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ESIA FOR THE GREATER TORTUE/AHMEYIM PHASE 1 GAS PRODUCTION PROJECT

The report on the environmental and social impact assessment for the Greater Tortue/Ahmeyim
Phase 1 Gas Production Project is divided into 7 volumes as follows:

Volume 1: The Non-Technical Summary, the list of Main Contributors to the ESIA, the Table of
Contents, the list of Abbreviations and Acronyms, as well as Chapters 1 to 6

Volume 2: Chapter 7

Volume 3: Chapters 8 to 11 as well as the Bibliography and References

Volume 4: Appendices Ato J

Volume 5: Appendices K to O

Volume 6: Appendices P to R

Volume 7: Appendices Sto Y

The present document is Volume 5 which contains:

=  Appendix K - Water Discharges Calculations and Produced Water Modeling Report
= Appendix L - Muds and Cuttings Dispersion Modeling Report

= Appendix M - Plankton Entrainment Modeling Report

=  Appendix N - Accidental Event Scenarios Modeling Reports

= Appendix O - Risk Study Support Material
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DISCHARGES FROM PREPARATION, CONSTRUCTION AND INSTALLATION

Nearshore Hub
Vessel Number of Days POB (m?) (m?) (m?) (m?)
Vessels Used Daily - Grey Daily - Black Total - Grey Total - Black
Dredger 2 90 20 7 5 637 443
Rock dumper 2 130 50 18 12 2301 1599
Support boat 6 660 6 6 4 4206 2922
Crane barge 3 130 20 11 7 1381 959
HLD barge 1 65 60 11 7 690 480
Anchor vessel B 20 15 8 6 159 111
Tug boat 4 20 4 3 85 59
Project patrol vessel 1 660 7 1 1 818 568
Standby vessel 1 660 15 3 2 1752 1218
Supply vessel 2 220 15 5 4 1168 812
Crew boat 2 110 4 1 1 156 108
Flotel 1 210 250 44 31 9293 6 458
Piling vessel 1 540 30 5 4 2 867 1993
Sum 125 87 25513 17 729
FPSO Hook Up and Commissioning
Vessel Number of Days POB (m?) (m) (m) (m)
Vessels Used Daily - Grey Daily - Black Total - Grey Total - Black
Anchor vessel 3 36 16 8 6 306 213
Tug boat 4 30 10 7 5 212 148
Project patrol vessel 1 60 7 1 1 74 52
Standby vessel 1 60 14 2 2 149 103
Supply vessel 2 20 14 5 3 99 69
Crew boat 2 110 4 1 1 156 108
Derrick barge 1 18 50 9 6 159 111
Multi Service Vessel (MSV) 1 36 25 4 B 159 111
Sum 39 27 1315 914
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DISCHARGES FROM PREPARATION, CONSTRUCTION AND INSTALLATION

Subsea Installation
Vessels
Vessel Number of Days POB (m?) (m?) (m?) (m?)
Vessels Used Daily - Grey Daily - Black Total - Grey Total - Black
S-Lay vessel 1 120 300 53 37 6372 4428
J-Lay vessel 1 90 200 35 25 3186 2214
Heavy Lift Vessel 1 290 60 11 3080 2 140
ROV survey vessel 1 50 50 9 443 308
Pipe Carrier vessel 1 160 80 14 10 2266 1574
Dive support vessel 1 16 80 14 10 227 157
Multi Service Vessel 1 180 25 4 797 554
Supply vessel 1 30 22 4 117 81
Umbilical Installation Vessel 1 34 50 9 301 209
Project patrol vessel 1 56 7 1 69 48
Sum 155 108 16 856 11714
Pipeline Discharges
Source Total Volume Factor Total (m’)
Volume
Production Flowline 16,245.6 m* 16 246 16 246
Gas Export Pipeline 18,315 m? 18 315 18 315
Gas Export Risers 45 m’ 45 45
MEG Pipeline 1,004 m® 1004 1004
Sum 35610
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DISCHARGES FROM PREPARATION, CONSTRUCTION AND INSTALLATION

Drilling
Vessels
Vessel Number of Days POB (m3) (m3) (m3) (m3)
Vessels Used Daily - Grey Daily - Black Total - Grey Total - Black
Drillship 1 700 200 35 25 24 780 17 220
Supply vessel 1 81 30 5 4 430 299
Standby vessel 1 81 20 4 2 287 199
Sum 44 31 25497 17718
Other Drilling-Related Discharges
Single Single
Source Spe'cifica- AlbiangWeII 6 AIbian3 Cenomanian Well | © Cenomangian Total (m?)
tions 3 Wells (m°) 3 Wells (m°)
(m’) (m’)
Drill cuttings/well 12 wells 683 4098 641 3846 7944
Drill muds/well 12 wells 316 1896 297 1782 3678
Specifica-
tions Units/Period Total (bbl)
Bilge water (drillship) 79 bbl/wk 7900 1264
Bilge water (support vessels) 48 bbl/day 7776 1244
Ballast (drillship) 620 bbl/day 434000 69 440
Sum 71948
Note: In several cases, days used are presented in Section 2 as ranges; the higher (most conservative) usage is presented in these calculations
Factors (m*/person/day)
0.3 m3/person/day
Grey Black
0,177 0,123
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DISCHARGES FROM OPERATIONS

Hub and FPSO
Vessel Number of Days Used/Year POB (m3) (m3) (m3) (mg)
Vessels Daily - Grey Daily - Black Total/Year - Grey Total/Year - Black
Vessels
Tug boat 4 182,5 10 7 5 1292 898
Supply vessel 2 182,5 22 8 5) 1421 988
Crew boat 3 182,5 4 2 1 388 269
LNGC 1 36,5 22 4 3 142 99
Condensate carrier 1 5,6 22 4 3 22 15
Mooring Line vessel 3 182,5 4 2 1 388 269
Project patrol vessel 2 365 7 2 2 904 629
Sum 29 20 4557 3167
Other Discharges
. Total Volume Volume Factor
Source Specifications Total/Day Notes Total/Year
FPSO Produced water 99 m*/day 99 365 days/year 36 135
FPSO Cooling and Desal water 96,000 m*/day 96 000 365 days/year 35 040 000
FPSO Deck Drains 21.9 mS/day 21,9 30 days/year 657
FPSO Wastewater/Food Waste 25 m3/day 25 365 days/year 750
FPSO 96 146
FLNG Cooling water 54,000 m*/hr 1,296,000 ma/day 1296 000 365 days/year 473 040 000
FLNG brine 7.2m’/hr 172.8 m*/day 173 365 days/year 63072
QU Wastewater 0.3 m3/person/day 48 m3/day 48 365 days/year 17520
QU Deck drainage (Estimated) 5 m*/day 5 30 days/year 150
FLNG/QU 1296226
Sum 508 198 284
Note: In several cases, days used per year are presented in Section 2 as ranges; the higher (most conservative) usage is presented in these calculations
Factors (0.3 ma/person/day)
Grey Black
0,177 0,123




DISCHARGES FROM DECOMMISSIONING

Vessel Number of Days POB (m?) (m°) (m’) (m)
Vessels Used Daily - Grey Daily - Black Total - Grey | Total - Black
FPSO and SPS
Vessels
Drillship 1 21 200 35 25 743 517
Standby vessel 1 24 20 4 2 85 59
Supply vessel 1 24 22 4 3 93 65
ROV survey vessel 1 15 50 9 6 133 92
Tug boat 2 10 10 4 2 35 25
Crew boat 1 90 4 1 0,5 64 44
Multi-service vessel 2 24 25 9 6 212 148
Sum 65 45 1366 949
Factors (0.3 m3/person/day)
Grey Black
0,177 0,123
Vessel Number of Days POB (m?) (m?) (m?) (m?)
Vessels Used Daily - Grey Daily - Black Total - Grey | Total - Black
Hub - FLNG, QU Platform
Vessels
Supply vessel 1 24 22 4 3 93 65
Standby vessel 1 24 20 4 2 85 59
Anchor vessel 2 64 15 5 4 340 236
Crane vessel 2 64 20 7 5 453 315
Tug boat 6 80 10 11 7 850 590
Crew boat 1 90 4 1 0,5 64 44
Multi-service vessel 2 24 25 9 6 212 148
Sum 40 28 2097 1457

Factors (0.3 ma/person/day)

Grey
0,177

Black
0,123




WASTEWATER FACTORS (m>/person/day)

Phase Grey Water Black Water Total
Decommissioning - Hub 0,177 0,123 0,3
Decommissioning - FPSO, SPS 0,177 0,123 0,3
Installation & Operation 0,177 0,123 0,3

Notes:
BP cites wastewater generation at 0.3 m3/person/day, maximum

USEPA (1993) cites 185 liters/person/day - 110 liters (grey water)/person/day and 75 liters (black water)/person/day

0.3 m3/person/day used for installation, operations, and decommissioning at FPSO and SPS, consistent with BP documentation

0.3 m3/person/day used for decommissioning at the Hub, correcting BP documentation

Division of grey water and black water (per USEPA, 1993 proportions):
Grey water: 110/185 = 0.59
Black water: 75/185 = 0.41

For0.3m®:
grey water: 0.177 m*/person/day
black water: 0.123 m3/person/day




PIPELINE INSTALL/COMMISSIONING
(Flood, hydrotest, leak test, dewater;

Table 2-26)

Production flowline 2472
Production flowline 210
Production flowline 156
Production flowline 2,6
Production flowline 223
Production flowline 13 182 16 246 sum
Gas export pipeline 2 968
Gas export pipeline 252
Gas export pipeline 253
Gas export pipeline 14 842 18 315 sum
Gas export risers 45 45 sum
MEG pipeline 162
MEG pipeline 14
MEG pipeline 15
MEG pipeline 813 1004 sum




Discharges and Vessel Usage Source Documents
The following source documents were used to compile this appendix.

Drilling-Related Chemicals and Drilling Fluids/Muds:

1. Environmental Impact Assessment for Exploratory Drilling, Saint-Louis Offshore Profond and Cayar Offshore Profond Blocks, Offshore Senegal; prepared for Kosmos, 2015.
2. Drill Cuttings Volume Worksheet Tortue Dev Cenomanian 28th July 2017

3. Drill Cuttings Volume Worksheet Tortue Dev Albian 28th July 2017

Other Chemicals:
1. Functional FPSO Specifications/MS002-EM-PE-010-03001 B02
2. Waste_Discharge_Inventory_revGBA.pdf

Effluents and Wastes:

. Project Discharges and Waste Inventory BO1

. J7047-BP-TE-T-002 Operations - Effluents and Wastes

. J7047-BP-TE-T-002 Operations - Effluents and Wastes, Revl

. Tortue Concept Select BOD/J7018-BP-TB-B-001, Rev0

. Produced Water Modelling Report/MS002-EV-REP-000-03001 A01

. Produced Water Modelling Report/MS002-EV-REP-000-03001 B02

. J7047-BP-TE-T-006 Commissioning and Start-up - Effluents and Wastes Rev0

N o s WN

Vessels and Vessel Usage:
1. Vessel description-04012017
2. Energy Usage and Air Emissions Forecast/MS002-EV-REP-010-01002 B02
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Tortue Development Project: Produced Water Discharge Modelling Introduction

Use and Interpretation of this Document

This document is classified BP Internal. Distribution is intended for BP authorized recipients only. The content of this document is
proprietary information, protection of which is required by BP’s Code of Conduct. Its distribution and use by any person outside
BP are subject to the terms and conditions of any applicable agreement or contract, as the case may be, under which it was
supplied or received.

The content of this document may differ from or go beyond what is legally required. This document does not affect the obligation
to comply with applicable legal and regulatory requirements. BP Requirements, BP Recommendations and BP Permissive
Statements apply only if they do not conflict with applicable legal and regulatory requirements. If any apparent conflict with
applicable legal and regulatory requirements is identified, a reader should seek advice from BP Legal.

The authoritative set of BP Requirements, BP Recommendations, and BP Permissive Statements is held electronically on
https://intranet.bp.com/en _gb/group/bp-requirements.html. Readers are reminded to check that any paper or other version of
this document is current.

BP Recommendations are made available to help readers within BP to choose between potential options that may be available to
them, for example to convey a desirable (but not mandatory) higher standard going beyond a BP Requirement. An alternative
approach may be necessary or appropriate.

This document does not seek to describe or establish an industry standard or practice, and its content may differ from or go
beyond what a reader might consider to be good or best practice. The content of this document has been approved for BP’s
purposes only. No person outside BP is entitled to rely on its content, and BP accepts no liability or responsibility for any such
reliance.

The English language version of this document is the original and has primacy over any translation into another language in the
event of any conflict or inconsistency.

Copyright © 2013. BP p.l.c. Allrights reserved.
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Tortue Development Project: Produced Water Discharge Modelling Introduction

1 Executive summary

This report describes the findings of a modelling study conducted to assess the potential ecological
exposure risks associated with various offshore produced water (PW) discharge scenarios from the
Tortue Development Floating Production Storage and Offloading (FPSO) vessel. In accordance with
the Basis of Design, it has been assumed that free oil separation has been performed using hydro
cyclones /induced gas flotation. The study has been carried out to support the Environmental and
Social Impact Assessment (ESIA) for Tortue Phase 1A.

The purpose of the modelling was to:

e Simulate anticipated continuous discharge flow rates and effluent compositions over a 45
day period;

e Provide a quantitative assessment of the environmental risk to the marine environment
associated with various discharge scenarios.

e Establish the relative contribution of key contaminants to the environmental exposure risk

e Understand the sensitivity of the risk to changes in hydrocarbon component concentrations
and production chemicals in the PW discharge as well as ambient conditions (background
current speed etc.).

The methodology used in this study is aligned with OSPAR Recommendation 2012/5 for a Risk Based
Approach (RBA) to the Management of Produced Water Discharges from Offshore Installations *) and
the OSPAR Guidelines in support of Recommendation 2012/5 2,

The OSPAR RBA was developed specifically for the offshore environment and follows the
internationally recognised principles of ERA already in place in Europe (ECHA — Technical Guidance
documents %) and is currently being implemented in the North East Atlantic region.

The OSPAR risk assessment process follows the standard data collection, hazard assessment,
exposure assessment and risk characterization steps, which are described in more detail below. The
risk characterization step is based on the same widely accepted principle of comparing a Predicted
Environmental Concentration (PEC) for each chemical compound discharged into the receiving
environment to a Predicted No Effect Concentration (PNEC). When PEC is larger than the threshold
PNEC, there may be a risk for damage. When the PEC is lower than the PNEC threshold, the risk for
damage is considered to be “acceptable”.

A Substance Based Approach (SBA) was used to estimate the PW effluent toxicity associated with
each discharge scenario. The approach involves estimating the concentration of each Naturally
Occurring Substance (NOS) and production chemical additive in the PW discharge and gathering eco
toxicological information and physical-chemical properties data for each contaminant present. The
eco toxicological information is used to estimate PNEC values for each substance.

The Dose-related Risk and Effect Assessments Model (DREAM) was then used to calculate the
dispersion of PW discharges and to calculate the Environmental Impact Factor (EIF). The EIF
represents the aggregation of PEC/PNEC ratios for all contaminants in the discharge into a single
integrated risk value, which is related to the probability of damage. One EIF unit represents a volume
of water (defined as 10° m3) which has the potential to harm > 5% of the marine species in the
receiving environment, if they become exposed to harmful substances arising from the discharge.
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Tortue Development Project: Produced Water Discharge Modelling Introduction

The EIF approach has the advantage that it provides a quantitative measure of the environmental
risks involved when produced water discharges are released into the sea. In addition, when the risk
characterisation follows a SBA, the EIF method is able to quantify the EIF contribution from each
contaminant in the discharge and is thus able to provide a basis for reduction of exposure risk in a
systematic and a quantitative manner.

Eight PW discharge scenarios were modelled to investigate the sensitivity of ecological risk to
Benzene, Toluene Ethyl-benzene and Xylene (BTEX) concentrations in the effluent (Base Case and
“High” BTEX case), both with and without production chemical additives in the PW discharge. The
purpose of this approach was to identify the change in the total risk following inclusion of the added
chemicals; as the management options for NOS and added chemicals will normally be very different.

DREAM modelling was carried out under a range of ambient current conditions (lowest and highest
current velocities) selected from a 3-year hindcast 3D hydrodynamic dataset (2009 — 2011) to assess
the sensitivity of exposure risk to the prevailing metocean conditions in the vicinity of the release
location. The discharge rate of produced water used in the modelling was 625 bpd.

Substance level modelling of both naturally occurring substances and added chemicals in the Tortue
FPSO PW discharge showed that > 90% of the environmental exposure risk is attributable to the
presence of corrosion inhibitor in the discharge, with minor contributions from Benzene (3%-6%),
and the chemical flocculent (2%-3%)

The highest maximum and mean EIF values obtained when modelling PW profiles that only contained
substance level data for NOSs were 2.12 and 1.03 respectively, indicating that contribution of NOSs
to the PW toxicity is negligible. The highest time-averaged maximum exposure risk and mean EIF
values of 64% and 1.03 respectively were associated with the High BTEX concentration case / lowest
ambient current velocity scenario. A mean EIF of 1.03 is equivalent to a maximum volume of water
which experiences an exposure risk > 5% of 1.03 x 10 km?3

For the NOS only base case, the maximum distance from the release location where the exposure
risk was > 5% for all time steps ranged from 1.93 km to 3.20 km for the low and high ambient current
cases respectively.

The High BTEX case scenarios gave maximum and mean EIFs ranging from 51% - 66% greater than
those for the corresponding BTEX Base case scenarios.

The predicted EIFs were higher when production chemicals were included in the PW profile. The
highest maximum and mean EIF values of 39.6 and 15.6 were associated with the High BTEX
concentration case + production chemicals / lowest ambient current velocity scenario. A maximum
EIF of 39.6 is equivalent to a maximum volume of water which experiences an exposure risk > 5% of
3.96 x 10 km3. The modelling results for the High BTEX case scenarios with production chemicals
included gave mean EIFs only 5% - 6% greater than those for the corresponding NOS Base case
scenarios with production chemicals, indicating once again that the contribution of NOSs to the PW
toxicity is minor.

For all BTEX scenarios with production chemicals, the increase in dispersion under high ambient
current conditions reduced the calculated maximum and mean EIF by 45% - 49% and 38%
respectively.

For the NOS base case with production chemicals, the maximum distance from the release location
where the exposure risk was > 5% for all time steps ranged from 5.31 km to 8.47 km for the low and
high ambient current cases respectively.

MS002-EV-REP-000-03001 Page 8 of 71 Rev: B02
© BP p.l.c. BP Internal
Uncontrolled when printed or stored locally



Tortue Development Project: Produced Water Discharge Modelling Introduction

Although the results suggest that added chemicals are the main contributor to environmental
exposure risk, it must be stressed that this is in part due to the assessment (safety) factor (AF)
approach included in the EIF methodology. The variability in quality and quantity of toxicity data for
the different substance groups causes a large range in applied AFs that account for extrapolation
uncertainty. For example the PNEC values for Ethylbenzene and Benzene were derived using AFs of
10 and 100 respectively, because comprehensive chronic toxicity data is available (7). In contrast,
AFs of 1,000 were applied to production chemicals as there is limited acute toxicity data available for
3 species at 3 different trophic levels (algae, zooplankton, and fish) (3). Itis important that the
extrapolation uncertainty “hidden” in AFs is taken into account when defining risk reduction
measures; otherwise it could result in the wrong prioritization of mitigation options.

Thus in the case of PW discharges from the Tortue FPSO, the first priority before considering any
other risk mitigation options, should be establish whether acquiring chronic toxicity test data for the
corrosion inhibitor will allow a less conservative AF of 100, or 50 to be used in EIF calculations
thereby reducing the overall EIF and contribution from the Cl chemical.

Although it is not advisable to compare EIFs from different installations because of differences in the
nature and scale of discharges and different environmental conditions, the highest maximum and
mean EIF values of 39.6 and 15.6 predicted for the Tortue FPSO PW discharge are small when
compared to the limited published PW EIF data for North Sea installations. In 2002 Statoil published
EIF data for the discharge of PW from 25 fields in the North Sea. The values ranged from 0 (zero) to
15,000, with an EIF of 100 or less for seven fields, and EIF of approximately 1,000 for the majority of
the fields and an EIF of >5,000 for three fields.
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Tortue Development Project: Produced Water Discharge Modelling Introduction

2.1

Introduction

This report describes the findings of a modelling study conducted to assess the potential ecological
exposure risks associated with various offshore produced water (PW) discharge scenarios from the
Tortue Development Floating Production Storage and Offloading (FPSO) vessel. In accordance with
the Basis of Design, it has been assumed that free oil separation has been performed using
hydrocyclones /induced gas flotation. It has also been assumed that there will be no comingling of
thermal effluents in the PW discharge stream and so is not included in the scope of this study.

The study has been carried out to support the Environmental and Social Impact Assessment (ESIA) for
Tortue Phase 1A.

Background

Development of the Tortue field is expected to be performed in two phases. Phase 1A targets first
gas production during 2021 from 4 wells across a number of drill centres, and will be incrementally
developed with additional wells and drill centres. Phase 1A will provide ~480 MMscfd of sales gas
production, generate ~2.5 MTPA of LNG and deliver a domestic supply of 35 MMscfd each to
Mauritania and Senegal.

The Phase 1A FPSO, which is located in 100-130 m of water, will process up to 505 MMscfd of inlet
gas from the subsea wells by separating condensate from the gas stream and exporting conditioned
gas to a hub, where LNG processing and export will occur. The Hub, which is located in shallow water
(30-33 m water depth) on the Mauritania and Senegal maritime border, comprises a breakwater to
protect marine operations, including LNG processing and carrier loading. A single Floating LNG
(FLNG) vessel will condition the gas for LNG export. Domestic gas pipeline connections will be
available on the trestle riser platform.

A map showing the field location is provided in Figure 2.1

The modelling of PW discharges has been completed using the Dose-related Risk and Effect
Assessments Model (DREAM) developed by the Foundation for Scientific and Industrial Research
(SINTEF). DREAM forms part of SINTEF’s Marine Environmental Modelling Workbench (MEMW) v8.0
software package and is a tool used to predict the trajectory, fate and environmental consequences
of regular, planned releases to the marine environment.

The purpose of the modelling was to:

e Simulate anticipated continuous discharge flow rates and effluent compositions over a 45
day period;

e Provide a quantitative assessment of the environmental risk to the marine environment
associated with various discharge scenarios.

e Establish the relative contribution of key contaminants to the environmental exposure risk
e Understand the sensitivity of the risk to changes in hydrocarbon component concentrations

and production chemicals in the PW discharge as well as ambient conditions (background
current speed etc.).
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Figure 2.1 Tortue Field Location Map

MS002-EV-REP-000-03001 Page 11 of 71 Rev: BO2
© BP p.l.c. BP Internal
Uncontrolled when printed or stored locally



Tortue Development Project: Produced Water Discharge Modelling Risk assessment methodology

Risk assessment methodology

The methodology used in this study is aligned with OSPAR Recommendation 2012/5 for a Risk Based
Approach (RBA) to the Management of Produced Water Discharges from Offshore Installations * and
the OSPAR Guidelines in support of Recommendation 2012/5 2

The OSPAR RBA was developed specifically for the offshore environment and follows the
internationally recognised principles of ERA already in place in Europe (ECHA — Technical Guidance
documents *4) and is currently being implemented in the North East Atlantic region.

The OSPAR risk assessment process follows the standard data collection, hazard assessment,
exposure assessment and risk characterization steps, which are described in more detail below. The
risk characterization step is based on the same widely accepted principle of comparing a Predicted
Environmental Concentration (PEC) for each chemical compound discharged into the receiving
environment to a Predicted No Effect Concentration (PNEC). When PEC is larger than the threshold
PNEC, there may be a risk for damage. When the PEC is lower than the PNEC threshold, the risk for
damage is considered to be “acceptable

The methodology involves the key steps summarised in Figure 3.1.

Figure 3.1 Diagram summarising the risk-based approach to the management of PW offshore

discharges outlined in OSPAR Recommendation 2012/5

l

1.Data Collection

2. Hazard 3. Exposure
Assessment Assessment
4. Risk
 Characterisation |

l

5. Risk
Management
6. Monitoring

3.1 Data Collection
This initial step involves the collection of all relevant information to be able to define the conceptual
model, i.e. the PW discharge characteristics, the PW effluent composition, the characterisation of the
PW effluent toxicity and the local conditions in the receiving environment including 'meteorological
and oceanographic data and the selection of representative sensitive species.
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3.2

3.2.1

A Substance Based Approach (SBA) was used to estimate the PW effluent toxicity associated with
each discharge scenario. The approach involves estimating the concentration of each Naturally
Occurring Substance (NOS) and production chemical additive in the PW discharge and gathering eco
toxicological information and physical-chemical properties data for each contaminant present. The
eco toxicological information is used to estimate PNEC values for each substance as described in the
“Hazard assessment” step (see Section 3.2).

The minimum eco toxicological information that should be collected includes short-term (acute)
toxicity data for three trophic levels; invertebrates (e.g. crustacean, molluscs, echinoderms), algae
(growth inhibition) and fish. If data on the individual substances are not available, the worst case
toxicity values for the product are used.

The physical-chemical properties data required includes for each substance, includes, molecular
weight, density, solubility, vapour pressure octanol/water partition coefficients (log Pow) and
degradation rates.

Hazard assessment

In this step the reference no-effect concentrations, i.e. the PNECs are derived from laboratory
toxicity tests results (i.e. ECso, LCso or NOEC) using appropriate Assessment Factors (AFs) to take into
account inherent uncertainties. The application of AFs is based on the ‘precautionary principle' which
is expected to extrapolate to a conservative estimate of the PNEC.

PNECs are developed to protect the marine ecosystem using surrogates of known sensitive species
based on the principle that:

e Ecosystem sensitivity depends on the most sensitive species
e Protecting the ecosystem structure protects the community function

PNEC calculation and use of Assessment (Safety) Factors

The OSPAR Guidelines in support of Recommendation 2012/5 for a Risk-based Approach to the
Management of Produced Water recommend the continued use of the assessment factors set out in
the 1996 ECB EC Technical Guidance Document on Environmental Risk Assessment ! (see Table 3.1
and Annex A). These assessment factors have been used control chemical discharges from offshore
installations for a number of years, and monitoring studies have indicated that they provide an
appropriate level of protection to the ecosystem function.

The OSPAR Guidelines noted the fact that the assessment factors set out more recently in the
updated ECB EC 2003 Technical Guidance (TGD) * and subsequent ECHA Guidance (2008) for
Chemical Safety Assessment ) are overly conservative and have the potential to overestimate the
contribution to produced water toxicity from added production chemicals and thereby mask the
contribution from natural components. This is a consequence of the introduction of an additional
factor of 10 to the assessment factors derived for the marine environment. In a review of the
science behind the additional factor, the Scientific Committee on Health and Environmental Risks
(SCHER ®) commented that they did not accept the additional safety factor of 10 as a default for
marine ecosystems as being generally justified. In the opinion of SCHER, the use of different
approaches for both freshwater and marine ecosystems should be scientifically justified on a case-by-
case basis. Therefore to align with OSPAR guidance, a maximum assessment factor of 1,000 has been
used in this study, as the ECHA guidance was developed for near-coastal waters and a factor of
10,000 is considered too conservative for offshore waters.
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Table 3.1 Assessment factors to derive PNECs (Source: European Chemical Bureau, Technical

3.3

3.4

34.1

Guidance Document - Part 11, 1996 (3))

Assessment factor

At least one short-term L(E)Cq from each of three 1000
trophic levels of the base-set (fish, Daphnia and algae)

One long-term NOEC (either fish or Daphnia) 100 ®
Two long-term NOECs from species representing two 50 ©

trophic levels (fish and/or Daphnia and/or algae)

Long-term NOECs from at least three species (normally 109
fish, Daphnia and algae) representing three trophic levels

Field data or model ecosystefms Reviewed on a case by case basis®

For the most common substances in the produced water OSPAR has established and maintained a
harmonised set of PNEC values!”) (see Annex B). These PNEC values are based on the following
prioritisation:

i Environmental Quality Standards (EQS) derived under the Water Framework Directive (WFD)
established for Priority Substances

ii. Reliable PNECs derived from EU Risk Assessment Reports (RARs).

iii. Reliable PNECs or EQS from publicly available literature sources.

Exposure Assessment

In this step, the predicted fate of produced water in the receiving environment around the vessel is
determined by calculating the PECs of all compounds that could impact biota in the receiving
environment using a DREAM which is a 3-dimensional dilution/dispersion model.

The output from the substance based exposure assessment is the concentration of each substance
discharged with the produced water at any location in the receiving environment (PEC (i) for each
component, i).

Risk Characterisation

Risk characterisation is the comparison of the PEC of a substance with the no-effect reference
concentration, the PNEC, i.e. the calculation of the PEC/PNEC ratio, or Risk Characterisation Ratio
(RCR). When the PEC is lower than the PNEC threshold, the risk of injury from that substance is
considered to be acceptable. When it is larger, then there is a risk of biological injury.

DREAM/EIF modelling approach
As mentioned above in Section 3.3, the exposure assessment to predict the trajectory and fate of

produced water in the receiving environment was conducted using DREAM.

DREAM is a 3-dimensional, time-dependent, multiple-chemical transport, exposure, dose, and effects
assessment model. DREAM can account simultaneously for up to 200 chemical components, with
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different release profiles for 50 or more different sources (Reed et.al. 2001®). Each chemical
component in the effluent mixture is described by a set of physical, chemical, and toxicological
parameters. DREAM incorporates various algorithms to model the processes that govern pollutant
fate and effects in the water column, as outlined in the schematic shown in Figure 3.2.

Figure 3.2 General Schematic of the DREAM Model structure and physical-chemical processes
governing the behaviour of pollutants.

Advective, turbulent
Release profile(s) transport and dilution
Chemical properties Dissolution from droplets
Spill rates, locations Evaporation Processes
Biological distributions Bio-degradation
Sediment interactions:
In Euts +  Water column
. Seafloor
Coastline
Bathymetry
Currents Evolution of mass balance
Winds Geo-temporal distributions
Sea temperature Biological risk {instantaneous, Outp uts
time-integrated)
Biological exposures and effects

DREAM: physical-chemical processes

+ Continuous and intermittent releases

+ Produced water and drilling discharges
+  Multiple sources, muIﬁpTévr@gases

+ Complex mixtures

+ Chemicals, oils, particulate materials

volatilization from water to air

PR

f ]
ET7 NS AAN TR /n\\u\'%

N, MiXing, oX 1 balance

The model is fully three-dimensional and time variable. It calculates the fate of each compound
considered in the receiving environment under the influence of:

e Currents (tidal, residual, meteorological forcing)

e Turbulent mixing (horizontal and vertical)
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e Evaporation at the sea surface
e Reduction of concentration due to biodegradation

The algorithms used in the computations, and verification tests of the resulting code, are presented
in Reed et al, 2002®. The model has also been verified against field measurements (Neff et al,
2006%; Durrell et al, 20061Y).

The ocean current field used in DREAM modelling was based on the global current model (HYCOM)
with hourly tidal currents superimposed and is described in more detail in Section 5.2.2. This hindcast
current dataset was considered of sufficient quality for use in the initial PW discharge modelling
undertaken to inform the ESIA.

a. Environmental exposure risk and the EIF

The DREAM model incorporates a risk assessment methodology, the Environmental Impact Factor
(EIF) method (Johnsen et. al., 2000%%). Development of the EIF method is based on a PEC/PNEC
approach gives an indication of the likelihood of adverse effects occurring as a result of the
anticipated exposure level to a toxic substance. The ratio PEC/PNEC is related to the probability of
biological injury according to a method developed by Karman et. al *®, (and also published in Karman
and Reerink, 1997 *4). When the PEC/PNEC ratio = 1, there is a probability of potentially damaging
5% of the marine species in the receiving environment. Figure 3.3 shows the relation between the
PEC/PNEC ratio and the probability of injury.

The methodology has been guided by the principle that areas of uncertainty should be resolved in
favour of protecting the environment (i.e. conservative environmental assumptions are invoked). The
methodology is therefore conservative, in the sense of over-protecting rather than under-protecting
the environment.

The EIF method has the advantage over other risk assessment methods in that it can calculate risk
contributions from exposure to multiple chemicals and/or natural compounds in the recipient
environment. For the total risk associated with multiple chemicals and non-toxic stressors arising
from the produced water discharge, the total risk is calculated from the sum of independent
probabilities. For two stressors A and B, the total risk is calculated assuming independent action
using the equation:

P(A+B) = P(A) + P(B) - P(A) * P(B) (Eq. 1)

Where P(A) and P(B) are the risk probabilities for each stressor at a particular time and spatial
location. For small risks (i.e., P(A) and P(B) are both small), or risks from chemicals which are
toxicologically similar in their activity, the risks can be considered to be linearly additive,
approximately. The method does not account for interactions among chemicals.

For a large number of stressors, the generalized formula for the sum of probabilities is given by the

equation:
= —Th — Pj
Pow=10-TI1 (1.0-Pi) (€9, 2)
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An EIF unit represents a defined volume of water or sediment surface which has the potential to
cause harm to > 5% of species in the receiving environment if they become exposed to harmful
substances and or non-toxic stressors arising from the discharge.

For the water column, one EIF unit is defined as a water volume of 100 m x 100 m x 10 m (i.e. 10° m?,
see Figure 3.4). The total risk resulting from all contaminants in a release is calculated by the DREAM
model in 3-dimensional space and time within the model domain by summing the risks (at every
point in space at a given time) for each contaminant, using Equation 3 to first convert PEC/PNEC
values to risk probabilities as shown in Figure 3.3:

Risk (%) = |

=0 (Eq 3)

ln(PEC:PNEc){ 1 —(lnPEC:PNEg;y_xm)Z}
* e 2+Sm

Sm*\/ﬁ

Where:

Risk (%) = probability that a species will be affected

Xm = mean of distribution for which PEC: PNEC ratio = 1; risk = 5%

Sn = the standard deviation of the logarithmically transformed data

Figure 3.3 Relation between the PEC/PNEC level and the risk level (in %) for injury to biota.
Based on Karman et. al.*® . A PEC/PNEC = 1 corresponds to a risk level at which
there exists the possibility of injury to 5% of a randomly selected species.

PEC/PNEC ratio versus environmental risk
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S
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The resultant 3-dimensional risk fields can then be viewed as a time series risk (in percent) map.

Note that although the EIF for a single component, or component group, is related to the recipient
water volume where the ratio PEC/PNEC exceeds unity, with a multi-component system, the
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PEC/PNEC ratios for each individual contaminant/stressor in the release may be <1, but if the
aggregated risk ratios for all stressors exceed 1 (5% risk probability), then the resulting EIF > 0.

Figure 3.4 Definition of the Environmental Impact Factor (EIF) in the water column

34.2

EIF = 1.0 means:
B water volume 100m x 100m x 10m
B total risk including all components > 5%

B corresponds to a PEC/PNEC ratio of 1.0 for a single
component

The EIF approach has the advantage that it provides a quantitative measure of the environmental
risks involved when operational discharges (e.g. produced water, drilling mud and cuttings etc.) are
released into the sea, and is thus able to provide a basis for reduction of exposure risk in a systematic
and a quantitative manner.

When the risk characterisation follows a SBA, the EIF method is able to discriminate among the
various contributors to environmental risk. This capability provides useful information when
comparing alternative proposed methodologies for reducing environmental risks associated with a
discharge. Thus it is possible to separate a chemical product into its constituents and calculate the EIF
contribution from each substance in the product. The results of the calculations can then be used to
improve the product in terms of replacing the constituents which contribute most to the EIF.

Advantages and limitations of the risk based approaches

It is important to note that the EIF methodology is guided by the “precautionary principle” and
invokes conservative assumptions when addressing areas of uncertainty with the aim of protecting
95% of species present in the receiving environment. It reflects a level of environmental exposure
risk and has proven to be a very useful environmental management decision support tool for
evaluating and comparing the relative benefits of different risk reduction mitigation options to
establish what further measures are justified.

The SBA has the advantage that it can reveal the potentially most harmful compounds present, which
is useful for evaluating and implementing mitigation measures, as a part of the design and planning
process. Thus it is possible to separate a chemical product into its constituents and calculate the EIF
contribution from each of them.

The results of the calculations can then be used to improve the product in terms of substituting the
constituents in the product that contain the largest contributions to the EIF. This capability also
provides useful information when comparing alternative proposed methodologies for reducing
environmental risks associated with a discharge.

A limitation of the SBA is that it does not account for any chemical reactions and by- product
formation that the production chemicals might undergo after dosing, or any synergistic/antagonistic
effects that might affect toxicity. Each component in the discharge is assumed to be an individual
entity which does not interact with other components. In addition, production chemicals are
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complex mixtures and certain components of the chemical product may have different solubility in
oil and water, so that large portions of the modelled chemical may not enter the produced water
(PW) stream. This in turn may lead to an overestimation of the concentration and risk associated
with these components.

The metocean data used in the modelling was chosen to include conditions giving rise to the
minimum dispersion of substances in the discharges, and as such is conservative and not
representative of most of the year when dispersion and mixing conditions are enhanced.
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Produced water discharge scenarios

4 Produced Water Discharge Scenarios

The produced water discharge scenarios modelled in this study are presented in Table 4.1.

Eight PW discharge scenarios were modelled to investigate the sensitivity of ecological risk to

Benzene, Toluene Ethyl-benzene and Xylene (BTEX) concentrations in the effluent (Base Case and

“High” BTEX case), both with and without production chemical additives in the PW discharge. The
purpose of this approach was to identify the change in the total risk following inclusion of the added
chemicals; as the management options for NOS and added chemicals will normally be very different.

Table 4.1 Tortue FPSO Produced Water Discharge Scenarios

Metocean

Currents

+ Production Chemicals

Concentration of Ambient Release rate of PW Caisson Release depth | Temperature | Salinity of
Scenario | BTEX components — Release duration (days) Produced Water Profile Type diameter below sea of the release | the release
in PW discharge "™ 5 (m) surface (m) (deg C) (ppt)
conditions |  (bpd) | (m*/day)
Lowest . :
1 Base case T 625 99 |Continuous (45 days) | Naturally Occurring Substances| 1.000 0 40 0
Highest . :
2 Base case . 625 99  |Continuous (45 days) | Naturally Occurring Substances| 1.000 0 40 0
. Lowest . q
3 High case T . 625 99 [Continuous (45 days) | Naturally Occurring Substances| 1.000 0 40 0
. Highest . .
4 High case . 625 99  |Continuous (45 days) | Naturally Occurring Substances| 1.000 0 40 0
Lowest ) Naturally Occurring Substances
5 Base case 625 99 [Continuous (45 days) ) . 1.000 0 40 0
Currents + Production Chemicals
6 Base case s 625 99  [Continuous (45 days) Naturallyl0ccurr|n5 Sulbsimees 1.000 0 40 0
Currents + Production Chemicals
Lowest Naturally Occurring Substances
7 High case 625 99  |Continuous (45 days) y. g 1.000 0 40 0
Currents + Production Chemicals
8 Highcase | MENSSt | gy 99 |Continuous (45 days) | Naturally Occurring Substances| 0 40 0

The toxicity of produced water and the calculated environmental exposure risk is very much
dependent on the metocean conditions that occur at the time of modelling. Periods of low (benign)
current conditions can increase the environmental exposure risk as the PW is not diluted and

dispersed to PNEC levels. Conversely, during periods of high (energetic) currents, dispersion and

dilution of PW can occur more quickly, reducing the environmental risk. Therefore modelling was
carried out under a range of ambient current conditions (lowest and highest current velocities)
selected from a 3-year hindcast 3D hydrodynamic dataset (2009 — 2011) to assess the sensitivity of
exposure risk to the prevailing metocean conditions in the vicinity of the release location.
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5 Risk assessment input data

This section outlines the model input data used to characterize the produced water discharge
scenarios.
5.1 Outfall Parameters

The geographical coordinates of the Tortue FPSO release site location and other outfall assumptions
are summarised in Table 5.1. It is assumed the PW will be released overboard at the sea surface via a
1 m diameter outlet pipe.

Table 5.1 Outfall parameters

Field: Tortue FPSO
Release Site Location:
Geographic Latitude - deg 16
min 4
sec 0.072
North/South North
Geographic Longitude - deg 16
min 53
sec 9.226
East / West West
Water depth:
ft 394
m 120
Depth of release outlet: locatio] below sea surface
ft 0
m 0
Outlet pipe diameter at the release point:
m 1.000
ins 39.370
Angle from north (O=north, 180 = south etc.)
deg 0
Angle from vertical (O=up, 180 = down etc.)
deg 180
Temperature of release as it leaves the pipe degC 40.0
Salinity of release as it leaves the pipe: ppt 0.0
5.2 Ambient conditions
521 Bathymetry

The ocean depth database included within the MEMW system uses several internal depth data
sources for building depth grids. (Sea Topo 8.0 **, IBCAO 1¢))

522 Hydrodynamic and wind data

The hindcast metocean data used to “drive” pollutant transport in the DREAM model was provided
by the Hybrid Coordinate Ocean Model (HYCOM). Daily HYCOM currents were combined with tidal
current velocities to generate hourly current vectors, at 31 depth levels ranging from 0 - 5,500 m, at
1/12 degree spatial resolution ( @ 9 km x 9 km) across the area of interest over a 3 -year time period
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Risk assessment input data

(1°t January 2009 - 31t December 2011). The tidal current information, provided by BMT Argoss was
obtained from the integration of approximately 5,000 tidal stations and 15 years of satellite radar
altimeter into depth averaged global and regional tidal models (2DH model). The tidal model
provides tidal currents (u, v components) as well as surface elevation. The vertical structure of the
tidal current component was established using a logarithmic profile which provides a reliable
representation of tidal currents at different depths.

The 3D current dataset generated covers the area spanned by latitudes 10° - 20° north and
longitudes 14.3° - 20° west.

To complement the three dimensional current data, the NCEP Climate System Forecast Reanalysis
(CFSR) dataset was interpolated to provide a wind dataset spanning the same area, spatial grid and
temporal resolution as the current dataset (see Table 5.2).

The wind data is used in the DREAM model to generate wave height and period information using a
fetch calculation, which is subsequently utilized to calculate turbulent mixing on the sea surface.

5221

Table 5.2 HYCOM / NCEP current and wind data
Hydrodynamic Data HYCOM
Years 2009 - 2011
Horizontal Resolution 1/12 deg (@ 9 km x 9 km)

Depth

3D datasets consist of up 31 depth layers from surface to seabed
(0- 5,500 m) and spread across the water column.

Output Frequency

Daily interpolated to 1 hourly

Tides

Tidal current information is obtained from the integration of
approximately 5000 tidal stations and 15 years of satellite radar
altimeter into depth averaged global and regional tidal models
(2DH model). The tidal model provides tidal currents (u, v
components) as well as surface elevation. The vertical structure
of the tidal current component established using a logarithmic
profile which provides a reliable representation of tidal currents
at different depths.

Domain

10°N- 20°N, 14.3°W-20°W

Wind Velocity Data

NCEP

Years

2009 - 2011

Horizontal Resolution

0.5degx 0.5deg (@ 22 km x 22 km)

Height

10 m above sea surface

Output Frequency

1hourly

Domain

10°N-40°N, 5°W-30°W

Predicted currents at the Tortue FPSO outfall location

Time series ROMS model predictions of daily average current speeds at the sea-surface and -25 m
BSL water depths at the proposed Tortue FPSO PW discharge location are presented in Figure 5.1.

Currents assist the thermal and physical dispersion of an effluent in the water column by advection
and mixing. Thus the toxicity of produced water and the calculated environmental exposure risk is
very much dependent on the metocean conditions that occur at the time of modelling. Periods of
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low (benign) current conditions can increase the environmental exposure risk as the PW is not
diluted and dispersed to contaminant concentrations below the PNECs whereas during periods of
high (energetic) currents, dispersion and dilution of PW to concentrations below PNECs can occur
more quickly, reducing the environmental risk.

Thus the 3-year hindcast HYCOM current dataset was analysed to find the most benign (highest risk)
and energetic (lowest risk) metocean conditions at the PW discharge location averaged over a 45 day
period and the associated start dates for these time periods. A 45 day simulation period was chosen
to allow the continuous discharge plume to reach a relatively stable state in the water column. Most
of the results presented in the report are for the most benign conditions, as it is prudent to
conservatively assess the exposure risk, i.e., these conditions represent a minimum degree of
dispersion, which is expected to be achieved in relatively calm conditions with low current velocities.
However, modelling was also carried out under the highest ambient current conditions to assess the
sensitivity of exposure risk to the prevailing metocean conditions in the vicinity of the release
location.

Figure 5.1 Time series of HY COM model daily-mean current speeds at 0 m BSL and -25 m BSL
water depths at the Tortue FPSO PW discharge location between 1st Jan 2009 to 31st
Dec 2011.

Time series of daily-mean current velocity at 0 and -25 m BSL
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Start date

= Daily-Mean Current Velocity at 0.0 m BSL (m/s) = Daily-Mean Current Velocity at -25 m BSL (m/s)

These start dates and the associated current conditions used within the modelling are described
below in Table 5.3. Figure 5.2 shows the time-series of 45 day period moving-average of daily-mean
current velocities at 0 m BSL and - 50 m BSL at the Tortue FPSO PW discharge location. It should be
noted that the highest and lowest current periods were derived from the averaged 45 day period
moving-average daily-mean currents at 0 m BSL and - 25 m BSL.
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Risk assessment input data

Table 5.3 Start date and current conditions for the periods of minimum (least dispersion) and
maximum (most dispersion) mean daily currents averaged over a 45 day period at the
Tortue FPSO PW discharge location between 1st Jan 2009 to 31st Dec 2011.
45 day time-averaged 45 day time-averaged
Start Date Metocean Conditions daily mea.n current daily mean.current
velocity at: velocity
0 m BSL (surface) (m/s) -25m BSL (m/s)
19/09/2011 Lowest Current Velocities 0.109 0.111
19/06/2011 Highest Current Velocities 0.251 0.303
Figure 5.2 Time series of daily-mean current velocity 45 day period moving-average at 0 m BSL

and -25 m BSL water depths for the Tortue FPSO PW discharge location between 1st
Jan 2009 to 31st Dec 2011.

0.350
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01/07/2010 |
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01/09/2010 |
01/10/2010 -
01/11/2010 -
01/12/2010 |
01/01/2011

01/02/2011 |
01/03/2011 |
01/04/2011 |
01/05/2011

01/06/2011 -
01/07/2011 |
01/08/2011 |
01/09/2011 |
01/10/2011
01/11/2011
01/12/2011 |

e 45 day period Mov. Avg. of Daily-Mean Current Velocity at 0.0 m BSL (m/s)

e 45 clay period Mov. Avg. of Daily-Mean Current Velocity at -25m BSL (m/s)

Average of 45 day Average Currents

5.2.2.2

Temperature and salinity data

Temperature and salinity data is used within DREAM to calculate the buoyance and trajectory of the

effluent plume.

Average monthly temperature and salinity vs. depth profiles for the Cassia platform area were
extracted from the National Virtual Ocean Data System (NVODS) server using the World Ocean Atlas
2005 1x1 degree Monthly means dataset’” (see Figures 6.3 — 6.4).
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Risk assessment input data

Average monthly seawater temperatures vs. depth profile for the Tortue FPSO location

area extracted from the World Ocean Atlas 2005 1x1 degree Monthly means dataset
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Produced water properties — Contaminants of Potential Concern (COPCs)

ProMax and HYSIS chemical process simulators have been used to simulate equipment performance
for liquid processing on the Tortue FPSO using topside arrival stream data. Monoethylene glycol
(MEG) regeneration has been modelled in line with the requirement to regenerate the MEG to a
90:10 specification. No consideration of Flash Gas Liquid returns and Gas Compression systems was
made as they have limited impact on the produced water specification. The overall flow of produced
water discharge has been simulated as @ 625 bbl/d, with free oil separation performed using
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Risk assessment input data

hydrocyclone/induced gas flotation units with no additional tertiary treatment to reduce dissolved oil

components.

5.3.1 Naturally occurring compounds

The following substance groups were assumed to be present in the PW discharge:

e Aromatic hydrocarbons (BTEX),
e Dispersed oil

e Phenols

e Metals

Table 5.4 shows the estimated concentration of these components in the produced water discharge
for both the Base Case and “High” BTEX Case scenarios. It was assumed that the concentration of
dispersed oil in the PW discharge after separation will meet the International Finance Corporation
(World Bank Group) effluent level guideline of 29 mg/L *®). The Table also shows the corresponding
recommended PNEC values of each naturally occurring components established by OSPAR!”) that was

used for hazard assessment.

Table 5.4 List of naturally occurring substances expected in the Tortue FPSO PW discharge
Concentration in | Concentration in
Component Produced Water | Produced Water | PNEC (ug/L) - Component Grou
P (Base Case) | (High BTEX Case) OSPAR P P
(mg/L) (mg/L)
Benzene 637 973 8.00
Toluene 56 25 7.40 BTEX
Ethylbenzene 3 3 10.00
Xylene 3 2 8 (PNEC Benzene)
Dispersed oil 29.00 29.00 70.5 Dispersed oil
Mercury 0.32 0.32 0.047+Cb2 Metals
Phenol (representative for CO-C3 alkyl phenols) 20 20 7.7 Phenols C0-C3
5.3.2 Production chemicals

The estimated concentration, environmental properties and PNEC values of production chemicals

expected in the PW effluent stream are presented in

Table 6.5.

Although the production chemical supplier is only selected later in the project construction phase,
the chemical products used in the simulations are typical representatives for the functional role of

each additive (corrosion inhibitor, scale inhibitor etc.

Table 5.5
discharge

).

List of chemical additives and their estimated concentrations in the Tortue FPSO PW

Production Chemicals

No FW - No MPPE .
Peg]znnll?gsl o . F’roduct_ Resmed) Ch.emi.cal Specific - Bioaccumulatio Biodegradation. ECOt,OXICIty =
Product name Components in Function Concentration Concent_ratlon in GiEvity Solubility (mg/L) n 9% 28 days ‘{I\_’Dfél_ﬁquaﬂc
(mg/) the PW discharge Log Pow oxicity Test PNEC (ppb)
Product (%) (ma/l)
(mg/h)

Cortron RN-629 7.01 Corrosion Inhibitors 200 14.02 0.92 Complete N/A 62% (28 days) 1.02 1.02
EC6157A 36.2 Scale Inhibitor 20 7.24 1 Complete -0.1 41% (21) days) 1000 1000
EC6029A 100 Coagulant Flocculant 10 10 1.16 Complete N/A 80% (28 days) 1.3825 1.3825

1-Scale inhibitor: Assumes 100% of injected chemical enters PW.

2-Corrosion inhibitor: Assumes 18% of injected chemical enters PW and injection rate of 32 I/h. Cl is assumed to

partition 10:1 water:condensate. No allowance is made for Cl persistence in MEG during regeneration

3 - Polyacrylamides or Quaternary ammonium co-polymer - Assumed 100% discharge to PW
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Risk assessment input data

5.3.3 Model settings and assumptions

The model set-up parameters used in the modelling are summarized in Table 5.6. The spatial grid
cell resolutions ranged from 20 m x 20 m to 50 m x 50 m horizontally and 10 m vertically, depending
on what was required to accurately map the dilution field

Table 5.6 Model set-up parameters used in DREAM simulations

Model Set-up Parameters

. Liquid / Solid particles 5,000
Number of particles - -
Dissolved particles 5,000
direetion ongituce 20 0150 m
The spatial resolution of the Habitat Grid L 1ong
Resolution in the y- 20 6r50 m
direction (latitude)
Rlesollutlon in t.he X- 20 or 50 m
direction (longitude)
The spatial resolution of the concentration Resolution in the y-
. ) . o . 20 0or 50 m
grid in the horizontal and ertical direction (latitude)
Resolution in the z- 5m
direction (depth)
oy | mrso
The spatial resolution of the surface grid 1 Tong
Resolution in the y- 20 6r 50 m
direction (latitude)
. . Min: Om
Depth f trat d
epth for concentration gri Max 0 m
Lower concentration limit: 0.01 ppb
L . Time-step 5 min
Computation time-step and output time-ste -
P P P P Output interval 12 hr
Simulation period: 45 days
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Tortue Development Project: Produced Water Discharge Modelling Risk assessment results

6 Risk Assessment Results

This section summarises the key findings from the exposure assessment and risk characterisation
stages of the RBA carried out using DREAM. The complete sets of modelling results are presented in
Annex C.

6.1 Assessment of naturally occurring substances only

Table 6.1 summarises the Maximum and Mean EIFs results for PW discharge Scenarios 1 to 4 (which
exclude production chemicals, see Section 4 - Table 4.1). The EIF results therefore give an indication
of the contribution of NOSs to the overall toxicity and ecological risk associated with potential PW
overboard discharges at the Tortue FPSO.

The EIFs for all 4 scenarios were very small ranging from 1.21 to 2.12 for the maximum EIF and 0.62
to 1.03 for the Mean EIFs, indicating that contribution of NOSs to the PW toxicity is negligible. The
highest time-averaged maximum exposure risk and mean EIF values of 64% and 1.03 respectively
(Scenario 3) were associated with the High BTEX concentration case / lowest ambient current
velocity scenario. A mean EIF of 1.03 is equivalent to a maximum volume of water which experiences
an exposure risk > 5% of 1.03 x 10 km?

The High BTEX case scenarios (Scenarios 3 and 4) gave maximum and mean EIFs ranging from 51% -
66% greater than those for the corresponding BTEX Base case scenarios (Scenarios 1 and 2).

Under high ambient current conditions (Scenarios 2 and 4), the PW plume was transported further
away from the discharge point before the risk was reduced to <5% resulting in an increase in the
maximum spatial extent of the exposure risk footprint over the 45 day simulation. This represents a
66 % (Scenario 2) and 42% (Scenario 4) increase in distance compared to the respective low ambient
scenarios (Scenarios 1 and 3).

Figure 6.1 shows snapshot maps of the maximum environmental exposure risk > 5% in the water at
any location at the time of maximum EIF for the NOS base case at both low and high ambient current
velocity conditions (Scenarios 1 and 2). The results showed that the maximum distances from release
site where the exposure risk is > 5% at the time of maximum EIF are 0.81 km and 2.46 km, for the low
and high ambient current cases respectively.

If all time steps are considered, then Figure 6.2 shows the maximum environmental exposure risk
predicted at any location in the water column over the 45 day simulation period for Scenarios 1 and
2. The maximum distances from release site where the maximum exposure risk is > 5% are 1.93 km
and 3.20 km, for the low and high ambient current cases respectively. These maps also show a
vertical cross section of risk in the water column along the vector A-B.

The variation in EIF and maximum risk in the water column over the simulation period for the PW
NOS base case is shown in Figure 6.3. The increase in dispersion under high ambient current
conditions reduced the predicted time-averaged maximum exposure risk by 75% compared to the
low ambient current scenario,

Figure 6.4 shows the contribution of each NOS contaminant in the PW water to the EIF for Scenario 1
(NOS base case, low ambient currents). The pie-chart reveals that 96% of the EIF risk in the water
column is attributable to Benzene (75%), Mercury (15%) and Toluene (6%). Similar results were
obtained under high ambient current conditions (Scenario 2). However, for the “High” BTEX case
scenarios (Scenario 3 and 4) the relative contribution of Benzene increased to @ 85% whilst the
Mercury and Toluene contributions reduced to @ 10% and 2% respectively.
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Tortue Development Project: Produced Water Discharge Modelling Risk assessment results

Figure 6.1 Snapshot maps showing the maximum environmental exposure risk in the water
column >5% at any location at the time of maximum EIF for the NOS base case at both
low and high ambient current velocity conditions (Scenarios 1 and 2). Top - maps same
scale, bottom - maps zoomed in).
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Risk assessment results

Table 6.1

Summary of the predicted environmental exposure risk arising from NOSs in the PW discharge scenarios for the Tortue FPSO.

Release rate of PW Water column EIF
@ ion of BTEX Metff:ean § . Maximum volume of Maximum distance from Maximunm distance from
Scenario components in PW Release duration (days) ProducedTWater Profile risk in : . Lowest maximum Maximum water whose Time elapsed from | release point where WC | Average Average volume of release point where WC
discharge cur:-er‘n / ype o P . I in th ; risk in the | i risk the start of the exposure risk exceeded | EIF,  over water whose exposure exposure risk exceeded
e water column | risk in the water . .
conditions oo | (meay) ove:\::he duraltlion c'olu'm" ov:‘: i water column over | EIF,, over exceeds 5% (EIF,, discharge when 5% (i.e. EIF,, > 0) at the | duration of | risk exceeds 5% (EIF,, 5% (i.e. EIF,,. > 0) over
of the simulation | duration of the the duration of the | duration of the | >0) over the duration | maximum EIF,, time of Max the >0) over the duration of thn 45[‘ e ati
9 i i i (%)- i i of the simulation occurs (days) instantaneous EIFwc simulation. the simulation (km?). N 3y simulation
(%). simulation (%). 3 (km).
(km®). (km).
Lowest . Naturally Occurrin
1 Base case — 625 99  |Continuous (45 days) Substan;{es g 89.8% 48.8% 20.6% 121 0.000121 28.0 0.81 0.62 0.000062 193
Highest . Naturally Occurring
2 Base case Currents 625 99 Continuous (45 days) Substances 35.4% 12.1% 4.7% 1.39 0.000139 6.5 2.46 0.63 0.000063 3.20
A Lowest . Naturally Occurrin
3 High case G - 625 99 Continuous (45 days) i v J 97.4% 64.2% 20.3% 2.01 0.000201 45 0.31 1.03 0.000103 2.27
urrents ubstances
. Highest X Naturally Occurring
4 High case o 625 99 |Continuous (45 days) Substances 47.8% 18.1% 8.2% 212 0.000212 35.5 0.43 0.95 0.000095 3.23
Release rate of PW Water column EIF
i Maxii dist: fi
Concentrationof | ©) i Release duration Produced Water | Time-averaged Percentage i e W Maximum distance from
Scenario [BTEX components in ) 3 - Maximum release point where WC Average N
. current / (days) Profile Type maximum exposure | Change in Time- instantaneous Percentage exposure risk exceeded EIFy over release point where WC
PW discharge conditions 5 risk in the water . > o we Percentage Change | exposure risk exceeded | Percentage Change
(bpd) | (m*/day) averaged EIF, over Change in Max | 5% (i.e. EIF,. >0) atthe | Percentage Change (%) | duration of X .
column over the R N N in Avg EIF WC(%) 5% (i.e. EIF,,. > 0) over (%)
duration of the maximum d.uratlorl of the EIF (%) time of Max t!|e . the 45 day simulation
N N . simulation. instantaneous EIFwc simulation.
simulation (%). exposure risk (%) (km).
(km).
L t Naturally O i
1 Base case c:r‘:’::ts 625 99 |Continuous (45 days) Sjb:tr:nzesccumng 48.8% 0% 0% 121 0% 0% 0.81 0% 0% 0.62 0% 0% 1.93 0% 0%
Highest . Naturally Occurring
2 Base case o 625 99 Continuous (45 days) SLETES 12.1% -75% 0% 1.39 15% 0% 2.46 205% 0% 0.63 2% 0% 3.20 66% 0%
N | i
3 High case c"‘?n"”:::s 625 99 |Continuous (45 days) S:;gtr:n'ze(:“”"'”g 64.2% 0% |32% 2.01 0% | 66% 031 0% | 61% 1.03 0% | 66% 227 0% | 17%
. Highest ) Naturally Occurring
4 High case . 625 99 Continuous (45 days) Substances 18.1% -72% 50% 2.12 5% 53% 0.43 37% -83% 0.95 -8% 51% 3.23 42% 1%
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Tortue Development Project: Produced Water Discharge Modelling Risk assessment results

Figure 6.2 Maps showing the spatial extent maximum environmental exposure risk >5% predicted at any location in the water column over the 45 day
simulation period for the NOS base case at both low and high ambient current velocity conditions (Scenarios 1 and 2).
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Risk assessment results

Figure 6.3 Time series of maximum risk and EIFwc (risk > 5%0) in the water column over a 45 day
simulation period for the NOS base case at both low (Scenario 1, Top) and high
(Scenario 2, Bottom) ambient current velocity conditions.
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Tortue Development Project: Produced Water Discharge Modelling Risk assessment results

Figure 6.4 Pie-chart showing the contribution of each naturally occurring contaminant towards
the EIF for the PW NOS only base case (Scenario 1, low ambient currents)

Computed max. EIF = 1.21 Time averaged EIF = 0.62
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EIF_OSPAR_Toluene 6%
_ - W EIF_OSPAR_Mercury

EIF_OSPAR_Benzene 75%

6.2 Assessment of naturally occurring substances and added Chemicals

Table 6.2 summarises the Maximum and Mean EIFs results for PW discharge Scenarios 5 to 8 (which
include production chemicals, see Section 4 - Table 4.1).

The EIFs for all 4 scenarios were much higher than for the scenarios which considered only NOS
components indicating that contribution of NOSs to the PW toxicity is minor. The EIFs ranged from
18.9 to 39.6 for the maximum EIF and 9.2 to 15.6 for the Mean EIFs. The highest maximum and
mean EIF values of 39.6 and 15.6 respectively (Scenario 7) were associated with the High BTEX
concentration case + production chemicals / lowest ambient current velocity scenario. A maximum
EIF of 39.6 is equivalent to a maximum volume of water which experiences an exposure risk > 5% of
3.96 x 10 km?

The High BTEX case scenarios with production chemicals included (Scenarios 7 and 8) gave mean EIFs
only 5% - 6% greater than those for the corresponding Base case scenarios with production chemicals
(Scenarios 5 and 6). For all BTEX scenarios with production chemicals, the increase in dispersion
under high ambient current conditions reduced the calculated maximum and mean EIF by 45% - 49%
and 38% respectively.

Figure 6.5 shows snapshot maps at the time of maximum EIF in the water column for the NOS base
case with production chemicals at both low and high ambient current velocity conditions (Scenarios 5
and 6). The results showed that the maximum distances from release site where the exposure risk is
> 5% at the time of maximum EIF are 1.78 km and 1.90 km, for the low and high ambient current
cases respectively.
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Risk assessment results

Table 6.2

Summary of the predicted environmental exposure risk arising from NOSs and production chemicals in the PW discharge scenarios
for the Tortue FPSO.

Release rate of PW Water column EIF
Concentration of Maximum volume of Maximum distance from N "
i i i i M d f
Scenario |BTEX components in Gl L M RLT) B Rt iski T Lowest maximum | Maximum water whose Time elapsed from | release point where WC | Average Average volume of rela:a"s';ur:inlts;al:::e ::/rz
PW discharge GG/ (days) Type riskin L - P risk in the {J risk the start of the exposure risk exceeded | EIF,,c over water whose exposure P .
& conditions 3 the water column | risk in the water N ) 3 N exposure risk exceeded
(bpd) | (m*/day) e | e e water column over | EIF,, over exceeds 5% (EIF,. | discharge when | 5% (i.e. EIF,.>0) atthe | duration of | risk exceeds 5% (EIF,. | o/ (i.e. EIF,,. > 0) over
of the simulation | duration of the the duration of the | duration of the | >0) over the duration | maximum EIF,. | time of Max the >0) over the duration of th: 45 doy simalation
%) simulation (%) (%). i i of the si occurs (days) instantaneous EIFwc simulation. the simulation (km®). (km). v
i i (km®). (km). .
Naturally Occurring
Lowest . .
5 Base case c 5 625 99 Continuous (45 days)| Substances + Production 100.0% 83.1% 45.8% 34.4 0.003436 26.5 1.78 14.7 0.001474 5.31
urrents .
Chemicals
R Naturally Occurring
ighes . 0
6 Base case C frents 625 99 Continuous (45 days)| Substances + Production 97.1% 70.3% 52.2% 18.9 0.001893 16.5 1.90 9.2 0.000915 8.47
u .
Chemicals
L o Naturally Occurring
. owes . .
7 High case c . 625 99 Continuous (45 days)| Substances + Production 100.0% 84.4% 45.8% 39.6 0.003955 26.5 1.76 15.6 0.001563 4.00
urrents .
Chemicals
Highest Naturally Occurring
. ighes . .
8 High case c e 5 625 99 Continuous (45 days)| Substances + Production 97.2% 72.6% 61.6% 20.1 0.002010 16.5 2.08 9.6 0.000963 8.35
urrents .
Chemicals
Release rate of PW Water column EIF
Concentration of . " . . Maximum distance from . .
Scenario | BTEX components Ambletn; Releas: GUTEEn Produced-:Nater it EZ?ZZ:as:Dsm Percentage Change | Maximum release point where WC Average ::f:;:";l:f:::::x
in PW discharge curren B (days) ype risk in the water in Time-averaged | instantaneous | percentage Change in | exposure risk exceeded ElFwcover | parcentage Change in | exposure risk exceeded
conditions| (bpd) | (m*/day) . EIF, over 5% (i.e. EIF, >0) atthe | Percentage Change (%) | duration of N Percentage Change (%)
column over the maximum exposure | o oo Max EIF (%) time of M. th Avg EIF wc(%) 5% (i.e. EIF,, > 0) over
duration of the ik furation of the time of Max e the 45 day simulation
simulation (%). risk (%) simulation. ;:st:;ntaneous EIFwc simulation. (k).
m).
Naturally Occurring
L t
5 Base case C\j’:::[s 625 99 |Continuous (45 days)| Substances + Production 84.5% 0% 0% 344 0% 0% 178 0% 0% 147 | 0% 0% 531 0% 0%
Chemicals
Highest Naturally Occurring
6 Base case 8 625 99 Continuous (45 days)| Substances + Production 71.0% -16% 0% 18.9 -45% 0% 1.90 7% 0% 9.2 -38% 0% 8.47 59% 0%
Gt Chemicals
) — . Naturally Occurring ;
7 High case o 625 99 Continuous (45 days)| Substances + Production 82.9% 0% | -2% 39.6 0% |15% 1.76 0% | -1% 15.6 0% | 6% 4.00 0% | -25%
Chemicals
. Naturally Occurring
Hight
8 High case ey 625 99 Continuous (45 days)| Substances + Production 71.5% -14% 1% 20.1 -49% 6% 2.08 18% 9% 9.6 -38% 5% 8.35 109% -1%
e Chemicals
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Figure 6.5 Snapshot maps showing the maximum environmental exposure risk in the water
column >5% at any location at the time of maximum EIF for the NOS base case with
production chemicals at both low and high ambient current velocity conditions
(Scenarios 5 and 6). Top - maps same scale, bottom - maps zoomed in).

Risk (%)
5-10
10-20

20-30
- 30-40
I 40-50
. 50-60
Mso-75
M5-90
| BRI

Discharge rate = 625 bpd

Max EIF = 34.36

Mean EIF = 14.74

Max risk = 100%

Max distance from release site where EIF > 0
(exposure risk > 5%) at time of Max EIF =1.78 km

Discharge rate = 625 bpd

Max EIF =18.93

Mean EIF = 9.15

Max risk = 97.1%

Max distance from release site where EIF > 0
(exposure risk > b%) at time of Max EIF =1.90 km

Metocean conditions: Lowest Currents

Metocean conditions: Highest Currents

MS002-EV-REP-000-03001 Page 35 of 71
© BP p.l.c.

Rev: BO2
BP Internal

Uncontrolled when printed or stored locally




Tortue Development Project: Produced Water Discharge Modelling Risk assessment results

If all time steps are considered, then Figure 6.6 shows the maximum environmental exposure risk
predicted at any location in the water column over the 45 day simulation period for Scenarios 5 and
6. The maximum distances from release site where the maximum exposure risk is > 5% are 5.31 km
and 8.47 km, for the low and high ambient current cases respectively. These maps also show a
vertical cross section of risk in the water column along the vector A-B.

The variation in EIF and maximum risk in the water column over the simulation period is for the NOS
base case with production chemicals shown in Figure 6.7. The increase in dispersion under high
ambient current conditions reduced the predicted time-averaged maximum exposure risk by 16%
compared to the low ambient current scenario,

Figure 6.8 shows the contribution of each contaminant in the PW water to the EIF for Scenario 5
(NOS base case + production chemicals, low ambient currents). The pie-chart reveals that 93% of the
EIF risk in the water column is attributable to corrosion inhibitor (Cortron RN629) with minor
contributions from Benzene (3%), and the chemical flocculent (EC6029A, 3%). Similar results were
obtained for the other scenarios although the contribution from Benzene was increased by a few
percentage points for the “High” BTEX case scenarios (see Annex C.7, Figure C35, and Annex C.8,
Figure C40).
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Figure 6.6 Maps showing the spatial extent of the maximum environmental exposure risk >5% predicted at any location in the water column over
the 45 day simulation period for the NOS base case with production chemicals at both low and high ambient current velocity
conditions (Scenarios 5 and 6).

I vrtical oo Section
File  Semngs

Discharge rate = 625 bpd Discharge rate = 625 bpd

Max EIF = 3436 Max EIF = 18.93

Mean EIF = 14.74 Mean EIF = 9.15

Max risk = 100% Maxrisk = 97.1%

Max distance from release site where EIF = 0 Max distance from release site where EIF

(exposure risk > b%) =5.31 km > 0 (exposure risk > 5%) = 8.47 km

Metocean conditions: Lowest Currents Metocean conditions: Highest Currents
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Tortue Development Project: Produced Water Discharge Modelling Risk assessment results

Figure 6.7 Time series of maximum risk and EIFwc (risk > 5%0) in the water column over a 45 day
simulation period for the NOS base case with production chemicals at both low
(Scenario 5, Top) and high (Scenario 6, Bottom) ambient current velocity conditions.
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Figure 6.8 Pie-chart showing the contribution of each naturally occurring contaminant towards
the EIF for the NOS base case with production chemicals (Scenario 5, low ambient
currents)
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7 Discussion

Overall, the results show significant variability in the calculated EIFs, which depends on the ambient
metocean conditions, the concentration of BTEX components in the PW and whether the PW
discharge profiles contain chemical additives.

Although the predicted EIFs were higher when production chemicals were included in the PW profile,
which suggests that added chemicals are the main contributor to environmental exposure risk, it
must be stressed that this is in part due to the assessment (safety) factor (AF) approach included in
the EIF methodology. The variability in quality and quantity of toxicity data for the different
substance groups causes a large range in applied AFs that account for extrapolation uncertainty. For
example the PNEC values for Ethylbenzene and Benzene were derived using AFs of 10 and 100
respectively, because comprehensive chronic toxicity data is available . In contrast, AFs of 1,000
were applied to production chemicals as there is limited acute toxicity data available for 3 species at
3 different trophic levels (algae, zooplankton, and fish) ®. It is important that the extrapolation
uncertainty “hidden” in AFs is taken into account when defining risk reduction measures; otherwise it
could result in the wrong prioritisation of mitigation options.

Thus in the case of PW discharges from the Tortue FPSO, the first priority before considering any
other risk mitigation options, should be establish whether acquiring chronic toxicity test data for the
corrosion inhibitor will allow a less conservative AF of 100, or 50 to be used in EIF calculations
thereby reducing the overall EIF and contribution from the Cl chemical.

Although it is not advisable to compare EIFs from different installations because of differences in the
nature and scale of discharges and different environmental conditions, the highest maximum and
mean EIF values of 39.6 and 15.6 predicted for the Tortue FPSO PW discharge are small when
compared to the limited published PW EIF data for North Sea installations. In 2002 Statoil published
EIF data for the discharge of PW from 25 fields in the North Sea. The values ranged from 0 (zero) to
15,000, with an EIF of 100 or less for seven fields, and EIF of approximately 1,000 for the majority of
the fields and an EIF of >5,000 for three fields*?.
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Annex A

Annex A PNEC Calculation and Assessment (Safety) Factors

Table A1l -

The selection of the assessment factor for the derivation of the PNEC in the whole effluent

approach assessment followed the EC 1996 methodology ) (see Table A1 below).

Assessment factors to derive a PNEC in an aquatic environment extracted from EC
1996 Technical Guidance Document in support of Commission Directive 93/67/EEC on
risk assessment for new notified substances and Commission Regulation (EC) No

1488/94 on risk assessment for existing substances.

Assessment factor

At least one short-term L(E)Cs;, from each of three 1000 @
trophic levels of the base-set (fish, Daphnia and algae)

One long-term NOEC (either fish or Daphnia) 100 ®

Two long-term NOECs from species represenfing two 50 ©
trophic levels (fish and/er Daphnia and/or algae)

Long-term NOECs from at least three species (normally 10 @
fish, Daphnia and algae) representing three trophic levels

Field data or model ecosystems Reviewed on a case by case basis®

NOTES:

(a)

The use of a factor of 1000 on short-term toxicity data is a conmservative and
protective factor and is designed fo ensure that substances with the potential to cause
adverse effects are identified in the effects assessment. It assumes that each of the
above identified uncertainties makes a significant contribution fo the owverall
uncertainty.

For anv given substance there may be evidence that this is not so, or that one
particular component of the uncertainty is more important than any other. In these
circumstances it may be necessary to vary this factor. This variation mayv lead to a
raised or lowered assessment factor depending on the evidence available. Except for
substances with infermittent release (see section 3.3.2) under no circumstances
should a factor lower than 100 be used in deniving a PNEC,,. from shori-term
toxicity data.

Evidence for varying the assessment factor could include one or more of the

Evidence from structurally similar compounds (Evidence from a closely
related compound may demonstrate that a higher or lower factor may be
appropriate);

Knowledge of the mode of action. (Some substances, by virtue of their
structure, may be known to act in a non-specific manner. A lower factor may
therefore be considered. Equally a known specific mode of action may lead to
a raised factor);

The availability of data from a wide selection of species covering additional
taxonomic groups other than those represented by the base-set species;

The availability of data from a variety of species covering the taxonomic
groups of the base-set species across at least three trophic levels.
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(®)

()

(@)

(e)

In such a case the assessment factors may only be lowered if these multiple data points
are available for the most sensitive taxonomic group.

There are cases where the base-set is not complete: e.g. for substances which are
produced at <1 t/a (notifications according to Annex VII B of Directive 92/32/EEC).
At the most the acute toxicity for Daphnia is determined. In these exceptional cases,
the PNEC should be calculated with a factor of 1000.

Variation from a factor of 1000 should not be regarded as normal and should be fully
supported by accompanying evidence.

An assessment factor of 100 applies to a single long-term NOEC (fish or Daphnia)
if this NOEC was generated for the trophic level showing the lowest L(E)Csp in the
short-term tests.

If the only available long-term NOEC is from a species (standard or non-standard
organism) which does not have the lowest L(E)Cso from the short term-tests, it
cannot be regarded as protective of other more sensitive species using the assess-
ment factors available. Thus the effects assessment is based on the short-term data
with an assessment factor of 1000. However. the resulting PNEC based on short-
term data may not be higher than the PNEC based on the long-term NOEC
available.

An assessment factor of 100 applies also to the lowest of two long-term NOECs
covering two trophic levels when such NOECs have not been generated from that
showing the lowest L(E)Csg of the short-term tests.

An assessment factor of 50 applies to the lowest of two NOECs covering two trophic
levels when such NOECs have been generated covering that level showing the lowest
L(E)Cso in the short-term tests. It also applies to the lowest of three NOECs covering
three trophic levels when such NOECs have not been generated from that level
showing the lowest L(E)Cso in the short-term tests.

An assessment factor of 10 will normally only be applied when long-term toxicity
NOECs are available from at least three species across three trophic levels (e.g.
fish, Daphnia, and algae or a non-standard organism instead of a standard
organism).

When examining the results of long-term toxicity studies, the PNECy,.: should be
calculated from the lowest available no observed effect concentration (NOEC).
Extrapolation to the ecosystem effects can be made with much greater confidence,
and thus a reduction of the assessment factor to 10 is possible. This is only
sufficient, however, if the species tested can be considered to represent one of the
more sensitive groups. This would normally only be possible to determine if data
were available on at least three species across three trophic levels.

It may sometimes be possible to determine with high probability that the most
sensitive species has been examined, i.e. that a further long-term NOEC from a
different axonomic group would not be lower than the data already available. In those
circumstances, a factor of 10 applied to the lowest NOEC from only two species would
also be appropriate. This is particularly important if the substance does not have a
potential to bioaccumulate. If it is not possible to make this judgement, then an
assessment factor of 50 should be applied to take into account any interspecies
variation in sensitivity. A factor of 10 cannot be decreased on the basis of laboratory
studies.

The assessment factor to be used on mesocosm studies or (semi-) field data will need
to be reviewed on a case-by-case basis.
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Annex B

Annex B PNECs for Naturally Occurring Components of PW

In support of OSPAR 2012/7 guidelines ¥, OSPAR Agreement 2014/5 ) provides PNECs for the
naturally occurring components of PW to be included in the RBA assessment. A selected list of
PNECs provided in OSPAR Agreement 2014/5 is shown below in Table B1. The document includes a
more detailed list of all naturally occurring components and more detailed chemical property
information and the Assessment (Safety) Factors used to develop the PNECs.

Table B.1 Selected list of the key naturally occurring constituents of PW and their associated
PNECs (OSPAR Agreement 2014/5)

Substance PNEC (pg/L) Source Additional information

BTEX

Benzene (and xylene) 8 EC, 2013 It is proposed to apply the PNEC for benzene

to represent the toxicity of xylene

Toluene 7.4 EU RAR, 2003

Ethylbenzene 10 EU RAR, 2007

Naphthalenes

Naphthalene (and alkyl 2 EC, 2013 It is proposed to apply the PNEC for

homologues)

naphthalene to represent the toxicity of C1-
C3 alkyl homologues of naphthalene

Polycyclic aromatic hydrocarbons (PAHs)

2-3 ring PAH

Acenaphthene 0.38 EU RAR CTPHT, 2008

Acenaphtylene 0.13 EU RAR CTPHT, 2008

Fluorene 0.25 EU RAR CTPHT, 2008

Anthracene (and 0.1 EC, 2013 It is proposed to apply the PNEC for

dibenzothiophene and alkyl anthracene to represent the toxicity of

homologues) dibenzothiophene and C1-C3 alkyl
homologues of dibenzothiophene

Phenanthrene (and alkyl 1.3 EU RAR CTPHT, 2008 It is proposed to apply the PNEC for

homologues) phenanthrene to represent the toxicity of C1-
C3 alkyl homologues of phenanthrene

4 ring PAHs

Fluoranthene 0.0063 EC, 2013 The PNECyater is back calculated from food
standard applying bioconcentration factor ¥

Pyrene 0.023 EU RAR CTPHT, 2008

Benz(a)anthracene 0.0012 EU RAR CTPHT, 2008

Chrysene 0.007 EU RAR CTPHT, 2008

5-6 ring PAHs

Dibenzo(a,h)anthracene 0.00014 EU RAR CTPHT, 2008

Substance PNEC (pg/L) Source Additional information

Benzo(a)pyrene? (and 0.00017 EC, 2013 It is proposed to apply the PNEC for

Benzo(g,h,i)perylene,

benzo(a)pyrene to represent the toxicity of
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Benzo[b]fluoranthene,
Benzo[k]fluoranthene and
Indeno[1,2,3-cd]pyrene)

benzo(g,h,i)perylene, benzo[b]fluoranthene,
benzo[k]fluoranthene and indeno[1,2,3-
cd]pyrene.

The PNECater is back calculated from food
standard for benzo(a)pyrene applying
bioconcentration factor for molluscs ¥

Alternative PNEC value/sources based on aquatic toxicity (ug/L)

Benzo(a)pyrene

1) 0.022 (5-6 rings PAH EQS draft fact sheet; dossier 20101221)
2) 0.022 (EU RAR CTPHT, 2008)
3) 0.010 (Verbruggen, 2012).

Benzol[b]fluoranthene,

1) 0.017 (5-6 rings PAH EQS draft fact sheet; dossier 20101221
2) 0.0017 (EU CTPHT RAR, 2008)
3) 0.017 (Verbruggen, 2012).

Benzol[k]fluoranthene

1) 0.017 (5-6 rings PAH EQS draft fact sheet; dossier 20101221)2) 0.0017 (EU RAR CTPHT, 2008)
3) 0.017 (Verbruggen, 2012)

Indeno([1,2,3-cd]pyrene)

1) 0.00027 (EU RAR CTPHT, 2008)
2) 0.00027 (Verbruggen, 2012

Benzo(g,h,i)perylene,

1) 0.00082 (5-6 rings PAH EQS draft fact sheet; dossier 20101221)
2) 0.00082 (EU RAR CTPHT, 2008)
2) 0.00082 (Verbruggen, 2012)

Dispersed oil

Dispersed oil 70.5 Smit et al., 2009 No official standard available

Metals

Arsenic 0.6 +Cb3 UKTAG, 2007 No EU standard available.,

Cadmium 0.2+Cb3 EC, 2013

Chromium 0.6+ Cb UKTAG, 2007 No EU standard available

Copper 2.6 EU RAR, 2008

Nickel 8.6 +Cb EC, 2013

Mercury? 0.05+Cb3 WEFD, 2008 The PNEC does not account for
bioaccumulation?

Lead 1.3 EC, 2013

Zinc 3.4+Cb3 UKTAG, 2012

Alkyl phenols

Phenol (and C1-C3 alkyl 7.7 EU RAR, 2006 Reliable PNECs are not available for individual

phenols) C0-C3 alkyl phenols. It is proposed to apply
the PNEC for phenol to represent the toxicity
of all CO-C3 alkyl phenols

Butylphenol (and other C4 alkyl | 0.64 EU RAR, 2008 Reliable PNECs are not available for individual

phenols) C4 alkyl phenols. It is proposed to apply the
PNEC for butylphenol to represent the
toxicity of all C4 alkyl phenols

Substance PNEC (pg/L) Source Additional information

Pentylphenol (and other C5 0.2 EA RAR, 2008 Reliable PNECs are not available for individual

alkyl phenols) C5 alkyl phenols. It is proposed to apply the
PNEC for pentylphenol to represent the
toxicity of all C5 alkyl phenols
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Octylphenol (and C6-C8 alkyl 0.01 EC, 2013 Reliable PNECs are not available for individual

phenols) C6-C8 alkyl phenols. It is proposed to apply
the PNEC for octylphenol to represent the
toxicity of all C6-C8 alkyl phenols

Nonylphenol (and other C9 0.3 EC, 2013 Reliable PNECs are not available for individual

alkyl phenols)

C9 alkyl phenols. It is proposed to apply the
PNEC for nonylphenol to represent the
toxicity of all C9 alkyl phenols

1) For Priority Substances under the WFD with significant bioaccumulation potential or human health
effects from consumption of fishery products (e.g. for some PAHs), the PNECwater is derived from
food standards applying bioconcentration factors.

2) 5-6 ring PAHs include the carcinogenic substances: benzo[a]pyrene, benzo(g,h,i)perylene,
benzo[b]fluoranthene, benzo[k]fluoranthene and indeno[1,2,3-cd]pyrene. It is proposed to apply the

PNEC for benzo[a]pyrene for all 5-6 carcinogenic PAHs.

3) Cb: Background concentration (ug/L). Site specific background concentrations are preferred. If not
available, ranges for background concentrations can be found in the OSPAR background document

(OSPAR, 2004).

4) For mercury, which has bioaccumulation potential, back calculation from food standards is not
possible because bioconcentration factors are highly variable. Therefore the PNEC water for mercury
based on aquatic toxicity is proposed (WFD, 2008). The PNEC does not account for
bioaccumulation/secondary effects and is therefore not protective for marine mammals and birds.

Bibliography, sources and supporting information:

Baars A.J., Theelen R.M.C., Janssen P.J.C.M., Hesse J.M., van Apeldoom M.E., Meijerink M.C.M., Verdam L. and Zeilmaker M.J.
(2001). Re-evaluation of human-toxicological maximum permissible risk levels. RIVM report 711701 025. RIVM, Bilthoven.
http://www.rivm.nl/bibliotheek/rapporten/711701025.pdf.

EC (2011). 5-6 ring PAH EQS draft fact sheet (dossier 20101221), 13/12/2011 https://circabc.europa.eu/sd/d/4el13a4c4-07b9-4e55-
a43d-823e7cd4ce82/PAH%20EQS%20dossier%202011.pdf

EC (2013). DIRECTIVE 2013/39/EU OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL
of 12 August 2013, amending Directives 2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy .
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2013:226:0001:0017:EN:PDF

ECHA (2009). Member State Committee Support Document for identification of Coal Tar Pitch, High Temperature as a substance of

very high concern because of its PBT and CMR properties, December 2009.

http://echa.europa.eu/documents/10162/13638/svhc_supdoc pitch publication en.pdf

EU RAR CTPHT (2008). European Union Risk Assessment Report for Coal-Tar Pitch, High Temperature (CAS-No.: 65996-93-2,
EINECS-No.: 266-028-2)(Final report, Environment). Institute for Health and Consumer Protection - European Chemicals Bureau.

May, 2008.

OSPAR List of Chemicals for Priority Action (revised 2011).
http://www.ospar.org/content/content.asp?menu=00120000000050 000000 000000

MS002-EV-REP-000-03001
© BP p.l.c.

Page 47 of 71

Rev: B02
BP Internal

Uncontrolled when printed or stored locally



http://www.rivm.nl/bibliotheek/rapporten/711701025.pdf
https://circabc.europa.eu/sd/d/4e13a4c4-07b9-4e55-a43d-823e7cd4ce82/PAH%20EQS%20dossier%202011.pdf
https://circabc.europa.eu/sd/d/4e13a4c4-07b9-4e55-a43d-823e7cd4ce82/PAH%20EQS%20dossier%202011.pdf
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:EN:PDF
http://echa.europa.eu/documents/10162/13638/svhc_supdoc_pitch_publication_en.pdf
http://www.ospar.org/content/content.asp?menu=00120000000050_000000_000000

Tortue Development Project: Produced Water Discharge Modelling Annex C

Annex C Environmental exposure risk modelling results for each release
scenario

Cl1l Scenario 1

Figure C.1 Scenario 1 - Snapshot map at the time of maximum environmental exposure risk in the
water column > 5% (ElIFwc = 1.21, 1.21 x 10* km®) over the 45 day simulation period
for naturally occurring substances only (Base Case BTEX concentrations, PW
discharge rate of 625 bpd), under the worst case, lowest ambient current velocity
conditions
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Tortue Development Project: Produced Water Discharge Modelling Annex C

Figure C.2 Scenario 1 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances only (Base Case BTEX concentrations, PW discharge
rate of 625 bpd), under the worst case, lowest ambient current velocity conditions.

Time development chart

3.00
EIF_OSPAR_Mercury
® EIF_OSPAR_Phenol(CO-C3-al
250 - m EIF_OSPAR_Dispersed-oil
W EIF_OSPAR_Xylene
W EIF_OSPAR_Ethylbenzene
2.00 - B EIF_OSPAR_Toluene
w
o m EIF_OSPAR_Benzene
H]
b 1.50 -
20
()]
; ————————————————————————————————————— Instantaneous maximum EIF
1.00 -
. Time-average EIF
0.50 &

0.00
023568 9111214151718202123242627293032333536383941424445

Time (days)

Figure C.3 Scenario 1 - Time series of maximum risk and EIFwc (risk > 5%) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances only (Base Case BTEX concentrations, PW discharge rate of 625
bpd), under the worst case, lowest ambient current velocity conditions.
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Tortue Development Project: Produced Water Discharge Modelling Annex C

Figure C.4  Scenario 1 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances only (Base Case
BTEX concentrations, PW discharge rate of 625 bpd), under the worst case, lowest
ambient current velocity conditions.
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Water Column Risk Map: Total

Figure C5 Scenario 1 - Pie-chart showing the contributions to EIFwc of each contaminant in the
discharge at the time of maximum EIFwc following the continuous release of PW over
the 45 day simulation period for naturally occurring substances only (Base Case BTEX
concentrations, PW discharge rate of 625 bpd), under the worst case, lowest ambient
current velocity conditions.

Computed max. EIF=1.21 Time averaged EIF = 0.62
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C.2 Scenario 2

Figure C.6 Scenario 2 - Snapshot map at the time of maximum environmental exposure risk in the
water column >5% (EIFwc = 1.39, 1.39 x 104 km®) over the 45 day simulation period
for naturally occurring substances only (Base Case BTEX concentrations, PW
discharge rate of 625 bpd), under the worst case, highest ambient current velocity
conditions

Water Column Risk Map: Tetal
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Figure C.7 Scenario 2 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
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naturally occurring substances only (Base Case BTEX concentrations, PW discharge
rate of 625 bpd), under the worst case, highest ambient current velocity conditions.
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Figure C.8 Scenario 2 - Time series of maximum risk and ElIFwc (risk > 5%b) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances only (Base Case BTEX concentrations, PW discharge rate of 625
bpd), under the worst case, highest ambient current velocity conditions.
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Tortue Development Project: Produced Water Discharge Modelling Annex C

Figure C.9  Scenario 2 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances only (Base Case
BTEX concentrations, PW discharge rate of 625 bpd), under the worst case, highest
ambient current velocity conditions.
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Figure C10  Scenario 2 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIlFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances
only (Base Case BTEX concentrations, PW discharge rate of 625 bpd), under the worst
case, highest ambient current velocity conditions.
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C.3 Scenario 3

Figure C.11  Scenario 3 - Snapshot map at the time of maximum environmental exposure risk in the
water column >5% (EIFwc = 2.01, 2.01 x 104 km®) over the 45 day simulation period
for naturally occurring substances only (“High” BTEX concentration Case, PW
discharge rate of 625 bpd), under the worst case, lowest ambient current velocity
conditions
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Figure C.12  Scenario 3 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances only (“High” BTEX concentration Case, PW discharge
rate of 625 bpd), under the worst case, lowest ambient current velocity conditions.
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Figure C.13  Scenario 3 - Time series of maximum risk and EIFwc (risk > 5%) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances only (“High” BTEX concentration Case, PW discharge rate of
625 bpd), under the worst case, lowest ambient current velocity conditions.
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Figure C.14  Scenario 3 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances only (“High”
BTEX concentration Case, PW discharge rate of 625 bpd), under the worst case, lowest
ambient current velocity conditions.
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Figure C15  Scenario 3 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances
only (“High” BTEX concentration Case, PW discharge rate of 625 bpd), under the
worst case, lowest ambient current velocity conditions.

Computed max. EIF = 2.01 Time averaged EIF = 1.03

M EIF_OSPAR_Benzene
EIF_OSPAR_Mercury 10% W EIF_OSPAR_Toluene

EIF_OSPAR_Phenol(CO- W EIF_OSPAR_Ethylbenzene
C3-alkyl-phenols) 3%

M EIF_OSPAR_Xylene
m EIF_OSPAR_Dispersed-oil
M EIF_OSPAR_Phenol(CO-C3-alkyl-phenols)
W EIF_OSPAR_Mercury

EIF_OSPAR_Toluene 2%

EIF_OSPAR_Benzene 85%

MS002-EV-REP-000-03001 Page 56 of 71 Rev: BO2
© BP p.l.c. BP Internal
Uncontrolled when printed or stored locally



Tortue Development Project: Produced Water Discharge Modelling Annex C

Cc4 Scenario 4

Figure C.16  Scenario 4 - Snapshot map at the time of maximum environmental exposure risk in the
water column >5% (EIFwc = 2.12, 2.12 x 10 km®) over the 45 day simulation period
for naturally occurring substances only (“High” BTEX concentration Case, PW
discharge rate of 625 bpd), under the worst case, highest ambient current velocity
conditions
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Figure C.17  Scenario 4 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances only (“High” BTEX concentration Case, PW discharge
rate of 625 bpd), under the worst case, highest ambient current velocity conditions.
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Figure C.18 Scenario 4 - Time series of maximum risk and EIFwc (risk > 5%) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances only (“High” BTEX concentration Case, PW discharge rate of
625 bpd), under the worst case, highest ambient current velocity conditions.
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Figure C.19  Scenario 4 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances only (“High”
BTEX concentration Case, PW discharge rate of 625 bpd), under the worst case,
highest ambient current velocity conditions.
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Figure C20  Scenario 4 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIlFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances
only (“High” BTEX concentration Case, PW discharge rate of 625 bpd), under the
worst case, highest ambient current velocity conditions.
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C5h Scenario 5

Figure C.21  Scenario 5 - Snapshot map at the time of maximum environmental exposure risk in the
water column > 5% (EIFwc = 34.36, 3.436 x 10~ km?) over the 45 day simulation period
for naturally occurring substances and production chemicals (Base Case BTEX
concentrations, PW discharge rate of 625 bpd), under the worst case, lowest ambient
current velocity conditions
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Figure C.22  Scenario 5 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances and production chemicals (Base Case BTEX
concentrations, PW discharge rate of 625 bpd), under the worst case, lowest ambient
current velocity conditions.
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Figure C.23  Scenario 5 - Time series of maximum risk and EIFwc (risk > 5%b) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances and production chemicals (Base Case BTEX concentrations, PW
discharge rate of 625 bpd), under the worst case, lowest ambient current velocity
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Figure C.24

Figure C25

Scenario 5 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances and production
chemicals (Base Case BTEX concentrations, PW discharge rate of 625 bpd), under the
worst case, lowest ambient current velocity conditions.
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Scenario 5 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances and
production chemicals (Base Case BTEX concentrations, PW discharge rate of 625 bpd),
under the worst case, lowest ambient current velocity conditions.
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C.6 Scenario 6

Figure C.26  Scenario 6 - Snapshot map at the time of maximum environmental exposure risk in the
water column > 5% (EIFwc = 18.93, 1.893 x 10 km®) over the 45 day simulation period
for naturally occurring substances and production chemicals (Base Case BTEX
concentrations, PW discharge rate of 625 bpd), under the worst case, highest ambient
current velocity conditions.
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Figure C.27  Scenario 6 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances and production chemicals (Base Case BTEX
concentrations, PW discharge rate of 625 bpd), under the worst case, highest ambient
current velocity conditions.
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Figure C.28  Scenario 6 - Time series of maximum risk and ElIFwc (risk > 5%b) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances and production chemicals (Base Case BTEX concentrations, PW
discharge rate of 625 bpd), under the worst case, highest ambient current velocity
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Figure C.29  Scenario 6 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances and production
chemicals (Base Case BTEX concentrations, PW discharge rate of 625 bpd), under the
worst case, highest ambient current velocity conditions.
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Figure C30  Scenario 6 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIlFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances and
production chemicals (Base Case BTEX concentrations, PW discharge rate of 625 bpd),
under the worst case, highest ambient current velocity conditions.
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C.7 Scenario 7

Figure C.31  Scenario 7 - Snapshot map at the time of maximum environmental exposure risk in the
water column > 5% (EIFwc = 39.55, 3.955 x 10" km®) over the 45 day simulation period
for naturally occurring substances and production chemicals (“High” BTEX
concentration Case, PW discharge rate of 625 bpd), under the worst case, lowest
ambient current velocity conditions
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Figure C.32  Scenario 7 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances and production chemicals (“High” BTEX concentration
Case, PW discharge rate of 625 bpd), under the worst case, lowest ambient current
velocity conditions.
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Figure C.33  Scenario 7 - Time series of maximum risk and EIFwc (risk > 5%) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances and production chemicals (“High” BTEX concentration Case,
PW discharge rate of 625 bpd), under the worst case, lowest ambient current velocity
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Figure C.34  Scenario 7 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances and production
chemicals (“High” BTEX concentration Case, PW discharge rate of 625 bpd), under
the worst case, lowest ambient current velocity conditions.
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Figure C35  Scenario 7 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIlFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances and
production chemicals (“High” BTEX concentration Case, PW discharge rate of 625
bpd), under the worst case, lowest ambient current velocity conditions.

Computed max. EIF = 39,55 Time averaged EIF = 15.63
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(Of:] Scenario 8

Figure C.36  Scenario 8 - Snapshot map at the time of maximum environmental exposure risk in the
water column > 5% (EIFwc = 20.10, 2.010 x 10* km3) over the 45 day simulation
period for naturally occurring substances and production chemicals (“High” BTEX
concentration Case, PW discharge rate of 625 bpd), under the worst case, highest
ambient current velocity conditions
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Figure C.37  Scenario 8 - Time series of EIFwc in the water column, showing the contribution from
each component in the continuous release of PW over the 45 day simulation period for
naturally occurring substances and production chemicals (“High” BTEX concentration
Case, PW discharge rate of 625 bpd), under the worst case, highest ambient current
velocity conditions.
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Figure C.38  Scenario 8 - Time series of maximum risk and ElIFwc (risk > 5%b) in the water column
for the continuous release of PW over the 45 day simulation period for naturally
occurring substances and production chemicals (“High” BTEX concentration Case,
PW discharge rate of 625 bpd), under the worst case, highest ambient current velocity

conditions.
50.00 100%
Q
=]
45.00 920% =
3
40.00 80% O
(%]
1]
35.00 70% o
1]
30.00 60% @
w T
& 25.00 50% £ 2
]
20.00 a0% 8%
£
15.00 30% —
X
10.00 20% =
g
5.00 0% 5
wv
[=]
0.00 0% u;‘.‘j'
— 0 5 10 15 20 25 30 35 40 45
-+ -Average EIF Day
——Max Risk (%)
MS002-EV-REP-000-03001 Page 70 of 71 Rev: BO2
© BP p.l.c. BP Internal

Uncontrolled when printed or stored locally



Tortue Development Project: Produced Water Discharge Modelling Annex C

Figure C.39  Scenario 8 - Map showing the spatial extent of the maximum environmental exposure
risk at any location in the water column (= 5% [EIFwc >0]) over a 45 day simulation
period (all time steps integrated) for naturally occurring substances and production
chemicals (“High” BTEX concentration Case, PW discharge rate of 625 bpd), under
the worst case, highest ambient current velocity conditions.
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Figure C40  Scenario 8 - Pie-chart and table showing the contributions to EIFwc of each
contaminant in the discharge at the time of maximum EIlFwc following the continuous
release of PW over the 45 day simulation period for naturally occurring substances and
production chemicals (“High” BTEX concentration Case, PW discharge rate of 625
bpd), under the worst case, highest ambient current velocity conditions.
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1. Project Background and Geographic Location

CSA Ocean Sciences Inc. (CSA) contracted Applied Science Associates, Inc. (dba RPS ASA) to
evaluate seabed deposition from operational discharges at a deep-water drilling site, offshore
Mauritania and Senegal. BP is planning to drill multiple wells (up to 12) at two different drill
centers (DC1 and DC3) within the Ahmeyim/Guembeul (A/G) field — part of the Greater Tortue
Complex which straddles the maritime boundary between Mauritania and Senegal. The A/G
field is located in relatively deep water (~2,500 to 3,000 m), approximately 145 km from the
coastline. Dispersion modeling was conducted to assess seabed and water column impacts of
discharges from a representative site (T-1), which is one of the southern-most of the
6 development wells planned at DC1 (Figure 1). Water depth at the T-1 drill site is 2,750 m

(Table 1).
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Figure 1. Proposed study area, offshore Mauritania and Senegal. The inset shows the T-1 drilling site relative to
all drilling locations at DC-1.

Table 1. Location of the T-1 drilling site, offshore Mauritania and Senegal.

Site Name Field Name Latitude (N) Longitude (W) Water Depth (m)

T-1 Ahmeyim/Guembeul 16.08700 17.62575 2,750

Simulations of drilling discharges were completed using ASA’s MUDMAP modeling system
(Spaulding et al., 1994). MUDMAP predicts the transport of solid releases in the marine
environment and the resulting seabed deposition. The model requires inputs describing (i)
the physical and chemical characteristics of the discharged effluent, (ii) the discharge
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schedule (timing and release location), and (iii) information describing the receiving waters
(bathymetry, density structure, ocean currents). Model output includes estimates of
environmental loadings to the seabed (deposition) and water column (increased turbidity)
from discharges associated with offshore drilling. A technical description of the MUDMAP
model is included in Appendix A.

Information provided by CSA/BP indicates that the DC1 sites will target Cenomanian
hydrocarbon deposits, and discharges are expected to be similar to the recent drilling
campaign offshore Senegal (RPS ASA report 15-095). Approximately 641 m3 of drill cuttings
are expected to be discharged from 5 intervals ranging from 36" to 8.5” (inches) in diameter.
In addition, BP has requested that modeling consider the potential for 25% (by volume) of
adhered mud on cuttings for sections drilled with non-aqueous drilling fluids (NADF; sections
3-5).

Model scenarios were developed to account for potential differences in the offshore
environmental regime. The climate in southern Mauritania/northern Senegal is driven mainly
by the seasonal migration of the Inter-Tropical Convergence Zone (ITCZ) which oscillates
between a southern position (dry/cool season; January to June) and a northern position
(rainy/warm season; July to December). The West African monsoon interconnected with the
changing position of the ITCZ. Monsoon winds blow southwesterly during warmer months
(June-November) and northeasterly during cooler months (December-May). In addition, the
drilling site lies near the confluence of several major ocean current systems including the
Canary Current, and the North Equatorial Current, which fluctuate in response to the trade
winds and in general alignment with the region’s marked wet and dry seasons. For this reason,
two (2) MUDMAP simulations were performed in order to evaluate the influence of variability
in ocean currents in the region on the pattern of deposition. Simulation periods were selected
based on a review of recent literature and an analysis of ocean circulation models within the
drilling project region. At the site T-1, operational releases were simulated during the dry
season (boreal winter/spring) when surface currents are more weak and variable, and during
the wet season (boreal summer/fall) when surface currents intensify and become focused
toward the northwest as a result of weakening trade winds. Each simulation covered a period
of approximately 35 days (13 days of active drilling/discharge).
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2. Model Inputs
2.1. MetOcean Data

Hydrodynamic data from the HYCOM (HYbrid Coordinate Ocean Model) was used as the
primary forcing for the cuttings dispersion simulations. The specific version of the model used
was the HYCOM + NCODA (Navy Coupled Ocean Data Assimilation) Global 1/12° Reanalysis,
which includes native hycom .[ab] data converted to NetCDF on native Mercator-curvilinear
HYCOM horizontal grid. Details of the data assimilation procedure are described in Cummings
and Smedstad (2013) and Cummings (2005). Fox et al. (2002) describe the technique for
projecting surface information (collected for assimilation) downward. The horizontal
dimensions of the global grid are 4500 x 3298 grid points resulting in ~7 km spacing on
average.

The HYCOM system is run daily at the US Navy DoD Supercomputing Resource Center to
provide a 5-day operational forecast (+ 5 day of hindcast as best estimate) composed of 3-D
daily mean temperature, salinity, sea surface height, zonal velocity and meridional velocity
fields. Ocean dynamics including geostrophic and wind driven currents are reproduced by the
model. Data are provided as daily snapshots at 00Z. The most recent reanalysis experiment
(GLBa0.08/expt_19.1) includes data between August 1, 1995 and December 31, 2012.

RPS ASA utilizes a series of processing steps to prepare HYCOM output for ingestion by the
MUDMAP cuttings dispersion model. The current field at the location of each well is
developed using a distance weighted interpolation routine from the nearest 4 (surrounding)
HYCOM nodes. At the model cell closest to the T-1 site the water column is represented in 37
vertical layers to a depth of 2,500 m. As shown in the figures below, the HYCOM model
reproduces fluctuations in surface flows that are coincident with observations of seasonal
variations offshore Mauritania and Senegal (i.e., the intensification and northward focusing
of surface currents along the continental slope during the rainy season months). Vertically
and time varied currents for a representative period (yr. 2010) were subset from the dataset
to use as forcing for the MUDMAP model. The following figures are presented to summarize
the hydrodynamic dataset:

e Stick plot showing HYCOM current speeds and directions with depth.

e Vertical current profiles (by month) and current roses comparing the distribution of
flow at various depths from the HYCOM cell closest to the drilling site.

e Current roses illustrating differences in the distribution of speed and direction of
HYCOM currents by month (season).

e Monthly current speeds derived from the HYCOM model at the sea surface and
averaged throughout the full water column.

e Surface current patterns for the offshore region for two modelled release periods.

All figures display current data in the oceanographic convention (stick vectors/roses indicate
the direction toward which currents are flowing)
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Figure 2. Time series of HYCOM model currents with depth at the T-1 drilling site. Reanalysis period: Aug. 1,
1995 — Dec. 31, 2012.
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Figure 3. Vertical profiles (left) and current roses showing the distribution of current speeds (right) at T-1, derived
from HYCOM model currents between 1995 and 2012.
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Figure 4. Current roses showing the distribution of HYCOM surface currents (speed and direction) by month at
the T-1 drill site (model period: 1995 to 2012).
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currents averaged through the full water column.
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Figure 6. HYCOM surface current speed averaged for the period Jan. - Feb. 2010 (representative dry season).
Black cross represents the T-1 drilling location.
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2.2. Drilling Schedule

The schedule of discharges provided to RPS ASA indicates that drilling at T-1 will include 5 well
sections ranging from 36” to 8.5” (inches) in diameter. As described above, BP has requested
that the modeling reflect a “worst case” discharge estimate, which includes an additional 25%
by volume of cuttings for sections drilled with NADF to account for potential adherence of
residual drilling fluid on the cuttings (Table 2). The drilling rig is expected to be on site at each
location for approximately 35 days with 13 days of active drilling. Representative dry/wet
season drilling periods are shown below.

Table 2. Drilling discharges program used for model simulations at the T-1 drilling site.

Section | Diameter Start Date Duration Cuttings Mud Volume Mud Release
(Season) (Days) Volume (m3) Type Depth?
Dry Wet (m3)*
Move on Location 3.00
1 | 36" 4-Jan | 4-ul 0.50 49 80.0 WBM | Seabed
Between drilling 0.50
2 | 26" 5-an | 5-Jul 2.00 373 873.0 WBM | Seabed
Between drilling 10.00
3 17.5" 17-Jan | 17-Jul 3.00 112 Cuttings Adjusted | NADF Sea
(140) for 25% V:V Surface
adhered mud
Between drilling 5.00
4 12.25" 25-Jan | 25-Jul 4.00 91 (114) | Cuttings Adjusted | NADF Sea
for 25% V.V Surface
adhered mud
Between drilling 7.00
5 8.5" 5-Feb | 5-Aug 3.00 16 (20) | Cuttings Adjusted | NADF Sea

for 25% V:V Surface
adhered mud

Notes: 1. Volumes within parenthesis include the addition of 25% residual NADF on cuttings for sections 3-5.
2. Releases were simulated at 5 m above seabed and 10 m below sea surface.

As indicated in the drilling program, all cuttings and water based mud (WBM) from riserless
drilling (top hole sections 1 and 2) is expected to be released directly at the seabed (i.e., 5 m
above the wellhead). Riserless drilling will utilize approximately 6000 bbl (954 m?3) of 9-12 ppg
WBM (80 m3 and 873 m?3, respectively). Subsequent sections will be drilled with a NADF and
returned to the surface for treatment. The direct release of bulk NADF is not expected to
occur during any stage of drilling although for modeling it was presumed that a fraction of the
drilling fluid would remain adhered to cuttings drilled with NADF (approximately 25% of the
discharged cuttings by volume). The release of these combined surface returns (cutting and
adhered NADF) was simulated at a continuous discharge rate during active drilling intervals
from a depth of 10 meters below the sea surface.

The T-1 drilling schedule is currently unknown and the time of year may change as a result of
rig availability and regulatory approvals. Because of the large seasonal variations in the
oceanography offshore southern Mauritania/northern Senegal, model simulations were
performed for different seasonal regimes in order to evaluate the influence of potential
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variability in regional ocean currents. Specifically, operational releases were simulated to
compare the impacts of drilling during southern Mauritania/northern Senegal’s dry season
(Jan-Feb; Scenario 1), and wet season (Jul-Aug; Scenario 2), for the year 2010. Surface currents
in the vicinity of the discharge site are weaker and more variable during the dry season as
compared to the wet season when surface currents intensify and become focused northward
as a result of weakening trade winds.

2.3. Discharged Solids Characteristics

The characteristics of muds and cuttings used for modelling are presented in Table 3 through

Table 6. Particle settling characteristics are presented in Figure 8.

Table 3. Composition of drilling discharges used for modeling (mud data provided by CSA/BP).

Discharged Material Bulk Density Bulk Density Percent.SoIid Ave:rage S(T‘ of

(ppg) (kg/m?3) by Weight Solid Fraction
WBM cuttings (section 1-2) 22.1 2,650 100 2.65
SBM cuttings (section 3-8) 16.9 2,030 65 2.65
WBM (sec 1) 9 1,078 22 3.9
WBM (sec 2) 9-12 1,258 (avg) 22 3.9

Table 4. Drill cuttings settling velocities used for WBM simulations (Brandsma and Smith, 1999).

. Percent Settling Velocity
Size Class

Volume (cm/s) (m/day)
1 8.00 1.350E-04 0.12
2 6.00 1.686E-03 1.46
3 7.00 2.182E-02 18.86
4 3.00 2.328E-01 201.14
5 2.00 1.447E+00 1250.37
6 18.00 4.011E+00 3465.65
7 16.00 9.796E+00 8463.98
8 15.00 1.352E+01 11679.45
9 25.00 2.598E+01 22442.45
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Table 5. Drilling mud (WBM) settling velocities (Brandsma and Smith, 1999; Dames and Moore, 1978).

Settling Velocity

Size Percent

Class Volume (cm/s) (m/day)
1 7.01 2.74E-03 2.37
2 7.99 6.10E-03 5.27
3 5.00 1.48E-02 12.77
4 10.00 3.00E-02 25.94
5 13.26 4.36E-02 37.66
6 13.26 5.12E-02 44.24
7 19.24 6.40E-02 55.30
8 19.24 8.23E-02 71.10
9 4.00 4.27E-01 368.69
10 1.00 1.12E+00 969.12

Table 6. Drill cuttings settling velocities used for NADF simulations (SWRI, 2003).

Settling Velocity

Size Percent

Class Volume (cm/s) (m/day)
1 0.88 0.03 25.92
2 0.75 0.23 198.72
3 1.54 0.65 561.6
4 1.20 2.01 1736.64
5 0.52 4.03 3481.92
6 1.17 7.57 6540.48
7 5.39 13.07 11292.48
8 14.47 18.34 15845.76
9 27.04 23.04 19906.56
10 37.99 28.17 24338.88
11 8.62 51.24 44271.36
12 0.43 106.29 91834.56
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Particle Settling Characteristics
(Dames and Moore, 1978; O'Reilly et al., 1988; Brandsma and Smith, 1999; SWRI, 2003)
40

35 Nl wbm
Il wbm cuttings
nadf cuttings

30
25

20

0 | ‘ I I|\||| I I ll | “ |

1.00E-04 1.00€-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03
settling velocity (em/s)

percent volume
= =
[=] w

w

Figure 8. Comparison of the distribution of settling velocities used in the modeling study. Size class divisions are
from Gibbs et al. (1971).
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3. Model Results

The fate of mud and cuttings released from operational drilling activities at T-1 were assessed
through two deterministic scenarios corresponding to the drilling period and discharge
volumes shown in Table 7. MUDMAP was used to model the trajectory of cuttings particles
from individual drilling sections and to track the far field dispersion for a minimum of 72 hours
after the release, accounting for the prolonged settling of very fine sediments (e.g. mud
particles) from the water column. The output of each MUDMAP simulation is a concentration
grid that describes loading to the seabed associated with each drill section. These grids were
aggregated outside of the model to produce maps of cumulative deposition from (i) top hole
(riserless) sections and (ii) all drilling sections for each season. Figure 9 and Figure 10 show
plan view extents of the model-predicted seabed deposition at each site during the dry season
(Scenario 1) and wet season (Scenario 2). Table 8 through Table 9 summarize the extent of
deposition for each scenario. Deposit thicknesses were calculated based on mass
accumulation on the seabed, sediment bulk density and the assumption of no voids (zero
porosity).

Table 7. Summary of model parameters used for each scenario.

Model site Discharge Description Dg::\t?;gtsed Discharged Drilling
Scenario Period P & Mud (m3) | Days (d)
(m®)?

Jan-Feb 2010 WBM cuttings and WBM from

Scenario 1 T-1 sections 1-2; NADF cuttings and 641 (696) 953 13
(Dry Season) .

adhered mud from sections 3-5

WBM cuttings and WBM from
sections 1-2; NADF cuttings and 641 (696) 953 13
adhered mud from sections 3-5

Jul-Aug 2010

cenario (Wet Season)

Notes: 1. Volumes within parenthesis include the addition of 25% residual NADF on cuttings for sections 3-5.

As shown in the bottom panels of the figures below, measurable seabed thicknesses remain
confined to a near-field zone within ~1.3 km of the drilling site. The simulation results show a
tightly confined cuttings pile (at or above 5 mm) that surrounds the wellhead and a blanket
of fine sediment that extends up to 1,220 m to the northeast (furthest extent occurs during
the wet season).

Similarities and differences are observed when comparing the dry/wet simulations, for
example, the overall footprint (to 0.1 mm) is larger by ~20% during the wet season, and
extends north and east from the drilling location. In contrast, deposition areas in the range of
0.5 — 2 mm, are 20-30% more expansive during the dry season. As shown in Figure 11, the
expansion in deposition areas < 5mm is largely the result of cuttings discharged from the
drillship. The elongation of these thin blankets of fine sediments during the wet season is
likely attributed to intensified surface currents during the boreal summer months. In contrast,
the larger areas of thicker deposition localized closer to the drilling site can be attributed to
the less intense currents associated with the dry season.
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Figure 9. Predicted thickness of drilling discharges at T-1 (dry season). Top: deposition resulting from the riserless
drilling intervals (sections 1 and 2). Bottom: deposition resulting from all drilling intervals.
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Figure 10. Predicted thickness of drilling discharges at T-1 (wet season). Top: deposition resulting from the
riserless drilling intervals (sections 1 and 2). Bottom: deposition resulting from all drilling intervals.
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Table 8. Areal extent of seabed deposition (by thickness interval) for each model scenario

. Cumulative Area Exceeding Thickness Interval (km2)
Deposition . " o
Thickness Rls.erless Sections : .AII Sections :

Interval (mm) Scenario 1 Scenario 2 Scenario 1 Scenario 2
(dry) (wet) (dry) (wet)
0.1 79.4370 85.9520 121.7770 142.9110
0.2 52.4650 53.9020 83.0270 86.6560
0.5 26.3310 25.2590 39.5110 29.4310
1 12.8390 11.0540 15.1090 12.4130
3.7700 2.8890 4.2740 3.2010
5 0.9730 0.9410 0.9900 0.9760
10 0.5860 0.5690 0.5860 0.5710
20 0.3640 0.3690 0.3640 0.3690
50 0.1950 0.1920 0.1950 0.1920
100 0.0970 0.1020 0.1000 0.1020
200 0.0250 0.0170 0.0250 0.0200
300 0.0000 0.0000 0.0000 0.0000

Table 9. Maximum extent of thickness contours (distance from release site) for each model scenario.

Maximum extent from discharge point (m)
Deposition Riserless Sections All Sections
Thickness (mm) Scenario 1 Scenario 2 Scenario 1 Scenario 2
(dry) (wet) (dry) (wet)
0.1 610 720 960 1220
1 250 240 250 240
10 50 40 50 50
100 18 18 19 19
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Figure 11. Comparison of seabed deposition areas at T-1 for each season resulting from of top hole drilling (red)
and all discharges (blue).
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For the top-hole drilling (sections 1-2), there is little noticeable difference in the footprint
shape and extent following the discharge. These sediments deposit rapidly during the first
few days of operations and surround the drill site forming the more substantial cuttings pile.
Table 8 and Figure 11, which compare the extent of deposition between riserless sections and
all sections, indicate that deposition at or above 5 mm is almost exclusively the result of top
hole drilling. Because currents near the seabed are relatively weak (< 5 cm/s) there is limited
opportunity for sediment transport during the top hole phase. Both scenarios result in a fairly
concentric depositional footprint that remains close to the well head, which indicates that
dispersion processes are nearly as influential as advection from currents due to the settling
characteristics of material being released and the release depths.

For Scenario 1 (dry season), the maximum predicted cumulative deposition is 260 mm in the
area immediately adjacent to the wellhead. Deposition of 100 mm extends up to 18 m from
the well and covers a maximum aerial extent of 0.100 ha; deposition at 10 mm extends to 50
m and covers a maximum area of 0.586 ha; and deposition at a thickness of 1 mm extends a
maximum of 240 m and covers 15.109 ha of the seabed. For Scenario 2 (wet season), the
maximum predicted cumulative deposition is 240 mm. Deposition of 100 mm extends up to
27 m from the well and covers a maximum aerial extent of 0.102 ha; deposition at 10 mm
extends to 40 m and covers a maximum area of 0.5710 ha; and deposition at a thickness of 1
mm extends a maximum of 250 m and covers 12.4130 ha of the seabed.
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4. Cumulative Seabed Deposition

4.1. Introduction

Studies describing the biological effects of sedimentation were reviewed and thresholds for
deposition were compiled for benthic taxa where available in the literature (Section 4.2). The
potential cumulative seabed deposition from the proposed drilling program was evaluated in
a geospatial analysis using ArcGIS tools (Section 4.3). Results of the geospatial analysis are
presented as maps depicting overlap between areas of potential deposition around the
twelve well sites and as areas above deposition thresholds (Section 4.4). Potential impacts
are discussed relating the possible cumulative deposition calculated and the biological effects
thresholds reviewed (Section 4.5).

4.2. Biological Background

4.2.1. Sedimentation Effects

Although sediment deposition is a natural process, rate of sedimentation varies based on
oceanographic characteristics of the area. Deep sea habitats, like those in the current study,
are generally characterized by low-energy currents and slow sediment accumulation rates of
1 — 100 mm per thousand years (Gage and Tyler, 1991; Glover and Smith, 2003). Benthic
organisms associated with these environments are generally adapted to tolerate a range of
conditions and sedimentation rates. Rapid increases in sedimentation associated with mud
and cuttings discharges can have direct and indirect effects on benthic infauna communities
in deep sea habitats. Direct effects can include smothering, toxicity exposure, and physical
abrasion; indirect effects include habitat alterations and changes to community assemblages
(DOER, 2005). The severity of sedimentation effects on organisms depends on factors
including burial depth, burial rate, burial time, species-specific tolerances, the grain size of
the deposited sediments, and seasonal timing (Kjeilen-Eilertsen et al., 2004). For example,
higher mortality can occur in the summer than in the winter (Smit et al., 2008). Higher
mortality has been shown to occur at higher temperatures in mesocosm and lab studies of
mussel and gastropod burial, possibly due to greater oxygen demand at higher temperatures
(Chandrasekara and Frid, 1998; Hutchison et al., 2016).

Taxonomic groups react differently and have varying levels of tolerance for sedimentation,
with sessile and attached organisms having the lowest tolerance and highest mortality rate
during sedimentation events (DOER, 2005; Gates and Jones, 2012). Benthic suspension
feeders are also particularly sensitive to mud and cuttings discharges because suspended
particles, such as those that compose silt and clay substrates, can remain suspended in the
water column for weeks to months and interfere with feeding and growth (DOER, 2005; Smit
et al., 2008). For example, crustaceans in the project region (Leptognathiella, Pseudotanais,
and Paratanaoidae) will likely be the most sensitive to burial, as these taxa are filter feeders
with extremely limited motility (CSA, 2017; Jumars et al., 2014). Meanwhile, polychaetes and
mollusk species that burrow or feed in subsurface sediments will likely be less sensitive to
burial.

Grab samples collected by CSA during the Environmental Baseline Survey (EBS) indicated that
sediment at the five offshore project sites (>2,500 m deep) consisted primarily of silt or
silt/clay. Therefore, fine particles discharged from drilling are not expected to cause drastic
changes in the median sediment grain size or habitat type present in the project region. If the
range in grain size of the discharged particles were to differ greatly from the current
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conditions, it could cause changes in benthic diversity as the new minimum or maximum grain
sizes could support preferences of different species even if the median grain size was the
same (Smit et al., 2008). Areas with the thickest deposition will incur the most severe impacts
and lead to highest mortality rates.

Benthic grab samples indicated that within the project region, species diversity was high,
abundance of each species was low, and there was a relatively equal distribution of individuals
among taxa (CSA, 2017). Polychaetes, malacostracans, and bivalves represented the highest
percent abundance in the offshore samples. Previous research conducted on sedimentation
and recovery of benthic infauna in Newfoundland, Canada, observed increased abundance
and biomass in some polychaete species and declines in others in the area around the drill
site. Reduced abundance in those species negatively affected (e.g., Paraonidae, a taxon also
present in the project region) extended approximately 1 - 2 km from the drill site (Paine et al.,
2014). This aligns with findings from an extensive literature review that documented
biological effects (such as changes in benthic community structure) at distances of 200 - 2,000
m from platforms using water-based drilling fluids (Ellis et al., 2012). The range of effects from
synthetic-based drilling fluids was found to be somewhat smaller, detecting biological effects
from 50 — 1,000 m from the drill site (Ellis et al., 2012). Ellis et al. (2012) stated that there
were virtually always changes to community structure observed within 300 m of a drill site
using water-based fluids, which included a reduction in species diversity, increases in
opportunistic species abundance, loss of suspension-feeding species, and increase in deposit-
feeding species. However, biological effects would generally be stronger for seagrass and
hard-bottom epibenthic communities than for the types of soft-sediment communities that
dominate the project region.

4.2.2. Deposition Thresholds and Recovery

Specific sedimentation thresholds tested and reported by Smit et al. (2008) indicate that
epibenthic, sessile, filter-feeding species cannot survive sediment burial depths over 10 mm.
Meanwhile, infauna taxa that are adapted to habitat covered in sediment may escape from
burial under 100 mm of sediment or more (Kjeilen-Eilertsen et al., 2004). In a mesocosm and
field study, Trannum et al. (2011) observed that 24 mm of water-based drill cuttings lowered
oxygen availability and reduced abundance for macrofauna in the sediment. Overall, Smit et
al. (2008) estimated that mortality of 5% of benthic organisms (including mollusks,
polychaetes, and crustaceans) would occur at burial depths of 6.3 mm (3.1 — 10.6 mm) and
mortality of 50% would occur at burial depths of 54 mm (37 — 79 mm).

Studies on the recovery of benthic infaunal communities post-sedimentation present varying
results. The ability of a benthic community to recover after sediment deposition depends on
larval settlement, the rate of bioturbation, and sediment mixing by currents (Smit et al. 2008;
Trannum et al., 2011). Because many benthic species have drifting pelagic larvae,
resettlement can occur within months post-disturbance. Trannum et al. (2011) observed
reestablishment of species-rich communities within 6 months of sedimentation and noted
that the most successful colonizers were species in the Spionidae family of polychaete worms,
which are present in the project region. In studies from the North Sea, recolonization of
cuttings piles from the edges of the pile occurs in 1 — 5 years (Kjeilen-Eilertsen et al., 2004).
There is little information available on recovery timescales for benthic habitats after drilling
multiple wells in a region (Ellis et al., 2012). Areas with the thickest deposition will likely rely
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on larval transport and resettlement for recolonization, as survival of buried organisms is
unlikely. In areas with lower levels of deposition, reestablishment by surviving organisms that
burrow or sift through sediment to feed is possible, as they mix mud and cuttings with native
sediments and slowly return habitats to pre-drilling conditions (Smit et al., 2008; Gates and
Jones, 2012). In the project region, 6 of the 10 most abundant infaunal species were either
tube-building or burrowing and may aide in the redistribution of sediment and recovery of
benthic habitat in the project region (CSA, 2017).

Time is an important factor in determining the impact of drilling discharges on the benthic
environment; unfortunately, it is also the factor that is least understood. Developing
thresholds of deposition rate may be the best method for determining levels of effect on
benthic organisms, but the data to support such thresholds are rare in the literature and
difficult to discern (Kjeilen-Eilertsen et al., 2004). For instance, a particular high deposition
rate might be tolerated if there is no further deposition for a few months following burial, or
a lower rate of continuous deposition might be better tolerated.

At present, reliable thresholds regarding the timing of deposition or chronic and sublethal
impacts of long-term deposition on the ecosystem have not yet been developed (Ellis et al.
2012). Additionally, many studies of biological effects of drilling discharge were conducted on
the continental shelf, and information on impacts in the deep-sea environment is limited.
Another data gap is the cumulative impact of multiple wells in a region. One study (Hernandez
Arana et al., 2005) assessed the impact of 200 wells in shallow shelf waters of the Gulf of
Mexico and found that stations located in areas of high platform densities had lower
abundance and biomass and different assemblages than sample stations with fewer drill sites
nearby. Research into cumulative effects is limited and needs to account for recovery times
at regional scales (Ellis et al., 2012).

4.3. Geospatial Analysis Methods

The UTM coordinates of 12 well sites from DC1 and DC3 were plotted and buffered to the
maximum extent of each of 7 deposition thickness thresholds. The maximum distances from
the well site were derived from the modeling output for the dry and wet scenarios (Table
10).
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Table 10. Maximum extent of thickness contours (distance from release sites) for each model scenario used to

evaluate cumulative sediment deposition.

Maximum extent from wells (m)
Deposition Thickness All Sections
(mm) Scenario 1 Scenario 2

(dry) (wet)

0.1 960 1220
0.5 580 370
1 250 240
5 70 65
10 50 50
50 26 26
100 19 19

The concentric buffered regions around each well point are a conservative representation of
the potential areas of concern for sediment deposition from all drilling sections at each well.
For this analysis, the directionality of sediment deposition modelled at the T-1 well site was
removed from consideration to capture the potential for differences in currents, bathymetry,
and resulting deposition patterns at the other well sites. Thus, the thickness areas discussed
in this section should be considered generalized estimates of the maximum areas of concern
(AOCs) for potential deposition around the well sites, rather than predicted areas of likely
impact based on direct modeling at each point. Figure 12 illustrates the spatial difference in
the thickness contours from the modeling output and the AOCs of potential deposition
thickness around each well site. The AOCs represent the maximum distance of deposition for
each model scenario, extending in any direction from the discharge point.

Each buffer polygon was assigned a deposition thickness threshold and converted to raster
files with a cell size of 20 x 20 meters. The Cell Statistics tool within the Spatial Analyst
extension was used to detect the maximum value of each cell in the AOC around each well
site. This step removed the overlap of buffered regions that corresponded to the same well
site. Lastly, the Cell Statistics tool was used again to sum the raster files of deposition
thickness together in several configurations:

e All wells, dry season scenario;

e All wells, wet season scenario;

e Sequential wells (2020 —2021), dry season scenario;
e Sequential wells (2020 — 2021), wet season scenario;
e 2025 wells, dry season scenario;

e 2025 wells, wet season scenario;

e 2028 wells, dry season scenario;

e 2028 wells, wet season scenario;

e 2032 wells, dry season scenario; and

e 2032 wells, wet season scenario.
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Finally, the number of cells of each summed raster file that fell within specific thickness ranges
were recorded to calculate the area above thickness thresholds and evaluate the percent of
deposition AOC overlap between wells in each configuration.
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Figure 12. Comparison of modelled contours of seabed deposition at well site T-1 during the dry (top) and wet
(bottom) season scenarios to the potential areas of cumulative deposition developed in the geospatial analysis
(see legend).
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4.4.

Cumulative Deposition Results

Results of the geospatial analysis of cumulative deposition are presented as follows:
e Cumulative deposition maps for both seasons, which summed all well deposition AOCs
together assuming no time elapsed between drilling episodes (Figure 13);

e Temporal maps for both seasons depicting all well sites with their deposition AOCs
summed together based on the drill schedule: 4 sequential wells in 2020-2021, 3 wells
in 2025, 2 wells in 2028, and 3 wells in 2032. These maps illustrate the spatial overlap
of the wells drilled at different times but do not sum together the thickness AOCs of
wells scheduled to drill at different times, even if they overlap in space (Figure 14);

and

e Cumulative deposition maps for both seasons, displaying just the wells that were
summed together based on drill schedule (Figures 15, 16, 17, and 18).

Each pair of wet season / dry season maps within a figure are presented at the same spatial
scale; however, the map scale may vary between figures.

In addition to the map figures, the percent of the area within each thickness AOC and the
percent overlap between AOCs of different well sites are presented in Tables 11 and 12 below.

Table 11. Percent of the maximum area of concern for each thickness threshold range in the dry season scenario.

.Deposmon Cumulative Sequential
Thickness Range 2025 Wells 2028 Wells 2032 Wells
(All Wells) Wells
(mm)

0.1 56.7 63.5 50.7 63.5 63.5
0.2-0.5 30.3 29.8 23.4 29.8 29.7
0.6-1.0 11.3 6.3 20.0 6.2 6.2
1.1-5.0 13 0.3 5.3 0.2 0.3
5.1-10 0.2 0.2 0.3 0.2 0.2
10.1-50 0.1 0.0 0.2 0.0 0.0
50.1-100 0.1 0.0 0.1 0.1 0.0

100+ 0.0 0.0 0.0 0.0 0.0
% Overlap Between
Well AOCs - Dry 10.5 0.0 28.7 0.0 0.0

Table 12. Percent of the

maximum area of concern for ea

ch thickness threshold range in t

he wet season scenario.

Deposition

a member of the RPS Group plc

Thickness Range | Ccumulative | Sequential ‘| ..o \uonc | 2028 wells | 2032 wells
(All Wells) Wells
(mm)

0.1 74.3 88.7 59.5 90.8 90.8
0.2-0.5 19.6 7.3 31.9 53 5.4
0.6-1.0 4.7 3.7 5.2 3.6 3.6
1.1-5.0 1.2 0.1 3.1 0.1 0.1
5.1-10 0.1 0.1 0.2 0.1 0.1
10.1-50 0.1 0.0 0.1 0.0 0.0

50.1-100 0.0 0.0 0.0 0.0 0.0
100+ 0.0 0.0 0.0 0.0 0.0
% Overlap Between
Well AOCs - Wet 18.0 1.9 35.9 0.0 0.0
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Figure 13. Cumulative deposition from all 12 wells based on the dry (top) and wet (bottom) season scenarios.
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Figure 14. Temporal depiction of cumulative deposition based on the drill schedule for the dry (top) and wet
(bottom) scenarios. Spatial overlap is only depicted for wells scheduled for drilling within the same timeframe:
sequential (2020-2021), 2025, 2028, or 2032.
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Figure 15. Cumulative deposition from the four wells scheduled to be drilled sequentially from 2020-2021 based
on the dry (top) and wet (bottom) scenarios.
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Figure 16. Cumulative deposition from the three wells scheduled to be drilled during 2025 based on the dry (top)

and wet (bottom) scenarios.
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Figure 17. Cumulative deposition from the two wells scheduled to be drilled during 2028 based on the dry (top)
and wet (bottom) scenarios.
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Figure 18. Cumulative deposition from the three wells scheduled to be drilled during 2032 based on the dry (top)
and wet (bottom) scenarios.
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4.5. Discussion of Results

As can be seen from the figures in Section 4.4, the AOCs of maximum potential deposition
varied somewhat between the dry and wet season scenarios. In the dry season, the maximum
extent of the 0.1 mm deposition thickness threshold was smaller than during the wet season,
suggesting a reduction in current transport of suspended sediment during the dry season.
Thus, the maximum extent for all other thickness thresholds were larger during the dry season
than during the wet season since the drilling discharges didn’t spread out as far. The
maximum extent for the largest thickness thresholds (10 mm, 50 mm, and 100 mm) were
identical for both dry and wet season scenarios (Table 10).

In the cumulative maps depicting the spatiotemporal overlap of AOCs from all wells at once
for each season (Figure 13), there is potential overlap between AOCs of 7 wells in the dry
scenario and 9 wells in the wet scenario (Figure 13). This overlap between AOCs of different
wells represents approximately 10% of the total AOC area in the dry scenario and 18% in the
wet scenario. The vast majority of the AOC area is for deposition thicknesses < 1.0 mm in both
seasonal scenarios (98.3% dry, 98.5% wet; Tables 11 and 12). Deposition thicknesses that may
cause 5% mortality to benthic organisms (> 6.4 mm, or 5.1 — 50 mm in this analysis) comprised
0.3% of the cumulative AOC area for the dry scenario and 0.2% of the cumulative AOC area
for the wet scenario, or approximately 0.09 km? for both. Deposition thicknesses that may
cause 50% mortality to benthic organisms (> 54 mm, or 50.1 — 100+ mm in this analysis)
comprised < 0.01% of the cumulative AOC area or approximately 0.02 km? for both season
scenarios.

In the temporal maps depicting different well configurations based on the drilling schedule,
there is the potential for less accumulation in the overlapped AOCs assuming that the benthic
communities can recover between drilling sessions (Figure 14). Note that this is a large
assumption, considering that the drilling sessions are scheduled approximately 3-5 years
apart and recovery times in the deep sea can potentially take many years. Of the four
scheduled drilling sessions (sequential 2020-2021, 2025, 2028, and 2032), there is no
spatiotemporal overlap between the AOCs of the wells scheduled to be drilled in 2028 (Figure
17) or in 2032 (Figure 18) for either seasonal scenario. For the sequential wells (Figure 15),
there is 1.9% overlap in AOC area for the wet season only. The largest amount of
spatiotemporal overlap occurred for the 2025 wells, with 28.7% overlap in AOC area during
the dry season and 35.9% overlap during the wet season. This overlap lead to deposition
thicknesses that may cause 5% mortality in 0.5% of the 2025 AOC for the dry scenario and
0.3% for the wet, or approximately 0.03 km?. Deposition thicknesses that may cause 50%
mortality comprised 0.10% of the 2025 AOC for the dry scenario and 0.07% for the wet, or
approximately 0.01 km?
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Appendix A: MUDMAP Model Description

MUDMAP is a personal computer-based model developed by ASA to predict the near and far-field
transport, dispersion, and bottom deposition of drill muds and cuttings and produced water
(Spaulding et al; 1994). In MUDMAP, the equations governing conservation of mass, momentum,
buoyancy, and solid particle flux are formulated using integral plume theory and then solved using a
Runge Kutta numerical integration technique. The model includes three stages:

Stage 1: Convective decent/jet stage — The first stage determines the initial dilution and
spreading of the material in the immediate vicinity of the release location. This is calculated
from the discharge velocity, momentum, entrainment and drag forces.

Stage 2: Dynamic collapse stage — The second stage determines the spread and dilution of
the released material as it either hits the sea surface or sea bottom or becomes trapped by a
strong density gradient in the water column. Advection, density differences and density
gradients drive the transport of the plume.

Stage 3: Dispersion stage — In the final stage the model predicts the transport and dispersion
of the discharged material by the local currents. Dispersion of the discharged material will be
enhanced with increased current speeds and water depth and with greater variation in current
direction over time and depth.

MUDMAP is based on the theoretical approach initially developed by Koh and Chang (1973) and
refined and extended by Brandsma and Sauer (1983) and Khondaker (2000) for the convective
descent/ascent and dynamic collapse stages. The far-field, passive diffusion stage is based on a particle
based random walk model. This is the same random walk model used in ASA’s OILMAP spill modeling
system (ASA, 1999).

Sea Floor

Figure Al. Conceptual diagram showing the general behavior of cuttings and muds following discharge to the
ocean and the three distinct discharge phases (after Neff, 2005).

The model’s output consists of calculations of the movement and shape of the discharge plume, the
concentrations of soluble (i.e. oil in produced water) and insoluble (i.e. cuttings and muds) discharge
components in the water column, and the accumulation of discharged solids on the seabed. The model
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predicts the initial fate of discharged solids, from the time of discharge to initial settling on the seabed
As MUDMAP does not account for resuspension and transport of previously discharged solids, it
provides a conservative estimate of the potential seafloor concentrations (Neff, 2005).
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Figure A2 Example MUDMAP bottom concentration output for drilling fluid discharge.
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Figure A3. Example MUDMAP water column concentration output for drilling fluid discharge.

MUDMAP uses a color graphics-based user interface and provides an embedded geographic
information system, environmental data management tools, and procedures to input data and to
animate model output. The system can be readily applied to any location in the world. Application of
MUDMAP to predict the transport and deposition of heavy and light drill fluids off Pt. Conception,
California and the near-field plume dynamics of a laboratory experiment for a multi-component mud
discharged into a uniform flowing, stratified water column are presented in Spaulding et al. (1994).
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King and McAllister (1997, 1998) present the application and extensive verification of the model for a
produced water discharge on Australia’s northwest shelf. GEMS (1998) applied the model to assess
the dispersion and deposition of drilling cuttings released off the northwest coast of Australia.
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1.0 Introduction

The proposed Ahmeyim/Guembeul (A/G) LNG project, as detailed in ESIA Section 2, seeks to transport
natural gas extracted from wells located approximately 125 km offshore via pipeline to a floating,
production, storage and offloading (FPSO) vessel for processing. Processed gas will be transported by
pipeline to a Nearshore Hub/Terminal facility located offshore along the Mauritania-Senegal maritime
border. At the Nearshore Hub/Terminal, the natural gas will be liquefied by a specialized liquefied
natural gas processing vessel (FLNG) for storage and periodic transfer to LNG carriers destined for
transport to foreign markets. The liquefaction of gas will require a considerable volume of seawater to
be withdrawn from the area surrounding the Nearshore Hub/Terminal facility. This report provides a
preliminary assessment of the potential environmental impact of seawater extraction on planktonic
organisms contained within that volume of water that are unable to escape or avoid being entrained.

The proposed project is expected to liquefy about 16,000 m?3 of gas per day (Golar LNG, 2017). The
overall process will require up to 54,000 m?3 of seawater per hour including 38,000 m? for liquefaction;
12,500 m3 to cool condensers; and about 3,000 m?3 to cool engine rooms. Thus, the total daily volume
of seawater intake is 1.296 million m3. This water will be drawn in through sea chests (large tanks)
within the hull of the FLNG.

Such large volumes of water will contain an abundance of plankton that may be entrained (drawn into)
the system with the water. Assuming that all of the entrained planktonic organisms die, there is concern
regarding the long-term, population level effects of removing large numbers of plankton (including egg
and larval stages of fishes and invertebrates) from multiple fish and invertebrate species residing in
local waters.

Zooplankton may be broadly divided into holoplankters and meroplankters. Holoplankters are
organisms that spend their entire lives in the pelagic realm, whereas meroplankters are the early life
stages of invertebrates that only spend a short portion of their lives in the plankton. Impact analyses of
water intakes generally focus on fish eggs and larvae (ichthyoplankton) but also consider effects on
larvae of invertebrates such as crabs, shrimps, and mollusks. Several of these taxa are economically
important to artisanal or industrial fisheries.

2.0 Objectives

A common approach used to assess impacts of entrainment is to estimate densities of planktonic
organisms (fish eggs and larvae) from samples collected near or within the intake stream to ascertain
entrainment losses. These site-specific entrainment values are compared with overall and
species-specific abundance estimated for a larger parcel of water potentially subject to entrainment.
This parcel is known as the source water. From the ratio of entrainment losses to source, population
impacts can be translated into a proportional mortality (or survival) of the local populations. This
approach, generally referred to as the empirical transport model (ETM), was originally developed to
assess impacts of water intakes by riverine power plants on early life stages of fishes (Boreman et al.,
1978, 1981). This original formulation requires extensive data on life history and size classes of focal
species not usually available for coastal marine assemblages.

Recognizing this, MacCall et al. (1983) developed a simplified version of the ETM that has been used
extensively (e.g., off California) to assess entrainment impacts on larval fishes and invertebrates by
coastal power plants and desalination operations (e.g., Raimondi, 2016; Steinbeck et al., 2007).
However, even the simplified approach involves sampling water intakes in existing facilities. The ETM
has also been used by applicants and approved by regulators to evaluate proposed facilities such as
LNG operations that require large volumes of seawater (e.g., Entrix, Inc., 2007). For the A/G LNG
project, proposed facility location and intake volume estimates have been developed, and plankton
samples have been collected in the project area.

The tasks (objectives) of this exercise are as follows:
= Task 1: Identify the source water body and calculate its total volume;

= Task 2: Gather data on species-specific densities of fish larvae and total densities of fish eggs and
major zooplanktonic groups from the project area; and
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= Task 3: Use data as input into the model to estimate species-specific proportional entrainment and
proportional mortalities.

3.0 Methods

3.1 Task 1 — Source Water Calculations

The source water body was calculated as a cylinder of water centered at the proposed intake (i.e., FLNG
berthed at the Nearshore Hub/Terminal). The radius of the cylinder was provided by ambient current
flow that could transport a parcel of water from the outer edge of the cylinder to the intake in 1 day
(24 h). The volume of this cylinder was defined as all the water on the shelf within the cylinder from
surface to seafloor. As there was no direct, site-specific measurement of currents for the proposed
project area at the time of the study, the available scientific literature was searched to obtain an estimate
of current velocity for the region.

The project area is embedded within the Canary Current Upwelling system (Auger et al., 2016;
Menna et al., 2016) which extends from Cape Blanc, Mauritania to Cape Vert, Senegal.
Oceanographers have partitioned the region into discrete north-south sub-units when describing
circulation, sea surface temperature, and upwelling during a typical year (e.g., Auger et al., 2016;
Arkhipov, 2009; John and Zelck, 1997; Hamann et al., 1981). The sub-unit encompassing the project
area is bounded on the north and south by 18 N° Latitude and 15 N° Latitude, respectively. The western
boundary is located, approximately, along the 2,000 m isobath; the eastern boundary is the southern
Mauritania and northern Senegal shoreline. This sub-unit has been called the Mauritanian Bight or
Senegalo-Mauritania section (Auger et al., 2016).

Circulation patterns within the Senegalo-Mauritania area vary between winter (December to May) and
summer (June to October); circulation is largely wind driven and not directly influenced by upwelling
that occurs offshore and to the north (Menna et al., 2016). In winter, water temperatures drop below
24°C, with predominant current flows to the south or southwest (but see below). In summer, water
temperatures increase to >24°C, and currents tend to flow northward along the coast. The current
speeds are not well known but have been estimated to range from 10 to 40 cm sec? based on a
prediction of average surface currents for the region available from the Global Drifter Program (GDP;
University of Miami, 2017).

Methods used for the extrapolation of drifter data to larger regions is described in detail by Lumpkin and
Johnson (2013) and Laurindo et al. (2017). For the periods coinciding with the plankton sampling
periods (Winter 2016 and Summer 2017), the GDP showed that currents in the project area were
northerly during both Winter and Summer at about 20 cm sec! (Figure 1).

Plankton Entrainment Modeling Report 2



“"\U'\"A\UH”

R RS

RSt
o

cmis

i [
Dt

= .
\{i [EERS e
U e
A TN R
“n g ’
- A

n
N s 3
ey

c

ey
e AEFL ) g ey
SRR e
Lid
gt o

Vi
- APl
i e

cmis

Py
-

Py s
e T
g

32w | z4°w. 16"W g'w

(Source: University of Miami, 2017)
Figure 1. Canary Current regional surface current velocities estimated from the
Global Drifter Program. The project area is located offshore along 16° N
Latitude, denoted by ared oval. Upper panel = winter; lower panel =
summer.
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Assuming the current could vary its direction, a passively transported plankter (i.e., an individual
plankton specimen) could come from as far as away as 17.3 km south, west, or north of the intake on
any given day. To the east, the distance from the proposed intake would be interrupted by the shoreline.

The source water parcel was delineated with those dimensions and the shoreline (Figure 2). The area
was rasterized in ArcGiS as a layer representing the sea surface. Next, bathymetry data were input
from the Marine Geoscience Data System (Marine Geoscience Data System, 2017; Ryan et al., 2009)
and a second raster layer under the polygon was formed, representing the seabed. Volume was derived
by comparing the two raster surfaces and calculating the volume between them. The calculated volume
of this semi-circular area depicted in Figure 2 was 33.632 x 10° m3.
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Figure 2. Source water area identified for the proposed nearshore LNG facility.
3.2 Task 2 — Plankton Sampling

Samples were collected from stations randomly located within a rectangular area (~12 km?) within the
proposed Nearshore Hub/Terminal area. Plankton samples were collected using a 1-m ring net with

Plankton Entrainment Modeling Report



500-micrometer (um) mesh. A flow meter was fixed inside the mouth of the net to quantify the volume
of water filtered during the tows. A double trip system was used to collect discrete samples in the upper
(O to 10 m) and lower (10 to 20 m) portions of the water column at each station. To collect depth-discrete
samples, the net was folded up on deck to prevent it from opening, then lowered at a constant payout
speed (~10 m/min) from the surface to near bottom (~20 m). At depth (~20 m), a messenger weight
was released down the tow wire to open the net. After towing for 5 minutes a second messenger was
released to close the net. To collect a surface sample, the same procedure was followed except the net
was lowered to the 10 m depth before tripping the open net. This sampling approach resulted in the
collection of two samples per station, one from the lower water column (10-20 m depth stratum), and
one from the upper water column (0-10 m depth stratum). Samples were collected from each station
during both day and night to capture any diurnal vertical migration which is often exhibited by plankters
(e.g., Hanel et al., 2010). Samples were collected during two surveys, the first during Winter (November
and December) 2016 and the second in Summer (July and August) 2017. Although the entrainment
analyses focus on the Nearshore Hub/Terminal Area, samples were also collected at an Offshore Area,
and a Mid-Depth Area (Summer only). These additional areas are potential locations of other project
facilities that may use ambient cooling water but in quantities much lower than those described above
for the Nearshore Hub/Terminal. Information on the Offshore and Mid-Depth samples may be found in
Appendix G. All samples were fixed in 5% formalin in the field, labelled, and transported to the plankton
taxonomist for identification and enumeration.

In the laboratory, fish eggs and larvae were sorted and identified to the lowest practical taxonomic level.
The smallest and largest larval fish taxa in each sample were measured as total lengths (mm).
Zooplankton were sorted into major groups and counted. Zooplankton numbers were very high
necessitating splitting the samples into smaller aliquots for counting. Data were adjusted to include
splits and converted to numbers per m3.

Bias in plankton sampling results from organisms avoiding the net, patchiness of plankton distribution,
and extrusion of organisms through the mesh. Studies have shown that extrusion can occur but severity
depends on several factors such as towing speed and duration (Johnson and Morse, 1994). Mesh sizes
of 500 um are used when focusing on larval fishes as fewer smaller organisms are collected making
sample sorting easier and more efficient. Additionally, the coarser mesh reduces the chance of the net
becoming clogged. Conventional plankton samples are often taken using 333 um mesh nets because
the finer mesh retains smaller zooplankters. It is acknowledged that some individual larval fishes and
many small zooplankters could be extruded (forced through the mesh during a tow) through 500 pm
mesh; however, the relatively slow speeds (< 1 knot) and short durations (5 minutes) of the tows
reduced the likelihood of extensive extrusion biasing the samples.

3.3 Task 3 — Estimate Species-Specific Proportional Entrainment and
Proportional Mortality

Densities of entrained taxa were estimated for ichthyoplankton and invertebrate zooplankters using data
described under Task 2. These estimates are considered to be preliminary and only relevant for the
time and place of the field survey.

Mean density of larval fishes (expressed as numbers of individuals per 100 cubic meters [100 m-3])
collected during the field survey were multiplied by the projected daily intake requirements for the facility
(1,296,000 m® day) to determine the number of organisms entrained per day for each taxon. This may
be expressed as the following equation:

N entrained = Intake volume (m?2 day!) x number of individuals 100 m-3

Entrainment rates were calculated separately for upper (0-10 m) and lower (10-20 m) water column to
examine the potential differences between the two depth strata assuming the same intake volume.

Proportional entrainment (PE) is the probability of entrainment for an individual in one day.
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This is calculated as:
PE = Nentrained. /Nsource
Where

Nentrained = €Stimated number of larvae entrained during one day,
calculated as estimated density in the water entrained that day
multiplied by cooling water intake volume, and
Nsource = €Stimated number of larvae in the source water that day.

If the densities of eggs and larvae at the intake site are similar to those in the source water, the densities
will cancel leaving only the volumetric ratio as a factor. Here the densities were one in the same, so PE
was reduced to the volumetric ratio as follows:

PE= 1,296,000 m3/33,632,241,641 m3= 0.0000385 or 0.004%

Proportional mortality (PM) described by MacCall et al. (1983) is an estimate of the probability of
entrainment over the period of risk. This value is also referred to as conditional or fractional
mortality. The estimation of PM requires an estimate of PE as an input. PM is calculated as follows:

PM = 1-(1-PE)¢
Where d is the period of risk in days.

The period of risk is based on species-specific planktonic larval duration obtained from scientific
literature on daily growth of larvae.

Limited information are available on the planktonic larval duration of the taxa collected so three taxa of
small pelagic species were assessed for PM using larval durations estimated from the literature as input
into the PM equation. These three taxa, jack mackerel (Trachurus sp.), round sardine (Sardinella aurita),
and European anchovy (Engraulis encrasicolus) are small pelagic species targeted by regional artisanal
fisheries in the area.

4.0 Results

4.1 Ichthyoplankton Composition and Densities

Samples collected from the Nearshore Hub/Terminal Area in Winter yielded 110 individuals from 33 fish
taxa in 21 families and nine orders (Table 1). The most species-rich orders were the perch-like fishes
(Perciformes) and the flatfishes (Pleuronectiformes) represented by eleven and nine taxa, respectively.
Individual taxa contributing most to the total larval density at the nearshore location included croakers
and drums (Sciaenidae) (29.1 %), sardines (Sardinella spp.) (7.5%), horse mackerels (Trachurus spp.)
(7.2%), sea basses (Serranidae) (4.6%), and codlets (Bregmaceros sp.) (4.6%).

Samples taken in summer months produced 46 larval fish taxa from 22 families and 9 orders (Table 1).
The most species-rich orders were the perch-like fishes (Perciformes) and the flatfishes
(Pleuronectiformes) represented by 28 and 13 taxa, respectively. Individual taxa contributing most to
the total larval density were Atlantic bumper (Chloroscombrus chrysurus) contributing 37.7%, grunts
(Haemulidae; 11.7%), jacks/leerfish (Caranx/Lichia amia; 11.3%), (Sciaenidae; 10.6 %), horse
mackerels (Trachurus spp.; 8.4%), and tonguefishes (Symphurus sp.; 4.1%).
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Table 1. Phylogenetic listing of fish larvae collected in plankton samples during Winter 2016 (n=12) and Summer 2017 (n=10) at the
Nearshore Hub/Terminal Area.
Order Family Taxon Winter (Mean n 100 m?) | Summer (Mean n 100 m-3)
Elopiformes Elopidae (Tenpounders) Elops 1.1 -
Anguilliformes - 1.1
Anguilliformes Murrflenid.ae (Moray Eels) Mura.lenid_ae 0.8 7.3
Ophichthidae (Snake Eels) Ophichthidae - 20.0
Nettastomatidae (Sawtooth Eels) Nettastomatidae - 4.8
Clupeiformes 4.4 6.4
Clupeidae 2.6 9.9
. . Sardinella 57 -
Clupeidae (Sardines) . .
Clupeiformes Sardinella aurita 3.0 56.6
Sardinella sp. - 34.6
Engraulidae (Anchovies) Engraulidae - 6.9
Engraulis encrasicolus 1.6 -
Myctophiformes Myctophidae (Lanternfishes) Diaphus 0.9 -
Aulopiformes Paralepididae (Barracudinas) Paralepididae - 1.3
Synodontidae (Lizardfishes) Saurida 0.7 -
Lampridiformes Lophotidae (Crestfishes) Lophotidae 0.8 -
Gadiformes Bregmacerotidae (Codlets) Bregmaceros sp. 4.0 R
Mugiliformes Mugilidae (Mullets) Mqul_Sp' - 18
Mugilidae - 15
Beryciformes Beryciformes - 1.2
Holocentridae (Squirrelfishes) Holocentridae - 1.7
Scorpaeniformes Scorpaenidae (Scorpionfishes) Scorpaenidae - 0.7
Perciformes 3.3 6.9
Acanthuridae (Surgeonfishes) Acanthurus sp. - 1.7
) Carangidae - 0.6
Perciformes . Caranx sp. - 106
Carangidae (Jacks) — -
Caranx/Lichia amia - 70.8
Chloroscombrus chrysurus - 236.5

Plankton Entrainment Modeling Report




Table 1. (Continued).

Order Family Taxon Winter (Mean n 100 m?) | Summer (Mean n 100 m-3)
Decapterus sp. - 3.8
Naucrates sp. - 0.9
Seriola sp. - 0.7
Trachurus 6.4 -
Trachurus sp. - 67.4
Ephippidae (Spadefishes) Ephippidae 0.7 1.8
Gerreidae (Mojarras) Gerreidae - 0.7
Gobiidae (Gobies) Gobiidae 2.8 8.2
Haemulidae (Grunts) Haemulidae 2.4 94.6
Labridae (Wrasses) Labridae 22 R
Leiostomus xanthurus 4.0 12.6
Sciaenidae (Drums and Croakers) Suaemdae 246 66.7
Stellifer sp. - 14.5
Perciformes Umbrina 0.9 _
(Cont'd) - -
Serranidae (Sea Basses) Serranidae 4.1 11.7
Sparidae (Porgies) Sparidae 0.6 0.9
Sphyraena sp. - 10.4
Sphyraenidae (Barracudas) Sphyraena sphyraena - 2.8
Sphyraenidae - 5.1
Trachinidae (Weaverfishes) Trachinidae 1.1 R
Trichiuridae (Cutlassfishes) Trichiurus sp. - 18.4
Pleuronectiformes 0.9 2.7
Bothidae (Lefteye Flounders) Monolene 0.6 -
Symphurus sp. - 5.0
Cynoglossidae 1.5 -
Pleuronectiformes Cynoglossidae (Tonguefishes) Cynoglossus monodi 0.8 -
Symphurus 1.9 -
Symphurus sp. - 28.0
Paralichthyidae Citharichthys 0.8 -
(Sand Flounders) Paralichthyidae 21 R
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Table 1. (Continued).

Order Family Taxon Winter (Mean n 100 m?) | Summer (Mean n 100 m-3)
Syacium papillosum 1.2 -
Syacium sp. - 0.9
Plguronectidae Pleuronectidae 2.0 -
(Righteye Flounders)
Tetraodontiformes Tetraodontidae (Smooth Puffers) Sphoeroides sp. - 23
Total Taxa 32 43
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During winter months, numbers of larvae per 100 m? of water ranged from 1.7 to 113.5 and averaged
35.7. The highest numbers of larvae were collected at night from both 0 to 10 and 10 to 20 m depth
strata (Table 2). Mean numbers of larvae per 100 m3 were higher in the 0-10 m stratum during both day
and night sample periods. However, day/night and depth stratum, or their interaction, were not
significantly different based on a two-way analysis of variance (Table 3). The number of fish eggs in
the samples from the nearshore area ranged from 0 to 100.0 eggs 100 m- and averaged 22.3 eggs
100 m=3 (Table 2). Egg densities were significantly higher in the 0 to 10 m depth stratum (Table 3).

During summer months, numbers of larvae in the samples ranged from 2.4 to 957.6 individuals 100 m-
% and averaged 564.5 individuals 100 m=3. A breakdown of sample means for day/night and depth
stratum are given in Table 2. Mean numbers of larvae per 100 m- did not differ significantly between
depth strata and day/night or their interaction were not significantly different (two-way analysis of
variance, Table 3). The number of fish eggs in the samples collected in summer ranged from 2.2 to
7715 eggs 100 m- and averaged 394 eggs 100 m. Egg densities did not differ significantly between
depth strata or time period (Table 3).

Table 2. Means and standard deviations (SD) for total fish larvae and egg
densities (n 100 m-3) collected at the Nearshore Hub/Terminal Area
during Winter 2016 and Summer 2017 surveys. Samples (n=3) were
collected in each combination of day/night and upper and lower strata
in the water column.

) Larvae Eggs
Survey Time Depth
Mean SD Mean SD
Da Lower 20.7 17.2 2.6 3.3
. y Upper 284 19.0 68.1 49.5
Winter
) Lower 37.9 19.9 2.2 3.1
Night
Upper 54.7 52.7 16.1 155
Da Lower 667.9 601.3 331.6 310.9
Y Upper 4717 2452 8412 1,022.1
Summer
Night Lower 466.5 656.3 165.4 223.6
g Upper 646.8 439.6 505.5 160.6
Table 3. Results of two-way analysis of variance for the effects of time

(day/night) and depth (water column strata) on density of fish larvae
and eggs collected at the Nearshore Hub/Terminal Area in Winter (2016)
and Summer (2017). Df=degrees of freedom, MS=Mean Square,
F=Fisher’s ratio (MS/Residual). Significant results (p<0.05) are in bold.

Larvae Eggs
Survey Source Df MS - p-value MS c p-value

Time 1 1,489.5 1.6 0.25 2,061.9 3 0.12
Winter Depth 1 412.3 0.4 0.53 4,732.2 6.9 0.03
Time x Depth 1 47.24 0.05 0.83 1,999.5 2.9 0.12

Residuals 8 948.99 677.5
Time 1 414 0.002 0.969 15 0.381 0.56
Summer Depth 1 5,204 0.021 0.889 48.8 1.239 0.308
Time x Depth 1 85,022 0.348 0.577 1.7 0.044 0.841

Residuals 6 244,572 39.4

The taxonomic composition and abundance of larval fishes taken from the Nearshore Area in Winter
were dominated numerically by the larvae of soft bottom species which collectively contributed about
50% of the numbers of larvae in the samples. Soft bottom species were represented by Sciaenidae
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(drums, croakers, and seatrouts), Paralichthyidae (sand flounders), Sparidae (porgies), and
Aulopiformes (lizardfishes). The coastal pelagic species (sardines, anchovies, jack mackerels)
contributed an additional 16% to the larvae collected.

The range of total lengths recorded for taxa collected (except eels) during Winter 2016 are presented
by depth stratum in Figure 3. Larger individuals of the sciaenids and gobiids were collected in the lower
water column.

min ¢
max =
2 4 6 8 10
| | | | | | ] | | | | ]
Upper (0-10 m) Lower (10-20 m)
Trachurus | <=
Symphurus @ @
Serranidae ¢ °
Sciaenidae G GhaD O O LeR e lele) G
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Total Length (mm)

Figure 3. Total length measurements for fish larvae (exclusive of eels) collected
from the Nearshore Area during Winter 2016, by depth stratum.

The taxonomic composition and abundance of larval fishes taken from the Nearshore Area in Summer
were dominated by Atlantic bumper (Chloroscombrus chrysurus), grunts (Haemulidae), jacks/Leerfish
(Caranx/Lichia amia), Sciaenidae, horse mackerels (Trachurus spp.), and tonguefishes (Symphurus
sp.). The range of lengths recorded for abundant taxa in summer samples are presented in Figure 4.
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Figure 4. Total length measurements for fish larvae collected from the Nearshore
Area during Summer 2017, by depth stratum.

4.2 Zooplankton Composition and Densities

The winter samples produced 24 zooplankton groups from several phyla including arthropods,
mollusks, cnidarians, and chaetognaths (Table 4). Groups accounting for the highest densities were
copepods. Individual groups contributing most to the total density at the nearshore location were
copepods (64.0%), Lucifer (12.7%), chaetognaths (8.3%), shrimps (2.5%), and ostracods (2.3%).

The summer samples collected in the area of the Nearshore Hub/Terminal produced 19 major
planktonic groups (Table 4). The greatest contributors to overall abundance were Lucifer sp. (57.2%),
copepods (16.9%), caridean shrimps (7.6%), doliolids (4.5%), cladocerans (3.2%), chaetognaths
(3.0%), and crab larvae (2.9%).
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Table 4. Mean densities (individuals m=®) of major zooplankton groups in
samples collected at the Nearshore Hub/Terminal during Winter 2016
and Summer 2017 surveys, listed in alphabetical order.

Nearshore Hub/Terminal

Group
Winter Summer
Amphipods 8.6 7.1
Annelids 1.7 -
Anomurids - 34.1
Bivalves 1.1 -
Caridean shrimps - 79.4
Chaetognaths 31.7 39.1
Cladocerans 30.8 33.0
Cnidarians - -
Copepod eggs - -
Copepods 276.1 177.5
Crab larvae 25.3 34.3
Crustaceans (unidentified) - -
Ctenophores 3.1 -
Dolioloids - 67.3
Echinoderms 1.6 -
Formaminiferans - -
Gastropods 4.1 2.2
Heteropods - -
Hydrozoans 1.4 28.0
Isopods 3.1 -
Larvaceans 1.0 6.3
Lobster larvae - 13.5
Lucifer spp. 116.8 599.9
Macrurans - 8.5
Malacostraca - 6.1
Mysids 17.4 15.2
Octopus larvae - -
Ostracods 37.3 -
Penaeid shrimps - 5.4
Polychaetes 15 2.2
Pteropods 5.8 -
Radiolarians 1.3 -
Scyphozans 3.9 -
Shrimps 15.2 -
Siphonophores 7.6 24.7
Squid larvae 04 -
Squillids - -
Tunicates 3.3 -
Total Groups 24 19

Zooplankton densities in Winter and Summer accounted for over 99% of all organisms collected in the
plankton samples with fish eggs and larvae contributing <0.1%. In Winter, total zooplankton densities
ranged from 179.6 to 1,345.3 individuals m=, averaging 522.5 individuals m=3. In Summer, total
zooplankton densities ranged from 51.9 to 2,363.1 individuals m=, and averaged 1,047.0
individuals m-3. Both seasonal zooplankton determinations are orders of magnitude higher than the
typical fish densities observed. Summary statistics for total zooplankton densities in the Nearshore

Hub/Terminal Area during Winter and Summer are provided in Table 5.
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Table 5. Means and standard deviations (SD) for total zooplankton densities
(individuals m) collected at the Nearshore Hub/Terminal, Mid-Depth,
and Offshore Areas during Winter 2016 and Summer 2017 surveys.

Time Stratum Winter Mean SD Summer Mean SD
(m)
Nearshore
0-10 444.13 136.40 1,435.92 735.37
Day 10-20 395.36 167.63 1,085.24 1,165.43
) 0-10 598.65 124.52 772.56 912.81
Night 10-20 652.01 613.44 680.84 889.44

Two-way analysis of variance did not reveal any significant differences in zooplankton density with
day/night or depth stratum during either Winter or Summer (Table 6).

Table 6. Results of two-way analysis of variance for density of zooplankton
(individuals m3) collected at the Nearshore Hub/Terminal during the
Summer 2017 survey. Df=Degrees of Freedom, MS=Mean Square, F=F
(Fisher’s) ratio (MS/Residual). Significant results are in bold.

Winter Summer
Source Df
MS F p-value MS F p-value
Nearshore
Time 1 16 0.001 0.991 684,059 0.757 0.418
Depth 1 12,697 1.156 0.314 152,644 0.169 0.695
Time x Depth 1 7,821 0.071 0.796 40,238 0.045 0.84
Residual 8 109,629 903,722
4.3 Entrainment Rates
43.1 Ichthyoplankton

Daily entrainment rates calculated for the ten most abundant ichthyoplankton taxa from the upper water
column (0-10 m) in Winter are shown in Table 7. The highest daily rates are for the sciaenid taxon
(drums and croakers) with an estimated 267,952 individuals. Following the sciaenids were sardine
larvae (Sardinella sp.) with a daily average entrainment of nearly 44,962 individuals. The related round
sardine (S. aurita) exhibited a daily entrainment rate of nearly 16,935 individuals. Overall daily
entrainment for all taxa collected has been estimated at 538,540 individuals. Daily entrainment rate for
fish eggs in the upper water column averaged of approximately 340,416 individuals (Table 7).

Entrainment rates for the top ten most abundant taxa from the upper water column of the Summer
samples are also presented in Table 7. The larval fish numbers collected in summer samples were
considerably higher than in the Winter samples. The top ten ranked taxa ranged from 2.7 to
0.1 x 10% individuals per day (Table 7). The most abundant taxa were Atlantic bumper, unidentified
grunts, unidentified jacks/leerfish, and drums and croakers. The estimate for drums and croakers
entrainment in Summer (301,662) was relatively similar to that for Winter (267,952). However, estimates
for sardines, collectively represented by Sardinella sp. and Sardinella aurita, were considerably higher
than winter estimates for the same taxa (Table 7). These estimates all exceeded the highest values
reported for the Winter samples by as much as tenfold. Estimates reflect the relative increase in regional
spawning activity during the Summer months. The estimated total larvae entrained in one day for the
upper water column in Summer was 7,020,753 individuals. Total fish eggs entrained per day was
3,122,903 (Table 7).
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Table 7.

Estimated ichthyoplankton entrainment for the 10 most abundant taxa

collected in the upper 0to 10 m of the water column from the Nearshore
Hub/Terminal Area during Winter 2016 and Summer 2017 surveys.
R=Rank order of abundance.

Winter Summer
v Mean Entrainme | Mean Entrainme
(n 100 m- % R nt (n100m | % R nt
%) (n day™) %) (n day™)

Chloroscombrus
chrysurus - - - - 209.2 38.6 1 2,710,790
Haemulidae 0.3 0.7 - - 80.8 14.9 2 1,047,358
Caranx/Lichia amia - - - - 59.8 11.0 3 774,602
Sciaenidae 20.7 49.8 1 267,952 23.3 4.3 6 301,662
Sardinella aurita 1.3 3.1 7 16,935 34.0 6.3 4 440,010
Trachurus sp. - - - - 30.7 5.7 5 397,734
Sardinella sp. - - - - 14.8 2.7 7 191,677
Symphurus sp. - - - - 12.3 2.3 8 159,989
Ophichthidae - - - - 10.9 2.0 9 141,787
Perciformes 2.0 4.8 3 25,674 75 1.4 - -
Sphyraena sp. - - - - 8.4 15 10 108,260
Leiostomus xanthurus 1.3 3.1 8 16,804 6.8 1.3 - -
Serranidae 0.7 1.7 - - 6.1 1.1 - -
Clupeidae 1.0 2.3 - - 5.5 1.0 - -
Muraenidae 0.1 0.3 - - 5.1 0.9 - -
Sardinella 3.5 8.3 2 44,962 0.0 0.0 - -
Gobiidae 1.5 3.5 5 19,047 24 0.4 - -
Clupeiformes 0.7 1.7 - - 3.3 0.6 - -
Labridae 1.7 4.1 4 22,011 0.0 0.0 - -
Pleuronectiformes 0.3 0.6 - - 1.6 0.3 - -
Bregmaceros sp. 1.3 3.2 6 17,430 0.0 0.0 - -
Engraulis encrasicolus 1.2 2.9 9 15,810 0.0 0.0 - -
Trachurus 1.1 2.6 10 13,824 0.0 0.0 - -
Total Larvae 41.6 538,539 541.7 7,020,753
Total Eggs 26.3 340,416 241.0 3,122,903

In the lower water column (10-20 m), samples from Winter entrainment of larval fishes were dominated
by sciaenids with an estimated daily average of over 263,047 individuals (Table 8). The next most
abundant taxa were gobiids (gobies) at over 22,000 individuals per day and an unidentified sciaenid
(Sciaenidae species 1) with over 18,000 individuals per day. Total daily entrainment was 379,465
larvae. Total fish eggs entrained were 23,220.

Lower water column samples from Summer were numerically dominated by Atlantic bumper followed
by drums and croakers (Table 8). Entrainment for these two taxa were 2.6 and 1.3 x 108 individuals per
day, respectively. These values exceeded the Atlantic bumper and drums and croakers estimates for
the upper water column during the same survey. Again, total numbers of eggs and larvae collected
greatly exceeded the numbers documented for the same area during Winter. The total larvae entrained
per day for the lower water column in Summer was 7,612,072. The estimate of daily fish egg
entrainment was 7,112,143.
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Table 8.

collected in the lower 10 to 20 m of the water column from the
Nearshore Hub/Terminal Area during Winter 2016 and Summer 2017
surveys. R=Rank order of abundance.

Estimated ichthyoplankton entrainment for the 10 most abundant taxa

Winter Summer
Taxon Mean Entrainment Mean Entrainment
% | R % | R

(n 100 m3) (n day™) (n 100 m) (n day™?)
Chloroscombrus
chrysurus - - - - 216.6 369 | 1 2,807,382
Sciaenidae 20.3 69.3 | 1 263,047 96.8 165 | 2 1,255,060
Caranx/Lichia amia - - - - 67.7 115 | 3 877,480
Trachurus sp. - - - - 63.6 108 | 4 824,708
Haemulidae 0.5 16 | 8 6,142 51.6 88 | 5 668,460
Symphurus sp. - - - - 33.5 57 | 6 433,795
Sardinella sp. - - - - 12.9 2.2 7 166,721
Ophichthidae - - - - 9.0 15 | 8 116,857
Leiostomus xanthurus 1.4 4.7 3 18,022 5.8 1.0 | 10 75,103
Clupeidae 0.3 1.2 4,522 6.3 11| 9 81,955
Gobiidae 1.7 6.0 2 22,616 2.5 0.4 - -
Clupeiformes 0.7 25 | 4 9,529 3.2 05 | - -
Perciformes 0.7 25 | 5 9,529 0.8 0.1 | - -
Paralichthyidae 0.5 1.7 6 6,353 - - - -
Labridae 0.5 1.7 | 7 6,278 - - - -
Pleuronectidae 0.4 15 | 9 5,651 - - - -
Engraulis encrasicolus 0.4 1.3 | 10 4,948 - - - -
Total Larvae 29.3 379,465 587.4 7,612,072
Total Eggs 1.8 23,220 548.8 7,112,143
4.4 Proportional Mortality

MacCall et al. (1983) suggest that PM can be viewed as population level estimates of mortality.
Organisms with shorter planktonic durations may be more at risk as they would be coming from more
proximate spawning areas, whereas those with long larval durations could be coming from much greater

distances and would be less at risk.

Three taxa of small pelagic species (i.e., jack mackerel, Trachurus sp.; round sardine, Sardinella aurita;
European anchovy, Engraulis encrasicolus) were assessed for PM using larval durations estimated
from the literature as input into the PM determinations (Table 9). Calculated PM estimates are very low
for all three taxa; these preliminary results indicate that population level impacts from water intake by
the proposed FLNG facility will be minimal. PM for shrimp, crab, and mollusk larvae were not estimated
because of the lack of species-level information needed to determine planktonic larval duration.
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Table 9. Proportional mortality (PM) estimates for larvae of selected fish taxa.

Proportional Larval . PM
. ; Survival
Taxon Entrainment Duration (1-PE)? 5
(PE) (days) (1-(1-PE)
Trachurus sp. 3.85 x 10° 30! 0.998844 0.001156
Sardinella aurita 3.85 x 10° 282 0.998921 0.001079
Engraulis encrasicolus 3.85 x 10 123 0.999538 0.000462

1 - Van Beveren et al., 2016.

2 - Mbaye et al., 2015

3 - Dulcic, 1997.

a - Survival rate per day

b - Proportional mortality rate per day

5.0 Discussion

Site-specific plankton samples from Winter and Summer seasons revealed the range of ichthyoplankton
and zooplankton presence and abundance found in this region. Dramatic differences in numbers of
individuals collected in the two seasons illustrate the effect of multi-species spawning on the
composition and abundance of plankton samples. The shelf area off the Mauritania-Senegal maritime
boundary supports a diverse assemblage of demersal and pelagic species that spawn by broadcasting
eggs into the water column. Others have documented similar variability among seasons and areas off
northwest Africa (Arkhipov, 2015). Although seasonal differences in numbers were great, smaller scale
day-night and 10-m depth strata did not differ significantly among one another.

The PE estimate of 0.004% presented is conservative and is typical of open coast areas with complex
circulation and relatively uniform habitat (water column and level seafloor). PE estimates for enclosed
water bodies with limited circulation are often much higher (e.g., 1 to 30%; Steinbeck et al., 2007). It is
important to realize that these project-specific estimated entrainment losses represent a small fraction
of the total eggs produced by regional adult spawning populations. For example, females of the west
African sciaenid Pseudotolithus elongatus can release over 200,000 eggs during a single spawning
event (Ekanem et al., 2004). Round sardines can spawn 26,000 to 316,000 eggs during a single event
and most individuals spawn multiple times during a season (Tsikliras and Antonopoulou, 2006). In open
waters sampling variability can also be very high. Larvae are known to be distributed in discrete clumps
or patches over the seascape (McManus and Woodson, 2012). Individuals of some taxa may broadly
aggregate whereas others are sparsely distributed. For example, the Atlantic bumper, the most
abundant species collected during the Summer survey is known to form aggregations in other regions
(Leffler, 1989). The samples used here should accurately reflect the level of variability expected for a
single intake point in the geographic area.

In addition, although this analysis indicates a very small percentage of the plankton are at risk, most
ichthyoplankton, as well as the phyto- and zooplankton that larval fishes feed upon, are distributed
widely, well beyond the calculated source water population from which the cooling water is drawn.
Arkhipov (2009), using data from ichthyoplankton samples collected over the shelf waters off Mauritania
from 1997 to 2008, estimated standing stocks of eggs and larvae for several pelagic species between
latitudes 16° and 21° N. Standing stock is an estimate of the total number of eggs or larvae (stocks) for
a given area at a particular moment in time. The estimated standing stock of Sardinella aurita eggs
averaged 111.1 x10'° eggs and ranged from 546.1 x 100 eggs in June-July of 1998 to zero in
December-January of 2005-2006. Standing stock of S. aurita larvae during the same period averaged
968.7 x 10° and ranged from 545.4 x 10%° in August 2001 to zero in June-July 1998. Standing stocks
for other pelagic species including horse mackerels (Trachurus spp.) and flat sardine (S. maderensis)
were of similar orders of magnitude.

Widely distributed plankton taxa are expected to originate from shelf and, to a lesser extent, oceanic
waters. Because the Senegal River mouth is located along the southern portion of the eastern source
water boundary, it is possible that ichthyoplankton and zooplankton could be transported from the river
into the source water plankton assemblage. Although little is known about plankton inhabiting the
Senegal River, Champalbert et al. (2007) documented the presence of shrimp, crab, and fish larvae.
Certainly some fraction of these larvae could be advected into the source water plankton population
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depending on the season and current patterns, but the composition of the samples collected at the
Nearshore Hub/Terminal Area do not indicate many taxa of estuarine origin.

Although invertebrate plankton (particularly shrimp, crab and mollusk larvae) would be similarly affected
by the cooling water intake, these groups were not evaluated because individuals were not identified to
a taxonomic level that would allow a meaningful assessment. Despite their high abundance,
holoplanktonic groups such as copepods, chaetognaths, siphonophores, amphipods, and mysids are
rarely assessed due to wide geographic distribution and high population turnover rates (Steinbeck et
al., 2007). Estimates presented in the current analysis are considered representative of the time period
when samples were collected. The numbers and kinds of larvae present will differ for different times of
the year as spawning patterns and currents will seasonally change. Samples from a different time period
will likely exhibit different taxonomic composition, densities, and mean current speeds, one or more of
which would potentially change entrainment estimates and the PE ratio.

It is inherently difficult to reliably extrapolate the effects of entrainment losses to the population level
because of numerous confounding factors including water temperature, salinity, and nutrient
concentrations (Berraho et al., 2015; Hinde et al., 2017; Arkhipov, 2009); circulation patterns and
upwelling (Auger et al., 2016; Olivar et al., 2016); prey availability (Hinde et al., 2017); and variability of
adult spawning times and locations (Arkhipov, 2009).

6.0 Summary

Plankton samples were collected at two different depth strata during both day and night during Winter
2016 and Summer 2017. Based on the collection of plankton samples from three randomly selected
stations located in the Nearshore Hub/Terminal Area, eggs and larvae densities were higher in the 0 to
10 m depth stratum, with higher values evident at night. Zooplankton densities accounted for over 99% of
all organisms collected in the plankton samples with fish eggs and larvae contributing <0.1%. The range of taxa
collected represents the assemblage expected for the water depth and latitude. Most taxa collected
were coastal or shelf forms such as carangids (jacks, leerfishes, and jack mackerels), gobiids (gobies),
sciaenids (drums and croakers), cynoglossids (tonguefishes), paralichthids (sand flounders), and
bothids (lefteye flounders) that reside along the soft bottom environment of the inner shelf (water depths
<60 m). Based on sizes of larvae collected, many could have been spawned within the source water
(i.e., within a 17.3 km radius of the proposed FLNG site). A few oceanic taxa such as lanternfishes
(Diaphus sp.) were also collected, indicating shoreward movement of some larvae spawned in deeper
waters (>300 m) as has been documented for this region (Olivar et al., 2016; John and Zelck, 1997).

Daily entrainment rates calculated for ichthyoplankton taxa from the upper water column in Winter were
highest for the sciaenid taxon (drums and croakers), contributing nearly 46% to total entrainment losses.
Other ichthyoplankton taxa entrainment losses (e.g., Sardinella sp.) were 9% or less. In the lower water
column, entrainment of larval fishes was also dominated by sciaenids.

In Summer, the dramatic increase in ichthyoplankton density resulted in entrainment rates that greatly
exceed the Winter estimates. Atlantic bumper, a number of jack taxa, grunts, and sardines accounted
for most individuals. In spite of these seasonal differences, losses from entrainment represent an
extremely minor fraction of the standing stock.

The ratio of entrainment densities to source water densities is 0.004%. This ratio is constant for all taxa
evaluated, as identical entrainment densities and source water densities were employed in the
calculations. Density differences between the depth strata are not obvious for specific taxa; statistical
treatment beyond the summary data is problematic, given the sparse nature of the data.

The PE estimate of 0.004% presented is conservative and is typical of open coast areas with complex
circulation and relatively uniform habitat (water column and level seafloor). In addition, although this
analysis indicates a very small percentage of the plankton are at risk, most ichthyoplankton, as well as
the phyto- and zooplankton that larval fishes feed upon, are distributed widely, well beyond the
calculated source water population from which the cooling water is drawn.

Widely distributed plankton taxa are expected to originate from shelf and, to a lesser extent, oceanic
waters. Because the Senegal River mouth is located along the southern portion of the eastern source
water boundary, it is possible that ichthyoplankton and zooplankton could be transported from the river
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into the source water plankton assemblage. While little is known about plankton inhabiting the Senegal
River, it is possible that some fraction of shrimp, crab, and fish larvae from the Senegal River could be
advected into the source water plankton population depending on the season and current patterns.

Invertebrate plankton (e.g., shrimp, crab and mollusk larvae) would be similarly affected by the cooling
water intake, although these groups were not evaluated in this analysis. Despite their high abundance,
holoplanktonic groups such as copepods, chaetognaths, siphonophores, amphipods, and mysids are
rarely assessed due to wide geographic distribution and high population turnover rates. Estimates
presented in the current analysis are considered representative of both sampling periods — Winter and
Summer —when samples were collected. The numbers and kinds of larvae present will differ for different
times of the year as spawning patterns and currents will seasonally change. This was demonstrated by
the differences in fish larval composition and abundance collected between Winter and Summer
sampling periods.

Finally, it is inherently difficult to reliably extrapolate the effects of entrainment losses to the population
level because of numerous confounding factors including water temperature, salinity, and nutrient
concentrations (Berraho et al., 2015; Hinde et al., 2017; Arkhipov, 2009); circulation patterns and
upwelling (Auger et al., 2016; Olivar et al., 2017); prey availability; and variability of adult spawning
times (Arkhipov, 2009). The level of variability was highlighted by the differences in ichthyoplankton
densities found between the Winter and Summer samples from the nearshore and offshore areas.
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Oil Spill Modelling Report — Well Head Failure: Tortue Phase 1a

A o
BP p.l.c. S Oil Spill Response

EXECUTIVE SUMMARY

Qil spill modelling was completed by QOil Spill Response Ltd. (OSRL) on behalf of BP for the Tortue
Phase- 1a project, offshore Senegal and Mauritania (Figure 1). The results of this analysis will support
the Oil Spill Contingency Plan and the Environmental Impact Assessment for the area. The modelled
scenarios are summarised in Table 1.

Scenario 1. Well blowout of 227,000 m? of condensate over 60 days during summer (April-
September)

Scenario 2. Well blowout of 227,000 m® of condensate over 60 days during winter (October-
March)

A spill at this location, approximately 120 km from the shore, has a 96% probability of making shoreline
impact (light oiling or higher) if the spill happens in Summer and a 33 % chance of shoreline impact if
it occurs in Winter. Mauritania and Senegal are the only two countries at risk of shoreline impact, but
Senegal is most likely to be more severely impacted.

Both Mauritania and Senegal Waters’ will be impacted by this spill scenario. Whilst more countries
will be impacted in the summer scenario (9 countries in summer vs. 6 countries in winter), a winter
spill is far more likely to impact Waters’ of Cape Verde (51% in summer vs. 100 % in winter) and The
Gambia (42 % in summer vs. 92% in winter).

However, the thickness of the condensate spill is limited to mostly sheen and rainbow sheen that will
more readily disperse. A small amount of metallic sheen (>5 um) may be found in the local area around
the well (~25 km). Because of the high turbidity created by the gas at the well site, condensate droplets
are very small. Consequentially, they rise more slowly and do not concentrate in the same way as if
there was an absence of gas.
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DISCLAIMERS

»  Modelling results are to be used for guidance purposes only and response strategies should not be based on these
results alone.

» The resolution / quality of wind and current data vary between regions and models. As with any model, the quality
and reliability of the results are dependent on the quality of the input data.

Considering the above, all advice, modelling, and other information provided is generic and illustrative only and not intended
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1 INTRODUCTION

1.1 Background

Oil spill modelling was completed by Oil Spill Response Ltd. (OSRL) on behalf of BP for the
Tortue Phase la project, offshore Senegal and Mauritania (Figure 1). The results of this
analysis will support the Qil Spill Contingency Plan and the Environmental Impact Assessment
for the area. The modelled scenarios are summarised in Table 1.

Scenario 1. Well blowout of 227,000 m? of condensate over 60 days during summer (April-
September)

Scenario 2. Well blowout of 227,000 m? of condensate over 60 days during winter (October-
March)

The modelling was carried out using SINTEF’s Qil Spill Contingency and Response (OSCAR)
model. OSCAR is a 3D modelling tool used to predict the movement and fate of oil on the sea
surface and throughout the water column (see APPENDIX F for further details).

1.2 Aims

The aim of this report is to present the risk to the sea surface and shoreline by creating spatial
maps of:

1. Probability - to estimate how likely an area is to be impacted.
2. Arrival time - to estimate how quickly an area could be impacted.
3. Emulsion thickness - to estimate how severely an area could be impacted.

The data behind these maps allow us to answer the following questions:

1. How quickly could condensate reach nearby shorelines and what mass?
Which countries are more likely to be affected by a condensate spill from the Tortue
phase 1a Well?

3. Which environmental sensitivities could be affected by a condensate spill from the
Tortue phase 1a Well?

Table 1: Scenario setup

Description Well blowout - Summer Well blowout - Winter

Season April-September October-March

Latitude 16° 05’ 14.7516" N

Longitude 017°37'32.718" W

Total Volume Released 227,000 m?

Total Mass Released 189,747.3 MT

Duration of Release 60 days

Depth of Release 2,725 m

Nearest Shoreline ~120 km, St Louis, Senegal
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Figure 1: Map showing the release location
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1.3 Modelling Setup

Two worst case stochastic simulations were run for the Tortue phase 1a project (Table 2), with
a total of 308 individual trajectories post-processed for the scenario to create the stochastic
results. Each trajectory began on a different start date, so that each spill was simulated using

a range of wind and current conditions.

Three years of hydrodynamic data (sourced from Copernicus and NOAA) were used as model
inputs. See APPENDIX A to APPENDIX E for more information on the model setup.

Table 2: Summary of stochastic setup for spill scenarios

Description

Location

Time of Year

Release Period

Release Rate

Well Blowout in Summer Well Blowout in Winter

16° 05’ 14.7516" N
017°37’32.718" W

April-September October-March

60 days

3,783.3 m3/day

Total Release (Volume) 227,000 m?
Total Run Duration 95 days
Total Number of Trajectories 154 154
Time Between Trajectories 4 days, 14 hours 3 days, 3 hours
Document No: GEOMO0132a R03 Page 7 of 60 Qil Spill Response Ltd.
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1.4 Thresholds

Thresholds define the point below which data are no longer informative. For example, when
surface emulsion thickness is less than 0.04 um, the oil is no longer visible to the naked eye so
may be considered negligible to a response. The thresholds applied to this study are given in
Table 3.

Table 3: Thresholds used in the post-processing stage of the modelling

Threshold Value Description

The Bonn Agreement Oil Appearance Code defines five oil layer
Surface 0.04 um thicknesses based on their optic effects and true colours. 0.04 pm
is the minimum thickness that can be seen with the naked eye.

6 ppb Low level, in-water dissolved HC exposure.

Water (Dissolved)

column 70 ppb Entrained HC exposure level, OSPAR predicted no effect
(Total) concentration (PNEC).

Lower threshold for light oiling from the ITOPF document

Shoreline 0.1 litres/m? | , . : o,
Recognition of oil on shorelines”.

The thickness key used in the surface emulsion thickness maps throughout this document is
derived from the Bonn Oil Appearance Code (Table 4).

Table 4: Key used for sea surface emulsion thickness outputs

Appearance Layer Thickness Interval

Sheen 0.04 um - 0.3 um
Rainbow 0.3 um-5um
Metallic 5 um - 50 pm
Discontinuous True Colour 50 pum - 200 um
Continuous True Colour >200 pm

The thickness key used in the shoreline maps throughout this document is derived from the
ITOPF Technical Information Paper (TIP) No. 6 “Recognition of oil on shorelines” (ITOPF,
2011b; Table 7). Very light oiling is deemed negligible by ITOPF (ITOPF, 2011b); no practical
response is required for a very lightly oiled shoreline, apart from monitoring the oil spill.

Table 5: Key used for water column dissolved concentrations

Water Column

pe a: Concentration
Classification

Low <50 ppb
Moderate 50 - 400 ppb
High > 400 ppb
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Date Issued: 19-Jan-18



Oil Spill Modelling Report — Well Head Failure: Tortue Phase 1a

BP p.l.c % Oil Spill Response

Table 6: Key used for water column total concentrations

Concentration Colour

<150 ppb

150 — 500 ppb

500 — 750 ppb

750 - 1000 ppb

> 1000 ppb

Table 7: Key used for shoreline emulsion thickness outputs

Shoreline Oiling Classification Concentration Thickness Colour
Light Oiling 0.1 -1 litres/m? 0.1 mm-1.0 mm
Moderate Oiling 1-10 litres/m? 1 mm-—10mm
Heavy Oiling > 10 litres/m? >10 mm
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2 RESULTS

2.1 Stochastic Results

The stochastic results for Scenario 1 were calculated from 154 trajectories. The scenario
involves the release of 227,000 m® of condensate over 60 days during the summer (April to
September) and is tracked for a further 35 days.

The following results are presented:

Sea Surface

Figure 2: Well Blowout — Surface Probability of Cell Impact— Summer (left) & Winter
(right)Well Blowout — Surface Probability of Cell Impact— Summer (left) & Winter
(right)

Figure 3: Well Blowout — Surface Minimum Arrival Time — Summer (left) & Winter (right)

Figure 4: Well Blowout — Surface Maximum Emulsion Thickness — Summer (left) & Winter
(right)

Figure 5: Well Blowout — Surface Average Emulsion Thickness — Summer (left) & Winter (right)

Figure 6: Well Blowout — Surface Maximum Exposure Time — Summer (left) & Winter (right)

Shoreline

Figure 7: Well Blowout — Shoreline Probability of Cell Impact — Summer (left) & Winter (right)
Figure 8: Well Blowout — Shoreline Minimum Arrival Time — Summer (left) & Winter (right)
Figure 9: Well Blowout — Shoreline Impact — Summer (left) & Winter (right)

Figure 10: Well Blowout —Shoreline Impact — Shoreline Arrival Time Probability - Summer (left)
& Winter (right)

Figure 11: Well Blowout — Shoreline Impact —Probability Shoreline Mass- Summer (left) &
Winter (right)

Table 8: Severity of shoreline oiling following a well blowout from the Tortue Phase 1a Well

Water Column (Dissolved Hydrocarbon)

Figure 12: Well Blowout — Water Column (Dissolved) Probability of Cell Impact — Summer (left)
& Winter (right)

Figure 13: Well Blowout — Water Column (Dissolved) Minimum Arrival Time — Summer (left)
& Winter (right)

Figure 14: Well Blowout — Water Column (Dissolved) Concentrations — Summer (left) & Winter
(right)

Figure 15: Well Blowout — Water Column (Dissolved) Maximum Exposure Time— Summer (left)
& Winter (right)

Water Column (Total Hydrocarbon)

Figure 16: Well Blowout — Water Column (Total) Probability of Cell Impact — Summer (left) &
Winter (right)

Figure 17: Well Blowout — Water Column (Total) Minimum Arrival Time — Summer (left) &
Winter (right)
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Figure 18: Well Blowout — Water Column (Total) Concentrations — Summer (left) & Winter
(right)

Figure 19: Well Blowout — Water Column (Total) Maximum Exposure Time — Summer (left) &
Winter (right)
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Figure 2: Well Blowout — Surface Probability of Cell Impact— Summer (left) & Winter (right)
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Figure 3: Well Blowout — Surface Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 4: Well Blowout — Surface Maximum Emulsion Thickness — Summer (left) & Winter (right)
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Figure 5: Well Blowout — Surface Average Emulsion Thickness — Summer (left) & Winter (right)
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Figure 7: Well Blowout — Shoreline Probability of Cell Impact — Summer (left) & Winter (right)

Document No: GEOMO0132a R03
Date Issued: 19-Jan-18

Page 19 of 60

Oil Spill Response Ltd.



Qil Spill Modelling Report — Well Head Failure: Tortue Phase 1a

BP p.l.c.

2 isi
vOﬂSpﬂflRﬁpmu

@ Torue Phase-t

m Missing Metocean Data

== Maritime Boundaries

Arrival Time
- 1-3days
- 3-7days
- 7-21days
P 21 s0cays

30 - 80 days

- > 60 days

0 100 200 400 600 800
| mm  mm Ee—— L]

SHORELINE THRESHOLD: 0.1 im2

CLIENT NAME: BP
PROJECT CODE: GEOM0132

DATA SOURCE: Well Head Failure-Shore-Arrival

COORDINATE SYSTEM: GCS WGS 1984

DATA CREDITS:

Service Layer Credits: Esri, DeLorme, GEBCO, NOAA
NGDC, and other contributors

Esri, HERE, DelLorme, Mapmyindia, @ OpenStreetMap
contributors, and the GIS user community

Sources: Esri, GEBCO, NOAA, National Geographic,

Delorme, HERE, Gt org, and other
CREATED BY: JKM | DATE: 31/10/2017
PRODUCED BY:

“~= Oil 5pill Response

Senegal

Figure 8: Well Blowout — Shoreline Minimum Arrival Time — Summer (left) & Winter (right)

Senegal

Document No: GEOMO0132a R03
Date Issued: 19-Jan-18

Page 20 of 60

Oil Spill Response Ltd.



Qil Spill Modelling Report — Well Head Failure: Tortue Phase 1a A
- VTN
BP p.i.c. “== Oil Spill Response

4 Tortue Phase-1
v////] Missing Metocean Data
weeseeees Maritime Boundaries
Emulsion Mass
_' ~ Light Oiling
- Moderate Oiling
- Heavy Oiling

SHORELINE THRESHOLD: 0.1 Iim2

CLIENT NAME: 8P
PROJECT CODE: GEOMO132

DATA SOURCE: Well Head Failure-Shore-EmulMass

COORDINATE SYSTEM: GCS WGS 1984

DATA CREDITS:

Service Layer Credits: Esri, DeLorme, GEBCO, NOAA
NGDC, and other contributors

Esti, HERE, DeLorme, A © OpenStreath
contributors, and the GIS user community

Sources: Esri, GEBCO, NOAA, National Geographic,

DelLorme, HERE, org, and other
CREATEDBY:JKM |  DATE: 31102017
PRODUCED BY:

A

~<> Oil Spill Response

Figure 9: Well Blowout — Shoreline Impact — Summer (left) & Winter (right)
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Figure 10: Well Blowout — Shoreline Impact — Shoreline Arrival Time Probability - Summer (left) & Winter (right)
Document No: GEOMO0132a R03 Page 22 of 60 Qil Spill Response Ltd.

Date Issued: 19-Jan-18



Qil Spill Modelling Report — Well Head Failure

BP p.l.c.

: Tortue Phase 1a

& oo
~ Oil Spill Response

100

90

80

70

60

50+

Probability [%]

40

30

20

50 % chance that more
than 3,200 MT of

condensate will reach
the shore

100 ! !_ ‘. !
The dashed line and comment are an aid to
the interpretation of these graphs. The
%0 actual values hold no significance to the

Probability [%]

80

70

60

50

40

30

10 % chance that
more than 500 MT of

condensate will reach
the shore

wider report

2000

4000 6000
Shoreline Mass [MT]

Figure 11: Well Blowout — Shoreline Impact —Probability Shoreline Mass- Summer (left) & Winter (right)

8000

2000

4000

6000 8000 10000 12000
Shoreline Mass [MT]

Document No: GEOMO0132a R03

Date Issued: 19-Jan-18

Page 23 of 60

Qil Spill Response Ltd.



Qil Spill Modelling Report — Well Head Failure: Tortue Phase 1a

BP p.l.c _.-‘é Oil Spill Response

Table 8 and Table 9 show how many of the simulations result in different levels of shoreline impact based on ITOPF’s Technical Information Paper (TIP) no. 6, “Recognition of Oil on Shorelines” and the length of shoreline impacted. For
further information see Thresholds in Section 1.4.

Table 8: Severity of shoreline oiling following a well blowout from the Tortue Phase 1a Well

ITOPF Reference Light, Moderate & Heavy QOiling Light & Moderate Oiling Light Oiling
No Significant Impact
OSRL’s SCAT Reference Thick Cover Coat

Season Summer Winter Summer Winter Summer Winter Summer Winter

Number of Simulations 0 of 154 0of 154 130 of 154 29 of 154 18 of 154 22 of 154 6 of 154 103 of 154

Probability 0% 0% 84% 19% 12% 14% 4% 67%

Each of the 154 trajectories is put into a single category based on its most severe shoreline oiling. For example, a trajectory that has at least one cell classified as Heavy Oiling will be placed in the heavy oiling category regardless of how
many of the other cells have Moderate or Light oiling.

Table 9: Length of shoreline impacted following a well blowout from the Tortue Phase 1a Well

Average
Best case . Worst case
(50t Percentile)

Summer

Heavy :

Length of Shoreline Winter
Impacted Summer
Moderate

Winter
Summer 0 km — S

Light
Winter 0 km . o

The data presented in these tables can be interpreted as follows
» In the best-case scenario, there will be no shoreline impact (4% chance of this occurring in Summer and 67% chance of this occurring in Winter).
> Ina “typical case” (50" percentile), there will be:
0 Summer = No heavy oiling, 87 km of moderate oiling, and 99 km of light oiling.
0 Winter = No heavy oiling, 3 km of moderate oiling and 8 km of light oiling.
> Ina “worst-case” (maximum value?), there will be:
0 Summer = No heavy oiling, 294 km of moderate oiling, and 185 km of light oiling.

O Winter = No heavy oiling, 54 km of moderate oiling and 98 km of light oiling.

1 Note that this presents the maximum shoreline length in each category. It does not refer to 1 trajectory extracted from the stochastic.
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Figure 12: Well Blowout — Water Column (Dissolved) Probability of Cell Impact — Summer (left) & Winter (right)
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Figure 13: Well Blowout — Water Column (Dissolved) Minimum Arrival Time — Summer (left) & Winter (right)

Senegal
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Figure 14: Well Blowout — Water Column (Dissolved) Concentrations — Summer (left) & Winter (right)
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Figure 15: Well Blowout — Water Column (Dissolved) Maximum Exposure Time— Summer (left) & Winter (right)

Senegal
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Figure 16: Well Blowout — Water Column (Total) Probability of Cell Impact — Summer (left) & Winter (right)
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Figure 17: Well Blowout — Water Column (Total) Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 18: Well Blowout — Water Column (Total) Concentrations — Summer (left) & Winter (right)
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Figure 19: Well Blowout — Water Column (Total) Maximum Exposure Time — Summer (left) & Winter (right)

Senegal
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2.2 Comparison between Winter and Summer

Table 9 summarises the results of the stochastic simulations run for each scenario offshore

Senegal. For more information on the thresholds used when post-processing the data see

Section 1.4.

Table 10: Summary of stochastic results

Spill Scenario/Description Well blowout - Summer

51%
Cape Verde

Oil Spill Modelling Summary

Crosses a Maritime Boundary

Well blowout - Winter

15 days, 9 hours 9 days
Disputed Western Sahara / 37% -
Mauritania 25 days, 9 hours -
19 % 6%
Guinea
44 days 78 days
25% 16 %

Guinea-Bissau
28 days, 9 hours

60 days, 6 hours

100 % 100 %
Mauritania
<1 hour <1 hour
100 % 100 %
Senegal
<1 hour 3 hours
6 % -
Sierra Leone
68 days, 12 hours -
42 % 92 %

The Gambia
11 days, 15 hours

10 days, 18 hours

17 %
Western Sahara
33 days, 9 hours

Shoreline Impact
86 %

Mauritania
4 days, 1 hours

<1%

63 days, 3 hours

94 %
Senegal
5 days, 5 hours

Mass of oil onshore 11,091 MT
Volume of oil onshore 14,057 m3
Water content 0%

Volume of emulsion onshore 14,057 m3

Worst-Case Shoreline Impact

33%
11 days, 12 hours

2,341 MT
2,967 m?
0%
2,967 m?
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Spill Scenario/Description

Cayar Canyon

Cayar MPA

Cayar Seamount Complex

Chatt Thoul Nature Reserve

Coastal Habitats Neritic Zone
MRT Extreme North

Cold Water Reefs

Conv Zone Canary Guinea
EBSA

Diawling National Park

N Senegal Shelf Break IBA

Saint Louis MPA

Timris Canyon System

Oil Spill Modelling Summary

Well blowout - Summer

Areas of Conservation Interest

Well blowout - Winter

77 % 100 %

3 days 3 days

34 % 18 %

7 days 9 days, 3 hours
98 % 100 %

1 day 1 day, 3 hours
76 % -

6 days, 3 hours

95 %

3 days, 12 hours

3%
61 days, 18 hours

86 %

4 days, 6 hours

3%
62 days, 18 hours

44 %
11 days, 21 hours

90 %
10 days, 21 hours

69 %

5 days, 1 hour

<1%

73 days, 12 hours

99 % 66 %

2 days 3 days

98 % 7%
3 days, 9 hours 7 days

31%

21 days, 3 hours
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2.3 Worst-Case Oil Spill Scenario

Trajectory results are generated by simulating a single spill scenario under specific conditions
on a particular date. One ‘worst case’ trajectory was selected, from each pool of trajectories
that make up the stochastics, to investigate the fate and behaviour of oil during the simulation
in more detail.

In this report, the ‘worst-case’ trajectories are defined as:

e The trajectory that results in the most oil to reach the shore

Table 11: Key results from Scenario 1

TrajSim(114) TrajSim(29)
Summer Winter
Release Location Tortue Phase-1
Model Setup
Total Mass Spilled 189,747.3 MT
First Shoreline Impact 27 days, 15 hours 41 days, 21 hours
Maximum Mass of Oil Onshore 11,091 MT 2,341 MT
W] LT L R G 68 days 12 hours 69 days, 21 hours
Onshore Occurs

The following figures are presented:

Most oil ashore trajectory

Figure 20: Mass balance plot for a well head failure during Summer

Figure 21: Mass balance plot for a well head failure during Winter

Figure 22: Overall area impacted for a well head failure — Summer (left) & Winter (right)
Figure 23: Overall maximum dissolved concentration — Summer (left) & Winter (right)

Figure 24: Overall maximum total concentration — Summer (left) & Winter (right)
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Figure 20: Mass balance plot for a well head failure during Summer
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Figure 21: Mass balance plot for a well head failure during Winter
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Table 12: Mass balance comparison table for a wellhead failure during summer and winter

FATES (tonnes)

Surface Shoreline Evaporated Biodegraded Water Column Sediment

S-:ianr;ep Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter
0.5 days 226.8 152.3 0 0 166.6 152.5 42.45 42.41 1,145 1,234 0 0

1 day 116.7 318.7 0 0 487.5 477.4 158.2 156.1 2,400 2,210 0 0

5 days 390.8 541.4 0 0 3,413 3,422 2892 2,859 9,117 8,990 0 0
10 days 1041 687.8 0 0 7,558 7,412 8833 8,766 14,190 14,760 0 0
20 days 1,864 257.3 0 0 16,740 15,570 23,630 23,600 21,020 23,830 0 0
30 days 2,813 505.3 40.97 0 26,810 24,570 39,620 39,740 25,490 30,060 97.53 0
40 days 2,692 1,413 1,682 0 36,690 34,210 55,750 56,490 25,980 34,390 3704 0.8714
50 days 4,450 3,744 4,937 111 47,240 43,240 72,240 73,640 21,990 37,330 7268 61.31
60 days 5,591 3,353 7,733 570.3 56,790 51,260 89,140 91,280 19,950 42,810 10,540 466.5
70 days 31.05 360.1 9,802 1,720 58,000 53,080 98,270 100,700 11,410 32,740 12,240 1,149
80 days 6.213 424.7 7,770 1,582 58,690 54,140 102,100 104,600 8,935 27,450 12,230 1,580
90 days 25.22 524.5 4,996 1,420 59,690 55,490 104,800 107,200 7,701 23,340 12,420 1,721
95 days 16.12 497.5 4,019 1,343 60,020 55,960 105,900 108,300 7,049 21,660 12,550 1,801
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Figure 22: Overall area impacted for a well head failure — Summer (left) & Winter (right)
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Figure 23: Overall maximum dissolved concentration — Summer (left) & Winter (right)
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Figure 24: Overall maximum total concentration — Summer (left) & Winter (right)
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3 CONCLUSION

3.1

3.2

One scenario was modelled for the Tortue Phase 1a Well offshore Senegal and Mauritania.
This involved the release of 227,000 m? of condensate over 60 days because of a well head
failure.

Shoreline Impact

A spill at this location, approximately 120 km from the shore, has a 96% probability of making
shoreline impact (light oiling or higher) if the spill happens in Summer and a 33 % chance of
shoreline impact if it occurs in Winter. Mauritania and Senegal are the only two countries at
risk of shoreline impact, but Senegal is most likely to be more severely impacted.

Summer
Summer has a higher risk to the shoreline of the two seasons.

In the worst-case scenario, a spill in summer may impact the shore in approximately 4 days
after the release. However, there is a 50% chance that condensate will not make landfall
within approximately 2 weeks and in the best-cast scenario condensate won’t reach the shore
for 8 % weeks.

Similarly, the severity of the shoreline impact in summer ranges from negligible (4% chance)
in the best-case scenario, to more than 11,000 MT in the worst-case. There is a 50% chance
that more than 3,000 MT may wash ashore.

Whilst no “heavy” shoreline oiling is expected in the summer, there is an 84% chance that
moderate shoreline oiling will occur and may extend up to nearly 300 km. There may also be
an additional 185 km of light shoreline oiling.

Winter
Winter has a lower risk to the shoreline of the two seasons.

In the worst-case scenario, a spill in winter may impact the shore in approximately 5 days after
the release. However, the similarity between summer and winter ends there since there is a
50% chance that condensate will not make landfall within approximately 7 weeks and in the
best-cast scenario condensate won’t reach the shore at all.

Similarly, the severity of the shoreline impact in winter ranges from no significant impact (67%
chance) in the best-case scenario, to more than 2,200 MT in the worst-case.

Whilst no “heavy” shoreline oiling is expected in the winter, there is an 19% chance that
moderate shoreline oiling will occur and may extend up to nearly 54 km.

Surface Impact

Both Mauritania and Senegal Waters’ will be impacted by this spill scenario. Whilst more
countries will be impacted in the summer scenario (9 countries in summer vs. 6 countries in
winter), a winter spill is far more likely to impact Waters’ of Cape Verde (51% in summer vs.
100 % in winter) and The Gambia (42 % in summer vs. 92% in winter).
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However, the thickness of the condensate spill is limited to mostly sheen and rainbow sheen
that will more readily disperse. A small amount of metallic sheen (>5 pum) may be found in
the local area around the well (~25 km). Because of the high turbidity created by the gas at
the well site, condensate droplets are very small. Consequentially, they rise more slowly and
do not concentrate in the same way as if there was an absence of gas.
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APPENDIX A. MODEL INPUTS

Description
Latitude
Longitude

Time of Year

Scenario 1

Well blowout - summer

16° 05’ 14.7516" N
017°3732.718" W

Apr-Sep

Scenario 2

Well blowout - winter

16° 05’ 14.7516" N

017°3732.718" W

Oct-Mar

Release Depth

Release Rate

2,725 m

3,783.3 m3/day

Release Duration 60 days
Duration After Cessation 35 days
Total Model Duration 95 days
API Gravity 47.8
Specific Gravity 0.789
Viscosity (cP) 2.0
Pour Point (°c) -6.0
Wax (%) 6.00
Asphaltenes (%) -
Diameter of Release Hole (m) 0.314
Gas to Oil Ratio (GOR, Sm3/m?3) 127,220
Gas Density (kg/Sm?3) 0.6
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APPENDIX B. METOCEAN DATA

Table 13: Current data — general description

Name G0132-Curr01

Sourced from BMT ARGOSS. The dataset consists of an amalgamation of the HYCOM
global dataset with the BMT ARGOSS tidal model superimposed

Start Time Jan 2009 Spatial Resolution ~9 km

End Time Dec 2011 Temporal Resolution 1 hour

Depth Levels
[m]

0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1000,
1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500

Description

The hydrodynamic database is constructed from 3D current velocity fields, suitable for use in oil model
simulations. This comprises of ocean currents (non-tidal residual) from a global ocean circulation
model, combined with tidal current velocities.

Tidal current information is obtained from BMT ARGOSS from the integration of approximately 5,000
tidal stations and 15 years of satellite radar altimeter into depth averaged global and regional tidal
models (2DH model). The tidal model provides tidal currents (u, v components) as well as surface
elevation. The spatial resolution of the tidal model varies from 1/60 to 1/12 degrees globally.

The vertical structure of the tidal current component is established using a logarithmic profile which
provides a reliable representation of tidal currents at different depths in shelf seas. The tidal model
provides data at a spatial resolution of 4 minutes in the area of interest and can be provided in time
steps as required by the client.

Ocean currents are obtained from a global ocean current model (HYCOM), which has the following
characteristics:

Spatial resolution: 1/12 degree (can not be refined further)
Temporal resolution:  Daily (cannot be refined further, other than by interpolation)
Data type: 3D current speed and direction

Depth: 3D datasets consist of up 33 depth layers from surface to seabed and spread
across the water column. Individual layers and their distribution over the
water column vary and depend on the local depth.

Availability: 2009 - 2012

The resultant data, representative of total current velocity, is provided as hourly current vectors, at
selected depth levels, at 1/12 degree spatial resolution across the area of interest. It should be noted
that in deep water, beyond the continental slope, tidal current velocity would be negligible.

Temporal resolutions of one hour are considered to be an optimal resolution, as coarser temporal
resolutions would not adequately capture the data variability in areas where tidal currents form a key
component of the total current
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Table 14: Wind data — general description

Name G0132-Wind01

Sourced from BMT ARGOSS. The dataset consists of the NCEP CFRS global dataset,

Description . . . .
P calibrated by BMT ARGOSS against satellite altimeter and scatterometer measurements.

Start Time Jan 2009 Spatial Resolution ~35 km

End Time Dec 2011 Temporal Resolution 3 hours

The dataset includes hourly mean values of wind velocity at 10 m above sea level.

Altitude Level ‘

Winds are provided as hourly mean values of north and east velocity components at 10m above sea
level. Data is from the NCEP global dataset, calibrated by BMT ARGOSS against satellite altimeter and
scatterometer measurements. The source data are available at spatial resolution of 0.5°x 0.5°, and at

3 hourly time steps.
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APPENDIX C. JUSTIFY RELEASE DURATION

Each simulation has been allowed to run for 35 days after the last release of condensate. To determine
the length of time after the final release we ran a trajectory with a random start date and monitored
the fate of the condensate spill.

Our initial simulation showed that the following is true:

e No condensate remained on the ocean surface after 82 days

e 25,500 MT (13% of the total released) of condensate was submerged in the water
column.

e The dissolved concentration of submerged condensate dropped below the 6 ppb
threshold after approximately 11 days.

e The total concentration of submerged condensate dropped below the 70 ppb
threshold after approximately 15 days.

Based on these results we decided on a conservative 35-day (5 week) duration after the final release
of condensate will be implemented. This means that the results presented in this report represent a
condensate spill tracked until it no longer poses an environmental risk.
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Figure 25: Mass Balance of the Trajectory used to determine the post spill duration
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Figure 26: Water Column Concentrations of the Trajectory used to determine the post spill duration
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Figure 27: Water Column Concentrations of the Trajectory used to determine the post spill duration
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APPENDIX D. HABITAT GRID

Table 15: Habitat domain details
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Figure 28:Extent of habitat grid used in this study
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APPENDIX E. OIL CHARACTERISTICS AND BEHAVIOUR

The components found in oil are classified into two main groups: hydrocarbons and non-hydrocarbons

“\LA Oil Spill Response

(see Figure 30). If oil is rich in C1-12 alkanes, it is particularly light, as these are lighter components
than the C25+ alkanes. Conversely, if oil contains high quantities of C25+ alkanes, resins and
asphaltenes, it is heavy.

W/ Paraffins
carbons
Naphthenes

v Aromatics

mog Resins
ydro-
carbons Asphaltenes

Figure 29:The chemical composition of crude oil

The chemical composition of oil is important when predicting how it will break down or weather. For
example, oil containing mostly light components is likely to lose a greater volume to evaporation than
heavy oil. Oils with carbon chains exceeding 15 (C15+) cannot evaporate, even during large storms.
Long chains (for example, C25+ alkanes) take a long time to degrade in the water column. Asphaltenes
can increase the stability of oil, allowing it to take up water but preventing the oil and water emulsion
from breaking down.

As oil is a complicated mixture of organic compounds, its components must be analysed to
characterise it successfully (LECO Corporation, 2012). The components of oil can be ‘identified’ and
plotted using gas chromatography instruments which are coupled with mass spectrometers (see
Bacher, 2014, for further information). The results of gas chromatography and mass spectrometry are
converted into a list of 25 sub-components, as broken down in the OSCAR oil database. Each of the 25
sub-components is characterised by molecular weight, density, viscosity, boiling point, solubility in
water, vapour pressure, and partition coefficient between oil and water.

The OSCAR Oil Database

A strength of the OSCAR model is its foundation on an observational database of oil weathering
properties (maximum water content, viscosity, droplet size distribution, evaporation, emulsification
and dispersion, which are measured in a wide range of conditions). The oil database contains complete
weathering information for 340 crude oils and petroleum products. It also contains crude assay data
for approximately 170 other crude oils (derived from the HPI database - HPI, 1987). But these oils have
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not been lab-tested so model estimates of the weathering process are used in place of observational
data. This reduces the reliability of the model.

Oil Matching

A lab tested condensate was selected for this modelling study based on the information provided by
BP for the previous produced condensate.

The properties of the modelled condensate are shown in Table 14. Figure 30 lists the sub-components
of the modelled condensate and their percentage fraction.

Table 16: Properties of the modelled oil

Pour Point?* Wax Content Asphaltenes
Specific Gravit Viscosity (cP
P v V(<P) ¢c) (%) (%)
Sl 0.735 ) <-6 3.0-5.0
condensate
Modelled
condensate 0.789 2.0 -6.0 6 -
(Lavrans)

2 Due to the algorithms in the model, Pour Point is of lesser importance when oil matching.
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20
Sub-component Name %6 in 04l Sub-component Name % in Oil
C1-C4 gasses 2.0187 Phenols 0.0117
CS-saturates 6.5701 Naphthalenes [CO-C1 alkylated) 0.2366
CE-saturates 5.3475 Naphthalenes 2 [C2-C3 alkylated] 2.3853
Benzene 0.89132 C13-C14 (total saturates +aromatics) 47374
C7-saturates 472136 C15-C16 (total saturates + aromatics) 2.8099
15 Cl-benzens 1.4100 C17-C18 (total saturates + aromatics) 4 3944
CB-saturates 5.5576 C15-C20 (total saturates +aromatics) 5.4166
C2-benzene g 3665 | Unresoclved chromatographic material 0.9995
C9-saturates 3.8082 C21-C25 [total saturates + aromatics) 1.5207
PAH 1 (low soluble polyaromatic
8 C5-benzene 1.4042 : hydrn:a.rt::; 0.1929
qa Cl0-saturates 52778 PAH2 {Im:vs:ln—:::::bz:ls];ammatlc 0.0659
[= Cd-benzene 0.1820 C25+(total) 17.8255
'g 10 C11-C12 (total saturates+aromatics) | 7.3420
]
Q
2
a
5 L —

Oil Component

Figure 30:Chemical composition of the modelled condensate
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APPENDIX F. OIL SPILL MODELLING SOFTWARE AND METHODOLOGY

This project was completed using the version of OSCAR contained within the Marine Environmental
Modelling Workbench (MEMW) 8.0, a model that has been fully validated and calibrated using various
field observations from several experimental oil spills (Reed et al., 1995, 1996).

OSCAR predicts the movement of oil at the water’s surface and throughout the water column. OSCAR
consists of several interlocking modules that are activated as required. The following infographic
illustrates the OSCAR modelling process.

OSCAR Inputs, Process and Outputs

A brief explanation of the Oil Spill Contingency And Response (OSCAR) model methodology

e OSRL input scenario data to OSCAR e OSCAR analyses oil spill scenario data

Oil properties Oil Weathering

Your oil is matched to a scientifically characterised The Oil Weathering Model calculates the weathering of oil
oil within the OSCAR oil database. Qil properties in the marine environment using the oil characteristics
have the most significant impact on weathering. database.

Fates

The Spill Trajectory and Plume Model predicts oil direction
and fate: on the sea surface, shoreline, seafloor (sediment),
in the atmosphere or water column, or biodegraded.

Response Efficacy

The Strategic Response Model can be used to study
dispersant application, and containment and recovery. This
can help with pre-approval of dispersant application.

Metocean data

Wind (2D) and current (3D) data for the entire
spill area are used to predict oil weathering
and direction of travel.

Response techniques

Response techniques can be inputted to assess
their efficacy in reducing the amount of oil on the
sea surface and along shorelines.

Trajectory (deterministic) map

Q8

)

Spill release site

‘ Fate and weathering of spilled oil

Mass of oil (x1,000 MT) with each fate
60

329es) Auew sauiquiod ¥yISO

S} PUB SIIBP 1BIS JUBIBYIP YUM
ejep 3uliayieam pue sajey
Aioyoaledy [jids j10 saanpoud YISO

Surface
a0
Atmosphere
oS 20
= Biocegraded
m Waler column
18 January L nU 10 0 30 days

Stochastic (probability) map 6 OSRL analyse outputs

wy
w o O International impact
q:; g 2 Which maritime boundaries is oil likely to
S o <L cross?
@ g Sensitivity impact
'5 < 75 % chance of oiling Which protected areas could oil impact?
; S 25 - 75 % chance of oiling ‘?ﬂ Shoreline impact
= ; 1 - 25 % chance of oiling 5 Which shorelines could become oiled?
= g = How much emulsion could reach shore?
J ® < How much time will you have to
e E = intercept oil?
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APPENDIX G. GLOSSARY OF TERMS, ACRONYMS AND ABBREVIATIONS

o Degrees Celsius
(1.0°C = 33.8° Fahrenheit)
um Micrometre (1.0 um = 10° m)
API American Petroleum Institute
API Gravity, like specific gravity, is a ratio between the densities of oil and water. Unlike
specific gravity, API gravity is only used to describe oil, which it characterises as:
e Light-API>31.1
e Medium - APl between 22.3 and 31.1
e Heavy-API<223
API Gravity e  Extra Heavy-API<10.0
API Gravity is converted to Specific Gravity using the following formula:
API gravity = (141.5/Specific Gravity) — 131.5
An API of 10 is equivalent to water, so oils with an APl above 10 will float on water while
oils with an API below 10 will sink.
See also: Specific Gravity, API
ArcGIS A geographic Information System (GIS) used to present OSCAR outputs on maps.
The asphaltenes present the crude oil components that are (1) insoluble in n-heptane at a
Asphaltene dilution ratio of 40 parts alkane to 1 part crude oil and (2) re-dissolves in toluene. The
Content asphaltenes include the crude oil material highest in molecular weight, polarity and
aromaticity.
Barrels of oil (a unit of volume).
bbls (1.0 bbls =0.15899 m3 and 1.0 m3? = 6.2898 bbls)
The conversion between mass and volume requires knowledge of the oil density.
See also: MT, API Gravity, Specific Gravity
bbls/day Barrels of oil per day (rate).
BONN The BONN Agreement is an international standard and agreement on how to characterise
and respond to pollution. Although aimed at pollution in the North Sea (Europe) many of
Agreement o . . .
the characterisation standards are internationally recognised.
FPSO Floating Production Storage and Offloading - a floating vessel used for producing,
processing and storing oil.
Gas to Oil Ratio - the ratio of volumetric flow of produced gas to the volumetric flow of ail.
GOR Although GOR is a ratio, the volume units must be known since gas and oil volumes are
measured differently. GOR changes with temperature and pressure so the condition under
which GOR is measured must be known.
ITOPF The International Tanker Owners Pollution Federation Limited
Kilometres (1.0 km =1,000 m)
km
See also: m
- Metres (1.0 km =1,000 m)
See also: um, km
Matrix Laboratory - a multi-paradigm numerical computing environment and
MATLAB programming language used in this study for the manipulation of data outputs from
OSCAR.
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Marine Environmental Modelling Workbench - the modelling software package developed
by SINTEF. The MEMW consists of three models:
e DREAM (Dose, Risk and Effects Assessment Model)
MEMW e  OSCAR (Oil Spill Contingency and Response Model)
e ParTrack Model
When combined, these three models quantify the environmental effect of most chemical
pollution activities.
See also: OSCAR, SINTEF
Metric Tonnes - this is a unit of oil mass.
(1.0 MT = 1,000 kg)
The conversion between mass and volume requires knowledge of the oil’s API or Specific
MT Gravity as follows:
Barrels per metric ton = 1/[(141.5/(API + 131.5) x 0.159]
See also: bbls, API Gravity, Specific Gravity
NOAA National Oceanic and Atmospheric Administration —an American scientific agency
focussed on metocean conditions
QOil Spill Contingency And Response
A state of the art 3D oil spill model and simulation tool for predicting the fates and effects
OSCAR of oil released into the marine environment. Developed by SINTEF, it sits within the larger
MEMW application.
See also: SINTEF, MEMW
OSRL Oil Spill Response Limited
. The pour point of a liquid is the lowest temperature at which it shows flow characteristics.
Pour Point . . ., . . .
If ambient temperature is less than the liquid’s pour point it will begin to solidify.
SCAT Shoreline Cleanup Assessment Technique
SINTEF SINTEF is an independent research organisation in Norway which develops the OSCAR
model used in this study.
Specific gravity is a ratio of the density of one substance to the density of a reference
Specific substance, usually water. Specific gravity of oil is a ratio of the density of oil to the density
Gravity of water.
See also: API Gravity, bbls, MT
Stochastic (or probabilistic) results show the probability or likelihood of an event
occurring. They provide statistical data that can be used to assess risk and identify worst-
Stochastic case scenarios. Stochastic results are achieved by combining many different trajectory
simulations.
See also: Trajectory
Trajectory or deterministic results show the impact of a single spill event over time. Can
Trajectory be used to assess different response options such as booms, skimmers and dispersant.
See also: Stochastic
uTC Coordinated Universal Time

Wax Content

Represents the crude oil components that are soluble in higher molecular weight normal
alkanes (n-heptane) but are insoluble in lower molecular weight alkanes (n-pentane).

Document No: GEOMO0132a R03
Date Issued: 19-Jan-18

Page 59 of 60 Qil Spill Response Ltd.




Oil Spill Modelling Report — Well Head Failure: Tortue Phase 1a A

—
BP p.l.c. B

APPENDIX H. REFERENCES

Bacher, A.D. (2014) ‘Gas Chromatography  Theory’, accessible online via:
http://www.chem.ucla.edu/~bacher/General/30BL/gc/theory.html, last accessed 31%
October 2017.

Oil Spill Response

HPI Consultants Inc. (1987) HPI Crude Oil Assay Handbook, First Edition, California: USA.

The International Tanker Owners Pollution Federation Limited (ITOPF) (n.d.) ‘Technical Information
Paper 02: Fate of marine oil spills’, accessible online via: http://www.itopf.com/knowledge-
resources/documents-guides/document/tip-2-fate-of-marine-oil-spills/, last accessed 31
October 2017.

The International Tanker Owners Pollution Federation Limited (ITOPF) (n.d.) ‘Technical Information
Paper 06: Recognition of oil on shorelines’, accessible online Vvia:
http://www.itopf.com/knowledge-resources/documents-guides/document/tip-6-
recognition-of-oil-on-shorelines/, last accessed 31 October 2017.

LECO Corporation (2012) ‘Analysis of Light Crude Oil Using Gas Chromatography — High Resolution
Time-of-Flight Mass Spectrometry’, Form No. 203-821-410 RevO, accessible online via:
http://www.leco.com/index.php/component/edocman/?task=document.download&id=4
04&Itemid=404, last accessed 315 October 2017.

National Oceanic and Atmospheric Administration (NOAA, 2014) National Oceanographic Data Center
(NODC), World Ocean Atlas Select (WOAselect), accessible via:
http://www.nodc.noaa.gov/OC5/SELECT/woaselect/woaselect.html, last accessed 31%
October 2017.

Oil Spill Response Ltd. (OSRL) ‘Shoreline Cleanup and Assessment Technique (SCAT) Field Guide’
accessible online via: http://www.oilspillresponse.com/technical-development/technical-
field-guides, last accessed 31 October 2017.

Reed, M., French, D., Rines, G. and Rye, H. (1995) ‘A three-dimensional oil and chemical spill model
for environmental impact assessment’, paper presented at 1995 International Qil Spill
Conference, pp.61-66.

Reed, M., Aamo, O.M. and Downing, K. (1996) ‘Calibration and Testing of IKU’s Qil Spill Contingency
and Response (OSCAR) Model System’, paper presented at 1996 AMOP Qil Spill Conference.

Saha, S., S. Moorthi, H. Pan, X. Wu, J. Wang, and Co-authors, 2010: The NCEP Climate Forecast System
Reanalysis. Bulletin of the American Meteorological Society, 91, 1015-1057.

Saha, S., S. Moorthi, X. Wu, J. Wang, and Co-authors, 2014: The NCEP Climate Forecast System Version
2. Journal of Climate, 27, 2185-2208.

SINTEF (2014) ‘OSCAR -— OQil Spill Contingency and Response’, accessible online via:
https://www.sintef.no/en/software/oscar/, last accessed 31 October 2017.

Document No: GEOMO0132a R03 Page 60 of 60 Oil Spill Response Ltd.
Date Issued: 19-Jan-18



ESIA FOR THE GREATER TORTUE/AHMEYIM PHASE 1 GAS PRODUCTION PROJECT

APPENDIX N-1b :

OIL SPILL MODELING
REPORT - FPSO FAILURE
DUE TO A VESSEL
COLLISION

Ref. No.: 1653939



Oil Spill Modelling Report — FPSO Storage

Tank & Diesel Tank Failure
Tortue Phase 1a

BP p.l.c.

Document Number: GEOMO0132g R03
Issued: 19 January 2018

»-x.”""'-'_/‘ Oil Spill Response

Oil Spill Response Limited
Lower William Street
Southampton

S0O14 5QE

United Kingdom

Tel: +44 (0)23 8033 1551
Fax: +44 (0)23 8022 1972




Oil Spill Modelling Report — FPSO Storage Tank & Diesel Tank Failure: Tortue Phase 1a

A o
BP p.l.c. S Oil Spill Response

EXECUTIVE SUMMARY

QOil spill modelling was completed by Qil Spill Response Ltd. (OSRL) on behalf of BP for the Tortue Phase
1a project, offshore Senegal and Mauritania (Figure 1). The results of this analysis will support the Qil
Spill Contingency Plan and the Environmental Impact Assessment for the area. The modelled scenarios
are summarised in Table 1.

Scenario 1.  FPSO storage tank and diesel tank failure resulting in release of 163,200 m* over 160
hours during summer (Apr-Sep)

Scenario 2.  FPSO storage tank and diesel tank failure resulting in release of 163,200 m* over 160
hours during winter (Oct-Mar)

The coastlines of Senegal and Mauritania are at risk due to a FPSO storage tank and diesel tank failure.
Summer is worse than winter with condensate and diesel almost certainly reaching the shore within
8 days and in the worst-case in less than 2 days. Summer also has a greater chance of a more
considerable impact with a 50% chance that the amount of condensate and diesel reaching the shore
will exceed 9,500 MT. Winter has only a 13% chance that the same amount of condensate and diesel
will reach the shore.

Senegal is expected to see more oiling than Mauritania. A summer spill may also result in ‘heavy’
shoreline oiling (using ITOPF’s recognition of shoreline oiling (See Thresholds)). However, the length
of shoreline that could be impacted by heavy oiling is restricted to less than 7 km.

The trajectories undertaken shows that evaporation of the condensate and diesel is considerable
within the first 7 days. Shoreline oiling, sedimentation and biodegradation then become the dominant
processes.

In the worst-case winter scenario, the amount of condensate and diesel on the shore peaks at
21,536 MT (27,295 m?3) after 28 days.

The waters of Senegal and Mauritania could experience a spill with a surface thickness more than
5 um making them candidates for containment and recovery techniques.
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1 INTRODUCTION

1.1 Background

Oil spill modelling was completed by Oil Spill Response Ltd. (OSRL) on behalf of BP for the
Tortue Phase la project, offshore Senegal and Mauritania (Figure 1). The results of this
analysis will support the Qil Spill Contingency Plan and the Environmental Impact Assessment
for the area. The modelled scenarios are summarised in Table 1.

Scenario 1.  FPSO storage tank and diesel tank failure (due to a ship collision) resulting in
release of 160,000 m® of condensate over 160 hours and 3,200 m? of diesel over
3.2 hours during summer (April-September)

Scenario 2.  FPSO storage tank and diesel tank failure (due to a ship collision) resulting in
release of 160,000 m3 of condensate over 160 hours and 3,200 m3 of diesel over
3.2 hours during winter (October-March)

The modelling was carried out using SINTEF’s Qil Spill Contingency and Response (OSCAR)
model. OSCAR is a 3D modelling tool used to predict the movement and fate of oil on the sea
surface and throughout the water column (see APPENDIX F for further details).

1.2 Aims

The aim of this report is to present the risk to the sea surface and shoreline by creating spatial
maps of:

1. Probability - to estimate how likely an area is to be impacted.
2. Arrival time - to estimate how quickly an area could be impacted.
3. Emulsion thickness - to estimate how severely an area could be impacted.

The data behind these maps allow us to answer the following questions:

1. How quickly could condensate and diesel reach nearby shorelines and what mass?
2. Which countries are more likely to be affected by a spill from the FPSO?
3. Which environmental sensitivities could be affected by a spill from the FPSO?

Table 1: Scenario setup

Description FPSO stora.ge tank and diesel tank | FPSO storage tank a_nd diesel tank
failure - Summer failure - Winter
Season April-September October-March
Latitude 16° 04’ 00.0732" N
Longitude 016° 53’ 09.2260" W
Total Volume Released 163,200 m?
Total Mass Released 136,522.4 MT
Duration of Release 160 hours?
Depth of Release Surface (0 m)
Nearest Shoreline ~40 km, St Louis, Senegal

L A realistic worst-case release rate from a collusion is approximately 1,000 m3/hr meaning that the total volume of 163,200 m?3 will be
released in 160 hrs.
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Figure 1: Map showing the release location
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1.3 Modelling Setup

Two worst case stochastic simulations were run for the FPSO storage tank and diesel tank
failure (Table 2), with a total of 324 individual trajectories post-processed for the scenario to
create the stochastic results. Each trajectory began on a different start date, so that each oil
spill was simulated using a range of wind and current conditions.

Three years of hydrodynamic data (sourced from Copernicus and NOAA) were used as model
inputs. See APPENDIX A to APPENDIX E for more information on the model setup.

Table 2: Summary of stochastic setup for spill scenarios

Description

Location

Time of Year

Release Period

Release Rate

Total Release (Volume)

Total Run Duration

Total Number of Trajectories

Time Between Trajectories

FPSO storage tank and diesel
tank failure in summer

FPSO storage tank and diesel
tank failure in winter

16° 04’ 00.0732" N
016° 53’ 09.2260" W

April-September

October-March

3.2 hours - Diesel
160 hours - Condensate

1,000 m3/hour

163,200 m3

42 days

162

162

3 days, 10 hours

3 days, 5 hours
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1.4 Thresholds

Thresholds define the point below which data are no longer informative. For example, when
surface emulsion thickness is less than 0.04 um, the oil is no longer visible to the naked eye so
may be considered negligible to a response. The thresholds applied to this study are given in
Table 3.

Table 3: Thresholds used in the post-processing stage of the modelling

Threshold Value Description

The Bonn Agreement Oil Appearance Code defines five oil layer
Surface 0.04 um thicknesses based on their optic effects and true colours. 0.04 pm
is the minimum thickness that can be seen with the naked eye.

6 ppb Low level, in-water dissolved HC exposure.

Water (Dissolved)

column 70 ppb Entrained HC exposure level, OSPAR predicted no effect
(Total) concentration (PNEC).

Lower threshold for light oiling from the ITOPF document

Shoreline 0.1 litres/m? | , . : o,
Recognition of oil on shorelines”.

The thickness key used in the surface emulsion thickness maps throughout this document is
derived from the Bonn Oil Appearance Code (Table 4).

Table 4: Key used for sea surface emulsion thickness outputs

Appearance Layer Thickness Interval

Sheen 0.04 um - 0.3 um
Rainbow 0.3 um-5um
Metallic 5 um - 50 pm
Discontinuous True Colour 50 pum - 200 um
Continuous True Colour >200 pm

The thickness key used in the shoreline maps throughout this document is derived from the
ITOPF Technical Information Paper (TIP) No. 6 “Recognition of oil on shorelines” (ITOPF,
2011b; Table 7). Very light oiling is deemed negligible by ITOPF (ITOPF, 2011b); no practical
response is required for a very lightly oiled shoreline, apart from monitoring the oil spill.

Table 5: Key used for water column dissolved concentrations

Water Column

pe a: Concentration
Classification

Low <50 ppb
Moderate 50 - 400 ppb
High > 400 ppb
Document No: GEOMO0132g R03 Page 8 of 56 Oil Spill Response Ltd.
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Table 6: Key used for water column total concentrations

Concentration Colour

<150 ppb

150 — 500 ppb

500 — 750 ppb

750 - 1000 ppb

> 1000 ppb

Table 7: Key used for shoreline emulsion thickness outputs

Shoreline Oiling Classification Concentration Thickness Colour
Light Oiling 0.1 -1 litres/m? 0.1 mm-1.0 mm
Moderate Oiling 1-10 litres/m? 1 mm-—10mm
Heavy Oiling > 10 litres/m? >10 mm
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2 RESULTS

2.1 Stochastic Results

The stochastic results for Scenario 1 were calculated from 324 trajectories. The scenario
involves the release of 160,000 m? of condensate over 160 hours and 3,200 m? of diesel over
3.2 hours during the summer (April to September) and during winter (Oct to March). The
release is tracked for a total of 42 days.

The following results are presented:
Sea Surface

Figure 2: FPSO storage tank and diesel tank failure — Surface Probability of Cell Impact—
Summer (left) & Winter (right)FPSO storage tank and diesel tank failure — Surface
Probability of Cell Impact— Summer (left) & Winter (right)

Figure 3: FPSO storage tank and diesel tank failure — Surface Minimum Arrival Time — Summer
(left) & Winter (right)

Figure 4: FPSO storage tank and diesel tank failure — Surface Maximum Emulsion Thickness —
Summer (left) & Winter (right)

Figure 5: FPSO storage tank and diesel tank failure — Surface Average Emulsion Thickness —
Summer (left) & Winter (right)

Figure 6: FPSO storage tank and diesel tank failure — Surface Maximum Exposure Time —
Summer (left) & Winter (right)

Shoreline

Figure 7: FPSO storage tank and diesel tank failure — Shoreline Probability of Cell Impact —
Summer (left) & Winter (right)

Figure 8: FPSO storage tank and diesel tank failure — Shoreline Minimum Arrival Time —
Summer (left) & Winter (right)

Figure 9: FPSO storage tank and diesel tank failure — Shoreline Impact — Summer (left) &
Winter (right)

Figure 10: FPSO storage tank and diesel tank failure — Shoreline Impact — Shoreline Arrival
Time Probability - Summer (left) & Winter (right)

Figure 11: FPSO storage tank and diesel tank failure — Shoreline Impact — Shoreline Arrival
Time Probability - Summer (left) & Winter (right)

Water Column (Dissolved Hydrocarbon)

Figure 12: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Probability of
Cell Impact — Summer (left) & Winter (right)

Figure 13: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Minimum
Arrival Time — Summer (left) & Winter (right)

Figure 14: FPSO storage tank and diesel tank failure — Water Column (Dissolved)
Concentrations — Summer (left) & Winter (right)
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Figure 15: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Maximum
Exposure Time— Summer (left) & Winter (right)

Water Column (Total Hydrocarbon)

Figure 16: FPSO storage tank and diesel tank failure — Water Column (Total) Probability of Cell
Impact — Summer (left) & Winter (right)

Figure 17: FPSO storage tank and diesel tank failure — Water Column (Total) Minimum Arrival
Time — Summer (left) & Winter (right)

Figure 18: FPSO storage tank and diesel tank failure — Water Column (Total) Concentrations —
Summer (left) & Winter (right)

Figure 19: FPSO storage tank and diesel tank failure — Water Column (Total) Maximum
Exposure Time — Summer (left) & Winter (right)
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Figure 2: FPSO storage tank and diesel tank failure — Surface Probability of Cell Impact— Summer (left) & Winter (right)

Document No: GEOMO0132g R03 Page 13 of 56 Oil Spill Response Ltd.
Date Issued: 19-Jan-18



Oil Spill Modelling Report — FPSO Storage Tank & Diesel Tank Failure: Tortue Phase 1a

A

2 6
v&]SpﬂlRﬁpoﬂse

4 FPso
m Missing Metocean Data

==--=----  Maritime Boundaries
Arrival Time

- <1 day

- 1-3days
- 3-7 days
[ 7-14ceys
- 14 - 21 days

> 21 days

0 100 200 400 600 800
km

SURFACE THRESHOLD: 0.00004 mm

CLIENT NAME: BP
PROJECT CODE: GEOMO0132

DATA SOURCE: FPSO Collision-Surf-MinT

COORDINATE SYSTEM: GCS WGS 1984

DATA CREDITS:

Service Layer Credits: Esri, DeLorme, GEBCO, NOAA
NGDC, and other contributors

Esri, HERE, DeLorme, MapmylIndia, ® OpenStreetMap
contributors, and the GIS user community

Sources: Esri, GEBCO, NOAA, National Geographic,
DeLorme, HERE, Geonames.org, and other contributors

CREATED BY: JKM DATE: 06/12/2017

PRODUCED BY:

> Oil Spill Response

Senegal
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Figure 4: FPSO storage tank and diesel tank failure — Surface Maximum Emulsion Thickness — Summer (left) & Winter (right)
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Figure 5: FPSO storage tank and diesel tank failure — Surface Average Emulsion Thickness — Summer (left) & Winter (right)
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Figure 6: FPSO storage tank and diesel tank failure — Surface Maximum Exposure Time — Summer (left) & Winter (right)
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Figure 8: FPSO storage tank and diesel tank failure — Shoreline Minimum Arrival Time — Summer (left) & Winter (right)

Senegal
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Table 8 shows how many of the simulations result in different levels of shoreline impact based on ITOPF’s Technical Information Paper (TIP) no. 6, “Recognition of Qil on Shorelines” and the length of shoreline impacted. For further
information see Thresholds in Section 1.4.

Table 8: Severity of shoreline oiling following a FPSO storage tank and diesel tank failure from the Tortue Phase 1a Well

ITOPF Reference Light, Moderate & Heavy QOiling Light & Moderate Oiling Light Oiling
No Significant Impact
OSRL’s SCAT Reference Thick Cover Coat

Season Summer Winter Summer Winter Summer Winter Summer Winter

Number of Simulations 36 of 162 0 of 162 126 of 162 111 of 162 0 of 162 22 of 162 00of 162 29 of 162

Probability 22% 0% 78% 69% 0% 14% 0% 18%

Each of the 162 trajectories is put into a single category based on its most severe shoreline oiling. For example, a trajectory that has at least one cell classified as Heavy Oiling will be placed in the heavy oiling category regardless of how
many of the other cells have Moderate or Light oiling.

Table 9: Length of shoreline impacted following a FPSO storage tank and diesel tank failure from the Tortue Phase 1a Well

Average
Best case . Worst case
(50" Percentile)

Summer

Heavy .

Length of Shoreline Winter
Impacted Summer
Moderate

Winter
Summer 0 km 20 km 105 km

Light
Winter 0 km 18 km 54 km

The data presented in these tables can be interpreted as follows

» In the best-case scenario;
0 Summer. There will only be 22 km of moderate oiling on the shoreline.
0 Winter. There is a chance (18%) that there will be no significant impact at all.

> Ina “typical case” (50™ percentile), there will be:
0 Summer = ~1 km of heavy oiling, 142 km of moderate oiling, and 20 km of light oiling.
0 Winter = No heavy oiling, 24 km of moderate oiling and 18 km of light oiling.

> Ina “worst-case” (maximum value?), there will be:
0 Summer =7 km of heavy oiling, 323 km of moderate oiling, and 105 km of light oiling.

0 Winter = No heavy oiling, 363 km of moderate oiling and 54 km of light oiling.

2 Note that this presents the maximum shoreline length in each category. It does not refer to 1 trajectory extracted from the stochastic.
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Figure 12: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Probability of Cell Impact — Summer (left) & Winter (right)

Senegal
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Figure 13: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 14: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Concentrations — Summer (left) & Winter (right)
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Figure 15: FPSO storage tank and diesel tank failure — Water Column (Dissolved) Maximum Exposure Time— Summer (left) & Winter (right)

Senegal
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Figure 16: FPSO storage tank and diesel tank failure — Water Column (Total) Probability of Cell Impact — Summer (left) & Winter (right)
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Figure 17: FPSO storage tank and diesel tank failure — Water Column (Total) Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 18: FPSO storage tank and diesel tank failure — Water Column (Total) Concentrations — Summer (left) & Winter (right)
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Figure 19: FPSO storage tank and diesel tank failure — Water Column (Total) Maximum Exposure Time — Summer (left) & Winter (right)

Senegal
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2.2

Comparison between Winter and Summer

Table 10: Summary of stochastic results

Oil Spill Modelling Summary

FPSO storage tank and diesel

. i0/Descrioti
Spill Scenario/Description tank failure - Summer

Crosses a Maritime Boundary
<1%

Cape Verde
35 days, 9 hours

Table 9 summarises the results of the stochastic simulations run for each scenario offshore
Senegal. For more information on the thresholds used when post-processing the data see
Section 1.4.

FPSO storage tank and diesel
tank failure - Winter

71%

15 days, 3 hours

6%
27 days, 9 hours

Guinea-Bissau

8%
33 days, 15 hours

85 % 88 %
Mauritania
<1 hour <1 hour
100 % 100 %
Senegal
<1 hour <1 hour
12 % 60 %

The Gambia
12 days, 21 hours

Shoreline Impact
57 %

Mauritania
1 day, 18 hours

9 days, 6 hours

2%

2 days, 12 hours

100 %

Senegal

1 day, 14 hours

Worst-Case Shoreline Impact
Mass of oil onshore 20,121 MT

Volume of oil onshore 25,502 m3

Water content 0%

Volume of emulsion onshore 25,502 m3

82 %

2 days, 4 hours

21,536 MT
27,295 m?
0%

27,295 m?
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Spill Scenario/Description

Cayar Canyon

Cayar MPA

Cayar Seamount Complex

Chatt Thoul Nature Reserve

Coastal Habitats Neritic Zone
MRT Extreme North

Cold Water Reefs

Conv Zone Canary Guinea
EBSA

N Senegal Shelf Break IBA

Saint Louis MPA

Timris Canyon System

Oil Spill Modelling Summary

FPSO storage tank and diesel
tank failure - Summer

Areas of Conservation Interest
34 %

2 days, 21 hours

FPSO storage tank and diesel
tank failure - Winter

98 %

2 days, 12 hours

33% 76 %
2 days, 21 hours 3 days
9% 79 %
10 days 3 days, 3 hours
14 % -

4 days, 6 hours

70 %
1 day, 9 hours

5%

2 days, 0 hours

12 %

2 days, 9 hours

7%

10 days, 3 hours

15%

6 days, 3 hours

65 %

5 days, 6 hours

100 % 100 %
3 hours 3 hours
88 % 33%
12 hours 18 hours

- <1%

35 days, 12 hours
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2.3 Worst-Case Oil Spill Scenario

Trajectory results are generated by simulating a single spill scenario under specific conditions
on a particular date. One ‘worst case’ trajectory was selected, from each pool of trajectories
that make up the stochastics, to investigate the fate and behaviour of oil during the simulation
in more detail.

In this report, the ‘worst-case’ trajectories are defined as:

e The trajectory that results in the most oil to reach the shore

Table 11: Key results from Scenario 1

TrajSim(108) TrajSim(32)
Summer Winter
Release Location Tortue Phase-1 FPSO
Model Setup
Total Mass Spilled 136,522.4 MT
First Shoreline Impact 3 day, 6 hours 2 day, 12 hours
Maximum Mass of Oil Onshore 20,121 MT 21,536 MT
Time when Maximum Mass of Oil
Onshore Occurs 28 days 31 days, 9 hours

The following figures are presented:

Most oil ashore trajectory

Figure 20: Mass balance plot for a FPSO storage tank and diesel tank failure during Summer
Figure 21: Mass balance plot for a FPSO storage tank and diesel tank failure during Winter

Figure 22: Overall area impacted for a FPSO storage tank and diesel tank failure — Summer
(left) & Winter (right)

Figure 23: Overall maximum dissolved concentration — Summer (left) & Winter (right)

Figure 24: Overall maximum total concentration — Summer (left) & Winter (right)
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Figure 20: Mass balance plot for a FPSO storage tank and diesel tank failure during Summer
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Figure 21: Mass balance plot for a FPSO storage tank and diesel tank failure during Winter
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Figure 22: Overall area impacted for a FPSO storage tank and diesel tank failure — Summer (left) & Winter (right)
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Figure 23: Overall maximum dissolved concentration — Summer (left) & Winter (right)
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Figure 24: Overall maximum total concentration — Summer (left) & Winter (right)
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3 Conclusion

3.1

3.2

One scenario was modelled for the Tortue Phase 1a Well offshore Senegal and Mauritania.
This involved the release of 160,000 m?3 of condensate over 160 hours and 3,200 m? of diesel
over 3.2 hours, due to an FPSO storage tank and diesel tank failure, resulting from a ship
collision.

Shoreline Impact

A spill at this location, approximately 40 km from the shore, has a 100% chance of making a
considerable shoreline impact (light oiling or higher) if the spill happens in Summer and an
82% chance of shoreline impact if it occurs in Winter. Mauritania and Senegal are the only
two countries at risk of shoreline impact, but Senegal is most likely to be more severely
impacted.

Summer
Summer has a higher risk to the shoreline of the two seasons.

In the worst-case scenario, a spill in summer may impact the shore 1 day, 14 hours after the
release. However, there is a 10% chance that condensate and diesel will not make landfall
within 4 days and in the best-cast scenario will not reach the shore for 8 days.

Similarly, the severity of the shoreline impact in summer ranges from around 1,000 MT in the
best-case scenario, to more than 20,000 MT in the worst-case. There is a 50% chance that
more than 9,500 MT may wash ashore.

A shoreline impact in the summer months is expected to have at least moderate shoreline oil.
Further, these is a 22% chance of “heavy” shoreline oiling. Spatially, only a few km is expected
to have heavy shoreline oiling but up to 323 km could be impacted by moderate oiling.

Winter
Winter has a lower risk to the shoreline of the two seasons.

In the worst-case scenario, a spill in winter may impact the shore in a little more than 2 days
after the release. However, the similarity between summer and winter ends there since there
is a 50% chance that condensate and diesel will not make landfall within approximately 5 days
and in the best-cast scenario will not reach the shore at all.

Similarly, the severity of the shoreline impact in winter ranges from negligible (18% chance)
in the best-case scenario, to more than 21,000 MT in the worst-case.

There is a 69% chance of moderate shoreline oiling and 14 % chance of light oiling, no heavy
shoreline oiling is expected. Spatially, around 25 km is expected to have moderate shoreline
oiling but up to 363 km could be impacted by moderate oiling in the worst-case.

Surface Impact

Senegal Waters’ are more than likely to be impacted by this spill scenario but Mauritania may
not due to a southerly flowing current occurring in some scenarios. The waters of Cape Verde,
Guinea-Bissau and The Gambia are also at risk in both summer and winter scenarios.
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The waters of Senegal and Mauritania could experience a spill with a surface thickness more
than 5 um making them candidates for containment and recovery techniques. The waters of
other neighbouring countries may experience oil sheen on the surface waters but not at a
thickness that is likely to be effective for containment and recovery.
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Scenario 1 Scenario 2

FPSO storage tank and diesel tank

FPSO storage tank and diesel tank

Description failure - summer failure - winter
Latitude 16° 04’ 00.0732" N 16° 04’ 00.0732" N
Longitude 016° 53’ 09.2260" W 016° 53’ 09.2260" W
Time of Year Apr-Sep Oct-Mar
Release Depth Surface (0 m)
Release Rate 1,000 m3/hr
Release Duration 3.2 hours - Diesel
160 hours - Condensate
Duration After Cessation 35 days
Total Model Duration 42 days
Oil Type Diesel Condensate
API Gravity 36.4 47.8
Specific Gravity 0.843 0.789
Viscosity (cP) 3.9 2.0
Pour Point (°c) -36.0 -6.0
Wax (%) - 6.00
Asphaltenes (%) - -
Diameter of Release Hole (m) n/a
Gas to Oil Ratio (GOR, Sm3/m3) n/a
Gas Density (kg/Sm?) n/a

Document No: GEOMO0132g RO3
Date Issued: 19-Jan-18

Page 45 of 56

Oil Spill Response Ltd.




Oil Spill Modelling Report — FPSO Storage Tank & Diesel Tank Failure: Tortue Phase 1a A

BP p.l.c —~=== il Spill Response

APPENDIX B. METOCEAN DATA

Table 12: Current data — general description

Name G0132-Curr01

Sourced from BMT ARGOSS. The dataset consists of an amalgamation of the HYCOM
global dataset with the BMT ARGOSS tidal model superimposed

Start Time Jan 2009 Spatial Resolution ~9 km

End Time Dec 2011 Temporal Resolution 1 hour

Depth Levels 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1000,

1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500

Description

The hydrodynamic database is constructed from 3D current velocity fields, suitable for use in oil model
simulations. This comprises of ocean currents (non-tidal residual) from a global ocean circulation
model, combined with tidal current velocities.

Tidal current information is obtained from BMT ARGOSS from the integration of approximately 5,000
tidal stations and 15 years of satellite radar altimeter into depth averaged global and regional tidal
models (2DH model). The tidal model provides tidal currents (u, v components) as well as surface
elevation. The spatial resolution of the tidal model varies from 1/60 to 1/12 degrees globally.

The vertical structure of the tidal current component is established using a logarithmic profile which
provides a reliable representation of tidal currents at different depths in shelf seas. The tidal model
provides data at a spatial resolution of 4 minutes in the area of interest and can be provided in time
steps as required by the client.

Ocean currents are obtained from a global ocean current model (HYCOM), which has the following
characteristics:

Spatial resolution: 1/12 degree (can not be refined further)
Temporal resolution:  Daily (cannot be refined further, other than by interpolation)
Data type: 3D current speed and direction

Depth: 3D datasets consist of up 33 depth layers from surface to seabed and spread
across the water column. Individual layers and their distribution over the
water column vary and depend on the local depth.

Availability: 2009 - 2012

The resultant data, representative of total current velocity, is provided as hourly current vectors, at
selected depth levels, at 1/12 degree spatial resolution across the area of interest. It should be noted
that in deep water, beyond the continental slope, tidal current velocity would be negligible.

Temporal resolutions of one hour are considered to be an optimal resolution, as coarser temporal
resolutions would not adequately capture the data variability in areas where tidal currents form a key
component of the total current
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Table 13: Wind data — general description

Name ‘ G0132-Wind01

Sourced from BMT ARGOSS. The dataset consists of the NCEP CFRS global dataset,

Description
P calibrated by BMT ARGOSS against satellite altimeter and scatterometer measurements.

Start Time Jan 2009 Spatial Resolution ~35 km

End Time Dec 2011 Temporal Resolution 3 hours

The dataset includes hourly mean values of wind velocity at 10 m above sea level.

Altitude Level ‘

Winds are provided as hourly mean values of north and east velocity components at 10m above sea
level. Data is from the NCEP global dataset, calibrated by BMT ARGOSS against satellite altimeter and
scatterometer measurements. The source data are available at spatial resolution of 0.5°x 0.5°, and at
3 hourly time steps.
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APPENDIX C. HABITAT GRID

Table 14: Habitat domain details

Domain Extent

Bottom Top Left Right

05°00'00” N 25°00'00” N 030° 00' 00” W 010° 00' 00” W

Number of Cells Cell Resolution

East to West North to South East to West North to South
G0132-Hab02
Domain Size

East to West North to South

2,220 km

2,145 km
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Figure 25:Extent of habitat grid used in this study
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APPENDIX D. OIL CHARACTERISTICS AND BEHAVIOUR

The components found in oil are classified into two main groups: hydrocarbons and non-hydrocarbons

“\LA Oil Spill Response

(see Figure 29). If oil is rich in C1-12 alkanes, it is particularly light, as these are lighter components
than the C25+ alkanes. Conversely, if oil contains high quantities of C25+ alkanes, resins and
asphaltenes, it is heavy.

W/ Paraffins
carbons
Naphthenes

v Aromatics

mog Resins
ydro-
carbons Asphaltenes

Figure 26:The chemical composition of crude oil

The chemical composition of oil is important when predicting how it will break down or weather. For
example, oil containing mostly light components is likely to lose a greater volume to evaporation than
heavy oil. Oils with carbon chains exceeding 15 (C15+) cannot evaporate, even during large storms.
Long chains (for example, C25+ alkanes) take a long time to degrade in the water column. Asphaltenes
can increase the stability of oil, allowing it to take up water but preventing the oil and water emulsion
from breaking down.

As oil is a complicated mixture of organic compounds, its components must be analysed to
characterise it successfully (LECO Corporation, 2012). The components of oil can be ‘identified’ and
plotted using gas chromatography instruments which are coupled with mass spectrometers (see
Bacher, 2014, for further information). The results of gas chromatography and mass spectrometry are
converted into a list of 25 sub-components, as broken down in the OSCAR oil database. Each of the 25
sub-components is characterised by molecular weight, density, viscosity, boiling point, solubility in
water, vapour pressure, and partition coefficient between oil and water.

The OSCAR Oil Database

A strength of the OSCAR model is its foundation on an observational database of oil weathering
properties (maximum water content, viscosity, droplet size distribution, evaporation, emulsification
and dispersion, which are measured in a wide range of conditions). The oil database contains complete
weathering information for 340 crude oils and petroleum products. It also contains crude assay data
for approximately 170 other crude oils (derived from the HPI database - HPI, 1987). But these oils have
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not been lab-tested so model estimates of the weathering process are used in place of observational
data. This reduces the reliability of the model.

Oil Matching
Two lab tested oils were selected for this modelling study based on the information provided by BP.

The properties of the modelled oils are shown in Table 14 and Table 15. Figure 30 and Figure 31 list
the sub-components of the modelled oils and their percentage fraction.

Table 15: Properties of the modelled diesel

Pour Point3* Wax Content Asphaltenes
Name Specific Gravit Viscosity (cP
P Y vice) () (%) (%)
client 0.843 3.9 -36.0
Diesel
Modelled 0.843 3.9 -36.0 ; ;
Diesel

Table 16: Properties of the modelled condensate

Pour Point3* Wax Content Asphaltenes
Name Specific Gravit Viscosity (cP
AR | R, (°c) (%) (%)
Clent 0.735 10 <-36.0 3.0-5.0 0
Condensate
Modelled 0.789 2.0 6.0 6.00 .
Condensate

3 Due to the algorithms in the model, Pour Point is of lesser importance when oil matching.

Document No: GEOMO0132g R03 Page 50 of 56 Oil Spill Response Ltd.
Date Issued: 19-Jan-18



Qil Spill Modelling Report — FPSO Storage Tank & Diesel Tank Failure: Tortue Phase 1a

A

=== 0Ol Spill Response
BP p.l.c. ~ a a
50
Sub-component Name % in Oil Sub-component Name % in Oil
C1-C4 gasses 0.0291 Phenols 0.0274
45 = C5-saturates 0.0464 Naphthalenes (C0-C1 alkylated) 0.4094
C6-saturates 0.0943 Naphthalenes 2 (C2-C3 alkylated) 24.7897
Benzene 0.0157 | C13-C14 (total saturates + aromatics) 8.1986
40 | C7-saturates 0.1520 | C15-C16 (total saturates +aromatics) | 13.8317
Cl-benzene 0.0509 C17-C18 (total saturates + aromatics) | 14.4217
C8-saturates 0.2005 | €19-C20 (total saturates + aromatics) | 9.4983
35 | C2-benzene 0.0548 | Unresolved chromatographic material | 0.0568
C9-saturates 0.2232 | €21-C25 (total saturates + aromatics) | 4.7322
PAH 1 (low soluble polyaromatic
C3-b
20 enzene 2.0333 hydrocarbons) 0.5992
= T PAH 2 (low soluble polyaromatic
9_ Cl0-saturates 3.2233 hydrocarbons) 0.0000
g C4-benzene 0.1111 C25+ (total) 0.0110
O 25 1 C11-C12 (total saturates + aromatics) | 17.1893
=)
]
Q
o
S
a 20
15
10
5
P e e
o€ €7 € S (> o e N 5@° S o O ° O o8 Ao B BT SORNYS2 BO G R R\
@ o ° BN SN AR CUP N R . ?\\ao \‘\3& O & X &7 & xS X PSSR\
[ 2 e ?f o X0 e X < X0 e [ <O AN AN <O <O <O <O < <O Y « S
- o2 o A (9% lo:d [e23 © > AQ x® x? x® x® N x @ & & Cr
9 ¢ K& O T xC R @ g o
R (\es\ 51\ IROMI IR I TR KX &
,@\c;a & \é\e ,@\c;a @\ga ,@\c;a \_’A\‘;b \\‘o“\ ,@\s O 0
\Y X N © © % O 3¢ o Qo\‘\ N
ol W° «a@‘\ AFY @0Y a®Y 10 50\43 O OT (¢
Ay T ST T &y O (o
IO
NSRS

Oil Component

Figure 27:Chemical composition of the modelled diesel
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Figure 28:Chemical composition of the modelled condensate
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APPENDIX E. OIL SPILL MODELLING SOFTWARE AND METHODOLOGY

This project was completed using the version of OSCAR contained within the Marine Environmental
Modelling Workbench (MEMW) 8.0, a model that has been fully validated and calibrated using various
field observations from several experimental oil spills (Reed et al., 1995, 1996).

OSCAR predicts the movement of oil at the water’s surface and throughout the water column. OSCAR
consists of several interlocking modules that are activated as required. The following infographic
illustrates the OSCAR modelling process.

OSCAR Inputs, Process and Outputs

A brief explanation of the Oil Spill Contingency And Response (OSCAR) model methodology

e OSRL input scenario data to OSCAR e OSCAR analyses oil spill scenario data

Oil properties Oil Weathering

Your oil is matched to a scientifically characterised The Oil Weathering Model calculates the weathering of oil
oil within the OSCAR oil database. Qil properties in the marine environment using the oil characteristics
have the most significant impact on weathering. database.

Fates

The Spill Trajectory and Plume Model predicts oil direction
and fate: on the sea surface, shoreline, seafloor (sediment),
in the atmosphere or water column, or biodegraded.
Response Efficacy

The Strategic Response Model can be used to study
dispersant application, and containment and recovery. This
can help with pre-approval of dispersant application.

Metocean data

Wind (2D) and current (3D) data for the entire
spill area are used to predict oil weathering
and direction of travel.

Response techniques

Response techniques can be inputted to assess
their efficacy in reducing the amount of oil on the
sea surface and along shorelines.

Trajectory (deterministic) map

Q8

)

Spill release site

‘ Fate and weathering of spilled oil
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APPENDIX F. GLOSSARY OF TERMS, ACRONYMS AND ABBREVIATIONS

o Degrees Celsius
(1.0°C = 33.8° Fahrenheit)
um Micrometre (1.0 um = 10° m)
API American Petroleum Institute
API Gravity, like specific gravity, is a ratio between the densities of oil and water. Unlike
specific gravity, API gravity is only used to describe oil, which it characterises as:
e Light-API>31.1
e Medium - APl between 22.3 and 31.1
e Heavy-API<223
API Gravity e  Extra Heavy-API<10.0
API Gravity is converted to Specific Gravity using the following formula:
API gravity = (141.5/Specific Gravity) — 131.5
An API of 10 is equivalent to water, so oils with an APl above 10 will float on water while
oils with an API below 10 will sink.
See also: Specific Gravity, API
ArcGIS A geographic Information System (GIS) used to present OSCAR outputs on maps.
The asphaltenes present the crude oil components that are (1) insoluble in n-heptane at a
Asphaltene dilution ratio of 40 parts alkane to 1 part crude oil and (2) re-dissolves in toluene. The
Content asphaltenes include the crude oil material highest in molecular weight, polarity and
aromaticity.
Barrels of oil (a unit of volume).
bbls (1.0 bbls =0.15899 m3 and 1.0 m3? = 6.2898 bbls)
The conversion between mass and volume requires knowledge of the oil density.
See also: MT, API Gravity, Specific Gravity
bbls/day Barrels of oil per day (rate).
BONN The BONN Agreement is an international standard and agreement on how to characterise
and respond to pollution. Although aimed at pollution in the North Sea (Europe) many of
Agreement o . . .
the characterisation standards are internationally recognised.
FPSO Floating Production Diesel and Offloading - a floating vessel used for producing, processing
and storing oil.
Gas to Oil Ratio - the ratio of volumetric flow of produced gas to the volumetric flow of oil.
GOR Although GOR is a ratio, the volume units must be known since gas and oil volumes are
measured differently. GOR changes with temperature and pressure so the condition under
which GOR is measured must be known.
ITOPF The International Tanker Owners Pollution Federation Limited
Kilometres (1.0 km =1,000 m)
km
See also: m
- Metres (1.0 km =1,000 m)
See also: um, km
Matrix Laboratory - a multi-paradigm numerical computing environment and
MATLAB programming language used in this study for the manipulation of data outputs from
OSCAR.
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Marine Environmental Modelling Workbench - the modelling software package developed
by SINTEF. The MEMW consists of three models:
e DREAM (Dose, Risk and Effects Assessment Model)
MEMW e  OSCAR (Oil Spill Contingency and Response Model)
e ParTrack Model
When combined, these three models quantify the environmental effect of most chemical
pollution activities.
See also: OSCAR, SINTEF
Metric Tonnes - this is a unit of oil mass.
(1.0 MT = 1,000 kg)
The conversion between mass and volume requires knowledge of the oil’s API or Specific
MT Gravity as follows:
Barrels per metric ton = 1/[(141.5/(API + 131.5) x 0.159]
See also: bbls, API Gravity, Specific Gravity
NOAA National Oceanic and Atmospheric Administration —an American scientific agency
focussed on metocean conditions
QOil Spill Contingency And Response
A state of the art 3D oil spill model and simulation tool for predicting the fates and effects
OSCAR of oil released into the marine environment. Developed by SINTEF, it sits within the larger
MEMW application.
See also: SINTEF, MEMW
OSRL Oil Spill Response Limited
. The pour point of a liquid is the lowest temperature at which it shows flow characteristics.
Pour Point . . ., . . .
If ambient temperature is less than the liquid’s pour point it will begin to solidify.
SCAT Shoreline Cleanup Assessment Technique
SINTEF SINTEF is an independent research organisation in Norway which develops the OSCAR
model used in this study.
Specific gravity is a ratio of the density of one substance to the density of a reference
Specific substance, usually water. Specific gravity of oil is a ratio of the density of oil to the density
Gravity of water.
See also: API Gravity, bbls, MT
Stochastic (or probabilistic) results show the probability or likelihood of an event
occurring. They provide statistical data that can be used to assess risk and identify worst-
Stochastic case scenarios. Stochastic results are achieved by combining many different trajectory
simulations.
See also: Trajectory
Trajectory or deterministic results show the impact of a single spill event over time. Can
Trajectory be used to assess different response options such as booms, skimmers and dispersant.
See also: Stochastic
uTC Coordinated Universal Time

Wax Content

Represents the crude oil components that are soluble in higher molecular weight normal
alkanes (n-heptane) but are insoluble in lower molecular weight alkanes (n-pentane).
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EXECUTIVE SUMMARY

Qil spill modelling was completed by QOil Spill Response Ltd. (OSRL) on behalf of BP for the Tortue
Phase 1la project, offshore Senegal and Mauritania (Figure 1). The results of this analysis will support
the Qil Spill Contingency Plan and the Environmental Impact Assessment for the area. The modelled
scenarios are summarised in Table 1.

Scenario 1.  Pipelaying vessel collision resulting in the release of 2,980 m? of diesel over 3 hours,
3,370 m? of heavy fuel oil over 3.4 hours; and 92 m? of lubricating oil over 1 hour
during summer (April-September)

Scenario 2.  Pipelaying vessel collision resulting in the release of 2,980 m? of diesel over 3 hours,
3,370 m? of heavy fuel oil over 3.4 hours; and 92 m? of lubricating oil over 1 hour
during winter (October-March)

The coastlines of Senegal and Mauritania are at risk due to a Pipelaying vessel collision. Summer is
worse than winter with shoreline impact almost certainly occurring within 4.5 days and in the worst-
case in less than 1 day. Whilst the worst-case shoreline impact for Summer and Winter is
approximately the same at a little over 4,500 MT, Summer is the higher risk season. Summer has a
50% chance of 3,400 MT reaching the shore whereas Winter has only 2,900 MT for the same
probability. Further, first shoreline impact in Summer ranges from less than a day to approximately
4.5 days in the best case. The Winter scenario has a much larger range, from less than a day to more
than 50 days in the best case.

Senegal is expected to see more oiling than Mauritania. A Summer spill may also result in more
“heavy” shoreline oiling (using ITOPF’s recognition of shoreline oiling (See Thresholds)) than winter.
However, the length of shoreline that could be impacted by heavy oiling is restricted to less than 4 km.

The trajectories undertaken shows that, whilst shoreline oiling may initially be considerable, the oil
properties mean that it evaporates and biodegrades quickly.

The waters of Senegal and Mauritania could experience a spill with a surface thickness more than
5 um making them candidates for containment and recovery techniques. The waters of other
neighbouring countries are not expected to be impacted during summer, but are impacted by oil up
to 3 um during winter.
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OSRL acknowledges and agrees that any number of variables may impact on an oil spill and, as such, should be addressed on
an individual basis. OSRL has no liability in relation to such advice, modelling or other information and the recipient of such
information hereby fully indemnifies and holds harmless OSRL its officers, employees, shareholders, agents, contractors and
sub-contractors against any costs, losses, claims or liabilities arising about such advice, modelling, training or other
information.

Document No: GEOMO0132h R04 Page 3 of 58 Oil Spill Response Ltd.
Date Issued: 21-May-18



Oil Spill Modelling Report — Pipelaying Vessel Collision: Tortue Phase 1a ‘/\
2

BP p.l.c. o Oil Spill Response
TABLE OF CONTENTS
1 INTRODUCTION ....cciiitiuiiiienniiiiensestisnssessisssssssisssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnnsss 5
1.1 BACKGROUND ...ctteiittteeeiutteeesttteeeeuttee e sttt e e ssatteessbteeessabeeessnbeeeseabeeeeenbeeesaabeeeesnbeeessabaeeennnrees 5
R N PSPPSR 5
1.3 IMIODELLING SETUP ..ttt eiutteeesitteeeetteeesettteessiteeesubteessabteeessubeeessabteeessabaeeesaneeeesanbeeesenneeesnrees 7
1.4 THRESHOLDS. .. .ttteeeteeeeeruteeeesatteeessutteessatteeessutaeesssteessanbaeessstaeesanbeeesssbeeesanseeessnnsaeesssenessnnsens 8
2 RESULTS ceeuuiiiiiiuiiiirnniiiirnsesiiirsssssiirssssssiessssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssss 10
2.1 STOCHASTIC RESULTS 1ttuiieiteeetitittiieeeseeeeetttttieseesaeeeassssaaaseeseeesaessanaaseseeesssnssnnnnseseeessssssnnnnns 10
D2 O YV Ty o Tol =3 1] o ot SOOI 12
2.1.2  SROIeliNe IMPOCL.......cccccuiieeeeciiie et st et e e ste e e e etteeestaaaesasneaeaas 18
2.1.3  Dissolved Water Column IMPACL ............cueeecvieeesiiiieesiiiieessiieeesiieeessiiaasasinee s 25
2.1.4  Total Water COlUMN IMPACE ............oeeeeeeeeeeeiieeeeiieeeeecieeeeseaeeeeseaeeaessreaaeassseaens 30
2.2 COMPARISON BETWEEN WINTER AND SUMMER ..ceeiiuviieeiirieeesiieeessnreeessreeesessseeessnssessssseessennnes 35
2.3 WORST-CASE OIL SPILL SCENARIO. ....eeitrutteeeriutteeeriteeeeniteessueeeessbeeessnseeessbeeessssseeesssseeesssnsees 37
3 CONCLUSION......uiiiitueiiiinntiiiirueisiiraeisiirssssirrassssrrasssssmrssssssseasssssmrsssssssssssssssssnssssssansss 44
3.1 SHORELINE IMPACT ettt itttteeeiteeesiteeeestteeessuteeesstteeessasaeesssteeessnseeesennseeesssseesesnsenessnnseeesnsens 44
3.2 SURFACE IMPACT .ttetetttee ettt sttt e sttt e s st e e sttt e e s st e e e s eabbee e sabeeeseabbeeessabeeessnbeeesnnneeas 44
APPENDIX A.  MODEL INPUTS.....ciiiitiiiiiiriiiiiireiiiireesisirsessisirsssssssmssssssssssssssssenssssssssnses 46
APPENDIX B. IMETOCEAN DATA .....oiteuiiiiineiiiiieniiirsnssiirssssinrssssimrsssssmrsssssssasssssnrsssses 47
APPENDIX C. HABITAT GRID ...cccuuiiiiiuniiiinnniiiinnniiiimsmssiimssssiisssssiissssssisssssssssssssssssssssss 49
APPENDIX D. OIL CHARACTERISTICS AND BEHAVIOUR......cccccorttmuniirimnnninninnnsssiennnsssssenens 50
APPENDIX E. OIL SPILL MODELLING SOFTWARE and methodology...........cccccerereeennnncisnnnns 55
APPENDIX F. GLOSSARY OF TERMS, ACRONYMS AND ABBREVIATIONS......cccccoovreunnrnrnnnns 56
APPENDIX G. REFERENCES......ccccciiittuiiiiinnniiiiiineiiiinieiiiisnsisimesisimssssissssssssssssssssssssses 58
Document No: GEOMO0132h R04 Page 4 of 58 Oil Spill Response Ltd.

Date Issued: 21-May-18



Oil Spill Modelling Report — Pipelaying Vessel Collision: Tortue Phase 1a

BP p.l.c.

% Oil Spill Response

1 INTRODUCTION

1.1 Background

Oil spill modelling was completed by Oil Spill Response Ltd. (OSRL) on behalf of BP for the

Tortue Phase la project, offshore Senegal and Mauritania (Figure 1). The results of this

analysis will support the Qil Spill Contingency Plan and the Environmental Impact Assessment

for the area. The modelled scenarios are summarised in Table 1.

Scenario 1.  Pipelaying vessel collision resulting in the release of 2,980 m? of diesel over 3
hours, 3,370 m? of heavy fuel oil over 3.4 hours; and 92 m3 of lubricating oil over
1 hour during summer (April-September)

Scenario 2.  Pipelaying vessel collision resulting in the release of 2,980 m? of diesel over 3
hours, 3,370 m® of heavy fuel oil over 3.4 hours; and 92 m3 of lubricating oil over
1 hour during winter (October-March)

The modelling was carried out using SINTEF’s Qil Spill Contingency and Response (OSCAR)
model. OSCAR is a 3D modelling tool used to predict the movement and fate of oil on the sea
surface and throughout the water column (see APPENDIX F for further details).

1.2 Aims

The aim of this report is to present the risk to the sea surface and shoreline by creating spatial

maps of:

1. Probability - to estimate how likely an area is to be impacted.

2. Arrival time - to estimate how quickly an area could be impacted.

3. Emulsion thickness - to estimate how severely an area could be impacted.

The data behind these maps allow us to answer the following questions:

How quickly could oil reach nearby shorelines and what mass?

Which countries are more likely to be affected by a spill from the pipelaying vessel?

Which environmental sensitivities could be affected by a spill from the pipelaying

vessel?

Description

Season
Latitude
Longitude
Total Volume Released
Total Mass Released

Duration of Release

Depth of Release

Nearest Shoreline

Table 1: Scenario setup

Pipelaying vessel collision -
Summer

Pipelaying vessel collision -
Winter

April-September

October-March

16° 03’ 41.31" N

016° 36’ 23.652" W

6,442 m?

5,852.7 MT

3.4 hours

Surface (0 m)

~10 km, St Louis, Senegal

Document No: GEOMO0132h R04
Date Issued: 21-May-18

Page 5 of 58

Oil Spill Response Ltd.



Oil Spill Modelling Report — Pipelaying Vessel Collision: Tortue Phase 1a

o pic S oispitRepons

2070'0"W

25°0'0°N

20°0'0"N

Ik dhet

2 =
£
Tiabar Senegal =
Guinea
=Z
” Tortue Phasela _::'_’
@ FPSO
‘$’ Pipelaying Vessel / / 5' erra LEI
------ Maritime Boundaries
m Environmental Sensitivities
PRODUCED BY: DATA SOURCE: Location Map CLIENT NAME: BP
PROJECT CODE: GEOM0132
A COCRDINATE SYSTEM: WGS 1984 UTM Zone 28N
=== 0il Spill Response DATA CREDITS:
V p’ p ‘Sarvice Layer Credits: Esri, DeLome, GEBCO, NOAA NGDC. and other contributors 02550 100 150 200 250
Sources: Esri, GEBCO. NOAA, National DI_Lu'n'HI, HERE. and km
CREATED BY: JKM | DATE: 15/11/2017 o
Figure 1: Map showing the release location
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1.3

Modelling Setup

Two worst case stochastic simulations were run for the Pipelaying vessel collision (Table 2),
with a total of 322 individual trajectories post-processed for the scenario to create the
stochastic results. Each trajectory began on a different start date, so that each oil spill was
simulated using a range of wind and current conditions.

Three years of hydrodynamic data (sourced from Copernicus and NOAA) were used as model
inputs. See APPENDIX A to APPENDIX E for more information on the model setup.

Table 2: Summary of stochastic setup for spill scenarios

Pipelaying vessel collision in

Pipelaying vessel collision in
Winter

Summer

Description

16° 03’ 41.31" N

Location
016° 36’ 23.652" W

Time of Year April-September October-March

3 hours — Diesel
Release Period 3.4 hours — Heavy Fuel Oil
1 hour — Lubricating Oil

993.3 m3/hour - Diesel
Release Rate 991.2 m3/hour — Heavy Fuel Oil
92 m3/hour — Lubricating Oil

Total Release (Volume) 6,442 m3

Total Run Duration 60 days

Total Number of Trajectories 165 157

Time Between Trajectories 3 days, 9 hours 3 days, 5 hours

Please note that a realistic worst-case release rate for a vessel collision is 1,000 m3/hr.

The total inventory of diesel is 2,980 m?® meaning the total release duration will be 3 hrs leading
to the release rate stated.

The total inventory of Heavy Fuel Qil is 3,370 m3 leading to the release duration and rate
stated.

Finally, the volume of lubricant oil is 92m3, since the lowest increment of time that we have
set is 1 hour, we release this over the course of 1 hour.

Whilst, there will be minor differences if these timings and rates are adjusted, it will not
change the conclusions or findings presented in the pages in this report.
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1.4 Thresholds

Thresholds define the point below which data are no longer informative. For example, when
surface emulsion thickness is less than 0.04 um, the oil is no longer visible to the naked eye so
may be considered negligible to a response. The thresholds applied to this study are given in
Table 3.

Table 3: Thresholds used in the post-processing stage of the modelling

Threshold Value Description

The Bonn Agreement Oil Appearance Code defines five oil layer
Surface 0.04 um thicknesses based on their optic effects and true colours. 0.04 pm
is the minimum thickness that can be seen with the naked eye.

6 ppb Low level, in-water dissolved HC exposure.

Water (Dissolved)

column 70 ppb Entrained HC exposure level, OSPAR predicted no effect
(Total) concentration (PNEC).

Lower threshold for light oiling from the ITOPF document

Shoreline 0.1 litres/m? | , . : o,
Recognition of oil on shorelines”.

The thickness key used in the surface emulsion thickness maps throughout this document is
derived from the Bonn Oil Appearance Code (Table 4).

Table 4: Key used for sea surface emulsion thickness outputs

Appearance Layer Thickness Interval

Sheen 0.04 um - 0.3 um
Rainbow 0.3 um-5um
Metallic 5 um - 50 pm
Discontinuous True Colour 50 pum - 200 um
Continuous True Colour >200 pm

The thickness key used in the shoreline maps throughout this document is derived from the
ITOPF Technical Information Paper (TIP) No. 6 “Recognition of oil on shorelines” (ITOPF,
2011b; Table 7). Very light oiling is deemed negligible by ITOPF (ITOPF, 2011b); no practical
response is required for a very lightly oiled shoreline, apart from monitoring the oil spill.

Table 5: Key used for water column dissolved concentrations

Water Column

pe a: Concentration
Classification

Low <50 ppb
Moderate 50 - 400 ppb
High > 400 ppb
Document No: GEOMO0132h R04 Page 8 of 58 Oil Spill Response Ltd.
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Table 6: Key used for water column total concentrations

Concentration Colour

<150 ppb

150 — 500 ppb

500 — 750 ppb

750 - 1000 ppb

> 1000 ppb

Table 7: Key used for shoreline emulsion thickness outputs

Shoreline Oiling Classification Concentration Thickness Colour
Light Oiling 0.1 -1 litres/m? 0.1 mm-1.0 mm
Moderate Oiling 1-10 litres/m? 1 mm-—10mm
Heavy Oiling > 10 litres/m? >10 mm
Document No: GEOMO0132h R04 Page 9 of 58 Oil Spill Response Ltd.
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2 RESULTS

2.1 Stochastic Results

The stochastic results for Scenario 1 were calculated from 322 trajectories. The scenario
involves the release of 2,980 m? of diesel over 3 hours, 3,370 m3 of heavy fuel oil over 3.4
hours; and 92 m? of lubricating oil over 1 hour during the summer (April to September) and
during winter (Oct to March). The release is tracked for a total of 60 days.

The following results are presented:
Sea Surface

Figure 2: Pipelaying vessel collision — Surface Probability of Cell Impact— Summer (left) &
Winter (right)

Figure 3: Pipelaying vessel collision — Surface Minimum Arrival Time — Summer (left) & Winter
(right)

Figure 4: Pipelaying vessel collision — Surface Maximum Emulsion Thickness — Summer (left) &
Winter (right)

Figure 5: Pipelaying vessel collision — Surface Average Emulsion Thickness — Summer (left) &
Winter (right)

Figure 6: Pipelaying vessel collision — Surface Maximum Exposure Time — Summer (left) &
Winter (right)

Shoreline

Figure 7: Pipelaying vessel collision — Shoreline Probability of Cell Impact — Summer (left) &
Winter (right)

Figure 8: Pipelaying vessel collision — Shoreline Minimum Arrival Time — Summer (left) &
Winter (right)

Figure 9: Pipelaying vessel collision — Shoreline Impact — Summer (left) & Winter (right)

Figure 10: Pipelaying vessel collision — Shoreline Impact — Shoreline Arrival Time Probability -
Summer (left) & Winter (right)

Figure 11: Pipelaying vessel collision — Shoreline Impact —Probability Shoreline Mass - Summer
(left) & Winter (right)

Water Column (Dissolved Hydrocarbon)

Figure 12: Pipelaying vessel collision — Water Column (Dissolved) Probability of Cell Impact —
Summer (left) & Winter (right)

Figure 13: Pipelaying vessel collision — Water Column (Dissolved) Minimum Arrival Time —
Summer (left) & Winter (right)

Figure 14: Pipelaying vessel collision — Water Column (Dissolved) Concentrations — Summer
(left) & Winter (right)

Figure 15: Pipelaying vessel collision — Water Column (Dissolved) Maximum Exposure Time—
Summer (left) & Winter (right)
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Water Column (Total Hydrocarbon)
Figure 16: Pipelaying vessel collision — Water Column (Total) Probability of Cell Impact —
Summer (left) & Winter (right)
Figure 17: Pipelaying vessel collision — Water Column (Total) Minimum Arrival Time — Summer
(left) & Winter (right)
Figure 18: Pipelaying vessel collision — Water Column (Total) Concentrations — Summer (left)
& Winter (right)
Figure 19: Pipelaying vessel collision — Water Column (Total) Maximum Exposure Time —
Summer (left) & Winter (right)
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Figure 2: Pipelaying vessel collision — Surface Probability of Cell Impact— Summer (left) & Winter (right)
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Figure 3: Pipelaying vessel collision — Surface Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 4: Pipelaying vessel collision — Surface Maximum Emulsion Thickness — Summer (left) & Winter (right)
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Figure 5: Pipelaying vessel collision — Surface Average Emulsion Thickness — Summer (left) & Winter (right)
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Figure 6: Pipelaying vessel collision — Surface Maximum Exposure Time — Summer (left) & Winter (right)
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Figure 7: Pipelaying vessel collision — Shoreline Probability of Cell Impact — Summer (left) & Winter (right)
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Figure 8: Pipelaying vessel collision — Shoreline Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 9: Pipelaying vessel collision — Shoreline Impact — Summer (left) & Winter (right)
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Table 8 shows how many of the simulations result in different levels of shoreline impact based on ITOPF’s Technical Information Paper (TIP) no. 6, “Recognition of Oil on Shorelines” and the length of shoreline impacted. For further

information see Thresholds in Section 1.4.

Table 8: Severity of shoreline oiling following a pipelaying vessel collision from the Tortue Phase 1a Well

ITOPF Reference Light, Moderate & Heavy QOiling Light & Moderate Oiling
OSRL’s SCAT Reference Thick Cover

Season Summer Winter Summer Winter

Number of Simulations 16 of 165 2 of 157 150 of 165 143 of 157

Probability 9% 1% 91% 91%

many of the other cells have Moderate or Light oiling.

Light Oiling
No Significant Impact
Coat
Summer Winter Summer Winter
0 of 165 10f 157 0 of 165 0 of 165
0% 1% 0% 0%

Each of the 165 trajectories is put into a single category based on its most severe shoreline oiling. For example, a trajectory that has at least one cell classified as Heavy Oiling will be placed in the heavy oiling category regardless of how

Best case

Summer

Heavy :

Length of Shoreline Winter
Impacted Summer
Moderate

Winter
Summer @ i

Light
Winter @ i

(50t Percentile)

Average
g Worst case

8 km 25 km

10 km 36 km

The data presented in these tables can be interpreted as follows
» In the best-case scenario;
0 Summer. There will only be 18 km of moderate oiling on the shoreline.
0 Winter. There is a chance (1%) that there will only be light oiling.
> Ina “typical case” (50" percentile), there will be:
0 Summer = No heavy oiling, 45 km of moderate oiling, and 8 km of light oiling.
0 Winter = No heavy oiling, 35 km of moderate oiling and 10 km of light oiling.
> Ina “worst-case” (maximum value?), there will be:

0 Summer =4 km of heavy oiling, 62 km of moderate oiling, and 25 km of light oiling.

0 Winter =4 km of heavy oiling, 58 km of moderate oiling and 36 km of light oiling.

1 Note that this presents the maximum shoreline length in each category. It does not refer to 1 trajectory extracted from the stochastic.
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Figure 12: Pipelaying vessel collision — Water Column (Dissolved) Probability of Cell Impact — Summer (left) & Winter (right)
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Figure 13: Pipelaying vessel collision — Water Column (Dissolved) Minimum Arrival Time — Summer (left) & Winter (right)
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Figure 14: Pipelaying vessel collision — Water Column (Dissolved) Concentrations — Summer (left) & Winter (right)
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Figure 15: Pipelaying vessel collision — Water Column (Dissolved) Maximum Exposure Time— Summer (left) & Winter (right)

Senegal
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Figure 16: Pipelaying vessel collision — Water Column (Total) Probability of Cell Impact — Summer (left) & Winter (right)
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Figure 17: Pipelaying vessel collision — Water Column (Total) Minimum Arrival Time — Summer (left) & Winter (right)

Senegal

Senegal
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Figure 18: Pipelaying vessel collision — Water Column (Total) Concentrations — Summer (left) & Winter (right)

Senegal

Senegal
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Figure 19: Pipelaying vessel collision — Water Column (Total) Maximum Exposure Time — Summer (left) & Winter (right)

Senegal
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2.2

Comparison between Winter and Summer

Table 9 summarises the results of the stochastic simulations run for each scenario offshore

Senegal. For more information on the thresholds used when post-processing the data see

Section 1.4.

Table 9: Summary of stochastic results

Oil Spill Modelling Summary

Pipelaying vessel collision -

. i0/Descrioti
Spill Scenario/Description Summer

Crosses a Maritime Boundary

Cape Verde

Pipelaying vessel collision -
Winter

11%
17 days, 15 hours

43 % 13%
Mauritania
<1 hour 3 hours
100 % 100
Senegal
<1 hour <1 hour
- 6%

The Gambia

Shoreline Impact

31%
Mauritania

14 days, 12 hours

1%

14 hours 1 day, 1 hour
99 % 93%
Senegal
11 hours 14 hours

Worst-Case Shoreline Impact
Mass of oil onshore 4,610 MT
Volume of oil onshore? 5,469 m?

Water content 0%

Volume of emulsion onshore 5,469 m3

4,523 MT
5,365 m?
0%

5,365 m?3

2This scenario combines different oils in one simulation. These oils have unique properties including their specific gravity. As such, it is
impossible to accurately simulate how the volume of the spill will change over time and what the volume of the oil will be when the oil
reaches the shore. The value presented shows the volume of the weathered oil IF the specific gravity is 0.843 kg/litre.
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Spill Scenario/Description

Cayar Canyon

Cayar MPA

Cayar Seamount Complex

Chatt Thoul Nature Reserve

Coastal Habitats Neritic Zone
MRT Extreme North

Conv Zone Canary Guinea
EBSA

N Senegal Shelf Break IBA

Saint Louis MPA

Oil Spill Modelling Summary

Pipelaying vessel collision -
Summer

Areas of Conservation Interest

Pipelaying vessel collision -
Winter

42 %

2 days, 18 hours

28 %

3 days, 6 hours

11%

4 days, 21 hours

<1%

4 days, 12 hours

87 % 20%
6 hours 6 hours
- 8%
- 8 days
2% 58 %
1 day, 9 hours 3 hours
99 % 100 %
6 hours 6 hours
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2.3 Worst-Case Oil Spill Scenario

Trajectory results are generated by simulating a single spill scenario under specific conditions

on a particular date. One ‘worst case’ trajectory was selected, from each pool of trajectories

that make up the stochastics, to investigate the fate and behaviour of oil during the simulation

in more detail.

In this report, the ‘worst-case’ trajectories are defined as:

e The trajectory that results in the most oil to reach the shore

Table 10: Key results from Scenario 1

TrajSim(107)

Summer

TrajSim(150)

Winter

Release Location

Tortue Phase-1 Pipelaying vessel

Model Setup
Total Mass Spilled

5,882.7 MT

First Shoreline Impact

2 days

1 day, 9 hours

Maximum Mass of Oil Onshore

4,610 MT

4,523 MT

Time when Maximum Mass of Qil
Onshore Occurs

4 days 12 hours

9 days, 12 hours

The following figures are presented:

Most oil ashore trajectory

Figure 20: Mass balance plot for a Pipelaying vessel collision during Summer

Figure 21: Mass balance plot for a Pipelaying vessel collision during Winter

Figure 22: Overall area impacted for a Pipelaying vessel collision — Summer (left) & Winter

(right)

Figure 23: Overall maximum dissolved concentration — Summer (left) & Winter (right)

Figure 24: Overall maximum total concentration — Summer (left) & Winter (right)
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Figure 20: Mass balance plot for a Pipelaying vessel collision during Summer
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Figure 21: Mass balance plot for a Pipelaying vessel collision during Winter
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Table 11: Mass balance comparison table for a pipelaying vessel collision during summer and winter

FATES (tonnes)

Surface Shoreline Evaporated Biodegraded Water Column Sediment

S-:Ianr;ep Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter
0.5 days 5,678 5,635 0 0 156.2 197.7 8.604 8.469 9.988 10.8 0 0

1 day 5,488 5,471 0 0 314.2 346.1 20.8 20.29 29.39 16.02 0 0

5 days 2,368 2,306 2,529 2,544 702.4 737.3 181.4 222.9 22.94 30.74 48.89 11.86
10 days 648.8 11.07 3,761 4,456 805 778.5 502.9 555.7 4.533 1.633 130.6 49.82
20 days 2.557 2.31 3,693 3,584 862.8 959 1,101 1,130 36.45 52.91 156.8 124.4
30 days 0.9352 2.555 2,879 2,874 1,081 1,123 1,590 1,564 87.47 47.67 213.7 242.1
40 days 1.939 0.7551 2,325 2,413 1,190 1,194 1,960 1,904 85.17 31.71 290.7 308.8
50 days 0.2529 0.3724 1,942 2,059 1,244 1,235 2,259 2,187 80.26 31.17 327.9 340.8
60 days 0.1432 0.6229 1,649 1,772 1,272 1,261 2,510 2,428 78.63 35.25 342.6 356
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Figure 22: Overall area impacted for a Pipelaying vessel collision — Summer (left) & Winter (right)
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Figure 23: Overall maximum dissolved concentration — Summer (left) & Winter (right)
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Figure 24: Overall maximum total concentration — Summer (left) & Winter (right)
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3.1

3.2

CONCLUSION

One scenario was modelled for the Tortue Phase 1a Well offshore Senegal and Mauritania.
This involved the release of 2,980 m? of diesel over 3 hours, 3,370 m3 of heavy fuel oil over
3.4 hours; and 92 m3 of lubricating oil over 1 hour, due to a pipelaying vessel collision.

Shoreline Impact

A spill at this location, approximately 10 km from the shore, has a 100 % chance of making a
considerable shoreline impact (light oiling or higher) whether the spill happens in Summer or
Winter. Mauritania and Senegal are the only two countries at risk of shoreline impact, but
Senegal is most likely to be more severely impacted.

Summer
Summer has a higher risk to the shoreline of the two seasons.

In the worst-case arrival time scenario, a spill in summer may impact the shore 2 days after
the initial release.

The severity of the shoreline impact in summer ranges from 1,500 MT in the best-case
scenario, to more than 4,500 MT in the worst-case. There is a 50% chance that more than
3400 MT of oil could impact the shore3.

A shoreline impact in the summer months is expected to have at least moderate shoreline
oiling. Further, there is a 9% chance of “heavy” shoreline oiling and an 91% chance of
moderate shoreline oiling. Spatially, only a few km is expected to have heavy shoreline oiling
but up to 62 km could be impacted by moderate oiling.

Winter
Winter has a lower risk to the shoreline of the two seasons.

In the worst-case scenario, a spill in winter may impact the shore in a little more than 1 day
after the release.

Similarly, the severity of the shoreline impact in winter ranges from a few metric tonnes in the
best-case scenario, to more than 4,500 MT in the worst-case. There is a 50% chance that more
than 2,900 MT may wash ashore?. This is 500 MT less than the Summer scenario.

There is a 1% chance of “heavy” shoreline oiling, a 91% chance of moderate shoreline oiling
and 1% chance of “light” shoreline oiling. Spatially, only a few km is expected to have heavy
shoreline oiling but up to 58 km could be impacted by moderate oiling.

Surface Impact

Senegal Waters’ are more than likely to be impacted by this spill scenario, no matter what the
season, but Mauritania may not due to a southerly flowing current occurring in some
scenarios. Only two countries are at risk in the summer, however, four countries could be

3 Calculated from Figure 11
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impacted in the winter scenario although both Cape Verde and The Gambia have only an 11%
and 6% chance of impact respectively.

The waters of Senegal and Mauritania could experience a spill with a surface thickness more
than 5 um making them candidates for containment and recovery techniques. The waters of
other neighbouring countries may experience oil sheen on the surface waters during winter,
but not during summer. During winter, the oil sheen on the surface waters are not at a
thickness that is likely to be effective for containment and recovery.
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APPENDIX A. MODEL INPUTS

Scenario 1 Scenario 2

Pipelaying vessel collision -

Description Pipelaying vessel collision - winter
summer
Latitude 16° 03’ 41.31"N 16° 03’ 41.31" N
Longitude 016° 36’ 23.652" W 016° 36’ 23.652" W
Time of Year Apr-Sep Oct-Mar
Release Depth Surface (0 m)
993.3 m3/hr - Diesel
Release Rate 991.2 m3/hr — Heavy Fuel Qil
92 m3/hr — Lubricating Oil
3 hrs - Diesel
Release Duration 3.4 hrs — Heavy Fuel Oil
1 hr — Lubricating Oil
Duration After Cessation 60 days
Total Model Duration 60 days
Qil Type Diesel HFO Lubricating
API Gravity 36.4 15.1 33.8
Specific Gravity 0.843 0.965 0.856
Viscosity (cP) 3.9 10,000 17.0
Pour Point (°c) -36.0 20.0 -39.0
Wax (%) - - -
Asphaltenes (%) - - 0.10
Diameter of Release Hole (m) n/a
Gas to Oil Ratio (GOR, Sm3/m?3) n/a
Gas Density (kg/Sm?3) n/a
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APPENDIX B. METOCEAN DATA

Table 12: Current data — general description

Name G0132-Curr01

Sourced from BMT ARGOSS. The dataset consists of an amalgamation of the HYCOM

D)
escription global dataset with the BMT ARGOSS tidal model superimposed

Start Time Jan 2009 Spatial Resolution ~9 km

Dec 2011 Temporal Resolution 1 hour

Depth Levels 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1000,

1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500

End Time ‘

The hydrodynamic database is constructed from 3D current velocity fields, suitable for use in oil model
simulations. This comprises of ocean currents (non-tidal residual) from a global ocean circulation
model, combined with tidal current velocities.

Tidal current information is obtained from BMT ARGOSS from the integration of approximately 5,000
tidal stations and 15 years of satellite radar altimeter into depth averaged global and regional tidal
models (2DH model). The tidal model provides tidal currents (u, v components) as well as surface
elevation. The spatial resolution of the tidal model varies from 1/60 to 1/12 degrees globally.

The vertical structure of the tidal current component is established using a logarithmic profile which
provides a reliable representation of tidal currents at different depths in shelf seas. The tidal model
provides data at a spatial resolution of 4 minutes in the area of interest and can be provided in time
steps as required by the client.

Ocean currents are obtained from a global ocean current model (HYCOM), which has the following
characteristics:

Spatial resolution: 1/12 degree (can not be refined further)
Temporal resolution:  Daily (cannot be refined further, other than by interpolation)
Data type: 3D current speed and direction

Depth: 3D datasets consist of up to 33 depth layers from surface to seabed and
spread across the water column. Individual layers and their distribution over
the water column vary and depend on the local depth.

Availability: 2009 - 2012

The resultant data, representative of total current velocity, is provided as hourly current vectors, at
selected depth levels, at 1/12 degree spatial resolution across the area of interest. It should be noted
that in deep water, beyond the continental slope, tidal current velocity would be negligible.

Temporal resolutions of one hour are considered to be an optimal resolution, as coarser temporal
resolutions would not adequately capture the data variability in areas where tidal currents form a key
component of the total current
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Table 13: Wind data — general description

Name ‘ G0132-Wind01

Sourced from BMT ARGOSS. The dataset consists of the NCEP CFRS global dataset,

Description
P calibrated by BMT ARGOSS against satellite altimeter and scatterometer measurements.

Start Time Jan 2009 Spatial Resolution ~35 km

Dec 2011 Temporal Resolution 3 hours

End Time ‘

Altitude Level The dataset includes hourly mean values of wind velocity at 10 m above sea level.

Winds are provided as hourly mean values of north and east velocity components at 10m above sea
level. Data is from the NCEP global dataset, calibrated by BMT ARGOSS against satellite altimeter and
scatterometer measurements. The source data are available at spatial resolution of 0.5°x 0.5°, and at
3 hourly time steps.
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APPENDIX C. HABITAT GRID

Table 14: Habitat domain details

é Oil Spill Response

Domain Extent

Bottom Top Left Right
05°00' 00" N 25°00' 00" N 030° 00' 00” W 010° 00' 00” W
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Figure 25:Extent of habitat grid used in this study
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APPENDIX D. OIL CHARACTERISTICS AND BEHAVIOUR

The components found in oil are classified into two main groups: hydrocarbons and non-hydrocarbons

“\LA Oil Spill Response

(see Figure 29). If oil is rich in C1-12 alkanes, it is particularly light, as these are lighter components
than the C25+ alkanes. Conversely, if oil contains high quantities of C25+ alkanes, resins and
asphaltenes, it is heavy.

W/ Paraffins
carbons
Naphthenes

v Aromatics

mog Resins
ydro-
carbons Asphaltenes

Figure 26:The chemical composition of crude oil

The chemical composition of oil is important when predicting how it will break down or weather. For
example, oil containing mostly light components is likely to lose a greater volume to evaporation than
heavy oil. Oils with carbon chains exceeding 15 (C15+) cannot evaporate, even during large storms.
Long chains (for example, C25+ alkanes) take a long time to degrade in the water column. Asphaltenes
can increase the stability of oil, allowing it to take up water but preventing the oil and water emulsion
from breaking down.

As oil is a complicated mixture of organic compounds, its components must be analysed to
characterise it successfully (LECO Corporation, 2012). The components of oil can be ‘identified’ and
plotted using gas chromatography instruments which are coupled with mass spectrometers (see
Bacher, 2014, for further information). The results of gas chromatography and mass spectrometry are
converted into a list of 25 sub-components, as broken down in the OSCAR oil database. Each of the 25
sub-components is characterised by molecular weight, density, viscosity, boiling point, solubility in
water, vapour pressure, and partition coefficient between oil and water.

The OSCAR Oil Database

A strength of the OSCAR model is its foundation on an observational database of oil weathering
properties (maximum water content, viscosity, droplet size distribution, evaporation, emulsification
and dispersion, which are measured in a wide range of conditions). The oil database contains complete
weathering information for 340 crude oils and petroleum products. It also contains crude assay data
for approximately 170 other crude oils (derived from the HPI database - HPI, 1987). But these oils have
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not been lab-tested so model estimates of the weathering process are used in place of observational
data. This reduces the reliability of the model.

Oil Matching
Three lab tested oils were selected for this modelling study based on the information provided by BP.

The properties of the modelled oils are shown in Table 14 , Table 15 and Table 16. Figure 30, Figure
31 and Figure 32 list the sub-components of the modelled oils and their percentage fraction.

Table 15: Properties of the modelled diesel

Pour Point** Wax Content Asphaltenes
Name Specific Gravit Viscosity (cP
P y y (cP) °) (%) (%)
client 0.843 3.9 -36.0
Diesel
Modelled 0.843 3.9 -36.0 ; ;
Diesel

Table 16: Properties of the modelled heavy fuel oil

Pour Point** Wax Content Asphaltenes
Name Specific Gravit Viscosity (cP
SCEHEEETY || VR () 0) (%) (%)
Client HFO 0.965 10,000 20.0
Modelled
HEO 0.965 10,000 20.0 - -

Table 17: Properties of the modelled lubricating oil

Pour Point** Wax Content Asphaltenes
Name Specific Gravit Viscosity (cP
P y y (cP) °) (%) (%)
Client
Lubricating -54.0
Oil
Modelled
Lubricating 0.856 17.0 -39.0 - 0.10
Oil

4 Due to the algorithms in the model, Pour Point is of lesser importance when oil matching.
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Figure 27:Chemical composition of the modelled diesel
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Figure 28:Chemical composition of the modelled heavy fuel oil
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Figure 29:Chemical composition of the modelled lubricating oil

Document No: GEOMO0132h R04
Date Issued: 21-May-18

Page

54 of 58

Qil Spill Response Ltd.



QOil Spill Modelling Report — Pipelaying Vessel Collision: Tortue Phase 1a A
A
BP p.l.c. ] Oil Spill Response

APPENDIX E. OIL SPILL MODELLING SOFTWARE AND METHODOLOGY

This project was completed using the version of OSCAR contained within the Marine Environmental
Modelling Workbench (MEMW) 8.0, a model that has been fully validated and calibrated using various
field observations from several experimental oil spills (Reed et al., 1995, 1996).

OSCAR predicts the movement of oil at the water’s surface and throughout the water column. OSCAR
consists of several interlocking modules that are activated as required. The following infographic
illustrates the OSCAR modelling process.

OSCAR Inputs, Process and Outputs

A brief explanation of the Oil Spill Contingency And Response (OSCAR) model methodology

e OSRL input scenario data to OSCAR e OSCAR analyses oil spill scenario data

Oil properties Oil Weathering

Your oil is matched to a scientifically characterised The Oil Weathering Model calculates the weathering of oil
oil within the OSCAR oil database. Qil properties in the marine environment using the oil characteristics
have the most significant impact on weathering. database.

Fates

The Spill Trajectory and Plume Model predicts oil direction
and fate: on the sea surface, shoreline, seafloor (sediment),
in the atmosphere or water column, or biodegraded.
Response Efficacy

The Strategic Response Model can be used to study
dispersant application, and containment and recovery. This
can help with pre-approval of dispersant application.

Metocean data

Wind (2D) and current (3D) data for the entire
spill area are used to predict oil weathering
and direction of travel.

Response techniques

Response techniques can be inputted to assess
their efficacy in reducing the amount of oil on the
sea surface and along shorelines.
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APPENDIX F. GLOSSARY OF TERMS, ACRONYMS AND ABBREVIATIONS

o Degrees Celsius
(1.0°C = 33.8° Fahrenheit)
um Micrometre (1.0 um = 10° m)
API American Petroleum Institute
API Gravity, like specific gravity, is a ratio between the densities of oil and water. Unlike
specific gravity, API gravity is only used to describe oil, which it characterises as:
e Light-API>31.1
e Medium - APl between 22.3 and 31.1
e Heavy-API<223
API Gravity e  Extra Heavy-API<10.0
API Gravity is converted to Specific Gravity using the following formula:
API gravity = (141.5/Specific Gravity) — 131.5
An API of 10 is equivalent to water, so oils with an APl above 10 will float on water while
oils with an API below 10 will sink.
See also: Specific Gravity, API
ArcGIS A geographic Information System (GIS) used to present OSCAR outputs on maps.
The asphaltenes present the crude oil components that are (1) insoluble in n-heptane at a
Asphaltene dilution ratio of 40 parts alkane to 1 part crude oil and (2) re-dissolves in toluene. The
Content asphaltenes include the crude oil material highest in molecular weight, polarity and
aromaticity.
Barrels of oil (a unit of volume).
bbls (1.0 bbls =0.15899 m3 and 1.0 m3? = 6.2898 bbls)
The conversion between mass and volume requires knowledge of the oil density.
See also: MT, API Gravity, Specific Gravity
bbls/day Barrels of oil per day (rate).
BONN The BONN Agreement is an international standard and agreement on how to characterise
and respond to pollution. Although aimed at pollution in the North Sea (Europe) many of
Agreement o . . .
the characterisation standards are internationally recognised.
FPSO Floating Production Diesel and Offloading - a floating vessel used for producing, processing
and storing oil.
Gas to Oil Ratio - the ratio of volumetric flow of produced gas to the volumetric flow of oil.
GOR Although GOR is a ratio, the volume units must be known since gas and oil volumes are
measured differently. GOR changes with temperature and pressure so the condition under
which GOR is measured must be known.
ITOPF The International Tanker Owners Pollution Federation Limited
Kilometres (1.0 km =1,000 m)
km
See also: m
- Metres (1.0 km =1,000 m)
See also: um, km
Matrix Laboratory - a multi-paradigm numerical computing environment and
MATLAB programming language used in this study for the manipulation of data outputs from
OSCAR.
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Marine Environmental Modelling Workbench - the modelling software package developed
by SINTEF. The MEMW consists of three models:
e DREAM (Dose, Risk and Effects Assessment Model)
MEMW e  OSCAR (Oil Spill Contingency and Response Model)
e ParTrack Model
When combined, these three models quantify the environmental effect of most chemical
pollution activities.
See also: OSCAR, SINTEF
Metric Tonnes - this is a unit of oil mass.
(1.0 MT = 1,000 kg)
The conversion between mass and volume requires knowledge of the oil’s API or Specific
MT Gravity as follows:
Barrels per metric ton = 1/[(141.5/(API + 131.5) x 0.159]
See also: bbls, API Gravity, Specific Gravity
NOAA National Oceanic and Atmospheric Administration —an American scientific agency
focussed on metocean conditions
QOil Spill Contingency And Response
A state of the art 3D oil spill model and simulation tool for predicting the fates and effects
OSCAR of oil released into the marine environment. Developed by SINTEF, it sits within the larger
MEMW application.
See also: SINTEF, MEMW
OSRL Oil Spill Response Limited
. The pour point of a liquid is the lowest temperature at which it shows flow characteristics.
Pour Point . . ., . . .
If ambient temperature is less than the liquid’s pour point it will begin to solidify.
SCAT Shoreline Cleanup Assessment Technique
SINTEF SINTEF is an independent research organisation in Norway which develops the OSCAR
model used in this study.
Specific gravity is a ratio of the density of one substance to the density of a reference
Specific substance, usually water. Specific gravity of oil is a ratio of the density of oil to the density
Gravity of water.
See also: API Gravity, bbls, MT
Stochastic (or probabilistic) results show the probability or likelihood of an event
occurring. They provide statistical data that can be used to assess risk and identify worst-
Stochastic case scenarios. Stochastic results are achieved by combining many different trajectory
simulations.
See also: Trajectory
Trajectory or deterministic results show the impact of a single spill event over time. Can
Trajectory be used to assess different response options such as booms, skimmers and dispersant.
See also: Stochastic
uTC Coordinated Universal Time

Wax Content

Represents the crude oil components that are soluble in higher molecular weight normal
alkanes (n-heptane) but are insoluble in lower molecular weight alkanes (n-pentane).
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1 Introduction
The oil spill modelling undertaken to investigate the impact of various worst-case oil spill
scenarios showed a risk to the Senegal River. Given its potential sensitivity to an oil spill, this
study further investigates the risk specific to the Senegal River.
Oil spill risk statistics for the mouth of the Senegal River are extracted from the existing
modelling data. Following that, the model outputs are scaled using salinity as a proxy for how
the oil will dilute as it travels upstream and interacts with the fresh water from the river.
Assumptions must be made in undertaking this kind of study and more detail can be found in
Section 4.
2 Results
The following figures and tables provide insight into how the Senegal River could be impacted
in the worst-case scenario. The worst-case oil spill scenario for the Senegal River would be a
significant spill from the FPSO due to a collision (or other cause) in the Summer months (April
to September).
The impact of the other scenarios on the Senegal River can be seen in APPENDIX A for
comparison.
The following tables and figures are presented:
e Table 1: Worst-case Oil Spill Risk Statistics at the mouth of the Senegal River
(Boundary Conditions) — Sea Surface
e Table 2: Worst-case Oil Spill Risk Statistics at the mouth of the Senegal River
(Boundary Conditions) — Water Column and Shoreline
e Table 3: Maximum Dissolved and Total Concentrations (ppb) at various locations on
the Senegal River
e Figure 1: Senegal River Mouth Probability of Exceedance Graphs for; Maximum
Dissolved Concentration (top left), Maximum Total Concentration (top right), Water
column Minimum Arrival Time (bottom left) and Water Column Maximum Exposure
Time (bottom right)
e Figure 2: Senegal River Mouth Probability of Exceedance Graphs for; Maximum
Shoreline Emulsion Mass (top left), Maximum Shoreline Thickness (top right) and
Shoreline Minimum Arrival Time (bottom left)
e Figure 3: Senegal River Mouth Probability of Exceedance Graphs for; Maximum
Surface Qil Mass (top left), Maximum Surface Emulsion Mass (top right), Surface
Minimum Arrival Time (bottom left) and Surface Maximum Exposure Time (bottom
right)
e Figure 4: Senegal River Mouth Probability of Exceedance Graphs for; Maximum
Surface Thickness (top left), Maximum Surface Viscosity (top right) and Maximum
Surface Water Content (bottom left)
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Table 1: Worst-case Oil Spill Risk Statistics at the mouth of the Senegal River (Boundary Conditions) — Sea Surface

69% 69% 69% 69% 69% 69% 69%
15,244 15,244 14.5 40 2,679 121 0
<1 <1 1.5 <1 <1 24.0 0

Table 2: Worst-case Oil Spill Risk Statistics at the mouth of the Senegal River (Boundary Conditions) — Water Column and Shoreline

67% 67% 67% 67% 67% 67% 67%
1,010 1,764 16.3 31.9 439 29,709 11.5
5.7 66.5 1.4 0.1 9 613 1.6

 This is the minimum value for spills impacting the river mouth. The true minimum is O since, 31% of spills do not impact the river mouth at all.
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Table 3: Maximum Dissolved and Total Concentrations (ppb) at various locations on the Senegal River
1,010 420 250 195 75
857 356 212 165 64
765 318 189 148 57
642 267 159 124 48
551 229 136 106 41
0 0 0 0 0
1,764 950 750 600 400
1,497 806 636 509 339
1,336 720 568 455 303
1,123 605 477 382 255
962 518 409 327 218
0 0 0 0 0
The locations can be seen on the map in Figure 5.
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Figure 1: Senegal River Mouth Probability of Exceedance Graphs for; Maximum Dissolved Concentration (top left), Maximum Total Concentration (top right), Water
column Minimum Arrival Time (bottom left) and Water Column Maximum Exposure Time (bottom right)
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Figure 2: Senegal River Mouth Probability of Exceedance Graphs for; Maximum Shoreline Emulsion Mass (top left), Maximum Shoreline Thickness (top right) and
Shoreline Minimum Arrival Time (bottom left)
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Figure 3: Senegal River Mouth Probability of Exceedance Graphs for; Maximum Surface Oil Mass (top left), Maximum Surface Emulsion Mass (top right), Surface
Minimum Arrival Time (bottom left) and Surface Maximum Exposure Time (bottom right)
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Figure 4: Senegal River Mouth Probability of Exceedance Graphs for; Maximum Surface Thickness (top left), Maximum Surface Viscosity (top right)
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3 Methodology
3.1 River Mouth Boundary Conditions
To calculate the river mouth oil spill risk statistics the following method was applied:
1. The oil spill model data created as part of the oil spill modelling studies for the Well
Head Failure?, the FPSO Collision® and the Pipelaying Vessel Collision* were filtered to
represent the area surrounding the mouth of the Senegal River. To mitigate for
several modelling assumptions, all data within 10 km of the river mouth
(15° 55" 32.4” N, 016° 30’ 53.45” W) was considered representative of the river
mouth.
2. Statistics for every scenario was exported (See APPENDIX A) and the worst-case
scenario for the Senegal River, an FPSO collision in Diama Dam
Summer, is presented in Section 2.
5 !
3.2 Concentrations of Dissolved and Total Oil up the |
lle aux
Senegal River 10 Bois (N)
lle aux
Using a paper by Baklouti et al, 2011° we used the 15 s:a:(s) e
simulated spatial distribution® of salinity from the river Dakar Bango
mouth to the Diama Dam (See Figure 5) as a proxy for how o €0 bam ]
the oil concentrations would change within the river (See 5 25 | Rl
Table 4). ol
) =
We applied the spatial weighting to the river mouth 30|
boundary conditions (See Section 3.1) to create Table 3. a5 |
Table 4: The Spatial Weighting of Concentrations within the
river. 4 -
45
River Mouth
5 1 15
St Louis 28 psu 0.8 e [lli.I'I'I]
Dakar Bango Dam 25 psu 0.76 -:-
Ile aux Bois
(South) 21 psu 0.64 ] 20
lle aux Bois 18 psu 0.55 Figure 5: Exert from the Paper by Baklouti et al, 20115,
(North) showing the distribution of Salinity up the Senegal
. River. Using this data we were able to extract salinity
Diama Dam 0 psu 0 values at various locations and use them as a proxy

2 OSRL Report Number: GEOMO0132a R03
3 OSRL Report Number: GEOMO0132g R03
4 OSRL Report Number: GEOM0132h R03

5 Baklouti M., Chevalier C., Bouv M., Corbin D., Pagano M., Troussellier M. and Arfi R., 2011, A study of plankton dynamics under osmotic
stress in the Senegal River Estuary, West Africa, using a 3D mechanistic model, Ecological Modelling, 222, 2704—- 2721

for how oil may dilute in the river. The colour is the
salinity in psu

6 Figure 5 provides model output for salinity, not actual measurements. However, the model has been validated with field measurements
made in March 2006.
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4.1

4.2

4.3

Assumptions and Limitations

The Oil Spill Release Scenario

The FPSO collision in Summer that shows the worst-case impact (in terms of oiling at surface
and in water column) to the Senegal River, is a highly improbably worst-case event. Using this
scenario, ensures that oil spill contingency planning and environmental impact assessments
are comprehensive and consider even the very unlikely scenarios.

In this instance, the scenario is that a collision with the FPSO causes the entire contents of
both diesel and product to be released at a continuous release rate of 1,000 m? per hour. This
results in over 163,000 m* of products to be released in to the environment over a period of
approximately 1 week. Mitigation measures on the FPSO will almost certainly result in a far
smaller release if a vessel collision were to occur.

Transport to the River Mouth

Oil spill modelling relies on metocean data (mainly wind and currents) to predict both the
transport and weathering of oil in the marine environment. Offshore, the spatial and temporal
variability is typically orders of magnitude larger and slower than that of the near shore
environment (e.g. coastal). This (typically) makes stochastic modelling of winds and currents
in the offshore environment more reliable and easier than near shore environments.
Consequentially, our confidence in the model’s prediction of movement and behaviour of oil
as it gets close to the coast is less than offshore.

In this work, we have compensated for this by assuming oil impact within 10 km of the river
mouth is representative of the river mouth. However, this method does not account for
inherent inaccuracies in the underlying metocean data.

The Senegal River

Accurately representing an oil spill entering the Senegal river and travelling “upstream” is
beyond the capabilities of current oil spill models. To be of use in the context of this study,
the model would have to consider the following in addition to all the offshore variables:

e Local current patterns, e.g. tidal flow and river flow interactions, complicated island
flows, river run off, operational management of dams etc.

e Local wind patterns, e.g. wind swirling around headlands and small islands and the
sea breeze phenomena.

e Different fresh water flows due to seasonal to hourly changes.
e Drying out of land due to tidal changes or weather conditions.

This considerable number of additional variables that change rapidly in time and space, makes
modelling the movement of oil in the river an unrealistic exercise.

To provide a semi-quantitative assessment of how oil in the water column may travel
upstream we have made some large assumptions around the salinity of the Senegal River
Basin. All our assumptions are based on worst-case, for example we assume that all the salt
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in the river originated from the river mouth. Salt may have leached into the river from the
local environment making our spatial weighting conservative.

Whilst we could have applied the same spatial weighting to surface oiling, we chose not to as
there are additional variables that play a more important part to the movement of surface oil.
Specifically, the currents and winds in the area will drive the oil onto the shore.

Whilst we cannot quantitively support the following statement, the narrow entrance to the
river and the narrow and complex lower reaches of the river, along with the expected weather
conditions should keep a majority of the surface oil in the lower reaches, south of Saint Louis.
River vessels may be the primary mode of transfer for surface oil from the lower reaches,
upstream.

It should also be highlighted that all these results assume no human intervention or oil spill
response whatsoever.
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APPENDIX A.

The following tables compare the risk to the Senegal River Mouth for each of the scenarios. Highlighted in Red is our defined worst-case scenario selected as representing the
maximum values for oiling on surface and water column. This scenario, a FPSO Collision in Summer, has been investigated in more detail in Section 2.

Table 5: Senegal River Risk Statistics - Well Head Failure

Table 6: Senegal River Risk Statistics — FPSO Collision

Table 7: Senegal River Risk Statistics — Pipelaying Vessel Collision
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Executive Summary

BP is currently developing options for facilities to recover gas from the Ahmeyim and Guembeul fields offshore
Mauritania / Senegal in West Africa. The Phase 1 facilities will include an FPSO, which processes, conditions
and exports gas to a Floating Liquefied Natural Gas vessel. The FLNG further conditions, liquefies and offloads
the gas onto an LNG carrier for export. The FLNG forms part of a ‘Near Shore Hub’ (NSH). The Hub comprises
a breakwater to protect the LNG processing and carrier loading operations, a Quarters and Utilities Platform
(QU platform) and the ‘trestle’ which is a walkway, boat landing and berthing facility running between the QU
platform and the FLNG and LNG carrier. The gas from the FPSO arrives at the FLNG via a riser platform,
which provide facilities for pigging and emergency isolation.

BP is required to submit an ‘Environmental and Societal Impact Assessment’ to quantify hazardous effects
from all events identified in the preliminary risk analysis as category 4 or 5 consequence. To support the ESIA,
BP has requested that Atkins Limited (Atkins) undertake consequence modelling of fires, explosions and
cryogenic spills resulting from identified potential Major Accident Events (MAES) associated with hydrocarbon
releases on the FPSO and Near Shore Hub (i.e. including the FLNG).

Consequence modelling has been completed for a representative failure (50 mm) and for a credible worst case
failure scenario for each of the hydrocarbon MAEs. The results of the modelling calculations are presented in
this report in terms of hazard ranges to thermal radiation, thermal dose, explosion overpressure, flammable
gas concentrations and cryogenic spill extent. The results are summarised as follows:

Jet Fires

Gas jet fires have been modelled for a representative failure (50 mm) associated with the riser and topsides
gas inventories on the FPSO and NSH. The largest gas jet fires on the FPSO are from a failure of the
production riser (MAE F-01) while for the NSH the greatest threat is from a failure of the gas import riser (MAE
N-01). Thermal radiation of 10kW/m?2 is the threshold for “third-degree burns and very significant lethal effects”
as defined by the risk study guide for the Republic of Senegal [6], while 3kW/m? is defined as the threshold for
“significant injury”. For the FPSO production riser distances to 10kW/m? and 3kW/m2 are 87m and 117m
respectively; for the gas import riser on the NSH, distances to the same effect levels are 71m and 93m.

Jet fires have also been modelled for liquid and two-phase inventories on the FPSO and FLNG - liquid jet /
spray fires have been considered if there is a significant likelihood of gas flashing on release or of a liquid
spray forming. The largest two-phase jet / liquid spray fires are from a 50mm failure of the liquid side of the
slug catchers on the FPSO (MAE F-04) or the liquid side of the fractionation unit on the FLNG (MAE N-09).
The impact distances to 10kW/m?2 and 3kW/m?2 for MAE F-04 are 167m and 226m respectively; for MAE N-09
distances to the same effect levels are 139m and 182m.

Pool Fires

Pool fires have been modelled for representative failures and credible worst case failures of non-flashing liquid
inventories. For the FPSO, the largest pool fire effects are from a release of hydrocarbon liquid associated
with the MP separator (MAE F-07) with the downwind distances to 10kW/m?2 and 3kW/m?2 calculated as 41m
and 117m respectively. For the NSH the largest pool fire is from an unrestricted spill onto the sea surface from
a storage / cargo tank failure of the FLNG / LNGC (MAE N-17) with the downwind distances to 10kW/m? and
3kW/m? calculated as 350m and 566m.

Fireballs

Fireballs have been modelled for a catastrophic failure (credible worst case) of the topsides gas and flashing
liquid inventories and for full bore ruptures of the risers. A thermal dose of 2600 TDU is the threshold for third
degree burns and very significant lethal effects while 600 TDU is the threshold for significant injury [6]. The
largest fireball on the FPSO is for a rupture of the production riser (MAE F-01) with distances to 2600 TDU and
600 TDU of 167m and 434m. For the NSH the largest fireball is from a rupture of the gas import riser (MAE
N-01). The distances to 2600 TDU and 600 TDU are 143m and 382m respectively.
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