SANDPIPER PROJECT

Verification Programme Report:
Mining Licence Area No. 170

SECTION C : SPECIALIST STUDIES

Section C.9

Water Column and
Sedimentary Environment

E2. |
L
(205
C2.4:
C2.5:
C2.6:
@7

Water column and sediments
Sediment plume
Thiobacteria

Meiofauna

Macrobenthos

Epifauna

Plankton

—




Sandpiper Project Verification Programme
Volume 1 Main Report

SECTION C, SPECIALIST STUDIES
C2.1 Water Column and Sediments

SPECIALIST STUBIEGECTION C

C2.1 Water Columrand Sediments

NAMIBIAN MARINE PHOSPHATE

WATER COLUMN AND SEDIMENTS

Prepared for:
NamibianMarine Phosphate (Pty) Ltd.

Prepared by:
Lwandle Technologies (Pty) Ltd.
Report compiled byrobin Carter an&ate Munnik

2 lwandle

October 2014

Job nol.T149Version 03

LWANDLE TECHNOLOGIES (PTY) LTD
The Old Warehouse, Black River Park, Fir Rdlaskrvatory 7925, South Africa
Directors: C.P. Matthysen, B.J. Spolander
Co Reg. No. 2003/015524/07




Sandpiper Project Verification Programme
Volume 1 Main Report

SECTION C, SPECIALIST STUDIES
C2.1 Water Column and Sediments

MARINE SPECIALIST TEAM:

Dr. Robin Carter Lwandle Technologies
Kate Munnik-Lwandle Technologies

Marine Team
Andrew Russe#t Lwandle Technologies
Tim McClurg- Lwandle Technologies
Henry Gilham- LwandleTechnologies
Sannette GildenhuysMet-ocean Services International
Jeremy Midgley Client Representative
Bill Ludick- Client Representative

Date Version Revised Reviewed
10/04/2014 0.1 Kate Munnik Dr. Robin Carter
30/04/2014 1.0 Kate Munnik Dr.Robin Carter
4/07/2014 2.0 Kate Munnik Dr. Robin Carter
14/10/2014 3.0 Dr Robin Carter

CONDITIONS OF USE OF THIS REPORT
COPYRIGHT RAMIBIAN MARINE PHOSPHAREY) LTD 2014
ALL RIGHTS RESERVED

© NMP 2014. All rights to the intellectugkoperty and/or contents of this document remain vested in
Namibian Marine Phosphate (Pty) LItNMP). This document is issued for the sole purpose for which it is
supplied. All rights reserved. No part of this publication may be reproducedipdistd, or transmitted in any
form or by any means, including photocopying, recording, or other electmmimechanical methods, without
the prior written permission of Namibian Marine Phosphate (Pty) Ltd, exitefite case of brief quotations
embodied in critial reviews and certain other neecommercial uses permitted by copyright law. For permission
requests, write to Namibian Marine Phosphate (Pty) Ltd, addressed “AdgtenfAdministration Manager,” at
the address below.

Email:info@namphos.com
127 TheeBen Gurirab Street
Walvis Bay
Namibia

© NMP2014
November 2014 Pagei


mailto:info@namphos.com

Sandpiper Project Verification Programme
Volume 1 Main Report

SECTION C, SPECIALIST STUDIES
C2.1 Water Column and Sediments

SUMMARY

Namibian Marine Phosphate (NMP) proposes to recover peptadphate from an ore body situated in
Mining Licence Area (MLA) 170, offshore of Namibia. The project esvtte recovery of marine
sediment by dredging and the subsequent processing of this sediment at an onshaligy facAn
Environmental Impact Asssment (EIA) for the marine component of this project aasmitted in
2012. A central conclusion in this EIA was that the risdscaated with the project were expected to be
largely physical as opposed to biogeochemical in nature. Thikismmcwa based on regional data and
physical sediment properties reported from within the target marvea. As this conclusion was pivotal
in the risk evaluation, NMP initiated a verification survey to obtain engpirdata on sediment
properties, currents andhie characteristics of the water column in the mine area, the findifigghich
are detailed here. This report should be read in conjunction vhighdriginal marine ecology specialist
report to the NMP EIA.

The verification survey gathered empirical datathe target mine area on currents, water column
characteristics and sediment properties including benthic maanal meiofauna and the thiobacteria
assemblage present in the area. The analyses skttata showed that:

X Currents were as expected for the region displaying uniform north wedtil@v at the surface
and varying poleward and equatorward flow in the bottom of the evatolumn. Near seabed
current velocities averaged I#8n/s for poleward flow and &m/s for equatorward flow. Peak
flows recaded were ~3@m/s.

X The dominant water mass present in the area during the survey peraxl South Atlantic
Central Water with origins in the Cape Basin and the Angolan cordirgmalf. The former was
relatively oxic and the latter severely hypoxic.

X Theupper mixed layer in the water column ranged in depth fronm2€@ 30m and was oxic.
Below the relatively weakly developed thermocline oxygencentrations declined with depth
to very low (severe hypoxia) levels near the seafloor.

X Upper water column tusidity was low at <NTU. Mean turbidity near the seafloor was
<3.5NTU but episodically exceeded 380U. The data indicate that these short term turbidity
events were generated outside of the survey area ancevbeing advected through it.

x Dissolved hegvmetal concentrations in the water column were closehe analytical detection
levels. Nutrient concentrations agreed with those reportedr fthe region and
nitrogen/phosphorus ratios were close to Redfield (17.1&.9).

x Surficial sediments in the stey area were silty sand and the underlying sediments primarily silt.
Average POM concentrations were 7.4% and molar C:N ratios-1IR8. These indicate that
the POM was relatively refractory compareglith that reported for the nearer shore
diatomaceousnud belt sediments (<9).

X Inorganic nutrient concentrations in the sediment pore wateverage 156R P it nitrogen
(ammonia + nitrite + nitrataitrogen) and 209R P fét phosphorus. This shows a considerable
departure from the Redfield ratio and is attributed to phosphoras@&ment from the pelletal
phosphorus ore. Sediment water content was low leading tonmahrisk of modifications to the
overlying water column nutrient distributions.
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X The range of measurements indicative of the oxidativéesté the sediments showed that they
were hypoxic. The presence of nitratérogen in the sediment pore water supports this as it
converts to ammonia in anoxic conditions. ?AWas below detection levels in the surficial
sediments and averaged w2Mol/kg in the subsurface layers. The absence of AVS is consistent
with hypoxia as free sulphide is oxidized over time to sulphatg}$®the presence of oxygen.
This implies that POM mediated sulphide fluxes would be low.

X The potential for the dissolution (release) of sulphide from irontgyri{Feg in the target
dredge sediment body was evaluated on the basis of sediment lgadize distributions,
measured AVSS concentratios in the sediments, and published information linking pyrites
dissolution rateswith sediment particle size and AAB&E-e$S concentration ratios. Dissolution
rates in sediments larger thanuin are slow, 0.08-0.34%/day, but more rapid,-30%/day, in
sedments <lum. The proportion of sediments in the glin size category in the surveyed area
is low (<8% by mass), as is the estimated meag-$a®ncentration in the bulk sediment
(0.64mM S/kg). The mass of F8 available for dissolution is calculated G85mM/kg (=
1.64mgS/kg). If oxidized to sulphate ($Pthis would require 3.2hg of oxygen/kg of sediment.
However, the end point of the oxidation is most probably elemestdphur and not sulphate
with little consequence for dissolved oxygen corications.

x Surficial and subsurface sediments supported relatively high contienisaof the heavy metals
arsenic, cadmium, chromium, copper and nickel. The bioavailability eé theavy metals was
investigated by elutriation tests and negligible proportions enteeel dissolved phase. This is
possibly due to their precipitation as insoluble sulphides as, althdugte twas low AVS in the
tested (subsurface) sediments, it was present well in exoégbe simultaneously extracted
metal (SEM) fraction. Irowas abundant in both of the sediment layers and scavenging of the
metals from the dissolved phase by iron hydroxides and organic caewpie another possible
sink.

The low release of the metals into the dissolved phase indicttes although their ntural
concentrations exceeded the sediment quality guidelife@she region they do not represent a toxicity
risk in this phase eithén situor following physical disturbance.

An alternative toxicity pathway of the heavy metals is via complexitiy avganic particles and then
ingestion by deposit and filter feeders. Toxicity effects are linked to gsirpbon efficiencies and
excretion rates and the affected organism’s ability to detoxifyodiisd heavy metals by isolation in
insoluble granules or etallothioneins. A range of factors control this but it is apparent thate can be
accumulation of metals such as cadmium in the livers of demerbkainfisbiting areas with naturally
high authigenic concentrations. Assessments of trophic transfigneavy metal contaminants indicate
that, in pelagic food webs, these are generally attenuated at the pyiro@ansumer level, dominated by
copepods, with low transfer efficiencies to fish. In benthic foothsweith carnivorous molluscan whelks
as top predatos appreciable bimagnification can occur as whelks sequester and store metalsederiv
from their prey. However the proposed mining operations in the syrarea are not expected to
increase exposures of benthic fauna to heavy metals such as cadmiumnolvabove that which occurs
naturally in the region.

This supports the assessment of toxicity risks in the EIA.

X The investigations into benthic meiofauna and macrofaimahe surficial sediments in the
survey area showed that fauna were abundant in both size classessTdussistent with a
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mainly hypoxic sediment environment and inconsistent with sulphidiavegs. The relative
abundance of benthic macrofauna inett»1000um size class indicates that this condition is
persistent asFargPrionospio which formed a large proportion of the fauna, has a life cycle of
1-2 years littp://www.genustraithandbook.org.ukand the Diopatrasp. may be as loAged
(Steffani 2014). This is consistent with a stable sedinmgngsmvironment even though the
overlying water body may undergo seasonal changes in terms ofygigmxontent with varying
contributions of Cape Basinaifropical Atlantic Central Water.

X The investigation into sulphur bacteria indicated that, at timeet of sampling, sulphide fluxes
were probably low as the large sulphate bacteria, namely from the gehkiamargarita
Beggiatoaand Thioploca which playa significant roles in the oxidisation 0§3; were absent
from the bacterial assemblage. Smaller forms includihgbacillusspp. with relatively lower
growth yields were present; however, indicating that althougtineated to be low (hydrogen)
sulphide was present in the sediments.

The main findings of the EIA are supported by the data gatherecanalysed during this vechtion
study. As a result, the level of confidence with which a number of thadtamare assessed has been
increased. The major findings of the verification surveyiooefl that the majority of the impacts
associated with the project are expected to fleysical rather than biogeochemical as was described in
the EIA.
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INTRODUCTION

Namibian Marine Phosphate (NMP) is investigating the possibility toficrg pelletal marine
phosphate from the seabed on the continentakBhoffshore of Namibia. In order to assess the
potential impacts associated with this project on the local andore marine environment, an
Environmental Impact Assessment (EIA) was carried out (NNMIP).2ZDhis assessment was based
primarily on availble scientific literature from the region and measurements of the uays
properties within the target mining area. To strengthen the availanigirical data and to provide
further information sources to support impact evaluations NMPidted a focusedstudy of the
important features and processes in thkeedgearea. The suite of investigations focused on were
current flows, water column features and water quality and sedime@nbperties, benthos
(macrofauna and meiofauna), thiobacteria, plankton and fish. The resfultese investigations are
detailed in this report. Following submission of the draft report acshst review workshop
focussed on the full scope of work undertaken in the verificapppogramme was held by NMP.
Comments from the revigers have been used to refine and improve this submission. Findorgs fr
the studies also address concerns raised by independent reviewdrs &lA and have been used to
update the relevant impact assessment tables from the caiditA.

The marine ealogy specialist report in the environmental impact assessmentiected for NMP’s
proposed mining operations offshore of Namibia concluded that theiremmental effects of
dredging would be primarily linked to the sediment properties in theing areagLwandle 2012).

The information supporting the EIA is considered to be scientfieatl practically robust as it is
drawn from the seminal work conducted by Bremner (1978), direnteys of sediment properties
across one of the mine areas by Rog2@98) and because it is consistent with adduced distributions
of turbulent energy across the shelf which control sediment textdistributions (Monteiroet al.
2005). All of this indicates that the sediments in the target miairgg are predominantly ghuddy
sand texturé. Hydrogen sulphide, methane and other chemical flux rate measurenueniducted

by, inter alia Namibian and South African marine scientists indicate thaetlaee low, as particulate
organic matter (POM) (which sediments from thelggic zone) does not accumulate on these
sediments (van der Plag al. 2007). Further, the phosphate ore body is considered to be derived
initially from concentration of phosphorus in marine algae and theredftertransfer of this organic
form to the mineral carbonate fluorapatite and francolite as pelletal (sand) grains ifPkbistocene
(2.6—1.0 MA, Compton 2012). Therefore any organic material incorporatdtkinre body would

be refractory compareavith freshly sedimenting organic matter. Thigplies that the predominant
sources of sulphur in the ore body itself would be pyrites whickeHaw dissolution rates, and
therefore sulphide would not be readily available for formation into,,dngdrogen sulphide.

On the basis of the above, theater quality and associated environmental risks associated with the
marine mining ore recovery process, i.e. dredging, were coreider be predominantly physical as
opposed to biogeochemical. Consequently the conclusions on sedimenires in the Minig
Licerce Area (ML 170) are of pivotal importance in the environmentsgs@ment.

! Throughout this document mud is used as a generic descriptor of all sedimentgmdiobller than 62.6m equivalent

spherical diameter (ESD). This is effectively the combmafidhe sit (4-62.5um) and clay (<fim) fractions of the
sediment as defined in the Wentworth Scale.
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It was clear from comments received from interested parties, in Namebpecially, that this is a
contentious issue as, although no data or analyses (peer rediew not) have been presented in
support of alternative views, there is a persistent conddat muddy (i.e. sediment dominated by
the <62.5um size fraction) sulphidic sediments will be exposed dudragigingwith important
consequences for water quality. The verification survey described Wware conducted to obtain
empirical data and inform&in on the proposed mining site in order to determine actual as oggos
to predicted sediment properties and oceanographic conditions to etaltlze predictions and
conclusions on marine ecology in the specialist study on thenvealumn (Lwandle 2012 MMP EIA
2012). The verification survey also sought to provide clantiey concerns raised by NatMIRC and
other external reviewers of the EIA (NMP 2012) as distiddw:

X The currents and circulation information in the EIA studies were priyriatikn from regional
scale circulation modelling and other published sources. There is uimtga the applicability
of this to the proposed mining area.

x Similarly, important features of the water column were generalised fregional and possibly
outdatedinformation; this needs to be focused on the mining area.

x Sediment characteristics vary zonally and longitudinally on thmiblan continental shelf,
extrapolation from measurements to the north and south of the progbsening area may not
be sufficientlyreliable leading to uncertainty on whether:

- The adduced sediment particle size and sediment texture apply;

- The sediment bed is resistant to suspension (sediment water ngptgosity and
presence/absence of armouring);

- Thein situ organic content (POM)ra molar carbon/nitrogen (C/N) ratios are as
predicted,;

- Sediment pore water departs from Redfield ratios, specifically in genfinorganic
nitrogen and phosphate ratios;

- Sediment heavy metal contents are within the published guidelineshforegion and
whether those that are not are likely to be biologically available, and

- The sediments are sulphidic or likely to release hydrogen sulphik®) (during
dredging

X The available ancillary biological data presented (sediment meiofauna, faaceo and
preserce/absence of thiobacteria and (thio)bacterial mats required refineiméo add
confidence to the impact assessments.

The report is presented as a fully referenced scientific documentrendneetailed scope and method
statement is provided, followed by ¢hpresentation of the key results of the study and then the
discussion of these results in light of their verification of finelings of the existing EIA. The main
themes of the report are presented in the following order: currfiotvs and water massewater
column characteristics; sediment characteristics; and synopses eofasisociated benthos and
thiobacteria investigations.

2 SCOPE

The measurements listed below were carried out to determime validity of previously published
baseline environmentahformation in the EIA (NMP 2012). The survey was also designed t@eaddre
the reviewer's and NatMIRC’s comments as summarised above. Thdrfglim@asurements were
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undertaken within the mining licence area (MLA), specificallt 8f¢ 20year target mming site
(Figure ) as part of the verification survey and the linked grastiying surveyKigure2):

X Investigation into the physical and chemical characteristickefmater column:

- Vertical profiles of the distributions of temperaturepnductivity, dissolved oxygen (DO),
chlorophyll fluorescence (Chl) and turbidity measured by a fprdbe internal logging CTD
extending from the sea surface to withimbof the sea bed,;

- Water samples collected at various depths concurrent with the @®files for calibrations
and water guality assessments;

- Near sea bed temperature, conductivity, DO and turbidity time senesasurements
(measured using a moored internal logging mpétrameter CTD) to elucidate background
concentrations and possible nations linkable to internal tide generated turbulendédure
3);

- Near sea bed high frequency current measurements (measured usingiedndquadopp
current meter — see Figure 3) to determine turbulence and the presence of sediment
resuspensiorevents linkable to internal tide generated turbulence, complemanta the DO
and turbidity time series, and

- Currents and indirect measurements (beam attenuation) of suspended setfirfequivalent
to turbidity) through the upper water column (<109 deph) measured by a moored, upward
looking ADCP current metdfigure3).

X Investigation into the physical and chemical nature of marine sedisnent

- Surficial sediment particle size and texture distribution investigat (measured on samples
recovered by By graB), to determine whether sediments in (and surrounding) the proposed
mining areas are mainly fine and medium sands with minimal mud (as statieel MMVIP EIA,
2012). Also the companion measurements on sedimentgna@s that are made (below) can
only be properly understood in terms of the host sediment environment;

ZA Day Grab was deployed for surficial sediment sampling in thisysasvmultiple field trials at the site with the box core
demonstrated that it could not pestrate the sediment sufficiently to provide the sample volsrequired. This is
attributed to the dense shell layers present across the surmma. A multcorer was not considered to be a
suitable alternative either in this case, as it would have ‘lw&ah of the sediment surface.
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- Subsurface sediment particle size and texture distributions t® m2depth (depth of
phosphate resource) measured from samples recovered hytgicore;

- Surficial and deep sedimeatganic content, POC and PON concentrations;
- Surficial and deep sediment heavy metal, acid volatile sulphide @\dSyimultaneously
extracted metals (SEM) concentrations;

- Surficial and deep sediment heavy metal elutriation measurements teruohine the
proportion of each metal that may be released into the water column (dissophase)
through the dredging process and thereby become bioavailable, and

- Sediment pore water inorganic nutrient (nittogen and phosphorus) conators to
demonstrate potentialrisks of departures from Redfield ratios when pore water is
translocated to the upper water column, as water is released in digehfiom the dredge
hopper during dredging.

3 METHODS

The verification survey was carried out in thelS&ea within the ML170 licence area, offshore of
Namibia Figure } as this is the stated target area for the first 20 years of mining. AR2and SP
3 are only expected to be mined in the distant future and were eedurom this survey as any field
surveys in theseraas should be undertaken closer to the time of mining.

The verification survey comprised ship borne measurements covehiagwater column and
sediments (surficial and profile measurements) as well as the deploynfeah aceanographic
instrumented mowoing focused on currents, temperature, salinity, dissolved oxygen aridity
time series measurementsFigure2 shows the layout of the stations occupied in the survey. The
mooring was deployed by Metocean Services International (MSI) aadwae reorded over two
consecutive measurement periods P1 (8 June to 26 July 2adi3P2 (2 August to 13 September
2013), totalling 90 days of measurements. Surficial sediment and water rgtuofiling and
sampling were carried out from the service vesselDRBtarover the period 24 July to 4 August
2013, while the sediment core sampling was carried out from theSvidvgoosdetween the &

and 11" of August 2013.

Figure 1/...
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Figure2: Verification sampling sites in the $3MMine Area.
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3.1 CURRENT FLOWS ANDTWR PROPERTIES TBERIES MEASUREMENTS

Local oceanographic processes were assessed during a 90 dayntemi@f a fixed mooring fitted
with an upward looking ADCP, two Aquadopp curmdtres as well as a RBR CTD fitted with
turbidity and dissolved oxygen sensors (Figure 3). The 90 day periodlectsdan part, to detect
effects of internal tides with a ~14 day (lunar) periodicity shown onteiro et al (2005) to be
important features controlling fine sedimedistributions on the central Namibian continental shelf.
The 90 day period would be able to captur® Bf these events, should they be detectable at the
measurement site. A further consideration influencing the measererperiod was the requirement
to obtain a sufficiently long time series of data to show whether currents andther measured
variables at the mooring site were typical of those measured inarnutedicted for the region.

The mooring was deployed on th® 8une 2013 at site SP1VS14° 28’ 18.96" S and 101’ 32.88"

E, in a water depth of ~198 (Figure2). Recorded data were collected from the mooring during a
service visit at day 45 and after the final recovery of the mooring33hSeptember 2013 (day 90).
These data were quéali checked and processed using WAVESMON and MATLAB softwase sulit
Further details regarding data processing procedures are available ik $ reports (MSI 2013a &
2013b).

R

LWANDLE TECHNOLOGIES
Marine §musromemeni i Servaces

Figure3: Configuration of the oceanographic instrumentation mooring deplogadng the verification survey.
The upward looking ADCP measured currents in the uppeml@@ter column.
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3.2 WATER COLUMN FEATBRE

During theMV DP Stawerification cruise (Juby August 2013) CTD profiles and water samples were
collected at six stationsSP1VS04, SP1VS09, SP1VS14, SP1VS15, SP1VS20 andvB8rh\E25)
survey areaKigured). At these stations water samples were collected atlspths {I1m,-10m, -
20m, -50m, -100m, and 5m from the sea floor) for analyses BES, heavy metal, irganic nutrients
and DOC concentrations and profiles of conductivity, tempeeatwhlorophyll fluorescence,
dissolved oxygen, and turbidity against depth through the watérmn.

3.3 SEDIMENT PROPERTIES

The verification sediment sampling regime coverdatal of 26 stations, which extended acrossiSP
(Figure2 and Figureb). Surficial sediment samples were collected by Day ¢fstDP Starand the
underlying sediments by gravity corer (Miowgoose The suksamples collected from the cores
and grabs were then analysed at the CSIR’'s SANAS accredited chemical Ealyatories in
Stellenbosch, South Africa.

From each Day grab sample, sediment-saimples were collected for physical and chetrécelysis.
Analyses included sediment particle size (laser diffraction speofgs@nd texture distributions,
heavy metal, acid volatile sulphides (AV&nd simultaneously extracted metals (SEM)
concentrations,oxidationreduction potential (ORPrganic content and organic carbon and total
nitrogen concentrations.

Sediment cores ranging in length from 0:92.90m depth were collected at the 26 siteSidureb)
within two weeks of the completion of the Day grab sampling. Wwailp recovery, eachote was
sectioned into In lengths Figure6), capped, sealed and frozen -48°C before transfer to shore
based analytical facilities in South Afrigenalysis of the core sections followed the scheme shown in
Figure7a and 7b. The priority sampldsgure5) were subjected to a full suite of analyses at eight set
lengths of the coreRigure7h). The remaining cores were analysed accordingigare7a, where
analyses were carried out at five set lengths. The suite of analys#xdcant on each sulestion
included test for: particle size analysis, %omoisture, %loss on igratiganic carbon, total nitrogen,
heavy metals, AVS, SEM, and pore water @iRBte and phosphate concentrations.

Elutriation tests on heavy metal solubilisation were carred on the priority cores with two
elutriations per core, one using sediment collected from the toff/$ection of the core and the
other from the bottom half/sectionKigure7b).
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Figured: Map of the verification sampling regime highlighting the six watmpling stations, indicated here
with blue circles.
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Figure5: Map of the gravity cores (blue squares) collected as part of the aagith survey.
The sites highlighted by green circles were selected as priority safoplasalyses butledata from all of the
collected cores is discussed here. Sites SP1GC10 and SP1GC21 derrdail@igh shell density preventing
penetration) and therefore two extra samples were collected at SP1GC23RIEAC28.
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Figure6: A frozen core sample collected using a gravity core.
a) Depicts the full core, before separation into two lengths, bywshibie core sections once separated and
capped and c) depicts the frozen sediment sample afteroval from the plastic core lining.
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Figure7: Subsampling and analysis procedure for gravity core samples carried out &SHe.
a) Shows the sub sampling requirements for all gravity cores, whilegijts the sampling regime for the
priority samples identified ifrigureb.

3.4 BENTHOS

During the cruise on th&1V DP Startbenthic macrofauna and meiofauna samples were collected
from each of the Day grab samplésgure2). The samples collected for benthic macrofauna were
sieved through 300, 500 andODOum sieves. These, and thmrilk samples for meiofauna, were
preserved with ~4% buffered formalin and stored for later idemtiftmn and counts which were
carried out by Dr Nina Steffani of Steffani Marine Environmental Camsu(tnacrofauna), and Dr
Simon Forster, Physalia Appli§ciences UK (meiofauna)

3.5 THIOBACTERIA

In a separate survey sulphur oxidising and reducing bacteria sample®htaired within the NMP
mining licence (ML 170) area. Gravity core samples were retriewedl10 sites and four subsamples
of the surficiallayers within the core were withdrawn for “quantitative Palgrase Chain Reaction”
(gqPCR) analysis in order to distinguish the sulphur bacteria sp@eisent.
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4 RESULTS

The results of the various surveys and measurements that have beetuded under the
verification ‘umbrella’ are compartmentalised into the broadypings of

X Water column dynamics and properties and,

x Sediment characteristics.

This is purely for convenience and does not signify or imply that theedynamic link between the
two.

4.1 WATER COLUMN DYNAMIEND PROPERTIES
41.1 Currents

The full results of the measurements obtained from the mooregboographic instrumentation are
presented in the data reports for the two observation periods (2@&.3a & 2013b). Summary plots
of the data areshown inFigure 8 Figure 9and Figure 10below. From these it is evident that the
prevailing near surface (<10) flow in both Period 1 (P1, 8 June to 26 July 2013) and Period2 (P2,
August to 13 September 2013) was in a nertiith westerly directionconsistent with that typical of
the Benguela Current regime (Shannon, 1985). Subsurface cuai@gsated between northward
and southward flows in both periods whilst near the seafloor the curdineiction was dominated by
a southsouth westerly flowin P1, typical of the poleward undercurrent (PUC). In P2 howéher,
near seafloor flow was more variable, oscillating between poleward andateguard flows
consistent with the flow pattern at the midwater depth. &/RUC was thus more clearly defiredP1
than in P2.

Current velocities decreased with depth through the upper water colfnmm a mean of 1€m/s
(P1 & P2) near the surfacel@m depth) to 10cm/s (P1) and 8m/s (P2) at miglepth (~140m). A
marked increase in speed was however observed near the seafloor in P& awimeean speed of
18cm/s was recorded at 198 depth in the predominantly poleward flow. Mean velocity in this
depth zone in P2 was lower at@/s.

Figure 8 shows elevated current velocities attaining ~30/s occurred around 22 June,
immediately following a reversal in flow direction from equatorwargtideward. For the remainder
of both measurement periodiow velocities were relatively uniform even thougls, moted above,
P1 experienced higher mean velocities than P2.

© NMP2014
November 2014 Pagel3



Sandpiper Project Verification Programme
Volume 1 Main Report

SECTION C, SPECIALIST STUDIES
C2.1 Water Column and Sediments

NEAR SURFACE CURRENTS ( NEAR SURFACE CURRERTS (

NEAR SEABED CURRENBS)

0 20%
: 30

Figure8: Summary plots of current speed and directions during deploysiéatand P2.
P1: 8 June 26 July 2013 (left panel) and P2August- 13 September 2013 (right panel) at the near surface,
mid water and near the seabed, collected from the oceandg@mooring located at 24° 08' 18.96" S, 14° 01"
32.88" E. Note the different scale in the lower left panel.
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Figure9: Near seabed Aquadopp current meter data from P1
Figureshows current velocity and predominant southward flow (flowing towards-280°) but with equatorward flows (360°) around thé 18 June and 2% July.
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Figure 10Near seabed Aquadopp current meter data from P2 showing current velocity anshggmgieward and equatorward flows.
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The recorded currents are consistent with those dedlivfor the region from measurements (e.g.
Shannon 1985), and regional scale hydrodynamiclelling (Shillingtoret al. 2006). Frequency
analyses of the current data resolved into leifg) and crosshore (U) components show energy
peaks at diurnal and 3 day intervalsgure 11Figure 12Figure 13Figure 14. The presence of an
internaltide event or a tidal wave breaking at the shelf edgenéuMonteiro et al. 2005) identified in
the EIA as a possible sedimentsigspension mechanism was not evident in the 90 day dataset
analysed here. Howevdbpttom shear stress is estimated at @3 Pa, above the threshold settling
velocity (0.08°a) (P. Monteiro, CSIR, pers. comm.), implying that sedimentdwemain in
suspension at the observed higher velocity near seabed cuwntities (2B0cm/s, Figure 9 and
Figure 10). This is supported by the classical Hjulstrom cenyehttp://imnh.isu.edu/digitalatlas/
hydr/concepts/gwater/hjulstrm.htm) which shows that unconsolidételay and silt sized particles,
with specific gravities >1.8, will remain in suspension at currentitis higker than 20cm/s. POM
typically has a lower specific gravity (~1.1 to 1.4, Parsbak 1977), and will be less likely to deposit
in the observed current velocities. Therefore, over the periocheasurement, current conditions
were such that accumulatio of sedimenting particulate organic matter such as phytoplankton
detritus and zooplankton faecal pellets, from upper water columnkiam communities would not
have occurred.
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Figure 11Crossshelf (U) velocity spectra recorded at B0and 5m depth during P1
These spectrahow most variability is ascribed to long period (>3 daysjuations, daily motions possibly
indicative of inertial cycles are the next most important. Motionsuoéng twice per day were only the third
most important explanations of cross shelf variability.
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Figure 12Crossshelf (U) velocity spectra as recorded in P2 atr58nd 5m depth
Inertial frequencies account for the majority of variability atfaQwith a secondary peak close to the M2 tide as
well as longer period (>3 days) fluctuationsn ¥ariability in Uis highest at longer period fluctuationtofeed
by inertial and twice daily fluattions.
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Figure 13Alongshore velocity (V) spectra for P1 retmd at 50m and 5m water depth
These spectrahow the dominance of long period fluctuations (>3 days), the secondanrtance of daily
motions (including inertial cycles) and then the third most important fluituma occurred twice daily.
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Figure 14 Alongshore velocity (V) spectra for P2 atd@nd 5m depth
The spectrahow a clear peak in longer period (>3 day) fluctuations, the dailydtiohs were the next most
important sourceof variability (especially at 58 depth) , followed by the twice daily tidal fluctuations.

4.1.2 Water Column Properties

4.1.2.1 Water Masses

Thetemperaturd salinity (T/S) characteristics of the water mass present in the suavea during the
survey periodare shownn in the context of historical data for the regionkigurel5. There is close
alignment between the two data sets although the verification perggivey measurements lie
towards the cooler side of the historical data. This notwithstandthg water nass is clearly
characteristic of Soutitlantic Central Water (SACW).

Inspection of the temperature, salinity and oxygen time series dadm the first measurement
period of the oceanographic mooring (HAgurel16) indicates that there are two source$ SACW
present, one from the Cape Basin (fresh, cool and relatively wgfjemated) and the other which
originates in the tropics (salty, warmer and oxygen deficient). T¢soldied oxygen concentrations
and salinity measurements for the first periodtbé mooring data show that the northward flowing
water is associated with ventilation events (e.g-208 June inFigure 16) where predominantly
fresher and more oxygenated water flows into the region from @ape Basin while southward flow
is associated with SACW from a tropical source, this is consisténiAgitteiro et al. (2006). During
P2 southward flow was more common and the tropical source ofW\BAL reflected in the
temperature and salinity time series data (oxygen data for P2 were milabledue to equipment
malfunction) Figurel?).
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Figure 15T/S diagram showing the results from the CTD profile data collehiedg the verification survey
The survey datéblack dotspare plottedagainst the regional/B data aavailable from the SADCO database (Data courtesy of Louise Wattjr@&iBy plotted in ODV
(Ocean Data Viewer). The col@galeis representative of water depth in mes. [n=71379]
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Figure 16P1 near seabed RER Ddata.
The datashow the relationship between temperature, salinity and oxygen iniigdahe different sources of SACW water and isolatedidiity events
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Figure 17P2 near seabed RER Ddata

The datashow the limited number of turbidity events, as well as the relatigmsletween temperature and salinity.
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In terms of system variability, a possible soliton event (wheresat speed and direction are found
to change rapidly wer a very short period of time (few hours)), was recorded dhdiily 2013 (P1)
Such events may have implications for the engineering design of theagreguipment. The event
was evident in temperature, current speed and direction, DO and tyaleadings from the moored
instrumentation where it was associated with coolegsiner, more oxygenated wateFifjure18).
The possible soliton event did not appear to result in a significant incredsgbidity at the mooring
site.

CROSS-SHORE VELOCITY AND TEMPERATURE
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Figure 18Crossshelf (U) velocity and temperature record from P1
showing a possible soliton event on”fLTuIy 2013.
This event involved an atypical change in speed and directioreafeocity field as well as the temperature
over a very short peraof time (few hours).

4.1.2.2 Temperature and Dissolved Oxygen

The temperature and dissolved oxygen profiles collected duringti®P Stasurvey suggest that
the depth of the upper mixed layer (UML) varied during the surveipge This UML, depicted by
uniform temperature and high oxygen valu@sgurel9), extended to a depth of between 20 and
30m in the water column. As the measurements were made at six stabwer a five day period
(between 268' and 30" June 2013) these changes in UML depth indicate short term variabitine
system. Below the normoxic (DO > 2® I UML thermocline temperature decreased and oxygen
values fell to hypoxic values (<248P )Kat approximately 12énh depth, declining fither to severe
hypoxia ,<0.5u P |, Knear the seafloor (e.g. Sth VSHgure20). The time series data from the
moored instrumentation showed that near sea floor oxygen conceininatwere persistently in the

% The terminology established by Diaz and Rosenberg (1995) is used here where normoRia #41Qu P 1t 2.8 uP |K
hypoxia = 2.8u P | £ zero and anoxia is zero oxygen.
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severe hypoxia range (mea®.3 u P [)Kout inceased to hypoxic levels (~1.10P |,K35uM/l) during
the ventilation event on 120 June (Figurgo).
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Figure 19 Temperature (upper panel) and salinity (lower panel) profiles measured in theysarea.
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Figure 200xygen profiles measured in the survey area.

4.1.2.3 Turbidity

Turbidity levels were generally low (KTU) throughout both mooring measurement perioBg(re
16 and Figurel?) as well as through the water columidure21). Slight elevations in surface and
seafloor turbidity readings from the CTD profiles may be linked ¢octipture of dust particles at the
surface and possibly low level turbidity in the benthic boundargrlaiue to elevated suspended
sediments (e.g. Inthorat al. 2006).
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Figure 21 Turhidity profiles measured in the survey areag¥s units are NTU).

Isolated elevations in turbidity were recorded near the seabed duriveg R1 and P2 current
measuring periods. The period median value for P1 wasNIQI however two occasions of
elevaed turbidity were noted, where readings in excess of BHW were recorded. The first of
these occurred on the 17of June and lasted for a few hours, while the second extended acrliss 20
and 2£' July, and was associated with turbiditf09NTU increasing to a peak of ~490U close to
midnight on the 28 July Figure16). During P2 the median turbidity value was &L with
increases in excess of 2R0U noted on three occasionsigure17). These included a prolonged
period of inceased turbidity at the beginning of the measurement period (extegdiver 2° and 3°
August) with a maximum value exceedin@0DNTU. Elevated NTU levels peaking at oveM800
were also evident for a few hours on th8 Bugust, and then on the 17August turbidity levels rose
steadily over a few hours to peak at ~ 300 NTU.

No clear trend between current speed and direction (acceleration ochiniy events) and turbidity
levels was identified throughout the current measurement periodh@lgh the two events
identified in P1 did coincide with changing current direction) similaintborn et al. (2006). It
appears that the recorded elevated turbidity events were generatedhéurafield and then advected
across the survey are&i@ure9, FigurelO, Figurel6, andFigurel?). Particles associated with these
apparently farfield generated events (as well as those suspended frorevemgs originating within
the survey area) are not expected to settle on the seaftddhe survey area, as the bed shetess
was 0.20.3Pa (Dr P. MonteiroCSIRpers. comn), which is greater than the 0.0%a required to re
suspend the particle sizes that were encounterethia study (se&ectiord.2).
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4.1.2.4 Nutrients

The measures of inorganic nutrient concentrationsemtdld from water samples at the various

depths in the water column are summarisediiablel.

SECTION C, SPECIALIST STUDIES
C2.1 Water Column and Sediments

Tablel: Mean dissolved nitrogen and phosphorus concentrations and the resultant Redfielsl aasociated
with water samples collected during the verificatisurvey.

Sample depth NH;:-N NO;+NO-N Phosphate Rgg;'iild
(m) RPIK RPIK RPIK

1 28.00 179.33 20.67 21.75
10 28.00 154.50 21.33 18.48
20 25.00 145.67 20.33 18.10
50 24.67 200.67 28.50 17.22
100 20.00 273.33 40.00 16.18
Bottom Bin (185 25.50 314.33 44.17 16.98
200m)

Survey Mean 25.19 211.31 29.17 17.71

As expected nitrat@itrogen and phosphatphosphorus increased with depth, attaining highest
concentrations near the base of the water coluniRedfield ratios, calculated as moles ammonia and

nitrate-nitrogen/moles phosphate phosphorus, ranged from 16 to 22 aitkater column average of

17.7. The upper water column ratios (20and above) indicate a slight elevation from the classical

value 0f16:1 implying that phosphorus may be marginally reduced. The datingited in space and
time and cannot be generalised to the region or longer time periods feonths or seasons).

4.1.2.5 Phytoplankton Biomass

Fluorescence levels are elevated in the UMLisaexpected in post upwelling conditiosglre22).
The six CTD profiles indicate variability in the depth of the phgidgdn biomass maximum which
could be linked to changes in phytoplankton buoyancy. The fluoresdevels decrease below

100m.

© NMP2014

November 2014

Page27



Sandpiper Project Verification Programme
Volume 1 Main Report

SECTION C, SPECIALIST STUDIES
C2.1 Water Column and Sediments

-100

Depth (m)

150} |

vsﬂél!
——— 509
vs14
— 515
vs20
vs25|

-200

=250 L !
0 0.5 1 15 2 25 3

pe/l

Figure 22Chlorophyll fluorescence profiles measured in the survey arexitxunits arehlorophylla
equivalents inR P).K

4.1.2.6 Heavy Metals

Heavy metal concentrations in the water samples collected at wairitepths in the water column
during theverification survey were uniformly low. Aluminium, cadmiummoeium, copper, lead,
mercury, manganese and nickel were all present at concentrati@ewbthe detection limits
(Detection limits: 0.5R P [¢admium, chromium, lead, manganese, nickef)gAK(mercury, copper),
5 R P |(&uminium)) and none of the measured metal concentrations exceededBCLME water
quality guideline threshold values available for the region (CSIR 2006).

4.2 SEDIMENTS

4.2.1 Sediment particle size

The textural classification of theudicial sediments sampled by Day grab and the underlying
sediments sampled by gravity core at the 26 sample sites are shoWwigure23 and Figure 24
respectively (GRADISTAT v.8 (Blot 2610))

* Note: In this study sediment particle sizes were measured by laser aiffreetry. The algorithms used for image
processing required that sediment particle sizes082um ESD were excluded from analysis. Consequently gravel
sized particles, mainly the largeredhdebris, have not been estimated.
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Figure 23Ternary diagram showing surficial sediment texture classifiogDay grab samples)
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Figure 24 Ternary diagram showing subsurface sediment texture (Gravity corples)

Surficial sediments textures are classed as silty sand and the underlyiegainills into the silty
sand to silt range.

These differences are reflected in particle size distribution péigure25 and Figure26), which
show that although the modal size is higher in core samples tlgege stronger contribution of
sediments of <1@m particle size. This is confirmed time box and whisker plot comparing the
median ([3,) sediment particle sizes between the subsurface core sampletharsirficial layer grab
samples(Figure27). In both cases the distributions are skewed towards the smaller padizée
ranges but thiss more dramatically so in the core samples than is evident in theyidéysamples of
the surficial sediments.
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Figure 25Particle size distribution plot for Day grab samples of catfsediments in the survey area
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Figure 26Particle size distribution plot for gravity core samples of subsaréacliiments in the survey area
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Figure 27Box/whisker plot showing medians, intquartile ranges and outliers of sediment particle sizg D
values for gravity core and grab samptliments in the survey area.

Day grab and gravity core deployments showed that surficial ssdifayers frequently included
dense shell layers, to the point that repeat deployment attempésl to be made to obtain the
required samples Figure 28hows an example of this (Grab sample #SP1VS23) in contrastds a |
shell loaded silty sand sample (Grab sample #SP1VS20).
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Figure 28Grab sample photographs showing the shelly (top panel) and sandy silt (bottom pahe® of the
Day grab samples cotled during the verification survey.

Gravity core deployments indicate that shell was denser on theegasibundary of the survey area
than sample sites further to the west. However, this is not apparent irhtvezontal distributions of
surficial sednent Dy, values (median particle sizes) which indicate a less systematic pafigurg
29). Given the scale of the survey area relative to that of pinecesses controlling sediment
distributions in midto outer-continental shelf areas this result & be expected.
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Figure 29Distribution of surficial sediment (Day grab samples)
median particle size gg) across the survey area.
The sample sites are shown by filled yellow circles (note that thesglathe macrofaungest and reference
sites (n = 12); the blue arrow shows north.

4.2.2 Sediment organic content and associated properties

The sediment particulate organic matter (POM) content and thated metrics of organic carbon
(POC) and total nitrogen (POddncentrations, oxidation/reduction potential (ORBhd acid volatile
sulphide (AVS) concentrations measured across the target nilejpidy in the survey area are listed
in Table2 andTable 3

® Core samples only
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Table2: Surficial sediment properties in the survey a(Bmy grab samples). Note that acid volatile sulphide
(AVS) was below the concentration threshold {@&ol/kg) of the analytical procedure employed.

Moisture POM POC PON AVS

Metric % Ty % BEEryeE— C:N : Mikg
Mean 39.66 7.41 7.43 0.81 11.39 nd
SD 4,78 1.74 3.03 0.35 3.73 nd
n 26 26 26 26 26 26

Table3: Subsurface sediment properties in the survey area (gravity core samplote that nitrate and
phosphate were measured in pore water extracts

Metric Moisture | POM | POC | PON CN ORP AVS Nitrate Phosphate
% % % % mV mM/kg pg/ K pg/l
Mean 35.85 746 | 6.62 | 0.44 | 19.85 | 70.80 1.67 155.87 209.19
SD 15.07 3.06 | 248 | 0.19 | 12.75 | 24.18 1.06 97.70 362.49
n 137 54 137 137 137 137 53 137 39

The mean moisture content, POM and POC concentratioms simnilar between théwo sediment
layers. Total nitrogen (PON) was elevated in the surficial sedimentsvM3iivas below the analytical
detection limit. AVS, although detectable in the subsurfacensents, was low. Molar C:N ratios in
both sediment layers were high, indicaiof relatively refractory organic matter. This metric was
higher in the subsurface sediments consistent with a longer buriadgbes would be expected from
the origin of the ore body (Compton 2012).

In the subsurface sedimeni{@able 3 the redoxpotential (ORP) measurements indicate that the
sediment body is hypoxic (dissolved oxygen levels witiensediment body are less than 2.8° | K
but greater than zero) (e.g. Palmeti al. 2014). However, bottom waters were characterised by
severe hypoxigDO <0.5u P I)kover most of the measurement period and it would be expected that
pore waters would be similarly low in oxygen. Given this, it is pes$ibt considered to be unlikely,
that the core sediment samples were exposed to the atmosphere duhiagQRP measurement
process and linked oxygen flux into the sediment produced the elevateldxreotential
measurements. The presence of nitratitrogen in the sediment pore waters from cores collected t
a depth of over 2n indicates that, even if seveyehypoxic the sediments were not sulphidic as
nitrate-nitrogen and hydrogen sulphide do not coexist (Brichest al 2003). This is further
supported by the observed low AVS concentrations.

The subsurface sediment pore water contained moderate nitréi®gen concentrations but high
phosphatephosphorus concentration§Table 3. The latter is to be expected as the sediments
sampled are part of a pelletal phosphate ore body. A conseguehthis phosphorus enrichment is
that the pore waters show a consgichble departure from the water column Redfield ratio observed
in the survey area (8.2 vs 17Tablel). The moisture content of the sediment is low, however,
indicating that the affected pore water volume is also low (litB&s/m? sediment).

4.2.3 Heavymetal concentrations
The heavy metal concentrations measured in the surficial seditaget (Day grab samples) and in
the underlying sediments (gravity core samples) across the tangeng depth are summarised and

compared against BCLME sediment qualitideline concentrations (BCLME 2006 &ble4. This
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table shows that for all elements, except for manganese and meraogcentrations in the
subsurface layers were higher than those in the surficial setsndhis is partly ascribed to the
dilution effects of dense shell aggregations on heavy metal concentratiacthe isurficial layers. The
median concentrations of five of the metals measuredhea sediment body exceeded the toxicity
effect concentration thresholds for the region as defined in BEIRD06). Chromium and copper
were higher than the recommended guideline level (equivalent to thestold effect level, TEL,
above which toxicity effects may occur) while arsenic, cadmium @hetlnexceeded the probable
effect level (PEL). Although thencentration values of many heavy metals exceeded TELSs,ttl# ac
bioavailabilty of these was found to be very Ifliable 5) Additionally, similar to the metals AVS was
undetectable in the surficial sediments but occurred at measurableararations in the subsurface
sediments and was in exceedance of the simultaneously extracial (SEM) levels.

Table4: Median heavy metal concentrations (mg/kg), AVS andG?qEM/kg) for Day grab (surficial sediments)
and gravity core (subsurface sediments) samples in the survey area

The heavy metal concentrations are compared withB@&_ME regional sediment quality guideline
concentrations (mg/kg). Elements in bold type exceed recommended guideieME RGL) concentrations
whilst those in bold red type excegdobable effects level threshold concentrations (BCLME PEL).

Day Grab Samples (n[ Gravity Core Samples (BCLME RGL
Metal / Property 26) =136) TEL) BCLME PH
Al 5106.00 14855.00 - -
As 46.88 51.65 7.24 41.60
Ba 39.34 61.99 - -
Cd 13.85 21.40 0.68 4.21
Co 3.21 5.53 - -
Cr 120.60 155.12 52.30 160.00
Cu 21.89 35.50 18.70 108.00
Fe 9516.22 18460.00 - -
Mn 30.35 14.25 - -
Hg 0.10 0.07 0.13 0.70
Ni 46.99 77.63 15.90 42.80
Pb 7.90 23.35 30.20 112.00
V 29.58 50.21 - -
Zn 26.51 53.67 124.00 271.00
AVS - 1.97
SEM (Divalents) 0.14 0.15
SEM/AVS - 0.09

Heavy metals in the surficial sedimentsvary with aluminium with most of their variability being
explained to varying extents by the distribution of this proxy day mineralsRigure 8). Clay
minerals would be imported into the area via atmospheric dust fallout fandal input. Hence it is
probable that the heavy metals have a terrigenous origin. Cadmiwgs dot conform to this model
as its relationship with aluminium is weak. &uers et al (2005) attribute high cadmium

® SEM is calculated as the sum of the concentrations of the divalent metalsuCHj,®b and Zn extracted in the acid
fraction along with AVS (Di Toebal. 1992)
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concentrations in Namibian continental shelf sediments to cycles®fadtgassing and sulphidation
of the lower water column. This triggers precipitation of cadmiunC@S) and sedimentation along
with POM from phytoplankton. Similar nowonformity has been reported for cadmium in the
biologically productive Saldanha and St. Helena Bays on the SeigdnA#est coast (CSIR 2010);
here sequestration in the sediments may be mediated via sedimgrsenescent phgplankton as
opposed to precipitation as a sulphide.

Despite their apparent natural, as opposed to anthropogerigimm the heavy metals that exceed the
established sediment quality guidelines for the region (BCRMIB) represent an apparent toxicity
risk. This risk is primarily linked to whether or not the metals are bitzdlaito marine organisms;
exposures being either through the aqueous (dissolved) phase, aut dilgestion of heavy metals
bound to POM (Wang, 2002). Dissolution can occur when metals are noblfiiise the particulate
into the dissoled form (e.g. Di Toret al. 1992 and others) through, e.g., disturbances to the seabed
resulting from natural processes such as methane ebullitiorh@mugh direct disturbances such as
those caused by dredging and demersal trawling. Metal dissolugispe€ially that of divalent
metals) is affected by the presence of free sulphides as these badily with the metals causing
rapid reprecipitation as insoluble metaulphides. The availability of other metal binding sites such
as iron and manganeseydiroxides, and particulate organic matter either individually or (more
frequently) in metalorganic complexes also affects metal dissolution.

The potential for the heavy metals that exceed the BCLME sediguadity guideline concentrations
to become biavailable, by entering and persisting in the dissolved phase, weasured by
elutriation tests on gravity core samples (surface to over @pth in the sediment body). There was
insufficient sediment volume in most of the Day grab samplesutothese tests on the surficial
sediments, hence their exclusion from this measurement. Thaltesummarised ifiable5 indicate
that negligible proportions of the metals solubilised and that tbaaentrations of the bioavailable
fraction of the metals were well within the BCLME (2006) threshdfdcte (TEL) guideline
concentrations. Factors limiting the dissolution of metatsuld have been the presence of AVS as,
although present at low concentrations, it was in excess of the SEfibfigTable4), as described
above. Additionally other metal binding complexes such as iron and anasg hydroxides and
particulate organic matter, would have prevented the dissolutdd metals. Hence, no toxicity effects
of the identified heavy metals, including bioaccumulation and trogransfers in the marine food
chain, eitherin situor following redistribution by the mining process are expected fromemsed
concentrations in the dissolved phase.
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Figure 30Scatterplots showing the relationshipstween selected heavy metals and aluminium
a proxy for terrigenous clay minerals, in the surficial sediments Eghifpm the survey area (Day grab samples).
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Table5: Proportions (% of mass in sediment) of selected heavy metals released faoity grore samples
subjected to elutriation tests.

Core # % As % Cd % Cr % Cu % Ni % Pb
2878 0.125 0.013 0.002 0.004 0.004 0.031
2880 0.447 0.041 0.001 0.01 0.008 0.033
2880 0.373 0.021 0.001 0.006 0.006 0.023
2881 0.305 0.012 0.001 0.006 0.004 0.025
2882 0.231 0.049 0.001 0.011 0.003 0.035
2882 0.401 0.016 0.001 0.006 0.004 0.023
2883 0.378 0.093 0.001 0.01 0.006 0.032
2883 0.162 0.109 0.001 0.005 0.02 0.042
2884 1.387 0.154 0.001 0.005 0.004 0.047
2884 1.75 0.011 0.001 0.006 0.002 0.036
2888 1.55 0.177 0.001 0.013 0.006 0.04
2894 0.485 0.054 0.002 0.013 0.005 0.034
2894 2.339 0.052 0.001 0.012 0.005 0.038
Mean 0.76 0.06 0.00 0.01 0.01 0.03

Bioavailablg

Fraction 0.36 0.03 0.00 0.00 0.00 0.01
mg/kg

BCLME TEL 7.24 0.68 52.30 18.70 15.90 30.20

Toxicity effects mediated through takep of heavy metals in the particulate phase by primarily by
deposit and filter feeders requires adsorption to or association withamig particles, generally
detritus. The potential for this is unknown in the survasea. However, effects appear to be
constrained as trophic transfers in pelagic food chains probably aterat the primary consumer
level (copepods, Wang and Fisher, 1998, Wang 2002).

4.3 BENTHOS

Benthic faunal distributions were investigated in the meiofauna and of@agna size categories.
These investigations were conducted respectively by Dr Skoester of Physalia Applied Sciences,
UK (Physalia) and Dr Nina Steffani of Steffani Marine Environment Consultant ahd anbject of
independent reportgpresented as part of the verification programme (Physalia 2014, Steffad).20
For completeness, summaries of these investigations septed below.

4.4 MEIOFAUNA

A total of 135 nematode and 36 harpacticoid copepod taxa was identified fieinfauna samgs
collected at the 26 verification sites. Nematode species richnals®s/ of up to 42 species per
sample were recorded and densities of up to 30,400 nematodestpenf sediment were present
Thesedata are comparable to other offshore seabed sisorded at similar water depth. Analyses
of community structure identified six robust, coherent clusters ompwnities comprising
structurallyrelated species assemblages. The community clusters wessstent with the presence

of an environmental gradig along the weseast axis of the sampling sites. It is apparent that this
gradient in sediment granulometry, with finer sediments and silts occurare west of the survey
area and coarser sediments to the east, was the principal determinant wffameal community
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structures during the verification survey. The sediment particle aizalysis results, described
earlier, support this view although when plotting the median paatisize value for each site
(determined from the surface grabdfigure29), the trend in particle size is more complex than
suggested in the meiofauna report.

The detailed Physalia reportpsesented in Section C, Chapter G2Hysalia 2014).
4.4.1 Macrofauna

The distributions of benthic macrofauaaross the verification survey area were investigated inghre
size fraction, >000um, 5061 000um and 306600um to show the relative distributions of taxa and
biomass.The >1000 um fraction was clearly characterised by macrofaunahwbntributed 3% to

the benthos while meiofauna was sparse (7%). The smallerofiacton the other hand, were
dominated by meiofauna with 73% and 83% in the -5000 um and 30600 pm sections,
respectively. A total of 26 macrofauna species/taxasancountered in tie >1000 um fraction. The
addition of the 5061000 pum section increased the number of species to 30, with tuitianal
species being two polychaetes, , a cephalocarid anelciwproctaspecies The addition of the 300
500 pm section, however, did not addy further taxa to the macrofauna lidflacrofauna was most
abundant in the >D00 um fraction contributing >90% to the overall abundance, while tlaive
abundance of meiofauna increased drastically in the 500 um fraction asl reere so in the 300
um fraction to 83% relative abundance. The addition of the 500sim@ fraction increased the total
number of species encountered from 27 to 33 (increase of 18&tthe 300 um fraction did not add
any more species. In the >50M size fraction dotal of 3919 specimen belonging to 36 taxasv
recorded at the 15 survey sites in-EFPolychaetes were dominant, being represented by 25 taxa,
followed by crustaceans and cnidarians (three taxa each) and singldor molluscs, echinoderms,
nemertines, ectopucta and oligochaetes. The most common species was an oligechalgificidae
spp., which contributed on average 32.6% to the total abundance percsitsely followed by the
polychaete Paraprionospio pinnatg31.3%). Other common animals included thelyphaetes
Aphelochaetasp.1 (11.7%),Lumbrineris meteroan#6.6%),Diopatra monroi(4.6%), andSyllidia
armata (3%). The most common namnelid taxon was a seapen Veretellidae sp. (<1%).
Crustaceans were represented by the sandpr&vafiianassaustrdis (8 specimens in total or 0.2%
on average), an amphipo@randidierellasp. 1 (two specimens at one site), and one cephalocarid
specimen of the family Hutchinsoniellidae sp. 1. Nemertinesasaechones were represented by five
and three specimens, resgeely, while all other phyla had one specimen only.

While P. pinnataand Tubificidae spp. characterised the macrofauna communities in tefms
abundance, biomass was strongly dominated by the presence of the paigehaeteDiopatra
monroithat contribued on average 54.5% to the total biomass per site. It is endemiouthern
West Africa, where it can occur in dense concentrations of #8500 The second most important
biomasscontributor was the also relatively large. pinnata contributing 20.5%,dllowed by the
seapen (12%) and the sandpra®naustralig4.6%). All other taxa contributed insignificantly to the
biomass (<1% per taxa). This shows that more than 90% of dheofaunal biomass consisted of
five species only.

The benthos assemblagecorded in the verification survey was similar to that observeithénarea

in the initial surveys conducted thef&teffani 201Q) These communities are apparently shaped by
hypoxic conditions that are characteristic of the area as exemplifiethe doninance ofP. pinnata

as it typifies oxygewonstrained environments worldwide. The low crustacean abunda&naeaother
feature of such environments. In contrast there were some ldaens present that appear to
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require more oxic environments or, at leaspisodic exposures to these, e.g. the abundance of a
variety of large species (eD. monrg) that clearly dominate the biomass and abundance/biomass
distributions that indicate mostly undisturbed environment. Furthehe tpresence of large
polychaetes such &3. monroimay be an indicator as to whether anoxia or toxjS Hevels occur.
Such large animals can have appreciable life spans, e.g. another brepeitigs of the genuf).
marocensisis considered to have a life span of at least two years.pfésence of this species and
possibly the congeneriD. monroithus suggest that at least in the >6 month period prior to the
verification survey, conditions had not become anoxic or sulphidibe extent that lethal effects
would have been generatechdhe benthos in general or these species in particular.

4.4.2 Thiobacteria

Sulphur bacteria distributions in the MLA 170 licence area weretigaésd by Bronwyn Kirbyyext
Generation Sequencing Facility Department of Biotechnoldgiversityof Stellenbosch and are the
subject of a separate specialist report commissioned as part of #rication process. For
completeness a summary of the main findings of this investigaipresented below.

Bacterial genera involved in both sulpkaxidsation and sulphureduction were found to be
present in the samples obtained from the proposed mining afdee numbers of sulphwxidising
bacteria were lower than the numbers of sulplreducing bacteria. Sulphwxidising bacteria utilise
H,S as fueloxidising it into sulphate. This keeps thg&SHvithin the sediment, and prevents it from
being released into the water column. In contrast to this procssfphurreducing bacteria reduce
sulphate, through respiratory processes, intgSHand so are chacteristic of sediments where
higher concentrations of 43 are present (Jorgensen 1977). The presence of the sulfilising
groups of bacteria corroboratethe presence othe hypoxic sediments within the mining licence
block, as both groups are assaied with low oxygen conditions (Jorgensen 1977).

The bacterial genera involved in sulphur reduction identified in thepdes obtained included
Desulfobacteralis Desulfovibrionales Syntropobacterialis Desulfotemaculum Desulfosporomusa
and Desulfospmsinus The bacterial species involved in sulphur oxidisation incluidgedbacillus
thiooxidans Thiobacillus ferrooxidanghiobacillus denitrificarsnd Acidothiobacilluspp. In general,
Thiobacillusspecies have a low growth yield (Jorgensen & Nekfitit), which explains the lower
concentrations of sulphuoxidising bacteria in comparison to sulptreducing bacteria within the
study region. Because of these low growth yields and ldssest oxidising capabilitieg;hiobacillus
spp. are of less gifficance in the oxidisation of,H, comparedvith the large sulphur bacteria, that
have been found in the Namibian continental shelf region (Jorgenddrigon 2004, Briicheet al.
2003) . None of the large sulphate bacteria, namely from the gefki@rargarita, Beggiatoaand
Thioplocawhich have developed more specialised modes of sulphur ati@iisand that play a more
significant role in the oxidisation of,5, were found in the samples from the mining licence area
(MLA 170).

The sediment propemis analysed in this verification survey indicate that there are low atadile
sulphide (AVS) concentrations in the sediment. AVS is used as a @rabds fproduction and
sulphate reduction. The apparent low levels gSHroduction and sulphate redimh occurring
within sediments in the mining area corroborate the absence of latdgehur bacteria within the
samples and would suggest that the levels ¢b Hux within the area are too low to support large
populations of these bacteria. Instead lessngmicuous sulphuoxidising bacteria, such as
Thiobacilluspp. are active.
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5 DISCUSSION

The purpose of the survey described in this report was to examine aifg, w& contradict, the main
conclusions of the NMP Marine Phosphate Mining EIA spealdy (Lwandle 2012 in NMP 2012).
The pivotal issue and expressed uncertainty by the variouswexseof the specialist study was the
nature of the seabed in the proposed mining area, especially in tefraghether it supported an
appreciable sulphide fluand linked environmental processes. This aspect is addressadjththe
discussion of the above findings in conjunction with assessmentgded to this study by DP.
Monteiro, CSIR, South Afrida (itt) The balance of the issues raised during review of the original
specialist report to the EIA are also summarised.

Monteiro (in litt.) evaluated the potential releases of sulphide from the sediments fromswurces;
that linked to organic loading to the sediments and from oxidatibiton pyritegFe$) in suspended
sediment (turbidity plumes) in the water column.

In the first instance Monteiro examined the core hypothesig tha area surveyed in the verification
study has characteristics typical of the inner continental shelf biogearticulate matter enriched
mud belts, hereafter referred to generically as mud, extending noftl24°S and an alternate
hypothesis thatsulphate reduction, an important characteristic of the mud beltisimal because
turbulence in the benthic boundary lay limits accumulation of pelagically produced particulate
matter (POM) and associated particulate organic carbon and mitrofpata and information used
were those summarised in this report and the peer reviewed published investiga on the
Namibian continental shelf mud belts (Monteiat al, 2005, 2006; van der Plas al. 2007 and
Brichertet al. 2003).

The Namibian cross shelf %POM and bathymetry characteristicsllamsviiee positions of the 22°S
line of stations investigated by van der Réasl. (2006) are shown iRigure 31 This study showed
that the inshore mud belt sediments were characterizgd elevated POM (>15%) and molar C:N
ratios <9. These are indicative of a high flux of relatively fresh playtkion into the sediments of
the mud belt. In contrast, sediments offshore of the mud belt supfower POM ( <10%) and higher
C:N ratios (>9), implying a lower supply, or less retention, lafglly produced organic carbon and
that this is older, refractory material. Further, AVS,raxg for hydrogen sulphide (F$roduction
(sulphate (S reduction) is low (<BWMol/kg) in low POM environments but elevated to
8-22 mMol/kg in high POM sediments.
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Figure 31Namibian crosshelf POM distributions (from Bremner 1978) and the locatmfithe 22°S station
transect (edrawn fromvan der Plast al. 2007)

Bruchertet al (2003) measured S@eduction and pore water H8oncentrations on a transect
across thecontinental shelf between 225 and 23%. Their results showed that S@duction rates
were very high at 308 000nMol/cm?®/day in the upper 1@m of the mud belt sediments but outside
of this declined sharply to-20nMol. Correspondingly pore water HSoncentrations were
~10mMol/l in the mud belt sediments but an order of magnitudsd@ffshore of the mud belt.

The Brichertet al (2003) investigation also showed that the transition between muddmeititions
and the lower POC concentration offshovas sharp as summarisedTiable6. This leads to the
general statement that, when water depth is >1%B0and nitratenitrogen concentrations rise above
zero, H3n the benthic boundary layer is zero.

Table6: Benthic boundary layer properties acrabe Namibian continental shelf (from Bruchest al. 2003).

. Latitude Longitude Water Suphide NO; + NQ
Station # S £ Depth (m) O, (UM) (M) (M)
1 22:51.9 14.28.9’ 25 0.0 26.6 0.0
2 22-48.9’ 14.26.9’ 40 0.0 30.1 0.0
3 22-38.5 14.17.5 75 0.0 40.7 0.0
4 22:24.9’ 14.03.1 100 0.0 28.7 1.2
5 22:41.00 13.56.2’ 125 0.0 7.0 0.0
6 23-01.9’ 13.44.8’ 150 3.3 0.0 1.4
7 23-10.0° 13.31.8’ 200 3.0 0.0 22.7
© NMP2014
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In addition to the presence of dissolved oxygen and nitrates, POMatidd also affect H8luxes

into the benthic boundary layer in that where C:N is <9isifresent but not so when C:N is >9
(Figure32).
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Figure 32Relationship between POM C:N ratios andmmonium (Nk) and b)hydrogen sulphide (%)
concentrations in the benthic boundary layer (van der Btaa. 2007).
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In summary the following is apparent from the research synthdsibeve:
¥ The organic rich mud belt has a unique set of biogeochemical intscato
— Low C:N ratio (<9)
— ElevatedHS production (100- 1000nMol/cm?®/day)
— Elevated H®oncentrations in the benthic boundary layerdG0uMol/l)
— Elevated AVS > 5mMol+{25) in the sediments
¥ The refractive offshore belt is characterized by:
— Higher C:N>9
— HSproduction < 1nMol/criyd
— HSconcentrations in the benthic boundary layer < 1uMol/l
— Low AVS < @5mMol) in the sediments

These features validate the employment of AVS as an order of magnitudatordof proxy for HS
fluxes from Namibian continental shelf sediments.

The verification survey of sediment properties (both surficial amd-ssirface) in the proposed
pelletal phosphorus mining area where water depths are 13 0m has demonstrated the
following:
— High C:N ratios in the sediments indicative of refractory POM
— Very low AVS concentrations and, from the above, predicted lazetto flux of HSnto
the benthic boundary layer, and
— Elevated nitrate concentrations at the base of the watelumn and in the sediment
pore water supporting the contention that Hix is zero as the two compounds do not
coexist (Brucheret al. 2003).

A process contributing to this condition is the measured high shear staiefiye seafloor, this being
two orders of magnitude higher than that required to erode sedimenB@M. Consequently even if
fresh, labile low C:N ratio POM was to reach the seabed in this area itkislynifi the measured

current conditions persist over time, that it would remain there accumulate sufficiently to

materially alter the location’sibgeochemical conditions.

From the above it is concluded that the proposed mine g®@l/ML 170)does not show the
characteristics of the mud belt and the S@duction and therefore H3lux from the sediments
would be minimal; i.e. the core hypothesssrejected and the alternative applies. This supports the
conclusion of the EIA specialist study that environmental risks oingniby dredging would be
physical as opposed to biogeochemical.

Monteiro (in litt) raises the caveat that his conclusions besed on conditions measured at the
proposed mining site in winter and may be different especially in late mwien dissolved
oxygen advection into the area (ventilation) may be reduced duéhé dominance of poleward
flows of SACW from the Angola region. Whether there would be markedlyedifféuxes is moot
however as the main controlling factor for POM deposition is currerticitgl and regional data
indicate that these would be mostly higher than dfi/s. These are sufficient to maintain even
coase silt sized particles with specific gravities >1.8 in suspension

With respect to oxidation of iron pyrite in sediment resuspended duringngi(dredging) Monteiro
examined the implicit assumption apparent in the Lwandle (2012)assent that this compound is
stable over time scales that are much larger than the mining arsgdementation time scales. The
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potential oxidation was evaluated under aerobic conditions, as wamddur with sediment
discharged from the dredger as part of the lean watereagating turbidity plumes in the upper
mixed layer of the water column, and hypoxic/anaerobinditons at the base of the water column.

Oxidation of iron pyrite under aerobic conditions

There are two questions central to aerobic oxidation of iron pyvithich are important because they
constrain the rate at which pyrite oxidation impacts on digsd oxygen:

1. what determines the rate?
2. What is the geochemical fate of the sulphur fraction of the pgrite

Geochemical experimental studies on the oxidatiémpyrite under aerobic conditions indicate that
the key factor that determines the rate is the mineral particle siz¢he sediment (Morse, 1991).
The oxidation rate was shown to be sensitive to the surtaea : volume ratio (A/Mym. Broadly,
small @rticles (<jum) oxidized on time scales of hours to days-(30%/d) and larger particles
>1..us }AE] ]l }v3lu ¢ 0« }( ulveD33%/d. E- ~iXi

Overall, the rate (R) expression is summarized as:
R (mol/hour/pyritegrain) = r*k¢*r?

Where:
r=9.23 mol/ni (Oxygen saturation)

ke rate constant (3.07x10mol/h), and
r —radius (m)

This expression has been used experimentally to determine the meanofathe pyrite particles in
the sediment. The main outcome from this study thaelsvant to the NMP study is that the upper
boundary of pyrite that is expected to oxidize within time sc#fed are meaningful for the mining
activity (< 16-30 days) is small probably ~ 10% of the pyrite load in the sedimehits needs to be
constrained from samples.

The biogeochemical fate of sulphur is important because ointipact that it has on oxygen demand.

In this respect it is not appropriate to assume thermodynamigildmiium to link the fate of sulphur

to oxygen demand i natural seawater system. This is the case because of the kinetic activation
barrier related to the stability of the intermediate products for gey (Q superoxide) and sulphur
(HS - radical) (Maet al. 2006; Luthetet al. 2010). Under aerobic conditions the mairoduct of
sulphur oxidation is S(0) or elemental sulphur rather thasf $daet al. 2006).

The two possible reaction pathways are:

O, +HS &£O +HS Equation 1

O, + HSAS(0) + H2© Equation 2
In the Eq. 1 reaction, as describeatlier, the two unfavourable intermediate products resulting from
a single electron transfer to form,Ompose a kinetic control of the reaction. The main reason is the
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electron structure of oxygen where two singly occupied (pi*)-Bohding molecular orbitals exist
(Lutheret al. 2010). The main difference between the two reactions is thatuhfavourable one
involves a single electron transfer whereas the secondvijatectron transfer (Lutheet al. 2010).

The thermodynamics of the one and tvetectron transfers are depicted iRigure33, reproduced
from Figure 3 in Lutheet al. 2010. It shows how the-éectron transfers are associated with
favourable negative Gibbs free energy compared to the positive shifhéosingle electron transfer
via the supeioxide pathway. The twelectron transfer is thermodynamically more viable but
kinetically slow because of the electron spin pairing problem.

Reaction coordinate by electron transferred tp O

Figure 33Thermodynamics of stepwisiidation reactions for @oxidation with HS for both one and two
electron transfer reactions. At zero electrons transferr@g; is the sum of the standard
58 P'£Aou- (QE E 3]}v} pE-X
(Reproduced from Luthest al. (2010)

The reason withe two-electron transfer explanation is important is that it highlights wkygen in

the water does not directly oxidize ReRather it requires the mediation of adsorbed Fe(ll) on the
pyrite (Moses and Herman, 1991). This is depicted in the reaction meohacheme shown in
Figure 34, reproduced from Figure 8 in Moses and Herman)1991
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Figure 34 The mechanism explaining the indirect role of oxygen and the catalytic raldsofbed Fe(ll) in the
oxidation of pyrite (from Figure 8 in Moses and Herman, 1991)

Figure 34 sows that in the first step dissolved oxygen (O=0) is involved in &lwetron transfer
from two adjacent Fe(ll) ions adsorbed onto the He$rite surface). The product of this step is the
oxidation of Fe(ll) to Fe(Iffom the electron transfer and the release ofd as a reaction product
(not shown) which dissociates intg® and @ (Moses and Herman, 1991; Luttedral. 2010). The
subsequent transfer of an electron from S to Fe(lll) resultsénfdimation of a peially oxidized
S©OH and the concomitant regeneration of the reduced Fe(ll)hisnway the adsorbed Fe(ll) plays a
catalytic role which is seffenerating (Moses and Herman, 1991; &tal 2006).

These reaction models are simplifications of therenoomplex and biologically mediated natural
systems but they indicate thatvhether the oxidation is mediated by Fe catalysis or biologjc¢hty
challenge is to overcome the electron spiairing problem of the oxygen molecule. The contrast
between these two mechanisms is highlighted by the rates:
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X Fe catalysis: k: 450 uMol/d
x Biomediation (chemolithotrophic): k: 5x36-5x1d pMol/d

In summary, FeS®xidation is kinetically controlled and oxidation is via waterived oxygen rather
than direct clemical interaction with dissolved oxygen. The overall rate and exteneaktiction
under aerobic conditions is governed by the A/V ratio, which togetbith the percentage particle
size distribution will govern the overall rates of oxidation &aéxtent.

Oxidation of iron pyrite under anaerobic conditions

Under suboxic and anaerobic conditions the adsorption of Fe(ll) onto thiepgurfaces blockthe
reaction sites to any further oxidation action from all efect acceptors beyond oxygen (Mgssand
Herman, 1991; Mat al 2006; Lutheret al. 2010). No significant pyrite oxidation is viable under
these conditions even if biologically mediated (Schippers amgdsen, 2002).

To summarize we pose two questions which connect pyrite fluxeptssible risk to water column
dissolved oxygen:

1. What happens to Fg3vhen it is disturbed by mining / dredging in the d®=ad but remains at
the hypoxic / anoxic selaed or within the benthic boundary layer?

No significant geochemical changes are predictvithin the benthic boundary layer beyond the
contribution that these particles make to turbidity.

2. What happens to the Fe®hen it is discharged overboard as part of the “fines” effluent from
the dredger?

The extent and rates of Fe8xidation duringthe discharge and dispersion of the Ff$es at the
surface will depend largely on the fine particle size distribution, partigullae fraction that contains
the Fegpyrite mineral phases. The most likely outcome, should thidation be measurablés an
increase in Fe(lll) and S(0) in the plume. S(0) will intensify fibetindty (albedo) of the plume in a
way that is analogous to the milky colouration of surface watdtsviing methane eruptions where
similar kinetically controlled oxidatiorf 61Sto S(0) also occurs (Weektsal.).

Monteiro (n litt.) recommends that it will beénportant to quantify the fraction of the sediment fines,
which have FeSarticles < Jum as this will give a more accurate estimate of the rates and extent
oxidation rates during the discharge of fines in mining operations.e Jihallest size fraction
measured in the sediment particle size analyses of either the grab orygcavé samples obtained in
the verification survey was <#n. In the core samples, reggentative of the bulk of sediments to be
dredged, this fraction comprises ~8% of the overall mass of the sedinodintviRg the conservative
assumption that all of the g2m fraction behaves as predicted for gth sized particles in terms of
Fe$ oxidaton rates and that pyrite is uniformly distributed across all sedimérg #&actions
indicates that ~8% of the total mass of this compound may oxidisekard and Morse (2005)
summarise AVS and FeSS ratios for marine sediments. From their data for3®0m depth
sediments coupled with the median AVS concentration for the vatiific survey gravity core data
an estimate for FeSs of 0.6432 mMol/kg of sediment is derived. This indicatestti@amount of
sulphide that may be oxidised from the g sie fraction, assuming that rates determined for the
<1um fraction apply, is 0.08Mol S/kg which is equivalent to 1.64g S/kg. Oxidation to sulphate
(SQ%) would demand ~6.tg Q/kg. However, as the probable end product of any oxidation of
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pyrite is siphur (S(0)) and only a (presently unknown) proportion of thet@yni the <2um particle
size range is predicted to oxidise within realistically short timeesc@ays), effects on ambient
dissolved oxygen concentrations are predicted to be minor.

Theevidence gained from the verification survey on the balance ofstges of concern and queries
raised by the reviewer's and addressable by the results of the veiicaurvey is summarised
below in bullet format.

X The measured currents reflected catent NW (equatorward) flow in the near surface depths,
switching between NW and S (poleward) flow at 1ohghbth and near the seabed a period of
sustained poleward flow followed by switching between poleward and equatat flows. The
near surface and seablecurrents are consistent with those predicted in the EIA. Téanes
measurements at midiepth were not available to the EIA and the verification measurements
represent new detail for the region.

Current flow velocities were variable temporally and hwidepth. In general surface flows
averaged 1¢tm/s, middepth flows ~1@&m/s and near seabed flows t8/s for poleward flow
but were lower at m/s in oscillating pole/equatorward flows. These are in general agzee
with the information in the EIA. Seabed current velocities aréhdrighan the <1@m/s
predicted by Shillingtoet al (2006) as quoted in the EIA. In the short term velocitiescr38
were recorded at the mooring implying considerable turbulencéatseafloor.

Spectral analysis of theurrent velocity data show that most of the variability residedonger
period (>3day) fluctuations with inertial and tidal periods also being important. Sheles/at
longer periods (e.g. 10 day) and lunar (~14 day periadsyi¢nteiro et al 2006) vere not
identified in the data set. The lunar tide specifically was invoked eptbbable mechanism
that prevented accumulation of pelagically produced POM inshilf sediments immediately
offshore of the nearer shore biogenic mud belt. Even in theeatss of such a mechanism,
however, the ambient current velocities measured were sufficiergxert bottom shear stress
forces well in excess of those required to suspend finer sedimeptintcles such as POM,
preventing its accumulation in the survey area (above). Thus althtiwgmechanism that was
invoked in the EIA was not demonstrated here, the consequences remaiccencide with the
conclusions in that analysis.

X The characteristics of the water masses present in the survey area beepdriod d
measurement are those dhe oxygen depleted, saline SACW flowing south in the poleward
undercurrent from the Angola gyre, and the less saline, relativaly BRACW from the Cape
Basin. The influence of the latter on ventilation of bottom water in ¢hea is clearly evident
from the temperature, salinity and dissolved oxydiene series measurements that were made.
This is consistent with the findings in the EIA.

X The upper mixed layer (UML) depths measured during the survey rdvegegen 20m and
30m. In general the UML was weakly developed over the short period @sorement. The
recorded depths are consistent with those quoted in the EIA.

x Dissolved oxygen distributions measured during the survey showedhbaiML was normoxic
and that in the sulthermocline water oxygen concentrations decreased witbpth to
~0.5uPIKAt the seafloor dissolved oxygen concentrations wereegaly below this
(demonstrating periods of severe hypoxia but, as stated abmeeased during ventilation
events (to ~1.Q u P I)KThis is consistent with the data reviewed in the EIA.
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X Turbidity both in the water column and at the seabed in the presumedhieboundary layer
near the seabed was typically low (NTU) throughout the survey period. Episodic short term
elevatins in turbidity were recorded at the base of the water column duringhbaf the
moored instrumentation measurement periods. During the first peridl) (the median value
was 1.0INTU but there were two occasions where values in excess0df'BU were recaled,
both of which had short durations (hours). In the second period of measureiff®2)t the
median turbidity level was higher at 3.5ITU compared to P1 and there were three occasions
when turbidity exceeded 208TU. Again these were short duration ewv&(itours to <2 days).

There was no clear association between the recorded turbidity tevand current speed and

direction (accelerations or switching events). The measuremanipast the conclusions of

Inthorn et al (2006), invoked in the EIA, that théserved turbidity events are derived from the
farfield, e.g. the nearer shore biogenic mud belt, and are advected pasturvey area to the

outer continental shelf and slope.

x Dissolved heavy metal concentrations in the water column were ¢tose below the detection
limits of the analytical procedures used. This is expected for the survey are vshdistant
from any industrial sources of such metals. Nutrient concentratitnat were measured were
within those recorded for the region and Redfield ratios (Molar N/P) aestdl7.71. This is
marginally higher than the classical 16:1 and may be attributable to rmmitate-nitrogen
enrichment. Both of these findings supporetigeneral contention of the EIA that water quality
in the region of the survey area is at or close to its naturagstat

X The textural classification of the survey area sediments show tlastificial sediments were a
silty sand whilst the underlying seatents were primarily silt. Clay sized material was present
but at low proportions (<8%) and this in the deeper sediments only. Thisssstent with the
results presented in the EIA.

Important aspects of the sediments were low porosity implyirfgraly packed sediment with
low pore water volumes and, especially in the eastern segments ofutiveysarea, abundant
shell material in the surficial and upper layers of the sediment. Both festwould make the
sediment body resistant to resuspension and reinforce the conclasivawn in the EIA that
local turbidity generation is probably a rare event.

X Average particulate organic matter (POM) concentrations in the suavey sediments were
7.4%, marginally higher than the upper level of 6.9% quotedergtA. C:N ratios in the POM
were 11.4 in the surficial layers and higher at 19.8 in the underlyinigneats. These ratios are
indicative of refractory organic matter and are consistent with the ptadis made in the EIA.
The gradient between the sedime layers is attributed to deposition and incorporation of
minor amounts of fresher POM on the sediment surface, dilutirg‘fase’ aged, refractory
material, but due to limited sediment turnover this effect does Batend into the subsurface
layers.

X Inorganic nutrient concentrations in the sediment pore waters averadsl R P fét nitrogen
(ammonia + nitrite + nitrata@itrogen) and 209R P f& phosphorus. The latter is considerably
enriched compared with the overlying water column and there igresicerable departure from
the classical Redfield ratio of 16 and that measured in the overlyingrwatumn (17.7). The
phosphorus enrichment is attributed to enrichment from the pellgthosphate ore body. Pore
water volumes are low, due to the low sedimepbrosity, and therefore significant
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modifications to upper water column Redfield ratios through trarefion of pore water to the
surface are not expected to occur.

X The range of measurements indicative of the oxidative state of tiémsmnts included ORP
nitrate-nitrogen and AVS. ORP was moderately high+@8®mv) throughout all of the
sediment core samples implying that they were hypoxic (but note tlreata on this variable
above). The presence of nitratetrogen in the sediment pore water suppottss as it converts
to ammonia in anoxic conditions. AVS was below detection levéie isurficial sediments and
averaged <IMol/kg in the subsurface layers. The absence of AVS is considieimyyoxia as
free sulphide is oxidized to sulphate (S the presence of oxygen. This implies that the
surficial sediments were hypoxic during the period of meaner® and that this may have
extended to the deeper layers but this is equivocal to atemt due to the presence of low
levels of AVS. These sgppthe conclusion on sediment properties in the EIA, i.e. sedisien
the proposed mining area were probably hypoxic and would have low sulphides fassociated
with them.

X Heavy metal concentrations in both surficial and subsurface sedinseipigort rdatively high
concentrations of arsenic, cadmium, chromium, copper and nidkgh concentrations of
cadmium and nickel were predicted in the EIA. The bioavailability sétheavy metals in the
dissolved phase was investigated by elutriation tests agligible proportions were released.
This is possibly due to their precipitation as insoluble sulphidealthsugh concentrations in
the tested (subsurface) sediments were low, AVS was prestelevels well in excess of the
simultaneously extracted metgSEM) fractionlron was abundant in both of the sediment
layers and scavenging of the metals from the dissolved phas@mhydroxides and organic
complexes is another possible sink.

The low release of the metals into the dissolved phase indicatesatkiugh their natural
concentrations exceeded the sediment quality guidelines for #ggon (BCLME 2006), they do
not represent a toxicity risk eithém situor following physical disturbance in this phase.

Transfers into deposit feeding biota via particle ingestion and #datiom of heavy metals
possibly associated with POM represent another trajectory otiiyxrisk. For example Wang
and Fisher (1998) showed that while uptake of cadmium by a planktopiepod was mostly
via the dissolved phase more than 50% of the zinc body burden btaged from ingested
food. Leeet al (2000) found a link between cadmium body burdens in benthic molluscs and
polychaetes and concentrations of this metal in sedimelmtghis case there was an excess of
AVS present implying that even in the apparently stable sutpsidte cadmium was available
to these fauna. These results are a prelude to Routal (2006) who showed that demersal
fish inhabiting sedimentary areas with relatively high authigenic cadmiaah élevated
concentrations of cadmium in their livers compared to the same spéciasareas with lower
authigenic cadmium levels. These authors concluded thattakeas via predation on benthic
invertebrates.

Trophic transfers of heavy metals in pelagic food chains, pla@ton/zooplankton (mainly
copepods)/fish, show bidiminution, as opposed to bimagnification, due to the efflux of
metals by copepods and low assimilation efficiencies in fish (Wa@8.2n contrast benthic
food chains comprising deposit feeders and predatory whelks showmagnification of metal
concentrations primarily due to effective sequestration of dietarytatgee by whelks (Wang
2002).
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Namibian continental shelf sediments are characterised by elevated cadcoucentrations
(Chapman and Shannon 1985) and, although no empirical data could be saurtlid,fit is
probable that resident demersal fish such as hake and monkfish would natiizak elevated
cadmium concentrationsitheir livers and that the observations of Wang (2002) would apply to
the benthic food chain. If present these patterns would extend actbesregion and the
proposed NMP mining operations would not affect them. Trophic teaesdf heavy metals
associatd with sediment plumes generated in the water column by the propgesiing would
include ingestion/takeup by planktonic copepods and be interrupted at this stage. Note that
the diminution would be partly due to rates of digestion of food particleéasdplenger than gut
passage leading to loss of metals in faecal pellets (Wang and FisherS3i@@Bjg rates of these
are high and metals would be returned rapidly (hours to days) to theoseafl

In general these evaluations support the assessment afitgxisks in the EIA.

X The investigations into benthic meiofauna and macrofauna in thdc@irsediments in the
survey area showed that fauna were abundant in both size classessTdussistent with a
mainly hypoxic sediment environment and incoreigtwith sulphidic sediments. The relative
abundance of benthic macrofauna in the G0um size class indicates that this condition is
persistent asFargPrionospio which formed a large proportion of the fauna, has a life cycle of
1-2 years littp://www. genustraithandbook.org.Jkand theDiopatrasp. may be as loAiyed
(Steffani 2014). This is consistent with a stable sedinmgnémvironment even though the
overlying water body may undergo seasonal changes in terms ofyiexontent with varying
cortributions of Cape Basin and Tropical Atlantic Central Water.

X The investigation into sulphur bacteria indicated that, at thmeet of sampling, sulphide fluxes
were probably low as the large sulphate bacteria, namely from the gehbiamargarita
Beggiat@ and Thioploca which play a significant roles in the oxidisation e Hvere absent
from the bacterial assemblage. Smaller forms includihgpbacillusspp. with relatively lower
growth yields were present; however, indicating that althougkineated tobe low (hydrogen)
sulphide was present in the sediments.
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6 CONCLUSIONS

This verification survey was carried out in order to verify the marine ggadpecialist report that
was previously submitted as part of the Namibian Marine Phosphate Eé&Asuifey comprised time
series measurements of currents and water column featusynoptic scale water column profiling
and surficial and deeper layer sediment sampling and analyses along withicoeneiofauna,
macrofauna and sulphur bacteria distribution studies. The survey seaglte examined to support
or contradict important onclusions that formed the base of the EIA assessment.

In general the data and information gathered through the verificatiemvesy support the
environmental description in the EIA and lend credence to theo@ated environmental risk
assessments. Furn, the survey has obtained new and detailed information on the Namileiatnat
continental shelf and the dynamic processes affecting it. Basethe findings discussed in this
report, the confidence interval of each of the relevant impactgegtigatedin the original marine
ecology report for the EIA (NMP 2012) can beated to HIGH as the empirical data supporting has
now been obtained. The matings are summarised Fable7.
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Table7: Summary table of the rgradingsof the 7 impact assessments in marine ecology component of the EIA (NMPf@0ddich the information gained in the
verification surveys is relevant.

NMP (2012) Table No. 4-6 4-8 | 4-9 410 | 411 412 | 413

Risk Area Overspill discharge Seabed dredging

H,S toxicity at Nutrients added | Trace/heavymetal Tra_c_emetal H,S toxicity on Lowered oxygen | Increase of LS
Impact . toxicity on

surface at surface toxicity at surface seabed seabed levels on seabed | flux.
Extent Dredge area Dredge area Dredge area ﬁren;alemg Dredge area ﬁren;al Mining Dredge area
Duration Short term Short term Short term Short term Medium term Medium term Medium term.
Intensity Minor effects No lasting effect| Minor effects Minor effects Minor effects Minor effects Minor effects
Probability Possible Possible Possible Possible Possible Possible Improbable
Status Negative Neutral Negative Negative Negative Negative Negative
S|.g.n|f|(?ance (no Low None Low Low Low Low Low
mitigation)
Mitigation None possible None possible | None possible None possible None possible Not possible n/a
S|_g_n|f|qance (with Low None Low Low Low Low Low
mitigation)
Confidence level Medium Medium Medium Medium Medium High Medium
ReRated Confidence | ;o High High High High High High
Level

Mine site Mine area Heavy Mine area Heavy Mlng site

) metals have low : . sediment
sediment Mine site solubility and metals have low | Mine site roperty data
property data Y solubility and sediment POM in sediments ProPeTY

sediment pore

bioavailability,

indicate low HS

Reason indicate low HS . bioavailability, property data is relatively
i water volumes | trophic transfers . . presence and
presence, pyrite dredging should | indicate low HS | refractory .
. . are low are attenuated at ! release from iron
sulphide will have . not increase presence .
low solubility primary ®nsumer exposUres pyrites should be
level low.
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Annexurel: Synthesis of observations to test the hypothesis that the Namibian MdiospRate

(ML 170) area is biogeochemigaimilar to the muebelt
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