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Executive summary
Trans-Tasman Resources Ltd (TTR) proposes to mine iron-sands in the South Taranaki Bight (STB)
region. These activities will release sediment into the water column. The increased suspended
sediment in the water column will affect the optical properties of the water, specifically its clarity and
colour.
The optical effects of mining were predicted based on applying an optical model to the results of a
sediment transport model (Hadfield & Macdonald, 2015). The present report describes the optical
modelling and presents the predicted effects on optical properties due to the proposed mining in the
Sediment Model Domain (SMD). The accuracy and reliability of the predicted optical effects are
dependent on the performance of the sediment model (Hadfield & Macdonald, 2015) which is not
assessed in this report. We summarise changes to those optical properties which are relevant to
assessing effects on the STB ecosystem and effects on human amenity value. Optical effects of
mining (as distinct from “mass effects”) include changes to underwater visibility (which may affect
sub-aqua divers) and changes to light attenuation (which may affect primary production). Increased
suspended sediment will also change the colour of the water. The ecological consequences of the
optical effects for primary production are described in Cahoon et al. (2015).
Optical effects were predicted based on mining at two different locations: site A (inner limit of
proposed mining) and site B (outer limit of proposed mining). These scenarios are denoted below as
“mine A” and “mine B”. Videos of simulated movements of the plume of sediment over two years
have also been produced and are provided with this report. These videos are useful for context as
they show variations in the background sediment in the SMD and the predicted appearance and
behaviour of the mining-generated sediment plume over the same period.
The main findings are:
1.

The optical effects of the sediment plume decrease away from the mining site, with the
position and size of the region affected optically depending on the prevailing current direction
and the weather, wind and wave conditions. There is substantial natural (“background”)
variability in optical properties in the SMD.

2.

Mining is predicted to have minor (or less than minor) optical effects within about 5 km of the
coast.

3.

Average light in the water column averaged over the domain of the sediment model (an area
of 13,000 km2) is predicted to be reduced by only a small amount: 1.9% (mine A) and by 1.6%
(mine B). Reductions in water column light are predicted to occur predominantly to the east of
the mining site due to the sediment plume often moving in this direction. Light in the water
column is used by phytoplankton for photosynthesis (see Cahoon et al., 2015).
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4.

Light arriving at the seabed may be used by benthic algae for photosynthesis (see Cahoon et
al., 2015). Enough light for benthic microalgae (also called “microphytobenthos”) to grow is
predicted to occur naturally over an area of 3805 km2 in the domain of the sediment model
(29% of the model domain). Mining is predicted to reduce this area by less than 260 km2 (to
27% of the model domain).

5.

The total amount of light received by the seabed in the domain of the sediment model is
predicted to reduce by 23% (site A) and 16% (site B), and this reduction will primarily affect the
area east of the proposed mining area.

6.

The optical effects of mining are likely to cease very quickly after mining stops. When
suspended sediment from mining has been flushed out of the STB region (a process predicted
to take a few months; Hadfield, 2013) optical properties may be expected to return to premining levels within a few days.

Information on predicted optical effects has been summarised for two areas of particular interest:
7.

The “Traps” site (174.524° E, 39.853° S) is included because it is used as for recreational subaqua diving and includes areas with hard substrate and macroalgae. At the Traps, mining is
predicted to:
(a)
(b)
(c)
(d)

8.

Graham Bank (174.4192°E, -39.8919° S) is included because it is also used as for recreational
sub-aqua diving and may include areas with hard substrate and macroalgae. At Graham Bank,
mining is predicted to:
(a)
(b)
(c)
(d)

9.

Reduce the median underwater visibility by 14% (mine A) and by 4% (mine B).
Reduce the number of “good visibility days” at the Traps by about 25 days (mine A) and
8 days (mine B) out of a total of 126 good visibility days/year.
Reduce the euphotic zone depth by 11% (mine A) and by 3% (mine B).
Reduce the number of days that more than 1% of incident light reaches the seabed by
32 days (mine A) and 11 days (mine B) out of a total of 138 days/year.

Reduce the median underwater visibility by 37% (mine A) and by 16% (mine B).
Reduce the number of “good visibility days” at Graham Bank by about 69 days (mine A)
and 23 days (mine B) out of a total of 206 good visibility days/year.
Reduce euphotic zone depth by 24% (mine A) and by 12% (mine B).
Reduce the number of days that more than 1% of incident light reaches the seabed by
94 days (mine A) and 45 days (mine B) out of a total of 216 days/year.

We believe the information presented in this report represents the best available information
for understanding the likely optical effects of the proposed iron-sand mining in the SMD,
taking into account factors such as cost, effort and time. Nevertheless, ongoing monitoring is
recommended following the commencement of mining.
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1

Introduction

1.1

TTR iron-sand mining proposal

Trans-Tasman Resources Ltd. (TTR) propose to mine iron-sands within the South Taranaki Bight (STB)
(Figure 1-1). These activities will release sediment into the water column. The probable spatial
patterns of suspended sediment concentrations (SSC) from a mining plume have been simulated,
using a sediment transport model for a range of size classes and driven by the expected mining
operations (Hadfield, 2013; Hadfield & Macdonald, 2015). The domain of the sediment transport
model is an oblique rectangle in the STB, which is called the “Sediment Model Domain” (SMD) and
shown in Figure 1-2.
There are two main types of effects from changes in water column SSC: (1) ‘Mass Effects’
(smothering or disruptive effects of suspended sediment on organisms); and (2) ‘Optical Effects’. This
report provides data to address the significance of the latter by predicting changes in the optical
properties of the water column.
Considerable research on the optical effects of the proposed iron-sand mining has been previously
undertaken. In the SMD, the background concentrations and distributions of coloured dissolved
organic matter, phytoplankton and natural suspended sediments were evaluated using remote
sensing of ocean colour (Pinkerton et al., 2013) and near-shore synoptic surveys (MacDonald et al.
2013). A hydrodynamic sediment transport model was used to estimate water column
concentrations and distributions through space and time for a range of size-classes under
background and mining operation conditions (Hadfield & Macdonald 2015). Laboratory experiments
to determine the optical properties of natural and mining-derived sediment were carried out by
NIWA, and these were used in an optical model to estimate the optical effects of mining (Gall et al.,
2013; Pinkerton, 2014). The predicted optical effects were used to estimate the effects of mining on
primary productivity (the growth of microalgae in the water column and on the seabed) in the SMD
(Pinkerton, 2014).
Further work has now been carried out. Hydraulics Research, Wallingford (HRW) have carried out
laboratory experiments on the sediment to determine to what extent flocculation may affect
estimates of sediment concentration and optical properties (Dearnaley et al., 2015). The
hydrodynamic model has been revised (Hadfield & Macdonald 2015). An additional research voyage
was carried out in February 2015 on the Research Vessel (R.V.) Tardis which measured optical
properties in the SMD (MacDiarmid et al., 2015).

12
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Figure 1-1: The South Taranaki Bight (STB) region showing the Sediment Model Domain (SMD). The SMD is
shown as an oblique black rectangle and the approximate iron-sand mining location is shown in red.
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Figure 1-2: The Sediment Model Domain (SMD), part of the South Taranaki Bight (STB) region Colours show
the depth of water. The projection and region limits follows those used for the hydrodynamic modelling
(Hadfield & Macdonald, 2015). Note that the region is rotated relative to grid north. The approximate iron-sand
mining location is the white polygon near the middle of the region. Also shown is the limit of the territorial sea
(12 nm offshore) and towns (black). Simulations of mining were undertaken for scenarios of mining at the inner
limit of the proposed mining area (site A, labelled “A”) and outer limit of the proposed mining area (site B,
labelled “B”). Data are shown for two illustrative areas: Graham Bank (labelled “G”) and the Traps (labelled
“T”).

1.2

Overview of this report

A schematic of the contents of this report is given in Figure 1-3. This report provides the following
information:


Summary of laboratory determinations of optical properties (based on Gall et al.,
2013).



Updated processing of ocean colour satellite measurements (based on Pinkerton et al.,
2013), including new adjustments to reconcile backscatter with in situ measurements.



Revisions to the optical modelling to: (1) allow sediment released by the mining
process to be modelled in terms of its sinking rate rather than particle size; (2) adjust
simulations of background (no mining) optical properties to reconcile model and
satellite estimates.



Overall estimates of effects of mining on optical properties in the SMD, including
effects at the Traps and Graham Bank.

An assessment of the consequences of the optical effects for primary production is considered by
Cahoon et al. (2015).

14
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1.3

Optical background

Material affecting the colour and clarity of water are usually considered in three groups (Figure 1-4):
(1) phytoplankton (live algal cells suspended in the water column); (2) non-algal particulate material
(NAP); (3) and coloured dissolved organic matter (CDOM). The optical properties of interest for
modelling the colour and clarity of water are the absorption coefficient (a), the scattering coefficient
(b) and the backscattering coefficient (bb). Together, these three coefficients are called inherent
optical properties (IOPs) (Kirk, 2011) as they are independent of the ambient light field.
Water scatters light equally in the backward and forward direction and absorbs red light strongly,
giving it a blue-violet appearance when pure (Kirk, 2011). CDOM, introduced mainly from terrestrial
sources in river plumes, imparts a yellow-brown colour to waters because of a strong trend of
increasing absorption with declining wavelength, moving from red to blue through the visible
spectrum (Bricaud et al. 1981). The shape, size and biogeochemical nature of particles also strongly
influences IOPs. Pigmented particles (e.g. algae and bacteria photosynthetic pigments) absorb more
light than non-pigmented particles (e.g. mineral grains), particularly red and blue light so as to leave
water with a green colour. Smaller particles tend to scatter more than larger particles when
expressed per gram, being more numerous with a greater cross-sectional area (Kirk, 2011), making
water appear brighter in colour. While the bulk of light is scattered by particles in the forward
direction, there are also biogeochemical differences in proportion of light backscattered (Stramski et
al. 2004; Gallegos et al. 2008).
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Figure 1-3:

16

Schematic of this report . Only summary information is provided on boxes shown grey. Reports that link with the present report are also shown.
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Figure 1-4: The fate of sunlight and skylight entering a water body. Underwater light interacts with
constituents (water, coloured dissolved organic matter (CDOM), algal particles, sediment particles). Inherent
Optical Properties (IOPs) are expressed independently of the ambient light characteristics, as opposed to
Apparent Optical Properties (AOPs). The ability of light to penetrate to depth is dependent on absorption and
scattering processes. In deep ocean water, water and algal absorption and scattering dominate these
properties, leading to high attenuation of longer wavelengths. In shallow, coastal/river waters, suspended
sediments and CDOM dominate these properties, leading to high absorption and high backscattering at most
wavelengths.
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2

Laboratory measurements of optics

2.1

Objective

To model the optical effects of the proposed iron-sand mining it is necessary to know the massspecific inherent optical properties (IOPs) of naturally-occurring sediment and sediment that has
been processed during the iron extraction and discharged to the environment. The overall plan of
analysis was: (1) obtain samples of naturally-occurring and processed sediment; (2) separate these
into as many size fractions as practicable; (3) suspend varying concentrations of each size fraction in
suspension in the laboratory; (4) use various laboratory optical instruments to measure the inherent
optical properties of the suspensions; (5) analyse all the data together to obtain an estimate of the
mass-specific IOPs for each class of particle sizes used in the hydrodynamic modelling. A detailed
presentation of this work is given by Gall et al. (2013) and is summarised below.

2.2

Sources of sediments and size fractionation

Sediments of naturally-occurring sediment from the STB were obtained from sediment cores taken
from Patea Shoals (see Orpin, 2012). These are referred to as Natural Sediment Cores (NSC). To
maximise the amount of material in the clay-silt size range, we focused on the clay/silt layer in the
NSC samples supplied by TTR, pooling the upper, mid and lower slices around the layer prior to
settling. Dried samples of processed sediment, called mining Post-Grind Tailings (PGT) were obtained
from TTR (Matt Brown). We removed magnetic material from the NSC samples under the assumption
that the factory ship processing would remove magnetic material, being the target ore. However, we
used the raw PGT product on TTR advice (Matt Brown, pers. comm.) in the likelihood of a proportion
of iron not fully removed in the mining process. We make the assumption that the optical properties
of sediments from natural cores are the same as sediments of similar sizes from benthic and river
sources as these are likely to represent the parental sources of benthic sediments.
Both types of sediment were fractionated by Stokes law settling into the following five approximate
size classes: Clays (< 2 m); Very-fine Silts (~2-4 m); Fine Silts (~4-16 m); Medium Silts (~16-32
m); and Coarse Silts (~32-64 m). The sediment fractionation procedure followed a modified
version of van der Linden’s pipetting method (Van der Linden, 1968) - a process that took several
days to achieve relatively clean, separated size fractions. All procedures were carried out in
freshwater guided by other particle size distribution analyses (Orpin, 2012). It was not possible to
physically fractionate sediment samples into exact size classes because the relationship between size
and settling time is inexact. The optical properties of sediment classes with larger particle sizes could
not be measured because it is difficult to maintain sand in suspension in the tank experiments. We
do not consider this a major issue because rapidly settling fractions are very unlikely to stay in the
plume for any length of time and so their optical contribution to the plume in near-shore waters will
be small. Percent by volume (weight) grain size distributions of the silt and clay fractions was verified
using a Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyzer (see Orpin, 2011). A
statistical programme GRADISTAT (Blott & Pye, 2001) provided grain size analysis.

2.3

Laboratory tank experiments

The experimental set-up is shown in Figure 2-1 and consists of a large (200 L) black tank which is
fitted with in-line piping to allow several instruments to measure a range of inherent optical
properties (IOPs) simultaneously. The tank lid was modified to house an ECO-VSF3 meter (Wetlabs
Inc). Configuration was tested to satisfy unimpeded backscattering measurements from the ECO18
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VSF3 meter – i.e., tank wall effects negligible. A bottom mounted bilge pump provided mixing during
sediment loading experiments. An in-line pump delivery system enabled simultaneous
measurements of absorption coefficient (a) and attenuation coefficient (c) (ac-9 - Wetlabs Inc.) and
forward angle scattering (LISST-100, Laser In-Situ Scattering Transmissometer – Sequoia Scientific
Inc.). A point source integrated cavity absorption meter PSICAM (OSCAR - Trios Inc.) with
hyperspectral sensor was also used in-line to provide greater detail to the absorption spectra should
it be required to interpret colour impacts. Other sensors placed in the top of the tank (avoiding
interference with the ECO-VSF3) were a turbidity optical backscatter sensor (Seapoint – the same as
on the moorings reported in MacDonald et al. (2013) and an EXO1 sonde (YSI Inc, EXO1 –
conductivity, temperature, turbidity, chlorophyll, oxygen). The bottom mounted and centrally
aligned bilge pump (blackened to avoid scattering) sucked uniformly from around the bottom and
pushed water vertically up the centre of the tank.
In preparation for experimental sediment dosing runs, warm tap water (30oC – to assist in degassing)
was dispensed into two 200 L black tanks and purged with helium until the oxygen content (Oxygen
probe – PreSens) had fallen below 40% air saturation (at least half an hour). Tanks were left to
equilibrate overnight at 20oC to ensure adequate degassing, reducing bubble formation on tubing
and instrument optical faces during experiments. The system was initially primed (to remove all
bubbles) and instrument traces monitored until stable readings were achieved, before recording a
one-minute blank. Then, a known amount (aliquot) of a suspended sediment fraction was then
added, instrument traces monitored again until stable, and a one-minute sample recorded.
Additional aliquots of the same suspended sediment fraction were then added to provide a dilution
series (5, 10, 20, 30, 40 and 50 ml additions) and traces recorded for further processing. On
completion of the run, a 10 L water sample was collected under well mixed conditions and stored
refrigerated for further laboratory analysis if required to verify sediment mass concentration or other
variables.

2.4

Calculations of mass-specific IOPs

The experimental set-up allowed the IOPs to be measured for various concentrations of sediment
producing a mass loading curve. This was linearly regressed to estimate the slope, an estimate of the
mass-specific IOP (m2 g-1 - sometimes referred to as an IOP cross-section). For optical modelling and
further calculations, mass-specific IOPs were interpolated across a wavelength range which includes
PAR (400 to 700 nm) in 5 nm wavelength ( steps to provide a consistent format with other
literature measures. The IOPs measured were absorption, total scattering, backscattering and beam
attenuation. The turbidity loading curve was also measured.
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Figure 2-1: Experimental set-up for laboratory optical measurements The 200 L black tank and in-line piping
allowed several instruments to measure a range of inherent optical properties (IOPs) simultaneously. The ac-9
measures absorption coefficient (a) and attenuation coefficient (c) at 9 wavelengths. The LISST (Laser In-Situ
Scattering transmissometer, measures forward scattering and low angle attenuation. OSCAR is a point source
integrating cavity absorption meter (PSICAM) for the hyperspectral (400-800 nm) determination of total
absorption coefficient, a. The VSF-3 measure the volume scattering function at three wavelengths and angles in
the backward direction. Turbidity was also measured (for redundancy) using two other sensors (Seapoint
Turbidity and the EXO1 sonde).

20
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2.5

Data analysis

We used the results of the tank experiments to estimate the mass-specific IOPs for any particle size
of NSC or PGT sediment. This information allows us to estimate the optical properties of any particle
size distribution (PSD) by building this up from the optical properties of each size class. As the PSD
from natural and mining derived sources are likely to vary in space (horizontally and vertically) and
time, the ability to extrapolate mass specific IOPs outside our measured size ranges is required. The
following method was used for this. First, we assume the functional form of the relationship between
particle size (diameter, D, m) and the mass-specific IOP. After trying different algebraic forms, we
used a power law function for data analysis (Equation 2-1) as this was relatively parsimonious (i.e.,
used a low number of parameters (three)) and provided low residuals.

ln[ IOPnap *( )]  x0 ( )  x1 ( ) D x2 ( )

[Equation 2-1]

The model parameters (x0, x1, x2) were solved iteratively for each mass-specific IOP* (anap*, bnap*, cnap*
and bbnap*) and wavelength (400-700 nm in 5 nm steps), for each sediment (NSC and PGT). For each
mass-specific IOP, an initial estimate of parameters was obtained by fitting to the measured massspecific IOPs of each of the five size-fractions (blue lines in Figure 2-2). The fit was iteratively
improved by adjusting the parameter set [x0, x1, x2] to minimise the differences between the
measured and modelled mass-specific IOP across all five size fractions for which experimental data
were measured. An example of the final (best) fit is shown by the red line in Figure 2-2. The vertical
distances between the blue and red points gives an indication of the overall quality of the fits, which
were generally very good.
These wavelength- and particle size– specific IOPs were used in the optical model. We make the
assumption that these size-mass-specific IOPs functions for NSC sediment are suitable for natural
(river and benthic sediment) and mining processed sediment sources.
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(a)

(b)

Figure 2-2: Example of mass-specific absorption of non-algal particles at as a function of median particle
size. Mass-specific absorption of non-algal particles at 550 nm (anap(550), m2 g-1) is shown as a function of
median particle size (D, um) for (a) natural sediment cores (NSC) and (b) post grind tailings (PGT). The blue line
represents the initial fit based on median particle sizes of the volume (mass) distributions of the five size
fractions measured in the laboratory (blue crosses). The red line is the final fit after iterative adjustment to
account for the measured particle size distributions in the five size fractions. The closeness of the blue crosses
and red stars in the vertical direction give an indication of how well the fitted function agrees with the
laboratory data (see text for more details). Black lines link the points between the two fits.
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3

In situ measurements of optical properties

3.1

Objective

This section summarises in situ measurements of optical properties in the STB. The in situ data were
used to inform the use of satellite data to investigate the background (or baseline) conditions of the
region (Section 4), and to provide information to test the performance of the optical model (Section
5.4).

3.2

RV Ikatere bio-optical sampling

Measurements of the bio-optical properties of the STB were measured during four field campaigns
using the R.V. Ikatere: (1) 6th to 13th December 2011; (2) 23rd to 30th January 2012; (3) 12th to 13th
June 2012; (4) 1st to 2nd July, 2012. A full description of this sampling and analysis is given in
Pinkerton et al. (2013). Sampling was carried out in two clusters, one in the northern part of the STB
and one in the southern part of the STB; the biogeo-optical properties of optically-active material
occurring in the two regions were indistinguishable.
The main results relevant to the optical modelling are as follows. First, the chl-a specific absorption of
phytoplankton was found to be consistent with the parameterization of Bricaud et al. (1995) which
was hence used in the optical model. Second, the slope of the detrital absorption curve with
wavelength ( parameter in Section 5.2.2) was found to be 0.014  0.004 m-1. This was used in the
optical modelling of absorption due to coloured dissolved organic matter (CDOM). Third, the massspecific absorption coefficient for non-algal particles (NAP) at 412 nm was estimated to be
aNAP*(412)=0.0332 m2 g-1 (R2=0.78). This was used to partition satellite measurements of total detrital
absorption into that due to the dissolved and particulate components.

3.3

Nearshore survey and mooring

Two studies of suspended sediment in the nearshore zone of the STB were described by MacDonald,
et al. (2013). First, optical water quality properties were measured during two synoptic surveys
(IKA1303, 11–12th March 2013 and IKA1305, 1st–2nd May 2013). These surveys visited 26 stations
within about 1.5 km of the shoreline in the northern STB. The synoptic surveys measured diffuse
attentuation and euphotic zone depth (profiling radiometers), underwater (black-disk) visibility,
secchi depth, and beam attenuation at 550 nm (C-Star, Wetlabs). Water samples were collected and
suspended sediment concentration was later measured gravimetrically in the laboratory. Second, six
moorings with optical backscatter sensors (Seapoint Sensor Inc) were deployed at 3 m water depth
for 6–9 weeks between 26th February 2013 and 2nd May 2014. The moorings provided more than
34,000 measurements of turbidity. Simultaneous measurements of turbidity and KPAR from the
BioFish on the synotic surveys were used to estimate KPAR from measurements of turbidity by the
moorings as described by MacDonald et al. (2013; their Figure 2-5; R2=0.87).

3.4

Tardis optical measurements

The R.V. Tardis was used to collect samples of zooplankton in the STB between 17–18th February
2015 (MacDiarmid et al., 2015). Measurements of the secchi depth (see Section 5.3.2) were also
made (n=18). Information from the nearshore survey (MacDonald, et al. 2013) was used to estimate
KPAR from these measurements of secchi depth (Figure 3-1).
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Figure 3-1: Relation between secchi depth (zsecchi) and the diffuse attenuation of downwelling
photosynthetically available radiation (KPAR). The regression was based on data measured during the
nearshore survey as described in MacDonald et al. (2013), n=98.

4

Satellite measurements of optical properties

4.1

Objective

Coastal waters typically exhibit high natural variability, both spatially and seasonally. This high
variability means that in situ sampling cannot adequately characterize background (baseline)
conditions. By “conditions”, we mean the concentration and distribution of material like
phytoplankton, suspended sediment and coloured dissolved organic matter (CDOM). The aim of this
part of the work was to use observations of ocean colour from satellite sensors to complement in
situ measurements of water properties (e.g. from boats and moorings) and provide synoptic
distributions of the near-surface optical properties, over large areas, at daily timescales, over a
period of many years. The main objective is to use satellite data to ensure that the background
optical properties from the hydrodynamic model and optical model are realistic.

4.2

Source of satellite data

All ocean colour satellite data used in this report are from the Moderate Resolution Imaging
Spectrometer (MODIS), on the Aqua satellite, owned and operated by the US National Aeronautics
and Space Administration (NASA). Level 1A (top of atmosphere, calibrated) MODIS-Aqua imagery was
acquired from the Ocean Biology Processing Group at NASA, for the STB area. Satellite data covered
the period 22nd June 2002 to 31st December 2014, but only data to the end of 2008 were used
because of concerns with calibration of bands 8 and 9 (412 nm and 443 nm) after this time. All
parameters were calculated at a spatial resolution of 500 x 500 m.
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4.3

Satellite data processing

Ocean colour satellite data require two main kinds of processing: (1) atmospheric correction to
obtain the spectrum of water leaving radiance; (2) in-water processing to estimate IOPs. There are
many alternative approaches available for each of these steps. The appropriate processing depends
on the local bio-optical conditions. In the open ocean, colour is primarily determined by
phytoplankton and its by-products to which simple empirical relationship hold for satellite remote
sensing from space (Case 1 waters) - Sathyendranath (2000). In coastal waters (relative less clear,
brighter and blue-green to brown), ocean colour is optically complex (Case 2 waters), where river
inputs and bottom re-suspension of sediments result in independently varying concentrations of the
coloured constituents. The optical properties of the STB region will depend on the input of coloured
material from rivers (which bring algae, CDOM and suspended sediments into the coastal areas),
resuspension of material from the seabed, and the resident populations of phytoplankton. There will
hence be a mix of oceanic (Case 1) and coastal (Case 2) waters in the STB, and this mix will vary in
space and time.

4.3.1 Atmospheric correction
Atmospheric correction was hence applied using the NIR/SWIR switching algorithm (Wang & Shi,
2007) as implemented in the NASA ocean colour processing software SeaDAS v6.5.7. This
atmospheric correction algorithm is the most widely-used approach internationally for processing
ocean colour data taken over turbid (coastal) waters where the water leaving radiance in the NIR
cannot be assumed to be negligible. A pixel-by-pixel approach to atmospheric correction (such as the
NIR/SWIR approach) was preferred over a scene-based approach to atmospheric correction in order
to capture small-scale variability in aerosols near-shore.

4.3.2 In-water inversion to IOPs
We used the Quasi-Analytical Algorithm (QAA update v5: Lee et al., 2002; Lee et al., 2009) to derive
estimates of phytoplankton absorption total backscatter and detrital absorption (absorption by
particulate detritus and CDOM). The QAA algorithm takes the spectrum of remote sensing
reflectance as input and uses a combination of empirical relationships and radiative transfer theory
to estimate these IOPs. The empirical relationships within the QAA algorithm were developed from
large global datasets and represent typical relationships between bio-optical parameters occurring in
natural coastal and marine waters. This processing is appropriate for Case 2 conditions, where
sediment and/or CDOM from land-run off or local resuspension may occur. Case 1 (open ocean)
algorithms (e.g. O’Reilly et al., 1998) will not be valid for the coastal STB.

4.3.3 Estimation of aCDOM and bbNAP
Absorption due to CDOM at 412 nm was estimated by correcting the satellite estimate of total
detrital absorption for the absorption due to particulate detritus. The absorption due to particulate
detritus was estimated from the satellite measurement of NAP backscatter using the relationship
between NAP backscatter and absorption from Section 3.1.

4.3.4 Estimation of diffuse attentuation
Satellite estimates of absorption and backscatter at six key MODIS wavelengths (412, 443, 488, 531,
555, and 667 nm) were used to estimate Kd() using the relationship given by Lee et al. (2005). Lee et
al. (2005) showed that the average diffuse downwelling attenuation (Kd) at a given wavelength ()
from the surface to depth (z) is primarily related to the IOPs, with a second-order dependence on the
depth over which the average is calculated and the lighting geometry (sun angle, sky conditions). We
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use the empirical relationship of Lee et al. (2005) with absorption (a) and backscattering (bb) for a
solar elevation of 30°and over a nominal depth range of 0 to 10 m (equation 4-1). The coefficients for
m are [1.146, 3.758, 0.664, 10.645] (Lee et al., 2005). Spectral estimates of Kd were then used to
estimate KPAR, taking into account the variation of photon energy across the visible part of the
spectrum.
𝐾𝑑 (𝑧, 𝜆) = 𝑚0 𝑎(𝑧, 𝜆) + 𝑚1 [1 − 𝑚2 𝑒 −𝑚3 𝑎(𝑧,𝜆) ]𝑏𝑏 (𝑧, 𝜆)

4.4

[Equation 4-1]

Testing and adjusting satellite data

4.4.1 Adjustment to satellite data using in situ measurements
Satellite estimates of backscatter were adjusted to in situ observations using the method given here.
First, satellite estimates of KPAR (Section 0) were compared to in situ measurements of KPAR (Section
3). Satellite data were extracted to match each in situ measurement of KPAR from the Ikatere and
Tardis surveys. In situ mooring data were combined into 10 day blocks for comparison with the
satellite data, and medians calculated. Satellite measurements of KPAR from all years (2002–2008)
measured within 5 days of the day-of-year of in situ sampling, and within 2 km of the sampling site,
were extracted. Medians of the extracted satellite data were calculated. The comparison (Figure 41a) suggests that the satellite estimates of KPAR are acceptable in lower KPAR conditions (R.V. Tardis
data), but slightly too low in higher KPAR conditions (Survey and Mooring data).
Equation 4.1 can be used to estimate the in situ value of bb(488) needed to reconcile these
measurements under two assumptions: (1) that KPAR and Kd(488) are approximately proportional
(Pierson et al., 2008); (2) that bb(488)/a(488) is constant, i.e. that this difference arises because the
QAA inversion underestimates bb rather than because the satellite measurement of reflectance are
invalid. These assumptions are reasonable and hence the required adjustment to satellite estimates
of bb can be estimated (Figure 4-1b) – Equation 4-2. This equation was used to adjust satellite
estimates of backscatter used henceforth in this study. The adjusted backscatter was then used in
the QAA inversion method to estimate absorption, consistent with assumption (2) above. The
adjustment to backscatter was effective at reconciling the satellite estimates of KPAR and the in situ
measurements (Figure 4-2) and led to estimates of chlorophyll-a concentration consistent with in situ
measurements from the R.V. Tardis survey (MacDiarmid et al., 2015).

𝑏𝑏 (488)𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 2.8358[𝑏𝑏 (488)]1.1708
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[Equation 4-2]
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a

b

Figure 4-1: Comparison of satellite and in situ measurements. a: Diffuse attenuation coefficient of
Photosynthetically Available Radiation (PAR), m-1; b: Backscatter at 488 nm, bb(488), m-1 . The solid lines are the
least-squares regression lines (information shown as text). The dashed lines indicate 1:1 correspondence.
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a

b

c

Figure 4-2: Adjusted satellite estimates of KPAR and in situ measurements. a: Survey in situ data; b: Mooring
in situ data; c: R.V. Tardis in situ data. In all cases the symbols show the median values and the error bars
indicate the 25th–75th percentiles. The dashed lines indicate 1:1 correspondence.
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Figure 4-3: Satellite estimates of chlorophyll-a concentration and in situ measurements from the R.V.
Tardis survey. For satellite data, the symbols show the median values and the error bars indicate the 25th–75th
percentiles as described in the text. For the in situ data, the symbols are the measured concentrations and the
error bars indicate approximate laboratory accuracy. The dashed lines indicate 1:1 correspondence.

4.4.2 Alternative algorithms for attenuation
Three different methods for estimating Kd(490) from ocean colour satellite data were applied to the
satellite data for the SMD and median values compared (Figure 4-4). If different methods of
estimating Kd(490) from satellite data are consistent, this lends support to their validity because
different methods, assumptions and tuning data-sets are used in each approach. The three
algorithms were: (1) QAA semi-analytic inversion algorithm used for estimating Kd(488) as Equation
4-1, after correction by Equation 4-2; (2) Empirical algorithm for Kd(490) (NASA MODIS update of
Mueller, 2000), limited to SPM<0.5 g m-3; (3) estimation of Kd(490) from band-ratio empirical
estimate of chl-a (Morel & Maritorena, 2001), limited to chl-a < 5 mg m-3. The empirical methods (2
and 3) are only valid for Case 1 waters. Areas of the SMD where the median suspended sediment
concentration is greater than 0.5 g/m3 have hence been excluded. In Case 1 areas, the agreement
between the three methods is good, giving support that the QAA-processing method gives
acceptable estimates IOP in these waters.
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a

b

c

Figure 4-4: Alternative algorithms for attenuation.Three different methods for estimating Kd(490) from
ocean colour satellite data. Median values from 2002–2008 shown. a: QAA semi-analytic inversion algorithm
used for estimating Kd(488). b: Empirical algorithm for Kd(490) (NASA MODIS update of Mueller, 2000), limited
to SPM<0.5 g m-3; c: Estimation of Kd(490) from case 1 chl-a (Morel & Maritorena, 2001; limited to chl-a < 5 mg
m-3, SPM<0.5 g m-3). Methods (b) and (c) are only valid for Case 1 waters and areas where the median
suspended sediment concentration is greater than 0.5 g/m3 have been excluded (coastal areas).
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4.4.3 Alternative algorithms for chlorophyll-a concentration
Two different methods for estimating chl-a concentration from ocean colour satellite data were
applied to the satellite data for the SMD and median values compared (Figure 4-5). If different
methods of estimating chl-a from satellite data are consistent, this lends support to their validity
because different methods, assumptions and tuning data-sets are used in each approach. The two
methods compared were: (1) chl-a based on scaling phytoplankton absorption at 488 nm (aph). The
scaling of Bricaud et al. (1995) was used (see Section 5.2.3). Phytoplankton absorption was estimated
from MODIS-Aqua satellite remote sensing data processed using the QAA algorithm, with a local
adjustment to bb(488) and hence a(488). (2) NASA-standard method of estimating chl-a using a
simple band-ratio algorithm (O’Reilly et al., 1998, 2000). Note that this chl-a band ratio algorithm is
only valid for waters with low input of sediment and CDOM from rivers or coastal resuspension.

a

b

Figure 4-5: Median background estimates of chl-a from satellite data Median chlorophyll-a concentration
(mg/m3) derived from a: QAA semi-analytic inversion algorithm (adjusted for SMD using in situ measurements).
b: Empirical algorithm for chl-a (OC4v4, O’Reilly et al., 1998, 2000), limited to SPM<0.5 g m-3.
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4.5

Background non-algal particle backscatter

Backscatter due to non-algal particles (NAP) was calculated in the satellite data by subtracting the
backscatter due to phytoplankton (estimated from the chl-a concentration and the chl-a specific
phytoplankton backscattering coefficient, Section 5.2.3) from the adjusted satellite estimates of total
backscatter. The spatial distribution of bbNAP (Figure 4-6) was used by the optical model to adjust the
model estimates of background backscatter (Section 5).
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a

b

c

Figure 4-6: Backscatter due to non-algal particles derived from satellite data a: 5th percentile; b: median; c:
95% percentile.
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4.6

Background phytoplankton and CDOM for the optical model

The satellite estimates of chl-a and CDOM absorption from QAA were used to generate background
data on chl-a and aCDOM for use in the optical model. Figure 4-7 shows schematically how these
“forcing” background data for chl-a and aCDOM for use in the optical model were derived. First, the
annual cycles were determined using a 30-day boxcar smooth after log transform. A log transform
was used because, for any given pixel, the distributions of chl-a, backscatter by non-algal particles
and aCDOM in time are close to log-normal. Residuals (differences from the annual cycles in log space)
of phytoplankton absorption (aph), aCDOM and bbNAP were used to generate the covariance structure of
residuals (Figure 4-8). This covariance structure is needed to take account of the fact that these
properties of the natural environment are not independent. The magnitudes of the variabilities in
absorption by phytoplankton and CDOM are given by standard deviations of their residuals (Figure 49). The final data used in the optical model for chl-a and aCDOM are shown in Figure 4-10.

Figure 4-7: Method used for generating background data for chl-a and CDOM for the optical model The
schematic shows how the background data for chlorophyll-a and absorption by coloured dissolved organic
matter (aCDOM) were generated for use in the optical model. “aph” is the absorption due to phytoplankton (algal
cells). “bbNAP” is the backscatter due to non-algal particles (“sediment”). The annual cycles were determined
using a 30-day boxcar smooth after log transform. “Residuals” are differences from the annual cycles in log
space. “" refers to the standard deviation of the residuals in log space.
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a

b

c

Figure 4-8: Covariance structure of aph, aCDOM and bbNAP in the SMD derived from satellite data a:
Correlation between phytoplankton absorption (aph) and absorption by coloured dissolved organic matter
(aCDOM); b: Correlation between aph and backscatter by non-algal particles (bbNAP); c: Correlation between and
bbNAP and aCDOM.
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b

c

Figure 4-9: Standard deviations of residuals of aph, aCDOM and bbNAP in the SMD derived from satellite data
Standard deviations of the residual in log space of a: phytoplankton absorption (aph); b: absorption by coloured
dissolved organic matter (aCDOM); and c: backscatter by non-algal particles (bbNAP).
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a

b

Figure 4-10: Median background estimates of chl-a and aCDOM from satellite data used as background in the
optical modelling a: Median chlorophyll-a concentration (mg/m3); b: Median absorption by coloured dissolved
organic matter (aCDOM) at 412 (m-1).

5

Optical model

5.1

Overview

An overview of the optical model is provided in Figure 5-1. The optical model takes inputs of the
concentration of sediment in 13 classes (Table 5-1) as predicted by the hydrodynamic model of
Hadfield & Macdonald (2015). These include seven naturally occurring sediment classes, and two sets
of three mining-derived sediment classes from the overflow (hydrocyclone) and underflow (“de-ored
sand”). The mining-derived sediment is modelled in three categories of sinking rate (0.01, 0.1, and 1
mm/s) rather than size to take account of the effects of flocculation (Hadfield & Macdonald 2015).
Because nearfield modelling by HRW indicates that all sediment with a nominal sinking speed of 10
mm/s will be trapped in the pit rather than released into suspension, source rates for sinking speeds
of mining-derived sediment above 1 mm/s are set to zero (Dearnaley et al. 2015; Hadfield &
Macdonald 2015).
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There are 1460 model “frames” of the domain which together cover a period of two years at 12
hourly intervals. The model is run three times: (1) background (no mining); (2) mining at site A (inner
limit of proposed mining) and site B (outer limit of proposed mining).
The nominal diameters of particles in the classes were estimated based on Stokes Law settling with
the density set to the effective floc density in salt water of 1.67 g/cm3 (HRW 2014). The optical model
first estimates a more highly resolved sediment particle size distribution, in 50 size classes which are
evenly log-spaced between diameters of 0.3 and 600 m. For each particle diameter and each
wavelength (in 5 nm intervals between 400 and 700 nm), the model calculates absorption (a), scatter
(b) and backscatter (bb) coefficients using the size-resolved specific IOPs from the laboratory optical
tank experiments (Section 2.3). The combined background IOPs are adjusted according to the
backscatter at 490 nm derived from the satellite analysis (Section 4.5). The IOPs from phytoplankton
and CDOM are calculated based on the satellite data (Section 4.6). Variability is added to
phytoplankton and CDOM in the optical model based on the magnitudes and covariance structure of
the variability in the satellite data. The background, phytoplankton, CDOM, and mining-derived
sediment IOPs are added to that of pure seawater to give the total IOPs. These IOPs are then used to
derive the optical measures, namely: (1) diffuse attenuation, KPAR; (2) euphotic zone depth, zeu; (3)
horizontal (underwater, black-disk) visibility, yBD; and (4) water colour (RGB1 reflectance).

1

RGB = Red-green-blue pseudo true colour.
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Figure 5-1: Schematic of optical model Two sets of sediment optical properties are used, for Natural
Sediment Cores (NSC) and Post-Grind Tailings (PGT). Three types of inherent optical properties (IOP) are
modelled: absorption (a), scatter (b) and backscatter (bb). Properties are considered at 5 nm wavelength ()
intervals between 400 and 700 nm. “RGB” = Red-green-blue pseudo true colour image (surface reflectance).
Table 5-1:
Classes of sediment in the hydrodynamic model. NSC”=Natural Sediment Cores; “PGT” = PostGrind Tailings (after processing on board the mining vessel). See Hadfield & Macdonald (2015) for details of the
hydrodynamic model.
Nominal diameter
(m)

NSC
proportion

PGT
proportion

Riverine

1

0

0.62

27.5

Riverine

1

0

0.01

3.5

sand_03

Seabed

1

0

103

313.8

sand_04

Seabed

1

0

39

193.1

sand_05

Seabed

1

0

6.6

79.4

sand_06

Seabed

1

0

0.8

27.7

sand_07

Seabed

1

0

0.01

3.1

sand_08

Overflow

0.617

0.383

1

33.2

sand_09

Overflow

0.783

0.217

0.1

10.5

sand_10

Overflow

0.751

0.249

0.01

3.3

sand_11

Underflow

0.675

0.325

1

33.2

sand_12

Underflow

0.727

0.273

0.1

10.5

sand_13

Underflow

0.632

0.368

0.01

3.3

Label

Source

sand_01
sand_02

Nominal sinking
speed (mm/s)
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5.2

Inherent Optical Properties (IOPs)

5.2.1 Pure water
The absorption of pure water was taken from Pope & Fry (1997) and scattering and backscatter from
Morel (1974). Although there is a dependence on temperature and salinity, these are small and
insignificant relative to the IOPs of the other components and are not considered here.

5.2.2 Coloured Dissolved Organic Matter (CDOM)
The spectral absorption coefficient of CDOM in the study area was based on an exponential decay
function (Bricaud et al. 1981) with slope (  ) and intercept ( ag *( 0) ) at a reference wavelength (0):

𝑎𝑔 (𝜆) = 𝑎𝑔 (𝜆0 )𝑒𝑥𝑝[−𝛾(𝜆 − 𝜆0 )]

[Equation 6-1]

The slope of the CDOM function has been shown to be relatively constant compared to changes in
absorption coefficients (Twardowski et al. 2004). We used the mean of =0.014 nm-1 measured in the
STB (Pinkerton et al, 2013). As we have no data to investigate the vertical structure of CDOM
absorption in the study area, CDOM was assumed to be constant over the whole depth. Where water
depths are less than ~40 m in the STB, the water column is likely to generally be well-mixed vertically,
and CDOM is likely to be invariant with depth. A pycnocline is likely to exist over deeper waters and
CDOM concentrations may be different below the pycnocline than above it. However, uncertainties
in CDOM absorption at depth over deeper waters will not be important for the optical modelling
because (1) indices of light availability in the water column are calculated over the surface part of the
water column only; (2) light at the seabed becomes vanishingly small as water depth increases..
CDOM has zero scattering.

5.2.3 Phytoplankton
Spectral absorption properties of phytoplankton were taken from Bricaud, et al. (1995) which
accounts for the decrease in chl-a specific absorption with increasing concentrations of chl-a. The
minimum a*ph was taken as that at chl-a = 10 mg/m3 to correct unrealistically low a*ph values.
Measurements of phytoplankton absorption at 488 nm in the STB agreed well with these values
(Pinkerton et al. 2013).
Algal particles also scatter and backscatter light, and both IOPs differ between species, depending on
factors including the size, composition, shape and pigmentation of phytoplankton cells (Morel, 1987).
The light scattering properties of phytoplankton are not well understood or characterised (Zugger et
al. 2008). Backscattering from phytoplankton in the STB was not measured, but estimated from the
literature values using the approach outlined in Pinkerton et al. (2006) based on Vaillancourt et al.
(2004) for concentrations of chl-a within the range of (0.1 < chl-a < 10 mg/m3). Vaillancourt et al.
(2004) showed that backscattering from phytoplankton followed a power law λ–γ relationship (Slope
γ, 1.4 ± 0.5, mean ± sd), and noted large variations in chl-a normalised phytoplankton backscattering
at 440 nm (mean value of c. 1.2 × 10–3 m2 mg chl. a–1). The backscattering ratio of living
phytoplankton cells are much lower (0.01-0.4%) than for mineral or detrital particles (Bricaud &
Morel, 1986; Stramski & Morel 1990), depending primarily on the refractive index of the particles,
but also wavelength and particle size (Bricaud & Morel 1986). The backscattering ratio of
phytoplankton varied as function of wavelength squared and we use the relationship from Stramski
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& Morel (1990) [their Fig. 13B (bb/b()=(10.102-3.102+0.7937)x10-3 , where  is in um)]. This gives
a backscatter ratio (bb/b) at 400 nm of 0.12% at 700 nm, 0.036 %.
Phytoplankton concentration and IOPs were assumed to be constant with depth. Where water
depths are less than ~40 m in the STB, the water column is likely to generally be well-mixed vertically
(Bradford et al., 1986). A pycnocline is likely to exist over deeper waters and algal concentrations
may be lower below the pycnocline than above it. However, this uncertainty is likely to be relatively
unimportant for the optical modelling because (1) indices of light availability in the water column are
calculated over the surface part of the water column only; (2) light at the seabed becomes
vanishingly small as water depth increases.

5.2.4 Non-algal particles (“sediment”)
Optical properties of non-algal particles in the optical modelling were taken from the tank
experiments as described in Section 2.

5.3

Apparent optical properties

The optical model combines distributions of coloured material and their inherent optical properties
to estimate a set of apparent optical properties (AOP) describing (1) water clarity, and (2) water
colour. Water clarity has two important aspects that respond in differing ways to changing optical
properties: light penetration and visual clarity (Davies-Colley & Smith, 2001).

5.3.1 Light penetration
Light penetration is quantified by the diffuse downward light attenuation coefficient for broadband
(PAR2) radiation (KPAR), an AOP, which determines the quantity and quality of light at a given depth. A
convenient index of light penetration is the euphotic zone depth (zeu), defined as the depth at which
PAR is reduced to 1% of surface values: Zeu = 4.6/KPAR. Light penetration is important for
photosynthetic organisms (primary production) within the water column (phytoplankton) and on the
sea-bed (microphytobenthos). It has been shown that diffuse attenuation at a given wavelength can
be reasonably approximated empirically as a function of absorption and backscattering, derived from
radiative transfer modelling (Lee et al. 2005; Equation 4-1 in this report). The optical model uses IOPs
to estimate Kd() at wavelengths between 400 and 700 m at 5 nm intervals. Broadband attenuation
(KPAR) was then calculated by combining the variation of light (in quanta) with depth (Equation 6-2).

Edz (PAR) 

103
hcAv

700

 E  z,    d 
d

[Equation 6-2]

400

At a given depth, downwelling photosynthetically active radiation, Edz(PAR) is related to the spectrum
of downwelling irradiance. Ed(z,). PAR is measured in terms of quanta of photons arriving per unit
area per second, with units of micro-Einsteins m-2 s-1 (equivalent to mol quanta m-2 s-1). In Equation
6-2, h is Planck’s constant, c is the speed of light, and Av is Avogadro’s number.

2

Photosynthetically active or available radiation (PAR) is the total number of quanta with wavelengths 400 – 700 nm.
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The downwelling attenuation of PAR, KPAR, was estimated by Equation 6-3, where Ed0(PAR) is the
surface irradiance.

1  E (PAR) 
K d ( PAR)   ln  dz

z  Ed 0 (PAR) 

[Equation 6-3]

Euphotic zone depth (zeu) is defined as the depth where PAR is 1 % of its surface value (Kirk, 2011) as
Equation 6-4, where, 4.6 is the natural log of 100.

zeu 

4.6
K d ( PAR)

[Equation 6-4]

The total light in the water column is calculated as Equation 6-5, where h is the water depth (m), E0 is
the surface irradiance and zeu is the euphotic zone depth (m). Note that the average light in the water
column is expressed as a fraction of the surface irradiance, integrated with depth, so the measure
has units of metres (m).

Σ𝐸
𝐸0

𝑧

𝑒𝑢
= ln(100)
(1 − 0.01

ℎ⁄
𝑧𝑒𝑢 )

[Equation 6-5]

An absolute estimate of light intensity at the seabed was estimated by combining satellite
measurements of light intensity at the sea-surface (under cloudy and clear sky conditions) and the
modelled attenuation of light in the water column. Daily irradiance at the sea surface was estimated
from ocean colour satellite data using the PAR algorithm described by Frouin & McPherson (2012).
The algorithm estimates daily (i.e., 24-hour averaged) PAR reaching the ocean surface, measured as
the quantum energy flux from the sun in the spectral range 400-700 nm. Light at the seabed is
expressed in units of mol (photons) m-2 d-1.

5.3.2 Visual clarity
Underwater visual clarity can be described by the Secchi depth (Holmes 1970; Hou et al., 2007;
Preisendorfer, 1986) and by the horizontal visibility of a black target or disk viewed underwater (yBD).
Both measures of visual clarity were used in previous work on the optical effects of mining in the
SMD (Gall et al., 2013), but here we focus on yBD because this is a better index of visual clarity than
the Secchi depth for both theoretical and practical reasons (Duntley, 1962; Davies-Colley, 1988;
Zaneveld & Pegau, 2003). The theoretical superiority relates to the light field being uniform across
horizontal visual paths, while use of a black visual target makes the measurement insensitive to
ambient lighting (e.g. whether sunny or overcast) (Davies-Colley, 1988). Davies-Colley (1988) has
shown the horizontal visibility of a black target or disk viewed underwater (yBD) to be directly related
to the reciprocal of the green beam attenuation coefficient near the peak sensitivity of the human
eye (~ 550 nm) – Equation 6-6.

yBD 
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4.8
c(550)

[Equation 6.6]
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5.3.3 Water colour
Water colour is an important attribute in human perception as it strongly influences aesthetic appeal
and suitability for recreational use (Davies-Colley et al. 1997). The apparent colour of the sea seen by
an observer looking obliquely at the sea surface depends on light from two sources: (1) skylight light
reflected from the sea-surface; (2) light emerging from the sea. The former is not affected by water
properties but by the viewing geometry, the colour of the sky (including clouds), sun-glint and seasurface state (how big the waves are and their direction of movement relative to the observer). The
light leaving the water is affected mainly by material in the water, but also less importantly by
viewing geometry (viewing zenith angle and azimuth relative to the sum), illumination (whether it is
cloudy or not) and sea-state. At very oblique angles of viewing (looking out towards the horizon), a
person sees just reflected skylight. Looking straight down at the water in calm conditions, a person
sees almost entirely the light leaving the sea. It is this water colour seen by an observer looking
vertically downwards at the water surface that is estimated by the optical model.
The spectral intensity of light exiting the water surface is called the normalised water leaving
radiance (nLw) which is related to the remote sensing reflectance Rrs via the mean extra-terrestrial
solar irradiance (F0) (Equation 6-7).

nLw ( )  F0 ( ) Rrs ( )  F0 ( )

Lw (0,  )
Ed (0,  )

[Equation 6-7]

To a first approximation, Rrs is proportional to the ratio of near-surface average backscattering (bb)
and absorption (a) coefficients (Morel & Prieur, 1977; Gordon 1988) and can be estimated with
functions of the solar and viewing geometry (g0 and g1, where 0 is the solar zenith angle,  is the
viewing zenith angle and  is the azimuth difference) which are essentially independent of
wavelength or inherent optical properties (Equation 6-8). The optical model uses this approximation.

Rrs ( )  G     u      g0 0 , ,    g1 0 , ,    u     u   
Where,

u ( ) 

[Equation 6-8]

bb ( z,  )
a ( z,  )  bb ( z,  )
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The magnitude and geometrical structure of the upwelling radiance field also depends on other
factors such as solar zenith angle, atmospheric clarity, and sea-surface roughness all of which affect
illumination conditions (Morel & Gentili 1993). The colour of the ocean as observed by a viewer
observing obliquely (such as one on a cliff) also depends on these secondary factors and is not
considered by the optical model which estimates ocean colour as observed from vertically above
under ideal viewing conditions.
Pseudo-true-colour images are often displayed using the red (R-645 nm), green (G-555 nm) and blue
(B-488 nm) normalised water leaving radiances following the procedures of Gumley et al. (2010).
However, this approach does not take into account the human trichromic colour-scale. In the optical
model, spectral estimates of normalised water leaving radiance were used to calculate the XYZ colour
space, based on the International Commission on Illumination (CIE) chromaticity analysis. This colour
representation was then mapped onto the standard sRGB colour mapping for computer monitors.
We note that most computer monitors often represent colours only approximately and their colour
gamut (subset of colours within the chromaticity colour space) is often limited and hardware specific.
Hence, this RGB output from the optical model should still be considered only pseudo true-colour.

5.4

Evaluating optical model performance

The effect of the correction of the backscatter in the optical model is shown in Figure 5-2. Before the
model was corrected to satellite data there were substantial differences between the model
estimate of backscatter by non-algal particles at 488 nm and the satellite estimate (up to a factor of
10 higher in the model than in the satellite data; Figure 5-2a). After correction, the differences in
backscatter between the satellite and model were small (Figure 5-2b). More information on the
comparison between background attenuation and backscatter from the optical model and satellite
data are given in Figure 5-3 (backscatter) and Figure 5-4 (diffuse attenuation). Note that the
attenuation comparison includes the effect of the chl-a and CDOM data used in the optical model so
is a true “end-to-end” comparison of the performance of the model.
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a

b

Figure 5-2: Differences between the model and satellite estimates of background backscatter before and
after correction of the modelled background conditions Data shown are the log10 ratio between the model
estimate of backscatter by non-algal particles at 488 nm and the satellite estimate. a: with no adjustment of
the model backscatter; b: after adjustment of the model backscatter. Values of -1 indicate that the model
estimate is ten times smaller than the satellite estimate of b bNAP. Values of +1 indicate that the model estimate
is ten times higher than the satellite estimate of bbNAP. Mining site A is labelled “A”; mining site B is labelled “B”;
Graham Bank is labelled “G”; Traps is labelled “T”.
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b

c

Figure 5-3: Optical model and satellite estimates of backscatter. Backscatter (bb, m-1) of non-algal particles at 488 nm derived from satellite data (left column) and
corrected model background (right column). a: 5th percentile; b: 50th percentile; c: 95th percentile.
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Figure 5-4: Optical model and satellite estimates of diffuse attenuation. Diffuse attenuation (KPAR, m-1) derived from satellite data (left column) and corrected model
background (right column). a: 5th percentile; b: 50th percentile; c: 95th percentile.
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6

Predicted optical effects

6.1

Descriptive transects

Euphotic zone depth and underwater visibility were extracted on three descriptive transects
(Figure 6-1): (1) nearshore; (2) south-north through the proposed mining area; (3) west-east
approximately through the main axis of the plume. The results are based on statistics derived from
the 1460 model realisations of the domain, covering a period of two years at 12 hourly intervals.
The model is run three times: (1) background (no mining); (2) mining at site A (inner limit of
proposed mining) and site B (outer limit of proposed mining).

Figure 6-1: Descriptive transects to show optical effects. The three descriptive optical transects are: (1)
south to north, “1” black; (2) west to east, “2” black; (3) alongshore, “3” white. The west-east and southnorth transects pass through the proposed area of mining and are approximately aligned along and across
the main axis of the modelled sediment plume. Background colour shows water depth. Mining site A is
labelled “A”, mining site B is labelled “B”, Graham Bank is labelled “G” and the Traps is labelled “T”.
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6.2

Euphotic zone depth

Modelling of mining activities at release location a, causes a reduction in euphotic zone depth
(zeu). The euphotic zone depth is the depth at which the downwelling irradiance has fallen to 1% of
its surface value. This is often taken as indicative of the zone within which primary production
occurs by phytoplankton in the water column and microphytobenthos on the seabed. A reduction
in the euphotic zone depth implies less light is available for primary production.
Results are shown in Figure 6-2, Figure 6-3, Figure 6-4 and Figure 6-5. Overall, euphotic zone
depths are greater over deeper water, further away from the coast, and smaller over shallower
water and near the coast (Figure 6-2a). This is a result of greater concentrations of suspended
sediment, CDOM and phytoplankton in shallower water (Figure 4-6 and Figure 4-10). Mining leads
to increased suspended sediment in the water column which has a shading effect and leads to
lower euphotic zone depths. The degree to which euphotic zone depth is reduced depends on how
the suspended sediment plume behaves – its movement by the currents, the mixing (dispersion)
of the material in the water, and the settling of the sediment to the seabed. The movement of the
plume is most commonly in an easterly direction from the mining site. Because there is substantial
variability in how the suspended sediment plume behaves, both in terms of the direction it moves
and how rapidly the sediment disperses or settles, the optical effect reduces with distance away
from the mining site (compare brown and blue median lines in Figure 6-4 and Figure 6-5).
One important result from this modelling is that the mining reduces how much light reaches the
seabed in the area of the west-east and south-north transects. Note that the blue lines in Figure 64 (median euphotic zone depths with no mining) are much closer to the depth of the seabed (black
lines) in the background case compared to when mining is present. With mining at site A or site B,
the median euphotic zone depths (brown lines) are considerably shallower than the seabed. This
change is less with mining at site B compared to site A because this mining site is further away
from the west-east and south-north transects than site A. This is considered further in Section 6.8.
In contrast to the effects of mining on euphotic zone depth along the west-east and south-north
transects, the mining is predicted to have only a very small effect on euphotic zone depth along
the alongshore transect. For the alongshore transect, the brown and blue median lines are
indistinguishable in Figure 6-4, Figure 6-5, and the distributions show only a small change. The
outliers of high euphotic zone depth on the alongshore transect (red dots in lower panels of these
figures) indicate that clear blue water sometime reaches the coast and that this is essentially
unaffected by the mining.
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a

b

c

Figure 6-2: Modelled euphotic zone depth. Modelled median euphotic zone depth under a: background
(no mining); b: mining at site A (labelled “A”); c: mining at site B (labelled “B”). Graham Bank is labelled “G”
and the Traps is labelled “T”. “Rate 1” means the full proposed mining rate.
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Figure 6-3: Modelled reduction in median euphotic zone depth (%). Modelled percentage reduction in
median euphotic zone depth under a: mining at site A (labelled “A”); b: mining at site B (labelled “B”).
Graham Bank is labelled “G” and the Traps is labelled “T”.
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Figure 6-4: Mining at site A: Modelled euphotic zone depth along descriptive transects. Modelled
euphotic zone depth under background and mining conditions along transects show Figure 6-1. Boxplots
enclose 50% of the data (25th to 75th percentiles derived from the 1460 model runs) around the median
(central lines in boxes, joined with brown and blue lines). Whiskers extend beyond the quartiles by 1.5 times
the interquartile-range or to the maximum/minimum data values. Red symbols are “outliers” beyond the
range of the whiskers (McGill et al., 1978). The sea-floor is indicated by the black line. The black arrows
indicate the location of mine site A on the south-north and west-east transects. “Rate 1” means the full
proposed mining rate.
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Figure 6-5: Mining at site B: Modelled euphotic zone depth along descriptive transects. As for Figure 6-4
but for mining at site B. The black arrows indicate the approximate location of mine site B on the southnorth and west-east transects.
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6.3

Horizontal visibility (Black disk distance)

Low horizontal visibilities in the midwater tend to be found near the coast with higher visibilities
beyond about 10 km from the coast (Figure 6-6a). The effects of mining are shown in Figure 6-6
and Figure 6-7. Patterns in changes to median horizontal visibility in the midwater due to mining at
site A and site B follow changes to euphotic zone depth described in Section 6.2. These main
patterns are:
(1) There are significant reductions in midwater visibility due to mining close to the mining site,
and these effects decrease with distance from the mining site.
(2) Reductions in midwater visibility at a given time depend on the movement of the plume and
how rapidly the sediment discharged by the mining is mixed and sinks out of the water column.
The predominant area affected is a region around the mining site with a tail stretching to the east.
(3) There are likely to be only very small effects of mining on midwater visibility on the alongshore
transect.
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Figure 6-6: Modelled midwater horizontal visibility. Modelled median midwater horizontal visibility
under a: background (no mining); b: mining at site A (labelled “A”); c: mining at site B (labelled “B”). Graham
Bank is labelled “G” and the Traps is labelled “T”.
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b

Figure 6-7: Modelled change in midwater horizontal visibility. Modelled reduction in median horizontal
visibility under a: mining at site A (labelled “A”); b: mining at site B (labelled “B”). Graham Bank is labelled
“G” and the Traps is labelled “T”.

56

Optical effects of an iron‐sand mining sediment plume in the South Taranaki Bight region

6.4

Optical effects at the Traps

Model data for the “Traps” sites (174.524° E, 39.853° S) were extracted to investigate the effects
of mining at sites A and B. This site was chosen because it is used as for recreational sub-aqua
diving. Results are summarised in Table 6-1, Figure 6-8 (euphotic zone depth) and Figure 6-9
(horizontal visibility in the midwater and near the seabed). These figures show the cumulative
distributions of the optical properties with no mining (background case, black lines) and with
mining at site A (red lines) and at site B (blue lines). This type of cumulative distribution plot is
used because it summarises the variability in the model information rather than just the median
value. In these plots, the value of the optical property is shown on the x-axis and the y-axis shows
the proportion of the time that the optical property was modelled to be less than this amount. The
median value of the optical property is hence the value of x for which y=0.5. The plots also allow
us to summarise the proportion of time that the optical property can be expected to be greater
than a certain value. We are interested in the proportion of the time that the seabed receives
more than 1% of light as this is likely to be indicative of the potential for benthic primary
production. For horizontal visibility, we summarise how often horizontal visibility is more than 5
m– these are called “good visibility days” – and may indicate recreational amenity value.
The optical modelling predicts that the median underwater visibility at the Traps is reduced by 13–
15% (mine A) and by 3–5% (mine B). The number of “good visibility days” at the Traps lost due to
mining are predicted to be 24–26 days (mine A) and 6–10 days (mine B) out of a total of 125 good
visibility days per year.
The median euphotic zone depth at the Traps is predicted to reduce by 11% due to mining at site A
and reduce by 3% due to mining at site B. The shallowing of the euphotic zone depth at the Traps
due to mining is predicted to reduce the amount of time there be more than 1% light at the
seabed. The number of days with more than 1% light at the seabed is predicted to reduce from
138 days/year to 106 days/year (mining at site A) and 127 days/year (mining at site B).
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Table 6-1:

Predicted changes reductions in optical properties at the Traps. “d/y” means “days per year”.

Optical parameter
Horizontal visibility

High visibility days

Euphotic zone depth
>1% light at seabed

Measure
Median (midwater) (m)
Median (seabed) (m)
Change (midwater) (%)
Change (seabed) (%)
Median (midwater) (d/y)
Median (seabed) (d/y)
Change (midwater) (d/y)
Change (seabed) (d/y)
Median (m)
Change (%)
Median (d/y)
Change (d/y)

Background
3.0
3.2

125
126

14.9
138

Mining at Mining at
Site A
Site B
2.6
2.9
2.7
3.0
-12.7
-3.2
-14.7
-5.4
101
119
100
116
-24
-6
-26
-10
13.3
14.4
-10.8
-3.4
106
127
-32
-11

Figure 6-8: Predicted changes in euphotic zone depth at the Traps as a result of mining. Background (no
mining) – black; Mining at site A – red; Mining at site B – blue. Dashed lines show the median values and the
proportions of time for which the euphotic zone depth is less than the depth of the seabed (depth 18.0 m).
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b

Figure 6-9: Predicted changes in underwater visibility at the Traps as a result of mining. a: Midwater
underwater visibility; b: Near bed underwater visibility. Background (no mining) – black; Mining at site A – red;
Mining at site B – blue. Dashed lines show the median values and the proportions of time for which the
visibility is less than 5 m (“good visibility days”).
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6.5

Optical effects at Graham Bank

Optical model data for Graham Bank (174.4192°E, -39.8919° S) were extracted to predict the optical
effects of iron-sand mining at proposed sites A and B. Results are summarised in Table 6-2 and
cumulative distribution plots are given in Figure 6-10 (euphotic zone depth) and Figure 6-11
(horizontal visibility in the midwater and near the seabed). See Section 6.4 on interpreting these
cumulative distribution plots.
The optical modelling predicts that the median underwater visibility at Graham Bank will be reduced
by 37–38% (mine A) and by 16–17% (mine B). The number of “good visibility days” at Graham Bank
lost due to mining are predicted to be 67–71 days (mine A) and 22–24 days (mine B) out of a total of
204–207 good visibility days/year.
The median euphotic zone depth at Graham Bank is predicted to reduce by 24% due to mining at site
A and reduce by 12% due to mining at site B. The shallowing of the euphotic zone depth at Graham
Bank due to mining is predicted to reduce the amount of time there be more than 1% light at the
seabed. The number of days with more than 1% light at the seabed is predicted to reduce from 216
days/year to 121 days/year (mining at site A) and to 171 days/year (mining at site B).

Table 6-2:

Predicted changes in optical properties at Graham Bank. “d/y” means “days per year”.

Optical parameter
Horizontal visibility

High visibility days

Euphotic zone depth
>1% light at seabed
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Measure
Median (midwater) (m)
Median (seabed) (m)
Change (midwater) (%)
Change (seabed) (%)
Median (midwater) (d/y)
Median (seabed) (d/y)
Change (midwater) (d/y)
Change (seabed) (d/y)
Median (m)
Change (%)
Median (d/y)
Change (d/y)

Mining at Mining at
Background Site A
Site B
6.1
3.9
5.1
5.9
3.7
5.0
-36.4
-16.8
-37.1
-15.7
207
140
185
204
133
180
-67
-22
-71
-24
23.3
17.6
20.5
-24.1
-11.9
216
121
171
-94
-45
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Figure 6-10: Predicted changes in euphotic zone depth at Graham Bank as a result of mining. Background
(no mining) – black; Mining at site A – red; Mining at site B – blue. Dashed lines show the median values and
the proportions of time for which the euphotic zone depth is less than the depth of the seabed (depth 21.3 m).
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b

Figure 6-11: Predicted changes in underwater visibility at Graham Bank as a result of mining. a: Midwater
underwater visibility; b: Near bed underwater visibility. Background (no mining) – black; Mining at site A – red;
Mining at site B – blue. Dashed lines show the median values and the proportions of time for which the
visibility is less than 5 m.
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6.6

Water colour

The optical modelling also estimated the colour of the sea seen by an observer looking vertically
downwards at the sea surface for three cases: no mining (background), with mining at site A and with
mining at site B. The images were produced for each of the 1460 time steps of the model covering
the two year simulation at 12 hour resolution. These data were used to produce videos of the
predicted change in apparent water colour. Five example “frames” (model realisations) were
selected by Hadfield & Macdonald (2015) to illustrate different behaviours of the sediment plume.
The pseudo-true images are shown in Figure 6-12, Figure 6-13, Figure 6-14, Figure 6-15 and Figure 616.
These examples highlight an environment spanning clear blue oceanic waters further offshore, to
bright, green-yellow (brown) waters closer to the shore, under a variety of environmental conditions
(river flows, weather events, times of year). The mining plume appears brighter and greener than
surrounding waters (e.g. Figure 6-13). There is no evidence of colour differences within about 5 km of
the coast, but clear differences are noticeable further away from the coast and especially around the
plume area. The mining plume at times can be clearly distinguished, propagating mainly in an
easterly direction (Figure 6-14). However, there are occasions when it moves in a westerly direction
(Figure 6-15 and Figure 6-16), and times where it becomes largely overwhelmed by natural
background conditions and is hard to identify (Figure 6-12).
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b
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Figure 6-12: Example of the simulations of ocean colour: Frame 504 (14/09/2011). Pseudo-true colour
example illustrating the influence of a mining sediment plume (b, c) on natural background conditions (a). This
follows 2.5 days of westerly (i.e. eastward blowing) winds. The plume cannot be clearly discerned but the area
to the east of the mining site is more strongly coloured in (b) and (c) compared to (a).
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Figure 6-13: Example of the simulations of ocean colour: Frame 521 (22/09/2011). Pseudo-true colour
example illustrating the influence of a mining sediment plume (b, c) on natural background conditions (a). This
follows a period of very little wind and shows discharged sediment “pooling” near the mining site.
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Figure 6-14: Example of the simulations of ocean colour: Frame 541 (02/10/2011). Pseudo-true colour
example illustrating the influence of a mining sediment plume (b, c) on natural background conditions (a). This
follows 2.5 days of northerly winds (i.e. blowing to the south) and shows the plume moving to the east of the
mining site.
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Figure 6-15: Example of the simulations of ocean colour: Frame 694 (18/12/2011). Pseudo-true colour
example illustrating the influence of a mining sediment plume (b, c) on natural background conditions (a). This
follows 2.5 days of southeasterly winds (i.e. blowing to the north-west) and shows sediment dispersing to the
west of the mining site.

Optical effects of an iron‐sand mining sediment plume in the South Taranaki Bight region

67

a

b

c

Figure 6-16: Example of the simulations of ocean colour: Frame 1134 (25/07/2012). Pseudo-true colour
example illustrating the influence of a mining sediment plume (b, c) on natural background conditions (a). This
follows 2.5 days of southeasterly winds (i.e. blowing to the north-west) and shows sediment dispersing
predominantly to the west of the mining site.
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6.7

Changes to water column light intensity

Changes to the intensity of light in the water column has the potential to affect the primary
productivity of phytoplankton (Kirk, 2011). Changes in colour (spectral signatures) of light could
affect phytoplankton growth but is likely to be less important than changes to the intensity of light
in the water column (Falkowski & Raven, 1997). Hence, based on the optical modelling, we
calculated the change in light in the water column due to mining. For each 1 km2 cell in the SMD
for each model realisation over the two years of model simulations, we calculated the integrated
water column light intensity as a proportion of the surface light based on the modelled euphotic
zone depth and total water depth (Section 5.3.1, equation 6-5). Where the water depth is greater
than the euphotic depth, this is within 1% of water column light integrated over just the photic
zone. The background values of water column light are shown in Figure 6-17a. Water column light
generally increases with distance away from the coast because suspended sediment, CDOM and
elevated phytoplankton concentrations near the coast reduce the penetration of light into the
water, and because the water is shallower further offshore.
The effects of mining on water column light are summarised in Table 6-3 and shown spatially in
Figure 6-17 and Figure 6-18.
There are large reductions in light in the water column only very close to the location of mining,
with maximum reductions of 27–46%, depending a little on where the mining takes place (site A or
site B). Note that this maximum depends on the resolution of the modelling – cells smaller than
the 1 km used here would give a higher maximum changes and vice versa. The mean change in
water column light averaged over a large region is a more reliable measure of the predicted effect
of mining on primary production in the water column. The mean change in water column light due
to mining over the SMD were small: -1.9% (mining at site A) and -1.6% (mining at site B). These
results were used to inform considerations of the effect of the proposed mining on primary
productivity in the STB (Cahoon et al., 2015).

Table 6-3:
Modelled effect of mining on water column light. The change in mean water column light due
to mining is used to estimate the effect of mining on primary production by phytoplankton at the scale of
the Sediment Model Domain (SMD) (see Cahoon et al., 2015). * Depends on the spatial resolution of the
modelling.

Measure of water column light
Mean water column light as a proportion of surface light
over SMD (m)
Median change (%)
Maximum change (%) *
Mean change over SMD (%)

Background
5.5

Mine A

Mine B
5.4

5.4

-0.3

-0.4

-45.5

-26.6

-1.9

-1.6
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Figure 6-17: Modelled water column light. Modelled water column light under a: background (no mining);
b: mining at site A (labelled “A”); c: mining at site B (labelled “B”). Graham Bank is labelled “G” and the Traps
is labelled “T”.
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Figure 6-18: Modelled change in water column light. Modelled changes in water column light as a
proportion of background under a: mining at site A (labelled “A”); b: mining at site B (labelled “B”). Graham
Bank is labelled “G” and the Traps is labelled “T”.
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6.8

Changes to light at the seabed

Light reaching the seabed can be used by benthic algae for primary production. Benthic algae
includes macroalgae (“seaweed”) and benthic microalgae (“microphytobenthos”, MPB; Cahoon,
1999; Huettel et al., 2014). The consequences of reduced light at the seabed for benthic PP
depend on what macroalgae and MPB are present, what reductions in light at the seabed occur,
and the sensitivity to benthic PP on light availability rather than other factors; these are
considered in Cahoon et al. (2015).
The amount of light reaching the seabed was modelled before and after mining over the SMD as
described in Section 5.3.1; results are summarised in Figure 6-19 and Table 6-4; maps are given
Figure 6-20 and Figure 6-21.
The average proportions of the seabed in the SMD with mean light intensity greater than two
limits (0.04 and 0.4 mol/m2/d) was estimated to be 29% (3805 km2) and 11% (1494 km2)
respectively. These areas are predicted to reduce by a small amount to 27% and 9–10% due to
mining (Figure 6-19). The effect of mining is to reduce the amount of light reaching the seabed
because the sediment plume absorbs and backscatters some light in the water column before it
reaches the seabed.
There are predicted to be large reductions in light at the seabed close to the location of mining,
with maximum reductions of 92–95%, depending on where the mining takes place (site A or site
B). Note that this maximum reduction depends on the resolution of the modelling – smaller cells
(higher resolution modelling) would give a higher maximum changes and vice versa. The maximum
change should hence not be over-interpreted in terms of its ecological significance, and the mean
change in total light at the seabed averaged over a large region (the SMD) is a more reliable
measure of the predicted effect of mining on benthic algae. Based on the background optical
model, the annual-average light at the seabed within the area of the SMD that receives more than
0.04 mol/m2/d was estimated to be 0.86 mol/m2/d (mean seabed light in the SMD of 3.3 Gmol/d).
With mining, the mean seabed light is predicted to reduce to 2.5 Gmol/d (mining at site A) and 2.6
Gmol/d (mining at site B). These are equivalent to annual-average light at the seabed within the
area of the SMD that receives more than 0.04 mol/m2/d of 0.66 mol/m2/d (site A) and 0.72
mol/m2/d (site B). This is a reduction of 23% (site A) and 16% (site B).
This reduction reflects the fact that for much of the time the plume of fine sediment passes over
relatively shallow sea floor which would otherwise be relatively well lit. Most of the SMD is deep
and/or overlain by turbid water, receives little seabed light and would be little affected by the
mining. The effects of this shading on benthic primary production in the SMD are considered in
Cahoon et al. (2015).
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Figure 6-19: Predicted effect of proposed mining on light at the seabed. The y-axis shows the proportion
of the seabed area of the Sediment Model Domain (SMD; part of the South Taranaki Bight) that has more
than the amount of light (Ebed) shown on the x-axis. The change to the amount of area receiving more than
0.04 mol/m2/d is 6–7%, and the change to the amount of area receiving more than 0.4 mol/m2/d1 is 14–17%,
all calculated over the two years of model simulations.
.
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Figure 6-20: Spatial distribution of mean light at the seabed. Modelled mean seabed light (mol/m2/d)
under a: background (no mining); b: mining at site A (labelled “A”); c: mining at site B (labelled “B”). Graham
Bank is labelled “G” and the Traps is labelled “T”.
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Figure 6-21: Spatial distribution of the modelled change in light at the seabed (%). Modelled changes in
sea-bed light as a proportion of background under a: mining at site A (labelled “A”); b: mining at site B
(labelled “B”). Graham Bank is labelled “G” and the Traps is labelled “T”.
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Table 6-4:
Predicted changes to optical properties. Optical properties for estimating effects on primary
productivity (PP) by phytoplankton and microphytobenthos (MPB) in the Sediment Model Domain (SMD) part
of South Taranaki Bight (STB). * Dependent on the spatial scale of the modelling.

Parameter
Integrated water
column light as
proportion of surface
Prop seabed area
with light >limit
(mol/m2/d)
Light at the seabed

7

Measure
SMD mean (m)
Mean change over SMD (%)
Highest point change (%)
Area with E>0.04 (% of SMD)
Area with E>0.4 (% of SMD)
Change in area with E>0.04 (%)
Change in area with E>0.4 (%)
Mean total over SMD (Gmol/d)
Daily mean E over area of
seabed with E>0.4 (mol/m2/d)
Change in SMD total (%)
Highest point change (%)

Background
5.5

28.6
11.2

3.3
0.86

Mining at
site A
5.4
-1.9
-45.5 *
26.6
9.4
-6.8
-16.5
2.5

Mining at
site B
5.4
-1.6
-26.6 *
26.9
9.7
-6.0
-13.8
2.8

0.66
-22.8
-95.1 *

0.72
-15.5
-91.8 *

Discussion

This report has presented an optical model which predicts the effects of a plume of fine sediment
released as part of the proposed iron-sand mining operation in the STB on the optics of the waters
within the SMD. The important optical effects: (1) light penetration (indexed by euphotic depth); (2)
visual range (indexed by horizontal black body range); (3) colour; (4) light in the water column; (5)
light reaching the sea-bed.
We have used available data on the inherent optical properties (IOPs) of the STB waters (from
synoptic surveys and monitoring) and from MODIS-Aqua satellite products (chl-a and CDOM),
supplemented with literature values, to model background apparent optical properties (AOPs) that
quantify light penetration, visibility and colour. We used tank experiments to measure the massspecific IOPs of five different fractions of fine sediment (from natural sediment cores and from
mining post-grind tailings) to estimate the IOPs of the mixture (mining plume plus background light
attenuation). Modelled optical parameters for the background sediment were made consistent with
observations (surveys, moorings, satellite data) by adjusting the satellite backscatter to in situ
observations of attenuation, and then using the satellite data to constrain the background optical
model. Residual uncertainties in the predictions of optical effects are unavoidable, but we believe
that the optical model presented here is the best model that can reasonably be developed at
present. In the authors’ experience, the optical modelling described here is more complex and is
likely to be more accurate that is normally undertaken to assess optical effects of seabed mining.
The accuracy and reliability of the predicted optical effects are dependent on the performance of the
hydrodynamic model. This report has also provided some information on the analysis of sinking rates
of discharged sediment in the STB that was used as input to the hydrodynamic modelling (Dearnaley
et al., 2015; Hadfield & Macdonald, 2015). We believe the information presented in this report
represents the best available information for understanding the likely optical effects of the proposed
iron-sand mining in the STB, taking into account factors such as cost, effort and time. Nevertheless,
ongoing monitoring is recommended following the commencement of mining.
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