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Executive Summary
Trans-Tasman Resources Ltd (TTR) proposes to extract titanomagnetite sand (iron sand) from an area in
South Taranaki Bight. The operation will result in sediment being returned to the seabed from the mining
operation and associated sediment plumes and deposition on the seabed.
Following the refusal of consent for an earlier application in June 2014, TTR is re-assessing their scientific
case as background for a second application. HR Wallingford was commissioned to undertake a detailed
review of the work undertaken by the National Institute of Water & Atmospheric Research Ltd (NIWA) on
behalf of TTR and to advise on the re-application of the NIWA modelling tools to support the second
application.
This report presents the work undertaken by HR Wallingford and the resulting refinement of the source terms
and model assumptions that have been used in the revised NIWA sediment plume modelling to support the
second application (Hadfield and Macdonald, 2015).
The mining operation will remove in-situ material from the seabed creating a pit. The iron ore will be
removed from the mining slurry via on-board processing and the resulting material will be re-deposited back
onto the seabed to refill the pit. The returned material will generally comprise sand sized material
(approximately 95%). The release of the material will be near to the bed (4 m) and the material will descend
rapidly to the bed as a dense plume. The sand will trap much of the finest fraction of material but a
proportion of the most slowly settling material will remain as a nearbed suspension in the pit which can be
advected out of the pit by the prevailing currents to form a sediment plume. It is this sediment plume, and its
subsequent advection and dispersion into the adjacent waters of the South Taranaki Bight that the NIWA
modelling simulates.
The HR Wallingford work addressed the settling velocity of the finest fractions of material, the erosive forces
required to resuspend this fraction of material from the seabed once it had settled and the “trapping” of the
finest fractions of material within the pit during the mining operation – which quantifies the source term for
the sediment plume formed by the fine material that is not trapped within the pit and the sediment properties
of the fine material forming this plume.
Following completion of the HR Wallingford studies and discussion with NIWA regarding further application
of the sediment plume modelling the fine sediment in the mine tailings was characterised as four fractions
with settling velocities of 0.01 mm.s-1, 0.1 mm.s-1, 1.0 and 10 mm.s-1. The tailings would be discharged as a
single combined discharge. Modelling of the detailed near-field processes around the discharge of the
tailings with a 1DV model and a coupled 3D model concluded that effectively all of the fine sediment fraction
settling at 10 mm.s-1 will deposit onto the seabed within the pit along with much of the fraction settling at 1.0
mm.s-1.
The more slowly settling fractions are the key elements of the fine sediment to simulate in the plume
dispersion modelling as these fractions will remain well mixed in the water column and have the greatest
effect on the optical properties of the water column.
Recommendations are made in this report for the discharge rates of fine material to be used in the sediment
plume modelling for settling rates of 1.0, 0.1 and 0.01 mm.s-1. The assumption that the initial settling velocity
of mass released remains fixed is shown by laboratory tests to be conservative. The slowest settling
material having the chance to combine, after release, to form faster settling flocs and therefore be removed
from the water column more quickly.
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1. Introduction
1.1. Background
Trans-Tasman Resources Ltd (TTR) proposes to extract titanomagnetite sand (iron sand) from an area in
South Taranaki Bight. The operation will result in sediment being returned to the seabed from the mining
operation and associated sediment plumes and deposition on the seabed.
Following the refusal of consent for an earlier application in June 2014, TTR is re-assessing their scientific
case as background for a second application. HR Wallingford was commissioned to undertake a detailed
review of the work undertaken by the National Institute of Water & Atmospheric Research Ltd (NIWA) on
behalf of TTR and to advise on the re-application of the NIWA modelling tools to support the second
application.

1.2. Objectives
There are two objectives for this study:
1. to evaluate the settling velocity distribution and other sediment properties for the fine sediments released
from the mining operations; and
2. to identify the proportion of fine sediment that will be trapped on the seabed and within the pit during the
mining operations and thereby quantify the proportion of fine sediment available to be dispersed into the
far-field in order to inform the revised plume dispersion modelling carried out by NIWA.

1.3. Report structure
The remainder of this report comprises a further six sections. Section 2 describes the proposed mining
operations. Section 3 describes the important physical processes occurring during return of tailings to the
seabed. Section 4 presents the results of measurements of fine sediment losses from dredging and disposal
operations from literature and earlier studies for TTR. Section 5 summarises the results of laboratory testing
carried out by HR Wallingford between September 2014 and August 2015, the results being presented in
Appendix A. The modelling of the detailed processes associated with the return of tailings to the seabed is
described in Section 6. The results are discussed in Section 7 and the conclusions are presented in
Section 8.

2. Proposed mining operations
2.1. General description
The location of the mining is 23 km off the coast of Patea on the North Island of New Zealand as shown in
Figure 2.1. A mining unit will create a series of pits (within the green area identified in Figure 2.1)
approximately 5 m deep below the baseline sea bed level. The slurry won by the mining unit will be pumped
to a nearby mining support vessel (MSU) where it will be processed. The iron sand will be separated from
the uneconomic sand and fine sediment (tailings) and the latter will be placed back onto the seabed.
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Figure 2.1: Location of proposed mining.
Source:

NIWA (2012)

A schematic sketch of the layout of a pit is shown in Figure 2.2. The mining unit will dredge a lane 25 m in
width, an average of 5 m in depth, moving back and forth along one edge of the pit at an average speed of
around 1 cm.s-1. The MSU will move in tandem with the mining unit, at the same speed. At the leading
(north east) edge of the pit the mining unit will be removing sediment while at the south west edge the MSU
will be placing tailings back into the pit. Thus the pit will “move” steadily in a north east direction during the
operations. It is expected that during most of the mining cycle the pit will have a length of 300 m which will
be constantly maintained (though at the start of each pit mining operation, the pit will increase in length to
300 m). This 300 m constant distance is the approximate distance between the position of the seabed
mining unit and the tailings discharge pipe on the MSU. During the initial construction of the pit tailings will be
placed back onto the sea bed rather than into the pit being worked at the time. Whilst the length of the
mining pit is fixed at about 300 m the width of the pit may vary. The greater this dimension the less turning
of the mining unit at either side of the pit and the more efficient the overall operation. It is assumed by TTR
that the width of the pit will be 900 m on average.
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Tidal Currents
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Tailings
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(Mined Block)

Waves

Figure 2.2: Schematic sketch of a generic pit
Source:

TTR

2.2. Discharge of tailings
The disposal of tailings will occur via discharges of de-ored sand (predominantly coarse material) and of
discharge from the hydro-cyclone operation (predominantly fine material). The coarse sediment discharge
will occur as a discharge of 1.4 m3.s-1 with a total sediment discharge of about 1863 kg.s-1 while the fine
sediment discharge will occur as a discharge of 8.8 m3.s-1 with a total sediment discharge of 86 kg.s-1.
These discharges will be combined and released from a pipe at a distance of around 4 m above the bed.
The particle size distribution (PSD) of these two discharges is estimated by TTR as follows (Hadfield, 2013,
2014):
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Table 2.1: Particle size distribution of sediment discharges
PSD of sediment discharge
(cumulative, %)
Coarse sediment
discharge

Fine sediment discharge

<8

0.1%

15.5%

8–16

0.2%

30.8%

16–38

0.4%

67.4%

38–90

1.2%

86.2%

90–125

5.0%

95.3%

125–150

10.0%

97.8%

150–212

25.0%

100.0%

212–250

40.9%

-

250–355

71.8%

-

355–500

85.6%

-

500–710

90.5%

-

710–2000

95.2%

-

> 2000

100.0%

-

Particle size (μm)

Source:

Hadfield (2013, 2014)

These discharges will occur as a combined discharge.

3. Description of near field mixing processes
During the mining operations tailings would be introduced into the water body via the discharge pipe. The
introduction of this sediment, which can have significant initial momentum, into the water column results in a
body of water and sediment (plume), denser than the surrounding water that descends rapidly towards the
seabed. This plume is referred to as the dynamic plume. The dynamic plume collapses onto the bed to form
a density current which will not initially mix with the overlying waters because of the density difference
between this layer and the ambient concentrations. The density current will spread radially outwards. The
concentrations of sediment in the spreading density current will reduce the rate of settling of individual
particles and flocs present (“hindered settling”) because the sediment particles start to interact. As the
density current expands and sediment settles out of this layer to the bed and the thickness of the layer is
reduced, mixing occurs at some point and the sediment left in the density current may be re-entrained into
the waters above to form a passive plume. It is the physical processes associated with this passive plume
that the NIWA sediment plume model simulates.
As the mining support ship moves so slowly (approximately 1 cm.s-1 average) across the pit, and as the pipe
discharge is so close to the bed, the discharge from the pipes will almost immediately upon release create a
density current which is a few metres thick . As a result the discharge is likely to spread over the majority of
the pit with the sandy material settling out closest to the point of discharge.
One of the objectives of this report is to ascertain the proportion of the fine sediment fractions which are
trapped within the pit and the rates of release of other fine sediment fractions from the pit to provide source
DDM7316-RT004-R01-00
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terms to the NIWA numerical modelling of far-field dispersion of the fines fraction released by the mining
activity.
The settling of these slower settling fines fractions to the bed within the pit will be limited by the action of
currents which will move sediment which has not settled within a certain time frame out of the pit. The finer
sediment is also prevented from settling within the pit by wave action, although, at times, the presence of
significant amounts of mud (creating smooth turbulent, rather than rough turbulent conditions) and a near
bed high concentration sediment layer (which acts to damp turbulence) will mitigate the stress from currents
and waves within the pit reducing the amounts of fines lost from the pit.

4. Results from field measurements and literature
4.1. Field measurements around dredgers
Field measurements of the release of sediment plumes around trailer suction hopper dredgers have
indicated that the sediment measured in dredging plumes represents a small fraction of the sediment
released from the overflow (Whiteside et al, 1995; Spearman, 2011). Whiteside et al (1995), measuring the
overflow dredging of muds in Hong Kong using acoustic backscatter, found that around 30% of the overflow
discharge was released into the water column as a plume. Spearman et al (2011) analysed measurements
of plumes around dredgers at Rotterdam and Den Helder in the Netherlands and compared them with
numerical modelling. This comparison indicated typical surface plume losses of 5-15% of fine material
released in the overflow.
de Wit et al (2014) studied the complexities of near-field mixing using computational fluid dynamic (CFD)
modelling taking into account the effects of the vessel itself, pulsing of the overflow discharge induced by the
pitch and roll of the vessel, and the additional turbulence from the vessel propellers. In particular the
research indicated that in conditions of low underkeel clearance most of the sediment released from the
dredger could form a surface plume, but otherwise that the negative buoyancy of the near-field plume
causes sediment to be concentrated near the bed. This result was repeated in the MTI study reported by
NIWA (Hadfield 2014) which used the same approach (see Section 4.3 below).

4.2. Field measurements from disposal of dredged sediment
Loss of sediment into the water column from the trailer dredger Geopotes IX disposing of dredged mud in
20 m of water are reported by Binnie Consultants Limited (1993) and Whiteside et al (1996). Both routine
bottom dumping through the hull of the vessel and pumping of the mud back down the suction pipe were
studies. Measurements indicated that the sediment losses into a plume were about 6% when measured
300 m downstream.
Land and Bray (1998) undertook a series of field measurements of suspended sediment concentrations in
plumes arising from disposal by trailer suction hopper dredgers and barges in Hong Kong, Germany and the
UK. The measurements used ADCP backscatter, calibrated to water samples from the plumes, following the
plume as it decayed by taking transects over time. The amount of sediment found in the water column was
compared to the amount of (predominantly fine) sediment placed and from this comparison the “loss” of
sediment into the water column was calculated. The loss of sediment into the water column was found to be
between 1% and 9% of the placed sediment. The higher losses arose from low density material (bulk
density of less than 1200 kg.m-3).
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4.3. MTI near-field modelling
MTI used the CFD model of de Wit (2014) to reproduce the near-field mixing arising from sediment discharge
via a pipe from 4 m (and 9 m) above the bed (MTI, 2013a, 2013b). The modelling had some limitations in
that it did not account for the initial radial collapse of the density current formed by the plume impinging onto
the bed of the pit; it only considered the coarse sediment discharge; and only considered the near-field
mixing of sub 38 µm material for the current only case, assuming a settling velocity of 1.2 mm.s-1 for this
fraction.
The CFD modelling was undertaken for the coarse discharge of 1932 kg.s-1 under a constant current of
0.5 m.s-1 with no waves (including fractions of 19 μm, 50 μm, 218 μm and 384 μm, with a distribution of
3%,1.55%, 45.45% and 50% respectively) and under (constant 0.5 m.s-1) currents and monochromatic
waves (of Hs = 4 m).
For the current only case 55-60% of the sub 38 µm material (settling at 1.2 mm.s-1) settled within 200 m of
the discharge pipe (regardless of presence of pit or height of release).
For the case with waves and currents no sub 38 μm material was included in the run (it was assumed to be
resuspended). Modelling did show that the vast majority of sediment mass in the plume (at a distance of
200 m) was contained in the bottom 1-2 m of the water column.

4.4. Summary
Field measurements of the release of sediment from trailer suction hopper dredging and disposal have
shown that the release results in a fine sediment mass into the water column which is a fraction of the total of
fine sediment mass released from the dredger. These measurements typically relate to discharges of a few
to a few tens of cumecs with bulk densities of 1100-1400 kg.m-3. This behaviour is caused by the negatively
buoyant plume descending rapidly to the bed under the action of gravity. This general effect has been
corroborated by CFD modelling. The specific application of CFD by MTI to the TTR mining scenario, while
being qualitatively instructive, is sufficiently different to the mining scenario now being considered that its
quantitative results cannot be used for assessment.
On the basis of this evidence it can be considered that the proportion of fine sediment released into the
water column by the sediment discharge will be considerably less than the total released from the pipe.

5. Laboratory testing of sediment properties
This section is a brief summary of the flocculation testing undertaken – for a more detailed
description see Appendix A.

5.1. Settling velocity measurement tests
5.1.1.

Jar tests

A series of ‘jar tests’ were conducted in order to assess how three sediment types (representing the material
to be mined after slightly different processing techniques had been applied) behaved when immersed in
water. These tests represented an initial appraisal of the settling behaviour and a pre-cursor to the more
detailed annular flume tests described in Section 5.1.2. A sediment slurry at a predetermined concentration
DDM7316-RT004-R01-00
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was placed in a glass jar and then the suspension was agitated using a stirring bar for a duration sufficiently
long enough for the flocs formed to reach a quasi-equilibrium state of flocculation. During the jar tests, floc
populations were observed using the LabSFLOC instrument which utilises a low-intrusive high magnification
digital video camera to observe flocs as they settle in a 350 mm high by 100 mm square Perspex settling
column.
Each suspension in the 1 litre glass jar was stirred for approximately 20-30 minutes to allow the particles
sufficient time to flocculate and attain floc equilibrium. Once stirring was complete, a small sub-sample
containing a floc population was carefully extracted from the centre of the jar and transferred to the
LabSFLOC settling chamber. Once in the chamber, the particles settling under the influence of gravity are
captured by the camera of the LABSFLOC apparatus.
The jar tests indicated that the material to be mined flocculated in both fresh and salt water producing
settling velocities of the order of 10 mm.s-1.

5.1.2.

Annular flume tests

The settling tests were repeated in an annular flume to study the effect of turbulence on the flocculation
process more thoroughly. The annular flume has an outer diameter of 1.2 m, a channel width of 0.1 m and a
maximum depth of 0.15 m, along with a detachable motor driven rotating roof to create the flow for cohesive
sediment experiments. Annular flume flocculation tests were conducted predominantly on aliquots of
sediment at sediment concentrations of 10 and 100 mg.l-1. The flume was filled with 45 litres of saline water
(salinity = 35 +0.5), to a depth of 0.13 m. For each run, different rotation speeds were used to shear the
sediment slurries at three shear stresses (τ): 0.1, 0.35 and 0.9 Pa +5%. Each run was initiated at the fastest
rotational velocity and decreased towards the slowest speed as the run progressed.
The sediment slurries were sheared in the flume for 30 minutes at each stress level. This duration of
shearing, allowed each sediment suspension to attain floc equilibrium. The sampling comprised careful
extraction of a suspension sample from 22 mm above the flume channel base using a pipette. The floc
sample was then transferred to the LabSFLOC settling column, whereby each individual floc was observed
by the video camera as it was settling. Parameters of individual floc size (D) and settling velocity (Ws) were
recorded during settling; the values being obtained by video image post-processing.
These annular flume tests indicated that different concentrations of sediment, in different shear stress
conditions, resulted in relatively large flocs settling at average speeds of around 10 mm.s-1, although the
effect of shear stress produced different effects on small/large flocs in less/more concentrated conditions.

5.2. Longer settling tests
5.2.1.

Suspension mass tests

These tests were undertaken to identify the proportion of sediment potentially settling at slower settling
velocities.
Six 1000 mg samples of sediment (<38 µm) were prepared by dry sieving and stirred into 1 litre beakers of
deionised water and salt water to give a suspension concentrations of 1000 mg.l-1. Following the start of the
test 50 ml sub-samples were carefully withdrawn from each pair of 1 litre beakers (deionised and salt water)
at 25% water depth (31.5 mm below the surface), 50% water depth (63 mm below the surface) and 75%
water depth (94.5 mm below the surface) after 10 minutes, 60 minutes and 300 minutes.
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Following the withdrawal of each 50 ml sample the samples were filtered using pre-weighed 0.7 µm filter
papers. The filter papers and filter residue was then oven-dried and weighed for mass determination.

5.2.2.

Turbidity tests

Long term measurements of the decay in turbidity during settling tests were undertaken to both examine
differences in turbidity in salt and fresh water and in different temperatures. In addition these turbidity tests
were used to examine the effect on flocculation of the slower settling fractions when they come into contact
with additional sediment.
An infra-red optical backscatter (OBS) turbidity sensor, recording at a frequency of 1 Hz, was used to
measure the water turbidity during the course of larger scale suspension mass tests. The test solutions were
made up by dry sieving and weighing out 8 g of the <38 µm size fraction. The material was then carefully
mixed with 8 litres of water (salt and deionised) to give nominal suspension concentrations of 1000 mg.l-1.
Data logging commenced once all of the sieved and weighed sediment had been well mixed into the water;
typically this involved constant stirring for about 2 minutes.
These tests were repeated at different ambient water temperatures ranging between 12.3°C and 17.4°C.
For the case of the salt water tests the effect of water temperature on the variation of turbidity over time was
small. For the case of deionised water, the sediment settled more slowly in the higher temperature water.
The test procedure was then modified to allow for examination of a scenario where, after two hours of
settling, additional material and water was introduced to assess whether the mass of very fine slowly settling
material increased over time as a result of the introduction of the additional material or whether it was
incorporated in the flocculation process. The results of these tests, which were carried out at an ambient
water temperatures of between 20°C and 21°C, indicated that the mass of very fine material remaining in
suspension 2 hours after the introduction of each material addition was very similar. The mass of fine in
suspension after the addition of one aliquot was found to be approximately the same as that after the
addition of four aliquots. This result supports the conclusion that the slower settling fractions will not persist
as they disperse more widely, since they will aggregate with other flocs, leading to higher settling velocities.

5.3. Resuspension tests
In the laboratory flume studies (Section 5.1.2) the critical shear stress at which settled material was able to
be resuspended from the bed was measured. It was found that resuspension was instigated for bed shear
stresses in the range 0.2 to 0.3 Pa.

6. Modelling of near-field and near bed processes
6.1. Introduction
In this study two different models were used to identify the behaviour of sediment released into the pit. The
objective was to identify the proportion of each of the fine sediment fractions which would deposit within the
pit. The use of these models in the vicinity of the pit allowed a more detailed examination of the physical
processes occurring at, and in the vicinity of, the discharge.
A 3D model was used to show how the placement itself, the spatial arrangement of the placement in the pit,
the formation of the density current, and tidal currents and waves interact with suspensions of the slowest
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settling fine sediment fractions. In this model only individual sediment fractions with settling speeds of either
0.01 mm.s-1, 0.1 mm.s-1 and 10 mm.s-1 were considered.
A 1DV model was then used to consider the interaction of different sediment fractions. This model used a
simplified, homogeneous view of the behaviour of sediment in pit.
These two models together were used to identify common trends and uncertainties in the expected rates of
trapping and release of the different size fractions of fine material from the pit.

6.2. 3D modelling
6.2.1.

TELEMAC-3D model

In this study the transport of the finest sediment fractions is modelled using the SEDI-3D sediment transport
module which is part of the TELEMAC modelling suite. The model is fully coupled with the TELEMAC-3D
flows and thus allows complex processes to be included that provide feedback from the sediment
concentration to the 3D flow field such as the sediment density derived effects of density driven currents,
inhibition of vertical mixing associated with sharp density gradients and fluid mud formation. TELEMAC is a
finite element modelling system for free-surface flow and uses a completely flexible mesh of triangles. As
the mesh is unstructured, it can represent coastlines and other important structures accurately. It was
developed originally more than 20 years ago by EDF-LNHE, Paris, and is now Open-Source code under the
directorship of a consortium of organisations, including HR Wallingford. A group of developers from these
organisations carry out software developments, which include contributions from many universities and other
organisations around the world.
For this study the model was set up schematically to incorporate the pit and a small area of the surrounding
sea bed (Figure 6.1). Uni-directional currents were used (broadly aligned with the pit) together with spatially
homogeneous wave heights and periods.

6.2.2.

Model set up and parameter values

The model was run with 81 vertical layers to ensure that vertical gradients of currents and sediment
concentration were well resolved. These were equally spaced with the bottom 10 m of the water column
represented by fixed level planes and the upper part of the water column represented by horizontal sigma
planes. Within the pit each element in the model was 10 m in size.
Bed friction in the 3D model was parameterised using a roughness length (Nikuradse, 1933); with a constant
value of 0.01 m set everywhere. Horizontal mixing was parameterised using a grid dependent large scale
eddy simulation model (Smagorinski, 1963). For the vertical diffusivity a mixing length model was used
(Nezu & Nakagawa, 1993). Damping of the vertical turbulence due to density stratification of the flow was
included in the model using the formulation of Munk & Anderson (1948).
Deposition is assumed to occur continuously in the model, the settling flux being equal to the product of the
settling velocity and the near bed suspended concentration. Net erosion occurs in the model if the erosion
flux from the bed is greater than the deposition flux. A critical shear stress for erosion of 0.2 N.m-2 was used
(based on laboratory measurements, see Section 5.3). When this threshold was exceeded by the flows,
erosion was initiated and material erodes from the bed layer at a rate predefined by the erosion rate constant
in the Partheniades (1965) erosion equation. In this case the erosion rate constant was chosen to be a
value of 8E-4 kg.m-2.s-1. In our experience this is a typical representative value for the erosion rate constant
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when using a model that allows simultaneous deposition and erosion. It is higher than the value of 2E-4 used
by NIWA (Hadfield, 2014) and thus will be conservative in terms of plume concentrations.
The mass concentration for the bed sediment was assumed to be 500 kg.m-3 based on the lower limit of
observed floc densities derived from the settling velocity measurements (Appendix A, Section 2.7.5).
The additional bed shear stress due to wave forces was derived using the method of Soulsby and Smallman
(1986) and combined with the bed shear stress from tidal currents using the method of Soulsby and Clarke
(2004). The combined shear stress used in the model corresponded to the maximum shear stress over the
wave cycle.
The modelling assumed a general water depth of 30 m with a mining pit deepened by a further 5 m as shown
in Figure 6.1.

Uni-directional
Current flow

Pit

Waves

Figure 6.1: 3D sediment transport model area and bathymetry

6.2.3.

Scenarios modelled

Early tests of the 3D model indicated that the vast majority of the 0.01 mm.s-1 settling fraction would not
deposit and that the vast majority of the 10 mm.s-1 settling fraction would deposit in the pit. The focus of the
3D modelling therefore centred on the behaviour of the 0.1 mm.s-1 settling fraction in the pit. The model
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released a sediment concentration of 15 kg.m-3 of this fraction in a 10 m3.s-1 discharge at a point located
within the pit.
In each simulation, for a fixed wave condition, the currents were slowly increased from zero to (depthaverage values) of 0.28 m.s-1.
Four scenarios were modelled:
 300 m wide pit, wave conditions of Hs =2 m and Tp =7 seconds.
 900 m wide pit, wave conditions of Hs =2 m and Tp =7 seconds.
 900 m wide pit, wave conditions of Hs =3 m and Tp =9 seconds.
 900 m wide pit, wave conditions of Hs =3.5 m and Tp =10 seconds.

6.2.4.

Results

Figure 6.2 shows a typical snap shot part-way through one of the model simulations showing the near and
mid-field dispersion of the plume in area and cross-section form. This particular simulation is for 2 m waves
and a pit of 900 m width. The figure shows the distribution of near bed sediment concentrations within the pit
and the vertical cross-section of a transect highlights the trapping of sediment within the part and the mixing
of the plume through the lower part of the water column leaving the pit. Note that the mixing of the plume
throughout the pit is reduced as only one settling fraction is modelled. The results of all of the model
simulations are summarised in Figure 6.3 and Figure 6.4.
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Figure 6.2: Snapshot of results from simulation of discharge of 0.1 mm.s-1 sediment fraction in 2 m waves
It can be seen that for the 2 m wave runs and a 900 m width pit (Figure 6.3, Top) the sediment deposited
within the pit as a proportion of the sediment released is 62% for a current speed of 0.1 m.s-1, 57% for a
current speed of 0.2 m.s-1 and 44% for a current speed of 0.28 m.s-1. For the 2 m wave runs and a 300 m
width pit (Figure 6.3, Bottom) the sediment deposited within the pit as a proportion of the sediment released
is 51% for a current speed of 0.1 m.s-1, 39% for a current speed of 0.2 m.s-1 and 32% for a current speed of
0.28 m.s-1. The wider pit is predicted to trap more of the fine material.
For the 3 m wave runs and a 900 m width pit (Figure 6.4, Top) the sediment deposited within the pit as a
proportion of the sediment released is 51% for a current speed of 0.1 m.s-1, 37% for a current speed of
0.2 m.s-1 and 25% for a current speed of 0.28 m.s-1. For the 3.5 m wave runs and a 900 m width pit
(Figure 6.4, Bottom) the sediment deposited within the pit as a proportion of the sediment released is 21%
for a current speed of 0.1 m.s-1, 0.6% for a current speed of 0.2 m.s-1 and 0% for a current speed of
0.28 m.s 1.
Taking the result for 0.2 m.s-1 and Hs = 2 m wave heights as indicative of “average” conditions the results
give the proportion of the 0.1 mm.s-1 sediment fraction being trapped in the pit as 39-57% depending on the
width of the pit. For wave heights of more than 3 m the proportion of sediment trapped in the pit starts to
reduce significantly with increases in wave height.
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Figure 6.3: Predicted trapping of 0.1 mm.s-1 settling sediment using TELEMAC-3D under wave heights of
Hs = 2 m and varying pit width
Top: 300 m width pit. Bottom: results for 900 m width pit.
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Figure 6.4: Predicted trapping of 0.1 mm.s-1 settling sediment using TELEMAC-3D for 900 m width pit and
larger wave heights
Top: results for Hs = 3 m. Bottom: results for Hs = 3.5 m.
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6.3. 1DV modelling
The1DV modelling was undertaken using the multi-fraction suspended sediment model of Spearman et al
(2011) which has been validated using detailed vertical profiles of currents and sediment fraction
concentration from the Outer Thames Estuary in the UK.
The model uses a mixing layer turbulence model using damping functions proposed by Toorman (2000) and
the method of Soulsby and Clarke (2004) to calculate the combined effect of waves and currents.
The model was used to evaluate the deposition on the bed resulting from placement of tailings into the pit
under waves and currents. The model was used to examine a schematic scenario of discharge of mud only
and the representative scenario of the combined discharge of mud and sand. The 1DV model made the
following assumptions:
 Sediment is added to the pit from the pipe and removed from the pit as currents carry any suspended
sediment away.
 Mud (or mud and sand) discharged into the pit spreads across the pit homogeneously as a density
current 1 m deep.
 Sediment is added to the pit at the rate of 6.6 kg.s-1 (fraction settling at 0.01 mm.s-1), 16.2 kg.s-1 (fraction
settling at 0.1 mm.s-1) and 62 kg.s-1 (fraction settling at 10 mm.s-1). For the combined discharge with
sand it is assumed that the discharge of sand is 1920 kg.s-1.
 For the mud only discharge (schematic) it is assumed that conditions are smooth turbulent within the pit
due to the ubiquitous presence of fine sediment.
 For the sand and mud discharge (representative) it is assumed that conditions are rough turbulent due to
the fact that sand will be transported over the pit. The physical roughness assumed is 3 x 10-4 m which
broadly corresponds to un-rippled sand (Soulsby, 1997).
 The density of deposited fine sediment is taken as 500 kg.m-3. This value is derived from the lower end
of the range of densities of flocs measured (see Appendix A, Section 2.7.5). The density of settled sand
is taken as 1500 kg.m-3.
 The erosion rate coefficient Me was set to a value of 0.001 kg.N-1.m-2, where

𝜕𝜕
𝜕𝜕

= 𝑀𝑒 (𝜏 − 𝜏𝑒 ) and

𝜕𝜕
𝜕𝜕

is

the rate of erosion of mass, 𝜏 is the shear stress on the bed and 𝜏𝑒 is the erosion threshold. The form of
this erosion equation is different from that of the 3D model and Hadfield (2014) so the coefficient used is
different to that used in these other models. The value used corresponds to the same erosion coefficient
used by Hadfield.
Simulations were carried out assuming a 300 m wide pit and a 900 m wide pit and assuming waves of Hs =
2 m and 4 m and currents of 0.2 m.s-1 and 0.4 m.s-1. The results of the modelling are summarised in
Table 6.1.
Table 6.1 shows that for the schematic mud only scenario only a small amount of the fraction settling at
0.01 mm.s-1 will deposit on the bed and that virtually all of the fraction settling at 10 mm.s-1 will deposit on the
bed, regardless of the wave and current conditions and of the width of the pit. The proportion of the
0.1 mm.s-1 settling sediment fraction which will deposit on the bed varies between 24% for a 300 m wide pit
and 50% for a 900 m wide pit.
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These numbers are reduced for the combined mud and sand discharge scenario because the assumptions
then lead to the sand being distributed widely over the pit and, as there is much more sand than mud, the
turbulent conditions become rough turbulent which results in a higher shear stress on the bed for the
equivalent hydrodynamic forcing. This is balanced by the fact that much more sediment is being placed
(most of it sand) and hence a proportionately smaller amount of the applied erosive energy is available to
erode the fine sediment fractions.
Table 6.1: Summary of 1DV modelling results
Width of
Pit (m)

Current
speed (m.s-1)

Wave
height
(Hs, m)

Proportion of released material settling to bed (%)
0.01 mm.s-1

0.1 mm.s-1

10 mm.s-1

Schematic mud only discharge
300

0.2

2

2

24

97

900

0.2

2

6

50

99

900

0.4

2

2

30

98

900

0.2

4

4

49

99

Representative combined sand and mud discharge
300

0.2

2

0.2

20

90

900

0.2

2

4

48

98

6.4. Trapping of additional fine sediment within the pore water
Although individual sediment fractions may not settle through the water column to the bed, they nevertheless
may still be present in pore water as sand grains fall around them. This process is not captured in either of
the sediment models described above and will add to the predicted deposition.
For a combined sand and mud discharge it is assumed that the fine and sandy sediment are spread evenly
though the pit area and initially distributed within a layer 1 m above the bed. The pore space in the sand
when it settles to the bed will be around 40% and this space will all be occupied by the suspension above the
bed. This will trap a further 5% of the 0.01 mm.s-1 and 0.1 mm.s-1 settling fractions.

6.5. Discussion of modelling results
The 3D and 1DV modelling indicates that very little of the 0.01 mm.s-1 fraction will settle in the pit and the
majority of this sediment fraction can be assumed to escape from the pit. Similarly more or less all of the
10 mm.s-1 fraction will settle in the pit. For the 0.1 mm.s-1 fraction, however, the proportion settling is
sensitive to the width of the pit (a greater width gives more time for sediment to settle).
The two models have slightly different treatments of the combined effect of waves and currents combined
with the fact that only single fine sediment fractions were considered in the 3D model. It is considered that
this range of results presents a reasonable picture of the range of uncertainty (given the complexity of the
various sediment processes) for these more extreme conditions.
For combined sand and mud discharges examined with the 1DV model the results demonstrate less fine
sediment is deposited as the greater erosion resulting from the rough turbulent conditions of sandy sediment
over a wider area appear to slightly outweigh the armouring effect of the sand. For the 900m wide pit 4% of
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the 0.01 mm.s-1 and 48% of the 0.1 mm.s-1 settling fractions are trapped for currents of and waves of 2m Hs.
The additional mixing caused by the denser discharge is not included in the 1DV model and it may be that
this effect would reduce the deposition of the slowest settling fractions of fine sediment further. On the other
hand a mixed sediment discharge results in more burial of fine sediment which is assessed to reduce the
combined release of the slowest settling fractions by 5%.

7. Discussion
The different tests and model studies presented in this report have enabled a robust characterisation of the
likely settling behaviour and initial release into suspension of fine sediment in the tailings of the proposed
mining discharges. The settling tests have shown that a significant proportion of the fine sediment that will
be released in the tailings discharge will flocculate and settle with velocities in excess of 10 mm.s-1. The
LABSFLOC tests have been able to quantify the size and settling rates of the flocs greater than 30 μm in
size. The camera is unable to resolve the finest settling particles but the jar test and longer settling
measurements are able to reveal information about the settling rates of the slowest settling material.
Analysis of the results of the settling tests indicate the following:
 around 67% of the sub 38 μm fraction fine material falls rapidly to the bed.
 around 33% of the sub 38 μm fraction fine material falls at speeds less than 0.2 mm.s-1.
 around 15% of the sub 38 μm fraction fine material falls at speeds less than 0.1 mm.s-1.
 around 4% of the sub 38 μm fraction fine material falls at speeds less than 0.02 mm.s-1.
 around 0.5% of the sub 38 μm fraction fine material falls at speeds less than 0.005 mm.s-1.
The plume modelling previously undertaken (Hadfield, 2013 and 2014) used fractions of 38-90 μm,
16-38 μm, 8-16 μm and < 8 μm to describe the range of particles sizes. These classes were associated with
settling speeds of 2.8 mm.s-1, 0.52 mm.s-1, 0.1 mm.s-1 and 0.01 mm.s-1 representing the settling speed
(calculated using the assumption of “Stokes” settling of primary particles) of the median particle size in each
class. The tests undertaken here, however, make it clear that flocculation is significantly changing the
settling properties of the material and that the resulting flocs are made up of a mixture of particles and it is
not really possible to ascribe a particle size diameter to different settling behaviours. It is therefore
recommended, as in this report, that the fine sediment fraction is characterised by a settling velocity rather
than a particle size.
For the slowest settling material classes there is an expectation that this sediment would be subject to further
flocculation over time as it advects and disperses within the marine environment and interacts with other
sediment (see Section 5.2.2). However, this time varying behaviour would be very difficult to represent in the
ROMS sediment plume modelling and accordingly a conservative approach is recommended where the
settling velocity initially attributed to material released into the water column remains constant throughout the
simulation.
For purposes of the modelling it is proposed that the fines mass is distributed between classes with settling
velocities of 0.01 mm.s-1, 0.1 mm.s-1, 1.0 mm.s-1 and 10 mm.s-1. The proportion of mass <38 µm size in
each of these settling fractions was assessed to be: 6%, 37%, 6% and 51% respectively, based on the
results of the longer settling tests (Section 5.2). Additionally the potential for trapping and burial of these
settling fractions was assessed, on the basis of the 3D and 1DV modelling, to be 5%, 25%, 90% and 100%
respectively.
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Based on the above proportioning of mass between the settling fractions and assuming the same release
rates for the material less than 38 μm in size adopted by Hadfield in his revised report (2014), giving a
source of 57.8 kg.s-1 of material <38 μm released from the overflow and a source of 8.1 kg.s-1 < 38 μm
released from the underflow, the results in Table 7.1 are derived for a mining pit 900 m wide on average.
Table 7.1: Summary of derived source rates for dispersion modelling
Model sediment
categories

Proportion by
mass (%)

Source rate (kg.s-1)

Source

Settling speed
(mm.s-1)

>38 µm

<38 µm

Present
study

% trapped

Source rate

Overflow

10

>3.2

0

51

29.4

100

0

(hydrocyclone)

1

0.32-3.2

0

6

3.5

90

0.4

0.1*

0.032-0.32

0

37

21.4

25

16.1

0.01

<0.032

0

6

3.5

5

3.3

Underflow

10

>3.2

0

53

4.1

100

0

(de-ored sand)

1

0.32-3.2

0

4

0.5

90

0.1

0.1*

0.032-0.32

0

37

3.0

25

2.3

0.01

<0.032

0

6

0.5

5

0.5

Discussions were held with NIWA over this interpretation (pers comm. Matt Pinkerton). NIWA proposed an
alternative interpretation of the settling tests and proportioned the mass of material less than 38 μm in size
between the settling fractions as follows: 16%, 21%,46% and 17% respectively for classes with settling
velocities of 0.01 mm.s-1, 0.1 mm.s-1, 1.0 mm.s-1 and 10 mm.s-1. The same percentages of trapping in the
mining pit were adopted. This interpretation is shown in Table 7.2 below.
Table 7.2: NIWA interpretation of derived source rates for dispersion modelling
Model sediment
categories

Proportion by
mass (%)

Source rate (kg.s-1)

Source

Settling speed
(mm.s-1)

<38 µm

<38 µm

Present
study

% trapped

Source rate

Overflow

10

>3.2

0

17

26.5

100

0

(hydrocyclone)

1

0.32-3.2

0

46

3.5

90

2.5

0.1*

0.032-0.32

0

21

12.1

25

9.0

0.01

<0.032

0

16

9.3

5

8.7

Underflow

10

>3.2

0

17

1.4

100

0

(de-ored sand)

1

0.32-3.2

0

46

3.7

90

0.4

0.1*

0.032-0.32

0

21

1.7

25

1.3

0.01

<0.032

0

16

1.3

5

1.2

For the plume modelling and subsequent assessment of optical effects it is the mass of material that settles
at 0.01 mm.s-1 and 0.1 mm.s-1 that is important. The combined mass of these fractions from the
HR Wallingford assessment was 22.2 kg.s-1 and from the NIWA assessment was 20.2 kg.s-1.
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Following further discussion between HR Wallingford and NIWA it was determined that the most pragmatic
approach to determining revised source rates for the dispersion modelling would be to take the average of
the HR Wallingford and the NIWA assessment of source rates. These recommended rates are provided in
Table 7.3.
Table 7.3: Recommended source rates for dispersion modelling
Model sediment
categories

Source rate (kg.s-1)

Source

Settling speed (mm.s-1)

HR W

NIWA

Mean

Overflow

10

>3.2

0

0

0

(hydrocyclone)

1

0.32-3.2

0.4

2.5

1.45

0.1*

0.032-0.32

16.1

9.0

12.55

0.01

<0.032

3.3

8.7

6.00

Underflow

10

>3.2

0

0

0

(de-ored sand)

1

0.32-3.2

0.1

0.4

0.25

0.1*

0.032-0.32

2.3

1.3

1.80

0.01

<0.032

0.5

1.2

0.85

8. Conclusions
A series of laboratory tests and numerical modelling of the detailed processes associated with the release of
combined overflow and underflow discharges into the mining pit have resulted in a refinement of the source
terms and sediment properties for use in the NIWA sediment plume modelling:
1. The laboratory tests have demonstrated that much of the finest fraction of material (less than 38 μm in
size) is subject to flocculation and consequently settles under gravity at velocities in excess of
1.0 mm.s-1 and in the region of 10 mm.s-1. As a consequence most of this sediment will deposit in the
mining pit along with the sand in the discharge.
2. A proportion of the finest fraction of material settles more slowly, characterised by settling velocities of
0.01 and 0.1 mm.-s-1, this sediment is the fraction that will remain well mixed through the water column
as it disperses in the plume and will lead to effects on optical properties.
3. The source terms recommended for use in the sediment plume modelling are shown in Table 8.1.
Table 8.1: Source terms recommended for use in the sediment plume modelling
Settling velocity
Source

(mm.s-1)

Discharge rate (kg.s-1)

Overflow

1.0

1.45

(hydrocyclone)

0.1

12.55

0.01

6.00

Underflow

1.0

0.25

(de-ored sand)

0.1

1.80

0.01

0.85
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4. It is noted that the assumption that the lowest settling velocities are fixed throughout the modelling
simulation is conservative because in reality some of this slowly settling material will be combined into
faster settling flocs.
5. In addition it is recommended that the critical bed shear stress for erosion used in the sediment plume
modelling is selected to be in the range 0.2-0.3 Pa.
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Appendix
A. Laboratory Testing of Sediment Properties
A.1. Introduction
The following laboratory tests were carried out by HRW on the supplied tailing sediments:
 Sediment specific gravity;
 Sediment particle size distribution;
 Settling tests;
 Turbidity tests;
 Settling velocity measurements;
 Flocculation measurements;
 Critical shear stress for deposition and erosion.

A.2. Source Material
TTR arranged for three samples of sediment arising from the ironsand extraction process to be delivered to
HR Wallingford in two 25 litre airtight plastic containers. The materials, which were received on
10 September 2014, are described in the sections below.

A.2.1.

Container 1 of 2

Container 1 of 2 weighed 8.9 kg and contained two sediment types.

A.2.2.

Sediment 1 (grip seal plastic bag)

Bag label: TTR. X451. 2 kg. Post-Grind Tailings. Composite Sample.
The contents of the Sediment 1 bag, which weighed 2.0 kg, are shown in Photograph A.1. The material was
a very fine grey powder, where there were smaller lumps these broke down very easily between the fingers
leaving fingers with a fine covering of powder.
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Photograph A.1: Sediment 1 – TTR. X451. 2 kg. Post-grind tailings. Composite sample

A.2.3.

Sediment 2 (woven polypropylene bag)

Bag label: Bulk 503D. Pre Grind. Ultra Fines.
The contents of the Sediment 2 bag, which weighed 6.05 kg, are shown in Photograph A.2. The material
comprised large dense lumps of clay type material that could be reformed by squeezing between the fingers.
There appeared to be fine metallic looking particles present on some of the exposed edges.
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Photograph A.2: Sediment 2 – Bulk 503D. Pre-grind. Ultra fines

A.3. Container 2 of 2
Container 2 of 2 weighed 11.7 kg and contained one sediment type.

A.3.1.

Sediment 3 (loose in sample container)

Container label: Bulk 501. L2. P1. IBC. Tails. 11.7 kg.
The contents of the Sample 3 container, which weighed 11.7 kg, are shown in Photograph A.3. The material
was largely a very fine powder with some lumps of various sizes, the largest having a width of about 60 mm.
All lumps broke down very easily between the fingers leaving fingers with a fine covering of powder.
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Photograph A.3: Sediment 3 – Bulk 501. L2. P1. IBC. Tails. 11.7 kg

A.4. Laboratory Testing
The laboratory tests undertaken by HR Wallingford are described in the sections below.

A.4.1.

Specific Gravity

A representative sub-sample of the supplied sediments was used to determine the specific gravity of each.
The results are provided in Table A.1.
Table A.1: Sediment specific gravity
Sediment

Label

1

TTR. X451. 2 kg. Post-Grind Tailings. Composite Sample

3.11

2

Bulk 503D. Pre Grind. Ultra Fines

2.66

3

Bulk 501. L2. P1. IBC. Tails. 11.7 kg

2.82

DDM7316-RT004-R01-00

Specific Gravity

Support to Trans-Tasman Resources
Source terms and sediment properties for plume dispersion modelling

A.4.2.

Sediment Particle Size Distribution

Sediments 1 and 3 (dry powder)
For the determination of the particle size distribution of Sediments 1 and 3 a representative sub-sample of
the supplied tailing materials was brushed through a series of sieves having mesh sizes of between 2 mm
and 63 µm. Material which passed through the 63 µm sieve was used to generate a slurry which was then
introduced to a Fritsch Laser Particle Sizer ANALYSETTE for determination of the particle size distribution
between 63 µm and 0.67 µm. For Sediments 1 and 3 three replicate measurements of particle size
distribution were made.

Sediment 2 (wet bulk)
For the determination of the particle size distribution of Sediment 2 a representative sub-sample of the
supplied tailing material was used to generate a slurry which was then sub-sampled for laser analysis of the
<63 µm particle size fraction. The remainder of the slurry was oven dried and brushed though a series of
sieves having mesh sizes of between 2 mm and 63 µm. For Sediment 2 three replicate measurements of
particle size distribution were made.

Results
The results of the analysis for particle size distribution for Sediments 1, 2 and 3 are show in Figure A.1,
Figure A.2 and Figure A.3 respectively.
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Figure A.1: Sediment 1 particle size distribution - TTR. X451. 2kg. Post-grind tailings. Composite sample
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Figure A.2: Sediment 2 particle size distribution – Bulk 503D. Pre-grind. Ultra fines
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Figure A.3: Sediment 3 particle size distribution – Bulk 501. L2. P1. IBC. Tails. 11.7 kg

A.5. Presence of Magnetic Arisings
Sediments 2 and 3 were tested for the presence of magnetic arisings within the >63 µm size fraction. For
both materials the percentage by mass of the >63 µm size fraction that was magnetic was variable, ranging
between 5.5% and 22.6%. Example photographs of the magnetic arisings recovered are shown in
Photograph A.4 (Sediment 2) and Photograph A.5 (Sediment 3).
The relative proportions of magnetic arisings found in each material are given in Table A.2.
Table A.2: Relative proportions of magnetic arisings
Sediment

Replicate #

Sample
mass (g)

Mass
<63 µm (g)

Mass
>63 µm (g)

Magnetic
mass (g)

Sediment 1

% of >63 µm
sample mass
magnetic
Not analysed

Sediment 2

1

254.60

247.25

7.35

0.86

11.70

Sediment 2

2

137.40

113.96

23.44

1.29

5.50

Sediment 2

3

154.19

120.88

33.31

3.48

10.44

Sediment 3

1

132.06

131.53

0.53

0.12

22.64

Sediment 3

2

134.80

133.98

0.82

0.05

6.10
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Photograph A.4: Sediment 2 magnetic arisings – Bulk 503D. Pre-grind. Ultra fines

Photograph A.5: Sediment 3 magnetic arisings – Bulk 501. L2. P1. IBC. Tails. 11.7 kg

A.6. Visual Settling Tests
Visual settling tests were carried out on each of the three sediment types. Photographic records were made
of 100 mg.l-1 and 1000 mg.l-1 sediment suspensions settling in 1 litre of both deionised and salt water over a
three hour period.
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A.6.1.

Experimental Protocol

The following experimental protocol was followed.
For Sediments 1 and 3 (dry powder) 100 mg and 1000 mg of <38 µm material was prepared by dry sieving
and stirred into both the deionised and salt water beakers. For Sediment 2 (wet bulk) the concentration of
deionised and salt water (salinity = 30 ± 0.5 psu) stock solutions, made up by wet sieving at 38 µm, was
determined. Based on this known concentration further 1 litre sediment solutions were made up at
concentrations of nominally 100 mg.l-1 and 1000 mg.l-1.

A.6.2.

Results

Photographs of each pair of 1 litre glass beakers (deionised and salt water) were taken at regular intervals
over a three hour period of time. Examples of these photographs are provided below.
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Sediment 1 – TTR. X451. 2kg. Post-Grind Tailings. Composite Sample.

Photograph A.6: Sediment 1 – 1000mg.1-1 after 2
minutes

Photograph A.7: Sediment 1 – 100mg.1-1 after 2
minutes

Photograph A.8: Sediment 1 – 1000mg.1-1 after 10
minutes

Photograph A.9: Sediment 1 – 100mg.1-1 after 10
minutes

Photograph A.10: Sediment 1 – 1000mg.1-1 after 60
minutes

Photograph A.11: Sediment 1 – 100mg.1-1 after 60
minutes
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Photograph A.12: Sediment 1 – 1000mg.1-1 after 180
minutes

Photograph A.13: Sediment 1 – 100mg.1-1 after 180
minutes

Sediment 2 – Bulk 503D. Pre Grind. Ultra Fines.

Photograph A.14: Sediment 2 – 1000mg.1-1 after 2
minutes

Photograph A.15: Sediment 2 – 100mg.1-1 after 2
minutes

Photograph A.16: Sediment 2 – 1000mg.1-1 after 10
minutes

Photograph A.17: Sediment 2 – 100mg.1-1 after 10
minutes
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Photograph A.18: Sediment 2 – 1000mg.1-1 after 60
minutes

Photograph A.19: Sediment 2 – 100mg.1-1 after 60
minutes

Photograph A.20: Sediment 2 – 1000mg.1-1 after 180
minutes

Photograph A.21: Sediment 2 – 100mg.1-1 after 180
minutes
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Sediment 3 – Bulk 501. L2. P1. IBC. Tails. 11.7 kg.

Photograph A.22: Sediment 3 – 1000mg.1-1 after 2
minutes

Photograph A.23: Sediment 3 – 100mg.1-1 after 2
minutes

Photograph A.24: Sediment 3 – 1000mg.1-1 after 10
minutes

Photograph A.25: Sediment 3 – 100mg.1-1 after 10
minutes

Photograph A.26: Sediment 3 – 1000mg.1-1 after 60
minutes

Photograph A.27: Sediment 3 – 100mg.1-1 after 60
minutes
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Photograph A.28: Sediment 3 – 1000mg.1-1 after 180
minutes

Photograph A.29: Sediment 3 – 100mg.1-1 after 180
minutes

The results of the visual settling tests demonstrated that all three material types flocculated when introduced
into both salt water and deionised water. However, the floc formation was different and this was more
noticeable at the lower 100 mg.l-1 suspension concentration at 2 minutes after mixing after which time much
of the material had settled in the salt water (see Photograph A.15 and Photograph A.23). The Sediment 1
material, at the lower 100 mg.l-1 concentration, settled very quickly (<2 minutes) in both salt and deionised
water (Photograph A.7).
Importantly the visual settling tests demonstrated that, for all three samples, even after 3 hours (180
minutes) there was still a proportion of very fine material in suspension. Visually, this was more noticeable at
the higher 1000 mg.l-1 suspension concentration (Photograph A.12, Photograph A.20 and Photograph A.28).

A.7. Suspension Mass Tests
Following the observations made during the visual settling test that a proportion of very fine material was still
in suspension after 3 hours suspension mass tests were carried out on the <38 µm Sediment 3 material
when mixed with both deionised and salt water.

A.7.1.

Experimental Protocol

The following experimental protocol was followed.
Six 1000 mg samples of Sediment 3 (<38 µm) were prepared by dry sieving and stirred into 3 x 1 litre
beakers of deionised water and 3 x 1 litre beakers of salt water (salinity = 30 ± 0.5 psu) to give nominal
suspension concentrations of 1000 mg.l-1. Following the start of the test 50 ml sub-samples were carefully
withdrawn from each pair of 1 litre beakers (deionised and salt water) at 25% water depth (31.5 mm below
the surface), 50% water depth (63 mm below the surface) and 75% water depth (94.5 mm below the surface)
after 10 minutes, 60 minutes and 300 minutes.
Following the withdrawal of each 50 ml sample the samples were filtered using pre-weighed 0.7 µm filter
papers. The filter papers and filter residue was then oven-dried and weighed for mass determination.

A.7.2.

Results

The filter papers arising from this test are shown in Photograph A.30.
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25% depth 50% depth 75% depth

25% depth 50% depth 75% depth
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60 minutes
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Salt water
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Photograph A.30: Suspension mass test filter papers
Based on the mass of material retained on each 0.7 µm filter an estimate of the mass of material in
suspension after 10, 60 and 300 minutes was made. The results of the suspension mass tests are shown in
Table A.3.
Table A.3: Suspension mass test results
Salt water /
Deionised
water

Sample depth
(% of water
depth)

Minutes
after start
of test

Mass of
material in
50 ml (mg)

Applicable
water
volume (ml)

% of 1000
mg mass in
suspension

Salt

25

10

14.5

375

10.87

Salt

50

10

15.2

250

7.60

Salt

75

10

19.9

375

14.93

Deionised

25

10

15.1

375

11.33

Deionised

50

10

17.1

250

8.55

Deionised

75

10

18.8

375

14.10

Salt

25

60

4.1

375

3.07

Salt

50

60

3.2

250

1.60

Salt

75

60

7.0

375

5.25

Deionised

25

60

2.3

375

1.73

Deionised

50

60

4.8

250

2.40

Deionised

75

60

5.7

375

4.28

Salt

25

300

0.5

375

0.38

Salt

50

300

0.6

250

0.30

Salt

75

300

1.3

375

0.97

Deionised

25

300

0.1

375

0.07
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Salt water /
Deionised
water

Sample depth
(% of water
depth)

Minutes
after start
of test

Mass of
material in
50 ml (mg)

Applicable
water
volume (ml)

% of 1000
mg mass in
suspension

Deionised

50

300

0.1

250

0.05

Deionised

75

300

0.2

375

0.15

% of total
mass in
suspension

0.28

The results of the suspension mass tests demonstrate that the mass of material remaining in suspension at
time intervals of 10, 60 and 300 minutes as a proportion of the total mass introduced is very similar for salt
water and deionised water conditions.
After 10 minutes about 33% of the total mass of material remains in suspension. After 60 minutes this figure
reduces to about 9% and reduces further to about 1% after 300 minutes.
An assessment of the approximate settling velocity distribution can be made from the results of these tests
by conservatively assuming that the concentration at a given point in the suspension is representative of the
volumes above. This is summarised in Table A.4.
Table A.4: Sediment 3 settling velocity distribution
Settling period

Equivalent settling velocity

(minutes)

(mm.s-1)

Percentage mass

10

<0.053

10.9

10

<0.105

18.5

10

<0.158

33.4

60

<0.009

3.1

60

<0.018

4.1

60

<0.026

9.9

300

<0.003

0.4

300

<0.006

0.7

300

<0.009

1.7

In summary the analysis of the results of the suspension mass tests indicates the following:
 around 67% of the sub 38 µm fraction fine material falls rapidly to the bed.
 around 33% of the sub 38 μm fraction fine material falls at speeds less than 0.2 mm.s-1.
 around 15% of the sub 38 μm fraction fine material falls at speeds less than 0.1 mm.s-1.
 around 4% of the sub 38 μm fraction fine material falls at speeds less than 0.02 mm.s-1.
 around 0.5% of the sub 38 μm fraction fine material falls at speeds less than 0.005 mm.s-1.

A.8. Turbidity Tests
Following the measurements made during the suspension mass tests further test were undertaken to
monitor the turbidity of the water as 8 g samples of Sediment 3 (<38 µm) settled through 8 litres of both salt
water and deionised water over a period of 3 to 4 hours.
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A.8.1.

Experimental Protocol

The following experimental protocol was followed.
A D&A OBS3 infra-red optical backscatter turbidity sensor, recording at a frequency of 1 Hz, was used to
measure the water turbidity during the course of the two tests; one using salt water (salinity = 30 ± 0.5 psu)
and the other deionised water. The test vessel (in this case a 10 litre bucket) was carefully chosen to ensure
that sampling volume (the volume of water targeted by the sensor) was not interfered with by the vessel
walls.
The test solutions were made up by dry sieving and weighing out 8 g of the <38 µm size fraction of
Sediment 3. The material was then carefully mixed with 8 litres of water (salt and deionised) to give nominal
suspension concentrations of 1000 mg.l-1.
The OBS3 sensor was mounted using a clamp stand such that the measuring face was a mid-water depth
close to one side of the bucket (see Photograph A.31 and Photograph A.32).
Data logging commenced once all of the sieved and weighed Sediment 3 had been well mixed into the
water; typically this involved constant stirring for about 2 minutes.
Initial tests were carried out in October 2014, during which time the ambient water temperature varied
between 16.7oC and 17.4oC. Each test was repeated twice in February 2015 during which time the water
temperature varied between 12.3oC and 13.3oC.

Photograph A.31: Turbidity test arrangement (1)

A.8.2.

Photograph A.32: Turbidity test arrangement (2)

Results

October 2014
The results of the two turbidity tests undertaken in October 2014 are shown as a time series graph in
Figure A.4. It should be noted here that the OBS3 turbidity sensor baseline reading (immersed in water only)
was about 9.0 NTU.
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Figure A.4: October 2014 turbidity test results
The analysis of 50 ml sub-samples withdrawn from the fully mixed suspensions just before the test started
showed that the actual initial suspension concentrations were 932 mg.l-1 for the deionised water test and
992 mg.l-1 for the salt water test. The initial temperature of the settling suspensions was 16.7oC for the salt
water test and 17.0oC for the deionised water test.
The OBS3 sensor gave readings of about 405 NTU at the start of the deionised water test (equivalent to
932 mg.l-1) and about 360 NTU at the start of the salt water test (equivalent to 992 mg.l-1). The reason for
these differences in NTU readings is considered to be due to the greater degree of flocculation taking place
in the salt water suspension. After about ten minutes of settling the turbidity reading in the salt water was
about half that in the deionised water.
February 2015
The results of the turbidity tests undertaken in February 2015 are shown as a time series graph in
Figure A.5. At this time two turbidity tests were carried out using both deionised water and salt water
following the same test procedure and instrumentation as used in October 2014.
The initial temperature of the settling suspensions was 12.3oC and 12.8oC for the salt water tests and 12.9oC
and 13.3oC for the deionised water tests.
The recorded time series of turbidity data showed that the material settled slightly faster during the two salt
water tests than during the deionised water tests. After two hours and beyond there was little difference in
the magnitude of the recorded turbidity between all four tests.
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Figure A.5: February 2015 turbidity test results.
Comparison of October 2014 and February 2015 results
For comparison purposes the two deionised water tests and the two salt water tests carried out in February
2015 were averaged and compared graphically with the October 2014 data. The results of this comparison
can be seen in Figure A.6.
Whilst the results of the salt water tests are similar, the results of the 2014 deionised water test (temperature
17.0oC) is quite different to that carried out in February 2015 (temperature 12.9oC to 13.3oC). In February
2015 the material settled faster than in October 2014, resulting in low turbidity readings. This difference in
settling velocity is considered to be due to flocculation occurring to a greater extent in colder ambient
temperatures.
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Figure A.6: Comparison of October 2014 and February 2015 turbidity test results

A.9. Multiple Slurry Turbidity Tests
In August 2015 a further eight turbidity tests were undertaken to monitor the turbidity and suspended
concentration of the water as multiple 8g slurries of Sediment 3 (<38 µm) were introduced to salt water over
a period of up to 24 hours.

A.9.1.

Experimental Protocol

The following experimental protocol was followed.
During Tests 1, 4, 7 and 8 a D&A OBS3 infra-red optical backscatter turbidity sensor, recording at a
frequency of 1 Hz, was used to measure the water turbidity during the course of the salt water tests (salinity
= 30 ± 0.5 psu). The OBS3 sensor and data logger were the same instruments as those used during
previously undertaken turbidity tests reported in Section A.8, as was the vessel used for the tests (a 10 litre
bucket).
The OBS3 sensor was mounted using a clamp stand such that the measuring face was a mid-water depth
close to one side of the bucket. A glass tube was mounted alongside the turbidity sensor through which
water samples could be extracted from the same water depth as the turbidity sensor measurement volume.
The turbidity sensor and sampling tube are shown mounted in the test bucket in Photograph A.33.
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Photograph A.33: Multiple slurry turbidity test arrangement
During all tests, the test slurries were made up by dry sieving and weighing out 8 g of the <38 µm size
fraction of Sediment 3 and mixing this with 300 ml of salt water to give a nominal slurry concentration of
26,667 mg l-1.
Prior to the start of each test the bucket was filled with 7.6 litres of salt water. The 300 ml slurry was then
slowly poured onto a spoon held at the water’s surface and allowed to overflow into the bucket. During
pouring the spoon was slowly moved about to distribute the slurry in an even manner. The slurry vessel was
then rinsed with a further 100 ml of salt water; this water was then introduced using the same method. This
method of slurry introduction minimised any enforced downward motion of the sediment and ensured that
material that had previously settled in the bottom of the bucket was not disturbed.
Where water samples were withdrawn during the course of a test, these samples were filtered using
pre-weighed 0.7 µm filter papers. The filter papers and filter residue was then oven-dried and weighed for
determination of mass and hence TSS (total suspended concentration).
Test 1 and Test 4
Two tests were carried out following the methodology described below (Test 1 and Test 4).
The logging of turbidity data commenced a few minutes prior to the start of the test.
Following the first material introduction the material was allowed to settle out of suspension for 120 minutes.
During this time samples were withdrawn after 10, 30, 60 and 120 minutes. The volume of the first three
samples was 50 ml and the last was 250 ml (400 ml withdrawn in total). During Test 4 only a further 500 ml
sample was withdrawn after 24 hours.
Following the withdrawal of the last sample at 120 minutes a further 300 ml slurry (plus a 100 ml rinse) was
carefully introduced using the same methodology. Following this water samples were taken at the same time
intervals as described above.
This procedure was repeated until four slurries of material had been introduced, broadly after 0, 2, 4 and 6
hours after the start of the test. Turbidity data was continuously recorded for the duration of the test.
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Test 2 and Test 5
Two tests were carried out following the methodology described below (Test 2 and Test 5).
Turbidity data was not recorded.
Following the first material introduction the material was allowed to settle out of suspension for 120 minutes.
During this time no water samples were withdrawn. After 120 minutes the full depth of the bucket was gently
stirred for 2 minutes to ensure that all of the settled material was brought back into suspension. The material
was then allowed to settle out of suspension for a further 120 minutes. During this time samples were
withdrawn after 10, 30, 60 and 120 minutes. The volume of the first three samples was 50 ml and the last
was 250 ml (400 ml withdrawn in total).
Tests 3 and 6
Two tests were carried out following the methodology described below (Test 3 and Test 6).
Turbidity data was not recorded.
Following the first material introduction the material was allowed to settle out of suspension for 120 minutes.
During this time no water samples were withdrawn. After 120 minutes 400 ml of supernatant water was
carefully removed from the bucket. This 400 ml of water was then carefully reintroduced (using the same
method as described above for the slurries) after which time samples were withdrawn after 10, 30, 60 and
120 minutes. The volume of the first three samples was 50 ml and the last was 250 ml (400 ml withdrawn in
total).
Test 7
The logging of turbidity data commenced a few minutes prior to the start of the test.
Following the material introduction the material was allowed to settle out of suspension for 24 hours. During
this time samples were withdrawn after 10, 30, 60 and 120 minutes. The volume of the first three samples
was 50 ml and the last was 250 ml (400 ml withdrawn in total). A further 500 ml sample was withdrawn after
24 hours.
Test 8
Turbidity data was not recorded.
Following the material introduction the material was allowed to settle out of suspension for 24 hours. During
this time samples were withdrawn after 10, 60, 180 and 300 minutes. The volume of the first three samples
was 50 ml and the last was 250 ml (400 ml withdrawn in total). A further 500 ml sample was withdrawn after
24 hours.

A.9.2.

OBS3 sensor calibration

During the course of the August 2015 tests, based on the water sample total suspended solids (TSS)
concentrations and turbidity measured by the OBS3 sensor at the time that the sample was withdrawn, a
calibration was derived between recorded NTU and TSS. The results of this calibration are shown in
Figure A.7.
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Figure A.7: OBS3 sensor calibration

A.9.3.

Results

It should be noted here that the OBS3 turbidity sensor baseline reading (immersed in salt water only) was
about 9.7 NTU.
Tests 1 and 4
Suspension Temp
Test 1

20.40°C

Test 4

20.70°C

The results of the Test 1 and Test 4 turbidity tests are shown as a time series graph in Figure A.8. The TSS
data demonstrated that whilst the settling characteristics were different between the two tests (Test 4 settling
more slowly), after 2 hours a similar level of TSS was reached (about 48 mg.l-1 for Test 1 and 53 mg.l-1 for
Test 4).
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Figure A.8: Test 1 and Test 4 TSS time series data
The results of the analysis of the extracted water samples are provided in Table A.5.
Table A.5: Test 1 and Test 4 sample concentrations
Test 1 sample concentration (mg.l-1)

Test 4 sample concentration (mg.l-1)

Injection
No.

1

2

3

4

1

2

3

4

10 mins

324

330

286

362

322

444

390

422

30 mins

146

134

116

152

166

200

216

196

60 mins

64

134

76

98

62

108

104

90

120 mins

47

36

52

49

56

56

49

56

24 hours

-

-

-

-

-

-

-

6

The TSS time series data shown in Figure A.8 and the extracted water sample concentrations given in
Table A.5 demonstrate that, whilst there is some variability during the first hour of settling following the
introduction of a slurry, at two hours after the introduction of a slurry there was little variability in the
suspended solids concentration, whether this be after the first injection of material or after the fourth.
Figure A.9 shows the TSS measured during the two hour period following the addition of each material slurry
during Test 1. This again demonstrates that whilst there are small differences in the measured TSS during
the first 1.5 hours after each slurry addition, after this time the measured suspended solids concentrations
were very similar. Figure A.11, which shows the Test 4 TSS data presented in the same way, shows very
consistent suspended solids concentrations having been measured 1.5 hours after each material injection.
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Figure A.9: Test 1 TSS data – Injections 1 to 4 overlaid

Figure A.10: Test 4 TSS data – Injections 1 to 4 overlaid
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Tests 2 and 5
Suspension Temp
Test 2

20.40°C

Test 5

20.90°C

Table A.6: Test 2 and Test 5 sample concentrations
Test 2 sample concentration (mg.l-1)

Test 5 sample concentration (mg.l-1)

Injection
No.

1

2

1

2

10 mins

-

342

-

412

30 mins

-

116

-

180

60 mins

-

76

-

96

120 mins

-

38

-

51

24 hours

-

-

N/A

N/A

N/A

N/A

-

Tests 3 and 6
Suspension Temp
Test 3

20.70°C

Test 6

20.90°C

Table A.7: Test 3 and Test 6 sample concentrations
Test 3 sample concentration (mg.l-1)

Test 6 sample concentration (mg.l-1)

Injection
No.

1

2

1

2

10 mins

-

64

-

58

30 mins

-

42

-

52

60 mins

-

38

-

74

120 mins

-

32

-

35

24 hours

-

-
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Test 7
Suspension Temp
Test 7

21.50°C

Table A.8: Test 7 sample concentrations
Test 7 sample concentration (mg.l-1)
Injection No.

1

10 mins

322

30 mins

162

60 mins

78

120 mins

50

24 hours

5

Figure A.11: Test 7 TSS time series data

DDM7316-RT004-R01-00

N/A

N/A

N/A

Support to Trans-Tasman Resources
Source terms and sediment properties for plume dispersion modelling

Test 8
Suspension Temp
Test 8

20.70°C

Table A.9: Test 8 sample concentrations
Test 8 sample concentration (mg.l-1)
Injection No.

1

10 mins

372

60 mins

72

180 mins

50

300 mins

26

24 hours

4

N/A

N/A

N/A

A.10. Flocculation Jar Tests
A.10.1.

Overview

A series of ‘jar tests’ (see http://www.phippsbird.com/jar. html and Environmental Protection Agency 1999)
were conducted in order to assess how the three sediment types behaved when immersed in water. A
sediment slurry at a predetermined concentration was placed in a glass jar and then the suspension was
agitated using a stirring bar for a duration sufficient for the flocs formed to reach a quasi-equilibrium state of
flocculation. This technique is often used as a first line in assessing and comparing the physico-chemical
interactions of substances such as flocculated natural mud suspensions (e.g. Bouyer et al. 2005; Mietta et al.
2009). This technique has the advantage of providing a good control volume (i.e. a 1 litre jar) within which to
examine typical flocculation behaviour. In this instance, a series of jar tests were conducted on the three
sediment types (Sediments 1, 2 and 3) in order to initially establish whether each sediment type would
flocculate. If flocculation behaviour was deemed to be present, the resultant floc characteristics were
observed.

A.10.2.

LabSFLOC-2 Instrument

Flocs, although stable in natural waters, easily break apart when sampled in response to additional shear
created during acquisition (Eisma et al. 1997). Therefore during the jar tests, floc populations were observed
using the low intrusive LabSFLOC – Laboratory Spectral Flocculation Characteristics – instrument, version
2.0. The LabSFLOC instrument was originally developed by Manning (2006) and is a more portable version
of the INSSEV instrument (Fennessy et al., 1994; Manning and Dyer, 2002). Version 2.0 utilises a lowintrusive high magnification digital video camera (Manning and Dyer, 2002) to observe flocs as they settle in
a 350 mm high by 100 mm square Perspex settling column. The video camera, positioned 75 mm above the
base of the column, views all particles in the centre of the column that pass within a 1 mm depth of field,
45 mm from the lens. The complete LabSFLOC configuration is shown in Photograph A.34.
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Photograph A.34: LabSFLOC-2 camera and settling column set-up
The LabSFLOC-2 instrument is based around a high resolution imaging system, which enables the detailed
examination of the flocs deposited into the Perspex settling column (Photograph A.35). The complete video
camera system was supplied by Point Grey. The flocs within the settling column were viewed by a 2.0MP
Grasshopper monochrome video camera. It has a Sill TZM 1560 Telecentric, 0.66 (1:1.5) magnification, F4,
macro lens fitted behind a 5 mm thick glass faceplate. This type of lens (provided by Stemmer Imaging Ltd)
has the advantage of minimising any pixel distortion (maximum distortion of 0.6%).
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Photograph A.35: LabSFLOC-2 high resolution imaging system
The complete camera unit was modified for marine use by containing all the electrical circuitry within an
aluminium outer casing, approximately 260 mm in length and 95 mm in diameter. The LabSFLOC camera
resolution could practically view flocs down to 20 µm in size and as large as 8 mm. Settling velocities
generally ranging from 0.01 mm.s-1 to 45 mm.s-1 can be measured by LabSFLOC-2. LabSFLOC-2 can
operate within suspended particulate matter (SPM) concentrations of just a few mg.l-1, with a practical upper
operating limit of ~8.5 g.l-1.
The video camera utilizes a back-illumination system whereby floc images are silhouettes i.e. particles
appear dark on a light background. This reduces image smearing and renders the floc structure more visible.
This back-illumination is provided by a CCS LDL-TP-43/35-BL, 43 x 35 mm, homogeneous blue (470 nm)
LED backlit panel (also provided by Stemmer Imaging Ltd) located at the rear of the settling column.
The camera views through an aperture in the settling column wall at a depth of 230 mm below the column
water surface. It records all settling flocs/particles in the centre of the column which pass within a 1 mm focal
depth of field, 45 mm (focal length) from the camera lens. The total image size is nominally 8 mm high and
4 mm wide. During sampling, a pipette is filled to a produce a fluid head of 100 mm, which results in a video
image control sample volume nominally of 400 mm3 (1 mm image depth and 4 mm video image width). This
controlled volume permits LabSFLOC calculated floc mass to be compared and calibrated directly to ambient
concentration.
The video camera was connected to a Laptop PC via a FireWire-B 800 ExpressCard interface. The
ExpressCard also provided the input to power the camera. This enabled the digital video images to be
streamed in real time to the laptop and recorded on the internal hard drive.

A.10.3.

Experimental Protocols

A series of jar tests were conducted on the three sediment types (Sediments 1, 2 and 3). Nominal SPM
concentrations of 10, 50 and 100 mg.l-1 were determined by initially weighing the dry sediment mass on a
Sartorius® laboratory balance with a digital display. Each aliquot of the sediment was then individually
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thoroughly mixed in 1 litre of saline water (salinity = 35 ± 0.5 psu). Freshwater suspensions were also
produced for Sediments 1 and 3. The dry Sediments 1 and 3 were prepared using a mortar and pestle to
remove any ‘clumps’ produced during shipping to the laboratory. Sediment 2 had a more clay-like structure,
so therefore to prepare each Sediment 2 mass for each jar test, the pre-determined sediment mass was
mixed to form a 50 ml slurry (using water from the jar) and once thoroughly mixed it was decanted into the
main 1 litre jar. The jar tests are summarised in Table A.10.
Table A.10: Summary of jar tests undertaken
Sediment
type

SSC
mg.l-1

Salinity

1

10

0

1

50

0

1

100

0

1

10

35

1

50

35

1

100

35

2

10

35

2

50

35

2

100

35

3

10

0

3

50

0

3

100

0

3

10

35

3

50

35

3

100

35

Each suspension in the 1 litre glass jar was stirred for approximately 20-30 minutes to allow the particles
sufficient time to flocculate and attain floc equilibrium in accordance with the theoretical flocculation time (van
Leussen 1994). The level of stirring within the jar would promote any flocculation activity and provide the
ideal stimulation for maximum floc growth (Manning 2004a).
Once stirring was complete, a small sub-sample containing a potential floc population was carefully extracted
from the centre of the jar using a 0.4 m long modified pipette (nominal internal diameter = 4 mm). This
sample was immediately transferred to the LabSFLOC-2 settling chamber, whereby the aperture of the
pipette was brought into contact with the LabSFLOC settling column water surface and permitted the flocs to
pass from the vertically held pipette to the chamber and then to settle solely under gravity, i.e. naturally and
unassisted. Thus the flocs allowed to pass into the settling column were naturally segregated as they fell by
the process of differential settling. Therefore, the fastest falling aggregates would be observed first by the
integral video camera and these flocs would be recorded at the start of a sample record.
The floc collection and sub-sampling protocols are both proven floc sampling techniques (see Manning,
2006; Manning et al., 2010a, b; Mehta et al., 2009), which permit minimal floc interference and flocs which
are representative of the ambient population – especially in terms of floc size and settling velocity
distributions. The floc sampling techniques also provide control volumes, which allow accurate calibration
with the ambient SPM concentration in suspension (see Manning, 2004).
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Extensive testing of this sampling protocol revealed that this technique created minimal floc disruption during
acquisition (see Gratiot and Manning, 2004). The settling column was filled with water of the same
temperature and salinity as the fluid within the jar; this reduced the risk of a negative density contrast, plus
prevented any possible Rayleigh-Taylor instability occurring within the water column. The vacuum created in
the upper section of the pipette tube retained the suspension in the pipette during the brief transfer
operation. This extraction technique has been successfully utilized in numerous recent laboratory flocculation
studies (e.g. Mory et al., 2002; Gratiot and Manning, 2004; Graham and Manning, 2004).
Another important feature of the LabSFLOC-2 sampling system is that the number of flocs entering the
settling column is controlled; this prevents optical saturation in the settling column. This is achieved by
holding the pipette in contact with the settling column water surface for a duration Pt (in seconds) determined
by the ambient SPM concentration (in mg.l-1). The contact time was estimated by the following empirical
algorithm (Equation A.1) derived originally by Fennessy (1994) for the INSSEV instrument (which utilizes
very similar operational protocols to LabSFLOC-2).

Equation A.1: Estimate of contact time

A.10.4.

𝑃𝑃𝑡𝑡 = 1860 𝑆𝑆𝑆𝑆𝑆𝑆 −0.8

Floc Data Processing

Floc Images
The raw digital grey-scale floc image recordings were recorded in real-time, at an acquisition rate of 7.5 Hz
or 7.5 frames per second (one frame = 0.133 s), via the ExpressCard to the laptop hard drive. Each floc
video image time series comprised a series of AVI format files. These AVI files were not Codec compressed,
so they could be analyzed with MatLab software routines. This meant that each 73 second AVI file was
approximately 1 GB in size, therefore all AVI files were subsequently transferred to a USB-3.0 portable
external 2 TB hard disk drive. The AVI files were then converted into a series of snap-shot images using a
MatLab frame-grabbing routine AVI2JPEG to provide a series of JPEG frames for each floc sample, with the
time step between each JPEG known in order to determine settling velocity rates.
The HR Wallingford Ltd DigiFloc software was then used to semi-automatically process the digital recordings
(i.e. the series of JPEG frames per floc sample) to obtain floc size and settling spectra. Calibration indicated
an individual pixel represented 6.3 µm in real size dimensions.

Floc Size, Settling Velocity and Density
Floc sizes are measured from the image size by overlaying an ellipse on each floc, which yields both major
and minor axis floc dimensions: Dx and Dy. This provides an indication of the floc shape in terms of the
height/width aspect ratio. Settling velocity is determined by measuring the vertical distance the centre of
each floc travels between two frames; the time step between the two frames is known, which means that the
floc settling velocity can be calculated (i.e. distance divided by time). To aid in the interpretation of the floc
size data, the two orthogonal dimensions were converted into a spherical equivalent floc diameter, D, using
Equation A.2.
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𝐷𝐷 = �𝐷𝐷𝑥𝑥 𝐷𝐷𝑦𝑦 �

0.5

Equation A.2: Spherical equivalent floc diameter

As mentioned, a modified version of Stokes Law permits an accurate estimate of floc effective density using
Equation A.3:

Equation A.3: Effective floc density

𝜌𝜌𝑒𝑒 = �𝜌𝜌𝑓𝑓 − 𝜌𝜌𝑤𝑤 � =

𝑊𝑊𝑊𝑊18𝜇𝜇
𝐷𝐷2 𝑔𝑔

where µ is the dynamic molecular viscosity and g is gravitational acceleration. The effective density, also
referred to as density contrast, is the difference between the floc bulk density (ρf) and the water density (ρw).
The water density can be calculated from measured salinity and water temperature data, then applying the
International Equation of State of Sea Water, 1980 (Millero and Poisson, 1981).

Floc Property Parameterisation
The complete floc population distributions are produced as a primary output from the LabSFLOC-2 data
processing. To aid in the interpretation of the floc characteristics, each floc population was segregated into
various sub-groupings according to floc size. Sample mean floc values were computed (i.e. a single value
per floc population) to show generalised floc property trends.
A conclusion drawn from an intercomparison experiment of various floc measuring devices conducted in the
Elbe estuary (Dyer et al, 1996), was that a single mean or median settling velocity did not adequately
represent an entire floc spectrum, especially in considerations of a flux to the bed. Dyer et al (1996)
recommended that the best approach for accurately representing the settling characteristics of a floc
population was to split a floc distribution into two or more components, each with their own mean settling
velocity. Both Eisma (1986) and Manning (2001) concur with this finding by suggesting a more realistic and
accurate generalisation of floc patterns can be derived from the Macrofloc and microfloc fractions. This
produces two floc property values per floc population. In accordance with previous flocculation studies, flocs
were also assessed in terms of Macrofloc and microfloc (Eisma, 1986) sub-populations. From extensive tests
of floc data sets, Manning (2001) defined the Macroflocs as D > 160 µm, whilst the microfloc fractions are
D < 160 µm.

A.10.5.

Results

Floc Parameters
To reiterate, floc populations were measured at nominal SPM concentrations of 10, 50 and 100 mg.l-1 for
each sediment type (Sediments 1, 2 and 3) during the jar tests. All three sediments were tested in saline
water (salinity = 35 +0.5), and Sediments 1 and 3 were also tested in freshwater. This produced a total of 15
floc populations during the jar tests. The water and laboratory ambient temperature ranged from 19.6-20.2oC
during the jar tests. The floc parameters derived for the 15 floc populations are provided in Table A.11.
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Table A.11: Floc parameters
Sediment
type

SSC
-1
mg.l

Salinity

D
mean
µm

EffDen
mean
-3
kg.m

Ws
Mean
-1
mm.s

No.
flocs

D
Macro
µm

EffDen
Macro
-3
kg.m

Ws
Macro
-1
mm.s

Macro
SPM%

No.
Macro
flocs

D
Micro
µm

EffDen
Micro
-3
kg.m

Ws
Micro
-1
mm.s

Micro
SPM%

No.
Micro
flocs

1

10

0

157.67

915.96

8.43

22

204.46

498.17

10.12

76.63

13

90.08

1519.45

5.99

23.37

9

1

50

0

133.27

923.62

6.98

116

202.32

469.46

10.17

40.94

31

108.09

1089.26

5.82

59.06

85

1

100

0

152.07

1021.28

10.95

213

198.15

562.49

11.48

47.72

78

125.44

1286.37

10.65

52.28

135

1

10

35

169.64

778.85

11.22

19

200.70

569.80

12.21

74.72

12

116.41

1137.22

9.54

25.28

7

1

50

35

149.78

882.73

9.79

107

185.46

587.52

10.56

49.76

43

125.81

1081.07

9.27

50.24

64

1

100

35

164.04

1028.01

13.61

229

200.22

780.12

15.70

61.29

115

127.55

1278.07

11.51

38.71

114

2

10

35

164.21

590.56

7.67

20

189.57

486.29

9.09

63.49

11

133.22

718.01

5.93

36.51

9

2

50

35

166.95

799.95

10.51

94

199.27

613.96

12.03

63.49

50

130.23

1011.30

8.78

36.51

44

2

100

35

173.42

825.02

10.74

250

207.01

552.57

11.21

69.71

146

126.27

1207.48

10.08

30.29

104

3

10

0

158.32

593.68

7.70

20

190.69

469.75

9.33

60.22

10

125.94

717.62

6.07

39.78

10

3

50

0

196.54

401.97

8.35

81

237.73

343.15

10.69

83.63

56

104.27

533.73

3.12

16.37

25

3

100

0

152.82

580.73

6.91

206

202.20

448.71

9.23

53.95

84

118.81

671.62

5.31

46.05

122

3

10

35

170.24

705.33

10.47

19

186.41

652.45

11.92

80.68

14

124.99

853.41

6.41

19.32

5

3

50

35

211.85

640.92

14.07

74

240.59

538.32

16.16

84.41

55

128.65

937.92

8.03

15.59

19

3

100

35

189.33

666.49

12.67

200

211.56

632.25

14.73

83.81

150

122.64

769.20

6.47

16.19

50
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Floc Size versus Floc Settling Velocity Distributions
Sediment 1
The results of the LabSFLOC-2 measurements for Sediment 1 at SPM concentrations of 10, 50 and 100
mg.l-1 are provided in Figure A.12 to Figure A.17 in terms of scatter plots of floc size and floc settling velocity
for tests undertaken in in freshwater and saline water. The diagonal lines on Figure A.12 to Figure A.26
represent contours of constant floc effective density (i.e. floc bulk density minus the water density;
units = kg.m-3): pink line = 1600 kg.m-3, green line = 160 kg.m-3, and red line = 16 kg.m-3. From a visual
inspection of Figure A.12 to Figure A.26, one can see that collectively the Sediment 1 floc densities were
primarily within the 160 and 1600 kg.m-3 effective density contours.

Figure A.12: Sediment 1 – SPM = 10 mg.l-1 – Salinity = 0
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Figure A.13: Sediment 1 – SPM = 10 mg.l-1 – Salinity = 35

Figure A.14: Sediment 1 – SPM = 50 mg.l-1 – Salinity = 0
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Figure A.15: Sediment 1 – SPM = 50 mg.l-1 – Salinity = 35

Figure A.16: Sediment 1 – SPM = 100 mg.l-1 – Salinity = 0
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Figure A.17: Sediment 1 – SPM = 100 mg.l-1 – Salinity = 35
Figure A.12 represents the flocs that were produced during the jar test of Sediment 1 and a nominal SPM
concentration of 10 mg.l-1 and a salinity of 0. The 22 flocs that comprised the population exhibited floc sizes
ranging from 52 µm to 283 µm. Settling velocities spanned 1.85 mm.s-1 to 17.37 mm.s-1. The effective
densities ranged between 164 kg.m-3 to 3048 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 157.6 µm, 8.43 mm.s-1 and 915.9 kg.m-3, respectively.
The Figure A.12 population comprised 9 individual microflocs and 13 individual Macroflocs. When comparing
the parameterised settling velocities, the microfloc fraction fell at an average rate of 6 mm.s-1, whereas the
larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 10.1 mm.s-1; 4.1 mm.s-1
quicker than the microflocs. To reiterate, Manning (2001) defines Macroflocs as those flocs with sphericalequivalent diameters which exceed 160 µm. Mass-balance estimates indicate that 76.6% of the observed
floc mass (i.e. SPM concentration) were contained by the Macroflocs. Note: this SPM% distribution is based
on flocs observed by the LabSFLOC-2 camera and does not account for particles / flocs beyond the
LabSFLOC-2 nominal image detection threshold.
Figure A.13 represents the flocs that were produced during the jar test of Sediment 1 and a nominal SPM
concentration of 10 mg.l-1 and a salinity of 35. The 19 flocs that comprised the population exhibited floc sizes
ranging from 49.6 µm to 259.5 µm. Settling velocities spanned 0.38 mm.s-1 to 20.67 mm.s-1. The effective
densities ranged between 68 kg.m-3 to 2843 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 169.6 µm, 11.22 mm.s-1 and 778.8 kg.m-3, respectively.
The Figure A.13 population comprised 7 individual microflocs and 12 individual Macroflocs. When comparing
the parameterised settling velocities, the microfloc fraction fell at an average rate of 9.5 mm.s-1, whereas the
larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 12.2 mm.s-1; 2.7 mm.s-1
quicker than the microflocs. Mass-balance estimates indicate that 74.7% of the observed floc mass (i.e. SPM
concentration) were contained by the Macroflocs.
Figure A.14 represents the flocs that were produced during the jar test of Sediment 1 and a nominal SPM
concentration of 50 mg.l-1 and a salinity of 0. The 116 flocs that comprised the population exhibited floc sizes
ranging from 31.5 µm to 287.4 µm. Settling velocities spanned 0.74 mm.s-1 to 21.65 mm.s-1. The effective
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densities ranged between 41 kg.m-3 to 3826 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 133.3 µm, 6.98 mm.s-1 and 923.6 kg.m-3, respectively.
The Figure A.14 population comprised 85 individual microflocs and 31 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 5.81 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 10.17 mm.s-1;
4.36 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 40.9% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.15 represents the flocs that were produced during the jar test of Sediment 1 and a nominal SPM
concentration of 50 mg.l-1 and a salinity of 35. The 107 flocs that comprised the population exhibited floc
sizes ranging from 62.5 µm to 224 µm. Settling velocities spanned 0.9 mm.s-1 to 17.3 mm.s-1. The effective
densities ranged between 123 kg.m-3 to 2137 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 149.8 µm, 9.79 mm.s-1 and 882.7 kg.m-3, respectively.
The Figure A.15 population comprised 64 individual microflocs and 43 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 9.3 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 10.56 mm.s-1;
1.26 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 49.8% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.16 represents the flocs that were produced during the jar test of Sediment 1 and a nominal SPM
concentration of 100 mg.l-1 and a salinity of 0. The 213 flocs that comprised the population exhibited floc
sizes ranging from 44.7 µm to 284.5 µm. Settling velocities spanned 0.46 mm.s-1 to 20.4 mm.s-1. The
effective densities ranged between 62 kg.m-3 to 4698 kg.m-3. The sample mean floc diameter, settling
velocity and effective density were 152 µm, 11 mm.s-1 and 1021 kg.m-3, respectively.
The Figure A.16 population comprised 135 individual microflocs and 78 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 10.7 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 11.5 mm.s-1;
0.8 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 47.7% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.17 represents the flocs that were produced during the jar test of Sediment 1 and a nominal SPM
concentration of 100 mg.l-1 and a salinity of 35. The 229 flocs that comprised the population exhibited floc
sizes ranging from 62.5 µm to 290 µm. Settling velocities spanned 0.86 mm.s-1 to 34.3 mm.s-1. The effective
densities ranged between 201 kg.m-3 to 2660 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 164 µm, 13.6 mm.s-1 and 1028 kg.m-3, respectively.
The Figure A.17 population comprised 114 individual microflocs and 115 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 11.5 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 15.7 mm.s-1;
4.2 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 61.3% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Sediment 2
The results of the LabSFLOC-2 measurements for Sediment 2 at SPM concentrations of 10, 50 and 100
mg.l-1 are provided in Figure A.18 to Figure A.20 in terms of scatter plots of floc size and floc settling velocity
for tests undertaken in saline water only.
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Figure A.18: Sediment 2 – SPM = 10 mg.l-1 – Salinity = 35

Figure A.19: Sediment 2 – SPM = 10 mg.l-1 – Salinity = 35
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Figure A.20: Sediment 2 – SPM = 100 mg.l-1 – Salinity = 35
Figure A.18 represents the flocs that were produced during the jar test of Sediment 2 and a nominal SPM
concentration of 10 mg.l-1 and a salinity of 35. The 20 flocs that comprised the population exhibited floc sizes
ranging from 90.8 µm to 226.9 µm. Settling velocities spanned 1.5 mm.s-1 to 21.3 mm.s-1. The effective
densities ranged between 62 kg.m-3 to 2327 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 164.2 µm, 7.66 mm.s-1 and 590.6 kg.m-3, respectively.
The Figure A.18 population comprised 9 individual microflocs and 11 individual Macroflocs. When comparing
the parameterised settling velocities, the microfloc fraction fell at an average rate of 5.93 mm.s-1, whereas
the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 9.09 mm.s-1; 3.16 mm.s-1
quicker than the microflocs. To reiterate, Manning (2001) defines Macroflocs as those flocs with sphericalequivalent diameters which exceed 160 µm. Mass-balance estimates indicate that 63.5% of the observed
floc mass (i.e. SPM concentration) were contained by the Macroflocs. Note: this SPM% distribution is based
on flocs observed by the LabSFLOC-2 camera and does not account for particles / flocs beyond the
LabSFLOC-2 nominal image detection threshold.
Figure A.19 represents the flocs that were produced during the jar test of Sediment 2 and a nominal SPM
concentration of 50 mg.l-1 and a salinity of 35. The 94 flocs that comprised the population exhibited floc sizes
ranging from 71.6 µm to 395.4 µm. Settling velocities spanned 0.61 mm.s-1 to 21.5 mm.s-1. The effective
densities ranged between 18 kg.m-3 to 2708 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 166.9 µm, 10.5 mm.s-1 and 800 kg.m-3, respectively.
The Figure A.19 population comprised 44 individual microflocs and 50 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 8.77 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 12.03 mm.s-1;
3.26 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 63.5% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.20 represents the flocs that were produced during the jar test of Sediment 2 and a nominal SPM
concentration of 100 mg.l-1 and a salinity of 35. The 249 flocs that comprised the population exhibited floc
sizes ranging from 42.4 µm to 365.8 µm. Settling velocities spanned 0.87 mm.s-1 to 45.2 mm.s-1. The
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effective densities ranged between 49 kg.m-3 to 2903 kg.m-3. The sample mean floc diameter, settling
velocity and effective density were 173.4 µm, 10.74 mm.s-1 and 825kg.m-3, respectively.
The Figure A.20 population comprised 104 individual microflocs and 146 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 10.1 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 11.2 mm.s-1;
1.1 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 69.7% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Sediment 3
The results of the LabSFLOC-2 measurements for Sediment 3 at SPM concentrations of 10, 50 and
100 mg.l-1 are provided in Figure A.21 to Figure A.26 in terms of scatter plots of floc size and floc settling
velocity for tests undertaken in in freshwater and saline water.

Figure A.21: Sediment 3 – SPM = 10 mg.l-1 – Salinity = 0
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Figure A.22: Sediment 3 – SPM = 10 mg.l-1 – Salinity = 35

Figure A.23: Sediment 3 – SPM = 50 mg.l-1 – Salinity = 0
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Sample 3, SPM = 50mg/l, Salinity = 35
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Figure A.24: Sediment 3 – SPM = 50 mg.l-1 – Salinity = 35
Sample 3, SPM = 100mg/l, Salinity = 0

Settling Velocity (mm/s)

100

10

1

0.1
10

100
Floc Size (microns)

Figure A.25: Sediment 3 – SPM = 100 mg.l-1 – Salinity = 0
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Figure A.26: Sediment 3 – SPM = 100 mg.l-1 – Salinity = 35
Figure A.21 represents the flocs that were produced during the jar test of Sediment 3 and a nominal SPM
concentration of 10 mg.l-1 and a salinity of 0. The 20 flocs that comprised the population exhibited floc sizes
ranging from 84.8 µm to 264.2 µm. Settling velocities spanned 1 mm.s-1 to 15.4 mm.s-1. The effective
densities ranged between 105 kg.m-3 to 1378 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 158.3 µm, 7.7 mm.s-1 and 593.6 kg.m-3, respectively.
The Figure A.21 population comprised 10 individual microflocs and 10 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 6.07 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 9.33 mm.s-1;
3.26 mm.s-1 quicker than the microflocs. To reiterate, Manning (2001) defines Macroflocs as those flocs with
spherical-equivalent diameters which exceed 160 µm. Mass-balance estimates indicate that 60.2% of the
observed floc mass (i.e. SPM concentration) were contained by the Macroflocs. Note: this SPM% distribution
is based on flocs observed by the LabSFLOC-2 camera and does not account for particles / flocs beyond the
LabSFLOC-2 nominal image detection threshold.
Figure A.22 represents the flocs that were produced during the jar test of Sediment 3 and a nominal SPM
concentration of 10 mg.l-1 and a salinity of 35. The 19 flocs that comprised the population exhibited floc sizes
ranging from 77.1 µm to 240.1 µm. Settling velocities spanned 0.75 mm.s-1 to 17.05 mm.s-1. The effective
densities ranged between 56 kg.m-3 to 1678 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 170.2 µm, 10.46 mm.s-1 and 705.3 kg.m-3, respectively.
The Figure A.22 population comprised 5 individual microflocs and 14 individual Macroflocs. When comparing
the parameterised settling velocities, the microfloc fraction fell at an average rate of 6.41 mm.s-1, whereas
the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 11.92 mm.s-1; 5.51 mm.s-1
quicker than the microflocs. Mass-balance estimates indicate that 80.7% of the observed floc mass (i.e. SPM
concentration) were contained by the Macroflocs.
Figure A.23 represents the flocs that were produced during the jar test of Sediment 3 and a nominal SPM
concentration of 50 mg.l-1 and a salinity of 0. The 81 flocs that comprised the population exhibited floc sizes
ranging from 45.3 µm to 329.9 µm. Settling velocities spanned 0.58 mm.s-1 to 22 mm.s-1. The effective
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densities ranged between 62 kg.m-3 to 1409 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 196.5 µm, 8.35 mm.s-1 and 402 kg.m-3, respectively.
The Figure A.23 population comprised 25 individual microflocs and 56 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 3.12 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 10.69 mm.s-1;
7.57 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 83.6% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.24 represents the flocs that were produced during the jar test of Sediment 3 and a nominal SPM
concentration of 50 mg.l-1 and a salinity of 35. The 74 flocs that comprised the population exhibited floc sizes
ranging from 61.2 µm to 349.4 µm. Settling velocities spanned 1.1 mm.s-1 to 28.4 mm.s-1. The effective
densities ranged between 77 kg.m-3 to 1989 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 211.8 µm, 14.1 mm.s-1 and 641 kg.m-3, respectively.
The Figure A.24 population comprised 19 individual microflocs and 55 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 8.02 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 16.16 mm.s-1;
8.14 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 84.4% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.25 represents the flocs that were produced during the jar test of Sediment 3 and a nominal SPM
concentration of 100 mg.l-1 and a salinity of 0. The 206 flocs that comprised the population exhibited floc
sizes ranging from 44.4 µm to 313.3 µm. Settling velocities spanned 0.61 mm.s-1 to 24.1 mm.s-1. The
effective densities ranged between 69 kg.m-3 to 2306 kg.m-3. The sample mean floc diameter, settling
velocity and effective density were 152.8 µm, 6.91 mm.s-1 and 580.7 kg.m-3, respectively.
The Figure A.25 population comprised 122 individual microflocs and 84 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 5.31 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 9.23 mm.s-1;
3.92 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 54% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.26 represents the flocs that were produced during the jar test of Sediment 3 and a nominal SPM
concentration of 100 mg.l-1 and a salinity of 35. The 20 flocs that comprised the population exhibited floc
sizes ranging from 58 µm to 313.4 µm. Settling velocities spanned 0.6 mm.s-1 to 34 mm.s-1. The effective
densities ranged between 20 kg.m-3 to 2786 kg.m-3. The sample mean floc diameter, settling velocity and
effective density were 189.3µm, 12.67 mm.s-1 and 666.5 kg.m-3, respectively.
The Figure A.26 population comprised 50 individual microflocs and 150 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 6.47 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 14.73 mm.s-1;
8.26 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 83.8% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.

A.11. Turbulent Flocculation Tests
A.11.1.

Overview

The flocculation process is dynamically active which is directly affected by its environmental conditions,
primarily being dependent on a complex set of interactions between sediment, fluid and flow within which the
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particles aggregation plays a major role (Manning, 2004). The flocculation process requires turbulent mixing
in order for particles to collide and flocs to grow (Krone, 1962; van Leussen, 1994; Manning, 2004;
Winterwerp and van Kesteren, 2004). Turbulence creates inter-particle collisions and stimulates flocculation
(McAnally and Mehta, 2001) and its effects are often included in flocculation models (e.g. Winterwerp et al.,
2006; Manning and Dyer, 2007; Soulsby et al., 2013). Research has shown that too much turbulence can
break flocs apart (Eisma, 1986; Dyer, 1989). Turbulent energy is transferred to decreasingly smaller eddies
and this energy is dissipated by viscosity (van Leussen, 1997). These small eddies are defined by the
Kolmogorov microscale of turbulence (Kolmogorov, 1941a,b). McCave (1984) found that turbulence
determines the maximum floc size in tidally dominated estuaries.
Sediment dynamicists studying cohesive sediments choose to work with annular flumes, in which circulating
flow is initiated in the annulus by the rotation of an annular ring, because their infinite flow length results in a
fully developed boundary layer (e.g. Ockenden and Delo, 1991; Williamson and Ockenden, 1993; Black and
Paterson 1997; Manning and Dyer, 1999; Lau and Droppo, 2000; Andersen, 2001; Bale et al., 2002; Stone
and Krishnappan, 2003; Graham and Manning, 2007). In contrast to straight re-circulating flumes, despite
potential secondary circulation effects, annular flumes are more suited to investigations of cohesive sediment
dynamics, as the flocculated suspensions are not disrupted by re-circulating pumps and filters.
Whilst jar testing has the advantage of providing a good control volume (i.e. a 1 litre jar) within which to
examine typical flocculation behaviour, the larger capacity of an annular flume is better suited to generating a
range of controlled turbulent environments within which to observed how flocculating suspensions respond.

A.11.2.

Annular Flume

This study utilised a mini-annular flume to create a consistent and repeatable turbulent environment
(Manning and Whitehouse, 2009). The annular flume has an outer diameter of 1.2 m, a channel width of
0.1 m and a maximum depth of 0.15 m, along with a detachable motor driven rotating roof (10 mm thick) to
create the flow for cohesive sediment experiments (e.g. Manning and Dyer, 1999).
The annular flume (Photograph A.36) is fabricated from gel-coated fibreglass and has a smooth internal wall.
The channel is nominally filled to a depth of 0.13 m for experiments, which produces a nominal fluid volume
of 45 litres. The flume lid and annular ring were both engineered from Perspex and fitted with six paddles
(10 mm depth) equally-spaced around the underside of the annular ring.
The motor configuration to drive the flume annular ring comprised a 370 W single-phase electronic 230 v
2-pole AC motor, with a maximum rotational rate of 3,000 rpm. The motor was mounted vertically with the
drive-shaft connecting into a specialist McLennon reduction gearing box, to which the flume lid above could
be attached. Reduction drives are used in engines of all kinds, to increase the amount of torque per
revolution of a shaft: the gearbox of any car is a ubiquitous example of a reduction drive. The application of
the reduction gear box permits the drive motor to rotate steadily at a fast rate, whilst the gearing translates
this into a controlled constant rotation of the annular ring within the velocity range specified for estuarine
experimental simulations. Thus it optimises the reproducibility of the hydrodynamics simulated by the flume.
The AC motor is accurately controlled by an Allen-Bradley digital motor control unit. The present AllenBradley controller is a model: A2 – 0.55 kW. Digital frequency values (in Hz) are selected on the motor
controller via a dial. A minimum frequency of 9 Hz is required to overcome the inertia of the spindle, so 10 Hz
is used as a practical lower limit, and a maximum frequency of 40 Hz is available with the present motor.
Frequencies can be input at 0.5 Hz intervals. The motor controller permits both clockwise and anti-clockwise
rotation of the flume lid, although the latter is generally used. The Allen-Bradley unit is connected directly into
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the AC motor, via an independent switch box which prevents accidental motor activation during floc or
gravimetric sampling.
Maximum flow speeds of approximately 0.7 m.s-1 can be produced in the lower half of the water column,
created by 10 mm deep paddles attached to the underside of the roof. A Nortek mini-ADV (Acoustic Doppler
Velocimeter) probe, at an acquisition rate of 25 Hz, was used to calibrate the flow in terms of velocity and
turbulent kinetic energy (TKE) at a distance of 22 mm (the typical floc extraction height) above the flume
channel base at a range of motor controller settings (in Hz). The flume’s hydrodynamic calibration is
summarised by Manning and Whitehouse (2009).

Photograph A.36: Annular flume (plan view)

A.11.3.

Experimental Protocols

Annular flume flocculation tests were conducted predominantly on aliquots of Sediment 3. Nominal SPM
concentrations of 10 and 100 mg.l-1 were determined by initially weighing the dry sediment mass on a
Sartorius® laboratory balance with a digital display. The flume was filled with 45 litres of saline water (salinity
= 35 +0.5), to a depth of 0.13 m. The sediment mass was each introduced into the flume through 22 mm
diameter observation ports located in both the flume lid and directly below in the annular ring. For each run,
different rotation speeds were used to shear the sediment slurries at three shear stresses (τ): 0.1, 0.35 and
0.9 Pa +5% (equivalent Kolmogorov microscale values are approximately: 400 - 138 µm ; equivalent Gvalues, the root mean square of the gradient in the turbulent velocity fluctuations, are: 8 – 54.2 s-1) at the floc
sampling point. Each run was initiated at the fastest rotational velocity and decreased towards the slowest
speed as the run progressed. Further details of these experimental protocols are outlined by Manning et al.
(2007). An overview of the LabSFLOC-2 runs undertaken is provided in Table A.12.
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Table A.12: Overview of LabsFLOC-2 runs
Sediment type

SPM (mg.l-1)

Shear Stress (Pa)

Salinity

3

10

0.9

35

3

10

0.35

35

3

10

0.1

35

3

100

0.9

35

3

100

0.35

35

3

100

0.1

35

The sediment slurries were sheared in the flume for 30 minutes at each stress level. This duration of
shearing, which was pre-determined in accordance with theoretical flocculation time (TF), allowed each
sediment suspension to attain floc equilibrium. Van Leussen (1994) defines TF as the time required to
decrease the number of individual unflocculated particles in a suspension, to just 10% of the initial number
as a result of flocculation.
Floc properties were measured using the LabSFLOC-2 instrument; see Section A.10.2 for more details on
the floc-cam system. Floc population sampling comprised careful extraction of a suspension sample from the
same height in the water column as the ADV calibration (i.e. 22 mm above the flume channel base) using a
bespoke pipette. To obtain a floc sample, the rotation was stopped for approximately 6-8 seconds, although
flow in the flume still continued through inertia, maintaining particles in suspension throughout this period.
Manning and Whitehouse (2009) showed that the flow does not significantly slow until at least 15-20
seconds after stopping the drive motor.
The floc sample was then transferred to the LabSFLOC-2 Perspex settling column, whereby each individual
floc was observed by the video camera as it was settling. Parameters of individual floc size (D) and settling
velocity (Ws) were recorded during settling and the values obtained by video image post-processing. The
experimental flow speeds generated in the flume were sufficient to keep the fine sediment in suspension; this
has also been confirmed in a number of mixed sediment experiments (see Manning et al., 2013). The
aperture of the pipette was brought into contact with the settling column water surface and held in place
(vertically) allowing the captured flocs to undergo gravitational settling through the still water column. See
Section A.10.3 for more details on the floc sampling protocols used. Once floc samples were extracted, the
flume lid rotation continued at the next selected velocity.

A.11.4.

Results

The results of the LabSFLOC-2 measurements for Sediment 3 at SPM concentrations of 10 and 100 mg.l-1,
and shear stresses of 0.1, 0.35 and 0.9 Pa are provided in Figure A.27 to Figure A.32 in terms of scatter
plots of floc size and floc settling velocity for tests undertaken in in freshwater and saline water. The diagonal
lines on Figure A.27 to Figure A.32 represent contours of constant floc effective density (i.e. floc bulk density
minus the water density; units = kg.m-3): pink line = 1600 kg.m-3, green line = 160 kg.m-3, and red line =
16 kg.m-3. The floc parameters derived for the 6 floc populations are provided in Table A.13.
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Table A.13: LabsFLOC-2 runs – Sediment 3 floc parameters
SSC
-1
mg.l

Shear
stress
(Pa)

Salinity

D
mean
µm

EffDen
mean
-3
kg.m

Ws
Mean
-1
mm.s

No.
flocs

D
Macro
µm

EffDen
Macro
kg.m-3

Ws
Macro
-1
mm.s

Macro
SPM%

No.
Macro
flocs

D
Micro
µm

EffDen
Micro
kg.m-3

Ws
Micro
-1
mm.s

Micro
SPM%

No.
Micro
flocs

10

0.9

35

141.34

999.08

8.74

23

176.72

372.90

6.21

38.05

7

125.86

1273.03

9.84

61.95

16

10

0.35

35

168.32

808.90

9.62

25

212.62

671.75

12.30

75.79

15

101.88

1014.63

5.60

24.21

10

10

0.1

35

158.14

558.94

7.17

20

189.45

533.84

9.66

71.88

12

111.18

596.60

3.43

28.12

8

100

0.9

35

120.38

869.71

6.20

262

186.57

527.28

9.89

38.45

65

98.54

982.69

4.99

61.55

197

100

0.35

35

160.13

750.18

9.57

201

213.18

573.53

12.87

66.24

100

107.60

925.07

6.31

33.76

101

100

0.1

35

112.21

1263.21

8.11

280

211.21

651.51

11.84

30.92

46

92.75

1383.46

7.38

69.08

234
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Sediment 3, SPM = 10 mg/l, Salinity = 35, Shear stress = 0.9 Pa
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Figure A.27: Sediment 3 – SPM = 10 mg.l-1 – Salinity = 35, Shear stress = 0.9 Pa
Sediment 3, SPM = 10 mg/l, Salinity = 35, Shear stress = 0.35 Pa
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Figure A.28: Sediment 3 – SPM = 10 mg.l-1 – Salinity = 35, Shear stress = 0.35 Pa

DDM7316-RT004-R01-00

Support to Trans-Tasman Resources
Source terms and sediment properties for plume dispersion modelling

Sediment 3, SPM = 10 mg/l, Salinity = 35, Shear stress = 0.1 Pa
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Figure A.29: Sediment 3 – SPM = 10 mg.l-1 – Salinity = 35, Shear stress = 0.1 Pa
Sediment 3, SPM = 100 mg/l, Salinity = 35, Shear stress = 0.9 Pa
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Figure A.30: Sediment 3 – SPM = 100 mg.l-1 – Salinity = 35, Shear stress = 0.9 Pa
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Sediment 3, SPM = 100 mg/l, Salinity = 35, Shear stress = 0.35 Pa
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Figure A.31: Sediment 3 – SPM = 100 mg.l-1 – Salinity = 35, Shear stress = 0.35 Pa
Sediment 3, SPM = 100 mg/l, Salinity = 35, Shear stress = 0.1 Pa
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Figure A.32: Sediment 3 – SPM = 100 mg.l-1 – Salinity = 35, Shear stress = 0.1 Pa
Figure A.27 represents the flocs that were produced in a salinity of 35 during the annular flume test of
Sediment 3, at nominal shear stress and SPM concentration of 0.9 Pa and 10 mg.l-1, respectively. The 23
flocs that comprised the population exhibited floc sizes ranging from 55.6 µm to 195.6 µm. Settling velocities
spanned 0.75 mm.s-1 to 21.1 mm.s-1. The effective densities ranged between 122 kg.m-3 to 3655 kg.m-3. The
sample mean floc diameter, settling velocity and effective density were 141 µm (29 µm smaller than the
equivalent jar test SSC), 8.74 mm.s-1 (1.73 mm.s-1 slower than the equivalent jar test SSC) and 999 kg.m-3,
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respectively. The smaller and slower mean flocs are probably a result of the high shear stress environment
creating more floc break-up.
The Figure A.27 population comprised 7 individual microflocs and 16 individual Macroflocs. When comparing
the parameterised settling velocities, the microfloc fraction fell at an average rate of 9.84 mm.s-1, whereas
the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 6.21 mm.s-1; 3.63 mm.s-1
slower than the microflocs. To reiterate, Manning (2001) defines Macroflocs as those flocs with sphericalequivalent diameters which exceed 160 µm. Mass-balance estimates indicate that 38.1% of the observed
floc mass (i.e. SPM concentration) were contained by the Macroflocs. Note: this SPM% distribution is based
on flocs observed by the LabSFLOC-2 camera and does not account for particles / flocs beyond the
LabSFLOC-2 nominal image detection threshold.
Figure A.28 represents the flocs that were produced in a salinity of 35 during the annular flume test of
Sediment 3, at nominal shear stress and SPM concentration of 0.35 Pa and 10 mg.l-1, respectively. The 25
flocs that comprised the population exhibited floc sizes ranging from 59 µm to 310.7 µm. Settling velocities
spanned 1.16 mm.s-1 to 26.5 mm.s-1. The effective densities ranged between 69 kg.m-3 to 2381 kg.m-3. The
sample mean floc diameter, settling velocity and effective density were 168.3 µm (just 2 µm smaller than the
equivalent jar test SSC), 9.6 mm.s-1 (0.85 mm.s-1 slower than the equivalent jar test SSC) and 809 kg.m-3,
respectively. These mean floc properties were similar to those produced during the equivalent jar test.
The Figure A.28 population comprised 10 individual microflocs and 15 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 5.6 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 12.3 mm.s-1;
6.7 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 75.8% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs / microflocs.
Figure A.29 represents the flocs that were produced in a salinity of 35 during the annular flume test of
Sediment 3, at nominal shear stress and SPM concentration of 0.1 Pa and 10 mg.l-1, respectively. The 20
flocs that comprised the population exhibited floc sizes ranging from 92.9 µm to 228.2 µm. Settling velocities
spanned 0.6 mm.s-1 to 18.7 mm.s-1. The effective densities ranged between 59 kg.m-3 to 1577 kg.m-3. The
sample mean floc diameter, settling velocity and effective density were 158 µm (16 µm smaller than the
equivalent jar test SSC), 7.2 mm.s-1 (3.3 mm.s-1 slower than the equivalent jar test SSC) and 559 kg.m-3,
respectively. The slower and less dense mean flocs are probably a result of low impact and less frequent
inter-particle collisions arising from the low shear stress environment.
The Figure A.29 population comprised 8 individual microflocs and 12 individual Macroflocs. When comparing
the parameterised settling velocities, the microfloc fraction fell at an average rate of 3.4 mm.s-1, whereas the
larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 9.7 mm.s-1; 6.3 mm.s-1 quicker
than the microflocs. Mass-balance estimates indicate that 71.9% of the observed floc mass (i.e. SPM
concentration) were contained by the Macroflocs.
Figure A.30 represents the flocs that were produced in a salinity of 35 during the annular flume test of
Sediment 3, at nominal shear stress and SPM concentration of 0.9 Pa and 100 mg.l-1, respectively. The 262
flocs that comprised the population exhibited floc sizes ranging from 41 µm to 283 µm. Settling velocities
spanned 0.36 mm.s-1 to 34.8 mm.s-1. The effective densities ranged between 77 kg.m-3 to 3136 kg.m-3. The
sample mean floc diameter, settling velocity and effective density were 120.4 µm (69 µm smaller than the
equivalent jar test SSC), 6.2 mm.s-1 (6.4 mm.s-1 slower than the equivalent jar test SSC) and 870 kg.m-3,
respectively. The smaller and significantly slower mean flocs are probably a result of the high shear stress
environment creating more floc break-up.
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The Figure A.30 population comprised 65 individual microflocs and 197 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 5 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 9.9 mm.s-1;
4.9 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 38.5% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.31 represents the flocs that were produced in a salinity of 35 during the annular flume test of
Sediment 3, at nominal shear stress and SPM concentration of 0.35 Pa and 100 mg.l-1, respectively. The 201
flocs that comprised the population exhibited floc sizes ranging from 61.3 µm to 389.3 µm. Settling velocities
spanned 0.71 mm.s-1 to 60.4 mm.s-1. The effective densities ranged between 81 kg.m-3 to 4159 kg.m-3. The
sample mean floc diameter, settling velocity and effective density were 160 µm (29 µm smaller than the
equivalent jar test SSC), 9.6 mm.s-1 (3.1 mm.s-1 slower than the equivalent jar test SSC) and 750 kg.m-3,
respectively. Of the three turbulent environments tested at an SSC of 100 mg.l-1, these mean floc properties
were the closest to those produced during the equivalent jar test.
The Figure A.31 population comprised 101 individual microflocs and 100 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 6.31 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 12.87 mm.s-1;
6.56 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 66.2% of the observed floc
mass (i.e. SPM concentration) were contained by the Macroflocs.
Figure A.32 represents the flocs that were produced in a salinity of 35 during the annular flume test of
Sediment 3, at nominal shear stress and SPM concentration of 0.1 Pa and 100 mg.l-1, respectively. The 280
flocs that comprised the population exhibited floc sizes ranging from 38 µm to 332 µm. Settling velocities
spanned 0.34 mm.s-1 to 38.2 mm.s-1. The effective densities ranged between 55 kg.m-3 to 3574 kg.m-3. The
sample mean floc diameter, settling velocity and effective density were 112 µm (77 µm smaller than the
equivalent jar test SSC), 8.1 mm.s-1 (4.5 mm.s-1 slower than the equivalent jar test SSC) and 1263 kg.m-3,
respectively. The smaller and slower mean flocs are probably a result of low impact and less frequent interparticle collisions arising from the low shear stress environment that promotes less flocculation.
The Figure A.32 population comprised 234 individual microflocs and 46 individual Macroflocs. When
comparing the parameterised settling velocities, the microfloc fraction fell at an average rate of 7.4 mm.s-1,
whereas the larger sized flocs (i.e. the Macroflocs) were collectively settling at a velocity of 11.8 mm.s-1;
4.4 mm.s-1 quicker than the microflocs. Mass-balance estimates indicate that 31% of the observed floc mass
(i.e. SPM concentration) were contained by the Macroflocs.

A.12. Annular Flume Resuspension Tests
A.12.1.

Overview

Resuspension experiments conducted in an annular flume can provide an indication on how consolidation of
the settled bed material can affect the subsequent erosion and re-entrainment of the bed sediment with
rising shear stress. These tests also provide an indication of potential critical erosion shear stress thresholds
exhibited by the bed material after periods of consolidation.
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A.12.2.

Experimental Protocols

Annular flume resuspension tests were conducted predominantly on an aliquot of Sediment 3. The flume
was filled with 45 litres of saline water (salinity = 35 +0.5), to a depth of 0.13 m. A nominal mass of 3.1 kg of
sediment (deemed sufficient to produce a thin bed) was then introduced into the flume through 22 mm
diameter observation ports located in both the flume lid and directly below in the annular ring. The sediment
was then sheared at 0.9 Pa for a duration of about 20 minutes in order to make sure it was thoroughly mixed
and distributed around the entire annular flume channel. Once the shearing ceased, the sediment was
permitted to settle and form a thin bed on the base of the flume channel.
Two resuspension runs were conducted. Resuspension test 1 (RST-1) allowed the bed to consolidate over a
nominal two day period, whilst the second resuspension run (RST-2) only allowed the sedimentary bed in the
flume to consolidate for approximately 4.5 hours. The latter indicates the resuspension potential of the
sediment as it deposits and is re-entrained during a timescale equivalent to an ebb or flood phase of a tidal
cycle. Whereas the former would provide an indication of resuspension rates in regions where the sediment
could consolidate for a duration exceeding several tidal cycles.
Once the settlement period was complete, a 25 ml capacity glass pipette (graduated in 0.1 ml increments)
was used to extract a volume of the suspension 22 mm above the flume base (i.e. the same distance above
the channel base as used for the original ADV hydrodynamics calibration – see Section A.11.2, and the floc
sampling – see Section A.10.2). The pipette entered the flume through 22 mm diameter observation ports
located in both the flume lid and directly below in the annular ring. A first pipette sample was extracted
before the flume run started, to provide a background SPM concentration. Then the flume annular ring was
rotated for approximately 20 minutes to produce a nominal shear stresses (τ) of 0.1 Pa at the suspension
extraction point. To obtain a suspension sample with the pipette, the rotation was stopped for approximately
6-8 seconds, although flow in the flume still continued through inertia, maintaining particles in suspension
throughout this period. Once the pipette sample had been collected, the flume annular ring rotation was
increased to produce a τ of 0.2 Pa and then after the shearing duration, the pipetting procedure was
repeated. This procedure continued by raising the τ in increments of 0.1 Pa until a shear stress of 0.9 Pa
was reached.
The volume of suspension collected using the pipette from each shear stress step ranged from 50 ml (for
early low SPM concentration) down to 14.5 ml for the higher SPM concentrations produced at the highly
turbulent conditions. Each pipette extracted suspension sample was vacuum filtered through a pre-weighed
47 mm diameter, Whatman® GF/A grade borosilicate glassfibre filter circle with a nominal 1.6 μm pore size.
The filters were dried for 4 hours at 60oC in a Carbolite® laboratory oven. The dry filters were then reweighed using a Sartorius® laboratory balance with a digital display.

A.12.3.

Results

The results of the resuspension tests carried out on Sediment 3 are provided in Figure A.33 and Figure A.34
for tests RST-1 (4.5 hours consolidation) and RST-2 (2 days consolidation).
The background turbidity after 4.5 hours of consolidation for RST-1 (Figure A.33) was 184 mg.l-1. After
shearing at 0.1 Pa, the turbidity only rose by 14 mg.l-1 to 198 mg.l-1. At 0.2 Pa the SPM concentration
increased by a further 30 mg.l-1 to 228 mg.l-1. Raising the shear stress to 0.3 Pa nearly doubled the
suspended concentration to 418 mg.l-1. At the 0.4 Pa shear increment, greater erosion occurred with the
SPM increasing by nearly an order of magnitude to 3,346 mg.l-1. Thereafter the turbidity approximately
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doubled with each rise in shear stress reaching a suspended concentration of 36,648 mg.l-1 at 0.7 Pa. The
peak stress (0.9 Pa) produced an SPM concentration of 42,648 mg.l-1.
The background turbidity after 2 days of consolidation for RST-2 (Figure A.34) was 94 mg.l-1; approximately
half of RST-1. After shearing at 0.1 Pa, the turbidity only rose by 22 mg.l-1 to 116 mg.l-1; 82 mg.l-1 less than
RST-1. At 0.2 Pa the SPM concentration increased by a further 22 mg.l-1 to 138 mg.l-1 (90 mg.l-1 less than
RST-1). Raising the shear stress to 0.3 Pa nearly doubled the suspended concentration to 278mg.l-1. At the
0.4 Pa shear increment, greater erosion occurred with the SPM increasing to 754 mg.l-1, but this was
significantly lower than SPM concentration at this shear stress increment for RST-1 which was 3,346 mg.l-1.
The turbidity jumped to 4,578 mg.l-1 at 0.5 Pa, but this was still only half the SPM concentration of the
corresponding RST-1. Thereafter the turbidity rapidly increased with each rise in shear stress, although the
SPM concentration still lagged behind the corresponding RST-1 observation, eventually reaching a
suspended concentration of 41,897 mg.l-1 (similar to RST-1) at the peak stress of 0.9 Pa.
Resuspension - after 4.5 hours nominal consolidation
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Figure A.33: Resuspension test RST-1 – Time series of SPM versus shear stress
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Resuspension - after 2 days nominal consolidation
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Figure A.34: Resuspension test RST-2 – Time series of SPM versus shear stress
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