behaving as a density
current. Both type of plumes have a different impact on the surrounding area. This study will only
focus on the effects of the passive dredging plume. The reason for this is that the interest is on
the effects on the sensitive receptors far from the source. Due to their ability to travel farther than
dynamic plumes, the passive plumes are of more importance when assessing the impact on sensitive
receptors further from the source.

Advection and diffusion are the two dominant processes in a passive plume as these influence the
dispersion of the finer particles (Becker, 2011). The passive plume is caused by sediment mixing
directly with the water column. Processes as stripping and entrainment cause the formation of this
passive plume (Dankers, 2002). The passive plume will therefore contain the finer particles removed
from the dynamic plume. The SSC in the passive plume will therefore be low compared to the
dynamic plume. Due to the low settling velocity of the sediment particles in the passive plume,
these particles can stay in suspension for long time and spatial scales (Tuinhof, 2014).
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3.1.2 Introduction to existing methods

As mentioned, a number of existing methods providing an approach to simulate the turbidity stresses
from the dredging operation have already been developed. The methods by Becker et al. (2015) and
Tuinhof (2014) will be used as a starting point for developing a more representative approach in
simulating the turbidity effects. For both methods the focus points are discussed as well as the
simplifications.

The method developed by Becker et al. (2015) will be used as a starting point, since the focus
of the suggested approach was on the far-field, focusing on the effects of the passive plume. The
main focus point of the method is to estimate the source terms caused by dredging. Source terms
for dredging refer to the sediment flux, which is released during the dredging operation (Tuinhof,
2014). The source term relates to the amount of fine suspended sediment available for dispersion
following the dredging operation. These source terms can be used as input for a numerical model
of the dispersion of dredging plumes (Becker et al., 2015). This method will be used to estimate
the source terms for the Black Rocks case study in Chapter 4. For both hydraulic and mechanical
dredging methods for quantifying source terms have been developed by Becker et al. (2015). Only
the mechanical method is focused on due to the use of a BHD. A general approach for quantify-
ing source terms, consisting of four steps, is proposed in the method to follow for any equipment used:

1. Analyse the work method for plume sources
2. Assess the total amount of available fines

3. Distribute available fines over work method elements, applying source term fractions to derive
far field model source terms

4. Ensure appropriate application of source terms on the computational grid

In the first step, the used work method is analysed, including the duration of various aspects in the
dredging cycle, such as filling of barges and sailing time. In step two, the total available amount
of fines in the dredging volume available to be brought in suspension is determined for which a
number of equations is provided. Step 3 involves the determination of the amount of fines lost by
applying empirical source term fractions to the work method elements. This provides a numerical
value for the sediment flux over time for input into the used numerical model, which is the fourth
step. Special attention is given to the chosen grid cell size, as a too large grid cell can result in a
diluted concentration of the initial sediment flux.

The research of Tuinhof (2014) focused both on the near-field and far-field and the transition be-
tween the two. Experiments for both 2D and 3D models were performed for stationary, uniform flow
in which different sized grid cells were tested. The tests, which involved distribution of the source
in both lateral and vertical direction, were run using a continuous source and a single grain size of
63 pm. The results were compared to field data collected from dredging plumes originating from
a Trailing Suction Hopper Dredger (TSHD) and indicated that the grid size influences the far-field
fluxes in a similar way as described by Becker et al. (2015).

A number of limitations in the two methods give room for developing a more representative ap-
proach to simulate the dredging operation. In both methods, no specific attention is given to the
consideration of varying flow velocities and other metocean conditions to include in the simulation,
which was focused on in Chapter 2. Only limited attention is given to the temporal distribution of
the source. While the Becker method notes to choose the time-step for the sediment flux with care,
no specific information is provided to when the source must be present. In both methods, the focus
is on the fraction smaller than 63 pum, but the effects and importance of modelling multiple sediment
fractions have not been researched. Additionally, while the possibility of an inhomogeneous dredg-
ing volume is mentioned, the use of a spatially varying source quantity has not been considered.
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Finally, both methods have not specifically been developed for the use of BHD’s, resulting in no
specific description in the distribution of the source term over the vertical.

Each of the limitations mentioned will be addressed in this study in order to develop a more repre-
sentative approach in simulating the dredging operation for a BHD.

3.2 Dredging volume

To identify the work method and estimate the total source term originating from the dredging op-
eration, the total volume of sediment to be dredged must be known. The material that will have
to be dredged at the project location consists of both large boulders and a sediment mixture of
mainly gravel and sand, including some silt. The total dredging volume given in this section will
only consist of the loose sediment, excluding the volume of the boulders.

The total dredging volume remains an estimate due to uncertainty about the exact size and number
of boulders under the seabed. A single-beam sonar was used during the mapping survey of the area
to create a sub-bottom profile of the Black Rocks area. No clear conclusion could be drawn from
these results regarding the amount and position of the large boulders beneath the bottom surface.
The harbour is assumed to be built using caissons for this case study, therefore the total dredging
volume contains both the dredging of the inner basin and approach channel, but also the dredging
required to create a trench for placement of the caissons. The harbour construction tender is be
split into two separate packages. Package A (main dredging works) and package B (package A +
additional dredging):

« Package A: Dredging approach channel & construction breakwater. 33.400 m? dredging.

« Package B: Package A + Finger pier construction and dredging of inner basin. 10.881 m?
additional dredging.

The dredging operation for Package A is split up in two parts: dredging for placement of the cais-
sons accounting for 15.450 m? of the total dredging volume and dredging for the harbour basin
accounting for 17.950 m? of the dredging volume. From the total 33.400 m?3 to be dredged, 11.251
m? will be dumped at the disposal site, while the remaining sediment is used for filling of the caissons.

For Package B the dredging for caisson placement equals the amount for package A. In the harbour
basin a volume of 28.831 m? now has to be dredged as the inner basin dredging volume is now
included. The total dredged volume for package B is 44.281 m3. The total amount of sediment that
will be transported to the disposal site therefore increases to 22.132 m3.

The harbour is divided into two separate areas each with a different dredging depth. The inner
basin, which is Area I will be dredged to a depth of -2.75 m SD. The outer basin and the approach
channel are labelled as area II and are dredged to a depth of -5.25 m SD. An overview of the different
dredging depths can be seen in Figure 3.1.
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Figure 3.1: Overview of the different areas to be dredged in the Black Rocks area including their
final depths

3.3 Dredging equipment & work method

An overview of the dredging equipment needed for the dredging operation is required to determine
the sequence and duration of the dredging cycle. Knowledge on the work method is used to identify
the relevant source terms from the dredging operation in Chapter 4.

In the model, the dredging operation will be executed entirely by use of a BHD with barges. The
use of a TSHD is not feasible as the draught for these vessels is much larger than for the BHD. This
could pose a challenge due to the large boulders present in the area and the relatively shallow waters
closer to shore. A Cutter Suction Dredger (CSD) is considered to be impractical for this operation
due to the relatively small dredging volume and the fact that a CSD would be considerably more
expensive than a BHD. Another positive effect of the BHD usage, besides the cost efficiency, is that
the noise produced is less than for a hydraulic excavator.

When determining the duration of the dredging cycle, workability of the BHD is an important factor
to consider. Workability of the BHD depends on factors such as its pontoon size, site conditions,
bucket volume and reliability, therefore the size of the equipment must be decided upon. As at the
moment of writing the exact equipment used for the dredging operation is unknown, an estimate
is made on the BHD size, number of barges and barge capacity used for the project. Following
consultations with experts in the dredging field, a BHD with a bucket volume of 10 m® was decided
to be feasible. The associated draught for the pontoon supporting the backhoe is around 2 m. The
choice to not use a larger pontoon is based on multiple reasons. Navigational constraints, caused
by the shallow dredging depth and the presence of numerous large boulders, influence the pontoon
size. Additionally, the higher cost of a larger BHD and the limited dredging volume and depth make
selecting a relatively small BHD a logical choice.

Two barges will be used for the operation, which will transport the excavated sediment towards
either the dumping site, the existing Fort Bay harbour for temporary storage or directly to the
caissons for filling on site. However, the final option is not considered for this research as the details
on how this operation would be executed and the amount of released fines during this process are
unknown, making it unsuitable for the simulation purposes in this report. Therefore, the choice is
made to transport all of the dredged sediment in the simulations to the dump site by the barges. A
dumping site has been appointed at a location northwest of Saba (see Figure 2.1 in Chapter 2). The
disposal site is located at 17°39.125 N, 63°16.194 W (UTM Zone 20N: X = 4713722, Y = 1951880).
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3.4 Workability

In addition to dredging sediment, the BHD can be equipped to handle the removal and crushing of
large boulders. For the boulder extraction process, only the generation of fines is taken into account
as an extra small percentage for the bucket drip, which will be discussed in more detail in Chapter 4.

3.4 Workability

Before calculating the duration of the dredging operation, workability limits need to be considered
for the estimation of downtime of the BHD. A persistency analysis must be performed to calculate
the possible operational hours based on the site conditions. If the wave height is too large the BHD
will not be able to manoeuvre, while a too large wave period will cause instability of the pontoon,
risking both crew safety and equipment damage. Therefore, the BHD will be limited by restrictions
on Hy, Hypgs and T,

A pontoon is chosen based on its expected operability in maximum significant wave heights of
0.9 m, maximum wave heights of 1.5 m and peak wave period of 10 s. The datasets containing
measurements collected by a wave buoy in the Black Rocks area between August 2020 and October
2023 on all three parameters are subjected to an analysis in which the number of workable days per
time period is calculated for each day between 5:00 and 19:00. During the project, it is anticipated
that dredging is possible for 84 operational hours per week, accounting for unforeseen circumstances,
maintenance and refuelling. For a week with 84 operational hours, this gives 12 working hours per
day for dredging with two extra hours per day for sailing to and from site. This provides knowledge
on the possibility to relocate equipment to a safe location before weather conditions are expected
to change, which is especially important in hurricane prone areas as the Caribbean. The complete
analysis can be seen in Appendix C. Following the analysis the conclusion can be drawn that H,,qz
is the critical parameter in the analysis as for the 2021 period this only gives 97 workings days. For
the period in 2023 this was 119 single days. The measurements for the period in 2022 were omitted
as they were deemed to be unreliable. An overview of number of workable days for 2021 and 2023
according to the critical parameters can be seen in Table 3.1.

Year | Parameter | Days in dataset | Number of days
2023 Hs 342 169
2023 Hmax 342 119
2023 Tp 342 268
2021 Hs 348 149
2021 Hmax 348 97
2021 Tp 348 303

Table 3.1: Overview of the number of workable days for 2021 and 2023 related to the selected
parameters

The graphs on the wave parameters shown in Appendix C indicate a seasonal influence of the
maximum wave height. From the graphs it can be seen that the most favourable conditions occur
around March and April, but no guarantee on the exact workable days can be given. It can be
concluded that for the chosen BHD downtime due to rough weather conditions is likely to occur, but
difficult to predict. Because of the unpredictable nature of the environmental conditions, downtime
is not included in the duration of the dredging cycle. This is regarded as a limitation in the
representation of the dredging cycle, as no occurrence of downtime during the dredging operation is
an unrealistic expectation. The potential difference that a standstill of the dredging operation has
on the turbidity levels is not observed using this approach and must therefore be taken into account
when the results are discussed.
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3.5 Dredging cycle duration and temporal distribution

Following the determination of the work method, the calculation for the duration of the dredging op-
eration can be made. Consequently, the temporal distribution of the source terms for the simulation
is determined to provide a representative time-step for the presence of the sediment flux.

3.5.1 Calculation of dredging duration

A single dredging cycle for filling and emptying the bucket of a BHD consists of the following
movements: digging, lifting/swinging, dumping, swinging and lowering, and positioning. While the
dredging depth is limited to 5.25 m, reducing the cycle time, the boulders in the area could hinder
and slow down the process, leading to a cycle time between 1.5 and 2 minutes. This results in 30 to
40 cycles per hour. With a bucket of 10 m?, the maximum production rate, at which the Backhoe
will be working when there is no downtime, is estimated around 400 m?/oh.

To transport the dredged sediment towards the dump location, two split-barges with a volume of
approximately 1000 m? each will be used, ensuring minimal to no downtime for the BHD. It is
assumed that a filled barge sails at a speed of 8 knots and has an empty sailing speed of 10 knots.

The calculation for the duration of the dredging operation is executed using a Python script, incorpo-
rating all parameters mentioned in this chapter. This includes the total volume to be dredged, BHD
and barge specific parameters and the sequence of the cycle described. The script considers a limit
of 84 operational hours per week, restricting dredging at night. This translates to 12 operational
hours per day. The two barges are incorporated in the script such that an alternating filling process
is ensured. In case both barges are sailing to or from the dumping site, dredging is halted. The
downtime during relocation is added to the total dredging time as well as the hours at night when
no dredging takes place to ensure a complete overview of the duration of the dredging cycle. The
sailing path to the dumping location is calculated by providing three locations where the starting
point is the dredging area. An intermediate location is added to ensure a correct sailing distance.
The distance is calculated using the Haversine formula. At the dumping location, a dumping time
of 10 minutes is added to empty the split-hopper barges before the hoppers can sail back to the
dredging area.

Taking into account the parameters mentioned, the whole dredging operation will take around 9.6
days to be completed. This is excluding downtime due to rough weather conditions and not taking
into account the removal of boulders.

3.5.2 Temporal distribution of the source terms

One important aspect to take into account for a representative simulation is that the dredging
process is a cycle and exhibits a temporal and spatial signal. An additional step in the methods,
discussed in Section 3.1.2, is therefore to determine the temporal and spatial distribution of the
source terms. A more representative approach in simulating the turbidity stresses from dredging
activities can be obtained by creating a distinctive overview of the moments and locations at which
the source should be present in the model. The focus in this section is on the temporal distribution.

The exposure to sensitive receptors from the sediment plumes can vary throughout the dredging

cycle. The turbidity values can be classified as constant, peak and pulsed exposure. A schematic by
Dupuits (2012) is shown in Figure 3.2.
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Figure 3.2: Schematization of a constant, peak and pulsing exposure pattern based on (Dupuits,
2012). a) represents a constant exposure pattern, b) represents a peaked exposure pattern and c)
shows a pulsed exposure pattern

As shown in Figure 2.25 by Erftemeijer et al. (2012), the intensity and duration of the sediment flux
is important when focusing on the turbidity stresses affecting corals. The temporal distribution of
the source can range from longer time-frames as the day and night cycle all the way up to individual
lifting cycles of the bucket. It is essential to make a decision on the required level of detail, depending
on the applied methods.

Following the work method analysis in this chapter, it was decided that dredging will occur for
12 hours each day and therefore commences at 6:00 and ends at 18:00 each day. The BHD will
dredge continuously throughout the day, such that the source term will have a constant value dur-
ing this time-frame. At night, the sediment flux will be 0 kg/s as no dredging takes place. When
the BHD is relocating, which is assumed to take two hours for this project, no source term is present
as no dredging takes place.

The decision to use a constant source term throughout the dredging period, rather than a more
detailed approach in which a distinction is made between bucket lifting periods, is supported by the
findings during development of the Becker method. The focus in this study is on the turbidity effects
in the far-field. For the used method, extensive testing was conducted focusing on the correlation
between the estimated production of fines in the near field to the measured fluxes in the far field.
The results indicated a difference in fluxes when dredging was halted for longer periods of time,
but no difference for pulsed behaviour of the source on short time scales, which would occur if dis-
tinctions were made between bucket lifting periods. Therefore, it was determined that variations in
the source term during short time intervals do not significantly impact the far-field concentrations.
This implies that using a constant source between dredging periods serves as a suitable approach in
representing the sediment flux from the dredging operation when applying the Becker method.
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4 Identification, distribution & quantification of source terms

The identification, distribution and quantification of source terms from dredging are vital aspects
to consider for accurately simulating the effects of the dredging operation. This chapter focuses on
these source terms, which refer to factors and mechanisms that contribute to the release of fine sed-
iment. First, the source terms are identified based on the knowledge obtained on the work method
in Chapter 3 and a selection is made on which sources are included in the simulation. Subsequently,
a decision on the spatial distribution of the source terms is made. As part of this methodical step,
an in-depth analysis on the spatial variability of the fines content in the dredging volume is con-
ducted to provide an estimate on the spatially varying fines content for a more locally representative
source. This provides essential information to quantify the source terms, which are estimated using
the method developed by Becker et al. (2015).

Each step contributes to the answer to the third research question:

What are the relevant source terms and how should they temporally and spatially be distributed
to represent the dredging operation?

4.1 Identification of source terms

Before the distribution and magnitude of the sources can be estimated accurately, an overview has
to be created of the possible source terms occurring during the dredging operation. Building upon
the defined work method outlined in Chapter 3, this section lists the possible source terms for the
dredging operation using a BHD and explains whether they will be included in the model or not.
Each source term plays a role in sediment release during the operation, and the decision to include
them in the model depends not only on their significance, but also on feasibility of quantification.
Mistakes regarding over- or underestimation of the source terms can occur if insufficient data is
available for an accurate quantification. The work method is divided in three parts to identify the
source terms: excavation by the backhoe, sailing and dumping and back-filling of caissons.

The bulk of the source term is caused by the bucket drip of the BHD, which occurs during lift-
ing of the bucket after sediment excavation. While some overflow may occur when the bucket is
emptied into the barge, this should be prevented at all times in order to comply with contractual
obligations. Therefore, it is expected that the amount of fine sediment released in the water column
due to an overflowing barge is negligible in comparison to the bucket drip. Consequently, the source
term caused by overflow of sediment is not taken into account as a separate term, but included in
the percentage of the bucket drip by taking the upper limit of the empirical source term fraction
determined by Becker et al. (2015). Another source of fine sediment generation occurs during the
removal of boulders. It is anticipated that a portion of the boulders will have to be crushed because
their size or weight exceeds the BHD’s design limits. The amount of fines released when crushing
the boulders is unknown, as no tests have been carried out to obtain relevant data. However, as it
is inevitable that some fine material is suspended, a small percentage is included for the source term
of the bucket drip.

Concerning the split-barges, leakage of the bottom doors is a potential source term. If a leak
were to be present, increased suspended sediment loads during loading and sailing of the barge are
expected. This factor is, however, not considered in the model, as the contractor is obliged to certify
the split barges, minimizing the likelihood of a leak near the bottom doors. For this reason, the
expected source term arising from a potential leak is assumed to be 0. When reaching the disposal
location, the bottom doors of the barge are opened to dump the excavated sediment. This results in
a rapid increase in the SSC at the disposal location, which is located in deep water. The suspended
sediment can be transported far from the disposal location, depending on the settling velocity of the
fines and the current velocity and direction in the area. Nevertheless, the effects that the dumped
sediment can have on the area surrounding the disposal location, are out of scope for this study,
and therefore, not considered further.
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4.2 Spatial distribution of source terms

Finally, source terms are present during emptying of the barges and back-filling of the caissons.
The exact process and location for back-filling of the caissons is unknown for the project. The cais-
sons can either be directly filled at the new harbour, limiting the area where sediment can be spilled
or the barges can be emptied at Fort Bay harbour. The second option potentially creates a new
sediment pollution zone, which will need to be monitored. The contractor is obliged to minimize the
loss of sediment. Due to the uncertainty of the working method of the caisson-filling process and its
potential impact, the potential source term caused by filling of the caisson is out of scope for this
research.

The impact of the source terms is expressed as a percentage of the fraction of fines lost from the
total volume of fines available. According to Becker et al. (2015), a reasonable range for the bucket
drip is from 0 to 0.04. As mentioned, the upper limit of 0.04 is chosen to avoid underestimating the
amount of fines released during the dredging operation by accounting for possible overflow of the
barge. The source term related to extraction and crushing of boulders is estimated to account for
an additional factor of 0.005 of the total fines available. Since no experiments have been performed,
this remains a rough estimation, meaning that a large overestimation is possible. However, it is
decided that an overestimation of the total amount of fines is a better choice for this study than an
underestimation, as the results can be used to assess the potential impact on the sensitive receptors.
While the fines released during this process do not originate from the total mass of fines present in
the sediment to be dredged (as the boulders were excluded from the total dredging volume), the
extra percentage is decided to be a suitable estimate of the extra fine sediment fraction released.

As mentioned, the source terms caused by leakage during sailing, dumping at the disposal site
and back-filling of the caissons are out of scope. The two source terms that are included give a
total source of 0.045, meaning 4.5% of the total available amount of fines in the dredged sediment
is estimated to be lost in the water column.

4.2 Spatial distribution of source terms

Now that the relevant source terms for representing the dredging operation have been identified, the
next step is to determine how these sources are distributed spatially. While the source originating
from a BHD can be classified as stationary, the backhoe will need to relocate to be able to com-
plete the dredging works. The research by Tuinhof (2014) indicated that the lateral distribution of
the source influences the far-field plume concentrations. As this will influence the intensity of the
turbidity stress on the corals over time, simulating the source at different locations throughout the
basin will allow for a more representative approach. Two different scenarios will be considered in
order to assess the difference in SSC between a stationary and relocating source in combination with
varying hydrodynamic conditions, providing both a simplified and more detailed approach.

The stationary scenario consists of a single source, placed in the middle of the harbour through-
out the entire dredging operation, therefore representing the fines released from the entire dredging
volume. This simplified approach requires the calculation of only one sediment flux, making the
process efficient and quick. As the dredging volume for this study is relatively small, it is chosen to
model the source at three different locations located 80 metres apart in the harbour basin for the
relocating scenario: west near the breakwater edge, in the middle of the harbour and on the eastern
side, which is the shallower part of the basin. The dredging area is divided into three sections with
equal dredging volume assumed, such that dredging at each of the three locations take equally as
long. The different areas, as well as the locations at which the BHD will dredge, can be seen in
Figure 4.1.
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4.3 Spatial estimation of fines content for source terms

Before the source terms can be quantified, it is essential to analyse the area-specific sediment charac-
teristics to determine the total mass of fines in the volume to be dredged. Only the sediment fraction
smaller than 63 pm is considered as "fines” in the method by Becker et al. (2015). The existing
methods do not take the effects of a spatially varying fines content over the dredging volume into ac-
count. Use of the approach of the current methods can therefore lead to an over or underestimation
of the source term at varying locations in the project area. An addition to the method proposed by
Becker et al. (2015) is suggested to estimate the spatial variability of the fines content in the dredg-
ing volume from representative borehole samples, which results in a more representative approach
in estimating the available fines at each source location. If the soil samples taken from the dredging
volume do not exhibit a spatial variation in the fines distribution, this step is not required and the
normal procedure can be followed to use an average percentage of fines for the entire dredging volume.

In the analysis of the physical processes for this case study, a spatially varying content of the fines
alongshore was noticed, which can be linked to the heterogeneous nature of the soil layers around
Saba. Therefore, an analysis is made to assess which samples from the two soil investigations are
most representative to give an estimate on the spatial distribution of the fines content in the dredg-
ing volume. A borehole sample is deemed to be representative if the depth at which the sample is
taken does not exceed the maximum dredging depth at that location. Additionally, the proximity
of the sample to the considered source must be taken into account, as using a sample taken on the
eastern side of the basin should not be used for the estimation of the fines content on the western side.

Each of the samples taken at the boreholes introduced in Section 2.4 will be analysed. For the
stationary source an average fines content using all representative samples is determined, while for
the relocating source the proximity of the samples is taken into account as well. Both the location
and sample depth will be compared to the final dredging depth for the new harbour to classify
the importance of each borehole. Samples taken from a depth of 10 m will be less representative
for the sediment characteristics in the dredging volume than samples taken at a depth of 4 m due
to the relatively shallow dredging depth, with a maximum of 5.25 m. It is decided that borehole
samples taken at a depth of more than 5.5 m relative to SD on land will not be taken into account
to determine the average fines content of the dredging volume due to the maximum dredging depth
of 2.75 m SD nearshore. For the offshore boreholes the maximum depth at which collected samples
are assumed to be representative is around 8.5 m SD. A relatively large depth range is taken for the
determination of the fines content due to the limited number of samples available at shallow depths.
Figure 4.1 provides an overview to illustrate the proximity of each borehole to the final dredging
depths.
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Figure 4.1: Location of the different borehole locations on land and at sea in the Black Rocks area
that are considered to be representative for the dredging volume. The load locations have been
included as a reference.

The samples, including their fines content, that are used to estimate the fines content at the source
locations are listed in Table 4.1:

Borehole | Depth relative to SD [m] | Fines content [%]
Br 6.00 - 6.45 4
B8 7.50 - 9.50 3
B9 6.60 - 6.75 3
B12 8.30 - 8.80 1
BH1 3.44 - 3.89 6
BH1 4.94 - 5.39 12
BH2 5.02 - 5.47 8
B3 (1) 217 - (+) 1.82 1
BH3 (+) 0.67 - (+) 0.22 5
BH3 0.83 - 1.28 5
BH3 3.83 - 4.28 4
BH3 5.33 - 5.78 7
BH5 1.90 - 2.35 6
BH5 4.90 - 5.35 7
BH6 3.88 - 4.33 6
BH6 5.38 - 5.83 8

BH11 8.78 - 9.23 )
BH18 7.07 - 7.52 3
BH18 8.57 - 9.02 7

Table 4.1: Overview of the fines content in the representative borehole samples taken during the
two geotechnical surveys in the Black Rocks area

From the depth analysis it can be concluded that only 12 samples taken at boreholes on land and
7 samples taken at boreholes offshore are deemed to be representative. For the onshore boreholes
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an average fines content in the samples of 6.5% is found, while offshore this was only 3.7%. When
taking the average of all samples an average fines content of 5.5% is found. This average, which
represents the fines content of the total dredging volume, will be used to characterize the stationary
source.

It must be noted that these are estimates from the limited number of samples available. The
heterogeneity of the soil and the inconsistent depths at which the samples are taken are all uncer-
tainties that should be taken into account. An example is the sample taken at B3, which showed an
average fines content of 33%, while at a similar location for BH5, only metres apart, a fines content
of 7% was found. While B3 was identified as an outlier, the possibility of multiple pockets containing
a large amount of fines cannot be excluded. For this report the calculations will, however, be made
using the average fines content obtained from Table 4.1. This example stresses the importance of
analysing the borehole samples as taking the average fines content of all samples would not have
given a representative value of the fines content due to such outliers.

Next a distinction between the location of the samples along the coastline is made to determine
the representative boreholes and subsequently the fines content for each of the three sources illus-
trated in Figure 4.1. Starting from the area at the outer edge of the breakwater, only samples of
boreholes B9, B10, BH2 and BH11 are taken into account due to the deeper location, while BH2
is included to take one of the samples closest to shore into account. The average fines content for
this area, considering these samples, is 5.3%. For the middle part of the harbour the samples from
boreholes B6, B6b, B7, B11, B12, BH4 and BH14 are used, which gives a fines content of only
4.3%. Finally, the area located on the eastern side of the harbour takes into account the samples of
boreholes B3, B4, B7, 8, B13 and BHG6. The fines content from the actual sample taken at borehole
B3 of 33% is not used. Instead, a higher value of 10%, which is slightly higher than the fines content
of 7% found at BH5, is used. This gives an average fines content in this area of 6.5%. An overview
of the different fines contents that have been given in this section can be found in Table 4.2.

Load Fines content [%)]
Stationary (Load 1) 5.5
West side harbour (Load 2) 5.3
Middle of the harbour (Load 1) 4.3
East side harbour (Load 3) 6.5

Table 4.2: Overview of the fines content for the two scenarios in the different sections defined in the
harbour

4.4 Quantification of source terms

With all the relevant data collected on sediment characteristics and fines content in the dredging
volume, the source terms can be quantified. The calculated sediment flux is implemented in the nu-
merical model to simulate the spilled sediment. The sources terms are calculated using the method
for estimation of source terms by Becker et al. (2015). As stated in Section 3.1.2, the method does
not specify the number of sediment fractions to include in the model for a representative simulation.
Considerations in the number of fractions to include are an addition to the method and is elaborated
upon at the end of this section. First, an overview of the calculation steps is given followed by the
quantification of the source terms at the load locations for the two scenarios considered for the case
study.

To quantify the source terms, the total available amount of fines must be calculated, starting with

the total in situ volume to be dredged. From this the total amount of fine material (< 63 pm) can
be calculated using the following formulae:
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4.4 Quantification of source terms

pa = (1—n)ps (1)
Psitu = Pd +n- Sr * Pw (2)
my = pd - Vsitu - f<63,um (3)

The dry density is used to calculate the mass of the solids in the total material using the porosity
n and the grain density ps. Depending on the available data, the dry density, pg4, can be calculated
using the second equation with the in situ density. Here, S, is the degree of saturation. The final
equation is then used to calculate the total mass of fines my.

If the estimated situ production rate Pg;,, is known, the total production of fines per cycle can be
calculated:

ta
Mtcycle = Pd * f<63um / Psitudt (4)

to
Here ¢y and t; refer to the dredging time until the barge is filled.
Calculation of the amount of fines dispersed in the far-field by the bucket drip is performed by using
the following equation:

my = My - Op (5)

Here, oy, is the empirical fraction used to calculate the amount of fines released by bucket drip. With
these values the total suspended sediment flux and the total mass of fines can be calculated. By
dividing the mass of fines lost per cycle by the loading time, a value in kg/s is obtained, which can
be used as input for a numerical model.

The final step involves correct application of the source term to the far-field model. Both the com-
putational time step and number and dimension of grid cells have to be chosen carefully. Choosing
a wrong time step may result in too high ’s during certain times. Choosing a too large or too small
grid cell size may result in artificial diffusion or too high local ’s. Application of the sources in the
model are discussed in Chapter 5.

Source term calculations
Following the steps outlined in the method for estimating source terms, the sediment fluxes for the
identified source terms are calculated. Four distinct sediment fluxes need to be calculated: one for
the stationary averaged source term and three for the area specific sources. These can be used to
model the situation and effects for a stationary backhoe throughout the operation and for a backhoe
relocating to different areas.

To start the calculations, a number of constant values regarding the sediment characteristics, dredg-
ing operation and source term fractions must be defined. The values are reported in Table 4.3.

Constant Symbol | Amount | Unit
Seawater density Pw 1025 kg/m3
Grain density Ds 2620 kg/m3
Dry sediment density 0d 1500 kg/m3
Porosity n 0.42 kg/m3
Loading time per barge - 9000 s
Total dredging volume Visitu 44,281 m3
Operational hours per week - 84 oh
Total source term fraction op 0.045 -

Table 4.3: Overview of the constant values used in the calculation for the estimation of source terms

41



4.4 Quantification of source terms

The sediment fluxes can now be computed. For each load, the location, fines content, source duration
and intermediate calculation steps are provided. In the case of the average, stationary load in the
middle of the harbour, the total dredging volume is used to calculate the total available mass of fines.
For the other loads only one-third of the total volume is available. The results of the calculations
are presented in Table 4.4 below. Here, m; presents the total available mass of fines in the dredging
volume, mpcycle refers to the mass of fines lost in the water column per cycle and the duration
refers to the total dredging time at each location.

Load Fines content [%] | m; [kg] | mucycle [kg] | Duration [days] | Sediment flux [kg/s]
Stationary average 5.5 3,653,188 5,069 9.6 0.56
West harbour 5.3 1,173,448 5,083 3.07 0.56
Middle harbour 4.3 952,043 4,124 3.07 0.46
East harbour 65 1,439,135 6.234 307 0.69

Table 4.4: Overview of the intermediate calculation steps for the different source terms

Sediment fraction considerations

For an accurate representation of the dispersion of fines brought into suspension during the dredging
operation, the calculated sediment fluxes should not only be represented by a fraction with a diam-
eter of 63 um, but also by smaller fractions that remain in suspension for a longer period due to
their lower settling velocities. However, as the minimum sieve size used for both soil investigations
was 63 um, no representative data for the smaller fractions is available for this study.

Multiple methods can be used to obtain an estimate of the distribution for the smaller fines fraction.
One approach is to extrapolate the available PSD curves to obtain an estimate on the distribution
of the smaller fractions. Another method involves using grading curves from similar surveys in the
Caribbean to obtain a broader insight in the likely distribution of fines below 63 yum. A more ac-
curate extrapolation on the available sieve data can be performed by using the distribution of these
surveys. As grading curves from samples taken at similar areas in the Caribbean are not available
at the moment of writing, extrapolation of the PSD curves is chosen as the best available method.

Due to the uncertainty in this method, only two different fractions are considered: 63 pm and
a smaller fraction of 30 pm. From the three available PSD’s (see Appendix D) it can be concluded
that the average distribution of the two different fractions in the fines is around 40% for 63 pum and
60% for 30 um. The corresponding sediment flux per fraction for each load is given in Table 4.5.

Load Sediment flux 63 um [kg/s] | Sediment flux 30 um [kg/s]
Stationary average (Load 1) 0.22 0.34
West harbour (Load 2) 0.22 0.34
Middle harbour (Load 1) 0.18 0.28
East harbour (Load 3) 0.28 0.41

Table 4.5: Overview of the sediment fluxes for the two sediment fractions
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5 Modelling of the dredging operation: model choice and
configuration

Having collected comprehensive data on the local hydrodynamics, sediment characteristics, work
method and source terms, the translation step to the model can be made. This chapter focuses on
the selection and configuration of the numerical model. These steps are critical to ensure a correct
representation of the turbidity impacts from dredging activities by a BHD. The model choice and
approach is discussed first, which is crucial as it determines which aspects of the operation can be
simulated. Subsequently, the configuration of the source terms and hydrodynamic conditions into
the model is determined. This step aims to encompass all important aspects of the operation for a
representative simulation.

The following sub-research question is answered in this chapter:

What is the most suitable modelling approach and how should the source terms and local hydrody-
namic conditions be configured and implemented for an accurate simulation of the dredging operation?

5.1 Model choice

The selected model should include the necessary specifications, capabilities and flexibility to rep-
resent all relevant processes, boundary conditions and time and spatial scales. Understanding the
limitations is important to ensure that these limitations do not compromise an accurate reflection
of the hydrodynamic and sediment dispersion processes.

The first step is to determine the level of detail required regarding the simulation of the physi-
cal processes. Different options are available to simulate the physical processes such as detailed
Computational Fluid Dynamics (CFD) models, which often have a spatial resolution ranging from
millimetres to metres, and more global models as Delft3D, MIKE21 and FINEL for which the spatial
resolution is in the range from metres to kilometres. The focus for this method is on the simulation
of the far-field plume and not on the dynamic plume near the source. Advection and diffusion are
processes more important for dispersion of the far-field plume, while for the near-field plume disper-
sion is highly dynamic and therefore turbulence becomes important (Tuinhof, 2014). CFD models
are often to used for a more detailed simulation at a higher resolution and smaller spatial scale to
include processes as turbulence and heat transfer, while the global Delft3D, MIKE21 and FINEL
models are used to solve hydrodynamic processes on a much larger scale. The global models are
chosen for this method as the level of detail together with the computational efficiency is considered
to be sufficient for modelling the far-field plume dispersion.

Taking into account considerations regarding licenses and modelling support, the software Delft3D
was chosen to use for this study. Both the older and more stable version, Delft3D-4, and the newer
Delft3D Flexible Mesh (FM) are viable options. Delft3D FM makes use of unstructured grids, where
Delft3D-4 uses structured grids. Delft3D FM is chosen to use, as it provides the possibility of locally
refining the grid without the need of coupling separate grids. This can greatly reduce the calculation
time of the model.

Delft3D FM consists of different modules such as D-Flow, D-Morphology and D-Water Quality,
each designed to simulate various processes such as tides, wind and wave-driven flow and different
processes regarding sediment transport, morphology and water quality. For the hydrodynamics, the
D-Flow module is used in which choices must be made for which processes to include. The user
manual (Deltares, 2023a) explains that the unsteady shallow water equations are solved in either
2D or 3D by the model. The flow can be forced by the tide at the open boundaries, while D-Flow
also allows modelling of flow caused by wind stress at the surface. The effects on the flow caused
by pressure gradients (barotropic or baroclinic) can be included as well. When solving the model
in 3D, the water column can be divided in discrete layers, so-called z-layers, which results in layers
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with a standard depth. At shallow depths this will result in the use of less layers than at deeper
locations. The other option is to use o-layers, which each have a specific depth. The ¢ grid does
not consist of straight horizontal lines over the depth, but follow the contours of the bottom profile
and the free surface more closely. This causes the vertical grid to be divided into an equal number
of layers consisting of an equal fraction of the water depth across the entire modelling domain. For
this reason o layers will be used for the vertical grid. D-Flow FM can also be coupled to D-Waves
(SWAN) to include the influence of waves on the hydrodynamics. It is chosen to not include wave
forcing for this project as the impact on the dispersion of the plumes is thought to be limited, while
omitting waves also reduces the complexity of the model.

When the hydrodynamics using the D-Flow FM suite has been modelled, the transport of the sus-
pended sediment can be modelled. Two different options are available: D-Morphology and D-Water
Quality. A choice has to be made based on the dispersion and settling of the different sediment frac-
tions. From the D-Morphology user manual (Deltares, 2023b) it follows that a distinction is made
between the transport of cohesive and non-cohesive sediment. For non-cohesive sediment, including
sand and gravel, the settling velocity is calculated using equations from the method of Van Rijn
1993. Three different equations for the settling velocity are specified based on different ranges for
the sediment diameter.

For cohesive sediments, which include finer fractions as silt and clay, different equations can be
used to account for processes such as flocculation. The option for the user to directly input the set-
tling velocity per sediment fraction is also available. For the exact equations on the settling velocity
for cohesive and non-cohesive sediments it is advised to consult the D-Morphology user manual.
As the D-Morphology suite is run simultaneously as the D-Flow model, the computation time may
increase significantly when running different scenarios for the input of suspended sediment in the
model.

In D-Water Quality, various water quality processes can be simulated such as dispersion of sedi-
ment, transport of nutrients and simulation of biological processes. The user manual of D-Water
Quality (Deltares, 2023c) states that for inorganic matter (suspended sediment) the settling velocity
must be specified per sediment fraction by the user. The settling velocity of different grain sizes
must therefore first be calculated manually. D-Water Quality is a separate module that requires a
hydrodynamics (.hyd) file as input, which is obtained by running a D-Flow model. Once the sed-
iment characteristics and input location has been specified, D-Water Quality only has to solve the
advection diffusion equations, greatly reducing computation time compared to the D-Morphology
suite.

The D-Water Quality module is chosen as the software to use for modelling the suspended sedi-
ment. Use of the D-Water Quality module will limit computational time, as the D-Flow FM module
only has to be run once. When the same hydrodynamics are utilized, but the location and quantity
of the sediment concentration varies, using the D-Water Quality module becomes more beneficial in
a time-dependent context. Another reason to use D-Water Quality is that D-Morphology is more
suited for situations in which a morphology change has an effect on the hydrodynamics. As this is
not the case for the limited changes due to dredging, D-Morphology is less suitable for this study.
Additionally, the use of cohesive sediment in D-Morphology has not been fully tested yet, therefore
using the D-Water Quality module prevents the occurrence of unforeseen calculation errors, while
the limitations resulting from using a user-specified settling velocity remain known. A schemati-
zation showing how the data structure and input and output files of the hydrodynamic and water
quality model are linked is shown in Figure 5.1.
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Figure 5.1: Schematization of the model structure for D-Flow FM and D-Water Quality

5.2 D-Flow model configuration

Now that the modules to be used have been selected, the configuration of the flow and water quality
modules is next. The hydrodynamics from the D-Flow module is required as input for the D-Water
Quality module in which the source terms will be added. The processes modelled, datasets used and
configuration of these into the model are discussed in this section. The set-up of the D-Flow and
D-Water Quality modules are discussed in separate sections, starting with the hydrodynamic model.

The set-up of the hydrodynamics model D-Flow FM is divided into four main components: Compu-
tational grid, bathymetry, initial & boundary conditions and numerical parameters. Each of these
components is essential as input for the model and contributes to the accuracy of the model results.

Computational grid

The grid resolution of the model should be chosen with care. A too large grid size can results in a
diluted SSC of the initial sediment flux, while grid cells that are too small can result in artificially
high concentrations, as discussed by Becker et al. (2015) and Tuinhof (2014). To simulate the bucket
drip of a backhoe, it is recommended to choose the smallest grid cell size in the range of the bucket
dimensions.

The computational grid created used for both the hydrodynamic and water quality model around
Saba is illustrated in Figure 5.2. The domain spans an area ranging from x = 63.333 ° W, y =
17.583 ° N to x =-63.165 ° W, y = 17.750 ° N. The large model domain around the island is chosen
in order for the boundaries to match the grid resolution of the Copernicus Marine Service. The data
portal will be used to extract data used for the boundary conditions.
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Figure 5.2: Computational grid used for the hydrodynamic and water quality model. The local
refinement of the grid is seen on the right

The grid maintains a resolution of 212 m in both x and y direction at the boundaries and is refined
a total of six times. Each refinement step halves the size of the grid cells, creating areas with grid
cells of around 106, 53, 26, 13, 6.6 and 3.3 m. It is chosen to not include the complete boundary
of the island (excluding the northern side) in the refinement of the grid to limit the computation
time. However, occasional swells coming from the North and diffracting around the island may not
be accurately captured in the model using this approach. As this phenomenon rarely occurs, it is
regarded as a limitation to consider when discussing the results. At the south side of the island to
eventually have a minimum resolution of 3.3 m in the area where dredging will take place. This fine
resolution is chosen to accurately represent the surface area directly affected by the bucket drip of
the BHD. In the surrounding area, which stretches from x = -63.244452 ° W, y = 17.611408 ° N to
x = -63.234328 ° W, y = 17.614056 ° N, the grid has a resolution of 6.6 m. The high-impact zone,
which has to be monitored extensively, is located within this area.

In the vertical direction, the grid has been divided into 5 uniform o layers. The use of differ-
ent depth layers allows for capturing the varying flow conditions over the vertical. The layers are
distributed equally over the depth, such that each layer represents 20% of the water depth. No grid
refinement over the vertical is introduced to reduce the computation time. It is believed that the
flow, including currents induced by wind and dispersion of fine sediment over the depth is accurately
modelled using an equal layer distribution. A visual representation of the vertical grid created for
the model can be seen in Figure 5.3.
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Figure 5.3: Schematization of the vertical grid showing the different sigma-layers.

Bathymetry

The bathymetry used for the model is obtained from the GEBCO 2023 dataset, where data points
from the bathymetric datasets displayed in section 2.2 have been interpolated. The bathymetry
is visualised in Figure 2.4 in Chapter 2. The dataset has been interpolated directly on the model
grid. The rapidly decreasing depth contours are visible around the island, while some elevated areas
around the island can be recognised, such as a famous dive site on the west side of the island. The
elevated area at the south-west is the Saba bank.

Boundary conditions

To accurately reflect the hydrodynamic processes in the model, the relevant processes discussed in
Section 2.6 must be imposed as boundary conditions. To reduce the complexity of the model and
allow for computational efficiency, only the most processes of most influence on the plume dispersion
can be selected.

The model domain for this study consists of four open boundaries on the north, east, south and
west side of the island. A polygon file was created on the edge of the grid domain with 224 separate
points. At each location the boundary conditions have been defined per time step.

The boundary conditions considered for the model include water level elevation, currents and tidal
and wind forcing. The site visit and data collection discussed in Chapter 2 emphasize the importance
of including both tidal and wind forcing to accurately simulate the dispersion of the sediment plumes
during the dredging operation. Excluding wind forcing results in significantly lower current velocities
at the top layer compared to the currents measured here using the ADCP. Additionally, more fre-
quent current reversals at the top layer are simulated when only tidal forcing is imposed in the model.

For this study, no salinity and temperature are included as the expectation is that the influence
of these parameters is small and therefore including these parameters would only increase the com-
putation time and complexity of the model. As already mentioned, wave forcing is not included in
the model either. Even though waves could play an important role in the re-suspension of sediments,
the model would become too complex for this study if waves were included too.

The boundary conditions have been extracted from global databases. For the tide, tidal compo-
nents from the global database TPXO8 are used. The tidal elevation plot obtained from the dataset
of this database is compared to the observed tide at Fort Bay and can be seen in Figure 2.13 in
Chapter 2. The maximum observed difference between the measured and modelled tidal amplitude
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is 5 cm.

The water levels and flow velocities are forced at the open boundaries by data extracted from Coper-
nicus Marine Services. All boundary conditions have been downloaded for the period 30-08-2021 to
30-09-2021 to facilitate a month of data to be modelled. For this time period ADCP data is also
available such that the model results can be validated.

Wind forcing data is obtained from the ERA5 dataset. The wind speed obtained from the ERA5
dataset is the wind speed observed at a height of 10 m and has a temporal distribution of one
hour. A comparison of the modelled and measured wind speed, shown in Figure 2.16 in Chapter 2,
illustrates that the modelled wind speed is almost consistently 1 m/s higher than the the wind speed
measured at the weather station. As explained, this is likely due to the sheltered location of the
weather station at the project site. Figure 2.17 compares the wind direction, which does illustrate
a good correlation between the two datasets.

Other parameters regarding horizontal eddy viscosity and diffusivity have not been changed. For
the horizontal eddy viscosity and diffusivity the values were kept at 0.1 m?/s. For the bed friction
the Manning’s formula is used with a uniform friction coefficient of 0.040.

Time-step & Numerical parameters

As mentioned for the boundary conditions, the model time-frame spans from 30-08-2021 to 30-09-
2021. A time-step of 10 min is chosen for the simulation. For the hydrodynamics file, which will be
used as input for the water quality model, an interval of 10 min is chosen. Regarding the numerical
parameters no changes have been made to the standard input of the D-Flow FM model.

The model will be calibrated using the data collected with the ADCP in the Black Rocks area. Both
the water level and flow velocities will be calibrated and verified by comparing the modelled to the
measured ADCP data. Additionally, the flow directions are verified as well. The calibration results
of the hydrodynamics module are presented in Chapter 6. This serves as input for the water quality
module, of which the configuration is discussed next.
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5.3 D-Water Quality model configuration

When configuring the water quality model, it is important to input source terms in a manner that
closely resembles the process of fines released by the BHD during the dredging operation. As dis-
cussed in Section 3.1.2, existing methods have not specifically been developed for simulating dredging
by a BHD. Consequently, a clear description of the distribution of the source term of the bucket
drip over the vertical is currently unavailable. Furthermore, the importance of selecting a suitable
formulation to calculate the settling velocity has not been stressed, despite its significant impact
on the settling velocity and, consequently, the SSC in the far-field. This section will address these
additions to the existing methods.

The processes involved and their coefficients are specified first, after which the location of the source
term loads and observation points in the model are discussed. Subsequently, the input of the source
terms, which involves the specification of the sediment flux per fraction over time and location, is
specified. Two different scenarios are modelled as mentioned in Chapter 4: a stationary backhoe
with an average fines content and a backhoe which relocates, changing the source term.

Process coefficients & settling velocity

The first step is to select the processes which represent the source terms caused by dredging. As
discussed, only suspended sediment is modelled due to the negligible fraction of organic matter.
Suspended sediment is referred to as inorganic matter in D-Water Quality. Two different sediment
fractions are modelled, which are 0.063 mm and 0.030 mm (see Section 4.4). No larger fractions are
modelled as the focus on the estimation of source terms is on fractions of 0.063 mm and smaller. In
D-Water Quality, the coefficients for the processes need to be defined manually. Both sedimentation
and re-suspension of the sediment can be modelled. The focus is on the dispersion of the particles
initially brought in suspension due to the dredging operation, therefore the re-suspension of these
particles is not considered.

The settling velocity of the particles must be defined by the user in Delft3D. The settling ve-
locity of a sediment particle is influenced by its shape, size and density (Hawley, 1982). Larger
particles will generally have a higher settling velocity, as well as particles with a higher density. The
turbulence of the fluid and the properties of the ambient fluid, such as viscosity and salinity, also
play a role (Cuthbertson et al., 2008). Based on the hydrodynamic conditions and local sediment
characteristics, a suitable formulation for the settling velocity must be selected. The use of a method
developed for laminar flow will be less suitable compared to a method applicable for turbulent flow
when simulating the dispersion of sediment in a coastal environment.

Multiple options are available to calculate the settling velocity, with each their own range of appli-
cability and their limitations. For this study the settling velocity relations of Stokes and Van Rijn
are considered.

The Stokes formula is generally applicable for situations in which the Reynolds number is low
(Re < 0.5) (Hawley, 1982). As in the marine environment the flow can be considered as turbulent,
the Stokes formula is considered too simple to apply in this study.

The method proposed by van Rijn (1993) for calculating the settling velocity was developed to
be applicable in the marine environment. This method provides three different formulations ap-
plicable for various ranges in particle size. The smallest range is applicable for fractions with a
diameter between 0.065 mm and 0.1 mm, while the focus is on fractions smaller than 0.063 mm.
This is regarded as a limitation in the used methods and must be considered when discussing the
results.

To calculate the settling velocity of both sediment fractions, the Van Rijn settling velocity can be
used (van Rijn, 1993):
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(£= —1)gD?
we= g, (6)

Here, w; is the settling velocity in m/s, ps and p,, are the density of the particle and fluid, D refers
to the diameter of the particle and v is the kinematic viscosity of the fluid.

A kinematic viscosity for seawater of 0.000001 m? /s is used, while the density of the particle and the
seawater are respectively ps = 2620 kg/m?> and p,, = 1025 kg/m?>. This gives the following settling
velocities for the different fractions:

. ws(0.063) = 0.0034 m/s
. ws(0,0SO) = 0.00076 m/s

The units required as input for the D-Water Quality module is in metres per day (m/day), which
gives an input value of wyg.063) = 291 m/day and w,(o.030) = 66 m/day . The large difference in
settling velocity between the two sediment fractions indicates the importance of including multiple
fractions in the model simulation.

Source term distribution

The suspended sediment from the source terms will be released at different load locations in the
model. The three different load locations have been illustrated in Figure 7?7 in Chapter 4. The sta-
tionary load corresponds to Load 1 in the middle of the harbour, while Load 2 represents the western
dredging location and Load 3 the eastern part. Computing two different simulations provides the
opportunity to compare the significance of varying the dredging location on the SSC.

A correct representation of the source distributed over the vertical will allow for a more representa-
tive simulation. The distribution over the vertical should therefore be considered as an addition to
the existing methods. While the exact distribution is unknown, spreading the bucket drip equally
over the depth, instead of concentrating the sediment flux at the bottom or surface, is considered
to be a representative approach. Each load considered for this study is spread equally across the 5
depth layers, as sediment is lost continuously throughout the water column when lifting the bucket.
In the middle of each layer, 20% of the total source term per fraction is added to account for an
equal distribution. The source terms computed for the two sediment fractions at each location in
Section 4.4 are used to calculate the source quantity per layer. The new source terms per layer for
each fraction in each load are specified in Table 5.1.

Load Sediment flux 63 um [kg/s] per layer | Sediment flux 30 um [kg/s| per layer
Stationary average 0.044 0.068
West harbour 0.044 0.068
Middle harbour 0.036 0.056
East harbour 0.056 0.082

Table 5.1: Overview of the source terms per fraction added to each depth layer in the model

The temporal and spatial distribution for the source terms was determined in Chapter 3 and 4. The
exact data and time-steps appointed to the loads must be defined. The time-steps for the sediment
flux are obtained from the dredging script used to calculate the full dredging cycle. It is decided
to start the dredging operation 3 days after the start of the model run to take the spin-up of the
hydrodynamic model into account. As discussed in Chapter 4, dredging occurs daily from 06:00 to
18:00 with a constant source. The temporal distribution for the two modelled scenarios is similar,
while the source location and quantity varies. The source input starts at 02-09-2021 6:00 and ends
when the dredging operation has finished, which is around 9 days later at 11-09-2021 16:00. As the
dredging operation is halted at night, the source term from 18:00 to 6:00 is set at 0 kg/s. Relocation
of the BHD is simulated at two moments: 05-09-2021 08:00 and 08-09-2021 12:00. Relocation takes
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two hours, meaning that the sediment flux is 0 kg/s for two hours from the moment relocation starts.
The scenario simulating the relocating source changes the quantity of its source after relocation has
finished. The simulation for this scenario starts on the western side of the basin (Load 2) and ends
on the eastern side (Load 3). In order to simulate periods with varying hydrodynamic conditions,
the operation is run again starting on 14-09-2021 06:00. The relocation periods for the second run
occur at 17-09-2021 08:00 and 20-09-2021 12:00.

No additional boundary conditions or initial conditions regarding the background turbidity will
be specified. As the preliminary results of the turbidity sensor showed values close to 0 NTU, point-
ing at negligible amounts of suspended sediment in the water column before dredging commences,
the initial SSC value is kept at 0 kg/m3.

Observation points

A number of observation points are added to the model to accurately monitor the values of the
SSC in the vicinity of the dredging location. The locations are chosen to enable monitoring both
near and further away from the source, covering locations close-by and all around the border of
the high-impact zone to monitor if the turbidity thresholds are exceeded. Additionally, observation
points are placed at all load locations to validate the source input. At these load locations, the SSC
is expected to be significantly higher than further away from the source location.

For every location, two observation points are placed. One calculates the average of all the layers,
while the other reports a separate value per layer. This facilitates the opportunity to monitor the
total SSC value over the depth, but also visualises the difference in suspended matter in the different
layers. The location of the observation points is shown in Figure 5.4.
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Figure 5.4: Overview of the location of all observation points added to the water quality model
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6 Far-field plume model results

In this chapter, the results of the far-field sediment plume dispersion models are reported and
analysed. First, the calibration and verification steps for the D-Flow model are presented. Secondly,
for both scenarios run in the water quality model, the results regarding the SSC are reported at
a select number of observation points over different time periods. Additionally, an overview of the
area showing the dispersion direction of the sediment plumes will be given to analyse the dispersion
length and the sediment concentration in the plumes further from the source. Finally, the results of
both scenarios are compared, while the results concerning the turbidity thresholds are reported and
discussed as well.

This chapter addresses the fifth sub-research question:

What is the potential intensity and duration of the turbidity stresses at the monitoring locations
and on the environment resulting from the simulated dredging operation?

6.1 D-Flow calibration & verification

A crucial step before the results of the hydrodynamic model can be used as input for the water
quality model is validation of the model. By validating the model, the reliability of the model result
is improved, ensuring an accurate representation of the hydrodynamic conditions in the area. The
ADCP was placed at x = -63.239796 ° W and y = 17.6135427 ° N, close to the location of the wave
buoy. The modelled current velocity near the surface was compared to the measurements near the
surface and near the bed of the ADCP. The location at the top of the water column was chosen
to compare the influence of the wind in the model to the measured current velocity. Additionally,
the model is calibrated using the water levels. Both the modelled water level and the measured
data from the ADCP have a temporal distribution of 10 minutes. It is chosen to present the hourly
averaged data for both datasets in the graphs. The validation of the water level can be seen in Figure
6.1, while the validation of the current velocity is illustrated in Figure 6.2. The red line shows the
ADCP data and the blue line the modelled data for the current velocity and water levels.
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Figure 6.1: Validation of the water level comparing the hourly modelled water levels to the hourly
measured ADCP data.
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Figure 6.2: Validation of the model results for the comparison of the hourly averaged modelled
current velocity (blue) at the bottom (Figure a) and near the surface (Figure b) to the hourly
averaged ADCP data (red)

The two datasets have also been compared by computing their Root Mean Square Error (RMSE).
This is a measure of the difference between the values of the two datasets. A lower value for the
RMSE relates to a better correlation of the two datasets.

For the comparison of the water levels the RMSE is 0.08, representing a fairly good correlation.
At the start and near the end of the simulation a difference of 0.05 m can be observed in the water
level. The RMSE value calculated for the current velocity near the surface is 0.12, which corresponds
to an intermediate good correlation of the two datasets. The ADCP data exhibits more fluctuations,
while the model data slightly underestimates the current velocity. Finally, for the current velocity
at the bottom the RMSE is 0.065, representing a better fit compared to the velocities in the top
layer. Overall, the model shows a good representation of the hydrodynamics in the area. As the
ADCP was only placed at one location, no other points in the model can be validated as no data is
available for these locations.

Additionally, the hourly averaged modelled current direction at the surface and at the bottom
is compared to the hourly averaged measured current direction by the ADCP. The site visit and
data collection in Chapter 2 indicate that the model results should show a main current direction
towards the west, with the possibility of some current reversals. Near the seabed, the ADCP data
showed the reversal of the current direction due to tidal influences. The results are illustrated in
Figure 6.3.
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(b) Comparison of the hourly averaged modeled current direction vs the hourly averaged measured current
direction at the ADCP location near the bed

Figure 6.3: Verification of the model results for the comparison of the hourly averaged modelled
current direction (blue) near the surface (Figure a) and at the bed (Figure b) to the hourly averaged
ADCP data (red)

The comparison of the current direction at the top layer shows a reasonably good agreement between
the measured and model results. The main current direction is approximately 280 °N, while a current
reversal towards the east has been successfully captured by the model as well. However, the data
from the ADCP does exhibit more fluctuations over short time periods compared to the modelled
current direction. From Figure 6.3b, it becomes clear that the model does not capture the tidal
influence on the current direction near the seabed well. The model captures the reversal of the
current direction around 09-09-2021 and during the current reversal starting on 21-09-2021, but fails
to do so consistently at other times. This inconsistency in the current direction at the bed between
the model and the ADCP data at other moments in time is regarded as a limitation that must be
considered when interpreting the model results.
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6.2 Results water quality model

Having analysed the results of the hydrodynamics model, the results of the water quality model can
be discussed. Two different scenarios have been run containing a stationary and a relocating source.
For both scenarios, the dredging operation is run twice to simulate the effects during normal flow
conditions and during the current reversal occurring on 21-09-2021. For each scenario, the depth
averaged SSC is reported first, followed by the concentration in both the top and bottom layer
at each observation point to compare the difference in concentration over the depth. Finally, an
overview is given on the dispersion direction and length of the plume. The results for the SSC are
reported separately for the observation points located to the east and west side of the harbour, in
order to provide a clear overview in the graphs. Only at a select number of monitoring stations the
results are reported. The chosen observation points, illustrated in Figure 6.4, represent the most
representative and significant results.
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Figure 6.4: Overview of the location of the used observation points for the model results
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6.2.1 Stationary source scenario

The results for the stationary source are reported and analysed first, starting with the depth av-
eraged SSC for the western and eastern observation points illustrated in Figure 6.5. The temporal
distribution of the water quality model results for the SSC is 10 minutes for each scenario which is
discussed.
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(b) Modelled depth averaged SSC for the specified observation stations east of the harbour

Figure 6.5: Modelled depth averaged SSC values at the observation points west (a) and east (b) of
the harbour. The results shown are for the stationary dredging scenario in which the source term
was released at one location.

The results indicate a clear difference in the SSC between the western and eastern sides of the har-
bour for both modelled time-frames. Higher concentrations are observed on the western side, which
is expected due to the predominantly westward current direction. During the current reversal on
21-09-2021, the concentrations drop to zero at the western locations.

On average, the highest concentrations are recorded at observation point West3, situated nearshore
to the west of the harbour, with an SSC of around 2.2 mg/l during dredging for the first run and
around 1.6 mg/! for the run including the current reversal. This suggests that the sediment plume
tends to remain nearshore while dispersing towards the west. At observation point West1, located
further away from shore, reports considerably lower values compared to West3. This confirms that
the plume is more concentrated nearshore, while dispersing towards the west.
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At the turbidity sensor, the average concentration remains below 1 mg/l, while a peak value of
1.75 mg/l is reported. The difference in concentration between the turbidity sensor and observation
point West1, located on the same latitude but 100 m apart, indicates the settling of the particles in
the plume. The highest recorded concentration on the western side, 3.7 mg/l, occurs at Patchreef2
on 08-09-2021 during a period with low flow velocities and a tide-induced current reversal near the
bed. This caused the suspended sediment to remain close to the source.

At the eastern observation points, lower average SSC values are observed. The highest average
and peak concentrations are reported at South2, located most towards the west from these four
observation points. The peak concentration of 3.5 mg/l occurs at the same moment as the peak at
Patchreef2. The peaks at South2 during 22-09-2021 and 23-09-2021 can be related to two current
reversals for a short time period.

During the entire first run the concentrations at East2, SouthEast2 and East-HIZ (East of the
High Impact Zone) are negligible. However, during the current reversal in the second run, higher
concentrations are reported, such as at SouthEast2 with a concentration peak at 2 mg/l just before
and after the current reversal. The highest concentration during the reversal is reported at East2
at 3 mg/l for the entire duration of the reversal. While observation point East1, located closer to
shore (see Figure 5.4), was not included, similar values are observed here as for East2. At East-HIZ,
80 metres to the east, the concentration has dropped to 2 mg/l, suggesting a similar behaviour of
the plume remaining close to shore as for the dominant westward current.

The impact of halting the dredging operation at night can be observed at all observation points, with
concentrations dropping to 0 mg/l during this period. Downtime due to relocation of the backhoe
indicates a positive effect in reducing the SSC, which is especially visible at Patchreef2 and South2
on 08-09-2021, as the peak concentrations drop due to the short period in which no sediment flux
is present. To put the concentrations at the observation points, located at some distance from the
source, into perspective, the results of the depth averaged SSC at the load location is provided in
Appendix E.1.
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6.2 Results water quality model

Now the concentrations in the top and bottom layers are analysed and compared. First the results
at the western observation points illustrated in Figure 6.6 are discussed.

S5C in the top layer at the western observation points for the stationary source
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Figure 6.6: Modelled SSC at the top (a) and bottom (b) layer at the western observation points.
The results shown are for the stationary dredging scenario in which the source term was released at
one location.

In both the surface and bottom layer similar patterns are observed as for the depth-averaged re-
sults. Overall, concentrations are higher in the bottom layer compared to the top layer, but the
difference is generally limited to 0.5 mg/l. The difference between the upper and bottom layer is
expected, as sediment is released equally across the depth at the source. Further from the source,
the concentration in the top layers will generally be lower, as larger particles will have already settled.

Clear differences are visible when observing the current reversal at the bed on 08-09-2021. At
Patchreef2, concentrations near the bed are twice as high as those near the surface at this moment.
From Figure 6.3 it becomes clear that the disparity in SSC is due to the reversal being only present
near the bed. Similar situations occur on 09-09-2021 and at the end of the second run for the dredg-
ing operation. As discussed in the analysis of the results for the hydrodynamics, the model fails to
capture the current reversal at the bed induced by the tide consistently. Taking into account the
measurements of the ADCP, it is expected that the higher peak concentrations near the bed will
not only occur at the instances mentioned previously, but consistently during the dredging opera-
tion. As Patchreef2 is located closest to Load2, which is the source for the stationary scenario, the
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6.2 Results water quality model

most significant differences are observed at this observation point. On 21-09-2021, when the current
reverses over the entire depth, no significant differences are reported.

SSC in the top layer at the eastern observation points for the stationary source
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(b) SSC at the bottom layer for the specified observation stations east of the harbour

Figure 6.7: Modelled SSC at the top (a) and bottom (b) layer at the eastern observation points.
The results shown are for the stationary dredging scenario in which the source term was released at
one location.

At the eastern observation points, the difference in concentration between the surface and the bed
is generally low during normal flow conditions, as the concentrations are already negligible at these
moments. However, during periods when the current reversal is only present at the bed, similar pat-
terns as for Patchreef2 are observed at South2 and to a lesser extent at SouthEast2. Near South2,
concentrations at the bed are two to three times higher than near the surface. This larger concentra-
tion difference, compared to Patchreef2, can be linked to the closer proximity of observation point
South2 to the source location. At the moment of the main current reversal, concentrations at the
bed are observed to be twice as high compared to the surface for observation points SouthEast2,
East2 and East-HIZ.
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6.2 Results water quality model

Before providing an overview of the dispersal direction and length of the plumes in the project
area, the locations in which an hourly averaged concentration of 10 mg/l or higher was reported
are presented first. The turbidity thresholds, as outlined in Section 2.5, indicate that an average
concentration of 10 mg/l per hour cannot be exceeded, as exceeding this threshold could have a high
impact on sensitive receptors in the area. Figure 6.8 illustrates the locations at which an hourly
average SSC value of 10 mg/l or higher was reported over the entire modelled time-frame. It can
be seen that the high concentrations are confined within the high-impact zone and are concentrated
around the load location. Figures illustrating the locations at which the daily and weekly thresholds
are exceeded for the stationary source are reported in Appendix E.1. This overview helps to put the
concentrations, which will be reported in the plume figures, in perspective.
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Figure 6.8: Overview of the locations in the project where an average hourly SSC of 10 mg/l or
higher was reported during the simulations for the stationary source

The concentration of the sediment plumes further from the harbour is observed by means of a spatial
scatter plot. Figure 6.9 shows the dispersion of the plume over time for the source term generated
at a single location. Figure 6.9a on the top-left shows the SSC moments after halting the dredging
operation. The other figures are all snapshots 1 hour apart after the dredging operation was halted
for the day.
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Figure 6.9: Figure indicating the dispersion of the sediment plumes after halting the stationary
dredging operation at 09-09-2021 during normal flow conditions

The dispersion of the sediment plume, as illustrated in Figure 6.9, captures a snapshot taken at
the end of the dredging operation on 09-09-2021, during normal flow conditions. The results are
representative of the situation directly after the dredging operation is halted at 18:00 each day when
no current reversal occurs. Important to note is that the figures only serve as a visual aid to indicate
the dispersion pattern of the plume and provide a quantitative understanding of the approximate
SSC. Due to the increased size of some data points for improved visibility, no values should be
extracted directly from these figures.

The highest concentrations are reported near the source, while the plume disperses towards the
west, remaining close to the shore. This aligns with the interpretation of the results presented in
Figure 6.5. Appendix E.3 contains velocity vector plots of the area during at 09-09-2021, indicating
the flow directions in the area. The locations of the turbidity sensor, patchreefl and Fort Bay har-
bour have been added as a visual reference. The maximum concentration reported one hour after
halting the dredging operation is 1.2 mg/l, located in the high impact zone. At 20:00 the maximum
concentration has dropped to 0.35 mg/l and is reported in between the project area and Fort Bay.
The SSC at Fort Bay consistently remains below 0.6 mg/l. Past Fort Bay, the concentration of
the plume rapidly decreases. At the patch reef, the reported concentrations are below 0.7 mg/I,
indicating a lower impact compared to Fort Bay. As the plume is concentrated nearshore, the plume
does not reach the area in which the patch reef is located. The results further suggest that three
hours after halting the dredging operation, reported concentrations are consistently below 0.2 mg/l
at all locations.
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Figure 6.10: Schematization of the dispersion of the sediment plumes after halting the stationary
dredging operation on 21-09-2021

Figure 6.10 illustrates the behaviour of the plume moments after halting the dredging operation
on 21-09-2021. As discussed, a current reversal occurs at this moment, causing the plume to flow
eastwards. The situation is similar to the westward plume as the highest concentrations are still
reported near the source, while the plume remains relatively close to the shore. The plume does
not stretch as far east as is the case for the westward location. The southwards direction of the
plume at 21-09-2021 20:00 is caused by an ocean swirl, South-East of the Black Rocks harbour at
this moment. Appendix E.3 contains velocity vector plots of the area during the current reversal,
indicating the flow directions in the area.

At the start the SSC at observation point East-HIZ is 1.6 mg/l, while one hour after halting the
dredging operation, the concentration at East-HIZ has dropped to 0.85 mg/l. The maximum re-
ported concentration one hour after dredging has stopped is 1 mg/l. Two hours after dredging,
the plume has dispersed further east and has a maximum concentration of 0.3 mg/l. At 21:00 the
concentration is below 0.15 mg/I across the entire domain.
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6.2.2 Relocating source scenario

For the model including a relocating source, the results are presented and analysed in a similar way
as for the stationary source. The results for the depth averaged SSC are reported in Figure 6.11.
The graphs illustrating the concentrations at the load locations can be found in Appendix E.2.
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Figure 6.11: Modelled depth averaged SSC values at the observation points west (a) and east (b) of
the harbour. The results shown are for the dredging scenario in which the source term was released
at three separate location.

The results visualise the impact of different source term quantities and release locations. Similar
to the stationary source, a clear difference between the eastern and western observation points is
observed. The highest average concentrations are again found on the western side of the harbour.
At observation point West3, similar average values of around 2.2 mg/l and 1.6 mg/l have been
reported for respectively the first and second run. The distribution over time varies, as dredging
started at the most western load location, indicating a higher concentration at West3 during this
stage due to its proximity. At observation point West1, no significant differences have been reported
compared to the stationary source. At the turbidity sensor, similar values are observed. The peak
concentration reaches 1.5 mg/l, while the average value at this location remains below 1 mg/l. At
Patchreef2, lower concentrations are reported during the first two phases of the dredging operation.
Only when dredging at the location of Load 3 occurs during the current reversal at the bed, the
concentration increases.
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At the eastern observation points, differences in the concentration at SouthEast2 can be observed
during the current reversal in the first run. The peak concentrations for the first simulation are
reported both at SouthEast2 and South2 with a concentration of around 3.5 mg/I. At observation
point SouthEast2, the concentration doubles compared to the previous scenario, while the concen-
trations at South2 are consistently higher at the end of the first run due to the higher source term.
Concentrations at Fast2 and East-HIZ are negligible for the first run.

For the current reversal, similar patterns are observed as for the stationary scenario in general.
However, the peak concentrations are twice as high for the relocating scenario, caused by the high
source term on the eastern location at this moment. At East2 the peak concentration reaches 7.5
mg/l, while during dredging the average concentration is 6 mg/l during this period. Due to the
closer proximity of the source to the eastern observation points and the higher source term, increased
peak concentrations at Fast2 and SouthEast2 are observed just before and after the main current
reversal period. Concentrations at each eastern observation point are negligible before dredging at
the eastern load has started.

Now the concentrations in the top and bottom layers are analysed and compared for the relo-
cating scenario. First the results at the western observation points illustrated in Figure 6.12 are
discussed.
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(b) SSC at the bottom layer for the specified observation stations west of the harbour

Figure 6.12: Modelled SSC at the top (a) and bottom (b) layer at the western observation points.
The results shown are for the relocating dredging scenario in which a varying source term was
released at three different locations.
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The results again indicate similar patterns in both layers as for the depth-averaged SSC. Higher
concentrations are observed in the bottom layer compared to the top layer, indicating a difference
of approximately 0.5 mg/l. More significant differences between the top and bottom layers can be
observed at observation point Patchreef2. On 09-09-2021 and at the end of the second simulation,
peak concentrations are twice as high in the bottom layers as in the surface layer. At the other
observation points, no significant disparities between the two layers can be noticed.

SSC in the top layer at the eastern abservation points for the relocating source
T T
1

East2_L1
— SouthEastz L1

— South2 L1

— East HIZL1

---- Dredging bounds normal flow

-~ Dredging bounds current reversal

S5C [marl]

[ & & > by

.1\'
o o o o O O
S 5 S 5 b o

+ + + # + # e
(a) SSC at the top layer for the specified observation stations east of the harbour

55C in the bottom layer at the eastern observation points for the relocating source
T T
1

East2 LS
— SouthEast2_LS

— South2 LS

— East HIZLS

~—— Dredging bounds normal flow

-~ Dredging bounds current reversal

S5C [marl]

& & & < a & o
& & 5 & & & &
" *d 3 ,1\' D "
# fs
Date

&
B
5.

(b) SSC at the bottom layer for the specified observation stations east of the harbour

Figure 6.13: Modelled SSC at the top (a) and bottom (b) layer at the eastern observation points.
The results shown are for the relocating dredging scenario in which a varying source term was
released at three different locations.

For the relocating scenario, more significant differences have been observed at the eastern observa-
tion points due to a combination of the relocating source and changing quantity. As observed for
the depth-averaged SSC, the concentration at SouthEast2 is significantly higher compared to the
stationary source. In the first simulation, the concentration at the bed is more than three times
higher than the concentration at the surface for observation SouthEast2. At South2, the SSC near
the bed is twice as high as at the surface layer.

During the main current reversal in the second simulation, the concentrations reported at East2
reach a peak concentration at the bed of 10 mg/l and an average SSC of 8 mg/I, while at East-HIZ
this is 5 mg/l. At both observation points, the SSC in the bottom layer is 2.5 times higher than
the surface layer. At the shorter time intervals containing a current reversal, the concentrations at
South2, SouthEast2 and East2 are even three times higher at the bed. The high concentrations at
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these locations can be directly linked to the proximity of the third load location on the eastern side
of the harbour. As the sediment particles released in the lower layers likely not have settled when
they reach the observation points, the observed concentration differences are higher than when the
source is present at other locations.

An overview of the locations where the hourly averaged SSC exceeded 10 mg/l during the relocating
source scenario is given in Figure 6.14. As the source quantity and location changed throughout the
dredging operation, a wider affected area in the basin can be observed. Due to the higher quantity
of the eastern source and its closer proximity to the edge of the high impact zone, a larger number
of locations at which the threshold is exceeded can be noticed. Nevertheless, no exceedance of the
thresholds is observed at the edge or outside the high impact zone for the average hourly values.
Figures illustrating the locations at which the daily and weekly thresholds are exceeded for the
relocating source are reported in Appendix E.2.
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Figure 6.14: Overview of the locations in the project where an hourly average SSC of 10 mg/l or
higher was reported for the relocating source

Figure 6.15 illustrates the dispersion of the plume over time for the source term at the location of
Load 3 on the eastern side of the harbour. The timestamps align with those of the stationary source
during the first run, showing snapshots taken one hour apart after the dredging operation was halted
for the day.
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Figure 6.15: Schematization of the dispersion of the sediment plumes after halting the relocating
dredging operation on 09-09-2021

The dispersion of the sediment plume for the source term at location Load 3, on the east side of the
basin, shows a similar pattern compared to the stationary source. The figures again only serve as a
visual aid to indicate the dispersion pattern of the plume.

The highest concentrations are reported near the source, which is situated further east for the
relocating scenario at this moment. While exhibiting a similar pattern, the initial concentration
nearshore at the project location is higher than during the stationary source. The elevated SSC is
caused by the increased source term value. One hour after dredging has stopped, the maximum
concentration is found in the harbour at 1.5 mg/l, the same concentration as reported for the sta-
tionary scenario at this time-step. At 20:00 the maximum reported concentration is again 0.4 mg/I,
while at 21:00, the maximum concentration is 0.2 mg/I.

The concentration of the plume further from the source is similar to the stationary source. At
Fort Bay, the concentration does not exceed 0.6 mg/l, while the concentration at the patch reef re-
mains consistently below 0.6 mg/l. In this scenario, the sediment flux at the load location is slightly
higher, however, the shift of the source location towards the east seems to counteract these factors,
resulting in a similar sediment concentration. Consequently, no issues regarding the suspended sed-
iment concentration at the patch reef and near the existing Fort Bay harbour are expected in this
scenario.
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Figure 6.16: Schematization of the dispersion of the sediment plumes after halting the dredging
operation for the relocating scenario on 21-09-2021

Figure 6.16 presents the results for the plume behaviour moments after dredging has stopped on
21-09-2021 for the relocating scenario. A similar pattern is observed as for the stationary scenario
during the current reversal. The source is present at the eastern load location at this moment,
resulting in an SSC of 3.7 mg/l initially at observation point East-HIZ. One hour after dredging
has stopped, the concentration at East-HIZ has dropped to 0.87 mg/l, while the maximum reported
concentration is 1 mg/l. Two hours after dredging the maximum concentration is 0.35 mg/l, while
at 21:00, this is 0.17 mg/l. While the source location and quantity differ compared to the stationary
source, causing a higher initial concentration at East-HIZ, similar results are observed in the hours
after dredging is halted.
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6.3 Comparison of the model results

The following sections will compare the model results, focusing on the effects of the different scenar-
ios, such as the source quantity and location. An analysis is conducted to identify the likely cause(s)
of the difference in SSC reported at the different observation points, aiming to obtain insight which
scenario provides the most suitable approach in simulating the dredging operation for a BHD. Sub-
sequently, the results of the two models created for this report are analysed based on the turbidity
thresholds given in Section 2.5.

6.3.1 Analysis of stationary and relocating source models

In order to link the disparities in results to the difference in model approach, an overview outlin-
ing the distinctive aspects between the models is required. Both scenarios share the same processes
based on hydrodynamics, water quality processes and temporal distribution of the source terms. The
difference in the models is created by changing the quantity and spatial distribution of the source
term throughout the harbour. Both of these aspects can affect the concentration in the far-field.
The depth-averaged SSC, concentration across different depth layers and plume dispersion results
are compared to correlate the differences in results to the variance in source term over the models.

First, the depth-averaged results are compared. The results showed no significant difference in
the average SSC values between both simulations for the western observation points. In the vicinity
of the turbidity sensor, the average concentration was approximately 1 mg/l for both scenarios,
while at West3, on average similar values are reported as well. The plume dispersion displayed sim-
ilar behaviour as both plumes moved towards the west during the first simulation while remaining
close to the shore.

Due to the relocating source, the temporal distribution of the peak concentrations differs for the
observation points. The peak concentrations vary for both scenarios as the relocating model does
not maintain an equal source quantity at each location. The reported concentration at observation
point West3 was 0.7 mg/l higher for the relocating scenario compared to the stationary source term
at the start of both runs. This discrepancy aligns with the expectations, considering the closer prox-
imity of the load location to the observation point during that particular moment. As the backhoe
relocates throughout the basin during the operation, modelling this aspect of the dredging operation
provides a more representative insight in the SSC over time. The higher peak concentrations at
Patchreef2 and SouthEast2 for the first simulation are related to this difference between the models.

When comparing the results at the eastern observation points for the second simulation, during
which a current reversal occurs, larger differences in the peak concentration are observed. The sig-
nificantly higher peak concentrations at East2, SouthEast2 and East-HIZ for the relocating source
during the reversal can be attributed to the closer proximity and higher quantity of the source to
these observation points. This indicates that in order to accurately capture the concentrations over
a short time interval, such as during the current reversal, a representative depiction of the source
location and quantity is important.

For both scenarios, higher concentrations are observed near the bed compared to the surface layer.
This difference is more pronounced during the tidal-induced current reversal periods. These occur
on 09-09-2021 and just before and after the main current reversal. As the current direction at the
bed shifts eastward, while remaining westward at the surface, higher concentration are reported at
the bed. Sediment particles not only settle for a longer period of time at the same location during
the start of the reversal period, but particles in the surface layers that have dispersed past the
observation point are pulled back towards the observation point, while settling towards the bed,
increasing the SSC near the seabed.

Higher peak concentrations are reported for the relocating source, again linked to differences in
source location and quantity. This effect is clearly visible in the reported concentrations at East2
and East-HIZ during the main current reversal.
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The comparison of the plume dispersion figures indicate that no difference is observed in both
modelling approaches when comparing the settling time after dredging is halted. This result was
expected, as no variation in fraction size or settling velocity was utilized.

Given that the scenario with an alternating source term is considered to be more representative,
this approach is preferred for modelling the variation in concentration over time. The importance
of modelling the spatial variation of the source becomes clear when comparing the dispersion of the
plumes during current reversals. This suggests that while a stationary source may not pose problems
regarding exceedance of turbidity thresholds, this can change for a moving source when considering
peak concentrations at different locations.

From the analysis on the differences in results for the two models, it can be concluded that using
a stationary source offers a reasonably accurate representation of the average SSC during dredging.
However, for a more detailed overview on the peak concentrations at various observation points over
time, applying a spatially varying source yields a more representative depiction of the peak concen-
trations. The use of a relocating source becomes important when the need to monitor specific coral
patches located around the project area arises. If in this case study an important colony of corals is
situated just outside the high-impact zone on the eastern side, the use of a stationary source would
have resulted in a significantly lower intensity compared to the relocating source. It is worth to note
that the scenario including an alternating source term requires a more comprehensive analysis of the
area, particularly in terms of the difference in fines content.

6.3.2 Assessment of turbidity thresholds

Finally, an assessment on the turbidity thresholds is made for both situations and scenarios mod-
elled. This offers valuable insight into the potential impact of the dredging operation on the water
quality in the project area. When interpreting the results, the uncertainties and simplifications in
the methods and data used in this study must be taken into account, as these factors may affect
the accuracy of the results. The uncertainties in the methods used are further elaborated upon in
Chapter 7.

The depth-averaged SSC’s are reported for the most representative observation points located on
the edge of the high impact zone, including the turbidity sensor. While the turbidity thresholds are
originally designated for the turbidity sensor location, it was decided to observe the thresholds at
the other locations around the high-impact zone as well, since the highest concentrations were not
found at the location of the turbidity sensor. To provide a comprehensive overview of the locations
around the high impact zone where the thresholds are exceeded or not, the decision was made to
incorporate these other observation points as well.

The values for the turbidity thresholds are averaged over the entire duration of the dredging opera-
tion, from the moment dredging starts until dredging is completed. The thresholds established for
this project are repeated below:

e The average hourly value per day cannot exceed a value of 10 NTU
e The average value per day cannot exceed a value of 3 NTU

e The average value per week cannot exceed a value of 2 NTU

It was decided that a 1 to 1 ratio for the conversion from NTU to mg/l was used. The depth-averaged
concentrations for the averages during the first simulation run from 02-09-2021 to 11-09-2021 are
reported in Table 6.1. The reported values are the maximum reported averages throughout the
operation.
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Scenario Location Max hourly average Max average Max average Maximum SSC
value [mg/]] per day [mg/l] | per week [mg/l] | per timestep [mg/]]
Stationary | Turbidity sensor 1.57 0.58 0.43 1.66
West3 2.58 1.5 1.12 2.62
South?2 3.23 0.91 0.38 3.5
SouthEast2 0.84 0.13 0.03 0.89
Relocating | Turbidity sensor 1.48 0.58 0.43 1.59
West3 3.25 1.9 1.23 3.26
South2 3.15 0.97 0.53 3.45
SouthEast2 3.58 0.45 0.2 3.8

Table 6.1: Analysis on the SSC averages reported at the various observation points for the first
simulation from 02-09-2021 to 11-09-2021

The results obtained from both the stationary and relocating scenario indicate no exceedance of any
of the three thresholds at the observation points for the first simulation. Throughout the entire
duration of the operation the concentrations remain within the established limits, even for the max-
imum reported SSC values. The highest average hourly value per day for the stationary source is
3.23 mg/l at location South2, while for the relocating source 3.58 mg/! is reported at SouthEast2.
The maximum concentrations were reported at these observation points as well. The highest average
values per day and per week are reported at location West3 for both scenarios. This confirms the
conclusion drawn between the two different scenarios, as the peak concentrations are reported at dif-
ferent locations, while the average concentrations over a longer time period show better agreement.
At the turbidity sensor, the highest average hourly values were reported at 1.57 and 1.48 mg/I for
the stationary and relocating source respectively. The average daily and weekly values are identical
at 0.58 and 0.43 mg/l.

The results for the second simulation running from 14-09-2021 to 23-09-2021, which includes the
main current reversal, are reported in Table 6.2.

Scenario Location Max hourly average Max average Max average Maximum SSC
value [mg/]] per day [mg/l] | per week [mg/l] | per timestep [mg/]]
Stationary | Turbidity sensor 1.26 0.51 0.39 1.30
West3 2.47 1.48 1.00 2.51
South2 2.67 0.70 0.41 3.11
SouthEast2 2.54 0.46 0.20 2.61
East2 3.16 1.46 0.58 3.26
Relocating | Turbidity sensor 1.10 0.49 0.33 1.10
West3 3.09 1.85 1.05 3.13
South?2 2.68 0.97 0.58 2.80
SouthEast2 5.31 0.95 0.50 5.5
East2 7.39 3.13 1.38 7.57

Table 6.2: Analysis on the SSC averages reported at the various observation points for the simulation,
including a current reversal, from 14-09-2021 to 23-09-2021

For the assessment of the turbidity threshold during the second simulation, the concentrations at
observation point East2 have been included, as for this run, the concentrations were not negligible
anymore. For the stationary source, no thresholds are exceeded at any of the observation points.
For the relocating source, only the daily average at observation point East2 is exceeded, as a value of
3.13 mg/1 is reported, while the maximum allowed SSC per day is set at 3 mg/l. The highest daily
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average at East2 was reported during the main current reversal on 21-09-2021. The hourly average
concentrations during the relocating scenario are twice as high at East2 and SouthEast2 compared
to the stationary source, but the thresholds are not exceeded. For the daily and weekly averages,
a large difference between the concentrations reported at, mainly, East2 and SouthEast2 for the
stationary and relocating source is observed. The reported average SSC for the relocating source is
double the concentrations of the stationary source. This indicates that, especially for special events
as a current reversal, a suitable representation of the source location and quantity is important.
This problem was not observed for the first simulation, as most observation points were located
much further from the source locations compared to the proximity of the eastern load to East2 and
SouthEast2.

The effects of the turbidity stresses on the corals can be assessed if the thresholds for turbidity
and the results are related to the intensity-duration relation by Erftemeijer et al. (2012) in Figure
2.25. While the figure does not indicate numerical values for the intensity of the stress event, an
estimate can be made on the impact of the thresholds. It is assumed that the weekly average thresh-
old of 2 NTU is related to very low to low impact, the daily average of 3 NTU to low impact and
the hourly average of 10 NTU to moderate to high impact. If the thresholds are not exceeded, no
harmfull effects on the coral is expected. As the threshold was only slightly exceeded on the eastern
side during the current reversal, the effect on the coral at this location is expected to be in the region
between no effect and sub-lethal effects. For all other locations, no exceedance was reported and
therefore no effect on the coral colonies is expected.

A number of factors regarding the modelling choices and hydrodynamic conditions during the dredg-
ing operation might have influenced the results. The verification step for the hydrodynamics model,
discussed in Section 6.1, indicated that tidal-induced current reversals at the bed are not consis-
tently represented by the model. As the highest hourly and daily concentrations in the first run are
reported at each observation point, except for West3, on 08-09-2021 and 09-09-2021, it becomes clear
that these tidal-induced current reversals are significant factors in the results. As the highest hourly
and daily averages are observed during one of these moments, no exceedance of the thresholds is
expected if the current reversals were continuously simulated in the model throughout the dredging
operation. Even if the reported daily concentrations were to occur on each day throughout the
dredging operation, resulting in similar weekly averages as for the daily averages, the concentration
at every observation point (except East2) remains below the threshold of 2 mg/Il. Therefore, during
normal flow conditions no problems regarding exceedance of the turbidity thresholds are expected,
not accounting for the uncertainties in the methods and limitations of the model. If the situation
arises where a current reversal over the whole depth occurs during dredging, the location of the
BHD becomes important. The modelled scenario for the relocating source can be regarded as a
worst-case scenario since dredging occurs on the east side of the basin during the current reversal.
If the backhoe is located on the western side of the harbour, lower concentrations are expected at
location East2. To ensure no thresholds are exceeded during a current reversal event, monitoring of
the concentrations on the eastern side of the harbour will be required as well, such that dredging
can be halted on time.

The assessment of the turbidity thresholds and the analysis of the results over the depth high-
light two issues regarding the location and measuring principle of the turbidity sensor. First of all,
the current placement of the turbidity sensor to the west restricts its ability to monitor the concen-
trations on the eastern side of the harbour. To address this limitation and to prevent the need of
immediately halting the dredging operation during a current reversal, a second turbidity sensor can
be installed on the eastern side of the harbour during dredging. Another option is to stop dredging at
the moment of a current reversal to prevent the additional costs of an extra turbidity sensor and the
need of monitoring a second location. A cost-benefit analysis by the contractor on placing a second
sensor or halting dredging momentarily can determine the most viable option to choose. Secondly,
as the turbidity sensor measures the concentration 2 metres below the surface, only the SSC in the
surface layer is observed. Given that the concentrations in the top layer consistently register lower
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values than those near the bed, an underestimation of the depth-averaged SSC is expected to be
recorded by the turbidity sensor using this approach.

Finally, from the assessment on the turbidity thresholds and the figures showing the exceedance
locations in Appendices E.1 and E.2, the extent of the current high-impact zone can be discussed.
In the simulated scenarios, the thresholds have only been exceeded on the eastern side for the daily
averaged SSC. Therefore, it was recommended to monitor the concentrations on this side of the har-
bour as well. If possible, the eastern border of the high-impact zone can be extended more towards
the east.

At the western side, no exceedance of the thresholds was observed and it can be argued that the
extent of the zone on the west can be reduced. As the focus in this study was only on the far-field
plume, dynamic plume effects could still be of influence in the vicinity of the load locations. Ad-
ditionally, as only three source locations were modelled, the effects from dredging at the location
of the approach channel have not specifically been simulated. While from the current results it
seems that the zone can be adjusted, the source for dredging at the approach channel will be located
further South-West than currently modelled sources. This causes too much uncertainty to draw a
conclusion in reducing the extent of the high-impact zone.
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7 Discussion

This chapter aims to discuss the uncertainties in the methods, processes and data used in this study.
First, a reflection on the differences in modelling approach between the created models for this study
and the already existing EIA model is provided. The uncertainties are identified next and a reflec-
tion on their influence on the model results is given. Furthermore, the limitations and simplifications
of the data and processes on the results are discussed. Insight in these factors helps to clarify the
implications of the choices made on the reliability and validity of this study.

7.1 Comparative analysis of the modelling approaches between created
and EIA models

In this section, the difference in modelling approach between the EIA model and the model developed
for this study are explored. The focus is on providing insight in the different methodologies, since a
direct comparison of the results between the two models is not feasible due to a variety of different
factors, such as different goals and limitations. The goal, modelling approach and limitations of the
ETA model are discussed first, followed by a comparison between the two modelling approaches and
the applicability of the different models.

The model developed for the EIA has been the first attempt to simulate the expected SSC and
informs on the extent of the high-impact zone for the dredging operation in the Black Rocks har-
bour. However, due to time constraints, data gaps and a different goal for the model some important
processes for simulating a representative dredging operation were excluded. Surveys collecting addi-
tional data on the sediment characteristics and the multi-beam survey had not yet been conducted.
Additionally, the design for the breakwater (rubble mound or caissons) was not yet decided upon.
The choice was made to model the rubble mound breakwater, in which dredging only starts after
completion of the breakwater, while in this study the breakwater is not build yet. A list highlighting
the differences in modelling approach is provided below:

e A constant source term was applied for the entire model. For analysis of the turbidity thresh-
olds only the SSC values during the day between 08:00 and 18:00 are taken into account.
However, the constant source will influence these results.

o A production rate of 40 m3/h was assumed, resulting in a total dredging time of 12 weeks.

e No tidal and wind forcing was incorporated separately for the hydrodynamics model (only
currents from the Hycom database), and was run in 2D without accounting for different layers
over the depth. This results in no variation of the flow over the depth.

¢ Due to the absence of depth layers, no distinction is made for the source term release over the
depth.

e A minimum grid resolution of 15 m was used, which is five times larger than the minimum
grid size used in this study.

o Fractions of fines of 33% and 13% were used for the eastern and western part of the dredging
volume respectively .

e A source term factor of 0.1 for dredging was applied, which is significantly higher than the
maximum value of 0.04 used in this report.

o The resulting source terms were 0.55 kg /s for 20.000 m3 (east) and 0.22 kg/s for 10.000 m3
(west), indicating lower source terms on average and a lower total dredging volume.

e Dredging was assumed to start after completion of the breakwater, resulting in different flow
velocities and directions in the vicinity of the harbour.
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The model developed for the EIA offered valuable insights to obtain a general overview of the
expected concentrations and the predominant direction for the plume dispersion, aiding in the de-
termination of the high impact zone used in this study. However, a different approach is required
to obtain deeper insights in the potential exceedance of the turbidity thresholds during dredging.

One limitation of the EIA model was the absence of important hydrodynamic processes, such as
tidal forcing and the influence of wind forcing on the current direction and velocity magnitude of the
top layer. Additionally, the absence of depth layers, due to a 2D modelling approach, resulted in the
varying direction and magnitude of the currents over the depth not being simulated correctly. As
simulated in the models developed for this study, modelling of these processes allow for modelling
of the effects of higher current velocities in the top layer and varying SSC over the depth due to
the configuration of the source term in the model and the inclusion of current reversals over the depth.

The differences between the used fraction of fines arise in the approach of simulating a worst case
scenario for the ETA and the limited available data. While a large fraction of fines for the dredg-
ing volume was chosen, the different choices made on the dredging processes, for example use of a
significantly lower production rate, resulted in similar source terms as decided upon in this study.
Since more data was available for this study, the possibility of 33% fines present in 20,000 m3 was
already proven to be highly unlikely.

In addition to the different approach in determination of the source terms, the EIA model em-
ployed a constant source term throughout the entire project duration. While only the SSC during
the day was observed, the influence of the continuous source will be visible in the reported concen-
trations, since no period in the model is present when the source term is absent. The approach used
in this study to halt the source term at night and during relocation provides a more representative
representation of the temporal distribution of the source term.

Finally, the lower grid resolution and the presence of the breakwater are additional factors that
limit the applicability in determining the exceedance of the turbidity thresholds. The presence of
the breakwater prohibits free flow in the model, while the caisson breakwater can only be build after
completion of the dredging operation. The minimum grid size of 15 m may cause lower observations
on the SSC as the source is immediately spread across a significantly larger area compared to the
case for a 3.5 m grid.

It can be concluded that the EIA model provided a good approach for their own purpose in a
first identification on the extents of the high impact zone, but the additions of wind- and tide forc-
ing, a higher grid resolution, more in depth data analysis and the use of a 3D model made the model
developed for this study a more representative simulation of the dredging operation. Therefore, a
higher accuracy can be provided in the prediction of the SSC’s during dredging.

7.2 Uncertainties of the used methods on the model results

In this section, the uncertainties associated with the methods used for this study and their impact
on the model results are discussed. This includes the applied methods in the modelling approach
and analysis of data. Some of the uncertainties treated relate both to the methods used and the
processes and data included. These discussion points will be included in the methods section.
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7.2 Uncertainties of the used methods on the model results

Dredging processes

Several uncertainties arise from the decisions made regarding the exclusion of dredging processes.
It was decided that back-filling of the caissons and the removal of boulders are excluded from the
dredging operation regarding the duration of the dredging cycle. Due to the unknown method the
effects of back-filling the caissons were excluded. Consequently, all dredged sediment was dumped
at the disposal site in this study. The exclusion of back-filling caissons and boulder removal may
introduce downtime during dredging, as emptying barges and removing boulders between dredging
temporarily halt the operation. These interruptions result in downtime regarding the sediment flux
and extends the dredging operation over a longer period. The inclusion of these processes would
have resulted in a similar effect as was visible for relocation of the backhoe, potentially reducing the
peak concentrations around these moments of downtime.

Other choices made regarding the work method, including the bucket volume, number of barges
and sailing speed of the barges impact the duration of the dredging operation as well. A larger
bucket volume reduces loading time, but increases the source quantity for each filled barges, while
the number of barges affects the waiting time of the backhoe. It can be argued that the chosen
sailing speed of 8 and 10 knots is relatively high. A lower sailing velocity results in a longer sailing
time and consequently in possible downtime for the BHD. While the operation will take longer,
the downtime does reduce the SSC. The absence of downtime in the model is a general limitation,
as the persistency analysis indicated that downtime is likely to occur during the operation. While
the results suggest that downtime is not a requirement to meet these thresholds, the inclusion of
downtime would provide a more representative simulation. Moreover, a prediction on the expected
downtime following the persistency analysis would be more accurate if wave data from multiple years
was analysed. Although the two-year dataset provides a general overview, it does not contribute
enough to estimate the downtime expected during 9 days of dredging.

Source term selection & quantification

The potential spillage of fines resulting from back-filling of caissons, leakage during sailing and
dumping is not accounted for due to the decision to exclude the source from the dredging operation.
Due to uncertainties in the work method and the limited time available, the choice was made to
exclude these processes as they were deemed to be less significant, while dumping at the disposal
site was determined to be out of scope. While, the included source terms are expected to have the
biggest influence on the SSC, a complete overview on the effects of the dredging operation would
require the inclusion of dumping, leakage during sailing, overflow and bucket drip during emptying
of the barges. Uncertainty in the source term rates for the bucket drip and crushing and removal of
boulders can affect the accuracy of the results, due to possible overestimation of the source rates.
While for the bucket drip an upper limit was taken, an estimate was taken for the fines released from
boulder crushing, likely overestimating the source fraction. As upper limits were used, the expected
concentrations when applying different source term rates can only turn out lower than simulated for
this study.

The relocating source in this study consisted of three different dredging locations. While it can
be argued that this scenario should have been split in more locations, the relatively small dredg-
ing volume justified the choice to only include three different dredging locations due to the limited
length of 80 metres between the source locations. Another uncertainty arises in the number of relo-
cation moments. Only two were modelled, however, in reality more frequent relocations occur. Since
during relocation a reduction of the peak concentrations was observed, including more moments of
relocation in the simulation reduces the peak concentrations at the time of relocating.
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As a limited number of sediment samples were available, an average of the most representative
samples was used to determine the fines content for the source term calculations. This method was
considered to be the best available method due to heterogeneity of the soil and limited number of
samples. If more samples had been available, directly using samples from the load locations could
have provided a more accurate representation of the source terms.

The developed model represented the suspended sediment by only two fractions, excluding the
smallest fractions, which remain suspended for longer periods. This might results in higher sedi-
ment concentrations in plumes further from the source. Due to the absence of data on sediment
fractions smaller than 63 pm, no accurate representation could be given of the smaller fractions
using the available PSD curves. Extrapolating the PSD’s is highly uncertain, suggesting the need to
assess data obtained from coasts with similar characteristics in the Caribbean. The available data on
the smaller fractions can be used to substantiate the chosen distribution of fines over the sediment
flux. Additionally, more than two fractions can be included, which gives a better representation of
the far field concentration as fractions smaller than 30 pm are then included as well.

Moreover, the possibility of underestimation of the smallest fractions is likely if the percentage of
carbonate content, which may erode into very small particles, in the samples is taken into account.
Percentages of 10 to 20% were observed in the soil samples, leading to a possible large representation
of the carbonates for the finer particles.

Model configuration & results

A number of uncertainties arise from the used methods for the model configuration. First of all, the
absence of grid refinement over the vertical limits accuracy in representing flow variations in the top
layer influenced by wind forcing. Refining the grid in the top layers could improve the depiction of
this process, but to not make the model too complex, no refinement was included. Consequently,
the accuracy of the flow in the top layers may be limited. Additionally, exclusion of the grid refine-
ment on the northern side of the island causes uncertainty in correctly capturing the effects of swells
diffracting around the island. As the model currently cannot be validated at locations other than
the ADCP, the correct representation of these ocean circulations in the model remain uncertain and
should be kept in mind when addressing the dispersion pattern of the plumes.

For the water quality model, the chosen method for the settling velocity and the distribution of
the source term over the depth are points of uncertainty. Despite using a formula by van Rijn
(1993), generally applicable for turbulent flow and is expected to provide a good representation of
the settling velocity for the particles, further insight in different formulations better applicable for
the local conditions and the small diameter of the modelled particles will increase the reliability of
the model results. In this study, the bucket drip was distributed equally over the depth. However,
sediment is also spilled when the bucket is lifted above the water level, potentially leading to more
sediment spillage in the top part of the water column. However, it can also be argued that most
of the sediment in the overtopped bucket has already spilled by the time the bucket is above the
water level, resulting in an equal sediment entry in each layer. The distribution of the sediment flux
over the depth affects the concentration of the sediment plumes in the far-field, as sediment in the
top layer takes longer to settle and can therefore disperse further. Further research on this particu-
lar aspect of the dredging operation will enhance the accuracy of the simulation of the dredging cycle.

Finally, the interpretation of the model results using point data to observe the SSC at the monitoring
locations can lead to inaccuracies. As the bathymetry data is interpolated on the grid, disparities
between the depth and geometry near the grid cell and at the real life location can occur. This can in
turn affect the local flow velocities, current patterns and SSC in the grid cell, due to a difference in
pressure gradients and shallower or deeper depths, which directly influence the local hydrodynamic
processes. Observing the results regarding SSC at the surrounding grid cells and comparing the data
allows to identify possible significant differences in the results.
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7.8  Uncertainties of the included processes & data

7.3 Uncertainties of the included processes & data

The uncertainties associated with the included processes and data on the model results are dis-
cussed next. Starting with the data collected following the area study in Chapter 2 is analysed.
These datasets form the foundation of the model and, therefore, directly influence the accuracy of
the model results. Regarding the bathymetric data, a detailed overview on the project area was ob-
tained by means of a multi-beam survey. As nearshore data was only available for the project area
and the area surrounding the Fort Bay harbour, inaccuracies outside the project area can present in
the form of incorrect representation of the current direction and formation of eddies when modelling
the hydrodynamic processes.

Another limitation affecting the model results arises from the exclusion of turbidity caused by
run-off from land after heavy rainfall events. High erosion rates on the island lead to significant
amounts of boulders and sediment to be swept towards the ocean following heavy rainfall events.
Figure 7.1 illustrates the aftermath of such an event, which cause both large boulders to end up on
the roads and high concentrations of suspended sediment in the harbour.

(a) Boulders remains on the road after (b) Snapshot of run-off into Fort Bay har-
heavy rainfall bour during heavy rain

Figure 7.1: Overview of the impact from erosion following heavy rainfall

This run-off can lead to a rapid increase in turbidity, potentially reaching the turbidity thresholds
faster and leading to more downtime due to halting the dredging operation. As currently data from
hydrology models is unavailable for the SSC in the run-off, the effects cannot be incorporated into
the models for this report. This limits the accuracy of model results, especially if during the mod-
elling time frame such a peak precipitation event occurs.

The turbidity caused by dredging can be put into perspective when observing these extreme events.
The SSC in the harbour is expected to be significantly higher during such events, compared to the
effects following the dredging operation.
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To limit the complexity of the model, several processes were excluded, which may lead to an in-
complete representation of the effects following the dredging operation. For instance, salinity and
temperature, which influence the water density and in turn cause density-induced currents impacting
the flow velocity, mixing of the water column and circulation patterns, were not included.
Secondly, wave forcing and wave-induced resuspension of the suspended sediment are excluded for
this case study, despite the crucial role waves play in mixing of the water column and transport of the
sediment plumes. Additionally, resuspension of the settled sediment and its impact on nearshore re-
gions is not accounted for, which may lead to higher concentrations of suspended sediment nearshore
over time, although the increase in concentration is expected to be limited. As the resuspended fines
are expected to remain close to shore, no problems for the sensitive receptors located further from
shore are expected. For each project the influence and importance of waves on the sediment con-
centration must be assessed separately. Including all of the processes mentioned would lead to a
significant increase in calculation time. Therefore, choices should always be made on the signifi-
cance of the influence of different factors. Finally, the influence of the water temperature on the
kinematic viscosity was not considered for the settling velocity. As warmer temperatures decrease
the kinematic viscosity, increased settling velocities can be expected for the warm temperatures of
Caribbean oceans, resulting in lower concentrations in the far-field.

7.4 Limitations on the methods & data

A number of limitations regarding the used methods and available data are discussed, which restrict
the possibilities on the model approach. Firstly, the available data for validation of the model was
limited to one period during the hurricane season. Consequently, the model had to be run assuming
that the dredging operation would occur during this season, which is unlikely. As a result, different
hydrodynamic conditions are simulated in the model than those expected during the actual dredg-
ing operation. During the hurricane season wind speeds are generally higher, leading to higher flow
velocities and faster dispersion of the sediment plumes. Furthermore, validation of the model was
conducted at a single location, limiting the model’s accuracy as the hydrodynamics in other areas in
the model cannot be validated. To address this limitation, additional measuring campaigns during
the favourable months for the dredging operation between February and April should be conducted
at multiple locations.

The available data from the soil investigations used to estimate the fines content in Chapter 4
presents another limitation. The limited number of representative borehole samples available for
the estimation of the fines content in the dredging volume reduces the accuracy of the estimated
source term. The heterogeneity of the soil introduces extra uncertainty, as multiple pockets contain-
ing large amounts of fine sediment could be present in the dredging volume. However, overestimation
on the fines content in the area remains a possibility as well. The questions remains to what extent
the accuracy of the results would improve if more sediment samples are available. Furthermore,
the available background turbidity data is limited, with only 6 months of data available, while the
sensor has difficulty registering values below 0.5 NTU. As a result, useful data on the background
turbidity is absent. The constant turbidity measured will be subtracted from the values reported by
the turbidity sensor during dredging, potentially extending the dredging duration before thresholds
are exceeded. As more data becomes available on the background turbidity, it can be used as an
initial condition in the model or subtracted from the results for the SSC.

The hydrodynamic model created in this study poses a limitation regarding the tidal-induced current
reversals at the bed, as these are not consistently captured resulting in different flow patterns at the
bed compared to the ADCP data. While the current reversal at the bed is captured on a number
of occurrences, providing some insight in the effects on the concentration, the exact influence on
the peak concentrations and weekly averages remain unknown. Finally, the model does not account
for the effects at the disposal site, which could potentially lead to negative impacts on coral reefs
nearshore. It is essential to model this process to obtain a complete and representative overview of
the full effects of the dredging operation.
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8 Conclusion & recommendations

In this final chapter, the insights gathered in this study are provided by a comprehensive conclusion,
reflecting on each sub-research question. This provides a summary of all key findings, leading up
to the answer of the main research question. Additionally, a number of recommendations for future
research are given based on the conclusion.

8.1 Conclusion

The aim of this research is to develop a representative approach to simulate the turbidity effects
of dredging activities by backhoe dredgers in the vicinity of Caribbean islands. The main research
question "How can the turbidity impact of dredging activities by a backhoe in the Black
Rocks area be simulated using a representative approach, while accounting for both
local physical characteristics and dredging specific processes” is addressed by investigation
of a number of sub-research questions in this study. The sub-research questions are answered by
analysing the system and configuring relevant processes into a numerical model. Each sub-question
is addressed individually, ultimately contributing to provide an answer on the main research ques-
tion.

1: What relevant local hydrodynamic conditions and sediment characteristics should be considered
when simulating the effects of the dredging operation?

The influence of the local physical processes on the turbidity stresses and dispersion of the sediment
plumes must be understood to consider their importance of inclusion in the simulation. Firstly,
regarding the hydrodynamic processes, the wave climate must be studied to obtain a better under-
standing of the working conditions during dredging. Large wave heights and long wave periods,
caused by swells, reduce the workability of the BHD if these exceed the operational limits of the
equipment. Downtime can especially be expected during the hurricane season in the Caribbean
between June and November. Additionally, mixing by waves and breaking waves can result in wave-
induced resuspension. This process was deemed to have a less significant influence, especially on
coral colonies located in deeper water from the 5 to 6 metre depth contour onwards, which is out-
side the breaking zone. Secondly, insight in the current patterns and flow velocities over the depth
is essential to determine sediment plume dispersion and distribution of the SSC over the depth.
Tidal and wind influences can result in variation of flow velocities and direction over the depth.
The occurrence of rare hydrodynamic conditions, such as current reversals, should be captured to
obtain a complete overview of the varying flow conditions. For a representative simulation, it is
recommended to make use of a 3D model to accurately simulate the flow dynamics over the depth,
while simulating varying flow conditions. The effects from peak precipitation events resulting in high
turbidity levels caused by run-off, a recurring phenomenon on Saba and other Caribbean islands,
should be considered as it significantly increases the background turbidity, potentially resulting in
downtime to oblige to the turbidity thresholds.

Accurate data of local sediment samples should be collected and analysed to determine the fines
content in the soil, with special attention on spatial variability in the fines content and distribution.
This is an important step for the estimation of the source terms. Knowledge on the distribution of
the particle size and density is crucial for an accurate determination on the settling velocity, which
influences the SSC in the far-field. Including these processes allows for a representative approach in
simulating the turbidity stresses caused by dredging. An accurate estimate of the turbidity stresses
allows for timely proactive measures to prevent negative effects on the corals in the vicinity.
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2: What is the used work method for the dredging operation and which dredging processes should be
incorporated in the model?

In this study, the focus was on the passive plumes caused by dredging using a BHD to analyse the
concentration and dispersion of sediment plumes in the far-field. The method considerations in this
study have been based on dredging activities by a BHD. Regarding the work method, the equip-
ment should be chosen based on cost consideration, the quantity and characteristics of the dredging
volume and hydrodynamic conditions regarding operational limits for workability. A persistency
analysis on historic data can be used to predict periods of downtime, which aids in determining an
accurate estimate for the duration.

Processes such as filling, emptying and sailing of the barges should be included to allow for a
representative estimate on the temporal distribution of the source terms in the model. It was deter-
mined that no distinction has to be made for the individual bucket lifting cycles as this has limited
to no effect on the far-field concentration. Therefore, applying a constant source during continuous
dredging activities is considered to be a suitable representation, while the source is absent between
longer time intervals such as during relocation and halting of dredging activities.

3: What are the relevant source terms and how should they temporally and spatially be distributed
to represent the dredging operation?

The main source term contributing to the release of fines considered is associated with the bucket
drip from the BHD. While additional sources, such as overflow and leakage of barges, bucket drip
during emptying of barges, dumping and release of fines during crushing and removal of boulders
are present, these sources are believed to contribute significantly less and where therefore not con-
sidered for the case study in this report. However, if an accurate estimate on the contribution of
these sources can be made, including them allows for a more representative simulation.

The lateral distribution of source terms was found by Tuinhof (2014) to influence the far-field concen-
trations. It is therefore recommended to apply a spatially varying source, with source terms present
at multiple locations to simulate the relocation of the BHD, allowing for a more representative ap-
proach. The source terms can be quantified by first estimating the total amount of available fines
using the approach for estimating source terms by Becker et al. (2015). If the fines content in the
dredging volume varies spatially, a representative estimate on the local fines content should first be
made for each source term by analysing sediment samples taken at different locations. For a correct
representation of the various particle diameters, the calculated sources must not only be assigned
to the fraction of 63 um considered for the threshold of fines, but also to the smaller fractions. The
smaller particles influence the far-field concentrations due to their slower settling velocity, resulting
in a higher SSC further away from the source. If no data is available on the distribution of fractions
smaller than 63 um, the PSD curves can be extrapolated or PSD curves from similar locations in
the area can be used if available.

4: What is the most suitable modelling approach and how should the source terms and local hy-
drodynamic conditions be configured and implemented for an accurate simulation of the dredging
operation?

While different options for modelling software are available as CFD models and more global models
as Delft3D, MIKE21 and FINEL, it is recommended to use the latter options. These type of models
are sufficient to model the level of detail for the hydrodynamic processes required, while also provid-
ing computational efficiency. The case study in this report was simulated using Delft3D, utilizing
the D-Flow and D-Water Quality modules to simulate the hydrodynamics and plume dispersion
respectively. The grid resolution must be chosen accordingly to accurately represent the SSC by the
initial sediment flux, in this case the bucket drip. If the grid cell size is too large, the initial source is
dilluted, simulating a lower concentration. To capture the variations in flow velocity and direction
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over the depth, a 3D model is recommended including a number of depth-layers. The relevant hy-
drodynamic processes, discussed for sub-question 1, should be included as boundary conditions for
an accurate reflection of the local processes. For this case study, tidal and wind-forcing were deemed
important processes to include to simulate the fluctuations in flow velocity and direction over the
depth. Waves, salinity and temperature were excluded from the model, but the influence of each of
these processes has to be evaluated for each project separately.

Suitable formulations for calculating the settling velocities of particles must be used, based on the
local hydrodynamic conditions and sediment characteristics. In coastal environments, formulations
applicable for turbulent flow are recommended. The source term originating from the bucket drip of
a BHD should not be implemented in only one depth-layer of the model, but distributed equally over
the depth to represent the gradual loss of fines while moving through the water column. Finally, to
allow for spin-up of the hydrodynamic model, the source terms should not be included directly at
the start.

5: What is the potential intensity and duration of the turbidity stresses at the monitoring loca-
tions and on the environment resulting from the simulated dredging operation?

The results of the water quality model, run for the Black Rocks harbour case, indicated that during
normal flow conditions, the main dispersion direction of the plume is towards the west, while remain-
ing close to the coast. The maximum concentration on the western edge of the high-impact zone
did not exceed 4 mg/l for both the stationary and relocating source scenarios. The concentration
recorded on the east were negligible during normal flow conditions. During tidal-induced current
reversals, a significant increase in disparity between the SSC near the bed and at the surface layer
was observed, with higher values near the bed. Modelling of a main current reversal exhibited sig-
nificantly higher values near eastern observation points, especially for the relocating source, mainly
caused by the increased source quantity and closer proximity.

Turbidity thresholds set for the project were not exceeded at any time during the dredging op-
eration simulated under normal flow conditions. However, for the second simulation, an exceedance
of the daily averaged threshold was reported for an observation point located on the east during
the current reversal for the relocating scenario. This was not reported for the stationary source,
indicating the influence of source location and quantity, especially during varying flow conditions.
As the exceedance was observed at an eastern observation point, monitoring of the SSC not only on
the western side, but also on the eastern side of the harbour is advised.

6: What additions to the current available methods can be suggested to improve the representa-
tion of the dredging processes?

A number of additions have been introduced to the already existing methods for estimating source
terms and modelling far-field plume dispersion by Tuinhof (2014) and Becker et al. (2015). These
additions aid in a more representative approach for simulating turbidity stresses from backhoe re-
lated dredging activities. Firstly, an overview identifying the relevant local physical processes must
be created, aiming to improve the representation of the local conditions in the model. Insight into
the temporal distribution following the work method was incorporated to suitably simulate the loss
of fines over time. Consideration was given to simulating the relocation of the backhoe for a repre-
sentative spatial distribution, which was not specifically stated for BHD’s in the existing methods.
An addition to the step for the determination of the fines content in the soil was provided to take
into account the possibility of spatially varying fines content and its effect on the various sources.
Morever, a methodical step stressing the need of incorporating multiple sediment fractions for an
accurate simulation of the far-field concentrations was included.

Finally, a number of specific modelling considerations were implemented. These included the use
of a 3D model to simulate the varying flow conditions and the inclusion of tidal and wind forcing.
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Additionally, the importance of using a suitable formulation to calculate the settling velocity was
stressed, as the numerical value obtained can vary significantly depending on the method used.
Lastly, distributing the source term for the bucket drip equally over the depth was recommended as
the most suitable approach.

How can the turbidity impact of dredging activities by a backhoe in the Black Rocks
area be simulated using a representative approach, while accounting for both local
physical characteristics and dredging specific processes

From the additions to the methods suggested in this report, an updated approach to simulate the
turbidity stresses, specifically by a BHD, is proposed:

1. Identify and select the relevant local physical processes
2. Analyse the work method and determine temporal distribution of source terms

Identify the relevant source terms and distribute them spatially over the area

=

Assess and estimate the spatial variability of fines content for the source locations

5. Quantify the source terms, using the local fines content and distribute accordingly over the
sediment fractions

6. Configure the relevant physical processes and source terms appropriately in the numerical
model

The suggested method, applied for the Black Rocks harbour case, demonstrated that that for both
a stationary and relocating source term, an accurate depiction of the average SSC values over longer
time periods as days and weeks is simulated, while the relocating source tends to estimate peak
concentrations more accurately, as the source location and quantity is represented more precisely.
Therefore, to obtain an estimate of the turbidity effects over longer time periods, the labour intensive
approach of a highly detailed model would not be recommended. However, if precise predictions of
the peak concentrations are required over short time periods or during events as a current reversal,
a more detailed approach would be beneficial for a more accurate representation on the effects of
the dredging process.

8.2 Recommendations

To enhance the suitability of the method to represent the turbidity effects and to improve the ac-
curacy of the results for the case study, recommendations are provided. First suggestions to for
further improvement of the method to simulate turbidity effects by a BHD are given. Finally, based
on the described steps and model results in this report, recommendations are given to improve the
accuracy of the results on the turbidity effects of the Black Rocks harbour project.

A number of recommendations to further improve the suitability of the approach to simulate the
turbidity stresses by a backhoe can be given number, focusing on a number of specific aspects. First
of all, research into the required level of detail for the spatial distribution of the source terms, simu-
lating relocation of the backhoe, is required to state the increase in accuracy. In this study, the three
source locations were distributed 80 metres apart, which resulted in a variance in the observed SSC
accross the domain compared to the stationary source. By testing the effects of applying more than
three source terms and adjusting the distance between the sources, insight in the added accuracy on
the results is obtained.

Additionally, the effect of refining a number of model related aspects on the accuracy of the model

results can be researched. Insight in the effect of refinement of the grid over the vertical, allowing for
a more detailed representation of the effects of surface stresses by wind and the tidal influence near
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the bed on the current velocity and direction, can be obtained by testing a number of grid resolu-
tions for similar hydrodynamic conditions. Similarly, the ideal grid size to represent the source input
from the bucket drip can be tested by performing a sensitivity analysis on the grid size. Accurate
measurements on the SSC in the far-field, along with accurate data on fines content and equipment
used, are essential for performing a correct analysis.

Finally, a number of recommendations to improve the results on the turbidity effects for the Black
Rocks dredging operation can be given. To obtain a complete overview on the effects of the dredging
operation, the effects from dumping at the disposal site should be modelled. The sources resulting
from emptying of the barges and consequently filling the caissons should be included as well to cap-
ture the full extent of the fines released during dredging. Additionally, by incorporating an increased
number of sediment fractions by studying PSD curves from similar project sites in the Caribbean a
more accurate representation of the particle distribution in the sediment plumes and consequently
the far-field concentration can be simulated.

It is recommended to run the new models during the period between December and May in which
dredging is recommended. As tropical storms are less frequent, flow velocities might be significantly
lower, which influences the dispersion of the plumes. On the other hand, calm periods occur during
the hurricane season as well (see Figure 2.6), such that the conditions modelled for the case study
can be regarded as representative year-round. To validate these statements, additional data from the
ADCEP is required and must be collected first. By analysing the results for these flow conditions, a
complete overview of the expected turbidity stresses throughout the year is obtained. When running
the new models, it is advised to use nested models, in which boundary conditions from large scale
models are provided to the localised model in the project area. This will ensure that regional effects
on wind and tidal driven currents, influenced by the Saba bank and other islands, are incorporated
correctly. Finally, if for the newly suggested model set-up a source is modelled near the approach
channel, a well substantiated conclusion can be drawn on the recommended size of the high impact
zone, based on the results from multiple scenarios.

If during the dredging operation in the Black Rocks harbour data is collected at multiple loca-

tions on the SSC, the model results from this study and refined models can be verified and the
accuracy of the suggested method to simulate the dredging operation can be assessed.
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A Area study elaboration

A.1 Bathymetry

This section elaborates on the available bathymetric datasets around Saba, additionally providing
a comparison between the results obtained by the single-beam and multi-beam survey in the Black
Rocks area.

The results of the single-beam survey in the Black Rocks area can be seen in Figure A.1. The
resolution of the single-beam is noticeably lower than the multi-beam survey.
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Figure A.1: Results from the single-beam bathymetry survey in the Black Rocks area

The difference between the single and multi-beam survey is shown in Figure A.2. Two different
profiles of the seabed from the two surveys are compared. The red line shows the multi-beam survey
and the blue line the profile obtained from the single-beam survey. The multi-beam survey shows
a more detailed depiction than the single-beam. Some of the large boulders in the area can be
seen in multi-beam profile. For the single-beam survey the results can be seen as a depth averaged
profile of the multi-beam survey. Not only are the boulders less distinguishable, but the nearshore
measurements around the 3 to 6 m depth contour appear to show a consistent difference of 0.5 to 1
m deeper water compared to the multi-beam survey.
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A.1 Bathymetry
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Figure A.2: Comparison between the single and multi-beam survey at two different transects in the
Black Rocks area

For the existing harbour Fort Bay the results of the bathymetry survey performed can be seen in
Figure A.3. When comparing both surveys, it can be noticed that the depth increase at Fort Bay is
significantly faster than at the Black Rocks area. The change in steepness of the foreshore is already
visible on the eastern side of the Fort Bay survey, where the depth increase is more gradual than
directly in front of the harbour.
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Figure A.3: Overview of the single-beam survey results at Fort Bay
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B Coral theory

The presence of corals in the area is the main driver for creating a representative model on the effects
of the dredging operation. This section delves into the characteristics of corals and the various coral
stressors, which pose threats to the coral colonies. By gaining a better understanding of these
factors, the need of safeguarding the corals from high sediment concentrations is emphasized.

B.1 Characteristics of corals

Corals are not only visually attractive for divers, but also serve as a shelter and feeding place
for countless aquatic species and in some cases even serves as a natural breakwater for coastal
protection (Ahmed et al., 2007). Most coral branches people see are made up of thousands of single
corals which are called polyps. These corals are modular organisms, meaning that they are made
up of several individual, but identical pieces (Hughes et al., 1992). Within these polyps live tiny
unicellular algae called zooxanthellae. The coral and zooxanthellae live in symbiosis, meaning that
at least one of the two organisms benefit of the presence of the other. (PEARSE and MUSCATINE,
1971) Zooxanthellae are photosynthetic organisms meaning they can use the energy from sunlight
to provide nutrients for the coral species the zooxanthellae is hosting on while it also has benefit
from the waste products of corals (Spalding et al., 2001). Protection to these algae is also provided
by the coral as it provides shelter for the zooxanthellae (PEARSE and MUSCATINE, 1971). The
zooxanthellae produce pigment, which is visible as they inhabit the clear tissue of the polyps (Zanga
et al., 2023). Coral can regulate the number of zooxanthellae cells and the amount of chlorophyll in
them (Zanga et al., 2023). The beautiful colours, which characterize corals are obtained from the
pigment produced by the zooxanthellae.

Many corals have the ability to live in colonies, which allows them to create a joint skeleton (Spalding
et al., 2001). An example of such coral species are reef-building (hermatypic) corals, which are hard
corals that create a skeleton from calcium carbonate (limestone) in warm, shallow water, which
typically grow only millimeters every year (Spalding et al., 2001). Zooxanthellae can influence this
calcification process by removing phosphates and converting carbon dioxide indirectly into carbonate
(PEARSE and MUSCATINE, 1971).

Soft corals do not form a limestone skeleton, but grow as a result of budding. Polyps bud off from
each other, forming new polyps and consequently forming a larger colony (Hughes et al., 1992).

An example of a coral species, which can be found around Saba, is the Acropora Palmata, which
can be seen in Figure B.1.

Figure B.1: Colony of Acropora Palmata in the Black Rocks area
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B.2  Coral stressors

B.2 Coral stressors

Coral health is influenced by a wide range of different factors. It can be affected by both natural
and anthropogenic (man-made) threats. The focus on this project is, due to the dredging activities,
to identify the different man-made threats and to assess the possible damage these can have on
the corals. Some natural threats will be listed as well. In case of coral starvation during or after
completing the project the possibility of damage to the corals caused by dredging can be ruled out
if the natural threats are known as well.

Two of the main threats to the coral as a result of dredging are sedimentation and light attenuation
in the water column. Sedimentation of corals can occur when (part) of the sediment plume settles
on the coral itself. The coral responds by attempting to remove the sediment which has settled
by pushing it off towards the edges. Once the sedimentation is too high (partial) mortality of the
coral can happen if sediment is not removed by a storm (Jones et al., 2016). The sediment plume
also affects the amount of light able to penetrate through the water as it causes light attenuation.
The light limitation caused by the suspended sediment and sedimentation of the corals negatively
influences the zooxanthellae due to a decline in photosynthetic productivity (Erftemeijer et al.,
2012). A decreasing number of zooxanthellae can result in coral bleaching and even starvation due
to receiving less nutrients from the zooxanthellae. Fishing nets or anchors from ships can destroy
part of the coral colonies by dragging them across the seabed. This should be prevented as much as
possible in areas containing coral species.

Pollution as well as global warming form great risks to the corals. Pollution by run-off from land
can add nutrients to the water, which may cause an immense growth of algae (Meesters et al., 2019).
This process, called euthrophication, may cause smothering of the corals by algae. Rising CO2
levels cause warmer and more acidified oceans. Ocean acidification forms a threat to corals as it
is expected to cause a decrease in calcification rates (Ross et al., 2022). Another consequence of
the warmer water is the expelling of zooxanthellae from the coral, which may result again in coral
bleaching. A similar phenomenon happens when the coral is under stress, which may cause the
release of zooxanthellae (Zanga et al., 2023).

Among the natural threats harming corals are the different diseases affecting different species such
as white and black band disease (Dupuits, 2012). As mentioned by Meesters et al. (2019) other
stressors include overfishing and invasive species. Additionally, overgrazing by goats causes erosion
rates to be high, contributing to high turbidity levels in the water after heavy rainfall (Meesters
et al., 2019).
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C Persistency analysis

This section presents a persistency analysis for the dredging operation in order to assess the duration
during which the dredging operation can proceed without exceeding the wave height limits for the
chosen BHD. The analysis covers the significant wave height, maximum wave height and peak wave
period as these factors determine the workable days for the BHD. The persistency analysis provides
an overview on the expected duration in which the MetOcean conditions stay within the criteria set
for a safe and efficient continuation of the dredging operation. Historical data collected from wave
buoys deployed in the area is used to assess the number of workable days during these periods. The
analysis is crucial when calculating the complete duration of the dredging cycle, as insight is given
to optimise the dredging operations. The outcome assist in scheduling the operation during periods
with a higher persistency of favourable conditions, minimizing potential downtime due to adverse
environmental conditions.

Starting the analysis, a decision must be made on the workability limits for factors regarding wave
height and period. These limits are first of all imposed to guarantee the safety of the personnel
and the equipment. Operating in rough conditions significantly increases the risk of accidents and
damage to or loss of expensive equipment. Another important reason is that these rough conditions
can cause instability of the pontoon. This instability not only affects the precision of the dredging
operation during sediment excavation, but also complicates the process of disposing the sediment in
the barges. This can lead to loss of sediment, raising the suspended sediment concentration in the
water column. This situation is unfavourable as it accelerates exceedance of the turbidity thresholds.
It is decided to use a Backhoe with a bucket volume of 10 m3 and a draught of approximately 2
m as stated in Section 3. Equipment of this size is expected to remain operable within maximum
significant wave heights of 0.9 m, maximum wave heights of 1.5 m and peak wave period of 10 s.

To perform the analysis, historical data needs to be collected. For the project area, wave data
is available during the period of August 2020 to October 2023, with some minor data gaps. The
data for all the parameters considered is given in separate figures for its respective measuring period.
The first dataset ranges from 24-08-2020 to 06-08-2021. For the other two years the data collection
periods are 30-08-2021 to 23-06-2022 and 13-10-2022 to 13-10-2023. It must be noted that for the
first two time periods, a different wave buoy was used than for the 2023 measuring campaign. The
red horizontal lines represent the value that was set as the limit for each parameter. The data
collected for the measurement periods can be seen in Figures C.1, C.2 and C.3 below.
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Significant wave height measured for the period 24-08-2020 to 06-08-2021
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Figure C.1: Overview of the wave buoy measurements at Black Rocks on Hs, Hmax and Tp during
the period 24-08-2020 to 06-08-2021
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Significant wave height measured for the period 30-08-2021 to 23-06-2022
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Figure C.2: Overview of the wave buoy measurements at Black Rocks on Hs, Hmax and Tp during
the period 30-08-2021 to 23-06-2022
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Significant wave height measured for the period 13-10-2022 to 13-10-2023
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Figure C.3: Overview of the wave buoy measurements at Black Rocks on Hs, Hmax and Tp during
the period 13-10-2022 to 13-10-2023

From the figures, a clear difference in the data can be seen for the year 2022 compared to 2021 and
2023. During the period between September and November, it appears that tropical storms and
hurricanes may have caused exceptionally high waves and peak periods for an extended period. The
reliability of the 2022 dataset must be analysed carefully before a decision on its use is made.

In addition to the created plots, the dataset is subjected to an analysis in which the number of days
is counted during which the defined limits for each parameter were not exceeded between 5:00 and
19:00. This time frame is chosen to take the dredging window per day and the time during which
sailing to and from the location takes place into account. This provides an overview on the number
of workable days over the year. In Table C.1 the results of the persistency analysis are presented.
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Year | Parameter | Days in dataset | Number of days
2023 Hs 342 169
2023 Hmax 342 119
2023 Tp 342 268
2022 Hs 291 88
2022 Hmax 291 56
2022 Tp 291 166
2021 Hs 348 149
2021 Hmax 348 97
2021 Tp 348 303

Table C.1: Results of the persistency analysis for the workability of the BHD according to the set

parameter limits

From the persistency analysis it can be seen that the years 2021 and 2023 provide fairly similar
results, while for 2022 only half the available working days compared to 2021 and 2023 are counted.
While at the start of the second measuring period some tropical storms moved past the area, logically
resulting in larger wave heights and wave periods, a pattern of high wave heights and wave periods
can be seen throughout the year long measuring period. It appears that the measured data for 2022
is consistently too high. The choice is therefore made to not include the second measuring period in
the decisions made for the expected downtime for the dredging cycle. The data for 2021 and 2023

will still be used.
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D Sediment characteristics

This section contains the figures showing the PSD’s from the different soil investigations and provides
an overview of the complete list of samples taken during both surveys.

D.1 Particle size distributions

Percentage passing sieve (%]

Sieve mesh size [mm]

PSD s Average

Figure D.1: Overview of different PSD’s from the 2020 soil investigation on land and sea including
the average PSD

Percentage passed [%]
Percentage passed [%]

0.01 0.1 1 10 100 0.01 0.1 1

Grain size [mm] Grain size [mm]

All samples ~emmmmAverage All samples  emmmmAverage

Figure D.2: Overview of the PSD’s from the 2023 soil investigation including the average PSD. The
left figure shows the offshore PSD’s and right the onshore PSD’s

D.2 Overview of fines content in the borehole samples
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D.2 Owverview of fines content in the borehole samples

Borehole | Depth relative to SD [m] | Fines content [%]
B1 +10.39 - +-8.69 8
B3 4.07 - 4.87 33
B7 6.00 - 6.45 4
Br 10.00 - 11.00 4
BS 7.50 - 9.50 3
B9 6.60 - 6.75 3
B9 9.30 - 10.50 2
B10 10.40 - 12.40 3
B12 8.30 - 8.80 1
B12 12.30 - 13.30 3
B16 10.50 - 15.20 2

Table D.1: Overview of the fines content in the boreholes samples taken in the 2020 geotechnical
survey in the Black Rocks area

Borehole Depth [m] Fines content [%)]
BH1 3.44 - 3.89 6
BH1 4.94 - 5.39 12
BH1 6.44 - 6.89 9
BH1 7.94 - 8.39 10
BH2 5.02 - 5.47 8
BH2 8.02 - 8.47 6
BH3 | (+)2.17 - (+) 1.82 4
BH3 | (+) 0.67- (+) 0.22 5
BH3 0.83 - 1.28 )
BH3 3.83 - 4.28 4
BH3 5.33 - 5.78 7
BH5 1.90 - 2.35 6
BH5 4.90 - 5.35 7
BH5 6.40 - 6.85 7
BHG6 3.88 - 4.33 6
BH6 5.38 - 5.83 8
BH6 8.38 - 8.83 11
BH6 9.88 - 10.33 10
BH11 8.78 - 9.23 5
BH11 10.28 - 10.73 10
BH11 11.78 - 12.23 16
BH14 10.73 - 11.18 4
BH18 7.07 - 7.52 3
BH18 8.57 - 9.02 7

BH18 10.07 - 10.52 7
BH18 11.57 - 12.02 )

Table D.2: Overview of the fines content in the boreholes samples taken in the 2023 geotechnical
survey in the Black Rocks area
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E Additional model results

This section provides additional figures on the hydrodynamic and water quality model results. For
both scenarios the SSC at the load locations is given, as well as figures indicating the exceedance
locations for the daily and weekly thresholds for both scenarios. Additionally, velocity vector plots
are presented to provide insight in the behaviour of the plume dispersion in the Figures presented
in Chapter 6.

E.1
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Figure E.1: Depth average SSC at the load location for the stationary source term
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Figure E.2: Overview of the locations in the project where an average daily SSC of 3 mg/l or higher
was reported during the simulations for the stationary source
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E.2  Relocating source results
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Figure E.3: Overview of the locations in the project where an average weekly SSC of 2 mg/l or
higher was reported during the simulations for the stationary source
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Figure E.4: Depth average SSC at the three different load locations for the changing source term
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Figure E.5: Overview of the locations in the project where an average daily SSC of 3 mg/l or higher
was reported during the simulations for the relocating source
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E.3 Velocity vector plots

Locations reporting a weekly averaged SSC = 2 mg/l for the relocating scenario
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Figure E.6: Overview of the locations in the project where an average weekly SSC of 2 mg/l or
higher was reported during the simulations for the relocating source

E.3 Velocity vector plots
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Figure E.7: Velocity vector plot of the western side of the Black Rocks area near the bed at 09-09-
2021 18:00
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E.3  Velocity vector plots

17 620 Velocity Vectors Plot at the bottom layer at 2021-09-09 20:00:00
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Figure E.8: Velocity vector plot of the western side of the Black Rocks area near the bed at 09-09-
2021 20:00

17 620 Velocity Vectors Plot at the surface layer at 2021-09-09 18:00:00
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Figure E.9: Velocity vector plot of the western side of the Black Rocks area near the surface at
09-09-2021 18:00
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E.3  Velocity vector plots

Velocity Vectors Plot at the surface layer at 2021-09-09 20:00:00

17.620
17.618
17 .616 - e s
o o Tt e
=
=
G -
17.614 e e e e e
17.612 T s T
17.610 T T T T T T r T
—-63.226 —-63.228 —63.230 —63.232 —63.234 —-63.236 —-63.238 —63.240 —63.242
Longitude
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