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Executive Summary

This document describes the modeling and monitoring that is planned for the next six years
(2013 to 2018) under the sulphur dioxide (SO,) Environmental Effects Monitoring Program for
the Kitimat Modernization Project, and thresholds for increased monitoring or mitigation if
warranted based on the monitoring results. Rio Tinto Alcan will implement SO, mitigation
strategies if the outcomes of monitoring and modeling described in this plan show adverse
impacts causally related to SO, that are considered to be unacceptable.

The EEM Program is specific to SO, emissions from KMP. Non-SO, KMP emissions, emissions
and impacts from other facilities, and research and development of new indicators or
monitoring methods are all outside of the scope of the EEM Program.

The plan distinguishes two types of indicators: key performance indicators (KPIs) which will
have quantitative thresholds for increased monitoring or for mitigation, and informative
indicators which will provide evidence in support of key performance indicators. The following
table presents a synthesis of the indicators described in the plan:
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PRI Key Performance Indicators (KPls) Informative Indicators
Receptor
Atmospheric Atmospheric SO, concentrations
Pathways Atmospheric S deposition
Base cation deposition
Human The health section of the EEM Predicted annual restricted airway responses
Health program and KPI will be updated
when provincially applied
SO, ambient air quality guidelines
come in effect.
Vegetation Visible vegetation injury caused by SO, | S content in hemlock needles
Soils Atmospheric S deposition and critical Magnitude of exchangeable cation pools (Ca,
load exceedance risk Mg, K, Na)
Long-term soil acidification (rate of Time to depletion of exchangeable cation
change of base cation pool) pools (Ca, Mg, K, Na)
attributable to S deposition Base cation weathering rates
Lakes and Water chemistry — acidification Atmospheric S deposition and critical load
Streames, exceedance risk
gf‘d Aquatic Predicted steady state pH versus current pH
iota

Evidence that pH decrease is causally related
to KMP SO, emissions (ANC, SO,, DOC)

Aquatic biota: fish presence / absence per
species on sensitive lakes

Lake ratings
Episodic pH change
Amphibians

PROGRAM PLAN FOR 2013 T0 2018
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acid deposition

acidification

acid neutralizing capacity

anion

base cations

base cation exchange

critical load

dissolved organic carbon

dry deposition

environmental effects
facility-based mitigation

F-factor

informative indicator

Transfer of acids and acidifying compounds from the
atmosphere to terrestrial and aquatic environments via rain,
snow, sleet, hail, cloud droplets, particles, and gas exchange

The decrease of acid neutralizing capacity in water, or base
saturation in soil, by natural or anthropogenic processes

The equivalent capacity of a solution to neutralize strong acids;
ANC and alkalinity are often used interchangeably; ANC includes
alkalinity plus additional buffering from dissociated organic
acids and other compounds

An ion with more electrons than protons, giving it a negative
charge, e.g., SO,*

An alkali or alkaline earth metal (Ca**, Mg**, K, Na*)

The replacement of hydrogen ions in the soil water by base
cations from soil particles

A quantitative estimate of an exposure to one or more
pollutants below which significant harmful effects on specified
sensitive elements of the environment do not occur, according
to present knowledge

Organic carbon that is dissolved or unfilterable in a water
sample (0.45 um pore size in the National Surface Water Survey)

Transfer of substances from the atmosphere to terrestrial and
aquatic environments via gravitational settling of large particles
and turbulent transfer of trace gases and small particles

Impacts on receptors from KMP SO, emissions

Sulphur dioxide (SO,) emission reduction at the KMP facility

A simple way to represent cation exchange processes,
specifically the proportion of incoming acidity accompanying
sulphate that is exchanged in the soil for base cations
Indicators that will provide supporting information for key
performance indicators, and may have quantitative thresholds

triggering additional monitoring or modelling, but on their own
will not trigger mitigation

PROGRAM PLAN FOR 2013 T0 2018
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key performance indicator

liming

pH

receptors

receptor-based mitigation

RIO TINTO ALCAN properties

wet deposition

Indicators that will have quantitative thresholds triggering
additional monitoring or modelling, receptor-based mitigation,
and/or facility-based mitigation

The addition of any base materials to neutralize surface water
or sediment or to increase acid neutralizing capacity

A measure of how acidic or basic a solution is, on a scale of 0-14;
the lower the pH value, the more acidic the solution; pH 7 is
neutral; a difference of 1 pH unit indicates a tenfold change in
hydrogen ion activity

Components of the environment assessed for potential impacts
from SO, emissions from KMP: human health; vegetation; soils;
and lakes, streams and aquatic biota

Receptor-specific actions to reduce exposure or effects, such as
air quality advisories in local communities or liming of selected
lakes

Core set of contiguous lands owned by Rio Tinto Alcan around
the Kitimat Smelter between Haisla Boulevard and District Lot
5469

Transfer of substances from the atmosphere to terrestrial and
aquatic environments via precipitation (e.g., rain, snow, sleet,
hail, and cloud droplets)
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Abbreviations

A delta, meaning quantitative change (e.g. AANC or ASOz2)
< is less than what follows

< is less than or equal to what follows

> is greater than what follows

> is greater than or equal to what follows

[] The concentration, e.g., [SO,] means the concentration of sulphur dioxide
Al Aluminum

ANC Acid neutralizing capacity

Bc Base cations

BC MOE British Columbia Ministry of Environment
Ca® Calcium

CL Critical load

cr Chloride

DOC Dissolved organic carbon

EEM Environmental effects monitoring

H* Hydrogen

K* Potassium

KMP Kitimat Modernization Project

KPI Key performance indicator

Mg** Magnesium

Na* Sodium

NH," Ammonium

NO3 Nitrate

RTA Rio Tinto Alcan

SO42' Sulphate

SO, Sulphur dioxide

STAR SO, Technical Assessment Report (for KMP)
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1.0 Introduction

1.1 PURPOSE AND SCOPE

In 2013 a technical assessment (ESSA et al. 2013) was completed for the Kitimat Modernization
Project (KMP), to determine the potential impacts of sulphur dioxide (SO,) emissions along four
lines of evidence: effects on human health, vegetation, terrestrial ecosystems (soils), and
aquatic ecosystems (lakes and streams, and aquatic biota).

The purpose of the SO, Environmental Effects Monitoring (EEM) Program is to answer
questions that arose during the technical assessment, and to monitor effects of SO, along these
lines of evidence. Results from the EEM Program will inform decisions regarding the need for
changes to the scale or intensity of monitoring, as well as decisions regarding the need for
mitigation.

The scope of the EEM Program encompasses KMP SO, emissions at full production capacity,
and this plan focuses on the EEM Program for first 6 years (2013-2018). What is learned during
this period will be applied to improve the Program in 2019. Other KMP emissions, research and
development related to SO, impact measurement and mitigation, monitoring for non-KMP acid
deposition and monitoring not specific to KMP SO, impacts are all outside of the scope of the
SO, EEM Program.

This document describes the modeling and monitoring that is planned for the next six years,
and decision rules based on quantitative indicator thresholds for increased monitoring or
mitigation if warranted based on these results. Two broad categories for mitigations are
identified:
Receptor-based — mitigations that would be receptor-specific in design and application,
for example air quality advisories in local communities or adding lime to selected lakes

Facility-based — sulphur dioxide (SO;,) emission reduction at the KMP facility

The SO, EEM Program focuses on indicators which can be causally related to SO, emissions.
Two types of indicator are recognized:

Key performance indicator (KPI) — which will have decisions rules (quantitative
thresholds) for increased monitoring and for mitigation
Informative indicator — which may have decision rules for increased monitoring, but will

have no decision rules for mitigation on their own; instead they will provide evidence in
support of key performance indicators

PROGRAM PLAN FOR 2013 T0 2018 1
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Sections 2 through 6 present indicators and methods for the pathways and receptors depicted
in Figure 1. Section 7 describes how a “causal relationship to KMP” will be determined for
indicators exceeding their thresholds. Section 8 summarizes the actions that Rio Tinto Alcan will
take if unacceptable impacts occur, and Section 9 describes the schedule and content for SO,
EEM reporting and review.

Human health (Section 3)

Direct exposure to SO, in

the air
—_— . .
E Vegetation (Section 4)
Indirect, through S deposition Soils (Section 5)

and acidification

Lakes and streams, & aquatic biota (Section 6)

Figure 1. Organization of information in this SO, EEM Plan.

1.2 SO, EEM FRAMEWORK

Figure 2 illustrates the decision framework for the SO, EEM Program. It is divided into three
overall phases: pre-KMP, ramp-up and initial KMP operation (2013-2018), and 2019 onward.

The first phase began pre-KMP with the SO, technical assessment to determine the potential
impacts of SO, emissions from KMP. Four potential impact categories were identified, and

remain relevant for interpreting monitoring results from the SO, EEM Program (Table 1):

Table 1. Impact categories used in the SO, Technical Assessment Report

Impact Category Interpretation
No impact or acceptable impact
Moderate Acceptable impact but in need of closer scrutiny

High Unacceptable impact; mitigation action needed
Extremely unacceptable impact; mitigation action needed

PROGRAM PLAN FOR 2013 T0 2018
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The SO, technical assessment predicted that impacts on vegetation would fall into the green
(low) impact category, and that impacts on human health, soil, and water and aquatic biota
would fall into the yellow (moderate) impact category. The SO, EEM Program will determine
whether these predictions were correct, and if EEM results indicate that actual outcomes under
KMP for any of the receptors will fall into higher impact categories than predicted, describe the
decisions rules for action.

In addition, the SO, EEM Program will answer questions that arose during the technical
assessment (presented in Appendix A). The answers will result in one of three possible
outcomes for the receptors:

* The pre-KMP assessment overestimated or accurately estimated the impact
category. In other words, the impact category predicted in the assessment was [ |
either too high, or correct. In the framework, this situation is represented by a
“thumbs up”.

*  The pre-KMP assessment underestimated the impact category. In other words, B
the assessment was overly optimistic — represented in the framework as one or
two “thumbs down”, depending on the implications of the underestimation of =S £
impacts.

* ltis unclear whether the assessment underestimated or overestimated the 29
impact risk — represented in the framework as “thumbs down” with a question
mark.

The second phase occurs in 2013 to 2018, from KMP ramp-up through to the first years of full
operation. It is focused on learning, through regular evaluation of results designed to provide:

 Evidence that the technical assessment underestimated the impact category (¢ B B)
and/or that the impacts are (or are expected to be) high ([ ) or critical ([N )-
This will require mitigation and an escalation in either the frequency or extent of
monitoring, or both.

* Evidence that the assessment correctly or overestimated the impact category (§ ' ), or
underestimated the impact category (I B ) but the impacts are (or are still expected to

be) low (M ) or moderate ([__]).

This will require no mitigation, but may require modifications to monitoring.

¢ Unclear evidence either way due to lack of time for effects to be manifested (e.g., to
observe that a lake is acidifying) (/2 B ), and the impact category is still estimated to be
no higher than moderate ().
This will require no mitigation, but may require modifications to monitoring, either to
increase the frequency or number of monitoring locations, or both.

PROGRAM PLAN FOR 2013 T0 2018 3
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Annual SO, EEM Program reports will be produced during the first 6 years to convey results as
well as any mitigation that has been undertaken during the preceding year. Annual monitoring
plans for the next year will also be developed based on these results.

The third phase begins in 2019, when a report will be produced that synthesizes what has been
learned during the first 6 years and assesses which questions have been sufficiently answered
and which have not. Based on this report a decision will made about what monitoring should
continue, and the frequency of reporting. The SO, EEM Program is expected to evolve over time
according to what is learned.

2012-2013

o
5] Technical No -
SE Assessment .
S8 Atmosphere Significant adverse EEM Program
b @ Human Health . effects predicted? Mavbe, or Yes -questions
g © Vegetation (using risk assessment framework) - monitoring
S Soil Or questions to be T/ -evaluation
) Streams, Lakes and answered? - mitigation options
Aquatic Biota

o3 £ f:_’ I Monitor and update modeling to detect impacts and answer the questions I
S8 % A
FEs --
TR =
8 5, BB B
o E 825 Mitigation Regular analysis I ] Report on results and any
o 2 : 2 - .
$igg [ actions [ [N ~ofrests — QN ] | vesionacionsisken
=1 |
fago 1 —
225 [ 5 In2019, review what
E_E £ guestions remain
a . o " .
E [= E— | Modify monitoring as needed (e.g. adjust frequency and locations) | Report findings Ongoing
- \% monitoring of
% a potentially
Questions X reduced set
uesti ;
© sufficiently > iy
= \L No answered? Performance
E Indicators
S l Maonitor and update modeling to detect impacts and answer the questions | (KP1s), and/for
& nz 3 'E- [3 at a reduced
=048 T imtensity
BESE o 2
2 Ef o Mitigation | . i _ lar analysis Report on results and any
e oY actions ‘~_|:- lm ofresults mitigation actions taken
E St T~ '
- - S
3 B —=  Periodically review what
= I:I\[ ? . guestions remain
=
8 | Modify monitoring as needed (e.g. adjust frequency and locations) |— Report findings

= Impact Lz CRONCS = Answerstot EqLIESlIﬂﬂS.t at arose IJI'II"Igt & technical assessment
I Categori g B-=a h jons th during the technical

Figure 2. SO, EEM framework for KMP.
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1.3 DecisioN RULES

The cycle within the second phase (2013-2018) of the framework in Figure 2 involves a set of
quantitative, threshold-based “decision rules” as illustrated in Figure 3. Thresholds for
increased monitoring are lower than thresholds for mitigation, and thresholds for receptor-
based mitigation are lower than thresholds for facility-based mitigation. If receptor-based
mitigations are not feasible, or are implemented but found to be ineffective, facility-based
mitigations will be implemented.

Results of the synthesis and comprehensive review in 2019 will inform decisions about:

* which KPIs and informative indicators should be monitored in 2019 and beyond and at
what level of intensity,

¢ modifications to monitoring methods,
¢ refinement to KPI thresholds (decision rules), and
¢ the timeline for the next comprehensive review.

KPI exceeds threshold for increased monitoring? No (SO I T
level of monitoring
Yes
KPI exceeds thresholds for facility-based Yes Implement facility-

mitigation? based mitigation

No
KPI exceeds thresholds for receptor-based Yes Implement receptor-
mitigation? based mitigation
No/NA
Increase monitoring

Report on monitoring and modelling results; and whether any thresholds were exceeded, and if
so what actions were taken

Figure 3. Decision tree for quantitative thresholds of key performance indicators.
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2.0 Atmospheric Pathways

2.1 INDICATORS

Table 2. Informative indicators for atmospheric pathways.

Informative indicators

Thresholds for increased monitoring
or mitigation

Indicators to be jointly considered

Atmospheric SO,
concentration

Not applicable; will support KPIs and
informative indicators for the
receptors

Predicted annual restricted airway
responses (3-year rolling average)

Visible vegetation injury caused by
SO,

Atmospheric S deposition and critical
load (CL) exceedance risk

Atmospheric S
deposition

Not applicable; will support KPIs and
informative indicators for the
receptors

Atmospheric S deposition and critical
load (CL) exceedance risk

Long-term soil acidification
attributable to S deposition

Water chemistry - acidification

Base cation deposition

Not applicable; will support critical
load (CL) modelling

Atmospheric S deposition and critical
load (CL) exceedance risk

2.2 METHODS

Table 3. Overview of methods for calculating informative indicators for atmospheric pathways.

Informative indicators

Method overview

Atmospheric SO,
concentration

Continuous analyser measurements of SO, air concentrations from Haul
Road, Whitesail, Riverlodge, Kitamaat Village and possibly also Lakelse Lake,
as well as the MOE-operated station at Terrace

Atmospheric S
deposition

Wet deposition monitoring stations at Haul Road and Lakelse Lake

Estimation of dry deposition of S (gaseous S using continuous analysers and
pilot testing of passive samplers; particulate S using a filter pack; requires

ancillary meteorological monitoring)

Base cation deposition

Wet deposition monitoring and modelling based on data from Haul Road and

Lakelse Lake

PROGRAM PLAN FOR 2013 T0 2018
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2.2.1 Atmospheric SO, concentration

Sampling locations:
= Essential locations for continuous samplers: Haul Road (fenceline), Whitesail (upper
Kitimat), Riverlodge (lower Kitimat), Kitamaat Village (Haisla)).! Monitoring at the KMP
Camp should also be continued until the analyser is relocated to Lakelse Lake; and then
continuous SO, monitoring will occur at the new Lakelse Lake site. In addition, MOE will
establish a continuous sampler station at Terrace.’

Sampling timing, frequency and duration:
= Maintain operation of continuous analysers through 2018 (this assumes that KMP will
be fully implemented and at steady-state operations by the end of 2017).

Monitoring protocols and sampling methods:
= Continue to follow the monitoring protocol for continuous analysers including
maintenance, calibration, and data collection and quality review.

How and when monitoring data will be evaluated:
= Using continuous analyser data from 2014 to 2018, compare measured concentrations
to post-KMP concentrations modelled for the STAR (completed in the first quarter of
each year from 2015 to 2019). This timeline assumes that KMP will be fully implemented
and at steady-state operations by the end of 2017.
A. Post-KMP Monitoring Data Study:
1. Collect and Quality-Assure 12 months of post-KMP emissions data
2. Collect and Quality-Assure 12 months of SO, continuous monitoring data
and meteorological data for corresponding time period.
3. Model actual emissions from 12-month period using the CALPUFF
modeling system (including CALMET for new period) using STAR methods
4. Compare modelled results to monitoring data
B. Refine CALPUFF Modelling Methods (if the Monitoring Data Study does not show
desirable agreement between model results and monitoring data):
1. Identify model refinement options
Test each option individually to determine effect on model performance.
Define refined CALPUFF model methods based on Step 2 tests
Run refined CALPUFF model for 12 months post-KMP actual emissions
Compare refined CALPUFF model results to monitoring data to confirm
overall improvement in model-monitor agreement

e wN

! The number and location of continuous monitoring stations is subject to finalization in 2018.

? Four lines of evidence will provide insights on spatial distribution of SO,: 5-6 continuous samplers measuring
actual SO, concentrations, CALPUFF modeling of SO, concentrations, S content in hemlock needles, and passive
samplers.
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2.2.2 Atmospheric S, base cation and chloride deposition

Deposition monitoring will include S, base cations and chloride. The SO, technical assessment
analyses for predicting critical load exceedance in soils and surface water assumed that
deposition of base cations was zero. This was a conservative assumption, as non-marine base
cation deposition would increase critical loads and reduce estimates of exceedance.

Sampling locations:
= The NADP site at Haul Road and the proposed site at Lakelse Lake, noting that
Lakelse Lake provides the most relevant data to define background base cation
precipitation chemistry.
= Regional observations may be supplemented with existing observations from
western North American networks, and regional maps of precipitation volume.

Sampling timing, frequency and duration:
= Establishment and continued monitoring at two NADP stations providing data for 3+
years to evaluate background S, base cation and chloride deposition. In this respect,
Lakelse Lake will provide the most valuable data.

Monitoring protocols and sampling methods:
=  Wet deposition monitoring will be carried out by the NADP following standard NADP
network protocols for sample collection, handling and analysis
(http://nadp.sws.uiuc.edu). The analysis of wet deposition samples will include
sulphur (S), nitrogen (N), calcium (Ca®*), magnesium (Mg”*), potassium (K*), and
sodium (Na*); as well as chloride (CI).

How and when monitoring data will be evaluated:
= S deposition maps will be generated, as was done for the KMP SO, Technical
Assessment Report (Figure 7.6-5 in ESSA et al. 2013)
= Base cation precipitation chemistry maps will be used to revise regional critical load
and exceedance maps to incorporate base cation deposition.

2.2.3 Additional studies

2.2.3.1 Passive Samplers

Consideration is also being given to the use of passive samplers to monitor atmospheric SO,
concentrations at a broader suite of locations, to increase the spatial coverage of data
collection for this indicator.
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Sampling locations:
= |tis essential that the passive samplers in the pilot program be co-located with
continuous monitoring stations to ensure they correlate well (r > 0.8) with continuous
SO, monitors (as such the pilot program is dependent upon reliable operation of
continuous monitors).

Sampling timing, frequency and duration:
= Examine the results of the passive monitoring conducted in 2011-2012, to inform
development of protocols for 2015 trials and future expanded monitoring in the humid
environment of the study area. Conduct a pilot program for passive sampling in 2015. If
the pilot program is successful, implement at a larger scale in summer of 2016, 2017 and
2018, expanding to include near- and far-field locations to capture a spatial gradient of
air concentrations.

Monitoring protocols and sampling methods:
= Follow the protocol for the passive sampling pilot program in 2014. If the passive
samplers are proven effective, develop a revised passive diffusive SO, monitoring
program by the first quarter of 2015 to augment continuous SO, analysers.

How and when monitoring data will be evaluated:
= Passive sampling data from 2015 will be compared with continuous analyser data to
assess the accuracy of passive samplers.
= |f a full-scale passive sampling program is implemented, data from 2016 to 2018 will be
used to evaluate the relative distribution of CALPUFF modelled concentrations
compared to the distribution of measured concentrations at the passive samplers.

2.2.3.2 Dry Deposition Estimation
The method for estimating dry deposition will be developed in 2015.

2.2.3.3 Ambient Air Network Rationalization

A rationalization process for ambient air monitoring stations (humber and location) will begin in
2015.
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2.2.4 Summary of Atmospheric Pathway actions, 2013-2018

Table 4. Schedule of work on the atmospheric component of EEM Program.

Topic 2013 2014 2015 2016 2017 2018
Atmospheric SOz | Maintain existing 4 Maintain existing 4 Maintain 4 continuous SO2 Maintain 4 continuous SOz | Maintain 4 continuous SO2 | Maintain 4 continuous SOz
Concentrations — | continuous SO2 analysers. | continuous SO analysers. | analysers. analysers. analysers. analysers.
Continuous Assess and compare Compare to model output. Compare to model output. | Compare to model output. Compare to model output.
Analysers [SO2] at Haul Road vs Develop a protocol approved by | Implement the strategy for | Implement the strategy for
KMP Campsite. BC MOE to assess the location | station locations approved | station locations approved
of continuous analysers and by BC MOE in 2015. by BC MOE in 2015.
agree on a strategy and timeline
for potentially relocating
station(s) to more
representative locations.
Atmospheric SO2 - Write up 2011-2012 Implement pilot program. If (and only if) pilot If methodology proven to be | If method proven to be
Concentrations — passive monitoring results; program shows good effective in 2015 pilot, effective in 2015 pilot,
Passive Diffusive use to inform design low correlations with conduct passive monitoring | conduct passive monitoring
SOz Monitoring cost pilot program with continuous monitors, then program.
non-TEA based samplers develop revised passive
at least 3 sites to see if diffusive SO2 monitoring
they correlate well with program to augment SO2
continuous SOz monitors. analysers.
Wet Deposition — | Maintain 2 rain chemistry Maintain 2 rain chemistry Maintain 2 rain chemistry Maintain 2 rain chemistry Maintain 2 rain chemistry Maintain 2 rain chemistry

S, Base Cations,
Chloride

stations (Haul Road and
Lakelse Lake).

stations (Haul Road and
Lakelse Lake).

stations (Haul Road and
Lakelse Lake).

stations (Haul Road and
Lakelse Lake).

stations (Haul Road and
Lakelse Lake).

stations (Haul Road and
Lakelse Lake).

[In 2019, compare 2013-
2018 data to model output,
and assess number of rain
chemistry stations.]

Dry Deposition - Determine entity to Develop and apply the method, | Continue to estimate dry Continue to estimate dry Continue to estimate dry
develop method for to see if this is a significant data | deposition at both Haul deposition at both Haul deposition at both Haul
estimating dry deposition gap. Relocate Campsite KMP Road and Lakelse Lake Road and Lakelse Lake Road and Lakelse Lake
using existing data. ambient air and meteorological | stations. stations. stations

station to allow for estimating [In 2019, compare 2013-
dry deposition at Lakelse Lake 2018 data to model output.]
(orin 2016, as per the row for
[SO2)).

Reporting Annual reporting Annual reporting Annual reporting Annual reporting Annual reporting Annual reporting
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3.0 Human Health

3.1 INDICATORS AND THRESHOLDS

The period between 2014 and 2019 is an interim period for baseline air quality data collection
to support the establishment of a health indicator for SO2 emissions. As an interim metric, a
dose — response health risk metric is used to inform the EEM program of the health risks
associated with KMP derived SO2 emissions. Following 2019 or when a provincially approved
SO2 ambient air quality guideline is established, both section 3 and table 5 of the EEM program
will be updated to include the new air quality guidelines and associated SO2 management
actions.

In support of the development of a health based key performance indicator, the Kitimat
ambient air station monitoring network will undergo a review and rationalization process in
2015 to ensure that the monitoring stations are representative of KMP SO2 emissions (please
see table 4).

Rio Tinto Alcan Kitimat will also participate in an air quality advisory system for SO2 when it is
developed by the BC Ministry of Environment.

Table 5. Interim Informative indicator for human health and Key Performance Indicator that will
based on a Provincially approved air quality guideline

Informative Threshold for increased monitoring Indicators to be jointly considered
indicator

Predicted Not applicable Atmospheric SO2
annual concentrations
number of
SO2-
associated
respiratory
responses (3-
year rolling
average)

PROGRAM PLAN FOR 2013 T0 2018 11




RioTinto Alcan

KMP SO, ENVIRONMENTAL EFFECTS MONITORING (EEM) PROGRAM

Future Key Threshold for Threshold for Threshold for facility- | Indicators to be
performance increased receptor-based based mitigation jointly considered
indicator monitoring mitigation

The health Should there be Atmospheric SO,

section of the
EEM
program and

KPI will be following 3 years of
updated when applicable data
provincially collection, emission
applied reduction will be
SO, ambient managed in

air quality accordance with
guidelines section 8 of the EEM
come in plan.*

effect.?

non-attainment of
the guidelines once
in effect and

concentrations

The health section of the EEM program and KPI will be updated when provincially applied SO,
ambient air quality guidelines come in effect. The Ambient air data collection to support the
future KPI will commence when the Smelter reaches full metal production capacity. Should
there be non-attainment of the guidelines once in effect and following 3 years of applicable

data collection, emission reduction will be managed in accordance with section 8 of the EEM
plan. The choice for attainment of the air quality guideline will be based on a scientific process
using tools such as dispersion modeling.

* Ambient air data collection to support the KPI will commence when the Smelter reaches full metal production
capacity (anticipated in 2016).

* The choice for attainment of the air quality guideline will be based on a scientific process using tools such as
dispersion modeling.
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3.2 METHODS

Table 6. Overview of method for calculating the informative indicator for human health.

Informative indicator

Method overview

Predicted annual
number of SO,-
associated respiratory
responses

Repeat on an annual basis the calculations conducted in the STAR, under the
same baseline assumptions, but using air dispersion modelling refined based
on the SO, monitoring network and updated estimates of the Peak-to-Mean
ratio under Post-KMP conditions.

3.2.1 Predicted annual number of SO,-associated respiratory responses

The analysis will be conducted according to the following process:

1) Air dispersion modelling will be repeated annually for the same near-field locations as
were studied in the STAR (Upper and Lower Kitimat, Kitamaat Village, Service Centre).
2) One or more monitoring stations will be chosen to generate estimates of the Peak-to-
Mean ratio in the Post-KMP context. The peaks will be calculated as the highest 5-
minute average within each hour. A distribution for the peak-to-mean ratio in the form
of a binned histogram will be used in later calculations.
3) The refined air dispersion model output and the updated Peak-to-Mean ratio will be
used to generate health risk estimates (annual respiratory airway events) exactly as they
were previously in the STAR. The baselines assumptions from the STAR will be applied
(e.g., exercise frequency and location, indoor versus outdoor exercise).
4) Each year starting with the third year, the rolling three-year annual average will be
compared to the results from the STAR.

3.2.2 Summary of Human Health actions, 2013-2018

Table 7. Schedule of work on the human health component of the EEM Program.

Topic 2013 2014 2015 2016 2017 2018
Atmospheric - - Increase Report on SO2- Report on SO2- Report on SO2-
SOz accessibility of associated associated associated
concentration ambient air quality predicted airway predicted airway predicted airway

data to the responses. responses. responses.

community.

Report on SO»-

associated

predicted airway

responses.
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4.0 Vegetation

4.1

INDICATORS AND THRESHOLDS

Table 8. KPI and informative indicator for vegetation.

Key Threshold for Threshold for Threshold for facility- | Indicators to be
performance | increased receptor-based based mitigation jointly considered
indicator monitoring mitigation
Visible More than Not applicable — | Severe & repeated’ - Atmospheric SO,
vegetation occasional there are no symptoms of SO, concentration
injury caused | symptoms of SO, reasonable injury outside of Rio |- g contentin
by SO, injury outside of Rio | receptor-based Tinto Alcan properties | hemlock needles

Tinto Alcan Kitimat mitigations causally related to .

. . . . |- Atmospheric S
properties, causally KMP, including species .
- deposition
related to KMP of economic or ificall
i ial/traditional (specifically, wet

Action: assess socia deposition)

ambient air data, Importance, or

meteorological data symptoms of SO,

and KMP SO, injury causally related

production data to to KMP at long-

find the potential distance (>15km)

visual inspection Action: reduction in

frequency to annual SO, emissions
Informative | Threshold for increased monitoring® Indicators to be jointly considered
indicator
S contentin | Anincrease of more than 1 standard deviation - Atmospheric SO, concentration
hemlock (from pre-KMP baseline data)’ in 20% of the sites |- \water chemistry
needles for 3 consecutive years, causally related to KMP

Action: assess ambient air data, meteorological
data and KMP SO, production data to find the
potential causes; and increase visual inspection

frequency to annual

- Soil chemistry
Atmospheric S (wet) deposition

S content in hemlock needles will be used to validate the air modelling, and could be replaced
by passive monitors if the pilot described in Section 2 is undertaken and proves effective.

>“Severe” means more than 50% of the leaf area is necrotic due to SO, exposure on more than 50% of the plants of
a single species at an inspection location outside the RTA boundary at the inspection time in late summer (the
last 2 weeks of August to the first 10 days of September). It would take at least 2 years (2 late-summer
inspections) to determine if the damage seen the first year is “repeated”.

® Thresholds for increased monitoring are not applicable. This indicator will assist with interpretation of results for
the visible injury KPI.

” Based on historical monitoring of S in vegetation (1989-2011) (Table 9.2-1 in the STAR (ESSA et al. 2013)).
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4.2 METHODS

Table 9. Overview of methods for calculating the KPI and informative indicator for vegetation.

Key performance Method overview
indicator
Visible vegetation Visual inspection for SO, injury every 2 years

injury caused by SO,

Informative indicator Method overview

S content in hemlock Yearly chemical analysis of S content in needles
needles

4.2.1 Visible vegetation injury caused by SO,

Sampling locations:
= Areas with existing vegetation surveys (Figure 8.4-1 in the KMP SO, Technical
Assessment Report (ESSA et al. 2013)).
= Additional locations where critical loads in soils are predicted to be exceeded (from
the KMP SO, Technical Assessment Report).

Sampling timing, frequency and duration:
= Visual inspection and evaluation will occur every other year®, near the end of the
growing season (late August to early September). The inspection frequency will be
increased to annual if the threshold for increase monitoring is reached.
*  Frequency and duration after 2018 to be determined in 2019 based on results to
2018.

Monitoring protocols and sampling methods:
= According to visual inspection protocols documented in Laurence (2010).
= Alist of vegetation species in the study area that have been reported to be sensitive
to SO, will be incorporated into a checklist on the field survey forms for visual
inspection. During the annual inspections, the checklist will also be used to
determine the presence of species that may be sensitive to SO, (see Appendix B).

How and when monitoring data will be evaluated:
= Data from 2014 to 2018 will be used to determine whether the health of vegetation
is significantly affected compared to the condition at locations remote to KMP.
= Diagnosing injury to vegetation due to air pollutants is aided by two factors: specific
symptoms and pattern of injury, and the species injured.

® Visual surveys could potentially also be done during ‘in-between’ years if coincident with sampling hemlock
needles for S content.
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0 Hydrogen fluoride (HF) (gaseous F) causes symptoms at the margins of broadleaf
plants or the tips of needles or blade-leaf plants (such as gladiolus). SO, generally
causes symptoms of interveinal chlorosis or necrosis on broadleaf plants. It can
cause tip necrosis similar to HF on conifers. It may also cause some marginal
chlorosis, but that is generally accompanied by interveinal symptoms as well. The
pattern of injury is generally marginal for HF and interveinal for SO,. Injury due to
SO, often has a more bleached appearance than that due to HF.

0 Plants differ in sensitivity to the pollutants as well. Plants such as gladiolus,
Hypericum, mugo pine, cherry, and scouler willow are sensitive and diagnostic for
HF. Plants such as Rubus, Acer, and Phaseolus are sensitive and diagnostic for SO,.

How to determine the magnitude of emissions reductions needed if the threshold for facility-
based mitigation is reached for this KPI:

There are two possibilities:
i. The actual concentrations and associated exposures (concentration x time) are in
excess of the concentrations and exposures predicted in the STAR
ii. The vegetation at the site is more sensitive than the literature indicated

The following steps would determine the quantitative reduction necessary in exposure:

1. Co-locate an atmospheric monitor (or a passive monitor, if the passive monitoring pilot
is successful) with the vegetation inspection/sampling site(s) where the injury has been
observed to determine the actual exposures that are occurring at that location. If the
exposures are greater than predicted in the STAR, we will use CALPUFF to determine
necessary emission reductions to reduce the exposure to the acceptable levels.

2. If the exposures are within the range predicted in the STAR to occur without causing
injury, then the vegetation apparently is more sensitive than reported in the literature.
In that case, new thresholds would be calculated based on monitored exposures at
locations where effects were within the acceptable range, and modeling studies would
be used to determine the reductions in emissions necessary to reach those new
thresholds.

4.2.2 S content in hemlock needles

Sampling locations:
= In locations where continuous and passive samplers are operating and at vegetation
sampling and inspection sites (Laurence 2010).

Sampling duration and frequency, and essential years and times:
= Samples will be collected near the end of the growing season from mid-August to
mid-September (Laurence 2010), for at least the first three years, and longer if
warranted based on these results.
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Monitoring protocols and sampling methods:
=  Monitoring and sampling will be done according to current procedures in use for
annual and biennial vegetation sampling protocols (Laurence 2010).

How and when monitoring data will be evaluated:
= Chemical analysis will be conducted by Rio Tinto Alcan and analysed and interpreted
in the winter.
= The results will be reported to MOE in March, in time to adjust sampling and
inspection for the next growing season if needed.

4.2.3 Summary of Vegetation actions, 2013-2018

Table 10. Schedule of work on the vegetation component of the EEM Program.

Topic 2013 2014 2015 2016 2017 2018
Vegetation - Add checklist for - Visible injury - Visible injury
Survey presence / survey. survey.
absence of Continued Continued
sensitive species vegetation vegetation
on field survey sampling as per sampling as per
form; conduct Laurence (2010). Laurence (2010).
visible injury
survey.
Continued
vegetation
sampling as per
Laurence (2010).
S Content in - Samples collected | Sampling from Sampling from Sampling from Sampling from
Hemlock near the end of mid-August to mid-August to mid-August to mid-August to
Needles the growing mid-September. mid-September. mid-September, if | mid-September, if
season from mid- warranted from warranted from
August to mid- results in 2014 — results in 2014 -
September. 2016. 2016.
Sensitive - Review Predictive - - - -
Ecosystem and Thematic
Mapping mapping to see if
(applies to there are sensitive
vegetation, ecosystems within
soils, and water the plume not
receptors; listed covered by the
just once here existing network of
to avoid vegetation, soil and
repetition) surface water
sampling sites.
Reporting Annual reporting | Annual reporting Annual reporting Annual reporting Annual reporting Annual reporting
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5.1 INDICATORS AND THRESHOLDS

The first KPI for this receptor is prediction-based: measured soil chemistry data and measured S
deposition data will be used as inputs for updated modeling of critical loads, to determine the
spatial distribution and magnitude of exceedance of critical loads of acidity for forest soils.
Results will reveal the extent of expected impact (i.e. how large an area might be affected) and
the level of exceedance (i.e. the magnitude of deposition greater than critical load). The second
KPI is observation-based: soil chemistry data in selected plots will be tracked to determine
actual change in soil base cations over time. For both KPlIs, if the thresholds for receptor-based
mitigation are reached, and receptor-based mitigations are applied but prove ineffective,
facility-based mitigations will be implemented.

Table 11. KPIs and informative indicators for soils.

Key Threshold for Threshold for Threshold for Indicators to be
performance increased receptor-based facility-based jointly considered
indicator monitoring / mitigation mitigation

modelling
AtmosphericS | S deposition S deposition causally | S deposition - Atmospheric S
deposition and | causally related to | related to KMP causally related to | deposition
critical load KMP emissions emissions exceeding | KMP emissions - Magnitude of
(CL) exceeding CLin> | CLin>5% (~100 km®) | exceeding CLin exchangeable
exceedance 1% (~20 km?) of | of semi-natural >5% (~100 km?) of | cation pools (Ca
risk’ semi-natural upland forest soils in | semi-natural Mg, K, Na) '

upland forest soils | the study area within | upland forest soils

in the study area 200 years (based on in the study area | Time to depletion

(Figure 4)*° projected change in | within 100 years of exchangeable
. cation pools (Ca,

Action: re- base cations) (based on Mg, K, Na)

evaluate Action: Pilot projected change o

uncertainties in application of in base cations)

the regional lime/wood ash, to Action: reduction

critical load reduce soil acidity in SO, emissions

mapping and re- and increase base

run the CL model cation pools to pre-

with new data KMP levels, subject

where required to BC MOE" approval

Long-term soil | For one plot: a For one or more Decrease in the - Atmospheric S

° Even though KMP will become operational during the 6-year period of this plan, risk of CL exceedance remains a
prediction based on a combination of monitoring data and modeling. Confidence in these predictions will
increase through monitoring of atmospheric S deposition and long-term soil acidification.

19 As described in Section 8.5-2 of the KMP SO, Technical Assessment Report (ESSA et al. 2013), undisturbed forest
sites on mineral soils comprise 69% of the study area (1991 km? of 2,895 kmz).

" Information on the feasibility of this mitigation is provided in Appendix G.
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Key Threshold for Threshold for Threshold for Indicators to be
performance increased receptor-based facility-based jointly considered
indicator monitoring / mitigation mitigation

modelling
acidification 40% decrease in 5 | plots: a 40% decrease | magnitude of deposition
(rate of change | yrs ora 20% in5yrs'? or a 20% exchangeable - Magnitude of

of base cation

decrease in 10 yrs

decrease in 10 yrsin

cation pool of >

exchangeable

pool) in exchangeable exchangeable cation | 20% in 10 years, cation pools (Ca,
attributable to | cation pools for at | pools for at least one | and in >5% (~100 Mg, K, Na)
S deposition least one element, | element andin>1% | km?) of the area
and decrease is (~20 km?) of the area | of semi-natural
causally related to | of semi-natural upland forest
KMP emissions upland forest soils, soils, based on
Action: extended based on dynamic modelling, and
soil survey and modelling, and decrease is
modelling to decrease is causally causally related to
assess spatial related to KMP KMP
significance of emissions Action: reduction
observed base Action: pilot in SO, emissions
cation loss (i.e., application of
are there wider lime/wood ash to
issues over >1% of | reduce soil acidity
the study area?) and increase base
cation pools to pre-
KMP levels, subject
to MOE approval
Informative Thresholds for increased monitoring or | Indicators to be jointly considered

indicators™

mitigation

Magnitude of
exchangeable
cation pools
(Ca, Mg, K, Na)

Not applicable; supports critical load |-
modeling and calculation of time to
depletion of exchangeable cation -
pools in locations where CL is

exceeded

Atmospheric S deposition and critical load

(CL) exceedance risk

Time to depletion of exchangeable cation

pools (Ca, Mg, K, Na)

Time to
depletion of
exchangeable
cation pools
(Ca, Mg, K, Na)

Not applicable; supports critical load |-
modeling for locations where CL is

exceeded

Atmospheric S deposition and critical load

(CL) exceedance risk

Magnitude of exchangeable cation pools
(Ca, Mg, K, Na) relative to the level of

exceedance

2 The first resampling would occur over a 3-year interval (i.e. sampling in 2015 and then 2018) in order to have
two data points for the first synthesis. Observed changes during that period would therefore be pro-rated to a 5-
year and 10-year rate of change. Sampling will be at 5 year intervals thereafter.

B Thresholds for increased monitoring/modelling, or mitigation, are not applicable. These indicators support
critical load modeling.
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Informative Thresholds for increased monitoring or | Indicators to be jointly considered
indicators® mitigation

Base cation - Not applicable; supports critical load |- Atmospheric S deposition and critical load
weathering modeling (CL) exceedance risk

rates

The thresholds for both of the KPIs for soils are related to a proportional areal exceedance of
the receptor study domain. In the absence of provincially-established air zone boundaries, the
STAR used a study area along the Kitimat valley encompassing the modelled post-KMP 10 kg
S0,°/ha/yr plume and potentially sensitive terrestrial and aquatic receptor ecosystems. The
study domain was defined in agreement with BC MOE, and encompassed 1991 km? of forested
ecosystems on mineral soil (69% of the study area). The proportional exceedance reported in
the STAR was referenced to this domain area. More recently under the Kitimat Airshed
Emissions Effects Assessment (ESSA et al. 2014), BC MOE favoured an effects domain based on
the area under the modelled 7.5 kg SO,>/ha/yr plume. In 2017 the proportional areal
exceedance will be evaluated using the original domain area and an effects domain defined by
the area under the 7.5 kg SO4> /ha/yr plume. Both domains capture near field emission impacts
and far field impacts owing to long-range transport of sulphur dioxide emissions.
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Figure 4. Semi-natural upland forest soils in the study area. Source: Figure 9.3-2 from ESSA et al. (2013).
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5.2 METHODS

Table 12. Overview of methods for calculating the KPI and informative indicator for soils.

Key performance Method overview
indicators
Atmospheric S Re-running the critical load model in 2017

deposition and critical
load (CL) exceedance

risk

Long-term soil Soil sampling and modelling studies to assess the rate of change in magnitude
acidification of exchangeable cation pools (Ca, Mg, K, Na), using all available data sources
attributable to S

deposition

Informative indicators | Method overview

Magnitude of Measured from soil samples (if >5% exceedance in study area)
exchangeable cation
pools (Ca, Mg, K, Na)

Time to depletion of Deposition monitoring as described in Section 2 and soil samples (if >5%
exchangeable cation exceedance in study area)
pools (Ca, Mg, K, Na)

Base cation Soil sampling, laboratory analysis
weathering rates

5.2.1 Atmospheric S deposition and critical load (CL) exceedance risk

The monitoring method for this indicator is described in Section 2. Critical load exceedance (and
% of area with CL exceedance) will be re-calculated in 2017, adding weathering rate data from
new soil sampling sites, base cation deposition and revised critical limits.

Steps for determining the magnitude of emissions reductions needed if the threshold for
facility-based mitigation is reached for this KPI:

1. Critical load exceedance is expressed in the same unit as sulphur deposition; as
such, the magnitude of exceedance is equivalent to the required deposition
reduction;

2. Use CALPUFF to explore different emission scenarios for reducing deposition to
meet targets (reduced magnitude / areal exceedance);

3. Run the SSMB model to determine the expected magnitude and areal extent of
exceedance under revised deposition from Step 2;

4. lterate Steps 2 and 3 as necessary to achieve the required level of exceedance
reduction (see example in Figure 5);

5. Use finalised CALPUFF scenario to inform decisions on facility-based SO,
emission reduction (options, amounts and timelines presented in Section 8).
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6. Implement the chosen methods of facility-based mitigation as per process
described in Section 8.

7. Develop revised monitoring and modelling plan for post-mitigation period to
determine if the revised emissions and deposition result in the anticipated
recovery of soil conditions.

R modelled sulphur deposition

'r'a
s #
- =1
N o
i gt ; ‘*r;
o g %

sulphur emissions

areas where deposition
reduction scenario

reductions are required

Figure 5. Example showing iterative cycle of critical load exceedance, sulphur emissions reduction
scenario, revised modelled deposition based on emissions scenario, and revised (reduced)
critical load exceedance

5.2.2 Long-term soil acidification attributable to S deposition

Sampling locations:
= Sites to be determined in consultation with MOE, in long term forest productivity
sites; variability of soils will determine the number of samples.
= The Haisla First Nation will be invited to participate in the selection of soil sampling
sites.

Sampling duration and frequency, and essential years and times:
= Sampling at 3 plots, every 5 years (with the exception of the first re-sampling
interval at 3 years, i.e. 2015, 2018, 2023, 2028, 2033, 2038, etc.).
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Sampling methods:

To be determined in consultation with BC MOE.

How and when monitoring data will be evaluated:

To be determined in consultation with BC MOE.

Steps for determining the magnitude of emissions reductions needed if the threshold for
facility-based mitigation is reached for this KPI:

1.

Use a dynamic model to define a target deposition load, i.e., the deposition required
to reach a desired soil chemistry within a specified timeframe;

Use CALPUFF to explore different scenarios for reducing deposition to meet the
target load;

Run the dynamic model to predict timeline of recovery in exchangeable cation pools
under revised deposition from Step 2;

Iterate Steps 2 and 3 as necessary to stay below the magnitude and timeline
thresholds for loss in exchangeable cation pools;

Use CALPUFF scenario that emerges from Step 4 to inform facility-based mitigation
(options, amounts and timelines presented in Section 8);

Implement the chosen methods of facility-based mitigation as per process described
in Section 8.

Continue monitoring soil plots (5 year internals) to determine if the reduced
deposition results in the expected chemical change.

5.2.3 Magnitude of exchangeable cation pools (Ca, Mg, K, Na) compared to S deposition,

and time to depletion of these pools

Sampling location, and timing, frequency and duration:

No additional sampling; we will use the samples obtained for the SO, technical
assessment, and the supplemental soil collected for determining the base cation
weathering rate (as described below).

How and when the analyses will be conducted:

If exceedance is predicted for >5% of the study area in the analyses to be completed
in 2017 (i.e., the receptor-based mitigation threshold is reached for the
“atmospheric S deposition and CL exceedance risk” KPI), then archived soil samples
(all three layers from the relevant site composite samples) will be analysed for
exchangeable calcium (Ca”*), magnesium (Mg?*), potassium (K*), sodium and (Na*)
using an unbuffered ammonium chloride extraction (soil samples and extraction
solution are shaken for 2 hours and filtered), using flame atomic adsorption
spectrometry or inductively coupled plasma optical emission spectrometry.
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= The magnitude of exchangeable cation pools will be compared to S deposition to
estimate the time to deplete the base cation pool. (l.e., [[TOTAL POOL OF BASE CATIONS] /
[ANNUAL EXCEEDANCE]]. For example, a soil with a base cation pool of 1,000 meq/m?
and an exceedance of 10 meg/m?/yr would be exhausted in 100 years.)

5.2.4 Base cation weathering rates

Spatial variability in weathering rates of base cations is a source of uncertainty for all critical
load calculations. Sites within the study area were identified in the STAR either as: (1)
potentially vulnerable (i.e. critical loads may be exceeded); (2) soils not sampled during the SO,
technical assessment survey that were in areas with low base cation concentration lakes; or (3)
regions that were not considered during the initial site selection including glaciofluvial soils. As
a result, there are data gaps with respect to the base cation weathering rates for these regions.

Sampling locations:

» Locations associated with: (1) quartz diorite bedrock south of Lakelse Lake, spatially
co-located with lakes that had very low base cation concentrations (highest priority);
(2) calc-alkaline bedrock near the smelter to support current weathering estimates
that were based on extrapolation from other sites (lower priority as this is unlikely to
change conclusion of high exceedance; however this is the only region showing
exceedance as such site estimates are warranted); (3) orthogneiss metamorphic
bedrock in the unsampled southern portion of the study domain consistent with the
region receiving high modelled S deposition (southwestern portion of the study
area); and (4) surficial geologies not represented in the initial soil sampling.

= Specific sites to be determined in consultation with MOE and Rio Tinto Alcan.

Sampling timing, frequency and duration:
= Sampling will be conducted during the summer of 2015 in a single field campaign.
Sampling may also be carried out to take advantage of synergies with water
sampling (described in Section 6).
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Sampling methods:

Soil sampling; maximum of 12-18 sites divided equally between the three bedrock
categories.

All field measurements will follow the 2012 protocol described the STAR (with
maximum of five soil pits per supplemental study region sampled from three fixed
depths: 0 to 10 cm; 15 to 25 cm, and 40 to 50 cm). Samples from each pit will be
combined into one composite sample for each depth.

Laboratory analyses for pH, loss-on-ignition (LOI), particle size (sand, silt and clay),
moisture content, bulk density.

Composite soil samples for each site to be analysed for major oxides, and subset
analysed for qualitative mineralogy.

How and when monitoring data will be evaluated:

Data collected in 2015 will be used to estimate weathering rates for the new sample
sites and revise the regional critical load and exceedance maps in 2017. The new
weathering rate may be revised to incorporate information on surficial geology if
digitally available and if deemed appropriate (e.g., could post-stratify weathering
rates based on surficial geology categories).
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5.2.5 Summary of Soils actions, 2013-2018

Table 13. Schedule of work on the soils component of the EEM Program.

Topic 2013 2014 2015 2016 2017 2018
Steady state soil - Rio Tinto Alcan/MOE/QP Develop weight-of-evidence - Re-do analysis for risk of CL | Re-analyse archived soils if
modelling collaboration on details of approach for assessing exceedance (and % of area required based on results of

study design for this whether change in CL with CL exceedance), adding | analysis in 2017

component. exceedance (if predicted) is data from the new sites.

Obtain digitized surficial causally related to KMP. Incorporate Bc deposition

geology map from BC Conduct additional soil values from Lakelse

MOE; overlay with 2012 sampling to fill data gaps monitoring and revised critical

sampled soil sites. (QD bedrock type in limits. Include a sensitivity

sensitive lake areas S of analysis of multiple chemical

Undertake a sensitivity Lakelse Lake accessible by criterion. Also calculate for an

analysis of STAR road; CA bedrock type near effects domain defingq by the

predictions under multiple | Smelter; OG bedrock type in 7.5 kg/halyr S deposition

chemical criterion (Bc:Al, SW part of region; and isopleth, to compare with

Ca:Al, pH, Al). filing any important gaps using the original study

for glaciofluvial landforms). domain area.

Time to depletion of - - - - Analyze 2012 and new soil to -
base cation pools determine base cation
(only if triggered by exchangeable pools (as an
CL exceedance > input to the 2017 analysis in
5% of study area) the first Soils row).
Review critical limit | Obtain digitized vegetation | Collaboration with MOE on - - Incorporate any changes in -
selection: BC:Al map from VRI appropriate critical limit for Bc:Al ratio into revised

ratio

soils, Bc:Al ratio, by
vegetation type (consider
use of BEC zones to derive
reasonable dominant
species boundaries). ™

modelling (the 2017 analysis
in the first Soils row).

YA higher Bc:Al ratio results in a lower CL, and a greater chance of exceedance. A sensitivity study could be done on CLs given various ratios.
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Topic

2013

2014

2015

2016

2017

2018

Permanent soil
plots

Establishment of plots in
collaboration with BC MOE,
initial soil sampling and
analysis.

Develop weight-of-evidence
approach for assessing
whether a change in base
cation pools in soil samples
(if this occurs) is causally
related to KMP.—

Re-sample plots (sampling
interval of 5 years
thereafter)

Reporting

Annual reporting

Annual reporting

Annual reporting

Annual reporting

Annual reporting

Annual reporting
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6.0 Lakes, Streams and Aquatic Biota

6.1

INDICATORS AND THRESHOLDS

The KPI for this receptor is observation-based: water chemistry data will be tracked to
determine actual pH change in lakes. Results will reveal the magnitude of impact (i.e. how large
the pH change is in lakes expected to be affected). The intent and rationale of the sampling and
data analysis strategy is described in detail in Appendix H. The first informative indicator for this
receptor is prediction-based: measured water chemistry data and measured S deposition data
will be used as inputs for updated modeling of critical loads, and expected exceedance of those
critical loads. Results will reveal the extent of expected impact (i.e. how many lakes might be
affected), and will guide where sampling should occur. If the KPI threshold for receptor-based
mitigation is reached and receptor-based mitigation is applied but proves ineffective or
unfeasible, facility-based mitigation will be implemented.

Table 14. KPI and informative indicators for surface water.

Key Threshold for Threshold for Threshold for Indicators to be
performance | increased monitoring | receptor-based facility-based jointly considered
indicator mitigation mitigation
Water Observed decrease in | More intensive More than 2 - Atmospheric S
chemistry - pH = 0.30 pH units sampling confirms a | lakes rated deposition and CL
acidification below mean baseline | decrease causally Medium or High exceedance risk
pH level measured related to KMP of > | (based on - Aquatic biota: fish
pre-KMP in one or 0.30 pH units below | relative lake presence /
more of the 7 acid- mean baseline pH rating; Appendix absence per
sensitive lakes, and level pre-KMP and D) with decrease | species on

other evidence (see
informative
indicators and
methods)

Action: increase
frequency of fall
samplingin
subsequent year, to
more accurately
estimate mean and
variability of pH and
other informative
indicators during the
fall index period.
Appropriate sampling
frequency to be
determined by
statistical power
analysis.

liming is feasible
(see Appendices G
and I).

Action: pilot liming
to bring the lake
back up to pre-KMP
pH, subject to
approval by BC
MOE/DFO prior to
implementation (see
Appendix |
describing a
systematic approach
to a pilot liming
effort)

causally related
to KMP of >0.30
pH units below
measured
baseline pre-
KMP (prior to
liming)

Action:
reduction in SO,
emissions

sensitive lakes
Lake ratings
(Appendix D)

- Evidence that pH
decrease is
causally related to
KMP SO,
emissions: ANC,
S0O,, DOC (see
Section 7)
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Informative Threshold for increased monitoring® Indicators to be jointly considered
indicators
Atmospheric S CL exceeded in more than the 10 acid- Predicted steady state pH versus

deposition and CL
exceedance risk

sensitive lakes identified in the STAR as
having either CL exceedance or
predicted to acidify by more than 0.1
pH units (Figure 6)*. Action: expand
the monitoring to include newly
identified lakes with predicted
exceedance

current pH (if predicted change > 0.1
pH units then level of concern is
higher than if predicted change < 0.1
pH units)

Water chemistry — acidification

Predicted steady
state pH versus
current pH

Seven lakes with predicted pH change >
-0.10 units are included in the set of
lakes that are monitored annually each
October. Lakes recommended by MOE
(MOE-3 and MOE-6, the former
sampled in Oct 2013) could be added
to this set of annually monitored lakes
depending on the outcome of analyses
based on sampling in 2013 (MOE-3)
and 2014 (MOE-6).

Surface water model inputs, as
described in Section 8.6.3.4 of ESSA et
al. (2013)

Estimates of
natural variability
in pH and other
indicators

If the fall index sample is below the pH
threshold for any lake, the EEM Program
will then obtain four chemistry samples
during the fall index period of the
following year to better estimate the
mean index value and natural variability
of pH and other parameters.

Baseline estimates of natural
variability in pH and other indicators
during from End Lake (006), Little End
Lake (012) and West Lake (023) — see
Section 6.2

- These estimates will be used to assess

whether observed pH values (and
other indicators) are within or outside
the range of natural variability

Evidence that pH
decrease is causally
related to KMP SO,
emissions

Used in application of all three KPI
thresholds

Trends and levels of SO, emissions,
SO, deposition, N deposition;
Trends and levels of lake ANC, SO,,
NO;, Cl and DOC in both individual
lakes and across all 7 acid-sensitive
lakes

See Section 7, also Section 6.2 and
Appendix H

Y Thresholds for mitigation are not applicable. These indicators will provide weight of evidence for assessing the
magnitude, extent and causes of lake acidification (Appendix H and Section 7).

*The 10 sampled lakes in Figure 6 with either CL exceedance or predicted ApH >-0.1 units were the same 10 lakes
showing critical exceedance during a sensitivity analysis in which KMP deposition was doubled (STAR, pg. 330).
As shown in Table 16, the critical load analysis will be repeated in 2019 using better information. It is unlikely
that other sampled lakes will show exceedance under KMP alone, but the 2019 modelling analysis will be
completed to confirm or reject this expectation.
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Informative Threshold for increased monitoring® Indicators to be jointly considered
indicators
Aquatic biota: fish Decrease in pH 20.30 units confirmed |- none
presence / absence | by more intensive sampling in the fall
per species on index period
sensitive lakes Action: resample the fish community in

lakes that can be safely accessed for

fish sampling
Lake ratings Not applicable. Used in thresholds for |- none
(Appendix D) receptor-based mitigation and source-

based mitigation
Episodic pH change | Not applicable - none

Amphibians

Not applicable

Atmospheric S deposition

6.2 METHODS

Table 15. Overview of methods for calculating the KPI and informative indicators for surface water.

Key performance
indicator

Method overview

Water chemistry -

Water quality sampling to assess trends in ANC, pH, SO,, base cations. Various

acidification analyses to detect water quality trends and whether thresholds have been
exceeded (see Section 6.2, Section 7, and Appendix H, especially Table 27).

Informative Method overview

indicators

Atmospheric S In 2014 re-run the Steady State Water Chemistry (SSWC) and ESSA-DFO models

deposition and CL
exceedance risk

for the 10 lakes sampled in both 2012 and 2013 (to assess fall vs. summer

sampling).

In 2019 re-run the SSWC and ESSA-DFO models based on water chemistry data for
all sampled lakes (those sampled from 2012 to 2018), and then re-run the CL
model with the new atmospheric S deposition data

Fish presence /
absence per
species on sensitive
lakes

Fish sampling from standard overnight gill net sets using RIC (1997) nets and small

mesh nets

Episodic pH change

Continuous pH measurement in Anderson Creek

Amphibians

Support of community based groups conducting amphibian monitoring

PROGRAM PLAN FOR 2013 T0 2018

31




RioTinto Alcan KMP SO, ENVIRONMENTAL EFFECTS MONITORING (EEM) PROGRAM

6.2.1 Water chemistry — acidification, and episodic pH change

Ten lakes are sensitive to acidification (Figure 6). This KPI will include water sampling in 7 of
these lakes (described below) and laboratory analyses of major anions ([Cl], [F], [NO3],
[HCO31*, [COs¥]*, [SO4*], [OH]*, DOC, Total Alkalinity, Gran ANC), major cations ([Ca**],
[Mg?*], [Na™], [K'], [NH4'], [H"], dissolved Al).""*® These ions are needed to assess the form, rate
and magnitude of changes in lake chemistry, estimate a key parameter (F-factor = A base
cations / A SOy) for the Steady-State Water Chemistry and ESSA/DFO models, compare
deposition-predicted change in SO4, ANC and pH vs observed change, and confirm QA/QC of
water samples by examining charge balance. lon exchange processes in the watershed can
exchange H+ for other cations such as Ca, Mg, Na, K, Al. Dissolved Al is also an indicator of
toxicity of water to fish. Lake-specific titration curves will be obtained from the Gran ANC
titrations, which will provide the information base for developing lake-specific thresholds for
ANC and SO,.

Sampling will also include field measurements of temperature, dissolved oxygen (e.g., very low
oxygen might explain pH shifts), and total dissolved solids.

We will also perform intensive monitoring of Anderson Creek to assess frequency, magnitude
and duration of acidic episodes in this stream.

“lons with * are calculated from other measurements.
'® All of these measurements are important for understanding why pH is changing, which is important for
determining if the changes are causally related to KMP (as described in Section 7).
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Lakes with predicted exceedance
of their Critical Load

Lakes with current pH < 6

Lakes with original

pH >6

, .. Lakes with predicted future change in
Lakes with original pH> 0.1 pH units
pH <6

006 (End Lk)

023 (West Lk)
028, 042, 044

Figure 6. Conceptual diagram of criteria for lake vulnerability. Lake 15 is the only one in the diagram not

considered vulnerable, because its original pH was below 6.0 and it is not expected to
experience a pH decrease or a critical load exceedance.

Intent and rationale of the sampling strategy: Please see Appendix H for a detailed description.

Sampling locations:

Essential locations: 7 vulnerable lakes with predicted pH A > 0.10. These include:
LAKOO6 (End Lake), LAKO23 (West Lake), LAKO28, LAKO42, LAKO44, LAKO12, LAKO22.
Five of these 7 lakes also show critical load exceedance (map provided in Appendix
E).19

Two lakes recommended by MOE (MOE-3 and MOE-6°).

Three insensitive lakes to be sampled for chemistry and fish (LAKOO7, LAKO16,
LAKO34). The insensitive lakes have higher Gran ANC values (1438, 69, 99 peq/I
respectively), do not have exceedance of their CLs, and are not predicted to acidify
significantly (predicted ApH=0.0, -0.07, 0.03 respectively). In addition to serving as a
reference for biological changes, the insensitive lakes will provide a check on model
predictions for less acid-sensitive lakes. Fish sampling from the insensitive lakes will
occur in 2014.

Three other lakes with CL exceedance are predicted to have a pH change < 0.1 pH units (LAK047, LAKO54,
LAKO56), are low priority for sampling, and are not included in the current field program. LAKO47 is a high alpine
lake not accessible by fish; LAKO54 and LAKO56 are naturally acidic, low pH lakes dominated by organic acids
(Appendix E).

2% site MOE-3 was sampled in October 2013. Site MOE-6 could not be safely sampled in October 2013 due to
continuous fog at that high elevation, which prevented helicopter access. . MOE-6 will be sampled in October

2014.
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Lakelse Lake, given its importance and profile in the Valley, even though it is
predicted to be insensitive to SO, emissions from KMP.

Cecil Creek (outlet of West Lake) was sampled in 2013, to check if its chemistry
mirrors that of West Lake.

Hydrologic, fish habitat and chemical reconnaissance sampling of Goose Creek, to
assess its connectivity to Lake 028, and its sensitivity to acidification.

Kitimat River (to assure that water supply is not affected by low pH or elevated
metals); either upstream of the intake for the Kitimat water treatment plant, or at
the intake.

Anderson Creek (pH measurements to assess frequency and magnitude of acidic
episodes).

Sampling timing, frequency and duration:

The water chemistry of all of these lakes was sampled in October 2013. Chemical
data from the sites that were sampled in 2012 (all except the stream sites, MOE-3,
and MOE-6) will be used to show the combined effects of inter-year and inter-month
variability of CL (August 2012 versus October 2013). Future sampling will occur
during the fall when lakes are well mixed, less productive and have greater stability
in their chemistry (preferably in October).

To understand chronic or long term acidification, the 7 acid-sensitive lakes and 3
insensitive lakes will be sampled annually during 2014 to 2018 during the same
seasonal timeframe as in 2013 (i.e., fall index period) to track any increase in
sulphate and changes in other ions as KMP ramps up (particularly decreases in pH
and ANC), and to be able to demonstrate leveling-off to steady state. Minimum
emissions are likely to occur in the early part of 2014. Each lake will be considered
both independently and also as part of the complete set of 7 acid-sensitive lakes
(greater statistical power) with respect to its trends in water chemistry over time.

In 2014, we will determine if the 2 MOE lakes have CL exceedance or are vulnerable
to acidification. If “no”, sampling will be discontinued. If “yes”, they will be added to
the set of vulnerable lakes sampled annually. While the CL has not yet been
calculated for MOE-3, the Gran ANC and charge balance alkalinity measurements in
the fall of 2013 (168 and 138 peq/l, respectively) strongly suggest that MOE-3 will
not have CL exceedance. See footnote on previous page.

Anderson Creek: continuous pH sampling, beginning in fall 2014 to get a pre-KMP-
ramp up baseline.

Kitimat River: monthly water quality sampling, beginning after KMP commissioning
in 2015 to evaluate any changes in the quality of drinking water

Monitoring protocols and sampling methods:

The same as for the sampling done in 2012 for these parameters during the SO,
technical assessment (ESSA et al. 2013).
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How and when monitoring data will be evaluated:

= For water quality parameters which show statistically or biologically significant
differences between summer 2012 and fall 2013/2014 values, the mean baseline
pre-KMP values will be defined as the mean of the fall index samples in 2013 and
2014. For parameters which showed no statistically or biologically significant
differences between summer 2012 and fall 2013 samples, the mean baseline pre-
KMP values will be defined as the mean of summer 2012, fall 2013 and fall 2014
values.

= During 2014 and 2015 (to be summarized in 2015 EEM report), the program will
estimate pre-KMP natural variability in pH and other indicators from End Lake (006),
Little End Lake (012) and West Lake (023) through the following steps:

0 A pilot test of continuous pH monitors (calibrated and cross-checked against
a field pH meter every two weeks) will record pH every 30 minutes beginning
in September 2014 for a period long enough to provide a reliable baseline of
variability in pH during the pre-KMP period (except during winter when ice
cover prevents access); and
O Full chemistry samples will be obtained four times during the fall sampling in
2014 to assess baseline natural variability during the index period, and
periodically until August 2015, except during winter when ice cover prevents
access.
= Estimates of natural variability from 2013-2014 intensive sampling of 3 EEM lakes,
plus analyses of Ontario and U.S. lakes (Yan pers. comm; Stoddard et al. 1996) will
be used to:
0 Provide estimates of natural variability for all lakes; and
0 Assess statistical power to detect thresholds of interest for both individual
lakes and the complete set of 7 acid-sensitive lakes (to be summarized in
2014 EEM report)
= |f the fall index sample falls below the pH threshold for any lake, the EEM Program
will then obtain more frequent chemistry samples during the same period of the
following year to better estimate the mean and variability of pH and other
parameters.?
= During the period from December to March of each year, monitoring data will be
analyzed to assess trends in both individual lakes and in the overall population of 7
acid-sensitive lakes, and in the 3 insensitive lakes, as explained in the following two
bullets

!t is not feasible to resample a lake more intensively in the fall index period of the same year for two reasons: 1)
helicopter time needs to be reserved well in advance; and 2) measurements of pH from the lab (the least variable
and best metric for assessing lake pH) will not be immediately available.
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= Analyses of trends in individual lakes:

0 Compare fall index sample to pH, ANC and SO, thresholds developed from
lake-specific titration curves Table 27);

0 Determine if pH thresholds exceeded (KPI1), and if reductions in pH are
consistent with declines in ANC and increases in SO, (informative indicators)

0 Assess whether annual observations are within the range of natural
variability, as estimated from 2014-2015 sampling

0 Examine the trend in fall observations for each lake relative to the pre-KMP
baseline

0 Determine how individual lakes compare to patterns observed in full set of
seven acid-sensitive lakes

= Analyses of trends in the full set of seven acid-sensitive lakes and the set of three
insensitive lakes:

0 Examine distribution of estimated changes in pH, ANC and SO, (see Figure
17in Appendix H)

0 Conduct paired t-test on pH, ANC and SO, to assess mean change in each
parameter in each year compared to baseline period, versus thresholds of
change for each parameter

0 Conduct trend analyses on the complete set of acid-sensitive lakes to
determine overall trends in pH, ANC and SO, (see Section 7 and Appendix H)

* The data collected from 2014 to 2018 will be analyzed in early 2019 to:

0 Estimate expected time to steady state for SO, based on observed trends in
[SO4] and approximate estimates of water residence time (Table 25).

0 Examine actual A SO4, ANC and pH for all lakes over time relative to steady
state predictions of exceedance from SSWC, predicted ANC and pH change at
steady state from the ESSA/DFO model, and expected lake [SO4] from
CALPUFF post-KMP predictions of SO4 deposition / model-based runoff
estimates. Apply the approaches described in Section 7 to deduce the most
likely causes of acidification at each site.

0 Estimate the F- factor from A base cations / A SO4 and compare to the
assumed F-factor. The F-factor is an estimate of watershed acid
neutralization through cation exchange, where F=0 means that no acidity is
neutralized and F=1 means that all acidity is neutralized.
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Resampling of STAR lakes:

= Re-sampling of a subset of STAR study lakes may occur if a greater than predicted
change in water chemistry of the 10 lakes occurs.

Assess frequency, magnitude and duration of acidic episodes in Anderson Creek, how these
change with ramp-up of KMP emissions, how they relate to climatic factors (e.g., snowmelt,
storms, first flush after a long dry period in which sulphate gases might have built up in the
atmosphere), and how they relate to toxicity thresholds for biota. Anderson Creek provides an
indication of acidic episodes in a single stream close to the smelter, but does not provide an
assessment of the extent and frequency of acidic episodes across the study area. If acidic
episodes are detected in Anderson Creek, then sample other ions in Anderson Creek to
determine if these episodes are related to KMP (i.e., SO4-driven) or factors unrelated to KMP
(i.e., organic acids, base cation dilution; Bishop et al. 2000). If the episodes in Anderson Creek
are shown to be related to KMP, then complete intensive sampling of lake outlets during
snowmelt and/or fall storms in Lakes 012, 006 and 023 to compare to baseline intensive
sampling in 2014-2015, and determine if the frequency and magnitude of acidic episodes has
changed. These 3 EEM lakes will have baseline chemistry information that provide a more
thorough - basis for change detection than Anderson Creek.

Steps for determining the magnitude of emissions reductions needed if the threshold for
facility-based mitigation is reached for this KPI:

1. Determine the level of pH and ANC recovery required in each acid-sensitive lake.

2. Look at actual chemical change versus the predicted chemical change in the
STAR.

3. Adapt models if required based on observations (e.g., change the F factor).

4. Use the ESSA-DFO model and SSWC sensitivity analyses to determine the target
reduction in S deposition necessary to achieve the required pH recovery.

5. Use CALPUFF to explore different scenarios of facility-based mitigation for
reducing deposition to meet target (options described in Section 8).

6. Run CALPUFF output through the ESSA-DFO and SSWC models to determine the
expected exceedance and pH change with the revised deposition from Step 5.

7. lterate steps 5 and 6 until a satisfactory reduction in deposition is determined
which meets required recovery of pH and ANC identified in Step 1.

8. Implement the chosen methods of facility-based mitigation.

9. Continue monitoring to determine if the revised emissions and deposition result
in the anticipated recovery of pH and ANC.
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6.2.2 Atmospheric S deposition and critical load (CL) exceedance risk

The monitoring method for this informative indicator is described in Section 2. Critical load
exceedance (and % of study area lakes with CL exceedance) will be re-calculated in 2019.

The assumptions in deposition and surface water models affect predictions of magnitude and
extent of CL exceedance. Testing these assumptions will require the following inputs:
=  Atmospheric S deposition (described in Section 2)
= Base cation deposition (described in Section 5)
= Water chemistry — acidification (described below), specifically major cations ([Ca®"],
[Mg*"], [Na*], [K'], [NH,"], [H"], dissolved Al) and acidic anions ([SO,*], [NOs],
organic anions (commonly represented as[A]), ANC, DOC)
= ANC is estimated by three different measures to provide redundancy in trend
detection total alkalinity, Gran ANC and charge balance alkalinity (Hemond 1990)

Sampling locations:
= As described below, for Water chemistry — acidification

Sampling timing, frequency and duration
= As described in Section 2, for Atmospheric S deposition
= As described in Section 5, for Base cation (Bc) deposition
= As described below, for Water chemistry — acidification
= Kitimat River: monthly water sampling, for two years after KMP startup; then revisit
sampling frequency based on observed changes (i.e., does it appear to have reached
a steady state?)

Monitoring protocols and sampling methods:
= As described in Section 2, for Atmospheric S deposition
= Asdescribed in Section 5, for Base cation deposition
= As described below, for Water chemistry — acidification

How and when monitoring data will be evaluated:
* The acidification models will be re-run in 2019 with the latest input parameters from
the sampling described above.
= CLs will be recalculated in 2014 to assess the effects of sampling on different dates
(August 2012 compared with October 2013). Lakes are better mixed and less
productive in the fall index period, leading to less spatial and temporal variability in
lake chemistry (Landers et al. 1987).
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6.2.3 Aquatic biota: fish presence / absence per species on sensitive lakes

Sampling locations:
= In safely accessible lakes, which will include 4 vulnerable: LAKO23 (West Lake),
LAKOO6 (End Lake), LAK012?* and LAKO44 (Finlay Lake); and the 3 reference lakes:
LAKOO7, LAKO16 and LAKO34 (map provided in Appendix E).

Sampling timing, frequency and duration:
= The four vulnerable lakes were sampled in the fall of 2013, prior to KMP start-up,
coincident with water sampling. In 2013 we also obtained access information for the
3 reference lakes, in preparation for sampling these the following year.
= The 3 reference lakes will be sampled in 2015, to provide a baseline for future
measurement.

Monitoring protocols and sampling methods:
=  Gill net sampling for fish using RIC (RIC 1997) and small mesh nets (method
described in Appendix E). These methods are sufficient to provide reliable
information on fish presence / absence and fish age / length distributions. Accurate
estimates of fish density are not feasible, as they would require much more gill net
time, causing unacceptable levels of fish mortality.

How and when monitoring data will be evaluated:
= Data will be used to clarify for the public the fish communities present in each of the
vulnerable lakes that could be safely accessed for fish sampling. Analyses will
include:
0 Presence/absence by species, and by age
0 Mean and variance of length and weight for each species by age class
0 Frequency distributions of lengths for each species if sufficient numbers of
fish are caught
Weight-length plots and equations for each species where sample sizes allow
Length at age plots for each species of salmonids where sample sizes permit
0 Simple index of species richness (e.g., number of species caught) and a more
complex diversity index (effective species richness as in Jost 2006) if sample
sizes permit

o O

6.2.4 Amphibians

Support will be provided to existing local community groups who conduct annual monitoring of
amphibians in the Terrace—Kitimat valley. Information generated from amphibian monitoring
will be used to help inform the understanding of the health of the environment within the
airshed.

22| AK0O6 and LAKO12 are connected, and fish can easily move back and forth between them.
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6.2.5 Summary of Lakes, Streams and Aquatic Biota actions, 2013-2018

Table 16. Schedule of work on the surface water component of the EEM Program.

Topic 2013 2014 2015 2016 2017 2018
Steady state water - Re-run acidification models to - - - Organize all data so that
modelling calculate CLs, to assess the acidification models can be

effects of sampling in Aug
(2012) versus Oct (2013).

re-run in 2019 to calculate
CLs and exceedance.

Chemistry: water
body sampling

Annual water sampling
and laboratory analysis;
sample Cecil Creek.

Annual water sampling and
laboratory analysis.

More intensive sampling of 3
lakes to determine natural
variability.

Develop weight-of-evidence
approach for assessing
whether chemical change is
causally related to KMP
(Section 7 of this document).

Annual water sampling,
laboratory analysis, and
data evaluation.

Annual water sampling and
laboratory analysis, and
data evaluation.

Annual water sampling and
laboratory analysis, and
data evaluation.

Annual water sampling and
laboratory analysis, and
data evaluation. Review
sampling requirements
based on outcomes of the
data evaluation.

[SO4]o; F-factor

Reduce the uncertainties of
these factors based on lake
chemistry (F) and review of
deposition estimates
([SO4lo.

Fish presence /
absence sampling

Sampling of 4 vulnerable
lakes.

Reconnaissance of habitat
and water chemistry in Goose
Creek — future sampling TBD
based on results.

Sampling of the 3 reference
lakes. Resample if lake pH
change reaches threshold.

Resample if lake pH
change reaches threshold.

Resample if lake pH
change reaches threshold.

Resample if lake pH
change reaches threshold.

Episodic - Initiate study design for snow | Finalize study design. Implement study. - Implement study.
acidification melt and fall storm episodic
acidification in Anderson
Creek near KMP (gauged
stream). Examine 1997 pH
data for Anderson Creek as
possible baseline.
Amphibians - Initiate discussion with Provide support to existing Provide support to existing | Provide support to existing | Provide support to existing
interested party. local community groups local community groups local community groups local community groups
who conduct annual who conduct annual who conduct annual who conduct annual
amphibian monitoring. amphibian monitoring. amphibian monitoring. amphibian monitoring.
Reporting Annual reporting Annual reporting Annual reporting Annual reporting Annual reporting Annual reporting
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7.0 Determination of Causal Relationship to KMP

The KPI thresholds presented in Sections 2 through 6 include the condition that threshold
exceedances are causally related to KMP. The process for determining KMP causality is
summarized below, by KPI. These steps would be undertaken for a given KPI if the thresholds
for increased monitoring or modelling are reached.

Atmospheric SO, Concentrations

¢ Investigate each 1-hour exceedance event by assessing meteorological conditions, and
estimates of KMP SO, emissions.

Visible Vegetation Injury

¢ Assess ambient SO, concentration data, meteorological conditions, the nature of the
injury to foliage (i.e., assess consistency with the known form of impacts to foliage of
S0;) and estimates of KMP SO, emissions versus all emissions sources

Atmospheric S Deposition and Critical Load Exceedance Risk for Soils

* Assess the relative likelihood of alternative explanations for critical load exceedances: 1)
KMP alone; 2) cumulative effect of non-KMP emission sources including LNG plants and
other sources; or 3) cumulative effect of all emission sources including KMP.

* Re-evaluate uncertainties in the mapping and modelling of deposition, critical loads and
exceedances

Long-term Soil Acidification Attributable to S deposition

¢ Conduct an extended soil survey and modelling to assess the spatial significance of
observed base cation loss; for example, whether there are there wider issues over >1%
of the study area.

* Assess the relative likelihood of alternative explanations for soil acidification: 1) KMP
alone; 2) cumulative effect of non-KMP emission sources including LNG plants and other
sources; or 3) cumulative effect of all emission sources including KMP.

Atmospheric S Deposition and Critical Load Exceedance Risk for Water

¢ Assess the relative likelihood of alternative explanations for critical load exceedances: 1)
KMP alone; 2) cumulative effect of non-KMP emission sources including LNG plants and
other sources; or 3) cumulative effect of all emission sources including KMP.

* Re-evaluate uncertainties in the mapping and modelling of deposition, critical loads and
exceedances.
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Water Chemistry — Evidentiary Framework for Evaluating the Cause of acidification

Proving causality (i.e., acidification of lakes related to KMP) requires following the cause-effect
chain in the source-pathway-receptor diagram (Figure 7), and evaluating multiple lines of
evidence for alternative causal pathways. Weight of evidence analyses (Burkhardt-Holm and
Scheurer 2007), Marmorek et al. 2011) rely on four types of evidence: 1) a plausible
mechanism; 2) exposure to the pollutant; 3) correlation of pollutant exposure and chemical /
biological response in space and time; and 4) experimental evidence from the region or other
published studies. The pathways and plausible mechanisms of acidification of surface waters
are well understood (Marmorek et al. 1989, Baker et al. 1991a), so the focus of the proposed
weight of evidence analysis is on exposure, correlation and experimental evidence.
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Figure 7. Conceptual (Source-Pathway-Receptor) model of SO, emissions in the environment, showing
linkages between sources and receptors. Source: Figure 3.1-1 from ESSA et al. 2013.

The evidentiary framework (Table 17) provides a series of questions and tests for various
different lines of evidence that then need to be jointly evaluated to draw a conclusion regarding
the likelihood that KMP has caused acidification. This conclusion and the associated evidence
could be peer reviewed if there are concerns about the data, methods or conclusions. All
questions will be reviewed each year, and answered to the degree possible. As the program
continues, the statistical power to detect small changes in lake chemistry will increase due to
larger sample sizes (Figure 16 in Appendix H). Some questions may not be clearly answerable in
the early years of the program due to insufficient sample sizes and limited statistical power. The
statistical power analyses discussed in Appendix H will be helpful for defining how many years
of data are required to detect changes of interest (e.g., Table 27) with high statistical power.
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Table 17. Evidentiary framework for evaluating if acidification has occurred and whether it is or is not related to KMP. SPR = Source-Pathway-
Receptor Diagram (Figure 7). The last three columns show answers to the question in column 2.

Links | Question Methods Used to Answer Question Implications of Answers
in SPR [References with examples of these analyses] Evidence Evidence
model consistent with against KMP
KMP as as primary
primary cause cause of
of acidification acidification
3 Have SO, emissions from KMP increased Compare mean daily emissions in pre-KMP period23 vs. KMP ramp-up
significantly beyond levels in the pre- period vs. post-KMP steady state period; assess trends. [STAR, Figure Yes No
KMP period, potentially causing 7.4-2, pg. 139; Stoddard et al. 2003]
increased acidic deposition?
3 Has SO, deposition at Kitimat and Lakelse | Compare monthly and annual SO, and N deposition in pre-KMP period
monitoring stations increased since pre- vs. KMP ramp-up period vs. post-KMP steady state, and assess trends,
KMP period in a manner proportional to for each deposition site. Regress deposition at each site vs. KMP
SO, emissions? Has N deposition shown emissions. Also assess trends in [SO,] in wet deposition (ueqg/l/yr) since Yes No
negligible changes? Is deposition of base | 2011. [STAR, Figure 7.4-6, pg. 142-143; Stoddard et al. 2003, pg. 21-29]
cations too low to neutralize SO,
deposition?
2,3 Has background SO, deposition (long Examine trends in SO, deposition and [SO,] in wet deposition from
range sources outside the study area) Alaska and other monitoring stations, as reported in the literature.
increased much less than the estimated Compare observed change to modelled effect of KMP deposition [ESSA Yes No
increase in KMP-related SO, deposition, etal. 2014, pg. 259]
since the pre-KMP period?
3,8,9 | Has lake [SO,] increased post-KMP in a Examine distribution of changes in lake [SO,] across multiple lakes and
manner consistent with predicted time trends within individual lakes. Compare trends in [SO,] to
increases in deposition of SO,, and predicted changes in SO, deposition with KMP in the STAR, as well as
. . . L Lo . Yes No
deposition levels inferred from observed SO, deposition from Kitimat and Lakelse monitoring stations
monitoring observations? [Stoddard et al. 1996 [eq 1]; Stoddard et al. 2003, pg. 32-56, Sullivan et
al. 1998].
7,9 Do the observed spatial and temporal Examine trends in annual precipitation from meteorological stations,
changes in climate, pH, ANC, dissolved and assess if periods of drought followed by wetter years were Yes No

organic carbon (DOC) and sulphate

correlated with increases in [SO,] and decreases in ANC [Yan et al.

% Further discussion is required to define the pre-KMP period, considering changes in both smelter emissions and other sources (e.g., 2010-2012).
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Links | Question Methods Used to Answer Question Implications of Answers
in SPR [References with examples of these analyses] Evidence Evidence
model consistent with against KMP
KMP as as primary
primary cause cause of
of acidification acidification
suggest drought-caused oxidation of 1996, Dillon et al. 1996, Stoddard et al. 2003 (pg. 29-30); Laudon et al.
sulphate stored in wetlands, related to 2004]
KMP rather than due to climate
fluctuations affecting wetland storage of
historical S deposition?
8 Has lake ANC decreased post-KMP in a Examine distribution of changes in lake ANC across multiple lakes and
manner consistent with increases in lake | ANC time trends within individual lakes. Compare ANC and SO, time
[SO4] and watershed neutralizing abilities | trends (e.g., Figure 11, Figure 12 and Figure 13). Examine A(Ca + Mg)
. Yes No
(F-factor)? versus ASO, to estimate F-factor for each lake, and to understand why
ANC has or has not changed. [Section 6.2; Figure 17; Stoddard et al.
1996 [eq 1]; Stoddard et al. 2003 pg. 32-56]
8 Has lake pH decreased post-KMP in a Examine distribution of changes in lake pH across multiple lakes and
manner consistent with SO, increases, time trends within individual lakes. Use lake-specific titration curves to
ANC decreases, and lake-specific titration | assess if SO,, ANC and pH changes are all consistent with hypothesis of Yes No
curves? SO,-driven acidification [Section 6.2; Figure 11, Figure 12 and Figure 13;
Figure 17; Stoddard et al. 2003 pg. 32-56]
8 Have lake pH and ANC values decreased Use graphs like Figure 17 to assess pH changes across all 7 EEM lakes,
beyond identified thresholds (Table 27)? | and the % of comparisons showing decreases of more than 0.3 pH
units, a trigger for more monitoring in Table 14. Examine time trends in
. . . . . Yes No
pH and ANC using regression analyses for lakes with more intensive
monitoring that provide better estimates of natural variation in pH and
ANC. [Section 6.2, Appendix H]
2,3, | Are observed changesin Cl, NO; and DOC | Examine the percent anion composition of each lake and how it has
7, 8,9 | consistent with causes of acidification changed over time [e.g., STAR pages 310 to 314, Marmorek et al. 1988,
other than KMP (i.e., sea salt driven Marmorek et al. 1989, Baker et al. 1991a, Monteith et al. 2007] No Yes
episodes, N emissions, organic
acidification)?
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8.0 RIO TINTO ALCAN Mitigation Response for Unacceptable

Impacts

Rio Tinto Alcan will implement SO, mitigation strategies if the outcomes of monitoring and
modeling under the SO, EEM Program show adverse impacts related to Rio Tinto Alcan
emissions of SO, that are considered to be unacceptable. The EEM Program distinguishes two
types of mitigations: receptor-based mitigations and facility-based mitigations. The following
paragraphs describe examples of each type.

8.1

RECEPTOR-BASED MITIGATION

If soil critical loads are predicted to be exceeded in >5% of the study area within 200
years, or if exchangeable cation pools will decrease by amounts and within timeframes
detailed in Section 5.1, the application of lime and wood ash are options for reducing
soil acidity in very localized applications, increasing calcium concentrations in trees, and
potentially improving tree growth. Given the wide range of effectiveness of these
treatments (summarized in Appendix F), small scale pilot applications would be required
as a proof of concept prior to large scale application. The 200 year horizon allows ample
of time for a liming/wood ash pilot, and consideration of a shift to facility-based
mitigation if the pilot is unsuccessful. Most studies show a response in the soil within 5-
10 years.

If pH in a valued? lake declines by more than 0.30 pH units, and the most likely
explanation of this pH decline is increased SO, emissions from KMP, then if liming is
logistically feasible, Rio Tinto Alcan could develop and implement a process to restore
the lake pH back to its level in 2012, and reverse the acidification caused by KMP SO,
emissions. One of the options used to mitigate acidic conditions in surface water is the
addition of alkaline materials like limestone (calcium carbonate). Depending on lake
access, safety and other environmental considerations, liming could be done on the
whole lake, its running water or on its watershed using a boat, truck or helicopter (Olem
1990). A summary of the state of knowledge regarding liming of lakes is provided in
Appendix G. Liming would only be applied for up to two lakes; if more than 2 lakes show
pH declines greater than 0.30 units and related to KMP, Rio Tinto Alcan would
implement facility-based mitigation®.

** Refer to Appendix D for information on the method and results for rating the vulnerable lakes.
%> Refer to Section 6.1 for the thresholds for receptor-based mitigation.
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8.2  FAciLTY-BASED MITIGATION

Sections 3.1, 4.1, 5.1 and 6.1 describe (respectively) the health, vegetation, soil and surface
water thresholds for facility-based mitigation. Facility-based mitigation will be a response to
demonstrated unacceptable impacts caused by SO, emissions resulting from KMP future
operations. Facility-based mitigation will reduce SO, emissions from the smelting operation by
a sufficient level to address the demonstrated unacceptable impact, and may be episodic or
permanent depending on the persistence of the threshold exceedance. The methodology for
reducing SO, emissions will be an Rio Tinto Alcan business based decision that will factor in
consideration of the nature of the impacts, feasibility and sustainability of alternative mitigation
methods, and market place conditions. Some of the options that Rio Tinto Alcan will consider
for reducing SO, emissions are briefly described below, followed by Table 18 which presents
the range of SO2 reduction in t/day that could be achieved, and the implementation timeline.
a) Procuring lower sulphur content coke

The coke blend used for anode manufacturing can be adjusted to lower the overall
sulphur content in the anode. The magnitude of the sulphur content reductions will be
determined based on market place conditions and accessibility to anode grade cokes
with lower sulphur content.

b) Reducing the amount of calcined coke produced on site

Increased quantities of calcined coke can be procured to reduce the amount of coke
calcining onsite. The feasibility of this option will be based on market place conditions
for anode grade calcined coke.

c) Importing anodes

Baked anodes can be imported to Kitimat to either reduce or stop coke calcining or
anode baking operations. This option would be reviewed for feasibility based on market
place access to baked anodes and transportation costs.

d) Scrubber on Coke Calciner

Implementing a scrubber on the coke calciner is possible. A decision to implement
scrubbing on the coke calciner will be based on a business review of a scrubbing option
compared to costs, and the accessibility of either lower sulphur content cokes or
increased quantities of calcined coke. The assessment will also consider the
environmental impact assessment of this mitigation measure, including waste
generation, energy consumption, GHG emissions, the operating risks of the scrubber
and the acceptability to stakeholders of the selected type of feasible scrubbing.
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e) Scrubbing on one or both gas treatment centres

The option of implementing scrubbing on one or both gas treatment centres will be
based on a business case review of the options to reduce SO, emissions from the Kiitmat
smelter. The review will consider the construction and operating costs of the scrubber in
comparison to the feasibility assessment of the other options to reduce SO, loadings

from smelting operations. The assessment will also consider the environmental impact

assessment of this mitigation measure, including waste generation, water release,
energy consumption, GHG emissions, the operating risks of the scrubber and the
acceptability to stakeholders of the selected type of feasible scrubbing.

Table 18. SO, reduction options and associated timeline for reduction®®.

Reduction option

potential range of reduction

Implementation timeline

minimum maximum
t/day t/day

Procuring lower sulphur content 1 15 3 to 6 months
coke
Reducing the amount of calcined 1 8 Short-term curtailment: 1 day to 2 weeks
coke produced on site Long-term curtailment: 6 months
Importing anodes with lower sulfur 1 20 6 to 18 months
content
Scrubber on Coke Calciner 7 NA 5-6years:

a) Feasibility study: 1 year

b) Permitting: 1 years

c) Engineering, Procurement,

Construction: 2 - 3 Years

d) Commissioning: 1 years
Scrubber on 1 GTC 14 NA 7-8 years :

a) Feasibility study: 1 years

b) Permitting: 2-3 years
Scrubbers on 2 GTC 29 NA

c) Engineering, Procurement,
Construction: 3 years
d) Commissioning: 1 years

% One or more of these reduction options would only be implemented if there is:
= aconfirmed environmental impact related to KMP SO, emissions,
= an EEM KPI source-based mitigation trigger is reached, and
= the needed amount of SO, reduction has been determined through the methods
described in sections 3-6 of this document.

These options are not binding, as the efficacy and availability of some options may vary with

time and other options may become available in the future
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9.0 Annual Reporting, and Comprehensive Review in 2019

9.1 ANNUAL REPORTING AND CONSULTATION

SO, EEM reporting will occur on an annual basis. These annual reports will contain a concise
summary of activities and results from the year, and plans for the subsequent field program
based on the results from the previous field season. Information on aluminum production and
SO, for the past year will also be included, to provide context for results interpretation. The
annual reports will be written for a non-technical audience and intended for public distribution.
Annual report preparation will begin early in the next calendar year, with the intention of
publication by March 31%. Details of the results from each year will be documented in technical
memoranda, allowing access to the technical details for the ECC, KPAC, and anyone else who is
interested. The Haisla First Nation will be invited to participate in detailed annual program
reviews, study designs and evolutions of the EEM program.

Each year of the EEM program, a meeting will be called to review the annual EEM program
report and during the course of the meeting develop an interpretation of the EEM data
integrated across the four lines of evidence (surface waters, vegetation, soils, and human
health).

Annual Kitimat Public Advisory Committee (KPAC) meetings will be held in each spring to review
EEM results and report out on the findings from the previous year, and discuss actions planned
for that year.

9.2 COMPREHENSIVE REVIEW IN 2019

A comprehensive review will be conducted in 2019, examining what has occurred under the SO,
EEM Plan from 2013 to 2018. A report synthesizing the results of this review will be prepared by
October 31, 2019, which will:

= Summarize what has been learned, and what question have been answered,

= Describe which if any of the KPI thresholds have been reached, and if so, what actions
were taken,

= Describe any modifications to KPIs, methods or thresholds that have been made based
on annual results to date, and why,

= Look across the data sets of the four lines of evidence to develop an holistic
understanding of KMP SO2 effects on the environment and human health,

= Recommend changes if/as needed to: the suite of KPIs to be continued post-2018, their
measurement methods, and/or their thresholds — along with the rationale for these
recommended changes, and

= Recommend a date for the next comprehensive review.
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Appendix A: Questions the SO, EEM Program Will Answer

Questions that arose during the SO, technical assessment —and which are important to answer
in the SO, EEM Program (as explained in Section 1.2) — are summarized in Figure 8. While most
of the questions pertain directly to the receptors, three of the questions pertain to impact
pathways —and as such, the answers may affect the predicted impact categories for one or
more of the receptors. The questions are listed in greater detail in Table 19. At least two
hypotheses representing alternative outcomes are provided for each question (where
applicable). In addition to answering these assessment questions, the SO, EEM Program will
also answer the question, will SO, emissions from KMP have unacceptable impacts on any these
four receptors? Table 20 matches the EEM indicators to these questions.

Direct exposure to SO, in Human health

the air Whatis the peak-to-mean relationship for
shorter SO, exposures?
Does the CALPUFF model
accurately predict post-KMP

SO, levels? .
2 Vegetation

How healthy is vegetation in areas of CL exceedence?
Are plants of publicimportance showing symptoms in these areas?

Does plant sensitivity fall within the range reported in the literature?

Indirect, through S
deposition and acidification

Are soil weatheringrate estimates valid?
What is base cation pool in areas with CL exceedance?
Does the CALPUFF model What is the rate of soil acidification measured as loss of base cations owing
accurately predict post-KMP to acidic deposition?
sulphur deposition?
VX:;;;;?J:S;EZ‘? s Lakes and streams, & aquatic biota

study region? How do model uncertainties affect prediction of CL exceedence?

How many of the vulnerable lakes actually acidify post-KMP?
What fish arein the vulnerable lakes that can be safely sampled?
If lakes acidify by > 0.3 pH units, do fish communities also change?

Figure 8. Summary of the questions that the KPIs and informative indicators in the SO, EEM Program will
answer, by pathway and receptor.
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Table 19. Questions and hypotheses that will be addressed in the SO, EEM Program.

Pathway or
Receptor

Question

Hypotheses

Atmospheric
Concentrations

Al. Does CALPUFF accurately
represent post-KMP SO, air
concentrations? Affects
predictions for all receptors,
either directly (i.e., sulphur
exposure impacts) or indirectly
(i.e., acidification impacts).

Hl.

HZ.

CALPUFF model predictions fall within an
acceptable range when compared to actual
SO, concentration data.

CALPUFF model predictions fall outside an
acceptable range when compared to actual
SO, concentration data.

Atmospheric
Deposition

D1. Does the CALPUFF model
accurately predict post-KMP total
sulphur deposition?

Affects predictions of acidification
for soil, lakes and streams.

Hl.

H,.

H3.

Total sulphur deposition measurements show
an acceptable level of agreement with
CALPUFF predictions.

Total sulphur deposition measurements are
lower than CALPUFF predictions (i.e., CALPUFF
was conservative).

Total sulphur deposition measurements are
higher than CALPUFF predictions.

D2. What are the base cation H,. Measurements of base cation deposition
deposition values in the study result in reduced estimates of magnitude or '
region? extent of exceedance of soil and water critical
loads (or no change in predictions).
H,. Measurements of base cation deposition do
not result in reduced estimates of exceedance '
of soil or water critical loads.
Human Health HH1. How conservative is the H;. Model predictions are conservative or similar

CALPUFF model in predictions of
SO, levels?

H,.

to actual post-KMP conditions in residential
areas.

Pre-KMP model predictions underestimate
SO, levels in residential areas (i.e., greater SO,
concentrations post-KMP).

HH2. What is the peak-to-mean
relationship for shorter duration
exposures?

Hi.

HZ.

The peak-to-mean ratios observed post-KMP
are equal to or less than that produced by the
model.

The observed peak-to-mean ratios post-KMP
are greater than what is modelled.

Vegetation

V1. Validation of the dispersion
model — are we looking in the
right place?

Hi.

H,.

Post-KMP passive and continuous monitoring
measurements show a similar SO,
concentration distribution to that predicted by
the model.

Post-KMP passive and continuous monitoring
measurements show a different SO,
concentration distribution to that predicted by
the model.
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Pathway or
uestion Hypotheses
Receptor Q P
V2. How healthy is vegetation in No hypotheses to test; answering the question requires
sites with predicted exceedance monitoring for damage in areas of highest predicted critical
of critical loads of soil and/or load exceedance.
lakes and streams south of
Lakelse Lake?
V3. Are plants of public H,. Negligible or no effects.
importance showing symptoms in  H,  Indirect effects on plants via changes in soil [
areas with highest exceedances base cations and Al are moderate.
of soil critical loads? Hs. Indirect effects on plants via changes in soil
base cations and Al are significant. = '
V4. Do plants at Kitimat that have H;. Yes, the scientific literature accounts for the
unknown sensitivity to SO, and responses of the most sensitive plants.
associated pollutants (acidic H,. No, symptoms indicate that plants at Kitimat B
deposition) fall within the range may be more sensitive than those reported in
of variation in the literature? the literature.
Soils S1. Are estimates of average H;. Estimates of soil weathering rates used in this

weathering rates by bedrock type
valid for vulnerable areas (e.g.,
where lakes have low base
cations)?

H,.

assessment are applicable to vulnerable areas .
such as lakes with low base cations.

Estimates of soil weathering rates used in this
assessment are too high for the most

vulnerable areas, resulting in underestimates '
of exceedance of soil

critical loads.

$2. What is the current buffering
capacity (base cation pool) of the
soils in exceeded areas?

Hi.

The current buffering capacity of soils is large
and under post-KMP deposition it will take l
many decades to be depleted.

. The current buffering capacity of soils is small

and under post KMP deposition it will take .
only a few years to be depleted.

$3. What is the rate of soil
acidification measured as loss of
base cations (or increase in
protons) owing to acidic
deposition?

Hl.

H,.

Measurements of actual base cation loss

indicate the magnitude and extent of soil '
acidification will be as predicted, and will take

many decades or more. .

Measurements of actual base cation loss

indicate the magnitude or extent of soil .
acidification will occur within only a few

years or a few decades.
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Pathway or
ti H th
eagai; Question ypotheses
Lakes and W1. How do assumptions in H;. Predicted extent and magnitude of

Streams and
Aquatic Biota

deposition and surface water
models affect the predicted
extent and magnitude of critical

exceedances are reasonable, or are '
overestimates.

. Predicted extent and/or magnitude of

load exceedance post- KMP? exceedances are underestimates. B
W2. How many of the 7 lakes H,. Changes in water chemistry post-KMP

with predicted pH change >0.1 (acidification) are similar to SSWC and '
actually acidify?under KMP, and modified ESSA/DFO predictions.

to what'e.xtent. H,. Changes in water chemistry post-KMP are .

Are additional lakes sugges.ted by less than predicted.

MOE (MOE"?’ am.j .MO.E_6) likely Hs;. Changes in water chemistry post-KMP are

to receive deposition in excess of .

critical load?
What is the water chemistry of
the insensitive lakes?

greater than predicted.

W3. What species, age classes,
and size of fish are present in the
potentially vulnerable lakes that
can be safely accessed for fish
sampling?

Establish baseline conditions of fish communities prior to
implementation of KMP.

Wa. If some of the potentially
vulnerable lakes that can be
safely accessed for fish sampling
show an acidifying trend, then do
these lakes also show changes in
their fish communities?

Hl.

HZ.

No loss of any fish species.

Loss of some fish species. r '

The following paragraphs summarize why each of these questions is important to answer in the
SO, EEM Program.

A1l. Does the CALPUFF model accurately predict post-KMP SO, air concentrations?

Modelled estimates of post-KMP concentrations of SO, are used to assess effects of sulphur
on human health and vegetation, and also drive deposition estimates (explained under D1).
The accuracy of the SO, concentrations predicted in the CALPUFF model therefore affects
the accuracy of the assessment for all of the receptors. If CALPUFF underestimated post-
KMP SO, concentrations, impacts on receptors may be greater than predicted; alternatively
if CALPUFF overestimated SO, concentrations, impacts may be less than predicted.
Conducting updated CALPUFF modelling using post-KMP estimates of SO, concentration will
answer questions regarding SO, exposure impacts, and provide a reliable, empirically-
calibrated tool which can be used to explore mitigation options.
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D1.

D2.

Does the CALPUFF model accurately predict post-KMP total sulphur deposition?

Modelled estimates of post-KMP sulphur deposition are used to predict critical load
exceedances for soils and lakes and streams. If CALPUFF underestimated post-KMP SO,
concentrations, impacts on receptors may be greater than predicted; and if CALPUFF
overestimated these concentrations then impacts may be less than predicted. Conducting
updated CALPUFF modelling using post-KMP estimates of sulphur deposition will answer
questions regarding exceedance of critical loads and acidification impacts, and provide a
reliable, empirically-calibrated tool which can be used to explore mitigation options.

What are the base cation deposition values in the study region?

Base cation deposition in the study region is not known. This is important for the critical
load analyses (and more so for soil than water analysis, described further under W1). In the
absence of any reliable estimates, the soil critical load analyses for the technical assessment
conservatively assumed that base cation deposition was zero, meaning that any base cation
deposition will increase soil critical loads and may potentially reduce estimates of
exceedance.

HH1. How conservative is the CALPUFF model in predictions of SO, levels?

Explained under Al.

HH2. What is the peak-to-mean relationship for shorter duration exposures?

V1.

V2.

Respiratory responses in individuals with restrictive airway diseases are most closely linked
to short-term peaks of SO, exposure. The shortest time period over which monitoring data
are available is a 1-hour average. Therefore the relationship between 1-hour averages and
these shorter-term peaks must be determined in order to accurately predict the risk. (This
will be used to evaluate how close SO, measurements fit with air modelling used to predict air
restriction events, but will not itself be an indicator.)

Validation of the dispersion model — are we looking in the right place?

Relates to Al. Conclusions about impacts (predicted to be low (green)) on vegetation from
direct exposure to SO, based on evidence of vegetation damage may be underestimated if
damage surveys are not done in the areas where highest concentrations of SO, are
expected.

How healthy is vegetation in sites with predicted exceedance of critical loads of soil and/or

lakes and streams south of Lakelse Lake?

Indirect impacts on vegetation from soil acidification are predicted to be low (green).
Sensitivity analyses of soil critical loads based on minimum estimates of mineral weathering
rates (as opposed to average weathering rates) suggest that a few areas in quartz diorite
bedrock south of Lakelse Lake could exceed the soil critical load post-KMP (further
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explained under S1). Extension of existing vegetation surveys to these areas would help to
detect any indirect soil-mediated effects on vegetation (i.e., symptoms of base cation
depletion or aluminum toxicity in the rooting zone of plants).

V3. Are plants of public importance showing symptoms in areas with highest exceedances of soil
critical loads?

As for V2, but applicable to exceedances elsewhere than just south of Lakelse Lake, and
explicitly focusing on plants of particular value to stakeholders.

V4. Do plants at Kitimat that have unknown sensitivity to SO, and associated pollutants (acidic
deposition) fall within the range of variation in the literature?

If the only plants showing symptoms of direct impacts are found in locations with SO,
concentrations greater than literature thresholds for damage (i.e., one would expect plants
to show damage based on literature thresholds), then all plants fall within the range of
variation in the literature. If however plants show symptoms of direct impacts in locations
with SO, concentrations lower than literature thresholds, then it suggests that some plants
may have a greater sensitivity than those plants used in dose-response experiments and
other studies to derive damage thresholds in the literature.

S1. Are estimates of average weathering rates by bedrock type valid for vulnerable areas (e.qg.,
where lakes have low base cations)?

This question about weathering rates for base cations arises for all critical load studies.
Critical loads for soils were estimated during the technical assessment using a limited
number (four to six) soil pits within each bedrock category, therefore there are areas in the
study region where weathering rates are underestimated. Answering this question is most
important for two bedrock types in an area south of Lakelse Lake where exceedance is not
predicted using estimates of average weathering rates, but is predicted using estimates of
minimum weathering rates. This work would likely not change the predictions of high
exceedance for a very small area near the smelter, or the overall impact category predicted
to be moderate (yellow), as the potentially affected area is a very small percentage of the
study region. It would however increase confidence in the assessment, and provide more
informative estimates of exceedance risks, including how long it would take for soils to
reach various thresholds (described under S2).

S$2. What is the current buffering capacity (base cation pool) of the soils in exceeded areas, and
when would this base cation reservoir be used up?

The mass balance models used to determine whether critical loads will be exceeded do not
provide information on when exceedance will occur. Estimating how long it will take to use
up the base cation reservoir will provide a temporal element to the interpretation of the
impacts of exceedances.
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$3. What is the rate of soil acidification measured as loss of base cations owing to acidic
deposition?
There are assumptions in the deposition and soil models used to derive impact predictions
(questions S1 and S2). Monitoring soils that are potentially susceptible to acidification will
help to understand the time to depletion of base cation pools in regions of exceedance
under potential future acidification.

W1. How do assumptions in deposition and surface water models affect the predicted extent
and magnitude of critical load exceedance post-KMP?

Predictions of sulphur deposition affect estimates of both critical loads and exceedances, so
the answer to D1 is important. Similar to the soil critical loads analyses, the water critical
loads analyses in the technical assessment also assumed that deposition of base cations was
zero, but implicitly capture any base cation deposition as part of the measured base cation
concentration in the lake, and ascribe all of this to mineral weathering in the calculation of
original pre-industrial base cation concentrations ([BC*], ). Changes in base cation
deposition (question D2) could affect the estimates of critical loads and exceedance for
acid-sensitive lakes, but are unlikely to affect the extent of exceedance because such a high
proportion of lakes and lake area in the study area is insensitive to acidification. After
several years of monitoring water chemistry, if [SO4*] has changed, it will be easy to
empirically estimate an F-factor for each lake (A[BC*] / A[SO4*]).

W2. How many of the seven potentially vulnerable lakes with predicted pH change > 0.1 actually
acidify under KMP, and to what extent? Are additional lakes suggested by MOE (MOE-3 and
MOE-6) likely to receive deposition in excess of critical load? What is the chemical status of
insensitive lakes?

There are various assumptions in the deposition and surface water models used to derive
impact predictions. Existing information and sensitivity analyses (described under W1)
provides a high level of confidence in the potential extent of acidification (low to
moderate), but less confidence in the magnitude of acidification (i.e., observed versus
predicted exceedance and pH change). Monitoring lakes that are potentially susceptible to
acidification will help to increase confidence in model predictions. Monitoring results could
reduce the impact category from moderate (yellow) to low (green), but are unlikely to
increase the impact category beyond moderate (yellow).

W3. What is the current status of the fish communities in the subset of potentially vulnerable
lakes that can be safely accessed for fish sampling?

This is important because the acceptability of impacts of possible acidification in the acid-
sensitive lakes will depend on the fish communities present in those lakes, and how
important these fish communities are to stakeholders. Prior to the EEM Program there was
only limited empirical information on fish composition for two of the 10 lakes being
considered in the EEM plan (West Lake and End Lake). Having a baseline is essential for
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evaluating potential future changes (W4), where such a baseline can be safely established
given access issues. Sampling in the fall of 2013 provided information on fish communities
in four of the seven EEM lakes that could be safely accessed for fish sampling. The results of
these field surveys (and other available information on fish populations) are summarized in
row 4 of Table 22 in Appendix D of this document.

W4. If some of the potentially vulnerable lakes that can be safely accessed for fish sampling
show an acidifying trend, then do these lakes also show changes in their fish communities?

This follows from W2 and W3. If some of the lakes which can be safely sampled for fish
show pH declines sufficient to potentially affect fish (i.e., a pH decline >0.30 units, evaluated
under W2), then it is appropriate to resurvey the fish composition of the sensitive and
insensitive lakes in the future (to determine whether changes were related to acidification
or other factors). This would provide greater confidence in the actual magnitude of impacts
in susceptible surface waters, but is unlikely to affect estimates of the extent of impacts, as
explained under W1. Therefore the impact category is not expected to change.
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Table 20. Alignment of key performance and informative indicators with the questions that the SO, EEM Program will answer.

Key performance indicators and informative indicators

wn - c
218 | » |3 2 3 | 8 3
o ()] o =] 7]
a8 5 o3 £§5| 2 w| B | B c | o °
N @ [} < L= c S © c = Q c
OE t' [J] 2 =i o o = o | <
= |@ =l = 88| = 8| ¥ |5 5 |39
o |s52|E ~ |'@ 28| ® |2 £ |G.| 5 |cE|6
Pathway or . . . e c 2 1528 |= S |8_ |52 O |55| @ (88| ® |83 | e
Question (those with bold numbers were identified in the STAR) o @ © | € = o= |G 9 cs | £ R 0 % | o
Receptor = o <= |0 S - 9 7 © o = ©.= | ©
p = 2 T35 s = @ Wo 3 °og & T 3 5 ~E|l o
5 g co |8 T |2 |T8| « |Bo| 2 |2s| 2 |02]|5
c c cCc | o c |20 |20 © |85 20 £ ] n
o o = © 7 = | g9 s | o s |5 cSw| T
] = o © [ €328 O © o o9 (7] T S c
c =] = So |9 £ |€S|Ew®| 8B [DQ| 5 |cS| £ n S ©
S = = S c |58 |58 E; o®| ¥ 5. o 0O |9 o
s | 8|S |83|2s| 2 |8%|52| € |c5| S (88| 5 |a2|3«| =
~ % () T o 24 g E(D o= (7] U c (V] OOJ 3 _C.G 80_, o
2} vw | '\ Q| S5 © =] %) £€0 © o |2
@] ° @ Pa12>| © |&x| ek EX| ®© |&x ©ve|a®| E
2] N - ad|S8| v |3 |88 | S |Ed| @ |Z3| 3 |3 |ws| <

Atmosphere | Al. Does CALPUFF accurately represent post-KMP SO, air
concentrations?

D1. Does the CALPUFF model accurately predict post-KMP total
sulphur deposition?

D2. What are the base cation deposition values in the study

region?
Human HH1. How conservative is the CALPUFF model in predictions of
Health SO, levels?
HH2. What is the peak-to-mean relationship for shorter duration
exposures?

Is the increased SO, having an impact on population health?

Vegetation V1. Validation of the dispersion model — are we looking in the
right place?

V2. How healthy is vegetation in sites with predicted exceedance
of CLs of soil and/or lakes south of Lakelse Lake?

V3. Are plants of public importance showing symptoms in areas
with highest exceedances of soil critical loads?

V4. Do plants at Kitimat with unknown sensitivity to acidic
deposition fall within the range of variation in the literature?

Is the increased SO, having an impact on vegetation?

Soils S1. Are estimates of weathering rates by bedrock type valid for
vulnerable areas (e.g. where lakes have low base cations)?
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Key performance indicators and informative indicators
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$2. What is the current buffering capacity (base cation pool) of
the soils in exceeded areas?
$3. What is the rate of soil acidification, measured as loss of base
cations owing to acidic deposition?
Is the increased SO, having an impact on soils?
Lakes and W1. How do assumptions in deposition and surface water models
Streams and | affect predicted CL exceedance?
Aquatic W2. a) How many of the 7 lakes with predicted pH change >0. 1
Biota actually acidify under KMP, and to what extent?

b) Are additional lakes suggested by MOE (MOE-3 and MOE-6)
likely to receive deposition in excess of critical load?

c) What is the chemical status of insensitive lakes used in the
biological program?

W3. What is the status of fish communities in the potentially
vulnerable lakes that can be safely accessed for fish sampling?

WA4. If some potentially vulnerable lakes show an acidifying trend,
do they also show changes in their fish communities?

Is the increased SO, having an impact on lakes and streams, and
on aquatic biota?

What is the frequency and magnitude of episodic events?
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Appendix B. Checklist of Plants Potentially Sensitive to SO,

Presence/absence of the following species will be noted during regular visual inspections for
vegetation injury from SO,:

O Amelanchier alnifolia (Saskatoon berry) O Vicia Americana Vicia Americana

O Aralia nudicaulis (wild sarsaparilla,) (American vetch)

O Cornus stolonifera (red-osier dogwood) O Abies amabilis (amabilis fir; Pacific silver

O Disporum hookeri (Hooker's fairybells) fir)

O Dryopteris expansa (spiny wood fern; Ll Abies lasiocarpa (subalpine fir)
spreading wood fern) O Acer glabrum (Douglas maple)

O Epilobium angustifolium (fireweed) O Alnus crispa (green alder)

O Lycopodium clavatum (running club-moss) O Alnus tenuifolia (mountain alder)

O Menziesia ferruginea (fool's huckleberry, O Betula papyrifera (paper birch)
false azalea) O Crataegus douglasii (black hawthorne)

O pteridium aquilinum (bracken fern) O Pinus contorta (lodgepole pine; shore

O Rosa acicularis (prickly wild rose) pine)

O Rubus parviflorus (thimbleberry) O Populus tremuloides (quaking aspen;

O Rubus spectabilis (salmonberry) trembling aspen)

O Senecio triangularis (arrowleaf ragwort; L Populus trichocarpa (black cottonwood)
arrow-leaved groundsel) O Prunus pensylvanica (pin cherry)

O Symphoricarpos albus (common O Prunus virginiana (choke cherry)
snowberry) O Sorbus scopulina (western mountain-ash)

O Vaccinium alaskaense (Alaska blueberry) O Sorbus sitchensis (Sitka mountain-ash)

O Vaccinium membranaceum (black O Tsuga heterophylla (western hemlock)

blueberry; black huckleberry; thinleaf
huckleberry)

O Vaccinium ovalifolium (oval-leaf blueberry)

Note that some species may locally be known by different common names than those listed
above (which were obtained from BC eFlora).

Sources:

BC eFlora (http://www.geog.ubc.ca/biodiversity/eflora/) accessed September 9, 2013.

Flagler, R.B. 1998. Recognition of Air Pollution Injury to Vegetation: A Pictorial Atlas. Pittsburgh,
PA: Air & Waste Management Association.

Pojar, J. and A. MacKinnon (eds.) 1994. Plants of Coastal British Columbia: Including
Washington, Oregon and Alaska. Lone Pine Publishing, 527 pp.
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Appendix C. Quantitative Thresholds for Lakes and Streams

and Aquatic Biota

The quantitative thresholds for lakes and streams and aquatic biota were specified in Tables 8.6-
5 to 8.6-7 of the STAR (ESSA et al. 2013), and are reproduced below. Examples of lake specific
thresholds for pH, ANC and SO4 are provided in Table 27 of Appendix H.

Consequence (as per definitions below)

Likelihood (as per 1 — Minor 2—Medium | 3-Serious 5 — Catastrophic

definition below)

A — Almost Certain Moderate High Critical Critical Critical

B — Likely Moderate High High Critical Critical

C — Possible Moderate Moderate High Critical

D — Unlikely Moderate Moderate Moderate

E — Very Unlikely Moderate Moderate Moderate
Quantitative definitions of the five Likelihood levels:
A — Almost Certain | B — Likely C— Possible D — Unlikely E — Very Unlikely
(Fj’redlc.tt(?d >10 Predicted deposition | Predicted deposition | Predicted deposition | Predicted deposition

epo/SI ;;m _b 0to 10 meq/m°/yr 0to 10 meq/m°/yr 10 t020 meq/m®/yr more than 20
::nLeq M /yrabove | hove CL below CL below CL meq/m*/yr below CL

Quantitative definitions of the five Consequence levels:

1 - Minor

2 - Medium

3 - Serious

4 - Major

5 - Catastrophic

<5 % of study area
lakes exceed CL
AND
0 sampled streams
exceed CL
AND
Lakelse Lake does
not exceed CL

5-10 % of study area
lakes exceed CL
AND
0 sampled streams
exceed CL
AND
Lakelse Lake does
not exceed CL

>10-15 % of study
area lakes exceed CL
OR

1-2 sampled streams
exceed CL

AND
Lakelse Lake does
not exceed CL

>15-25 % of study
area lakes exceed CL
OR

3-4 sampled streams
exceed CL

AND
Lakelse Lake does
not exceed CL

>25 % of study area
lakes exceed CL

OR
5+ sampled streams
exceed CL

OR
Lakelse Lake exceeds

CL

PROGRAM PLAN FOR 201370 2018

63




RioTinto Alcan KMP SO, ENVIRONMENTAL EFFECTS MONITORING (EEM) PROGRAM

Figure 9 shows pH levels at which biologically significant change is expected in aquatic biota.
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Figure 9. Cumulative frequency distribution of minimum pH values for field observations of aquatic taxa,
showing percent reduction in species along a pH continuum. (The medial minimum pH
value is indicated by the solid bar.) From: Eilers et al. 1984.
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Appendix D. Lake Rating — Method and Results

Rating of the 10 vulnerable lakes (Figure 6) is needed for determining mitigation thresholds for
the Water chemistry KPI (described in Section 6). This appendix describes the method used to
determine the relative rating of these lakes, and presents the results.

The following method was used in rating the lakes:
1. Determine the rating criteria (Table 21).
2. Document the criteria for each lake (Table 22).
3. For each criterion, assign each lake a rating of Low, Medium, or High (Table 22).
4. Assign an overall rating Low, Medium, or High for each lake within the set of 10 acid-
sensitive lakes, across all criteria (Table 23 and Table 24).

The relative rating of each lake within the 134 lakes > 1 ha in size within the study area was
considered, recognizing that a lake could have a High relative rating within the set of acid-
sensitive lakes, but a low relative rating within the overall study area. For the few criteria where
this information was available, however, the ratings within this larger context did not differ
appreciably from the ratings already assigned when looking just at the 10 vulnerable lakes.

The results of this rating exercise will help inform decisions regarding lake liming if the
receptor-based mitigation threshold (described in Section 6) is reached, with the intention of

protecting lakes of particular public interest.

Table 21. Criteria for rating of 10 lakes with either CL exceedance or predicted ApH > 0.1.

Criteria Sources Sought for the Information

1. Accessibility and non-recreational | ® Google Earth and BC Watershed Atlas maps

use by people (presence/absence | = Local MOE / FLNRO fish biologists®” and angling /
of road and trails for access; recreational groups; traditional knowledge

(esidences on _shoreline; water = Spreadsheet completed by Shauna Bennett of Limnotek in
licences; drinking water, industrial, consultation with Fred Seiler

irrigation or livestock use) =  QObservations of existing trail, road, and ATV access from
actual sampling of lakes

= Provincial water license database

2. Recreational value (e.g. angling, = Local MOE / FLNRO fish biologists
hiking, cross country ?k"ngr = Angling / recreational groups
snowmobiling, canoeing) * Recreational map for Northern BC

3. Lake surface area, whichis a = STAR

general indicator of fish biomass, » BC Watershed Atlas, 2012
diversity, habitat connectivity and

%7 Joe De Gisi and Jeff Lough, FLNRO.
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Criteria

Sources Sought for the Information

food supply for downstream
areas

4. Sustainable fish species present;
history of stocking; stocking
suitability; unique fish species or
life histories (including genetically
significant populations, i.e.
kokanee); other unique biota
besides fish (including rare
species)

= STAR

* Fisheries Information Summary System (FISS)*

= DFO information on salmon distribution

= Local MOE / FLNRO fish biologists

= 2013 fish sampling on presence/absence for LAKOO6 (End
Lake), LAKO12, LAKO23 (West Lake) and LAK044

=  Presence of lake inflows and outflows, for lakes where fish
presence is unknown

5. Lake is habitat used by
anadromous salmon for accessing
spawning areas upstream or for
rearing by juveniles; supports
culturally important food fishery

=  DFO information on salmon distribution
= FISS
= Local MOE / FLNRO fish biologists; First Nations

=  Presence/absence of inflow streams observed during
actual lake sampling in 2013

6. Influence of DOC and organic
acids™

=  From STAR Section 9.4.1.2.3 — based on anion content and
retrospective predictions of original pre-industrial pH

= Inferred % of potential fish species that were present in
pre-industrial times, and currently (based on literature
curves)

7. Estimated mid-range lake volume
and max residence time

=  From Table 25

28 Compared to small lakes of similar productivity which contain fish, large lakes with fish are generally rated more
highly, since they will have more total fish biomass (i.e., total biomass = biomass / area * area), are likely to have
more diverse fish habitats and species composition, are more likely to have inlets and outlets, and are more likely
to contribute forage fish for downstream piscivorous fish.

% presence of species in FISS indicates that species was present at one time, but species may or may not be
present now; absence of species in FISS does not mean that it is not present now.

%\f lake naturally has a low pH due to organic acids (especially a pH less than 5 — see Figure 9), this would result in
lower fish species diversity and likely lower fish production.
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Table 22. Criteria results for the 10 lakes vulnerable lakes, as well as their relative ratings. Sources are listed below the table. (Note: LAKO12 is
hydrologically connected to End Lake (LAK0O6).)
End Lake West Lake
Criteria LAKO12 LAK022 (LAKOO6) (LAK023) LAKO028 LAKO42 LAKO44 LAK047 LAKO54 LAKO56
1. ACCESSIBILITY | ATV access No road ATV access Road No road No road Road accesslo; Inaccessible No road No road
AND NON- and existing access and existing access™ access™; nzo1t5 access”; large pull out mousntain access”; not access”; not
RECREATIONAL trail into lake Accessibility is trail into lake No shoreline accessible™ Poor to fair on highway lake accessible accessible
USE BY PEOPLE | 550d access poor’; not Can get boat residences Claque access™; with 50m walk Possible hiking
from ski trails” | accessible into lake on, Forestry Mountain Trail | nearest road is onda "‘{3” \évo‘rln trails
No residences ATV trailer™; campsite on (hiking & ~200 m away, ?: Ia\liv; ST'\orrE:al
using it for no official east side of snowmobiling) | allowing an
drinkin boat access lake (where in the vicinity, | inflatable boat | Residence to
waterlg Good access the road pqt isn’t clear to, be packed the north of
. from ski trails meets the if it runs near in”; may be the lake may
No irrigation ) lake), definite | this lake™ some trails have a septic
or Ilvesto_ck No.shorelme use of this Likelv no along old field
use; possible residences area \ loggin .
silvicultural present water users d ) Water licence
activities o No residences, roads in lake for
No irrigation no water No shoreline residence7to
or livestock licenses, no residences the north
use irrigation or visible
P.os.sible livestock Lake has very
silvicultural West side of large wood
activities lake and creek waste dump
has been site located
logged —have south of it;
since had a leachate
hard time coming from
getting this site may
conifers to affect water
grow quality
Relative rating: Medium Low Medium High Low Low High Low Low Low
Notes on Rating: | Road access lakes are rated High; good ATV access lakes are rated Medium; and the rest are rated Low. Liming is most feasible in lakes with boat access.
2. Ski trails’; Possibly Ski trails® Campsite . Possibly Hiking 1 Swimming, Hiking 1 No No
RECREATIONAL roads present fishing, hiking, | pefinite ATV beside lake™; hiking, %(iing, skating information, information,
VALUE to lakes north | snowshoeing, snowmobile, forest rec- snowshoeing, but isolation but isolation
& south of this | cross country use; fishing reation site cross country and lack of and lack of
lake, both of skiing, snow- boa’ting ’ Trails around skiing and access access
which appear mobiling photogliaphy, lake; ATVs use fgowmobiling (criterion #1) (criterion #1)
to be hiking old forestry ’ suggests low suggests low

connected to
LAKO12 by

snowshoeing,
hunting; and

roads around
it; used for

recreational
value

recreational
value
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End Lake West Lake
Criteria LAKO12 LAKO022 (LAKOO6) (LAKO023) LAK028 LAKO42 LAKO44 LAKO47 LAKO54 LAKO56
creeks probably is a snowmobiling,
ATV, snow- trapline . hiking,
mobile use; around it angling,
fishing, canoeing,
boatirglg, hunting, and
photography, trapping; road
hiking, to lake is not
snowshoeing, plowed in the
hunting; likely winter so
has a trapline would be far,
around it for CC skiing
Relative rating: High Medium High High Medium Medium High Medium Low Low
Notes on rating: | Lakes with multiple known recreational uses are rated High, lakes with a few possible recreational uses are rated Medium, and lakes with no known recreational uses are Low.
3. LAKE 23 ha”’ 5.7ha >° 10.2 ha *° 6.8 ha >’ 1.0 ha*® 1.5 ha >° 2.0ha*® 1.6 ha >° 1.5 ha>® 1.8ha*®
SURFACE AREA | Ranks 57 Ranks 28 Ranks 14 Ranks 24 Ranks 127 Ranks 92 Ranks 66 Ranks 83 Ranks 89 Ranks 72
among 134 among 134 among 134 among 134 among 134 among 134 among 134 among 134 among 134 among 134
lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha lakes >1 ha
(in the top (just below (in the top (in the top (in the bottom | (in the bottom | (in the top (just under the | (just underthe | (in the top
60%) the top 20%) | 20%) 20%) 30%) 30%) 60%) top 60%) top 60%) 60%)
Relative rating: Low Medium High Medium Low Low Low Low Low Low

Notes on Rating:

Of the 134 lakes in the study area >1 ha, Lakelse Lake (1,374.4 ha) and Jesse Lake (1,166.6 ha) are exceptionally large in surface area, two orders of magnitude larger than the
third largest lake (Kitelse Lake, at 30.8 ha) Vulnerable lakes within the top 15 largest lakes in the study area were rated High (only West Lake, which at 10. 2 ha is the 14"

largest lake). Lakes within the top 30 largest lakes were rated Medium (LAK022 and LAK023 (West Lake)), which were also larger than 5 ha, and ranked 28" and 24"

inarea,

respectively). Other lakes were rated Low. Since 51% of the 134 lakes in the study area were less than 2 ha, areas significantly larger than 5 ha (at least double that size)
seemed a reasonable distinction between Medium and Low.

4. SUSTAINABLE
FISH PRESENCE

EEM sampling
in Oct 2013
using RIC and
small mesh gill
nets
confirmed
presence of
cutthroat
trout, dolly
varden, coho,
three-spine
stickleback

Previously
stockeld
(DFO)

Fish habjtat
inferred

Connection to
Coldwater
Creek

Should be
accessible to
freshwater
fish based on
stream
gradients,
although there

EEM sampling
in Oct 2013
using RIC and
small mesh gill
nets
confirmed
presence of
cutthroat
trout, dolly
varden, coho,
three-spine
stickleback

Kokanee, cut-
throat caught
1990 coho
1989
Chlnook and
cutthroat (no
date)4; coho,
Chinook,
stickleback,
cutthroat

EEM sampling
using RIC and
small mesh gill
nets in Oct
2013 showed
residualized

Accessibility to
fish unknown,
anadromous
fish unlikely
2,15

BC Watershed
Atlas infers
accessibility to
freshwater
fish based on
stream
gradients14

Current
production
may be
relatively low
given the high
concentration
of organic
acids and low

pH value

Was stocked ~
25 years ago
(anecdotal)
but fish have
all died off'®

EEM sampling
in Oct 2013
using RIC and
small mesh gill
nets showed
no fish
present and
no inflow or
outflow
stream

Not ac&essible
to fish

Most likely
none; feeds
Coldwater
Creek —an
important fish
stream in the
Lakelse
Watershed™

BC Watershed
Atlas infers
accessibility to
freshwater
fish based on
stream

. 14
gradients

Current
production
may be
relatively low
given the high
concentration
of organic
acids and
naturally low

BC Watershed
Atlas infers
accessibility to
freshwater
fish based on
stream
gradients14

Current
production
may be
relatively low
given the high
concentration
of organic
acids and
naturally low
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End Lake West Lake
Criteria LAKO12 LAKO022 (LAKOO6) (LAKO023) LAK028 LAKO42 LAKO44 LAKO47 LAKO54 LAKO56
are no coho (to be pH pH
empirical confirmed
observations with DNA
of fish analysis) plus
recorded in three-spine
the Atlasmfor stickleback
this lake
Unknown, but
there could be
cutthroat
present
Relative rating: High Medium High Medium Medium Medium Low Low Medium Medium

Notes on Rating:

LAKO12, End Lake (LAKOO6), West Lake (LAKO23) and LAKO44 were sampled for fish in 2013 as part of the EEM Program, and these lakes have the highest level of certainty
regarding fish composition. Confirmed fish presence in the presence of outflow streams rates High. Confirmed fish presence with ephemeral presence of outflows (West Lake)

rates Medium. For the other lakes, important information includes fish observations in the Watershed Atlas for observed fish habitat

and non-fish habitat based on stream gradients *_Of the 134 lakes >1 ha in the study area, 11 lakes have observed fish habitat (including the lakes rated here as High, with fish

, and estimates of inferred fish habitat

presence confirmed by the Oct 2013 EEM fish sampling), 76 have inferred fish habitat (including the lakes rated here as Medium), 33 have non-fish habitat (including the lakes
rated here as Low), and 14 were rated unknown (including LAKO44, which was subsequently confirmed by fish sampling in 2013 to have no fish and therefore rated Low).

5. HAB ITAT USE | Presence of Inferred™ Observed Observed"? Anadromous15 Inferred™ No fish Non-habitat? Inferred™ Inferred™
BY coho_ Presence of Presence of fish unlikely presentin No
ANADROMOUS confirmed ley coho residualized EEM 2913
SALMON EEM sampling confirmed by coho (to be sa_mp_lmg (see
in 2013 EEM sampling | confirmed criterion #4)
in 2013 with DNA) in
EEM sampling
in 2013
Relative rating: High Medium High Medium Low Medium Low Low Medium Medium

Notes on rating:

Confirmation of

rated Low.

tflows are only ep

the presence of anadromous salmon (coho) by sampli

not to be anadromous because ou hemeral. Lakes wi

ngin 2013 results
th inferred fish ac

cessibility are rated Medium. Lakes

with confirmation

in a High rating. Residualized / resident coho were detected in West La

ke, but appear

of no fish under criterion #4 are

6.-INFLUENCE
OF DOC AND
ORGANIC ACIDS

26% organic

ions; est. pre-
|ndustr|a| pH

5.74 (53% of
potential fish
species

35% organic
ions; est. pre-
|ndustr|a| pH
6.11° (77% of
potential fish
species

34% organic
ions; est. pre-
|ndustr|a| pH
6.02° (71% of
potential fish
species

36% organic
ions; est. pre-
|ndustr|a| pH
5.96° (64% of
potential fish
species

25% organic
ions; est. pre-
|ndustr|a| pH
5.77° (54% of
potential fish
species

81% organic
ions; est. pre-
|ndustr|a| pH
4.92° (25% of
potential fish
species

38% organic
ions; est. pre-
|ndustr|a| pH
5.80° (54% of
potential fish
species

10% organic
anions; est.
ori%inal pH
6.0

61% organic
ions; est. pre-
|ndustr|a| pH
467° (18% of
potential fish
species

56% organic
ions; est. pre-
|ndustr|a| pH
4.56° (10% of
potential fish
species

presentg) presentg) presentg) presentg) presentg) presents) presentg) presents) presentg)
current pH current pH current pH current pH current pH current pH current pH current pH current pH
5.64° (51%of | 5.92°(60% of | 5.79%(54% of | 5.70° (52% of | 4.98° (26% of | 4.68° (18% of | 5.40% (47% of 459° (12% of | 4.5% (9% of
potential fish potential fish potential fish potential fish potential fish potential fish potential fish potential fish potential fish
species species species species species species species species species
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End Lake West Lake

Criteria LAKO12 LAKO022 (LAKOO6) (LAKO023) LAK028 LAKO42 LAKO44 LAKO47 LAKO54 LAKO56
present’, fora | present® fora | present® fora | present®fora | present®fora | present’fora | present®fora present” fora | present® fora
loss of 2% loss of 17% loss of 17% loss of 12% loss of 28% loss of 7% loss of 7% loss of 6% loss of 1%
relative to relative to relative to relative to relative to relative to relative to relative to relative to
pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial
conditions); conditions); conditions); conditions); conditions); conditions); conditions); conditions); conditions);
predicted predicted predicted predicted predicted predicted predicted predicted predicted
futul;e pH futul;e pH futul;e pH futul;e pH futuEe pH futuEe pH futuEe pH futul;e pH futul;e pH
5.51° (48% of | 5.54%(49% of | 5.31% (46% of | 5.16° (38% of | 4.60° (12% of | 4.48° (9% of 4.86% (24% of 4.53% (10% of | 4.44% (8% of
potential fish potential fish potential fish potential fish potential fish potential fish potential fish potential fish potential fish
species8 species8 species species8 species8 species8 species8 species8 species8
present” for a present” for a present” for a present” for a present” for a present” for a present” for a present” for a present” for a
loss of 5% loss of 28% loss of 25% loss of 26% loss of 42% loss of 16% loss of 30% loss of 8% loss of 2%
relative to relative to relative to relative to relative to relative to relative to relative to relative to
pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial pre-industrial
conditions) conditions) conditions) conditions) conditions) conditions) conditions) conditions) conditions)

Relative rating: Medium Medium Medium Medium Medium Low Medium High Low Low

Notes on rating:

A High rating is assigned to lakes where organic anions (i.e., natural acidification) make up < 25%, of the total anions (i.e., if

to pollution). A Medium rating is a

ssigned to lakes with organic acid in
effects. A Low rating is assigned to lakes that are dominated by organi

c acids (> 50% org

fluence (25-50% organic anions), where natural acidif
anic anions), and lakes were naturally acidified prior t

they have a low p

H, this is more likely to be related
ication is important in addition to any pollution
o any pollution so

urces.

7. ESTIMATED
MIDRANGE
LAKE VOLUME &
MAXIMUM
RESIDENCE
TIME

80,530 m®

0.156 yrs

580,128 m’

2.616 yrs

584,232 m’®

1.089 yrs

182,857 m®

0.758 yrs

156,726 m*

1.273 yrs

175,186 m®

1.185yrs

300,832 m*

7.165 yrs

8,028 m’®

0.012 yrs

77,707 m®

0.058 yrs

116,897 m*

0.400 yrs

Relative rating:

Low

Medium

Medium

Medium

Medium

Medium

High

Low

Low

Low

Notes on rating:

Lakes with longer residence times have a slower rate of response to changes in acid loading, and will be more suitable sites for liming. Lakes with maximum residence time
greater than 3 years are rated High. Lakes with maximum residence time between 1 and 3 years are rated Medium. Lakes with maximum residence time less than 1 year are

rated Low.

Sources:

! File “Lake Recce Summary 14 June2013.xIs” prepared by Limnotek; information on access collected from maps, Google Earth, and local

knowledge of field technicians who live in Terrace

2 STAR (ESSA et al. 2013)

* Google Earth map
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* BC Fisheries Information Summary System (of the 10 vulnerable lakes, only West Lake [ID 00012KITR] and End Lake [ID 00146LKEL] represented
in the database)

> Kitimat recreation trails map (http://www.for.gov.bc.ca/dkm/recreation/kitimat/kitimat_rec.PDF)

® Clague Mountain Trail map
(http://www.recsiteimages.tca.gov.bc.ca/REC6595/sitemaps/Mt%20Clague%20SummerTrail%20Exhibit%20%27A%27.pdf)

7 BC iMap 2.0 (http://maps.gov.bc.ca/ess/sv/imapbc/)

® Eilers et al. (1984) Figure 1 showing expected biological responses to declining pH
? Field sampling data summarized by Limnotek in "all 134 lakes sorted by area.x/sx"

19 Field sampling data summarized by Limnotek in "Rio Tinto Alcan Field Data 2012 10Jan2013 for MOE.xIsx"; the access information in this file
was collected in an overflight and was not ground-truthed

1 Christopher Perrin, Limnotek (email communication dated Sept. 19, 2013)

12 BC Watershed Atlas

B Field notes from ground reconnaissance by Limnotek in August 2013, "Field Notes_26AUG2013.pdf"

“ BC MOE, 2011. Fish Passage GIS analysis, FishHabitat [data set]. Craig Mount, MOE [distributor]

> Mitch Drewes, Hidden River Environmental Mgmt., Terrace BC (recommended by Markus Feldhoff, DFO)

!¢ Observations during sampling of water and fish in 2013
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Table 23. Method used to combine ratings on individual criteria into the overall ratings shown on the
bottom row of Table 24.

Lakes must have ratings within the shaded categories to be assigned the corresponding overall rating.
Criteria for which all three ratings are shaded (Low, Medium and High) had less weight on the overall
rating (e.g. criterion 7) than criteria for which only a High value was required for an overall rating of High
(e.g., criteria 2, 4 and 5).

Overall Rating Criteria Required Ratings

High

High 1. ACCESSIBILITY AND USE BY PEOPLE

2. RECREATIONAL VALUE

3. LAKE SURFACE AREA

. SUSTAINABLE FISH PRESENCE

. HABITAT USE BY ANADROMOUS SALMON
~INFLUENCE OF DOC, ORGANIC ACIDS

. EST. LK VOLUME & RESIDENCE TIME

NER R RGEES

Medium . ACCESSIBILITY AND USE BY PEOPLE

. RECREATIONAL VALUE

. LAKE SURFACE AREA

. SUSTAINABLE FISH PRESENCE

. HABITAT USE BY ANADROMOUS SALMON
. INFLUENCE OF DOC, ORGANIC ACIDS

N[ o u|bs W (IN|[k

. EST. LKVOLUME & RESIDENCE TIME

Low . ACCESSIBILITY AND USE BY PEOPLE

. RECREATIONAL VALUE
. LAKE SURFACE AREA

. SUSTAINABLE FISH PRESENCE

. HABITAT USE BY ANADROMOUS SALMON
. INFLUENCE OF DOC, ORGANIC ACIDS

. EST. LKVOLUME & RESIDENCE TIME

N[ oou bW |N|ER
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Table 24. Rating results for the 10 lakes with either CL exceedance or predicted ApH > 0.1. Lakes with an asterisk (*) were sampled in 2013 and
have high certainty on criteria 4 and 5.

End Lake West Lake
Criteria LAKO12* LAKO22 | (LAKOOG)* | (LAK023)* | LAK028 LAKO42 LAKO44* LAKO47 LAKOS4 LAKO56
1. ACCESSIBILITY
AND USE BY M L M H L L H L L L
PEOPLE
2. RECREATIONAL
VALUE H M H H M M H M L L
3. LAKE SURFACE
AREA L M H M L L L L L L
4. SUSTAINABLE . . . .
FISH PRESENCE H M H M M L L L M M
5. HABITAT USE BY
ANADROMOUS H M H M L M L L M M
SALMON
6.-INFLUENCE OF
DOC, ORGANIC M M M M M L M H L L
ACIDS
7. EST. LK VOLUME
& RESIDENCE L M M M M M H L L L
TIME
OVERALL RATING H* M H M L L L L L L

31 LAKO12 would rate “M” if it were isolated (due its small size, see Table 23), but since it is connected to End Lake (rated H) it should also be rated H.
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Appendix E. Fish Sampling Locations and Method

Fish sampling will occur in seven lakes: four vulnerable lakes which can be safely accessed, and

three reference lakes (Figure 10).

a T

Ll

W
e

e

Lake 12

Lakelse Lake

‘Kitimat

Figure 10. Map of the seven lakes that will be sampled for fish presence/absence. The four vulnerable
lakes (Lakes 6, 12, 23 and 44) are indicated by orange borders around their photographs,

and reference Lakes 7, 16 and 34 are indicated by blue borders.
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Fish sampling will be scheduled for a time when water temperature in the epilimnion (surface
mixed layer if the lake is density stratified) or the complete water column if no stratification is
present is 7-13°C. Fish capture using gill nets is known to be most effective in this temperature
range (Ward et al. 2012). Temperatures >132C may cause unacceptable fish mortality while
temperatures <72C reduce fish activity and catch rates in passive gears such as gill nets. Based
on available information for lakes in the Kitimat Valley, this temperature range is likely to occur
in the latter half of September or early October.

Fish sampling will be done using gill nets. Two standard RIC nets (RIC 1997) and two small mesh
nets will be fished in each lake using standard overnight methods (RIC 1997). The nets will be
installed in late afternoon and recovered the following morning. One floating and one sinking
RIC standard gill net (RIC 1997) will be used, each having dimensions of 91.2 x 2.4 m with six
panels of different mesh sizes (25, 89, 51, 76, 38, and 64 mm stretched mesh). One floating and
one sinking fine mesh gill net will be used to capture small underyearling fish. The fine mesh
nets will have dimensions of 1.8 x 12.4 m with four panels of different small meshes (12.5, 19,
16, 25 mm stretched mesh). Material for the small mesh netting will be uncoloured
monofilament <0.13 mm for the three smallest meshes and 0.18 mm for the largest mesh size.

The nets will be placed in habitat considered optimal for catching fish. The crew will deploy the
gill nets and record coordinates using a GPS receiver. Procedures follow standard methods for
gill netting by Lester et al (2009), Appelberg (2000), and Morgan and Snucins (2005). Use of
sinking and floating nets will facilitate sampling of most depths in each lake. Various rigging will
be used to either sink a net or float a net to a specific depth to achieve collection of samples
from target depths.

References:

Appelberg, M. 2000. Swedish standard methods for sampling freshwater fish with multi-mesh
gillnets. Fiskeriverket Information 2000:1. 29 pp.

Morgan, G. E. and E Snucins. 2005. Manual of Instructions and Provincial Biodiversity
Benchmark Values Manual of Instructions for NORDIC Index Netting. Ontario Ministry of
Natural Resources. 47 pp.

RIC. 1997. Fish Collection Methods and Standards. Prepared by the B.C. Ministry of
Environment, Lands and Parks, Fish Inventory Unit for the Aquatic Ecosystems Task Force,
Resources Inventory Committee (RIC).

Ward, H. G. M., P. J. Askey, J. R. Posta, D. A. Varkey, and M. K. McAllister. 2012. Basin
characteristics and temperature improve abundance estimates from standard index netting
of rainbow trout (Oncorhynchus mykiss) in small lakes. Fisheries Research, 131-133: 52-59.
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Appendix F. State-of-Knowledge Summary for Liming of Soils

One of the long-term legacies of acid rain has been identified as calcium depletion in soils
(Lawrence et al. 1999; Huntington et al. 2000; Watmough and Dillon 2003a; Yanai et al. 2005).
Calcium (Ca) is a macronutrient for trees (Lawrence et al. 1999) and other biota, and is
important for sustaining growth (Lawrence et al. 1995). Acid deposition leaches calcium from
the soil (Driscoll et al. 2001; Likens et al. 1998), making less available for uptake by roots to
replenish losses in the canopy. Losses of calcium in the soil make forest ecosystems
increasingly sensitive to continuing inputs of acid (Likens et al. 1998), and threaten forest health
and productivity (Watmough and Dillon 2003b). Site-specific application of buffering
compounds may be effective. The wide range of success of such treatments suggests a need for
testing specific locations on a pilot scale.

Lime and wood ash are used for forest soil amelioration, with the objective of reducing soil
acidity, increasing calcium concentrations in trees, and improving tree growth (Reid and
Watmough 2013). Soil pH, calcium foliar concentration, and various tree growth metrics are
typically used to measure success. Other useful performance metrics include base saturation,
ectomychorrhizae (ECM) root colonization, and indices of microbial diversity, richness and
abundance (Reid and Watmough 2013).

The two most common buffering compounds used in liming research are calcite (calcium
carbonate, limestone, CaCO3) and dolomite (CaMg(COs),), but wollastonite (CaSiO3), gypsum
(CaS04), calcium nitrate (Ca(NO3)2), and calcium chloride (CaCl2) can also be used (Reid and
Watmough 2013). Solubility affects the response of soils to calcium treatment. Calcium in
wood ash is more soluble than calcium in lime compounds (Meiwes 1995). In wood ash,
calcium is typically present as CaCOs, but concentrations tend to be highly variable and inferior
to those in liming agents (Demeyer et al. 2001). Potentially toxic elements such as cadmium
(Cd) and lead (Pb) may also be present in wood ash (Demeyer et al. 2001; Aronsson and
Ekelund 2004).

On the whole, additions of calcium to soils have not been universally beneficial. In their meta-
analysis of 350 independent trials from 110 peer-reviewed liming and wood ash studies, Reid
and Watmouth (2013) found that treatment efficacy depends on a number of inter-related
factors, including soil type (organic vs. mineral), time since treatment, material used (lime vs.
wood ash), dose, forest stand age, and tree species (hardwood vs. softwood). For example,
organic soils exhibited a larger increase in pH following calcium addition than did mineral soils
(mean increases of 1.04 and 0.36 pH units respectively), and organic soils responded better to
lime than to wood ash additions. Young forest stands (<50 yrs) on organic soils that were
treated with lime showed the greatest mean increase in pH (1.68 units). In mineral soils, the
greatest mean increase in pH (0.64 pH units) occurred in initially acidic soils (pH <4.5) that
received higher treatment doses (>5000 kg/ha). The largest increase in base saturation (42.4%)
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occurred in the organic soils of softwood stands where sampling took place >10 years after
treatment. Foliar calcium concentration showed the highest increase in limed stands (48.5%
over control) as compared to stands treated with wood ash (13.8% over control). Limed
hardwood stands treated with high doses (>5000 kg/ha) exhibited the greatest mean increase
in foliar calcium concentration (92.5% over control). As a performance measure, tree growth
showed the highest degree of variation in the analysed trials, with time since treatment, initial
soil pH, and tree species all affecting the response to treatment. The highest mean increase in
growth (116% over control) occurred for softwoods on soils with initial pH >4.5 and where
measurements were taken more than 10 years after treatment. For sites with initially acidic
soils (pH <4.5), hardwoods showed greater growth increases than softwoods, especially at
higher doses (>5000 kg/ha).

When soils are treated with calcium, the lime or wood ash is applied to the upper organic
horizon and takes time to leach down into the mineral soil. Short-term trials may fail to detect
effects in the mineral horizon. Recycling of calcium by forests may also serve to hold the added
calcium in the organic layer (Reid and Watmough 2013). Recent research on sugar maple
stands in Quebec demonstrated that lime addition on the forest soil surface can take more than
a decade to reach and influence mineral soils (Moore et al. 2012). Additionally, the response of
organic soils to calcium additions may be affected by forest stand age. Older stands have
higher calcium demands than younger stands, resulting in fewer of the hydrogen ions in soil
being replaced by calcium (Reid and Watmough 2013). Additionally, young stands are able to
mobilize more calcium than they can accumulate in biomass, resulting in higher concentrations
of calcium in the soil exchangeable pool (Johnson et al. 1994). More calcium in the
exchangeable pool could lead to sustained positive effects on foliar calcium concentration and
tree growth (Reid and Watmough 2013).

Lime treatment produces a larger response in soil pH and foliar calcium concentration than
wood ash, largely because the calcium content in lime compounds is higher than in the same
mass of wood ash (Reid and Watmough 2013). Other treatment attributes that may affect
response include method of application and calcium solubility. Higher liming rates produce a
longer-lasting effect on soils than lower rates (Moore et al. 2012).

Initial soil pH, tree species (hardwood vs. softwood), and time since treatment all influence tree
growth in response to soil amelioration with calcium. In the meta-analysis of calcium trials
conducted by Reid and Watmough (2013), both hardwood and softwood stands exhibited the
largest increase in growth on soils that were initially only moderately acidic (pH 4.5 - 6). The
authors postulated that these sites may have been less limiting in terms of other nutrients
(magnesium, potassium, nitrogen, phosphorus) than more acidic sites (pH <4.5). Calcium
additions from liming or wood ash treatment can induce pronounced soil changes no matter
the initial soil pH, but a growth response will not occur if other nutrients are also limiting. For
example, Aronsson and Ekelund (2004) found that forest growth can be increased on wood ash-
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ameliorated peatlands rich in nitrogen. However, no change or even decreased growth
occurred on nutrient-poor mineral soils treated with wood ash.

Growth effects from calcium treatment of soils also varied by tree species and time since
treatment in the trials analysed by Reid and Watmough (2013). Within the hardwoods, sugar
maple growth increased in response to calcium addition, American beech showed no change in
growth, and black cherry growth declined. Such species-specific variability reflects the
complexities inherent in the requirements for tree growth (Reid and Watmough 2013). Tree
growth also takes time, and 50% of the trials in the analysis measured growth less than 6 years
after treatment. The paucity of long-term trials may explain the substantial number of studies
that reported no growth effect (Reid and Watmough 2013). Additionally, environmental
conditions such as rainfall or pollutants may influence tree growth and vitality during the trial
period, affecting site condition and treatment effects (Van der Perre et al. 2012).

In their review of wood ash trials in boreal forest and aquatic ecosystems, Aronsson and
Ekelund (2004) concluded that the effects of calcium treatment on ground vegetation, fungi,
soil microbes, and soil-decomposing animals were not very clear. The discrepancies between
different studies could be largely explained by abiotic factors such as variation in fertility among
sites, different degrees of stabilization, and wood ash dosage used, and different time scales
among different studies. Given uncertainties about the efficacy of wood ash application, and
the potential for biotoxic effects on both terrestrial and aquatic ecosystems, the authors
recommended site-specific application practices, rather than broad and general wood ash
application to forests.

References:

Aronsson, K.A. and. Ekelund, N.G.A. 2004. Biological effects of wood-ash application to forest
and aquatic ecosystems. J. Enviro. Qual. 33: 1595-1605. Abstract only at:
http://www.ncbi.nlm.nih.gov/pubmed/15356219. Accessed October 22, 2013.

Demeyer, A., J.C. Voundi Nkana, and M.G. Verloo. 2001. Characteristics of wood-ash and
influence on soil properties and nutrient uptake: An overview. Bioresource Technology 77:
287-295.

Driscoll, C.T., G.B. Lawrence, A.J. Bulger, T.J. Butler, C.S. Cronan, C.Eager, K.F. Lambert, G.E.
Likens, J.L. Stoddard, and K.C. Weathers. 2001a. Acidic deposition in the northeastern
United States: Sources and inputs, ecosystem effects, and management strategies.
BioScience 51(3):180-198

Huettl, R. and Zoettl, H. 1993. Liming as a mitigation tool in Germany’s declining forests-
reviewing results from former and recent trials. For. Ecol. Manage. 61: 325-338. Abstract
only at:
http://journals2.scholarsportal.info.catl.lib.trentu.ca:8080/journal.xqy?uri=/03781127.
Accessed October 21, 2013.
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Appendix G. State-of-Knowledge Summary for Liming of Lakes

Other than source control of emissions, the most effective mitigation strategy for managing
acidic conditions in lakes, streams, or watersheds is liming (Olem 1990, Clair and Hindar 2005 —
excerpts from these documents are included at the end of this appendix). Liming commonly
results in significant positive physical, chemical, and biological changes in aquatic ecosystems.
The pH, ANC, dissolved inorganic carbon, and calcium of surface waters generally increase with
the addition of limestone. Concentrations of nutrients do not typically change, but liming
increases nutrient cycling, decomposition, and primary productivity. Aluminum, iron, lead,
manganese, and zinc — metals that may be toxic to aquatic biota — are sometimes lower in
limed lakes due to precipitation, oxidation, surface adsorption, and ion exchange. Liming
generally has positive impacts on fish, with successful reproduction and growth of resident and
re-introduced species in many cases (Olem 1990). Despite its many benefits, liming may not
restore the biota believed to be present prior to acidification, particularly if certain taxa have
been eliminated due to a large reduction in lake pH for a considerable length of time. Liming
cannot counteract the effects of acidic episodes from influent streams or from littoral zones.
Other factors that distinguish limed lakes from their unacidified counterparts include the
presence of precipitated metals, undissolved base material, elevated calcium levels, and the
possibility of re-acidification between treatments (Olem 1990).

Studies completed since 1990 generally support the overall conclusions of Olem (1990)
regarding the physical and chemical changes that occur following the liming of an acidic lake
(e.g. see Clair and Hindar 2005). However, many post-1990 studies suggest that biological
recovery in limed lakes is variable, and is not always as successful as reported by Olem (1990).
While in many cases restocked fish populations were re-established (e.g., Sandgy and
Romundstad 1995), unintended and undesired responses can include: instability of the fish
community due to both chemical and biological factors (Appelberg et al. 1995, Nilssen and
Waervagen 2002); incomplete restoration of biota to the species mix present in unacidified
lakes (Hultberg and Andersson 1982; Renberg and Hultberg 1992), though species diversity may
be comparable (Appelberg et al. 1995, Hornstrom et al. 1993); undesirably large expansions of
macrophyte populations that take advantage of the more alkaline conditions (Roelofs et al.
1994). Recovery can be severely prolonged in strongly disturbed, chronically acidified
ecosystems (Nilssen and Waervagen 2002).

Emissions reduction at source is clearly a more permanent solution than liming, but it may not
be the preferred solution if only a few lakes are affected, and source control involves other
environmental impacts. Extensive liming efforts in Norway and Sweden have shown that
systems that are treated before all fish species are lost, and before major dominance shifts
occur within the macroinvertebrate community, recover the most quickly (Nilssen and
Waervagen 2002). For localized mitigation through liming, the most prudent approach for
conserving fish populations and other biota in lakes considered to be valuable (and feasible for
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liming) would be to maintain their pH at close to their current level (i.e., preventative liming).
Localized mitigation would involve occasional, careful additions of precisely estimated amounts
of limestone to the lake surface to maintain lake pH at its current level (i.e., if the lake pH falls
0.3 units below its 2012 level, then restore it back to its 2012 level). Laboratory tests of
collected lake water should be used to empirically determine the appropriate dosage, and
develop a titration curve for each lake. Models could be used to check these estimates.
However, it should be considered that liming will likely need to be redone on an ongoing basis
(every few years) if the source of acidification remains unchanged. All of the European studies
with long-term results showed that the termination of liming programs resulted in rapid
reacidification and the reversal to pre-liming conditions (Clair and Hindar 2005).

The best candidates for liming (Weigmann et al. 1993) have the following characteristics:

0 Softwater lakes with pH < 6.5 (true for all 10 acid-sensitive lakes in the Rio Tinto Alcan
region);

0 Large pH fluctuations (not known for these lakes, but could be determined by placing a
pH sonde);

0 Retention time > 3 months (need to know mean depth®? to estimate this accurately, but
can get a rough estimate from 2012 sampling — see Table 25);

0 Evidence of historical fish populations (have anecdotal and survey data on this point for
some lakes in the valuation table, and will have more detailed data from 2013
sampling); and

0 Slow fish growth and low food production (can infer this from fish densities in 2013
sampling).

The New York Department of Environmental Conservation (1990) used somewhat different
criteria for deciding which lakes were appropriate for liming, focusing on lakes with a pH < 5.7
and a retention time less than 6 months.

Clair and Hindar (2005) further emphasize the importance of proponents and regulators
following a clear process to minimize ecological damage and maximize the chance of meeting
their objectives. To achieve these conditions, Clair and Hindar suggest the following issues be
carefully considered (2005, p. 18, emphasis added):
1. First, there needs to be a good rationale to justify attempting to modify an ecosystem,
and the parts of the ecosystem in need of protection need to be clearly identified.
2. There must be clear understanding of the target species life cycle.
3. The proponents must have reasonable expectations of what is achievable with the
methods they will be using.

*2 From the sampling conducted in 2012, we know the depth of lakes at the sampling point, but not the mean
depth which requires a bathymetry survey. The depth of the lake at the sampling point is a rough estimate of the
mean depth, but is driven by the safest place for the helicopter to hover, so the mean depth could be ~50%
lower or higher than the sampled depth.
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4. The proponents must have a good understanding of the time to recovery of the system.

Given the small size of the lakes of interest in the KMP study area, application of a limestone
slurry from a tank onboard a boat would be the most cost-effective approach for road-
accessible lakes, which ensures both rapid dissolution and accurate delivery across the lake

surface (Olem 1990, pg. 15-59). Delivery of limestone by helicopter or fixed wing aircraft would
be the only option for lakes which are not accessible by road, and the pros and cons would

need to be carefully evaluated (e.g., safety, lake’s value, degree of pH control); these methods
have had mixed success (Olem 1990, pg. 15-61 to 15-63).

Table 25. Estimate of water retention® time (or residence time) for the ten acid-sensitive lakes. All but

two lakes (LAKO12 and LAKO54) have more than a 3-month residence time.

Estimated
Midrange | Estimated
Lake | Depth at Water- Lake Midrange Min Max >3 month
Area | sampling | shed Area | Runoff Volume Residence | Residence Residence residence
SITE_ID (ha) | point(m) (ha) (m) (m3) Time (yr) Time (yr) Time (yr) time?
LAKOO6 10.25 5.7 91.2 0.88 584,232 0.726 0.363 1.089 YES
LAKO12 2.30 35 90.1 0.86 80,538 0.104 0.052 0.156 NO
LAKO22 5.74 10.1 39.9 0.83 580,128 1.744 0.872 2.616 YES
LAKO23 6.77 2.7 40.3 0.90 182,857 0.505 0.253 0.758 YES
LAKO28 1.02 15.5 11.9 1.58 158,726 0.849 0.424 1.273 YES
LAKO42 1.46 12.0 37.2 0.60 175,186 0.790 0.395 1.185 YES
LAKO44 2.01 15.0 9.9 0.64 300,832 4.777 2.388 7.165 YES
LAKO47 1.61 0.5 42.9 2.41 8,028 0.008 0.004 0.012 NO
LAKO54 1.52 5.1 125.3 1.61 77,707 0.038 0.019 0.058 NO
LAKO56 1.77 6.6 27.3 1.60 116,897 0.267 0.133 0.400 YES

? Retention time (yr) = Lake Volume (m3) / Annual Outflow (m3/yr). This can be estimated from:
Retention time (yr) = [Lake Area (mz) * Mean Depth (m)] / [Watershed Area (mz) * Annual Runoff (m/yr)].

Summary from Olem 1990:

Acidic conditions in surface waters can be mitigated by adding alkaline materials to the lake,
stream, or watershed or by less common methods. The primary objective is the maintenance of
water quality suitable for the support of fish populations. The mitigation strategy most effective
for mitigation of acidic conditions is the addition of limestone.

Conventional whole lake liming is a more established mitigation alternative than liming running
waters or watersheds. Lakes have been the receptors most widely treated, primarily because
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they can be treated with a single application that may last several years. Limestone applications
from boats or helicopters are generally the most effective techniques. Relatively few running
waters have been treated to date®®; permanent structures are generally required to provide
continuous streamwater treatment. Treatment of the watershed to protect lakes and streams
has been receiving increased interest in recent years. Watershed liming has been shown to last
longer than surface water liming and may provide increased protection from episodic acidic
conditions and leaching of trace metals. Little experience exists for watershed liming®*; its use in
the United States is experimental. Accurate methods are available for determining limestone
doses required for treating lakes, streams, and watersheds, and for estimating lake
reacidification rates.

The addition of base materials to surface waters commonly results in significant positive
physical, chemical, and biological changes in aquatic ecosystems. Physical changes that normally
occur in low humic waters after liming are decreased transparency and increased color and
temperature. The pH, ANC, dissolved inorganic carbon, and calcium of surface waters generally
increase after limestone addition. Concentrations of nutrients and organic matter do not
significantly change after liming, but some studies have shown a response in limed lakes. Metals
that may be toxic to aquatic organisms- particularly aluminum, iron, lead, manganese, and zinc-
are sometimes lower in limed waters due to precipitation, oxidation, surface absorption, and ion
exchange. Limestone addition often causes changes in lake sediments due primarily to the
instantaneous adsorption of calcium.

Liming generally increases nutrient cycling, decomposition, and primary productivity and results
in a positive response in aquatic biota. Liming often results in increased plankton biomass and
considerable alteration in community structure of benthic macroinvertebrates. The effects of
liming have been clearly favorable to fish populations. Liming has permitted the stocking of fish
species previously lost form the system, introduction of new species, or the recovery of existing
but stressed fish populations. Successful reproduction and growth of resident and reintroduced
fish species have been developed in many limed surface waters. In a few isolated instances,
liming has caused mortalities in resident fish populations due to metal toxicity, but the
conditions causing the toxicity were not always clearly identified.

Restoration of water quality conditions to those believed to exist before acidification has not
always resulted in restoration of the original biota. It may also be possible that liming cannot
restore conditions exactly as they were before acidification. For example, whole-lake liming does
not eliminate acidic episodes from influent streams or from littoral zones. Other factors also
separate limes waters from their unacidified counterparts, including precipitated metals,
undissolved base material, elevated calcium levels, and the possibility of reacidification between
treatments.

3 Significantly more experience and research on stream liming and watershed/catchment liming has accumulated
since 1990 (e.g., see Clair and Hindar 2005 for a more recent review).
¥ See previous footnote.
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Excerpts from Clair and Hindar (2005):

NOTE: the studies reviewed by Clair and Hindar (2005) concern freshwater systems with much
more substantial levels of acidification than represented by pH thresholds identified in the
present EEM. The predominant focus of research on liming has been highly acidified lakes in
Europe and eastern North America, which have been exposed to heavy levels of deposition over
decades. Consequently, compared to the context of the EEM, the pre-liming conditions of the
lakes and streams described by Clair and Hindar (2005) represent systems with much higher
levels of acidification, thus requiring more intensive liming treatments targeting greater
changes in pH, and significant ecological degradation that has occurred over time. The possible
application of liming within the EEM concerns a much smaller change in pH and a much more
responsive timeframe for potential mitigation.

Based on our analysis of the literature, we must come to the conclusion that with very few
exceptions, the use of lime or dolomite on either catchments or water bodies is not deleterious
to aquatic ecosystems either in the short or long term. The one exception to these conclusions is
the liming of wetlands. (p. 116)

Most of the studies we report on have been able to modify the chemistry of receiving waters to
a desired state. Generally, the biological communities in rivers and lakes that have been limed
tend to accumulate more acid-sensitive species, and have not shown any obvious further
degradation in community composition or structure. However, returns to what may have been
pre-acidification ecological conditions have been more elusive. An important reason for this is
that the chemical changes brought about to streams, lakes, and catchments are usually
temporary, as reacidification is bound to return ecosystems to their previous “damaged” state
upon cessation of the liming effort. The reversion is immediate when liming streams and rivers,
usually within a few years when liming lakes, and between 10 and 50 years when liming
catchments. So the question that must be asked is whether liming is a worthwhile exercise in the
long term. As we show that liming is not generally harmful to the environment, deciding
whether or not to lime will involve a number of social, policy, and even philosophical
considerations. (p. 116)

The main shortcoming of liming programs is that ecosystems do not completely return to
preacidification conditions for several reasons. First, unstable or inadequate chemistry
conditions may occur when using unsuitable liming strategies. Secondly, species interactions and
a lack of sources for sensitive species reintroduction will affect community composition.
Generally, the papers quoted in this review show that targetted fish species usually, but not
always, can be assisted in returning to viable numbers, as long as pH and ANC (and thus lower
Ali) can be maintained over long periods of time and that restocking or protection against
predators is done. More often than not, however, the rest of the ecosystem is never completely
returned to pre-acidification conditions and the new communities may be relatively unstable
and prone to large changes in composition. (p. 117)

Ecosystem liming must be viewed as a tool to keep ecosystems or targetted fish populations
from being irretrievably lost until nature can restore itself under less polluted conditions. It
cannot be a substitute for pollution prevention, nor should it be used to create conditions that
did not exist before the acidification problem existed. (p. 118)
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Appendix H. Design Considerations for Detecting Trends in

Lake Chemistry

The BC Ministry of Environment has requested a detailed description of the statistical and
inferential methods to be used to evaluate the EEM triggers in Table 14, using both the key
performance indicator of pH and other informative indicators such as ANC. The methods
described below build on previous acidification studies, but will be further adapted based on
detailed studies on lake chemistry being conducted in 2014.

The EEM triggers in Table 14 (decrease in lake pH of 0.3 pH units) are meant to result in the
earliest possible detection of biologically significant acidification that is related to KMP. The
following points help to provide a context for the methods described below:

1. No acidification would show patterns like those in Figure 11 (i.e., increases in SOq
deposition and lake SO4, but no change in lake in ANC or pH).

2. Acidification strongly related to KMP would generate the patterns shown in Figure 12
(i.e., increases in emissions of SO,, deposition of SO4 and lake [SO4]; and decreases in
lake ANC and pH).

3. Acidification unrelated to KMP could show patterns like those in Figure 13 (decreases in
pH and ANC, no change in SO4), but increases in other anions, such as NOs; (other
pollution sources), Cl (acidification due to deposition of seasalt in watersheds with
organic acids) and/or organic anions (watershed releases due to changes in climate).

4. Combinations of natural and anthropogenic processes could result in patterns
intermediate between Figure 12 and Figure 13. For example, releases of stored
sulphate from wetlands or marine clays might cause episodic acidification, but would
not be expected to show a long term, continued acidification trend correlated with
changes in sulphate deposition.

5. Acidification trends are best detected by examining multiple indicators (deposition of
SQ,, lake [SO4], lake ANC, and lake pH) across multiple lakes with similar characteristics
(Stoddard et al. 1996, 2003). Examining water quality trends jointly for the acid-
sensitive lakes with similar characteristics (to be evaluated as part of the statistical
power analysis) will provide much higher statistical power to evaluate trends than
examining each lake’s trends independently. Six of the seven acid-sensitive lakes in the
EEM Program have similar pH levels (4.98 to 5.92), ANC (-4 to 57 peq/l) and percentages
of organic anions (25 to 28%), as shown in Table 26. Lake 042 has a somewhat lower pH
(4.68) and ANC (-20 peq/l) due its higher percent of organic anions (81%). Fortunately,
Stoddard et al. (1996) found that lakes with low ANC and low DOC, as well as lakes with
low ANC and high DOC, have relatively low year to year variability in ANC and pH, and
therefore have relatively good statistical power for detecting trends compared to other
types of lakes with higher ANC (Figure 16).
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Figure 11. Patterns of changes in SO, deposition (top graph), lake [SO,] and ANC (middle graph), and lake
pH (bottom) indicating no acidification (i.e., lake [SO,] increases, but sufficient weathering
rates to neutralize deposited acids, so no change in ANC or pH).
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Figure 12. Patterns of changes in SO, emissions, SO, deposition and lake [SO,4] (top graph), ANC (middle
graph), and lake pH (bottom graph) consistent with acidification due to KMP.
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Figure 13. Patterns of changes in SO, emissions, SO, deposition and lake [SO,] (top graph), ANC and
other anions [NO3+CL+Organic], (middle graph); and lake pH (bottom graph) consistent
with acidification due factors other than KMP (i.e., N emissions, sea salt acidification,
and/or climate-driven releases of organic anions). This pattern might occur for high DOC
lakes close to the sea but far from the smelter plume and therefore receiving low levels of
S deposition.
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Table 26. Characteristics of lakes included in the EEM Program. Chemical values shown are from
sampling in August 2012. EEM Program will rely on fall sampling.

IDENTIFICATION SITE ATTRIBUTES ANION COMPOSITION  CRITICAL LOAD, pH
DEPOSITION & (original, present, post-KMP)
EXCEEDANCE
T e
o .. 5 £ $£% zp
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m ha ha m umeg/ % % % % % mzeq/ mze o mze o mze o pHy  pH: pH.
L m</yr m“yr m7yr m“yr
Acid Sensitive Lakes
LAK006 End L. 151 10.2 91 09/ 3 Yes-Obs. 257| 34% 8% 17%  34% 6% 284 207 424 142| 602 579 531 -048
LAK012 Litle End L. 151 23 90 09/ 3 Yes-Obs. 57.00 61% 4% 6% 26% 4% 791 199 415  -374] 574 564 551 -0.13
LAK022 162 5.7 40 08 3 Yes-Infer. 278 24% 7% 29% 35% 6% 539 195 415 122 6.1 5.92 554 -0.39
LAK023 WestL. 211 6.8 40 09/ 3 Yes-Obs. 19.8]25% 6% | 26% 86% 7% 319 203 407 90] 5% 570 516 -0.54
LAK028 267 1.0 12 16 4  Unknown -4.01 0% 5% 25% | 18% 461 637 96.8 512 577 498 460 -0.38
LAK042 171 1.5 37 06 Yes - Infer. -204] 0% 7% 8% 4% 159 67 157 02| 492 468 448  -0.20
LAK044  Finlay Lake 219 20 10 06 No - Obs. 13| 9% 19% 24% [38% 10% 00 70 166 16.7) 580 540 486 -0.55
Control Lakes
LAK007  Clearwater Ls. 152 26 367 10/ 3 Yes-Obs. 1437.6) 95% 2% 3% 0% 0%| 1390.0 168 359 -13537| 7.98  7.98 798  0.00
LAK016 247 26 41 09/ 3 Unknown 68.7) 83% 4% 23% 15% 5%| 1155 219 443  -709 637  6.31 6.24  -0.07
LAK034 292 8.6 73 07/ 3 Yes-lInfer. 99.41'69% 3% 11% 15% 3%| 125.1 80 188 -1059| 6.76  6.74 6.71  -0.03
Special Study Streams
STR002 Anderson Cr. d/s 146 3741 21 3 Yes-Obs. 942) §7% 2% 37% 3% 1%| 3306 214 255 -3019] 6.91 6.91 6.91  0.00
STR009 Kitmat R. d/s 112 157136 1.6 3  Yes- Obs. 160.6] 80% 4% 13% 2% 0%] 2993 139 236 -2734] 6.98  6.98 6.98  0.00

Table 27 shows examples of pH, ANC and SO, thresholds that will be determined for each of the
7 acid-sensitive lakes in the EEM Program, based on a lake specific titration curve derived from
the Gran ANC calculations. The titration curve is the relationship between pH and ANC, and its
shape is affected by the amount and character of dissolved organic acids in a lake (ESSA et al.
2013 (pgs. 238-239, 304), Hemond 1990, Marmorek et al. 1996).

Table 27. lllustration of pH, ANC and SO, thresholds which would be established for each of the 7 acid-
sensitive lakes in the EEM Program, based on lake specific titration curves. Exceeding SO,
thresholds is not a concern as long as the pH and ANC thresholds are not exceeded. The
calculation of the Baseline value is discussed in Section 6.2.2.

Hypothetical pH ANC SO,
Lake | page- Threshold Base- Threshold Base- Threshold
line line line
value Value A value Value A value Value A
A 6.0 5.7 0.3 26 11.8 -14.2 30.2 44.4 14.2
B 5.5 5.2 0.3 5.8 -1.1 -6.9 6.2 13.1 6.9
C 5.0 4.7 0.3 -5.8 -15.6 -9.8 56.9 66.7 9.8
D 4.5 4.2 0.3 -26 -53.2 -27.2 9.0 36.2 27.2
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Determining whether or not an individual lake’s fall pH measurement has decreased by 0.3
units (Table 14 trigger for increased monitoring) involves comparing baseline estimates of the
pre-KMP pH with post KMP pH measurements. Combining all of the data for the seven acid-
sensitive lakes will increase the sample size 7-fold for detecting overall trends in pH, ANC and
SO;,.

Comparisons of lake pH values will be affected by variability in pH both between years (due to
annual variation in climate) and within the fall sampling period (due to variability in lake
productivity, mixing and weather). Ultimately there are two potential types of errors:
1. False negative: not detecting a real pH decrease of 0.3 units that has occurred, could
affect aquatic biota, and is due to KMP (an environmental risk); and
2. False positive: detecting a pH change of 0.3 units which is actually due to natural
fluctuations and falsely attributing it to KMP, leading to unnecessary expenditures on
monitoring and/or mitigation (an economic risk).

The EEM Program will use five strategies to reduce the risks of these errors:

1. examine long term data sets from other regions of North America to assess within-year
and between-year variability in lake chemistry;

2. obtain estimates of the natural variability in pH, ANC, SO4 and other ions from 3 of the
acid-sensitive lakes (End Lake (lake 006), Little End Lake (lake 012), and West Lake (lake
023))*;

3. use inferences from steps 1 and 2 to conduct statistical power analyses of the ability to
detect changes in pH, ANC and SO4 over different time frames, using either fall index
samples or more frequent sampling, building on the work of Stoddard et al. (1996),
excerpted in Figure 16;

4. use data from all 7 acid-sensitive EEM lakes jointly to increase statistical power;

5. examine patterns of change in lake chemistry across gradients of SO, deposition and
sensitivity within the 11 sampled lakes (7 acid-sensitive and 4 insensitive lakes); and

6. use multiple lines of evidence to assess whether or not acidification is occurring (i.e.,
lake pH, ANC, SO4, NO3, DOC, S and N deposition), as discussed above.

Step 1 has been partially completed and provides some useful insights. Further work is planned
in 2014. The 7 acid-sensitive lakes in the EEM Program all have pH values less than 6 (pH ranges
from 4.7 to 5.92). Figure 14 shows that within year variability in pH in Ontario lakes was much
less for lakes with a mean pH<®6, than for lakes with a mean pH>6. These results reflect two
factors: 1) pH is on a log scale, so a given change in hydrogen ion concentration results in a
smaller pH change below pH 6 than above pH 6; and 2) lakes with pH < 6 are generally less
productive than lakes with pH > 6 and therefore have less within-year variability in pH. Figure

** Continuous pH monitors (calibrated and cross-checked against a field pH meter every two weeks) will record pH every 30
minutes from September 2014 to August 2015 except during winter months when ice cover prevents access. Full chemistry
samples will be obtained four times during October 2014 to assess natural variability during the index period, and monthly
during other months except for the winter period.
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14 provides encouragement that a year on year change of > 0.3 pH units will generally be
greater than within year variability in pH for the EEM lakes, and therefore more feasible to
detect. Furthermore, variability within the fall index period is likely to be less than variability
within the entire year.

Annual pH Range vs Mean pH in Ontario Lakes
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Figure 14. Within year range of pH (maximum pH — minimum pH) versus mean annual pH, for 63 lake-
years of data from Ontario lakes. For lakes with an annual mean pH < 6, the pH range was
less than 0.3 pH units for 27 out of the 31 lake years of data. Source of data: Dr. Norman
Yan (York University) and Andrew Paterson (Ontario Ministry of Environment).

Figure 15 is from 32 years of monitoring data for Blue Chalk Lake in Ontario, which over the
period from 1976 to 2007 had an average pH between 6.4 and 6.8, and a slightly increasing
trend. Since the mean pH of Blue Chalk Lake was greater than 6, it had more variability in pH
than Ontario lakes with a mean pH < 6 (Figure 14) and more variability than we would expect to
observe in the 7 EEM lakes, which all had a pH < 6 in August 2012. Figure 15 shows that
October pH samples in Blue Chalk Lake generally tracked the overall trend in pH over this
period, and showed less variability than the complete data set. Similar analyses of variability in
long term monitoring data led the US EPA to select the fall index period for lake sampling in the
National Surface Water Survey (Landers et al. 1987), and the subsequent Environmental
Monitoring and Assessment Program (Stoddard et al. 1996).
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The work by Stoddard et al. (1996) on behalf of the US EPA is very relevant to the KMP EEM
Program. Stoddard et al found that annual sampling of 5 low ANC-low DOC lakes (top curve of
top graph in Figure 16) could detect an annual ANC trend of 0.5 peq L™ yr™* at high statistical
power (0.8) after 10 years, or a total change in ANC of 5 peq L™ after 10 years. Though Stoddard
et al. do not present curves for other effect sizes, it should take less time to reliably detect
larger ANC changes. As shown in the example of Table 27, the KMP EEM Program needs to
detect ANC changes in the range from 7 to 27 peq L™, which are larger than the decadal
changes of 5 peq L™ assessed by Stoddard et al. These results suggest that it should be feasible
to reliably detect the desired ANC changes in less than a decade for the complete set of EEM
lakes, but this preliminary observation needs to be confirmed in the statistical power analyses
to be conducted based on data gathered in 2014.

Trends in SO4 (bottom graph in Figure 16) can be reliably detected sooner than trends in ANC
(top graph in Figure 16), as SO4 is less variable than ANC. Stoddard et al. found that it would
take only 5 years to detect an annual trend in SO4 of 1.2 peq L™ yr™, or 12 peq L 'per decade (at
the low end of the range in Table 27); smaller changes in SO, would be detectable with high
statistical power after a decade of monitoring.

The data for all 7 acid-sensitive lakes could also be analyzed using an approach like that in
Figure 17. This would provide an estimate of the proportion of the complete sample of all acid-
sensitive lakes which show pH changes beyond the specified threshold. A similar approach
could be applied to ANC and SO4. As shown in Figure 16, the 7 acid-sensitive lakes should
provide a sufficient sample size for the population of interest.
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Figure 15. Long term trends in pH in Blue Chalk Lake in Ontario. All sampled pH values are shown by the blue diamonds. October pH samples
(coinciding with the vertical grid lines) are shown by the yellow triangles. The mean pH for each year is shown by the red bars for

each year.
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Figure 4. Results of power calculations for seven TIME sub-
populations and all TIME lakes for trends in (a) ANC (A = 0.5
weq L™"yr~1) and (b) SO2~ (A = 1.2 peq L~ yr™Y). In both
plots, & = 0.10. For ease of interpretation, lake subpopulations
are listed in the legend in decreasing order of power for ANC
trends (power Curves for the low-ANC/low-DOC and low-
ANC/high-DOC subpopulations are nearly coincident and plot
together). Numbers in parentheses in legend are the annual
sample sizes used in the calculations for each subpopulation.

Figure 16. Statistical power analyses for detecting changes in lake ANC and SO. Source: Figure 4 in
Stoddard et al. (1996).
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Figure 17. lllustration of hypothetical regional trends in the distribution of pH changes across the set of 7
EEM lakes.

A similar graph could be generated for other parameters (ANC, SO, base cations). From 2015 onwards,
the pH measurements from each of the seven acid-sensitive lakes would be compared to the mean pH
for each lake from the baseline period (discussed in Section 6.2.2). The box represents the distribution
of the middle 50% of such comparisons of pH change (i.e., 25" to 75" percentiles), and the tails
represent the 10" to 90" percentiles. These data could be used to determine the proportions of pH
changes in any one year (across all lakes) that are less than -0.3. Water quality data from multiple lakes
(pH, ANC, SO, base cations) could also be analyzed using a linear mixed-effects model having lakes and
years as class variables (equation 1 in Stoddard et al. 1996).
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Appendix I. Liming Treatment to Mitigate Acidic Effects on an

EEM Study Lake: Conceptual Design of Pilot Study

Context

If the KPIs for lakes, streams and aquatic biota exceed the threshold for receptor-based
mitigation, the prescribed action is:

“Pilot liming to bring the lake back up to pre-KMP pH, subject to approval by BC
MOE/DFO prior to implementation”

In the case that an exceedance of the KPI has been observed, measured and concluded to be
real (i.e., not a false positive), the following section provides an outline of the approach for
designing a pilot study for liming.

Objectives

Objectives of the Liming Treatment
1. Restore lake pH to its pre-acidification chemical condition without causing adverse
ecological impacts

Objectives of the Pilot Study
2. Determine the optimum method of liming.
3. Determine the chemical effects of the liming treatment on the target lake
4. Determine the biological effects of the liming treatment on the target lake

Hypothesis

The pilot study will be designed to be able to evaluate whether the evidence supports or fails to
support the following hypothesis:

Liming treatment will restore lake chemistry (i.e., pH and ANC) without causing
adverse effects to biological functioning of the lake ecosystem.

Candidate Lakes for Limestone Treatment

The lake or lakes being considered as candidates for limestone treatment will be those that
have exceeded the KPI thresholds for receptor-based mitigation, as per the design of the EEM.
There will be two lakes at most under consideration for limestone treatment because any more
than two lakes would trigger the requirement for facility-based mitigation.
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Suitability Criteria

The best candidates for liming (Weigmann et al. 1993) have the following characteristics:
= Softwater lakes with pH < 6.5;
= Large pH fluctuations;
= Retention time > 3 months;
= Evidence of historical fish populations; and
= Slow fish growth and low food production.

Additionally, the candidate lake needs to be safely accessible, both for treatment and
monitoring purposes. ldeally, it will be easily accessible to facilitate repeated monitoring visits
before and after treatment.

Methods
Initial analyses

A number of analyses will need to be conducted before implementing a pilot liming treatment.

1. The candidate lake(s) must be assessed in terms of its suitability for treatment.

2. A benefit-cost analysis of liming treatment options will be needed to inform the
design of the pilot study (e.g., accessibility will influence the treatment methods,
such as surface or aerial application, and the cost of repeated monitoring).

3. The amount of limestone to be applied in the treatment in order to achieve the
target increase in pH will be calculated (i.e., based on the physical properties of the
lake and the lake-specific titration curve).

4. A conservative, incremental approach will be designed for the application limestone
to ensure the pH target is not exceeded.

5. The full experimental design of the pilot study will be finalized, with additional
review by:

a. Limestone treatment expert — to ensure the treatment has the highest
probability of being successful; and,

b. Statistical design expert — to ensure the study has ability to correctly detect
changes in lake chemistry and biology (e.g., power analyses).

Pre-liming sampling to establish chemical and biological baseline

Baseline sampling must be conducted prior to application of the limestone to be able
determine the impacts of the liming treatment on lake chemistry and biology.

Water chemistry: The pre-liming baseline for water chemistry conditions will be established by
the annual EEM fall index sample. This sample includes full chemistry (pH, ANC, base cations,
anions, Al and other metals, as described for annual monitoring in the EEM.

PROGRAM PLAN FOR 2013 T0 2018 100



RioTinto Alcan KMP SO, ENVIRONMENTAL EFFECTS MONITORING (EEM) PROGRAM

Lake biology: The pre-liming baseline for lake biological conditions will be established by
sampling phytoplankton, zooplankton, and fish communities to estimate biomass, density and
diversity. Establishing a robust baseline for phytoplankton and zooplankton will require six
monthly samples from May to October, obtained from near the middle of the lake in the pelagic
zone. Additional baseline monitoring could include estimating zooplankton productivity and/or
sampling macrophyte biomass, coverage and diversity; however, further evaluation is required
to assess their utility for achieving the objectives of the pilot study.

Buffer compound

Calcite (agricultural limestone) is the most commonly used liming compound (Clair and Hindar
2005). It is relatively inexpensive, widely available, natural, non-toxic and easy to work with
(Weigmann et al. 1992). Dolomite limestone is chemically similar, with slightly higher buffering
capacity but lower solubility, but an acceptable alternative when calcite is not readily available
(Weigmann et al. 1992). Numerous other liming compounds exist but most have only been
used experimentally or are difficult to work with (Clair and Hindar 2005).

Application of liming treatment

Given the small size of the lakes of interest in the KMP study area, application of a limestone
slurry from a tank onboard a boat would be the most cost-effective approach for road-
accessible lakes, which ensures both rapid dissolution and accurate delivery across the lake
surface (Olem 1990, pg. 15-59). Delivery of limestone by helicopter or fixed wing aircraft would
be the only option for lakes which are not accessible by road, and the pros and cons would
need to be carefully evaluated (e.g., safety, lake’s value, degree of pH control); these methods
have had mixed success (Olem 1990, pg. 15-61 to 15-63).

Post-liming chemical and biological monitoring

After the application of the limestone treatment, monitoring of water chemistry and lake
biology would occur annually for three years, following the same approach as described above
for pre-liming monitoring (i.e., fall index sampling for chemistry, six monthly samples for
biology). At that point, the chemical and biological effectiveness of the program would be
evaluated, and decisions made regarding future monitoring.

Analyses of pre- and post-liming monitoring data

Pre- and post-liming monitoring data would be compared and analyzed in order to determine
the impacts of the limestone treatment on lake chemistry and biological conditions and assess
the statistical and biological significance of those impacts.
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Documentation and reporting

Documentation of the study design for the pilot limestone treatment, preliminary analyses,
treatment implementation, monitoring results, and subsequent analyses would be reported

within the annual EEM reporting framework.

PROGRAM PLAN FOR 2013 T0 2018 102



0
.

RioTintoAlcan (Ai g;

Sulphur Dioxide Technical Assessment Report
in Support of the 2013 Application to Amend
the P2-00001 Multimedia Permit

Kitimat Modernization Project

Volume 2: Technical Report
Final
Prepared for:

Rio Tinto Alcan
1 Smeltersite Road, P.O. Box 1800,
Kitimat, B.C., V8C 2H2 Canada

Prepared by:

ESSA Technologies Ltd.
Suite 600 — 2695 Granville St.
Vancouver, B.C., Canada V6H 3H4

Authored by:

Ms. Diana Abraham, ESSA Technologies Ltd., Peterborough ON
Dr. Julian Aherne, Trent University, Peterborough ON
Ms. Anna Henolson, Trinity Consultants, Kent WA
Dr. Daniel Krewski, Risk Sciences International Inc., Ottawa ON
Dr. John Laurence, Portland OR
Dr. Christopher Lehmann, University of lllinois, Champaign IL
Mr. David Marmorek, ESSA Technologies Ltd., Vancouver BC
Ms. Carol Murray, ESSA Technologies Ltd., Vancouver BC
Mr. Christopher J. Perrin, Limnotek, Vancouver BC
Mr. Greg Paoli, Risk Sciences International Inc., Ottawa ON
Dr. Shaun Watmough, Trent University, Peterborough ON
Mr. Shawn Zettler, Rio Tinto Alcan, Kitimat BC

April 10, 2013



With greatly appreciated contributions from:

Mr. Kevin Adkinson, Trent University, Peterborough ON
Ms. Beth Beaudry Trinity Consultants, Kent WA
Ms. Shauna Bennett, Limnotek, Vancouver BC
Ms. Sarah Beukema, ESSA Technologies Ltd., Vancouver BC
Mr. Simon Casley, ESSA Technologies Ltd., Vancouver BC
Ms. Suzanne Dupuis, Rio Tinto Alcan, Saguenay QC
Ms. Nathalie Fortin, Rio Tinto Alcan, Montreal QC
Mr. Stephane Gauthier, Rio Tinto Alcan, Saguenay QC
Mr. Mark Gravel, Lapointe Engineering Ltd., Kitimat BC
Mr. Alexander Hall, ESSA Technologies Ltd., Vancouver BC
Ms. Anupama Krishnan, Trinity Consultants, Atlanta GA
Mr. James Mathers, Lapointe Engineering Ltd., Kitimat BC
Dr. Donald Mattison, Risk Sciences International Inc., Ottawa ON
Mr. Nicholas Ochoski, ESSA Technologies Ltd., Vancouver BC
Ms. Erica Olson, ESSA Technologies Ltd., Vancouver BC
Ms. Darcy Pickard, ESSA Technologies Ltd., Vancouver BC
Ms. Helene Pinard, Rio Tinto Alcan, Saguenay QC
Mr. Marc Porter, ESSA Technologies Ltd., Vancouver BC
Mr. Siva Ramoju, Risk Sciences International Inc., Ottawa ON
Mr. Dani Ramos, Limnotek, Vancouver BC
Mr. Donald Robinson, ESSA Technologies Ltd., Vancouver BC
Mr. Todd Ruthman, Risk Sciences International Inc., Ottawa ON
Mr. Tony Schroeder, Trinity Consultants, Indianapolis IN
Dr. Natalia Shilnikova, Risk Sciences International Inc., Ottawa ON
Dr. Norman Yan, York University, Toronto ON

Please cite this report as follows:

ESSA Technologies, J. Laurence, Limnotek, Risk Sciences International, Rio Tinto Alcan, Trent University, Trinity
Consultants, and University of lllinois. 2013. Sulphur Dioxide Technical Assessment Report in Support of
the 2013 Application to Amend the P2-00001 Multimedia Permit for the Kitimat Modernization Project.
Volume 2: Final Technical Report. Prepared for Rio Tinto Alcan, Kitimat, B.C. 450 pp.



RioTintoAlcan FINAL REPORT

Executive Summary

See Volume 1.

Table of Contents

1.0 INTRODUCTION ...cootiiiiiiiiinnneerinisissssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssns 1
1.1 PURPOSE AND RATIONALE OF THE SO; PERMIT AMENDIMENT .cevirieiesssanseesssssssssssnssssssssssssssnssesssssssssssnssssssssssssssnnnnens 1
1.2 BACKGROUND......ettiisssnnneesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssnnnens 2
1.3 PERMIT APPLICATION DETAILS .eeeeessunseesssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssassssssssssssssnnsanss 3
1.4 OVERVIEW OF COMPANY .cceereriieesssnnseesssssssssssnnsesssssssssssnssessssssssssssnsessssssssssssnsesssssssssssnnsesssssssssssnnsesssssssssssnnnaans 4
1.5  TECHNICAL ASSESSIMIENT SCOPE ...uuuuueseeessssssssssnssessssssssssssssessssssssssssssssssssssssssssssssssssssssssssessssssssssssssessssssssssssnnnnss 5

2.0 PROJECT DESCRIPTION ....ccoovvueeeeiiiiiisssnnneeeiiisisssssssesssssssssssssssessssssssssssssessssssssssssssessssssssssssssssssssssssssnnsessssssss 7
2.1 OVERVIEW OF THE KITIMAT MODERNIZATION PROJECT SCOPE ...ceverisresssssnnseesssssssssssnnsesssssssssssnssssssssssssssnsssssssssssssnns 7
2.2 PROJECT LOCATION .iiveiiesssnneesssssssssssnnsesssssssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssnsasssssssssans 8
2.3 PROJECT SCOPE «eevvererrssssssnnsesssssssssssnnssssssssssssssnsssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssnnsssssssssssssns 10

2.3.0  EXISEING SIMEILEI c....vveeeeeeeeeee ettt e ettt e et e e et e e ettt e e e taa e e e tses e e stsaaeaasaaaaatseaeeassasaeasssaaeasssaennnes 10
2.3.2  Kitimat WOIKS MOAEINIZATION ........cccccueeeeeeiieeeeiieeeeeeeeeee e st e e sttt e e et e e s s steessstteaessaseeesasseaassasseaennnes 11
2.4 ECONOMIC AND ENVIRONMENTAL BENEFITS OF THE KITIMAT IMODERNIZATION PROJECT......iiiiiisissssssssssssssssssssssnnnns 14
2,41 ECONOMUC DENESILS ..ttt ettt et ettt ettt et e ettt e sate et e eseeebeeenseeeane 14
2.4.2  Environment and community REAIR DENESILS........c.oovuienieeiiiiiiieie ettt 14
2.5 PROJECT JUSTIFICATION AND RATIONALE ..cceeviesesssnnseesssssssssssssssssssssssssnssssssssssssssnssssssssssssssnnsssssssssssssnnsssssssssssssns
2.5.1  Aluminum production and demand
2.5.2  Uses foraluminum..............ccoeeeevvveeann.
2.5.3  Need for the PropoSEd ProOJECt ..........cueeeeecieeeeeiieeeeeeeeecie e eetee e st ttee e e ettt e s ssteessssteaessssesessseaassssseaenanes
2.6 ANALYSIS OF ALTERNATIVES TO THE PROPOSED PROJECT...cccesuuuseeessssssssssnnsessssssssssssnssnsssssssssssnsssssssssssssanssssssssssssnns 16
2.6.1  Global changes in technology for aluminum Production .................ceeeevvuveeecieeeesiiieeeecieeesiieeessieaeeeans 16
2.6.2  Rio Tinto Alcan’s efforts to find the best long-term solution for the Kitimat smelter.......................... 17
2.7  ALUMINUM SMELTING OVERVIEW ....uuuiiireeesennssssssseemssnssssssssmmmssssssssssssmmsssssssssssssssssssssssssssssssssssssssssmesssnsssssssssnns 18
2.7.1 Principals of QlUMINUM SMEILING............cccuueeeeeeeeeeeeee ettt e ettt e e et tte e e ettt e e e staa e e etaaaeesaseaenaaes 18
2.7.2  Technology difference between VSS smelting and AP-40 prebake smelting .............ccccccccvueeeevvveeenn. 21
2.8 PROJECT COMPONENTS, INFRASTRUCTURE, AND RAW MATERIALS 1.eeeeuversssssnsssssssnssssssssssssssnssssssassssssssssssssasssssssanasss 21
2.8.1  Primary components of the aluminum SMelting ProCeSS..........cuevcueeeeevvieeeiieeeeiiieeeseieeesiieeessieaeenans 21
2.8.2  The raw mMaterial CRQIENGE ...........coceeeeeeeieeeeee ettt eee e et e e e e tte e e et e e et eaessseaessssaassssseaenanns 24
2.9 SO; EMISSION SOURCES AND EMISSIONS FORECAST wevverriesssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssnns 28
2.9.1 Primary SO 5 @MiSSION SOUITES ........uuuuuuuuuuuuiuiuusisissaisssssssssssssssssssssssssssssssssssssmsssssnssanaa....——————— 29

2.9.2  Sulphur mass balance

3.0 SULPHUR DIOXIDE LITERATURE REVIEW ........ccitttteeeeiciiriieennnenieeesieennnssssssssssesnnssssssssssssnnnssssssssssssnnnsssssssenes 31
3.1 DESCRIPTION OF THE SOURCE-PATHWAY-RECEPTOR MODEL FOR SO; EMISSIONS ...cc.veeuerennernnerennsrnserensernsesensernssssnsenes 31
3.1.1 YO Z 3 Yo L1 o =X 3R 32

O B o | o1 | 2SS 33

3.1.3  Concepts of critical 10ads aNd @XCEEAANCE................c.veeeeecueeeeeieeeeieeeestteeeceeeesteaeesteaeesieaaessseaaeanns 39

3.2  PHYSICAL AND CHEMICAL PROPERTIES OF SULPHUR DIOXIDE .eeeuuuitessscsnensssrssnssssssnssssssssssssssssssssssssssssssssssnssssssnsssssnns 40
3.3  CHEMICAL TRANSFORMATIONS OF SULPHUR DIOXIDE IN THE ATMOSPHERE AND ENVIRONMENT ....ccceeueeeeeerreeennnnnssannenes 41
3.4 HEALTH RISKS ASSOCIATED WITH SO «.eeureenreenerennsrnserenssrnsereessrnssssnssnsssssnssssssssnsessssssnssssssssnsessssesnssssnsesnssssnsenns 43

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT i



RioTintoAlcan FINAL REPORT

3.4.1  Data from the review of the Scientific Advisory Committee of the U.S. EPA .........ccooeeeveeecveeeecvenaenn, 43
3.4.2  EVIAencCe from r€CENT [ILEIALUIE ..........oeeeeeveeeeeeeeeeeeeeeeee e et e e sttt e e e e tta e e s taaaeestsaaessasesaessssaessssesaenans 44
3.4.3  Susceptible and vulnerable POPUIGLIONS .............cceccuveeeeeieeeeecieeeeeeeeeeett e escee e et eeeestaaeesaaaeessseaaeanns 63
Bedi4 CONCIUSIONS ..ottt ettt e et e e ettt e s et e e e st e e e s ste e s s astaessnsteaessstaessasseaasssseassnaes 71
3.5  EFFECTS OF SULPHUR IN THE ENVIRONMENT ...cccceesunneereesssesssnnsssssssssssssnnsssssssssssssnnsssssssssssssnnsssssssssssssnnnssssssssssssns 71
3.5.1  Effects of Sulphur deposition ON SOIlS............c.cocuiemueeiiiiniiiiiieseet ettt 72
3.5.2  Effects of sulphur deposition 0N WELIANAS .............c.c.coeeierieisiiiniieiiiee ettt 72
3.5.3  Effects of sulphur deposition on lake and stream CREMISLIY ............cocevvieeecveeeesrieeescieeescieeeeciiaeeans 73
3.5.4  Direct effects of SO, and indirect effects of sulphur deposition on vegetation................c.cccceeevvveeennn. 74
3.5.5  Direct effects of SO, and indirect effects of sulphur deposition on fish and other biota ..................... 77
4.0 ENVIRONMENT AND COMMUNITIES OF THE STUDY AREA .......citteiiiiiteiiiiineiininneinisnssisissssssisnssssisnssssssnssenss 81
4.1 THE STUDY AREA..ciiiiiiiiiiiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssnsssssssesssssssssssssssees 81
4.1.1  BoUNAING the SEUAY QIreQ........cocueeeueieiieiieeet ettt ettt ettt ettt ettt eeaeeesteeenaee e 81
4.1.2  Description of the valley and GirSREd................c..oouueeeiieiiiesiiesieese ettt 83
4.2  SURFACE WATERS — LAKES AND STREAIMIS ..eceveeisiessssssnneessssssssssssnsssssssssssssnsssssssssssssssssssssssssssssnssesssssssssssnnssssssssss 87
4.3 KITIMAT VALLEY GEOLOGY AND SOILS ...uuuuuneeerssssssssssnssessssssssssssssssssssssssssnssssssssssssssnssssssssssssssnssasssssssssssnnssssssssss 96
4.3.1 LT e T o T T KYole oL SRS S 96
B A Vo [0 BT =T K 111/ 1 SRR 98
4.4 FLORA AND FAUNA...citttiitiiittiisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 101
4.4.1 Flora — vegetation COMMUINILIES ...........ccueeeeeerieeeiiisieeee ettt ettt ettt st eenee s 101
4.4.2  Fauna — fish and wildlife COMMUNTEIES..............cccueeiueieneiesiieeeteeet et 103
4.4.3  Species Of MANAGEMENT CONCEIT .........ueeecueeeeeeieeeeiieeeeesteeeetaeaeesisseeeestseseasssssassssseasstsssessssssasssesaans 110
A.5  LAND USE.cciiiiiiesssuneeensssssssssnnsesssssssssssnsssssssssssssssssssssssssssssnssssssssssssssssssssssssssssssssesssssssssssssssssssssssssnnssssssssss 110
N R -1 (=10 =T o4 =T LSO PRSP 111
4.5.2  PrOEECLEA QIreGS. ......ccoeueeeeeeiiiieeee ettt ettt e e e et e e st e e sttt e e st e e e st e e atsesenssaasssseaenns 111
4.5.3  CUIUIG] REIIEAGE GIEQAS .....ooueeeiieieeeieeee ettt ettt ettt et ettt ettt et eateesaneenaees 113
4.5.4 0L =21 1 OO 113
I S Vo |4 (ol | L 1] -2 SR 114
4.5.6  Hunting, trapping and botanical forest NArvVeStiNg..............eecvueeeecueeeeeiiieeeiieeeesiieeessieeeeevieeessisieeens 114
4.5.7  OULAOO! FECIEALION ...ttt ettt e ettt e ettt e et e e et e e e saste e e subeeessattesesssaassssenenns 114
4.5.8  Wildlife and Wildlife RADITAL.................oooeeueeeeeiee e et e e tte e e ettt e e ettt a e e st a e e e stseeeesssaaesssaaans 114
4.6 COMMUNITIES .eeeeeeuusnssseeesennssssssssmsssssssssssssmmsssssssssssssmsssssssssssssessssssssssssssesssssssssssteessssssssssssmesssssssssssseesnnnns 115
A.7  FIRST NATIONS....uuueeeetresssssssunressssssssssssssesssssssssssssssssssssssssssssesssssssssssssssssssssssssssssesssssssssssnsesssssssssssanssssssssss 116
5.0 REGULATORY FRAMEWORK ....cccciiiiiiiiiiinnnniiiiiiiiiiinnneeiiiisisissssseessississssssssesssssssssssssssssssssssssssssssssssssssssssssnss 119
5.1 B.C. MINISTRY OF ENVIRONMENT REGULATIONS ..ceeeeeeenssseeereeesnnnssssesseeessasssssesssessssssssssssseessssssssssssessssassssssssanes 119
5.2 FEDERAL LEGISLATION .uuuuuuueeeesssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssesssssssssssnnsessssssss 122
5.3 SO, AND ACIDIC DEPOSITION PROTOCOLS .. ccuureeeeresssenseresssrnsersssssnsersssssnsassssssnssssnsssnssssnsssnssssnsesnssssnsssnssssnsennnsns 123
5.3.1 (60 7 1o 1o Lo BT OO P NPT UUPPRPPPPIP 123
A 1| o -Tq o OO SRR UPPPUIPPIIN 124
533 0 o] oY= N 124
6.0  STUDY DESIGN .....cuuuueriiiiiiiiiiisnneriiiiiisissssseesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnss 127
7.0 AMBIENT AIR QUALITY MONITORING AND AIR DISPERSION MODELLING .......cccccereerrissssssnnnensssssssssnnnnnns 131
7.1  SULPHUR DIOXIDE (SO3) IN THE ATIMIOSPHERE ...uuuuueeeeesssssssssssssesssssssssssssssssssssssssssssssssssssssssssssesssssssssssnsssssssssss 131
7.2 METHODS FOR IMIEASURING SULPHUR IN THE ATIMOSPHERE ....cceeeeesssssisimeesnnsssssssimssssssssssssssmsssnsssssssssmessnssssssssnnes 131
7.3  AIR QUALITY MONITORING NETWORK ..ueteeeeeusssssssssssssnsssssssssmmssssssssssssmmsssssssssssssssssssssssssssssssssssssssssnsssnssssssssnnes 132

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT ii



RioTintoAlcan FINAL REPORT

7.4 KITIMAT AIR QUALITY SUMMARY AND AMBIENT SO LEVELS ..uuvuveeerssssssssssnsessssssssssssnsssssssssssssssssasssssssssssanssssssssss 136
7.5 DESCRIPTION OF EMISSION SCENARIOS ...cuveeetsresssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssnsssssssssss 145
7.6 SO, FROM SOURCE TO ATIMIOSPHERE ...euuvveeessssssssssssssssssssssssssssssssssssssssnsssssssssssssssnssssssssssssssssssssssssssssssnssssssssss 148
7.6.1 1Y =14 Lo TSP RPR T 148
7.6.2 SO, ambient concentration Modelling reSUILS.............cccueeveeenieeeiiinieeeiieeeeee e 158
7.6.3 DUSCUSSION ..ttt ettt e e ettt e e e ettt e e e e e s ettt e e e e e e e ssbbe e e e e e eesasarateeeeas 176
8.0 METHODS OF ASSESSING IMPACTS ON RECEPTORS......ccccoiittuiiiinnniiiinnniciinnsieinsssieissssieissssieisssssssssssssssnnnes 179
8.1  RISK ASSESSMENT FRAMEWORK USE TO EVALUATE IMPACTS. ceccuuusseeessssssssssssessssssssssssnssssssssssssssnsssssssssssssasssssssssss 179
8.2 ADAPTIVE MANAGEMENT ...uuuueeeeeisnsssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssss 181
8.3 HUMAN HEALTH STUDY .eeieuuuneeenssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanssssssssss 182
8.3.1  Definition Of G reSPirQtory rESPONSE. ........c.ccccueiereeesieieieeiee ettt ettt ettt sae et sneenanes 183
8.3.2  EXPOSUIE AOUA ..ottt ettt ettt ettt et ettt e sat e ettt e st e et e s ate et e e naneenanes 183
8.3.3  Number of susceptible iNAIVIAUQLS ..............coceieieeeiieieiieiieeeet ettt 196
8.3.4  Assumptions underlying concentration-response Modelling ..............ccccueeeeverevevveesesivseeiieeesiienann. 198
8.3.5  RiSK GSSESSMENT fIAMEWOIK .........vveeeeeeeeeeee e e eette e e ettt e e et e e ettt e e e ettt e e et e e et saaeestsaeeessaaassassnaans 198
8.4 VEGETATION STUDY .cettiierssssssnseesssssssssssnssssssssssssssnssssssssssssssssssssssssssssssssessssssssssssssessssssssssnnsssssssssssssnnssssssssss 200
8.4.1  Design of field MONItOring ProGramM.............cceecueeeeiiieeeeeeieeeeeeeeeestteeeectaeeeeteaeesiseaeeestsaeeesseaaessenaans 201
8.4.2  Analysis of field data and MOEIliNg .............ccc.eueeeeceeeeeeieeeeeee ettt eetee et e e e et e e e siaaa e e sraaa e 203
8.4.3  TRIESNOIAS Of CONCOIN ...ttt ettt et et e s e 204
8.4.4  RiSK ASSESSIMENT FIAMEWOIK ........ooeeeiiiieiiieieeete ettt ettt ettt et e s e e 205
20T Yo 1 K3 U 0 S 207
8.5.1 Terrestrial CritiCOI JOUS ........ccveviueieiieesiieeeee ettt ettt ettt et ettt e et e e stae st essate s baessseesabsessseasass 207
8.5.2  Design of field MONiItOring ProGramM.............ococcueeeeiieeeeeieieeeeseee e esiee e e et e eesteaeesiseeaesstseseessaassssenaans 210
8.5.3  Laboratory analysis of soil samples and critical load modelling................cccoouveevvvreeeviveeeiiieaeiiennnn. 215
8.5.4  TRIESNOIAS Of CONCOIN ...ttt e e et e e e e e et e e e ettt e e e e tsaaeestsaaeeatsaaeessssaassssenaans 218
8.5.5  RiSK ASSESSMENT fIAMEWOIK ........oooueeieiiiieeieiiee ettt ettt ettt ettt e s e e 219
8.6  SURFACE WATER STUDY (LAKES AND STREAMS) ceeeeeeeeeeeeeeeeeeeeeeeeeseeeseseeneesesseessesssessssssssssessssssssssssssssssessssssssssssens 220
8.6.1  Design of field sampling aNd MEASUIrEMENTS ...........c..ceeeecuiveeeeiieeesieeeecieeeeeee e sseeesestae e e e steaessseeeens 220
8.6.2  Field and Iaboratory MEROUS...............eeeeeuieeeeeis et eeee s ee e e st e e st e e s st e e s sstaeeesasseaesanseneans 230
8.6.3  ANQIYSIS ANA MOAEIIING ........ovveeeeeeeeeee ettt e e e e et e e e e e s et e e e e e e s b e e e e e e sssssareaaeas 235
8.6.4  RiSK QSSESSMENT fIAMEWOIK ........vveeeeeeeeeeie e e ee e ettt e et a e et e e e ettt e e et e e e s taaeeatsaseesssaaeasssnaans 249
9.0 ASSESSMENT RESULTS AND DISCUSSION.....ccccetiiirrnnnrerisiissssssnsenssssssssssnssessssssssssssssesssssssssssnsssssssssssssnnsanns 253
9.1 HUMAN HEALTH STUDY eeeiuuuueeeessssssssssnsessssssssssssssssssssssssssssssesssssssssssssssssssssssssssssesssssssssssnsssssssssssssanssssssssss 253
9.0.0  RESUIES ettt ettt ettt ettt ettt et b e at e bt et e et e ateenate e s e enanes 253
9.1.2  DiscusSioN ANd FiSK OSSESSMENT........cccueiesiiieiiieeeeiie et ettt ettt ettt site ettt e te et e sateenaseesaeenanes 260
9.2 VEGETATION STUDY .eetttiesssssssnseeesssssssssssssesssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssansessssssss 263
9.2.1 RESUIES ..ottt ettt et e e e ettt e et e e et e e ettt e et e e e et e e e e bt e e e sbaeeeaabeeeeas 263
9.2.2 DUSCUSSION ..ot ettt ettt e ettt e e e e e ettt e e e e e e et e e e e e e eensasnneeeens 285
0.3 SOILS STUDY ecuuuuneeeessssssssssnnessssssssssssnsssssssssssssssssssssssssssssnssssssssssssssnssesssssssssssnssesssssssssssnsesssssssssssnnnsesssssss 288
9.3.1 Results — critical 10ads aNd @XCEEAANCE .............cooeeueeeeeiiiieeiiee ettt esaae e sivee e 288
9.3.2 DUSCUSSION ...ttt e et e ettt e et e e sttt e s et e st e e st e e ettt e e nne e e eaaneeeeas 298
9.4 SURFACE WATER STUDY 1eeeeeeuuueeesssssssssssnsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssanssssssssss 302
9.4.1  ReSUILS AN FISK ASSESSIMENT ........oeeueeeiiieiieesiie ettt ettt et ettt e ettt sateestte e steesateesateenateesaneenases 302
9.4.2 DUSCUSSION ..ottt e ettt e ettt e e e e e ettt e e e e e e e ssbbe e e e e e aeasbsnneeeens 336
10.0 ADAPTIVE MANAGEMENT .....ccciiiittiiiiitiiiieneiiiieneiiiessisiesssisiesssisiesssisiesssismsnsssstsssssstssssssssssssssssssssssnnsss 347
10.1 PRINCIPLES OF ADAPTIVE MANAGEMENT ceeeeuusuuussitrrssunssssssssmmmsssssssssssmmmssssssssssssmmmsssssssssssimssssssssssssssmssnnsssssns 347

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT iii



RioTintoAlcan FINAL REPORT

10.2 APPLICATION OF ADAPTIVE MANAGEMENT TO SO5 EMISSIONS ..ceevtiiessssssnsesssssssssssssssssssssssssssssssssssssssssanssssssssss 352
10.3 RTA ADAPTIVE MANAGEMENT PLAN FOR SO EMISSIONS «cceeviiiissssssnseesssssssssssnsssssssssssssssssessssssssssssssssssssssssssns 353
10.3.1 Adaptive management objectives, scope and timeframe............cccccueeeeveveesieeeeesiiieeeiiesessirenann, 353
10.3.2 Adaptive management framMEWOIK ..............occueeeueeiueesiieiieeeiteseese ettt 355
10.3.3 Critical uncertainties, hypotheses and monitoring NEeds ...............cocceeevveeeseeesceersieeneeeseeeseenae 357
10.3.4 Adaptive management plan details ...............c.ooeeeenueeriienieiniiiiieeeieeseet et 376
10.3.5 RTA mitigation response for unacceptable iMmpPACLS...........cccooveeeveerieeeiiieeiieeeeseeeee e 397
11.0 CONCLUSIONS .....eettiiiiiiiinnnneeetiiisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssness 399
11.1 DISPERSION MODELLING 1eeeeeessssnseessssssssssssssessssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssessssssssssssnssssssssssssnns 399
11.2 HUMAN HEALTH.uuuuueeeesinnessssssnseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssesssssssssssssssssssssssssnns 400
11.3 VEGETATION ..uiteeuuiineesssirsasssesesssmsssssssssesssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssssssssssssssnsssssnnsss 401
114 T o U 402
115 LT 1 = U 403
11.6 OVERALL CONCLUSIONS ...uuuuuuussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 404
12.0 LITERATURE CITED......uuuuueeeiiiiiiissssnneesisisssssssssssesssssssssssssssssssssssssssssesssssssssssnssesssssssssssnnsesssssssssssnnsassssssss 405
12.1 SECTION 1 LITERATURE CITED.ceeereessssnnseessssssssssnnsesssssssssssnssssssssssssssnssssssssssssssnssessssssssssnnsssssssssssssnnssssssssss 405
12.2 SECTION 2 LITERATURE CITED.ceitseessssnnseessssssssssnnsessssssssssssssssssssssssssnssssssssssssssnssessssssssssnsssssssssssssnnssssssssss 405
12.3 SECTION 3 LITERATURE CITED.cceesieesssunsseessssssssssnnsessssssssssssssssssssssssssnssssssssssssssnssessssssssssnnssessssssssssnnssssssssss 405
12.3.1 Section 3.1, Sulphur dioxide [iterature reVieW ...............cccceeeveeeeieeeseeesieesieeseeesee et 405
12.3.2 Section 3.2, Physical and chemical properties of sulphur dioXide ...............ccccceeevveevvvenceensieennen. 409
12.3.3 Section 3.3, Chemical transformation of SO, in the atmosphere and environment...................... 410
12.3.4 Section 3.4, Health risks assOCIiQted With SO...........ccoueevvuueeeieeeeeeiiireiieeeeiessiireeeeeeeeessiisseereseeessiianes 412
12.3.5 Section 3.5, Effects of sulphur in the enviroNMent................ccceeeeeeveeeeiieeeeesiiieeesiieeesiireeesiveeeeanns 423
12.4 SECTION 4 LITERATURE CITED.ccitseessssnnseessssssssssnnsessssssssssssssssssssssssssnssssssssssssssnssessssssssssnsssssssssssssnnssssssssss 429
12.4.1 SECHION 4.1, SLUAY QIreQ........eeveeeeeeeeeeeeeee ettt e e s ettt e e e e e ee sttt ea e e e eeesatteaaaaesssssssesaasesessssrees 430
12.4.2 SECION 4.2, SUIFACE WALEKLS ....oeevveeeeeiieeeeteeeeeee e ettt e e etaa e sttt e e easteaessastaassasseaesasseasssseeassssseaesanes 431
12.4.3 Section 4.3, Kitimat valley geology aNnd SOIlS...............coeecuueeeeiieeeeeciie e eeseeee st eesieeeessiea e 432
12.4.4 Section 4.4, FIOra and fAUNQ ..........ccccuueveeeciieeeeieeeeee et s e et eetea e st e e s atta e s ssaeassasseaesanes 433
12.4.5 RYeLotn (o) I BT Ko [ Lo Y XY= 436
12.4.6 SECHION 4.5, COMMUNITIES c..ccovvvveeeeeeeeeeeeee ettt ee e ettt e e e e e ettt e e e e e e eessaaaeeeeeesesssnaesessesessnnnns 436
125 SECTION 5 LITERATURE CITED....cteeeeeuussuissseeeennssssssssmmmsssssssssssimsssssssssssssmmssssssssssssissssssssssssssmsssssssssssssssssnnns 436
12.6 SECTION 6 LITERATURE CITED....ceeeeeeussssssssemesnnsssssssmmmsssssssssssiemssssssssssssmmssssssssssssiesssssssssssssmsssssssssssssssssnnns 437
12.7 SECTION 7 LITERATURE CITED.ccetiiessssuunseessssssssssnssessssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssanssssssssss 437
12.8 SECTION 8 LITERATURE CITED.ccettieesssunseessssssssssunsessssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssanssssssssss 437
12.8.1 Section 8.1, Risk aSS€SSMENt frAMEWOIK...........c..eeeeecuereeeiieeecieeeeeieeeeieeeestieeessttaesssaeeesssseaenanes 437
12.8.2 Section 8.3, HUMQAN NEAITH SEUAY .........oveeeeeeeeeeeeeeee et e ettt sstte e e stta e e steaessvaeaeeanes 438
12.8.3 Section 8.4, Vegetation StUAY MELNOUS. ..............uveeiieeeeeiiiieie e ettt eeeccteee e e e eeescreaaaaeeessanaes 439
12.8.4 Section 8.5, SOils SUAY MEENOUS ...........ueeeiieeeiieeie ettt eee sttt e e e e ea e e e e e s siaaaaaaeeessnrnes 440
12.8.5 Section 8.6, Surface waters Study METNOAS ............c.eeeeecueeeeeciieeeeciie e eeseeeeeceeees e e e eereaeeaans 442
12.9 SECTION 9 LITERATURE CITED....iieeeeeusssnssssressmnsssssssmmmssssssssssssmssssssssssssssssssssssssssstssssssssssssssssssssssssssssssssnnes 446
12.9.1 Section 9.1, HEAIth SEUAY FESUILS ...........oeeeeeeeeeeieeeeeee et e st e e e e st e e e sttt e s siaaaessnseaenanes 446
12.9.2 Section 9.2, Vegetation StUAY FESUILS ...........ccecceeeeeeeieeeeeeeeeee et e e cea e e steeestta e e sireaaessrseaeeanes 446
12.9.3 S€CtioN 9.3, SOIIS SEUAY FESUILS.......ooeeeeeeeeeee ettt e sttt e e s e e s sttt e e e etta e e ssaeaesssseaenanes 446
12.9.4 Section 9.4, Surface WaAter SLUAY FESUILS .............eeeeeieeeeeiieeie et eeecteee e e e e e e seea e e e e eeesaeaes 447
12.10  SECTION 10 LITERATURE CITED..ccuuuuuusssersssnnssssssssmmesnsssssssssmmssssssssssssmmsssssssssssssmssssssssssssssmsssssssssssssmssnnnsssns 449
12.11  SECTION 11 LITERATURE CITED..ccuuuuuussseressnnssssssssmmssnsssssssssmmssssssssssssemsssssssssssssmsssssssssssssssssssssssssssmmssnnssssns 450

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT iv



RioTinto Alcan

FINAL REPORT

Figure 1.2-1:
Figure 2.2-1:
Figure 2.2-2:
Figure 2.3-1:
Figure 2.3-2:
Figure 2.7-1:
Figure 2.7-2:
Figure 2.7-3:
Figure 2.8-1:
Figure 2.8-2:
Figure 2.9-1:
Figure 3.1-1:

Figure 3.1-2:
Figure 3.1-3:
Figure 3.1-4:
Figure 4.1-1:
Figure 4.1-2:
Figure 4.2-1:
Figure 4.2-2:
Figure 4.3-1:
Figure 4.4-1:
Figure 4.4-2:
Figure 4.4-3:
Figure 4.5-1:
Figure 5.3-1:
Figure 6.0-1:
Figure 6.0-2:

Figure 7.3-1:

Figure 7.3-2:

List of Figures

Annual total SO, emissions from the RTA Kitimat smelter between 1982 and 2011. ........cccecverenneen. 3
Site plan: existing SMelter COMPONENTS. ...ccc.eiiiiiiiiiiie e 9
GeOographical I0CATION. ...couiiiieee e s e 10
3D schematic Of ProjECt IaYOUL. ..ccuuiii e e e st e e e eea e e ennns 12
Kitimat Modernization Project [aYOUL..........ccocuiieieiiie ettt e e e et eaare e e naeeean 13
Conceptual Process floOW diagram........ccuueeiiiiieieiiee e e e et e e st e e e e erae e snnes 19
Schematic diagram of the operations of an aluminum reduction plant.........c.ccccceeeeviieiiieeecccieeens 20
Difference between VSS and pre-bake Smelting. .......ooocoiiiiiiiiee e e 21
Schematic presentation of a pre-baked anode POt. .....cueveieiiieeciiie e 24
Product cycle — crude 0il to aluminUM. .......ccooiiiiiieie et aae e e aaee s 25
YO PR =T 0 11 1o ] a3 o o] =Tt o] o VN 29
Conceptual (Source-Pathway-Receptor) model of SO, emissions in the environment, showing

linkages between SOUrCES and FECEPLONS. .. ..iiic it e ccieee et e et e e ettt e e e st e e e e tre e e s abeeeesataeeessaeeesasaeaaan 32
Trends in global SO, emissions from 1850 t0 2005. .......c..eieiiiireeiiiieeeeiieeeeerreeeetreeeesrreesereeeesssreeeas 33
Relationship between pH and levels of mercury in fish tisSUe. ........ccoeciiiiiiiie i, 37
Relationship between pH and levels of inorganic monomeric aluminum in water. ...........cccceeeuveee.. 38
Technical assessment study area (dashed rectangle), showing Kitimat Valley terrain. .................... 82
Kitimat Valley and region, showing topography that strongly influences the movement of air

masses through the Kitimat Valley. ........oouiii it rae e e aaee s 84

Map of lakes and streams within the study area modelled for [SO,] and S deposition (dashed line).
The lakes and streams considered accessible to fish are shown in blue; inaccessible lakes and
STrEamMS are SNOWN IN FEA. ..o e e e et e e e e e e s b aeeeeeeeeeanbbeaeeeeeeennnens 88
Streams and rivers identified to be of special interest within the study area. .......ccccceevieriiinneennne 91
Geological rock type and acid sensitivity classes (with class 1 indicating the most acid sensitive
regions) based on the reclassification of bedrock geology (1:25,000) according to the Skokloster

(61131 or-1 4o ] T PO PO OO PP PPOPPTOPRO 100
Land cover map showing vegetation, wetlands and waterbodies, cultivated agricultural land,
developed land, protected areas, and Primary roads. ........cccceecuveereiieeesiieee e reee e ssee e e saeee e 102
British Columbia Breeding Bird Atlas Region #34 (Terrace), showing outline of the technical
YT g L= LA (U Lo LV - [ T TSP 108
Technical assessment study area (dotted outline) showing assessment area for the Kitimat LNG
Terminal avifauna surveys (solid red OULIINE). .......cccuveiieiiiii e e e 109
Technical assessment area map displaying Timber Supply Areas (yellow), Timber Forest Licenses
(green), and Protected Areas (DIUE). .....ecciueieieiie e et e e 112
The role of critical loads maps for the development and implementation of air pollution control

L LT =4 =T PP PPPPPPPPPPRE 125
The study design overlaid on the source-pathway-receptor model.........cccccceveeeiieciiieeiee e, 128
High-level study approaches for the four receptors. .......ccccvieeicciiiiiei e 129
Location of passive and continuous air quality monitoring stations in the Kitimat Valley, British
(0701 0] 491 o1 - TR PO PSP P RPPSTTPPPPPRINS 135
Example photos of continuous and passive monitoring for air quality at (left) Kitamaat Village
continuous monitoring station, and (right) Low Spot passive monitor. ......ccccccceeeeeeeevieeeesciieeens 136

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT

IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT



RioTinto Alcan

FINAL REPORT

Figure 7.4-1:

Figure 7.4-2:

Figure 7.4-3:

Figure 7.4-4:

Figure 7.4-5:

Figure 7.4-6:

Figure 7.4-7:

Figure 7.6-1:

Figure 7.6-2:

Figure 7.6-3:

Figure 7.6-4:

Figure 7.6-5:
Figure 8.1-1:

Figure 8.3-1:
Figure 8.3-2:

Figure 8.3-3:
Figure 8.3-4:
Figure 8.3-5:
Figure 8.3-6:
Figure 8.3-7:
Figure 8.3-8:

Figure 8.3-9:

Figure 8.4-1:
Figure 8.5-1:

Comparison of annual mean SO, concentrations (ppb) across British Columbia from 2011,
highlighting (in green) stations in the Kitimat region. Red line is 9.4 ppb SO,, the B.C. MOE

oo 11014 VT T TP PO PP P PP PO PPOPPTOPROT 138
Monthly mean SO, concentrations at Haul Road, Kitamaat Village, Riverlodge and Railsite based on
continuous monitoring data, as compared to monthly mean SO, air emissions from the RTA facility.
The red line indicates closure of Eurocan facility in January 2010. .......cccceecieeeiciiee e 139
Median ambient SO, concentrations from PDS network during June to October 2012 (coloured
dots), as compared with CALPUFF-modelled pre-KMP annual average air concentrations (coloured

ZONES ON MNP ). utteeeatreeeeirreeaisteeaaisrseeaassesesasseesasssssesassssssassessasssssesasssssesasssssasssssesssssssesnssessesssseessnes 140
Haul Road wet deposition monitoring location (Station #6, NADP ID BC22), showing electronic
recording rain gauge (shown at left) and a wet deposition collector.........cccvvvieeveeiciiecceeiieeeieens 141
Comparison of Haul Road concentration of sulphate ion in wet deposition (blue line, left axis) and
ambient sulphur dioxide concentration (green line, right axis) from 2007-2012..........cccceevuveenenn. 142

A. monthly wet and dry deposition of sulphur at Haul Road station, 2005 to the present. B. total
sulpur deposition as compared to monthly SO, emissions from the RTA facility, 2005 to the

PIrESENT. coiiiiiiiiiiiiii 143
Pre-KMP modelled sulphur deposition for select locations in the Kitimat region, plotted by
INCrEASING IAtIUAE. ..ottt st e st e sab e st e st e e saneesabeesanee e 144
Maximum number of exceedances per year over 900 ug/m3, 1-hour averaging period, pre-KMP SO,
110 0T (o o I F USRS PP 162
Maximum number of exceedances per year over 450 ug/ma, 1-hour averaging period, pre-KMP SO,
110 0T (o o I F USSP 163
Maximum number of exceedances per year over 900 ug/ma, 1-hour averaging period, post-KMP
Y@ D= 1141153 o T 1= 171
Maximum number of exceedances per year over 450 ug/ma, 1-hour averaging period, post-KMP
Y@ D= 114117 o T 1= 172
Post-KMP total sulphur deposition in K8 SO, /Ra/yr....eccuii et 175
Risk Assessment Framework, showing the two dimensions, the five levels under each, and the four
IMPACE CAtBBOIIES. i, 181
Concentration-response function (U.S. EPA 2009). .......ccoiiiiieiiiiiieeeiiee e ceiieeeeetieeeeieee e seireeeesvveeeeans 183

Location of four residential and business locations in the Kitimat area defined for use in the human
health risk assessment. ......cccccoovieriiiinienice e,
Location of air monitoring stations in the Kitimat area........ccccocveeveeriiiiienecee e
Frequency distribution of peak-to-mean ratios by SEasoN. .........ccceeeeciiiiecciii i 190
Concentration-response curves under various peak-to-mean ratios (PMR) for sample outdoor SO,
(oo ) aTol=] N - 1 1 To ] o |- PP RUPPP 190
Concentration-response curves under various peak-to-mean ratios (PMR) for sample indoor SO,

(oo ) aTol=] oY - 1 1 To ] o |- PP PTPUPTP 191
Illustration of algorithm to calculate probability of response for 5-minute peak concentrations,
based on hourly-averaged data. ........ccceeeiiieieie e e e e e e e e e e e ennees 191
Prevalence of asthma in British Columbia and in the Northwest Health Service Delivery Area of
BritiSh COlUMDIA. c..eeiiieeiiee et st st e st e st e st e e sbeesabeesabeesares 197
Prevalence of chronic obstructive pulmonary disease in British Columbia and in the Northwest
Health Service Delivery Area of British Columbia. ........cc.vvveiiiiiiiiiieec e 197
Vegetation sampling and observation locations
Location of the candidate (open squares) and sampled (bolded squares) soil sites in the Kitimat
Valley (study domain is indicated by dashed liN@). .......cccccooeuiiiiiiiiiecciee e 211

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT Vi



RioTinto Alcan

FINAL REPORT

Figure 8.5-2:

Figure 8.5-3:

Figure 8.6-1:

Figure 8.6-2:

Figure 8.6-3:

Figure 8.6-4:

Figure 8.6-5:

Figure 8.6-6:

Figure 8.6-7:
Figure 8.6-8:

Figure 9.1-1:
Figure 9.1-2:

Figure 9.1-3:
Figure 9.1-4:

Figure 9.1-5:
Figure 9.1-6:
Figure 9.1-7:
Figure 9.2-1:
Figure 9.2-2:
Figure 9.2-3:
Figure 9.2-4:
Figure 9.2-5:
Figure 9.2-6:
Figure 9.2-7:
Figure 9.2-8:
Figure 9.2-9:

Figure 9.2-10:
Figure 9.2-11:
Figure 9.2-12:
Figure 9.2-13:
Figure 9.2-14:
Figure 9.2-15:
Figure 9.2-16:
Figure 9.2-17:

Location of the sampled soil sites (bold squares) in the Kitimat Valley. Surficial geology (scale 1:5

000 000; FUlton 1996) iS @ISO SNOWN.......eiiiiieiieciie ettt et e saaeesaa e e saaeeaee s 212
Schematic representation of the model chain used to estimate base cation weathering rates and
critical loads for forested mineral soils in the study area. .........ccocceeiiiiiiiniiiini e, 217
Study area showing the 10 kg SO, /ha/yr isopleth (black line) of total sulphur deposition (wet plus
dry) and location of lake and stream sampling sites, with site labels..........ccccceoveriiriiniiniinieennne 222
Percent of acidic lakes (ANC <0 peq/L) vs. median level of wet deposition of sulphate, for 15
regions Of the UNIted STAteS. et et e et e e s atr e e e s tr e e e enreeeennns 223
Percent of lakes with fall pH <6 vs. median level of wet deposition of sulphate, for 15 regions of the
UNIEEA STAtES. 1ouviiiitieeiii ittt ettt ettt e sa e e sate e sabeesateesabeesabeesabeesabeesabeesaseesabeesaneenns 224
Overlay of sampling sites and acid sensitivity classes (ASC). Grey and pink points show sampled
lakes within ASC 1 and ASC 2, the two most Sensitive Classes........ccvvveeeiieiieiiireeenee e eeeinnns 226
Combined ANC and pH data from 163 samples across five low pH lakes in the Muskoka-Haliburton
[ =T={To] oI oYl 0] 1 71 o o TSR 232
lllustration of how the SSWC model (Henriksen et al. 2002) was applied to estimate critical loads
for sampled lakes and streams and exceedances under KMP. ........coocoiiiieiieeiniieeeesieeecseeee e 240
Runoff estimates for the StUAY area. .......c..eeceiiiiiciiee e e et aae e e s aree s 246
Risk assessment categories applied to 15 regions of the United States which were part of the
National SUMface Water SUMVEY. ......coiiiiiiieriieete sttt ettt et sttt e st esnee s esnee s 252
Modelled 1-hour average SO, concentrations by [0Cation. .........ccccceeriiieiiiniiiineneee e 254
Frequency distribution of hourly average SO, concentrations and probability of respiratory
FESPONSE AUE 10 SO5uuuuiiiiiiiiiiieiiieete ettt ettt ettt e sb e bt e sab e e s bt e e sabeesaseesabeesaeeesabeesaseesareenaneeas 254
Estimated annual respiratory responses by area (baseline scenario). .......ccccceeeveerceeeceeecieeecneeene, 256
Estimated number of respiratory responses depending on indoor-outdoor fraction of exercise
LY <] ) PP P P PPPPPPPIN 257
Estimated number of respiratory responses depending on exercise frequency. .........ccceceveeerneennn. 258
Allocation scenarios for exercise events in susceptible individuals..........ccccceeviieeiiiceiinicee e, 259
Estimated number of respiratory responses depending on location of exercise events. ............... 259
Location of vegetation monitoring stations on the Eastside Transect. ......ccccceeveerieieneeniieeeneennne 268
Percent S in hemlock vs. distance from Kitimat smelter for 1997-2001 (Eastside Transect). ......... 269
Percent S in hemlock vs. distance from Kitimat smelter for 2002-2006 (Eastside Transect). ......... 269
Percent S in hemlock vs. distance from Kitimat smelter for 2007-2011 (Eastside Transect). ......... 270
Location of vegetation monitoring stations on the North Transect. ......cccecccveviieeeeicee e, 271
Percent S in hemlock vs. distance from Kitimat smelter for 1997-2001 (North Transect). ............. 272
Percent S in hemlock vs. distance from Kitimat smelter for 2002-2006 (North Transect). ............. 272
Percent S in hemlock vs. distance from Kitimat smelter for 2007-2011 (North Transect). ............. 273
Location of vegetation monitoring stations on the Northeast Transect. .........cccceeeecvieeciieeecnneenn. 274
Percent S in hemlock vs. distance from Kitimat smelter for 1997-2001 (Northeast Transect). ...... 275
Percent S in hemlock vs. distance from Kitimat smelter for 2002-2006 (Northeast Transect). ...... 275
Percent S in hemlock vs. distance from Kitimat smelter for 2007-2011 (Northeast Transect). ...... 276
Location of vegetation monitoring stations on the South Transect. ........ccccccceeeeeiiiiiieee e, 277
Percent S in hemlock vs. distance from Kitimat smelter for 1997-2001 (South Transect). ............. 278
Percent S in hemlock vs. distance from Kitimat smelter for 2002-2006 (South Transect). ............. 278
Percent S in hemlock vs. distance from Kitimat smelter for 2007-2011 (South Transect). ............. 279
Maximum 3-hour SO, concentrations under KMP and 2009 meteorology, and locations of sites
with exceedances above 0.25 ppm (Yellow plus SIZNS). ....ccccueiiiiiiiiieiiiie e 280

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT Vii



RioTinto Alcan

FINAL REPORT

Figure 9.3-1:
Figure 9.3-2:
Figure 9.3-3:
Figure 9.3-4:

Figure 9.4-1:

Figure 9.4-2:

Figure 9.4-3:
Figure 9.4-4:
Figure 9.4-5:
Figure 9.4-6:
Figure 9.4-7:

Figure 9.4-8:
Figure 9.4-9:

Figure 9.4-10:
Figure 9.4-11:
Figure 9.4-12:

Figure 9.4-13:
Figure 9.4-14:

Figure 9.4-15:

Figure 9.4-16:

Figure 9.4-17:
Figure 9.4-18:
Figure 10.1-1:
Figure 10.1-2:

Figure 10.3-1:

Figure 10.3-2:
Figure 10.3-3:

Base cation weathering rates estimated for each rock-type (left) based on multiple soil sampling

sites for each category, and critical loads of acidity for the study area (right)........cccccocereereennnne 293
Soil sampling sites and forest cover types in the study area. ........ccceeviiiiriiee e 295
Modelled total deposition of SO4 (kg/ha/yr), POSt-KMP.......ccceccuiiiiiiecieeiecre et 297
Exceedance of maximum critical load of sulphur (right) based on the average weathering per

oT=Te [0 T ol AV o 1T U PRRPPR 298
Analysis of charge balance. Y-axis is the sum of all major anions (negatively charged ions); X-axis
the sum of all major cations (positively charged ioNns). .......ccceevieiiieniee i 304

Analysis of estimated conductivity (based on laboratory measurements of the concentrations of all
ions, and literature values for the conductivity of each ion) vs. conductivity observed in field

MNEASUTEIMEINTS. 1iiiiiiet ettt e e e ettt e e e e e e e e e e e s e ses e r e e e e e s e sasrerereeesesannnraneeeeesannnreneeeeesennnnes 304
Application of Small and Sutton (1986) equation to Gran ANC and lab pH data from the 41 lake and
20 stream sites. An ANCiinit of 26 peq/L, corresponds to a pH of 6.0. ...cceeevvvieceeeciiiecieecieecreeeee, 305
Distribution of Gran Acid Neutralizing Capacity amongst sampled lakes (blue solid bars) and
streams (green cross-hatched Dars). ........oocciiiiiiiiie e e e e raeeenes 306
Distribution of pH among sampled lakes (blue solid bars) and streams (green cross-hatched bars).
......................................................................................................................................................... 307
Spatial distribution of lab pH values across the study region. .........cccccovieeiieeecciee e 308
Spatial distribution of pH values from geochemical SUIVEYS. .........ccoeviiiiiciiiie e 309
Ternary diagram of anion composition of the sampled lakes and streams. .........ccccceecvveeeeciieeeennen. 312
Spatial distribution and anion composition of nine of the 11 lakes with a pH <6 (data shown in
Table 9.4-4 aNd TAbIE 9.4-6). .ecvii ettt e s e et e et e s te e e saeeebaeeaaesbeeenneeennes 313
Example of density stratification (LAKe 001)........ccccuveeeiiiieeeiiie et et aae e e s aaee e 316
Frequency distribution of critical loads for the sampled lakes and streams. ........ccccccceeeecieeecnnneenn. 318

Spatial distribution of critical loads for the sampled sites in Kitimat study region; inset map for
comparison is from Dupont et al. (2005) and uses the same critical load categories and colours. 319

Variation in critical load by Acid Sensitivity ClIass. ......cccccieiiiieeiiiiieeecee e e e 320
Frequency distribution of critical load exceedances (acidic deposition minus critical load) for the
sampled [aKes aNd StrEAMS. ......ciii i e e e st e e e st e e e e atee e saaeeeesnbreeeenns 322

Spatial distribution of 10 sampled lakes which are of concern: 8 with predicted critical load
exceedances (EX >0), and 7 with predicted pH changes greater than 0.1 pH unit (ApH) in bold type.

EX = @XCEEBUANCE. ..ttt ettt e st e et e bt e e bt e s b e e bt e s b e e e bee s b e eneesares 323
Changes in exceedance for 8 lakes under no deposition, pre-KMP conditions and post-KMP

o] aTe 111 To T3 - J PO PO OO PP PPOPPTOPP 324
Predicted steady state pH vs. pH in 2012. All lakes with pH <6 are labelled. ...........ccccevevverernneenn. 333
Overlap in the attributes of the eleven lakes with current pH; <6. .....cooviiiiiiiiiiiiiiieeeee, 336
The six steps of the adaptive management CYCle. ......ooovviiiiieiii i s 349

The relationship between adaptive management, conventional management and basic research
(adapted from Murray and Marmorek (2003) for numerous ESSA training workshops on adaptive

L0 L= T=d<T 0o V=T o ) SRR 351
Conceptual illustration of the KMP adaptive management plan according to the six-step adaptive

MANAZEMENT CYCI. ..utiiiiiiei ettt e e e e e e e e st e e e e e e e e seeabataeeeeeesessstaeeeaeesaassssaseaessennnses 354
Adaptive management framework for KIMP. .........oo ittt e 357
Critical uncertainties, by pathway and reCePLOr. .....ccccviieiciiee e e e 358

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT

IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT

viii



RioTintoAlcan FINAL REPORT

Table 2.8-1:
Table 2.9-1:
Table 3.1-1:
Table 3.2-1:
Table 3.4-1:

Table 3.5-1:
Table 4.1-1:
Table 4.2-1:

Table 4.2-2:

Table 4.3-1:

Table 7.2-1:

Table 7.3-1:
Table 7.3-2:
Table 7.4-1:

Table 7.4-2:

Table 7.5-1:
Table 7.5-2:
Table 7.6-1:
Table 7.6-2:
Table 7.6-3:
Table 7.6-4:
Table 7.6-5:
Table 7.6-6:
Table 7.6-7:
Table 7.6-8:
Table 7.6-9:

Table 7.6-10:
Table 7.6-11:
Table 7.6-12:
Table 7.6-13:
Table 7.6-14:

Table 8.3-1:
Table 8.3-2:
Table 8.3-3:
Table 8.3-4:

List of Tables
ANOde rade COKE PrOPEItIES. ..cccuiiiieiiieeiee sttt ettt st e st e st e st e st e st e sabeesaseesabeesanee e 27
Average SO, emission CoNtribUtioN DY SOUIMCE. ....ccuuiiiiiiiieii ettt e s e 29
Descriptions of links in the conceptual model of SO, in the environment. .........cccceevviiiiiiiieeeinienn. 34
Properties of SUIPUI diOXIAE........ccociiiiiiciie e e e e et e e et e e e eeta e e ernsaeeesnseeeas 40
Conclusions of the U.S. EPA Scientific Advisory Committee regarding the weight of evidence for
susceptibility to the effects Of SO . ..uiiv i e 63
Ambient exposures to SO, that caused visible injury to plant species. ......c.cccovciviiriiereiiieeeiniieeene 75
Main air pollutants in British Columbia. ........coooiiiiiiiiii e 85
Attributes of lakes and streams within the technical assessment study area defined by [SO,] and S
deposition MOUEHING. ...oouiiiiei ettt s s be e s b e s bt e s e e eneesares 87
Attributes of rivers and streams within the study area selected for closer examination due to high
[S10] o] LTol T} 4 =T T AR OO PO PO T PP PPTPPRTPRN 90
Description of bedrock type, code, class, proportional coverage (%) of the study area, and acid
SENSITIVITY ClASS (ASC). c.uveeerrieiiieeeiteeste ettt esteestteestaeeteeestaeenteeestaeeasaeessseesaeenseeeasaeesaeesaeanseesnseeenseesnses 99
Methods for measuring atmospheric sulphur species, including gaseous, particulate and wet/dry
EPOSITION. ettt ettt ettt et e et e bt e s b et e bt e sttt e bt e s be e e bt e e be e e nee e bt e e naneenneees 132
Stations in the Kitimat Air Quality Monitoring Network........c.ccvoveeiiiiinieiiieeeec e 134
Air quality parameters measured at continuous monitoring stations in the Kitimat Valley. .......... 136
On-site air emissions of SO, in the Kitimat Region reported by the Canadian National Pollutant
REIEASE INVENTOIY. 1oiiiiiiieeiiiee ettt ettt e et e e ettt e e e e tt e e e s bbeeeesabaeeeesssaeesasbeseenstaeeeansaaeesssneann 137

Wet and dry deposition of sulphur, comparing estimated annual mean values at Haul Road during
2006, 2008, and 2009 and modelled values for Haul Road and Lakelse Lake stations averaged over

2006, 2008 aNd 2009. ....ceecveerrieririerreeeieesiteeeseestee st e st e e sttt ae st e e sttt e baeenbaeebeeenbteenbaeenateenbaeen 144
Sources to be removed With KIMP ProjeCt. ......uuiiiiiiiiciiiieeeee ettt e e e 146
NEW aNd EXISEING SOUICES. ..uvviiiiiiiieiiiiieeieeeeeiitiee e e e e eestrr e e e e e e e settarreeeeeeseststaeeeeeeseasstaneeeessenssnsrenees 147
Pre-KIMIP pOINt SOUICE ParamEters. ... aaes 153
Pre-KIMP [iN@ SOUICE PAr@mMELEIS. .....uuiiieieeeeeiiiieeeeeeeeiiittteeeeeeeseabateeeeeeeseabstaeeeeesseassasaneeeessessnssnnnes 153
Pre-KMP point source SO, EMISSION FateS. ...uuuuuuui s 154
Pre-KMP line source SO; EMISSION FatES. ...uuuuuuuiiiiiiiiii e aanassaanannnes 154
Post-KMP point source parameters for SO, misSion SOUICES. .......cccccvveeeeiieeeeiieeeecireeeeireeeesvreens 155
Post-KMP line source parameters for SO, @miSSiON SOUICES. ......cueeeecvieeeeiieeeeiiieeeeeireeeeireeeeesreeens 155
POSt-KIMIP €miSSION Fates fOr SO.. cuuvuriiiiiiiiiiitieiiee ettt eeebrre e e e e seab b e e e e e e sesababreeeeessesnbareeeeas 156
Pre-KMP maximum SO, results modelled over 2006, 2008, and 2009..........cccceeeveecnrrereeeeeeennneenen. 160
Pre KMP SO, modelled results compared to U.S. EPA NAAQS. ......ccoovvvieeiriieeeiiieeeerireeeeeeeeesveeeens 161
Post-KMP maximum SO, results modelled over 2006, 2008, and 2009. ........cc.ccovveviurvereeeeeecnnnnenen. 165
Post-KMP SO, modelled results compared to U.S. EPA NAAQS. ......cccccviieiieieriieeeeiieeeeeeeeesiaeeen 166
Pollution Control Objectives exceedance table. ........cocuieeeeiiii i e 167
WHO eXCERAANCE TaDI. ..coiiiiiieiieee e st st e sab e e sbe e e sateenaee s 169
EPA eXCEEAANCE TADIE. c..uiiiiiieetii ettt sttt esaeesars 170
Sample hourly averaged data for 0Ne reCEPLOr. .....iiiveiii i i e e e 184
Description of histogram bins for hourly-averaged SO, concentration...........ccccceeevcvveiecieeescnnenn, 186
Sample histogram data of the relative frequency of SO, concentrations. .........ccceccvveviieeeesciieeennns 187
Sample data showing hourly average concentration bins and their relative frequency. ................ 192

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT iX



RioTintoAlcan FINAL REPORT

Table 8.3-5:
Table 8.3-6:

Table 8.3-7:
Table 8.3-8:

Table 8.3-9:

Table 8.3-10:

Table 8.3-11:
Table 8.3-12:
Table 8.3-13:

Table 8.4-1:

Table 8.4-2:

Table 8.4-3:

Table 8.4-4:

Table 8.5-1:

Table 8.5-2:

Table 8.5-3:

Table 8.5-4:

Table 8.6-1:
Table 8.6-2:
Table 8.6-3:
Table 8.6-4:
Table 8.6-5:
Table 8.6-6:
Table 8.6-7:
Table 9.1-1:
Table 9.1-2:

Table 9.2-1:

Table 9.2-2:

Sample data to illustrate relative frequency of different values of the peak-to-mean ratio. ......... 192
Sample calculation of peak concentrations for one bin, with different values of the peak-to-mean

[ 14« F PP PP 193
Probability of response for each peak concentration estimated...........cocceriiiiiiniiinniiceeee 193
Illustration of calculation of the final probability of response for a single hourly averaged
CONCENEIATION DIN. ettt e e e e s s aee e e sabe e e s abaeessaaeeesaseeeensbaeesnnns 194
Weighted probability of response calculated for all hourly averaged concentration bins.............. 194
Final calculation of probability of response as the sum of the probability of response at each
concentration bin, weighted by the relative frequency of each concentration bin. ........ccccceeen.. 195
Likelihood levels used in the risk assessment framework for health. ........ccccccooviiiiiiiiiiniinniieen, 199
Consequence levels used in the risk assessment framework for health. ........ccccovviiiiniiiiiiniiennnns 199

Impact categories from the combined likelihood and consequence dimensions of the risk
assessment framework for human health. The low, moderate, high and critical levels of impact are

defined in the overall description of the risk assessment framework (Section 8.1).........ccccccvveeenes 200
SO, thresholds of concern based on the Canadian Objective and Guideline and the U.S. EPA

Secondary National Ambient Air Quality Standard..........cccoeuieeiiiiiie e e e 204
Likelihood levels used in the risk assessment framework for vegetation. .........cccccecevvveieiieeennneenn. 205
Consequence levels used in the risk assessment framework for vegetation. ........ccccccccevveeevciveeennns 206

Impact categories from the combined likelihood and consequence dimensions of the risk
assessment framework for vegetation. The low, moderate, high and critical levels of impact are

defined in the overall description of the risk assessment framework (Section 8.1).........ccccccvveennes 206
Aerial coverage of the 13 distinct bedrock geologies in the initial study area, Kitimat Valley, used
(o] Sy =T ot o] DO OO P TP RTOPSR 214
Likelihood levels used in the risk assessment framework for soils. Each category indicates the
likelihood of exceeding a Critical [0ad (CL)....cceeevieiieeeieecieeeee ettt ere e se e ve e st eeae e sreesaaee e 219
Consequence levels used in the risk assessment framework for soils. ........cccovverviienenniieniieennen, 219

Impact categories from the combined likelihood and consequence dimensions of the soils risk
assessment framework. The low, moderate, high and critical levels of impact are defined in the

overall description of the risk assessment framework (Section 8.1). ......ccccceviiieieicieeeviieeeesciee s 220
Characteristics of the 14 sampled STreamS. ...ccocciiiiieciie e e e e sre e e e saaeeeeaes 229
Lakes and streams within the total study area compared to the sampled population. .................. 230
Core components Of the SSWC MOEL. .......ccuiiiiiiiiiiriie e e e sae e e e saaeeeeaes 240
Parameters used in the SSWC MOUEl.........uii i e e saaee s 241
Likelihood levels used in the risk assessment framework for surface waters. Each category indicates
the likelihood of exceeding a critical [0ad (CL). ..cccveeivierieeiieeeeee e s 249
Consequence levels used in the risk assessment framework for surface waters. .........cccceeevvveennnns 249

Impact categories from the combined likelihood and consequence dimensions of the surface water
risk assessment framework. The low, moderate, high and critical levels of impact are defined in the

overall description of the risk assessment framework (Section 8.1). ......ccccceeeciivieeiiieeccieee e, 250
Percentage of predicted respiratory responses corresponding to hourly average SO,
[olo]Tol=] o1 A - 1 1o o ISR TT O PSP PT P UOPUPUPPPTO 255
Risk assessment results for health according to the combined likelihood and consequence
dimensions of the risk assessment frameWOrK........coocuiiiiiiiiiiiii e 261
Descriptive statistics for the concentration of S in hemlock foliage in the vicinity of RTA, 1998-2011.
......................................................................................................................................................... 264
Correlation (r) between S emissions and S concentration in hemlock foliage, 1998-2011. ............ 266

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT X



RioTintoAlcan FINAL REPORT

Table 9.2-3:

Table 9.2-4:

Table 9.2-5:

Table 9.2-6:

Table 9.2-7:

Table 9.3-1:

Table 9.3-2:

Table 9.3-3:

Table 9.3-4:

Table 9.3-5:

Table 9.3-6:

Table 9.3-7:

Table 9.4-1:

Table 9.4-2:

Table 9.4-3:

Table 9.4-4:

Table 9.4-5:

Table 9.4-6:

Table 9.4-7:

Table 9.4-8:
Table 9.4-9:

Table 9.4-10:
Table 9.4-11:

Table 9.4-12:

Table 9.4-13:

Table 10.1-1:

Number of occurrences at all receptors that exceed thresholds of concern during the growing

YT [ o] o AP PP P PP PP PP PPPPPPPPPPPPPPPPPPPRE 281
Comparison of modelled SO, exposures to the Canadian National Ambient Air Quality Objective
AN GUIEINE O SO iiiiiiiiiiiiiee ettt st e e e e e s s tee e e sbae e e s sbaeessaaeeesnseeesnsbaeesnnn 282
The 10 highest hourly concentrations modelled during the entire year. ......c.ccocceviiiinieniiiineennne 283
The 10 highest hourly concentrations modelled during the growing season............ccocceeeveeeneeennne. 284
Assessment prediction for vegetation iMPacts........c.cueevieiiiiiiiieniec e 287
Physical characteristics and pH of composite pit samples (weighted-average of individual depth
analysis) summarized by the 11 bedrock categories in the Kitimat Valley. .......ccccccvevveeciievneennen. 289
Oxide content composite pit samples (weighted-average of individual depth analysis) summarized
by the 11 bedrock categories in the Kitimat Valley. ........ccceeeiiiiiciiee e 290
Measured qualitative mineralogy for each rock type from composite soil samples; x indicates
presence and a blank cell is abSENt.........cociiiieiiii e e e e 290
Percent mineralogy (average (avg) and range (minimum to maximum)) estimated using A2M and
summarized for soils sampled within each bedrock type (Quartz not shown)..........ccccccvveeevvieeennns 292

Base cation weathering rates (average and range (minimum to maximum): eq/m3/a) for each site
within each bedrock category estimated using PROFILE and all possible mineral combinations

(o Loy =T Lo T=Te I oLV WA |V RSP SUURRNS 294
Application of risk assessment framework to results of the soil critical load assessment. ............. 300
Summary of risk assessment for forest mineral Soil. ..........cccoveiiiiiiiiccii e 301
Distribution of lake and stream ANC values by CategOry......cccuveiviiieeiciiie e e 306
Distribution of sampled lakes and streams by pH Category. ......ccooeeeviieeeeciiie e 307

Summary of analyses of anion composition. {D} = dominated; {I} = influenced. The total number of
lakes/streams either dominated or influenced (51/22) exceeds the number sampled (41/20)

because a lake/stream can be influenced by more than one anion.........cccccceeeeeciecceeceecee e, 311
Analysis of the anion composition of 11 lakes with a pH <6, and probable causes of their pH status.
......................................................................................................................................................... 314

Average concentration and range by analyte in lakes sampled at surface and 2 m off bottom (n=6).
Data set does not include Jesse Lake, which was too deep to get gear down to 2 m off bottom...316
Statistics on lake and stream critical load values (meq/mz/yr) by Acid Sensitivity Class (ASC). A
critical load of 21 meqg/m?*/yr can neutralize 21 meq/m?/yr of total sulphate deposition (=10

Kg/ha/yr) WithOUt @XCEEAANCE. .....cuviiieteetee ettt et e e s be e eare e sabeesabeesabeesareeens 320
Lakes and streams by both critical load and exceedance categories. .......cccccceveeeieiciiieeeeesceccinineen. 324
Measured attributes of the sampled lakes and streams and associated model outputs................. 327
Results of sensitivity analysis to variation in sulphate deposition from one half to twice its

[T =To LT =T 1LY USSRt 330
Ten lakes under consideration for future monitoring in the AM phase. ......ccccccoevieeevciiiececieee e, 335
Predicted annual sulphate deposition under KMP and estimated annual runoff at each lake in the
study region, sorted by bedrock acid sensitivity class (ASC).........ccoecurieiiiiieeeciiee e 338

Application of risk assessment framework to results of the surface water critical load assessment.
Percentages of number of lakes are shown in regular type; percentages of the area of lakes are

shown in italics with appropriate iMPACE COIOUL ..............uuuueiiiiieiiiiiieee ettt e e e sraee s 341
Summary of risk assessment for surface waters. Percentages of the area of lakes are shown in

italics with appropriate impact colour highlighted..........cccoooviriiiii e 342
Elements within each step of the adaptive management cycle. .....ccccovvveeivi e, 350

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT Xi



RioTintoAlcan FINAL REPORT

Table 10.3-1:  Critical uncertainties, pertaining either to receptors or pathways in the source-pathway-receptor
[0 aTe o L] HO PR 359

Table 10.3-2:  Summary of adaptive management activities over the next six years. .......cccccevveerviiiieerieenneenne 372

Appendices

See Volume 3.

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT Xii



RioTinto Alcan

FINAL REPORT

N A D>

v

[ ]

AAC

Al
Al,03
AM
ANC
ASC
BC, B¢
B.C.
BLIERS
CAAQS
CABIN

CAMS
CCME
CL

co
CO,
COPD
CRP
DEM
DFO
DL

List of Symbols and Abbreviations

delta, meaning quantitative change (e.g. AANC or ASO,)
is less than what follows

is less than or equal to what follows

is greater than what follows

is greater than or equal to what follows

the concentration of something, e.g., [SO,] means the concentration of
sulphur dioxide

annual allowable cut

aluminum

aluminum oxide trihydrate (alumina)
adaptive management

acid neutralizing capacity

acid sensitivity class

base cations

British Columbia

Base Level Industrial Emission Requirements
Canadian Air Quality Management System

Canadian Aquatic Biomonitoring Network (http://www.ec.gc.ca/rcba-
cabin/)

Comprehensive Air Management System

Canadian Council of the Ministers of Environment
critical load

carbon monoxide

carbon dioxide

chronic obstructive pulmonary disease

C-reactive protein

digital elevation model

Fisheries and Oceans Canada

analytical detection limit
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DOC
ESSA

EX

FEV1

FTC

GHG

GIS
GranANC

GTC
H,S04
HF
HSS
HRV
IVF
KMP
LFH
LOI
MAML
MDISP
MM5

MOE
MoU

Mt

MW

n

N
NasAlFg
NADP
NEG/ECP

dissolved organic carbon

ESSA Technologies Ltd.

exceedance

forced expiratory volume in 1 second
Fume Treatment Centre

greenhouse gas

geographic information system

the capacity of a solution to neutralize strong acids, determined by
titration to the inflection point of the pH-alkalinity titration curve

Gas Treatment Centre

sulphuric acid

hydrogen fluoride

horizontal stud Séderberg

a mesure of cardiovascular autonomic control
in vitro fertilization

Kitimat Modernization Project
litter-fibric-humic soil layer
loss-on-ignition

Mobile Air Monitoring Laboratory
dispersion coefficients switch setting

5th generation mesoscale model (data from this model used in sensitivity
analyses of CALPUFF model output)

British Columbia Ministry of Environment
Memorandum of Understanding

Million tonnes

megawatt

number (sample size, e.g. “n=6")

nitrogen

cryolite

National Atmospheric Deposition Program

New England Governors/Eastern Canadian Premiers region
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NO,
NO3
NOy
NSWS
02

03

P2
PAH
PB

Pb
PCO
PDS
PFPB
PM
PMy s
PMyg
POP
QA/QC
RED
RTA

SDI
SO,
SO,
SRAW
SRMZ
SMB
SSWC
TFL
TRS

nitrogen dioxide

nitrate

nitrogen oxides

National Surface Water Survey
oxygen

ozone

Pollution Prevention

polycyclic aromatic hydrocarbon
pre-baked anode cell

lead

Pollution Control Objectives (of B.C.)
Passive Diffusive Samplers

Point Feeder Prebake

particulate matter

particulate matter up to 2.5 micrometers in diameter

particulate matter up to 10 micrometers in diameter

persistent organic pollutants

quality assurance/quality control
Regional Economic Development
Rio Tinto Alcan

sulphur

social deprivation index

sulphur dioxide

sulphate, a salt of sulphuric acid
specific airway resistance

Special Resource Management Zone
Simple Mass Balance model

steady state water chemistry (model)
tree farm license

total reduced sulphur
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TSA

u.S.

U.S. EPA
UT™Mm

uv

VSS

YSI

eq/nf/a
g/s
g/m
ha
km
kg/h
keg/ha/yr
kg/ha/yr
L/min

3

m

m/s
m>/s
m4/s3
mg/L
Mg/d
mg/m?>
meq/m’/yr
ng/g
ng/m>
ppb
ppm

timber supply area

United States (of America)

United States Environmental Protection Agency
Universal Transverse Mercator

ultraviolet

vertical stud Séderburg

Yellow Springs Instrument

List of Measurement Units

equivalents per cubic metre per annum (year)

grams per second

grams per cubic metre

hectares

kilometre

kilograms per hectare

kiloequivalents per hectare per year

kilograms per hectare per year (units of deposition flux)
litres per minute

metres

metres per second

cubic metres per second

metres to the fourth power per seconds cubed (units for buoyancy)
milligrams per litre

mega grammes per day, equivalent to metric tonnes per day
milligrams per cubic metre

milliequivalents per square metre per year

nanograms per gram

nanograms per cubic metre

parts per billion

parts per million
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t/d tonnes per day

t/month tonnes per month

t/yr tonnes per year

t/kmz/yr tonnes per square kilometer per year

wit% percent by weight

ueq/L microequivalents per litre (i can also be shown as u)
l,tg/m3 micrograms per cubic metre (W can also be shown as u)
um micrometres (U can also be shown as u)

Conversion Factors

SO, concentration in air

1 ppb SO, = 2.62 ug/m3 at 25°C and 1 atm pressure
1 ppm SO, = 2,620 ug/m3 at 25°C and 1 atm pressure
1 ppb SO, = 2.66 ug/m3 at 20°C and 1 atm pressure
1 ppm SO, = 2,660 ug/m3 at 20°C and 1 atm pressure

The equation used for the above conversion is:
ng/m?> = (ppb)(12.187)(MW)/(273.15 + °C)
or

mg/m? = (ppm)(12.187)(MW)/(273.15 + °C)

where:
pg/m> = micrograms of gaseous pollutant per cubic metre of ambient air
mg/m> = milligrams of gaseous pollutant per cubic metre of ambient air
ppb = parts per billion by volume
ppm = parts per million by volume
12.187 = inverse of the Universal Gas Law constant
MW = molecular weight of the gaseous pollutant (for SO,, this value is 64.06 g/mol)
°C = ambient air temperature in degree Centigrade

Measures of acidic deposition

1 meg/m?/yr = 0.48 kg SO, deposition/ha/yr
2.08 meg/m?/yr= 1 kg SO, deposition/ha/yr
20.8 meg/m?/yr= 10 kg SO, deposition/ha/yr
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A2M

acid deposition

acidic episode

acidification

acid neutralizing capacity

adaptive management

afforestation

alkalinity

alluvial fan

ambient

anadromous

anion

anode

Glossary

Analysis to Mineralogy; a matrix-based model that estimates
relative mineral content of soils

Transfer of acids and acidifying compounds from the atmosphere to
terrestrial and aquatic environments via rain, snow, sleet, hail,
cloud droplets, particles, and gas exchange

An event in a water body in which acidification of surface waters
results in an acid neutralizing capacity of less than or equal to 0

The decrease of acid neutralizing capacity in water, or base
saturation in soil, by natural or anthropogenic processes

The equivalent capacity of a solution to neutralize strong acids; ANC
and alkalinity are often used interchangeably; ANC includes
alkalinity plus additional buffering from dissociated organic acids
and other compounds

a systematic process for improving management policies and
practices by learning from the outcomes of operational programs

Establishment of a forest or stand of trees in an area where there
was no forest

Measures the ability of a solution to neutralize acids; the terms acid
neutralizing capacity and alkalinity are sometimes used
interchangeably

fan- or cone-shaped deposit of loose, unconsolidated sediment built
up by streams or debris flows

Of the surrounding area or environment

Migrating from salt water to spawn in fresh water, as salmon of the
genera Salmo and Oncorhynchus

An ion with more electrons than protons, giving it a negative
charge, e.g., SO,*

An electrode through which electric current flows into a polarized
electrical device.
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anoxic Lacking oxygen

anthropogenic Of, relating to, derived from, or caused by humans or related to
human activities or actions

arrhythmia An irregular heartbeat

atherosclerosis A condition in which an artery wall thickens as a result of the
accumulation of fatty materials such as cholesterol

base cations An alkali or alkaline earth metal (Ca2+, Mg2+, K+, Na+)

base cation buffering The capacity of a watershed soil or a sediment to supply base
cations (Ca2+, Mg2+, K+, Na+) to receiving waters in exchange for
acid cations (H+, Al3+); may occur through cation exchange in soils
or weathering of soil or bedrock minerals

base cation exchange The replacement of hydrogen ions in the soil water by base cations
from soil particles

base saturation The proportion of total soil cation exchange capacity that is
occupied by exchangeable base cations (i.e., by Ca**, Mg**, K*, Na*)

benthic Referring to bottom zones or bottom-dwelling organisms in water
bodies

biomass The total quantity of organic matter in units of weight or mass

biota The total collection of organisms, both plant and animal

brackish Having more salinity than fresh water, but not as much as seawater

buffer intensity The change in pH per unit addition of strong acids or strong bases

calcination The process of heating coke to drive off volatile hydrocarbons and
moisture

CALMET A diagnostic 3-dimensional meteorological model that forms a

component of the CALPUFF system

CALPOST A post-processing package that forms a component of the CALPUFF
system
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CALPUFF

carcinogenicity

catalysis

catalyst

catchment

cation

cathode

cerebral infarction,

cerebral hemorrhage

climate

colluvium

conceptual model

conductivity

congenital

conjunctivitis

critical load

An air quality dispersion model that forms part of an advanced non-
steady-state meteorological and air quality modelling system of the
same name

The ability or tendency to produce cancer

The change in rate of a chemical reaction due to the participation of
a substance called a catalyst

A substance that either speeds (positive catalyst) or slows
(inhibitor) the rate of a chemical reaction; catalysts are not
consumed by the reactions in which they participate

See “watershed”

An ion with fewer electrons than protons, giving it a positive charge,
2+
e.g., Ca

An electrode through which electric current flows out of a polarized
electrical device

stroke

The average weather of a location over a long period of time

Loose bodies of sediment that have been deposited or built up at
the bottom of a low-grade slope or against a barrier on that slope,
transported by gravity

Simplified or symbolic representation of prototype or system
behaviour and responses

A measure of a material's ability to conduct an electric current

Existing at birth and often before birth, or that develops during the
first month of life

An inflammation of the conjunctiva (the outermost layer of the eye
and the inner surface of the eyelids); also called pink eye or madras
eye

A gquantitative estimate of an exposure to one or more pollutants
below which significant harmful effects on specified sensitive
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critical uncertainties

cryoboreal

dissolved organic carbon

drainage basin

dry deposition

electrolysis

embolism

empirical

epidemiology

ephemeral

escapement

elements of the environment do not occur according to present
knowledge

Uncertainties emerging from the technical assessment which, when
resolved, may result in a predicted impact shifting up or down one
or more levels in either of the dimensions in the risk assessment
framework, which could result in a different impact category
(, yellow, orange or @); resolving critical uncertainties could
also result in a change in decisions about mitigative actions; other
uncertainties emerging from the technical assessment, but if
resolved are not expected to change either the impact category or
appropriate mitigative actions, may be ‘nice to know’ but are not
considered ‘critical’

Referring to species characteristic of the colder parts of the Boreal
Zone

Organic carbon that is dissolved or unfilterable in a water sample
(0.45 um pore size in the National Surface Water Survey)

See watershed

Transfer of substances from the atmosphere to terrestrial and
aquatic environments via gravitational settling of large particles and
turbulent transfer of trace gases and small particles

A method of using a direct electric current to drive an otherwise
non-spontaneous chemical reaction

An event in which an embolus (a detached intravascular mass) clogs
arterial capillary beds at a site far from its origin

Derived from or guided by experience or experiment

The study of the patterns, causes, and effects of health and disease
conditions in defined populations

Transitory, existing only briefly, e.g., a stream that doesn’t flow
continuously throughout the year

The number of adult salmon that manage to return to their
spawning streams
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estuary

etiology

fry

genotoxicity

glaciofluvial

glaciomarine

hydrology / hydrologic

hydrolysis

in vitro

intertidal

interquartile range

invertebrate

ion

isopleth

leaching

A partly enclosed coastal body of water with one or more rivers or
streams flowing into it, and with a free connection to the open sea

The study of causation, or origination, i.e., why things occur, or
whey they occur the way they do

A very early free-swimming stage of fish development; tiny fish
without yolk sacs still attached

Pertaining to agents known to damage DNA, thereby causing
mutations, which can result in cancer

Pertaining to streams fed by melting glaciers, or to the deposits

A general term to describe inorganic and organic material deposited
in @ marine setting by a combination of glacier- and marine-related
processes

Pertaining to the movement, distribution, and quality of water

Chemical process in which a water molecule is added to a substance
resulting in the split of that substance into two parts

Refers to isolation of the components of an organism from their
usual biological surroundings in order to permit a more detailed or
more convenient analysis than can be done using whole organismes,
e.g., in a test tube

Above water at low tide and under water at high tide (in other
words, the area between tide marks)

A measure of statistical dispersion; also called the midspread or
middle fifty

An animal without a backbone, e.g., insects

An atom or molecule in which the total number of electrons is not
equal to the total number of protons, giving it a positive or negative
electrical charge

Contour line on a map connecting places with the same value of
some parameter, e.g., total sulphate deposition

The extraction of materials from a carrier into a liquid
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liming

littoral zone

methylmercury

mineral acids

mineral weathering

molluscs

morbidity

morphologic

mortality

myocardial infarction

neonatal

ocular
oligotrophic

organic acids

oxidation

patent ductus arteriosus

parent material

The addition of any base materials to neutralize surface water or
sediment or to increase acid neutralizing capacity

The shallow, near-shore region of a body of water; often defined as
the band from the shoreline to the outer edge of the occurrence of
rooted vegetation

The form of mercury that accumulates in the food chain

Inorganic acids, for example H,SO4, HNO3, HCI, and H,CO; (see
strong acids and weak acids)

Dissolution of rocks and minerals by chemical and physical
processes

A large group of invertebrate animals

Refers to the disease state of an individual, or the incidence of
illness in a population

Pertaining to form and structure and to specific structural features

Refers to the state of being mortal, or the incidence of death
(number of deaths) in a population

Heart attack

Of, relating to, or affecting the newborn and especially the human
infant during the first month after birth

Of or relating to the eye
Having very little or no aquatic vegetation and being relatively clear

Acids possessing a carboxyl (-COOH) group or phenolic (C-OH)
group; includes fulvic and humic acids

Chemical process in which a substance gets combined with oxygen

A condition in which the ductus arteriosus (a blood vessel that
allows blood to around the baby’s lungs before birth) does not close

The underlying geological material (generally bedrock or a
superficial or drift deposit) in which soil horizons form
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peak exposure

pelagic zone

perhumid

pH

photolysis

physiology

plankton

PROFILE
QT interval

recruitment

reduction/oxidation
reactions

reforestation

salmonids

The highest average exposure over a short time period, generally in
the range of 5 to 15 minutes, as compared to the average exposure
over a longer period that contains the peak exposure (e.g., over the
corresponding hour, or day)

Referring to open-water areas not directly influenced by the shore
or bottom

The wettest climate, with humidity index values of +100 and above

A measure of how acidic or basic a solution is, on a scale of 0-14;
the lower the pH value, the more acidic the solution; pH 7 is
neutral; a difference of 1 pH unit indicates a tenfold change in
hydrogen ion activity

The process by which dissolved organic carbon is decomposed into
smaller molecules (including CO,) by natural light, especially
ultraviolet light

The scientific study of function in living systems; includes how
organisms, organ systems, organs, cells, and bio-molecules carry
out the chemical or physical functions that exist in a living system

Plant or animal species that spend part or all of their lives carried
passively by water currents; phytoplankton is plant plankton, and
zooplankton is animal plankton

A steady-state soil chemistry model
An electrocardiographic marker of ventricular repolarization

The number of fish surviving to enter the population as mature
individuals

Reactions in which substances gain or lose electrons (i.e., in which
substances are converted from an oxidized to a reduced oxidation
state and vice versa) — also called redox reactions

The natural or intentional restocking of existing forests and
woodlands that have been depleted, e.g., tree planting following a
harvest

A family of ray-finned fish, including salmon, trout, char, freshwater
whitefish and grayling
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salt effect

saturation

source-pathway-receptor

species diversity

species richness

stomata

strong acids

subsistence

thrombosis

trophic level

toxicology

turbidity

watershed

weak acids

The process by which hydrogen ions are displaced from the soil
exchange complex by base cations (from neutral salts); the result is
a short-term increase in the acidity of associated water; also
referred to as the “sea salt effect”

The point at which a solution of a substance can dissolve no more of
that substance

A method for visually depicting the ways in which SO, and acidic
deposition affect the environment, biota, and human health

The effective number of different species that are represented in a
collection of individuals; “species diversity” consists of two
components - species richness (a simple count of the number of
species) and species evenness (a measure of how equal abundances
are among the species that are present)

The number of different species represented in a set or collection of
individuals; a component of “species diversity”

Microscopic pores on the surface (epidermis) of land plants

Acids having a high tendency to donate protons or to completely
dissociate in natural waters (e.g., H,SO4, HNO3, HCI, and some
organic acids)

Maintaining or supporting at a minimum level

Formation of a blood clot inside a blood vessel, obstructing the flow
of blood through the circulatory system

The position occupied in a food web

The study of the adverse effects of chemicals on living organisms, of
symptoms, mechanisms, treatments and detection of poisoning,
especially the poisoning of people

The cloudiness of a fluid caused by suspended particles

The geographic area from which surface water drains into a
particular lake or point along a stream

Acids having a low proton-donating tendency that tend to
dissociate only partially in natural waters (e.g., H,COs3, H4SiO4, and
most organic acids)
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wet deposition Transfer of substances from the atmosphere to terrestrial and
aquatic environments via precipitation (e.g., rain, snow, sleet, hail,
and cloud droplets); droplet deposition is sometimes referred to as
occult deposition
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1.0 Introduction

This report contains a considerable amount of information. The following diagram represents
the main sections of the report, and will help readers understand its structure and flow. A

smaller version of the diagram is repeated at the beginning of each main section to help orient
readers as they work their way through the document.

Background,
Context

Impact Prediction

6. Study Design

|

J
2. Project \ 7. Air Modelling ]
Description ) v
4 8. Methods
( ) 8.3
3. Literature R 8.4 8.5 Surface
Review Health Vegetation Soils Water
)
( o 4 9. Results
4. Study Area o
- 4 Human 9.2 93 Surface
Health Vegetation Soils Water
> -
[ 5. Regulatory v
Framework Jj 10. Adaptive Management ]

11. Conclusions

11

PURPOSE AND RATIONALE OF THE SO, PERMIT AMENDMENT

Rio Tinto Alcan (RTA) is modernizing the Kitimat Aluminum Smelter with state-of-the-art AP-4X
pre-bake smelting technology through the replacement of the existing 60 year old vertical stud
Soéderburg (VSS) technology. The new aluminum smelting technology is more efficient,
producing more aluminum per kilowatt hour of electricity than the smelting technology

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT

IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT



RioTintoAlcan FINAL REPORT

currently in use. As a result, the Kitimat smelter will increase both the production of aluminum
and the consumption of petroleum coke, the primary source of sulphur emissions. The purpose
of this permit amendment application is to add the new SO, emission sources associated with a
modern pre-bake aluminum smelting process to RTA’s P2-00001 Multimedia Waste Discharge
Permit, as well as to increase the permitted limit on SO, emissions to allow for increased
aluminum production capacity.

1.2 BACKGROUND

The Rio Tinto Alcan aluminum smelter has been a mainstay to the Kitimat economy since the
1950s. The Kitimat Modernization Project (KMP) is a significant upgrade that is under
construction to replace the existing VSS aluminum production technology with state-of-the-art
AP-4X technology. This upgrade has resulted in the demolition of the existing # 7&8 VSS
electrolytic reduction potlines as well as many of the supporting service buildings north of
Moore Creek to make way for construction of the new smelter facility. KMP is designed to
increase aluminum production capacity from the current name plate capacity of 282,000
tonnes per year (t/yr) to 420,600 t/yr, with significant decreased overall emissions and
improved efficiencies.

Sulphur dioxide emissions from aluminum smelting are mostly the result of the consumption of
petroleum-derived carbon that is used as an electric anode. Sulphur is a natural contaminant of
petroleum-based coke, and is released as sulphur dioxide through the carbon process lifecycle
in smelting aluminum (coke caclination, anode baking and anode consumption). RTA B.C.
Operations has a current SO, P2 permit limit of 27 tonnes per day (t/d) for emissions resulting
from carbon consumption. This limit needs to be increased to 42 t/d for KMP due to both the
added consumption of coke on site to meet the new aluminum production capacity as well as
to provide room for ongoing coke quality fluctuations within the market place.

The current 27 t/d limit was established in 1999 when the P2 Multimedia permit was issued.
Prior to 1999, under the 1987 amended permit PA 02552, SO, emissions were regulated by
controlling the concentration of SO, emanating from the coke calciner’s pyroscrubber.
However, due to coke market fluctuations (see Section 2.8.2), permit compliance based on an
end-of-pipe concentration was difficult to consistently meet. In conjunction with a permit
amendment for total particulate discharges from the pyroscrubber, a change of the permit
metric to a daily mass load of 20.7 t/d was requested (but not formalized) (B.C. Ministry of
Environment 1998). This limit was further increased to 27 t/d in the P2 permit due to concerns
about declining petroleum coke quality (increasing sulphur concentration in the coke). This
concern is still valid today as quantities of sweet petroleum crude oil, which is the source of low
sulphur content coke, continue to decline.

Figure 1.2-1 shows the SO, emission history from the RTA Kitimat aluminum smelter between
1982 and 2011. As can be seen in the figure, annual emissions trended upwards from below 12
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t/d to a peak of 23.25 t/d in 2000, but have since declined to below 16 t/d. The recent decline
in SO, emissions has been related to coke quality management (structure and contaminants) as
well as declining metal production in preparation for modernization. Future SO, emissions with
KMP will increase to a projected 42 t/d under steady state operations.

Annual SO2 Emissions RTA Kitimat Smelter 1982 to 2011

P armit limit

02 (t/d)
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Figure 1.2-1: Annual total SO, emissions from the RTA Kitimat smelter between 1982 and 2011}

1.3  PERMIT APPLICATION DETAILS

RTA B.C. Operations Kitimat aluminum smelter has a Pollution Prevention Multimedia Permit,
P2-00001 (issued December 7, 1999, with the last comprehensive amendment dated November
9, 2007), which authorizes the discharge of air emissions, effluent and refuse from the
aluminum smelter. The land upon which the facility is situated, and where the discharges occur,
is comprised of District lots 90, 91, 92, 93, 96, 102A, 186, 7596 and 5469 (water lot), Ranges 4
and 5, Coast District, Kitimat, British Columbia, located at/on/near the north end of the Douglas
Channel, within the District of Kitimat. For the purpose of modernizing the 60 year old smelter
into a state-of-the-art pre-bake aluminum smelter, the current SO, permit limit associated with
the VSS smelting process needs to be increased from 27 t/d SO, plant-wide emissions to 42 t/d
SO, plant-wide emissions. Additionally, the old sources of SO, emissions that are being
decommissioned through modernization need to be removed from the Permit and the new
KMP-related SO, sources need to be added into the Permit. The proposed amendment to the
P2-00001 Multimedia Permit is presented in Section 5.0 of this report.

! Annual SO2 emissions have been amalgamated from data in the 1998 B.C. Ministry of Environment P2 Technical
Report, Table 3.16 (B.C. Ministry of Environment 1998) and RTA internal SO, emission tracking and reporting file
(1990 to 2011). Where there is a discrepancy between data sets, the RTA SO, emission and tracking file data are
used.
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1.4 OVERVIEW OF COMPANY

The proponent for this project is Rio Tinto Alcan (B.C. Registration #A0073589). Rio Tinto Alcan
(RTA) is one of five product groups operated by Rio Tinto, a leading international mining group.
RTA is one of the world’s largest producers of bauxite, alumina and aluminum.

The contact person for this permit amendment is:

Shawn Zettler, Kitimat Modernization Project Environmental Lead
PO Box 1800,

Kitimat, British Columbia

V8C 2H2

Telephone number: (250) 639-8329

Alcan’s operations in British Columbia (B.C.) were built between 1950 and 1954 at a cost of
$500 million — about $3.5 billion in today’s dollars — and represented the largest single project
ever undertaken by the Canadian private sector at that time. In addition to the industrial
elements, the project included construction of the two communities that would be home to
Alcan’s workforce: Kitimat, a model of urban planning at the time, and the village of Kemano
(which was decommissioned in 2000 but was home to power station workers and their families
for more than 40 years).

The project was built in a sparsely populated region, accessible only by air and sea and
featuring some of the most challenging terrain on earth. Survey work undertaken by provincial
surveyor Frederick Knewstubb in 1928 demonstrated the hydroelectric potential of the region.
The Province realized that developing this potential would mean attracting an energy-intensive
industry to the area and approached Alcan, then the Aluminium Company of Canada, to
validate the region’s appeal to the aluminum industry. Before Alcan could consider developing
this resource, World War Il broke out, resulting in an eight-fold increase in the size of the
company’s Arvida complex as it expanded to meet the needs of the Allied Forces to wage war in
the air.

After the war, B.C. invited Alcan to revisit its earlier investigations and, in 1950, the Province
passed the Industrial Development Act, granting Alcan rights to the waters of the Eutsuk/Tahtsa
water basin in B.C.’s Central Interior in exchange for Alcan’s commitment to create an
aluminum industry in B.C., opening up the north to industrial development. Alcan committed
resources and expertise to complete the project within a mere five years.

Construction began in 1951, and the reservoir at the power works was already filling by the fall
of 1952. Drilling crews completed the power tunnel under Mount DuBose at the end of 1953,
and by the summer of 1954 power generation was under way. In August of that year, HRH
Prince Philip presided over a ceremonial pour of the first Kitimat-produced aluminum. Some
35,000 construction workers were part of this achievement. Smelter production capacity more
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than doubled over the first few years of operation, and a multi-ethnic workforce put down
increasingly deep roots in B.C.’s northwest.

Today, Rio Tinto Alcan’s B.C. Operations remain a defining feature of the northern B.C.
landscape and economy, and an important player in the global aluminum industry. Rio Tinto
Alcan currently contributes significantly to the B.C. Gross Domestic Product (GDP), representing
an economic injection of $300 million year over year. RTA B.C. Operations provides close to
1,400 direct jobs and many more indirectly.

The Kitimat smelter is located on a deep water port on the Douglas Channel at Kitimat. Rio
Tinto Alcan owns and operates wharf and terminal facilities at this port, from which raw
material and finished products are transported to and from the Kitimat smelter.

The original smelting facilities included seven potlines, housed in 15 buildings at the smelter
site with an annual rated production capacity of 282,000 t/yr. The modernized smelter,
projected to be complete in 2015, will include one potline housed in four buildings with an
annual rated production capacity of 420,600 t/yr. Additionally, the Kitimat smelter site includes
an anode plant, casting facilities, transportation facilities, waste handling facilities, equipment
and vehicle depots, workshops, office buildings, employee facilities, and other related support
infrastructure. RTA’s B.C. Operations also include Kemano Power Operations, and Community
Relations and Corporate Affairs offices in Vanderhoof, Burns Lake, and Vancouver.

The Kitimat smelter currently produces two types of ingots: sheet (angular) and trilock (remelt).
Sheet is a value-added product while the trilock is sold for re-melting. Products are shipped to
markets in Asia and North America, with Korea, Japan, Southeast Asia and the United States
being the most common destinations.

1.5 TECHNICAL ASSESSMENT SCOPE

This Technical Assessment Report focuses solely on total sulphur dioxide emissions from the
modernized Kitimat Aluminum Smelter and their associated impacts on human health and the
environment within the defined study area of this permit application. The emission sources, as
further described in Section 2.0, include end-of-pipe SO, emissions from the coke calciner
(existing source), and emissions from the gas treatment centre for the new potrooms, the new
potroom roof vents, and the new anode baking furnace. The other emissions that are typical to
the aluminum smelting process, such as hydrogen fluoride emissions and particulates, are
outside the scope of this technical assessment report. Non-SO, emissions will be addressed in a
separate permitting exercise to update the P2-00001 Multimedia Permit for the overall Kitimat
Modernization Project.
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2.1 OVERVIEW OF THE KITIMAT MIODERNIZATION PROJECT SCOPE

The Kitimat Modernization Project will replace the old VSS smelting technology with a modern
pre-bake AP-40 smelter. The project will be constructed overtop the footprint of the north end
of the smelter (potlines 7&8 area). KMP is an important project for RTA that will deliver both
financial and environmental returns. The improvements are due to the change in technology
that will deliver efficiencies in aluminum production (reduced raw materials consumption
intensity) and improved emissions control. To support the AP-40 smelting technology, KMP will
install a number of services, e.g., for carbon anode production, and a cast house to freeze the
expanded metal production.

The Kitimat Modernization Project has taken many years to develop, announce, and proceed to
construction. On 1 December 2011, KMP — with its $3.3 billion (U.S) investment to sustain the
aluminum industry in British Columbia — received full approval from RTA’s Board of Directors.
The regional public had been poised for this announcement since 1997, but more specifically
since 2006 when KMP was first announced.

Rio Tinto Alcan’s commitment to local stakeholders was evident throughout the waiting period;
during this time, KMP-related construction activity continued, and RTA made a commitment in
2010 to the Haisla First Nation by signing the Haisla Nation - Rio Tinto Alcan Legacy Agreement.
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Rio Tinto Alcan has taken many opportunities during the five years leading up to the final
approval announcement of KMP to share information about the project with the regional
stakeholders. Such information has consistently included statistics about the overall
environmental improvements that the smelter modernization will realize, as well as highlighting
the fact that the sulphur dioxide (SO,) levels will be elevated due to the increase in aluminum
production.

2.2 PROIJECT LOCATION

Rio Tinto Alcan Primary Metal North America’s smelter at Kitimat is the only aluminum smelter
in British Columbia (Figure 2.2-1). The Kitimat smelter is located west of the mouth of the
Kitimat River, at the head of the Kitimat Arm, on District Lots 88, 90, 91, 92, 93, 96, 102A, 186,
7596 and 5469 (water lot), Ranges 4 and 5, Coast District, Kitimat, British Columbia (Figure
2.2-2). The existing smelter site covers an area of approximately 243 ha (600 acres). The site is
bounded to the north by Anderson Creek and to the south by the Kitimat Arm of the Douglas
Channel and industrial lands owned by Rio Tinto Alcan. To the east, the smelter is bounded by
the Eurocan Wharf site and Haul Road and the Methanex Wharf site area; to the west it is
bound by RTA’s Private Industrial Road. KMP has been scoped and designed to fit within the
bounds of the site and existing operational area.
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Figure 2.2-1: Site plan: existing smelter components.
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Figure 2.2-2: Geographical location.

2.3  PROJECT SCOPE

KMP’s scope is the demolition of VSS smelting operations north of Moore Creek, construction
of new pre-bake AP-40 smelting operations, expansion of carbon facilities south of Moore
Creek, and the relocation of critical VSS operations that are required to sustain the existing
smelter south of Moore Creek (while KMP is being constructed).

2.3.1 Existing smelter

Initial smelting operations were constructed between 1951 and 1954 with additional potlines
added in the 1960s and 1970s to achieve the existing configuration. Conversion from wet to dry
anode Soéderberg technology occurred in all potrooms from the mid-1970s to mid-1990s.
Conversion from wet scrubbers to dry scrubbers also occurred around the same period. An
anode paste plant was constructed on-site in 1983 and a vacuum alumina unloader was added
at the wharf in 2000. Incremental upgrades to technology and continuous improvements in
process have occurred continuously over the history of smelter operations.

The operating capacity of the existing smelter is 282,000 tonnes of aluminum per year (t/yr).
Current production is approximately 182,000 t/yr. Current associated infrastructure includes:
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e An existing port facility where raw materials such as alumina, petroleum coke and
liquid pitch are unloaded and aluminum products are loaded,;

e Storage silos for alumina and liquid pitch;

e A coke calciner, where green petroleum coke is calcined prior to being used in the
fabrication of anode briquettes;

e An existing carbon plant (existing Anode Paste Plant) where anode briquettes are
produced and stored;

e Seven potlines (1, 2, 3, 4, 5, 7, and 8) and 900 pots in 15 buildings;

e Two casthouses where liquid aluminum is cast into three products: sheet, billet and
ingot;

e Potshell relining centre;

e Power Operations control building;

e Administration building; and

e Additional service and support buildings, warehouses and storage buildings
distributed throughout the plant.

RTA’s Kemano Power Generating Station is located 85 km southeast of the smelter site. Water
for power generation is stored in the Nechako Reservoir (Figure 2.2-2).

2.3.2 Kitimat works modernization

The Kitimat Works Modernization Project consists of the demolition and relocation of some
existing buildings and services, and the construction and operation of some new on-site and
off-site components (Figure 2.3-1 and Figure 2.3-2). The following items are within the project
scope:

e One new potline and 384 pots in four buildings;

e Two gas treatment centres for the potline (for fluoride and particulate capture);

e A new reduction services building;

e A retrofit of the existing Paste Plant to manufacture green anodes while maintaining
production of Soderberg paste during the transition period;

e A new anode baking furnace, rodding shop, pallet storage building and carbon
recycling facility;

e A new bath recovery facility;

e An expansion to the existing casting centres consisting of two water-cooled ingot
casting machines;

e New air compressor station;

e A new electrical substation and modifications to existing on-site substation and
power distribution infrastructure; and

e Construction camp, including ancillary facilities.
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1: Kitimat Port Facilities 5: New Casthouse C 9: Anode Baking Furnace 13: Main Office
2: Carbon South 6: Potroom 10: Bath Treatment Plant

3: Alumina Silo 7: GTC 11: Anode Storage

4: Existing Casthouse B 8: Pallet Storage 12: Rodding Shop

Figure 2.3-1: 3D schematic of project layout.
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2.4 ECONOMIC AND ENVIRONMENTAL BENEFITS OF THE KITIMAT MIODERNIZATION PROJECT
2.4.1 Economic benefits

The Kitimat Modernization Project is a net beneficial project to northwestern British Columbia.
Not proceeding with the project would have very significant adverse impacts to the regional
economy of northern British Columbia.

RTA B.C. Operations is a significant contributor to the economy of northwestern British
Columbia and is the only remaining large industrial employer for both Terrace and Kitimat. In
2011, the smelter contributed $281.1 million (Rio Tinto Alcan Primary Metal B.C. 2011:22) to
the economy of British Columbia with notable expenditures of:

e S$13.1 million in property taxes;

e $161.8 million in payroll and benefits; and

e S$65.7 million in goods and services, of which $33.7 million was spent in
northwestern British Columbia (supporting 271 vendors in the region).

The current operation employs 1,275 fulltime workers, and indirectly supports an estimated
3,143 workers in the northwest region of British Columbia.

RTA B.C. Operations has established a Regional Economic Development (RED) office in Kitimat.
The goal of this office is to strengthen the economic and social fabrics of the region in order to
sustain long-term regional development and job creation. The Kitimat Modernization Project
will be leveraging the RED office to optimize spending for local and regional job creation.
Additionally, specific targeted spending will be allocated to First Nations for economic growth
and capacity building. In 2011, KMP purchased $95.8 million of goods and services in British
Columbia, with $21.9 million spent in Kitimat.

Once commissioned, KMP will bring an additional 35 years of sustained economic contributions
to British Columbia. The existing 1,275 smelter positions (primarily labour), will be replaced
with approximately 1,000 technically enhanced jobs.

2.4.2 Environment and community health benefits

The current smelting operation is challenged with environmental performance due to the age
of the smelting technology and supporting infrastructure, as well as declining qualities of raw
materials. The operation has reached a plateau for reducing emissions of fluoride, particulates,
polycyclic aromatic hydrocarbons (PAH) and greenhouse gases (GHG), and further reductions
are not possible without significant investment in infrastructure and technology. The Kitimat
Modernization Project is the best available technology for aluminum smelting emissions
control.
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The modernization will have significant environmental benefits, reducing total authorized waste
discharge by approximately 22%, despite an approximate 48.9% increase in aluminum
production. Importantly, PAH releases to the environment will decrease by about 97%, GHG
intensity reduced by 57% and fluorides will be reduced by 37%. There will also be a 30%
reduction in the amount of energy required to produce a tonne of aluminum. Total power
consumption required for aluminum production will increase from about 565 MW to 710 MW
at project completion, effectively using all of the available firm power production at Kemano.

2.5 PROJECT JUSTIFICATION AND RATIONALE
2.5.1 Aluminum production and demand

World production of primary aluminum was an estimated 45.6 Million tonnes (Mt) in 2011;
production is expected to increase by 3% in 2012. Global demand for aluminum was an
estimated 45 Mt in 2011. North America accounts for 12% of global demand, followed by
Western Europe (14%), China (43%), and the rest of Asia (20%). The aluminum production
industry is transforming as production shifts from North America and Europe to China, Russia
and the Middle East in response to changing patterns of consumption and benefits from low-
cost labour and energy. Since energy is the single biggest driver in aluminum smelting,
sustained high energy prices will intensify this shift. Accelerated growth in China will likely also
occur as lower alumina costs enable production by off-line and new smelters to take advantage
of high metal prices.

Canada produced an estimated 7% of primary aluminum in 2010 and is the third largest
producer behind China (39%) and Russia (9%) (CRU 2012a).

2.5.2 Uses for aluminum

Aluminum is a light metal widely used to make a variety of products for the consumer and
capital goods markets. Its qualities of lightness, strength, corrosion resistance, formability,
conductivity and its many attractive surface finishes have made it the second most widely used
metal in the world. The primary markets are transportation (26%), building and construction
(25%), packaging (16%), electrical (13%), consumer durables (5%), and machinery and
equipment (10%) (CRU 2012b).

Specific uses in the transportation sector are the manufacturing of automobiles (engines,
cylinder heads, transmission housings, and body panels), trucks and buses (sheet and plate for
bodies), railway rolling stock and aircraft. In the building and construction sector, aluminum is
used as sheet products for roofing and wall cladding, in extrusions for windows and doors, and
in casting for builders’ hardware. In the packaging sector, aluminum is used in the form of alloy
sheets for beverage can bodies and tops, as foil for household and commercial wrap, and in
manufactured packaging products such as cartons for fruit juice and packaging for
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pharmaceuticals. In the electronics sector, aluminum is used in the form of wire, usually
reinforced with steel, to form cables.

2.5.3 Need for the proposed project

The Kitimat smelter currently employs vertical stud Soderberg (VSS) technology that is being
replaced in most locations around the globe with the more modern ‘pre-bake’ technology. Ten
years ago, Rio Tinto Alcan undertook a general modernization program of its Séderberg
facilities, which involved the closure/replacement of horizontal stud Séderberg (HSS) pots in
Isle-Maligne and Jonquiere (in Quebec). Rio Tinto Alcan has only one other operating Soderberg
—an HSS located in Shawinigan Quebec — which is scheduled for closure within the next decade.
Kitimat is RTA’s only vertical stud Soderberg smelter. With the acquisition of Pechiney Inc. in
2003 and its technological solutions, RTA has become the world's leader in the development of
advanced aluminum technologies. Internal experts have extensively studied the introduction of
the modern pre-bake technology to the Kitimat operation, and are confident that it is the
answer to extending the smelter's life for several more decades. When the project is complete,
RTA’s Kitimat smelter will be a modern world-class aluminum producing facility with one of the
lowest operating costs in the world.

2.6 ANALYSIS OF ALTERNATIVES TO THE PROPOSED PROJECT
2.6.1 Global changes in technology for aluminum production

Three main types of aluminum reduction configurations are currently used in the primary
aluminum industry: pre-baked anode pot, horizontal stud S6derberg pot (HSS), and vertical stud
Soéderberg anode pot (VSS).

All three aluminum pot configurations require a “paste” (petroleum coke mixed with a pitch
binder). Paste preparation includes crushing, grinding, and screening of coke and blending with
a pitch binder in a steam-jacketed mixer. For S6derberg anodes, the thick mixture is added and
baked directly in the pots. In contrast, the pre-baked anodes are produced as an ancillary
operation of the reduction plant (refer to Figure 2.7-1). To make a pre-baked anode, the paste
mixture is formed into green anode blocks that are baked in an anode-baking furnace.

Approximately 17% of the world’s production in 2012 was from Soderberg smelters. Most
Soderberg smelters that are still in operation are VSS plants. However, all Soderberg smelters
are characterized by higher emissions, lower energy efficiency and higher labour intensity than
the modern pre-bake plants. For these reasons, no new Soderberg smelters are being built.

Since the early 1990s, almost all new aluminum capacity has been Point Feeder Prebake (PFPB)
technology. Automatic point feeders of alumina are distributed along the central axis of the
pot. Combined with appropriate process controls, it is possible to maintain a steady
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composition of the electrolyte and stable process conditions. The pots are oriented side-by-
side, whereas earlier pot types were oriented end-to-end. This side-by-side orientation has
allowed increased pot size and higher amperage. Consequently, the output of a modern potline
has increased significantly without increasing the footprint of the smelter.

The pre-baked anode pot technology is the technology currently selected for all modern
aluminum smelters world-wide because it is electrically more efficient, produces far fewer
emissions and waste, and produces aluminum at a cost that is competitive in the global market.
These are the attributes that keep aluminum smelters operating over the long run in a highly
competitive, ever changing, global market.

2.6.2 Rio Tinto Alcan’s efforts to find the best long-term solution for the Kitimat smelter

Rio Tinto Alcan has put much effort into finding the best long-term solution for the Kitimat
smelter. Obviously, there is clearly a strong interest in maintaining a sustainable aluminum
production capacity in Kitimat for various reasons including access to power with competitive
rates, the availability of a competent workforce that can be trained to operate a PFPB smelter,
and the proximity to a year-round ice-free port providing deep, wide and sheltered passage
to/from Pacific Rim and NAFTA markets. Kitimat is a beautiful, natural coastal community, and
it offers a good quality of life for the residents.

In 1997-1998, a study was conducted to examine the feasibility of a 250,000 t/yr expansion of
the Kitimat smelter north of Anderson Creek. However, at that time the estimated capital costs
were considered to be high ($1.8 billion) and there were serious concerns about the soil
bearing capacity at the site. Expansion north of Anderson Creek would have required the
integration of measures for controlling differential settlement, as well as measures to control
flood levels from Anderson Creek, substantially lowering the water table level, and provisions to
prevent soil liquefaction during a seismic event.

Three other sites in the Kitimat area were then identified as potential alternate locations for the
expansion. These sites included a location adjacent to the smelter, another located 3 km from
the smelter towards Kitimat, and a third site (called “Onion Lake”) located 40 km east of
Kitimat. However, without knowing if special measures were needed to improve the bearing
capacity of the soils, the capital costs would be of the same order of magnitude as the
Anderson Creek site and the advantages of keeping all the facilities at the same location would
be lost.

Between 2000 and 2004, several technology scenarios were investigated using the site’s
existing footprint. P155, P225, and AA240 technologies were assessed. AA240 technology
proved to be the most feasible at the time, but the modernization project was put on hold due
to economic conditions. Following the 2004 acquisition of Pechiney, AP technology was
assessed. AP50 failed to meet economic returns and AP35+ with a carbon plant retrofit proved

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT 17



RioTintoAlcan FINAL REPORT

to be the most viable technology for Kitimat. Approximately $25 million has been spent on
modernization studies.

In 2006, Alcan announced a modernization plan for Kitimat, with an approximate investment of
$1.8 billion (U.S.). The total capacity of the plant would increase the production up to 420,600
t/yr with a new PFPB pre-bake potline, taking advantage of all the firm power capability from
the Kemano Power Generating Station. The project would be built at the location of existing
potlines 7 and 8, and allow for continued aluminum production with the existing smelter. The
proposed layout of the new PFPB potline minimized the footprint required for aluminum
production. The Soderberg pots would be phased out and dismantled, which represented an
important overall potential reduction in discharges to the environment, including greenhouse
gases, while producing more aluminum in a more efficient way. Unfortunately, due to the
global economic recession of 2008 and 2009, Rio Tinto’s Board of Directors did not provide the
project with a notice to proceed. Work on the project continued in 2009, albeit at a slower
pace, allowing time for the economy to stabilize. During this time, a value engineering process
was conducted to optimize the project. This optimized scope represents a long-term
sustainable and economic solution for the Kitimat smelter in an ever competitive global market.

2.7 ALUMINUM SMELTING OVERVIEW
2.7.1 Principals of aluminum smelting

Aluminum ore, most commonly bauxite, occurs mainly in tropical and sub-tropical areas
including parts of Africa, South America and Australia. Bauxite is refined into aluminum oxide
trihydrate (alumina, Al,03) and then electrolytically reduced into metallic aluminum. Four to
five tonnes of bauxite are required to produce approximately two tonnes of alumina, which in
turn yields one tonne of aluminum.

Rio Tinto Alcan imports the majority of alumina from Australia to Kitimat where it is dissolved in
large carbon- or graphite-lined steel "pots” containing a molten electrolytic bath of cryolite
(NasAlFg) and aluminum fluoride (AlIF3). A low voltage/high amperage (up to 390,000 amperes)
electric current is passed through the electrolyte from a carbon anode (positive), made of
petroleum coke and pitch, and a cathode (negative), formed by the thick lining of the pot. As
the reduction process occurs, the bonds between the aluminum and oxygen molecules are
broken and the heavier aluminum molecules sink to the bottom of the pot. The molten
aluminum is siphoned off periodically, taken to a holding furnace where it is alloyed, fluxed and
degassed to remove trace impurities. From the holding furnace, the aluminum is cast in
different shapes depending on end use and customer requirements. The proposed operations
of the Kitimat Modernization Project are illustrated in Figure 2.7-1 and Figure 2.7-2.
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Figure 2.7-1: Conceptual process flow diagram.
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Figure 2.7-2: Schematic diagram of the operations of an aluminum reduction plant.
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2.7.2 Technology difference between VSS smelting and AP-40 prebake smelting

Two different technologies are used in modern primary aluminum smelting. S6derberg
technology (used at the existing Kitimat smelter) “creates and bakes” the anodes in place in
each pot, whereas pre-bake technology “creates and bakes” the anodes in a separate facility.
The Kitimat Modernization Project is best described as a rolling retrofit to replace the existing
Soderberg technology smelter with proprietary state-of-the-art AP-39 pre-baked anode
technology that would increase capacity up to approximately 420,600 t/yr. High-energy
efficiency, computer control, low emissions, efficient gas collection and dry scrubbing (cleaning)
systems, and high levels of material recovery are features of this technology.

Unlike the existing smelter, the pre-bake pots are totally enclosed and most process operations
occur without opening the pot enclosure (refer to Figure 2.7-3). Emissions generated by the
process are contained within the enclosed pot and drawn off by an emission collection system.
Treatment is carried out in alumina injection dry scrubbers. The alumina, enriched with fluoride
emissions, is the raw material used in the electrolytic process. The fluorides, a constituent of
the electrolytic bath, are therefore recycled to the pots.
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Figure 2.7-3: Difference between VSS and pre-bake smelting.
2.8 PROJECT COMPONENTS, INFRASTRUCTURE, AND RAW MATERIALS
2.8.1 Primary components of the aluminum smelting process

There are three primary components of the aluminum smelting process that generate sulphur
dioxide (SO;) emissions. These are the coke calcincer, the anode baking furnace, and the
electrolytic reduction potline. For more specific descriptions of the KMP project components,
please refer to the September 2010 Project Description submitted to the B.C. Environmental
Assessment Office (Rio Tinto Alcan 2010).
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2.8.1.1 Coke calciner

The existing on-site coke calciner that supports VSS operations will be retained by KMP and
used to produce calcined coke for the new smelter. The calciner consists of a rotary kiln, cooler,
and pyroscrubber. Green petroleum coke, received at the smelter’s wharf, is stored in open
stock piles by the calciner. The green coke is blended into the calciner from the stock piles to
match chemical and physical properties required for the calcined product. The blending
balances impurities such as sulphur. The calciner heats the coke to 1,350°C (maximum
calcination zone temperature) and removes both moisture and volatiles from the coke. The
calcined coke exits from the calciner and is quenched with water in the cooler; it is then
conveyed to a storage silo. The calciner will produce approximately 80,000 t/yr of calcined
coke. Emissions from the calciner are primarily CO,, particulates, SO,, and NO,. The emissions
that exit the calciner are piped into a pyroscrubber to remove particulates.

The existing coke calciner does not have capacity to produce all of the calcined coke required by
KMP. Additional coke will be imported and stored in a new silo.

2.8.1.2 Anode baking furnace

The anode baking furnace receives green carbon blocks from the anode forming shop at the
paste plant. The green anodes are made from the calcined coke that is mixed with liquid pitch
and compressed into carbon blocks. The green anodes are baked in a multi-sectioned (66
sections — 4 fires) ring-type furnace with a capacity of approximately 216,000 anodes per year.
Green anodes are stacked into the baking furnace pits and packed with petroleum coke, where
they are subjected to pre-heating, baking and air-cooling cycles. During the baking process, the
pitch is partially carbonized and evaporated, leaving a dense hard anode block with the
characteristics required for efficient use in the aluminum reduction process. Baking is assured
through a mobile gas-firing system, providing furnace temperatures that peak at 1,150°C. The
baking is a multiple-batch process that takes approximately 26 days and provides a continuous
supply of baked anodes.

After air cooling in the furnace, the baked anodes are removed and conveyed to a cleaning
station to remove the loose granular coke material from the surface. The coke recovered during
the cleaning operation is continuously reused as packing coke for the baking furnace. With
time, packing coke agglomerates into nodules that are screened and sent to the paste plant for
recycling.

Baked anodes are transported to the storage area, where they are kept until they are ready to
be ‘rodded’.

The Anode Baking Furnace will have a Fume Treatment Centre (FTC) to treat fumes from the
bake furnace for particulates and fluorides. The FTC will be equipped with a water spray gas

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT 22



RioTintoAlcan FINAL REPORT

cooling system and will dry scrub exhaust fumes from the anode baking furnace. Primary
emissions from the FTC are CO,, fluorides and SO,.

2.8.1.3 Electrolyte reduction potline

The reduction process occurs in large refractory-lined steel containers, called reduction pots.
The pots are arranged in buildings called potrooms. Each potroom can house up to 96 AP-39+
pots arranged side-by-side. The pots are electrically connected together in series to form an
electrical circuit of aluminum conductors. It is expected that each pot will produce
approximately three tonnes of aluminum per day.

Pots are fitted with a superstructure that supports the anodes, and stores and feeds alumina
into the pots (Figure 2.8-1). Lightweight aluminum hoods, triangular side panels and doors are
fitted to the superstructure to confine the process gases, which are ducted to a gas collection
system and delivered to a gas treatment center (GTC). The side hoods are removed for anode
changing and pot servicing.

The potrooms are ventilated by continuous roof gravity ventilators and open areas on both
external walls between the basement and the operating floor. Secondary emissions are
released from the potroom ventilation. These emissions arise from openings in the pots, and
from the cooling of anode butts and process residues from the pots.

The current enters the pot via the anodes (positive) and flows through the electrolyte to the
cathode (negative), after which it flows to the anode of the following pot. The electrolyte (bath)
consists principally of cryolite (NaszAlFg) and aluminum fluoride. The alumina (Al,O3), a white
powder known as aluminum oxide, is added automatically to the bath and is reduced to
aluminum via electrolysis. The solidified bath crust is regularly broken at the feeding point by
the point feeder to enable the additions of alumina or aluminum fluoride. This operation is
completely mechanized and is done without opening the hoods, which reduces pollutant
emissions to the atmosphere.

Molten aluminum is formed on the bottom of the cathode, below the surface of the cryolite
bath. This process of conversion to metal occurs at a temperature of approximately 950°C, with
the temperature being maintained by fine adjustment of the pot voltage. The electrolytic
reduction of alumina (Al,O3) occurs as follows:

2Al,03 + 3C > 4Al + 3CO,

The anode provides the carbon required for the reduction process. SO, emissions are released
during consumption of the carbon to form the anode.

In each pot, the anodes consist of pre-baked carbon blocks connected to the electrical system
by conductive rods. These anodes are suspended in the bath above the cathode, where they
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are consumed in the conversion of alumina to aluminum, necessitating their regular
replacement.
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Figure 2.8-1: Schematic presentation of a pre-baked anode pot.

During the electrolytic process, particulates and gases are emitted. Emissions from the
aluminum reduction process are primarily gaseous hydrogen fluoride (HF) and particulate
fluorides, carbon dioxide (CO;,) and monoxide (CO), sulphur dioxide (SO,) and perfluorocarbons.
These emissions are collected and the HF treated by reacting the pot gases with fresh alumina
to promote adsorption of HF onto alumina in the two Gas Treatment Centres (GTCs) for the pot
rooms. The GTCs have bag filters to capture the fluorinated alumina and other particles
emanating from the pots. There is one stack per scrubber unit with an open access platform to
monitor emissions performance. Most of the fresh alumina is reacted in the dry scrubbers
before subsequently being used as the principal raw material in the reduction pots. The GTCs
are the primary emitters from the potrooms. The GTCs are similar in principle to the Fume
Treatment Centre (FTC), except that the GTCs are larger and handle significantly more gas flow.
The FTC also filters pitch fumes and carbon dusts.

2.8.2 The raw material challenge

Petroleum coke is a key strategic raw material for the primary aluminum industry. Coke is used
as the carbon source for the anodes in the electrolysis process. Coke is a waste product from
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the petroleum refinery industry — a residual product after the volatile fuels and oils have been
distilled from crude oil. Although it is a waste product, coke provides value for other industries
that require carbon sources, and that value is strongly influenced by global economic and
market place conditions. The aluminum industry is sensitive to the quality of coke and only
certain grades of coke are considered suitable for use in anodes to make aluminum. Anode
grade coke supplies are under tight pressure and are declining in quantity and quality (due to
impurities such as sulphur). The predicted shortfall of suitable coke is of concern because a
shortfall would drive up coke prices and lead to process instabilities resulting from the use of
lower coke grades.

2.8.2.1 Petroleum coke description

Coke is a process-residual formed at the tail end of the petroleum refinery or distillation
process (Figure 2.8-2). Crude oil is heated in distillation columns to extract hydrocarbon liquids
and vapors. The residual from the distillation process is a heavy oil, often referred to as a
residual fuel oil. This oil is feedstock for the coking process that produces the end coke waste
product. It is important to note that the coking process is not intended to produce coke; rather,
it is a process to extract the last remaining light fuels from the residual oil. Coke produced from
the refinery without going through a calcination process is referred to as green coke.

1. Crude Oil Exploration 3. Calcined Coke Process
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g plantswheretheyare
sometimes blended to meet
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Crude oil is the feedstock to the
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than lighter, low sulphurcrude.
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Figure 2.8-2: Product cycle — crude oil to aluminum.
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Coking is a process that uses thermal decomposition of the heavy residual oil to extract residual
hydrocarbons. The coking feedstock is heated to thermal cracking temperatures and pressures
that create petroleum liquids and gas products. The material left over from the coking process
is a concentrated carbon material that is referred to as green coke. There are three primary
coking processes used by refineries - delayed, fluid, and flexicoking. The delayed process is a
semi-continuous batch process. A fluid coker uses a fluidized bed process, while a flexicoker
uses a variant of a fluidized bed to produce low heating value gas for use within the refinery.
Delayed and fluid cokers produce different types of coke. Fluid cokers usually produce small
spherical particles of coke that have low levels of remaining volatiles. Delayed cokers produce
three different physical forms of coke — shot, needle, or sponge coke. The type of coke is
dependent on the feedstock for the coking process. Shot coke essentially occurs as small hard
spheres, while needle coke (also called acicular coke) has long crystalline needles. Sponge coke
is a combination of needle and shot coke, and has an amorphous and aerated appearance.
Anode grade coke has the structure and characteristics of sponge coke.

Green coke contains impurities of volatiles, moisture, metals (nickel and vanadium), ash and
sulphur. To remove volatiles, moisture and some of the sulphur, green coke is calcined.
Calcination is a process of heating the coke (normally) in a rotary kiln to 1,200 to 1,400°C. This
process drives off volatile hydrocarbons and moisture, and increases both the electrical
conductivity and physical strength of the coke. The end calcined product is essentially a dense
hard carbon product with high electrical conductivity.

2.8.2.2 Anode grade coke

The aluminum industry uses a very specific type and grade of coke. Coke that has the required
qualities is referred to as anode grade coke. Anode grade coke must be calcined, and be
produced from a delayed coking process that produces needle or sponge coke. The coke must
also have low contents of nickel, vanadium, sulphur and ash. Properties of anode grade coke
are presented in Table 2.8-1 below. Coke that varies from the anode grade range of properties
can affect the calcination process, the smelting process, and/or the final aluminum metal
quality.
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Table 2.8-1:  Anode grade coke properties (from APl 2007).

Property Anode grade quality
acceptability range

Sulphur (wt%) 1.7 t0 3.8%°

Ash (Wt%) 0.1t00.3%

Nickle (ppm) 165 - 350

Vanadium (ppm) 120-350

Volatile matter (wt%) <0.25

Real Density (g/cm?) 2.06

Bulk Density (g/cm?) 0.8

a
Upper sulphur content specified by KMP.

2.8.2.3 Industry challenge with anode grade coke availability

The specific and limited range in acceptable quality and physical structure of anode grade coke
creates a small market segment from which suitable coke can be procured. There are
competing market forces within the global aluminum industry for access to anode grade coke,
and there is competition for coke from other industries such as the steel and energy industries.
Competition within the declining market space for anode grade coke has created shortages and
has led to the use of marginal quality cokes with a greater range of properties (Edwards et al.
2012). Globally, there is a projected shortfall of anode grade coke available to the market. The
imbalance in the supply of anode grade coke results in the use of the marginal cokes that
contain higher sulphur and metal contents. Availability of anode grade coke is expected to be
an ongoing challenge for the aluminum industry, despite the strong excess capacity to produce
the calcined coke required by the industry.

Another challenge facing the anode grade market is a decline in the availability of low sulphur
coke, which has reached a critical level for the aluminum industry. Sulphur levels in green coke
blends increased by 40% between 1999 and 2007, and levels are continuing to rise. The sulphur
levels are determined by the sulphur content in the crude oil used by the refineries. Refineries
choosing low sulphur crude oil will produce low sulphur coke. Refineries that choose higher
sulphur crude oil to lower their costs, or because they do not have access to low sulphur crude
oils, will produce higher sulphur cokes. Most of the new sources of green coke have higher
sulphur content than what was previously available. Trends in the growth of coke production
do not support any significant growth in sustainably available low sulphur coke production.

As a consequence of refinery economics, many cokes that have been defined as high sulphur
content cokes have further increased sulphur levels in addition to metals, especially vanadium.
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Low sulphur content cokes are needed to balance this trend, but there is limited availability of
low sulphur cokes worldwide.

Procurement and coke management practices have had to adapt to the new market conditions.
Sourcing strategies have had to extend further afield than the traditional North American coke
market. Sourcing has also had to extend to multiple refineries and coke calciners to obtain
supplies of coke with different quality ranges that are blended to balance physical properties,
metals impurities and sulphur content into an acceptable range for anode use. As coke is a
waste product that does not contribute significantly to a refinery’s bottom line, there is little
incentive or ability for the aluminum industry to influence the coke quality available for making
aluminum.

2.8.2.4 KMP coke requirements

KMP will require approximately 200,000 tonnes of coke per year. The project will utilize the full
capacity of the existing calciner (approximately 80,000 t/yr) and the remainder will be procured
and imported to Kitimat. As coke sulphur contents in green and calcined coke are trending
upwards, there is an expectation that KMP will be using cokes with sulphur levels averaging
2.9% and ranging as high as 3.8%. KMP will use blending as a method of combining multiple
cokes to produce an average coke blend that meets quality requirements for anode production.

2.9 SO, EMISSION SOURCES AND EMISSIONS FORECAST

SO, emissions are shaped by two factors: aluminum production and the petroleum coke
market. The quantity of coke required by the smelting process is directly proportional to the
guantity of metal produced, typically in the 0.4 to 0.5 range (the ratio of kg carbon per kg
aluminum). The sulphur content is driven by market forces for the economically available coke
that meets the strict criteria for aluminum smelting.

SO, emissions are projected to range between 33 t/d on smelter commissioning to an upper
steady state average of 42 t/d (Figure 2.9-1). This technical assessment report is based on an
application for 42 t/d SO,, which is required to meet smelting capacity and coke market
concerns (described in Section 2.8). The 42 t/d SO, limit is based on a 3.8% sulphur content in
coke. The sulphur level in the blended calcined coke is expected to be approximately 2.9% on
smelter commissioning. The timing for the trend for higher sulphur content in the coke is
dependent on coke market and metal production conditions. The current SO, limit in the P2-
00001 Multimedia permit is 27 t/d.
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Figure 2.9-1: SO, emissions projection.
2.9.1 Primary SO, emission sources

There are three primary SO, emission sources for an aluminum smelter: the coke calciner,
anode baking furnace, and potrooms. There are other minor sources of SO, (such as from fuel
consumption) but these sources are trivial compared to the three primary sources. Table 2.9-1
presents an average breakdown of the main SO, sources for KMP.

Table 2.9-1:  Average SO, emission contribution by source.

Source Average SO, Contribution
(%)

Anode Bake Furnace 5%

Coke Calciner 20%

Potrooms 75%

2.9.2 Sulphur mass balance

The chemistry of sulphur conversion and the consumption of petroleum coke are processes
that are well understood, making it possible to report SO, emissions based on calculation rather
than on direct measurement. Emissions are calculated using a branch of chemistry called
stoichiometry, which deals with relative quantities of reactants and products in chemical
reactions. This approach, however, tends to overestimate SO, emissions because, in practice,
not all carbon is consumed in the process.
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Plant-wide SO, emissions in tonnes per day (t/d) are calculated based on the mass fraction of
sulphur in green coke, calcined coke, and pitch consumed in the carbon life cycle on a monthly
basis. SO, emissions can be calculated from the following simple mass balance equation:

SO, = (GC x %Sgc + CC X %Scc+P x %Sp) x 1.9981 / days per month

Where GC is the green coke (t/month), Sgc is the average % sulphur content of the green coke,
CCis the imported calcined coke (t/month), Scc is the average % sulphur content in the calcined
coke, P is the liquid pitch (t/month) and lastly, %Sp is the percent sulphur in the pitch. The
equation is multiplied by 1.9981, which is the molecular weight ratio of SO, to S.
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3.1 DESCRIPTION OF THE SOURCE-PATHWAY-RECEPTOR MODEL FOR SO, EMISSIONS

Conceptual models lie at the heart of both impact assessments and adaptive management
studies. At an initial SO, permitting workshop held in Kitimat on February 6-7, 2012,
participants developed a preliminary conceptual model, also called a source-pathway-receptor
(SPR) model, to describe the ways in which SO, and acidic deposition affect the environment,
biota, and human health. This preliminary model was subsequently revised, prior to, during
and following a second workshop, held March 19-20, 2012 in Vancouver (Figure 3.1-1).
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Figure 3.1-1: Conceptual (Source-Pathway-Receptor) model of SO, emissions in the environment,
showing linkages between sources and receptors.

3.1.1 SO, Sources

Sulphur dioxide enters the atmosphere and ecosystem by way of both natural phenomena and
anthropogenic activities. Natural sources include biological decomposition (e.g., organic acids),
forest fires, volcanic eruptions, and marine influences (e.g., sea salt episodes). The burning of
fossil fuels constitutes the single largest anthropogenic source of SO,, accounting for about 70%
of global emissions in 2005 (Smith et al. 2011). Other anthropogenic sources include
international shipping (about 10%), biomass burning (<1%), metal smelting (about 13%), and
certain industrial processes (about 6%) (Figure 3.1-2).
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Figure 3.1-2: Trends in global SO, emissions from 1850 to 2005 (from Smith et al. 2011).

In the Kitimat Valley, the primary source of SO, is the Rio Tinto Alcan aluminum smelting
operation (see Section 2.9). This SO, source is the primary focus of the source-pathway-
receptor model and this technical assessment report, and the subject of Rio Tinto Alcan’s
application to amend its P2-00001 Multimedia Waste Discharge Permit. Smaller anthropogenic
contributions of SO, arise from the shipping sector and from distant sources via atmospheric
transport. Marine traffic is expected to increase in the Kitimat area as development there
intensifies; the sulphur content of marine diesel fuel, however, is strictly controlled by
Environment Canada to align with U.S. Environmental Protection Agency standards within the
200-mile North American Emission Control Area (Environment Canada 2012).

3.1.2 Pathways

The SPR conceptual model developed for this SO, technical assessment was used as an
organizing framework for a literature review of surface water acidification and adaptive
management (ESSA Technologies Ltd. 2012), and to guide the design of field and modelling
studies conducted in 2012. Each of the eleven numbered pathways (links) in the conceptual
model is briefly described in Table 3.1-1.
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Table 3.1-1: Descriptions of links in the conceptual model of SO, in the environment (from ESSA

Technologies Ltd. 2012).

Link #

Explanation of the Process

Regulation of SO, emissions: Local emissions of SO, coupled with any long-range
transport of S and N oxides add S and N oxides to the air —the first step in the
generation of acid rain, snow or mist. The level of regulation of SO, emissions affects
how much acid rain, snow or mist is created.

Global Climate: Via its ultimate control of local precipitation and wind conditions,
global climate has an overarching influence on the transport and transformation of
SO,. Under dry and cold conditions with stable winds, SO, may be transported long
distances. Global climate also influences ocean temperatures and circulation, which
in turn alter coastal and inland weather conditions including the occurrence and
frequency of droughts and storms. Droughts can influence the movement of S
through watersheds (see Link 7).

Atmospheric transport and transformation/sea salt episodes and acidic deposition:
SO, emissions are transported and transformed in the atmosphere under the
influence of local topography and weather (e.g., sun, wind, precipitation), combining
with marine contributions of sea salt to determine the levels and spatial distribution
of wet and dry acidic deposition.

Human Health impacts: Human health is vulnerable to S emissions in a number of
ways: directly via inspiration of SO, or fine sulphate aerosols; and indirectly if
increased lake sulphate levels or acidity increase the accumulation of mercury in fish
or, in theory, levels of toxic metals in drinking water.

Vegetation impacts/forest interactions: Wet and dry deposition of acidity may: (1)
increase the leaching of base cations from soils, thus reducing base cation availability
to growing trees; (2) increase levels of porewater Al (and other metals) in forest soils
to toxic levels; and (3) leach the calcium from conifer needles, increasing their
vulnerability to injury during cold spells.

Watershed acid neutralization/geology: Acid deposition can be neutralized by
processes occurring in the soil or underlying bedrock. Acid deposition increases the
leaching of base cations that can lead to the long term acidification of soils,
particularly at sites characterized by shallow, base-poor soils with low weathering
rates. At sites with deeper soils, upper soil horizons may acidify but surface waters are
protected from acidification by processes occurring deeper in soil or in bedrock. Most
of coastal British Columbia has a relatively low ability to neutralize acidity, though
with considerable local variation (see discussion in Section 4.3).

Wetlands and organic acids: Wetlands have diverse influences on watershed acidity;
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Link #

Explanation of the Process

they are sources of weak organic acids, which can contribute to freshwater acidity.
These same weak organic acids, however, can also help to buffer strong acid inputs.
Additionally, sulphate from acidic deposition can be temporarily stored in wetlands
through a process called sulphate reduction. However, the acidity associated with this
sulphur can be regenerated during droughts that lower water tables in wetlands and
littoral zones of lakes.

Acidic episodes, snowmelt and fall rains: In areas of eastern North America with high
levels of acidic deposition, there are three main kinds of acidic episodes: (1) snow
meltwater flowing over still-frozen ground (particularly from rain on snow events); (2)
extreme storm events during which watershed soils become saturated; and (3) fall
rains following long, summer droughts during which reduced S is re-oxidized as water
tables fall. In maritime regions there can be a fourth kind of acidic episode, sea salt
events.

Lake and stream chemistry: Lake and stream acid-base chemistry largely reflects the
base saturation or exchangeable base cation levels in watershed soils. Base cation
levels depend largely on watershed geology (Link 6), coupled with the duration and
intensity of local acid deposition which in turn is driven by emissions and transport of
SO, on a continental scale.

10

Acidification effects on biota: Species of aquatic biota vary by more than a hundred-
fold in their acid sensitivity, from species that can tolerate pH levels below 4, to those
that are adversely affected as pH falls from 7 to 6. In general, as pH levels fall just
below 6, damage occurs across all trophic levels of the food web, from fish to
phytoplankton.

11

Adaptive management/critical loads: Adaptive management is a systematic process
for continually improving management policies and practices by learning from the
outcomes of operational programs. In the case of acidic deposition, monitoring and
evaluating effects on ecosystem components (i.e., water, aquatic biota, soils,
vegetation) and human health can lead to changes in the regulation of SO, emissions.
Around the world acidic deposition is now usually managed by controlling so-called
critical loads of S, i.e., by managing emissions of S into large regional airsheds so that
its eventual deposition will not lower alkalinity of specified percentages of lakes (often
95%) in a region to the point where sensitive valued species (often salmonids) are
damaged by acidity. In Canada, this is often interpreted as not lowering lake or
stream pH below 6. Critical loads have also been developed for soils and vegetation.

The rate and distribution of acid deposition on the landscape is a function of the amount of SO,
(and other compounds) emitted from local sources and deposited in various forms, plus the
amount that is transported into the area from distant sources. A portion of SO, emissions gets
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directly deposited on the land in gaseous form and as sulphur particles (dry deposition), and
additional amounts get transformed in the atmosphere, via oxidation and hydrolysis, into
sulphate-containing compounds (e.g., sulphuric acid) which fall to the earth in rain, snow and
fog (wet deposition) (Saski et al. 1988; Hicks et al. 1993).

Acidification of the environment occurs along both direct and indirect pathways, depending on
the receptor. Deposition of sulphur particles and exposure to SO, gas can directly impact
human health and vegetation. Direct effects on human health spring from increases in SO,
levels in the air which, at high concentrations for sensitive individuals, can lead to acute
respiratory problems, increased risk of hospitalization, and higher health costs (Dales et al.
2006; Elliott et al. 2007; Li et al. 2007; Kassomenos et al. 2008; Min et al. 2008; Johns et al.
2010). There is also some evidence, at high levels of nitrogen oxide, carbon monoxide, and
sulphur dioxide pollution, of a link between exposure and certain types of cancer (Vineis et al.
2006; Liaw et al. 2008). However, a review of human epidemiological studies by the Scientific
Advisory Committee of the U.S. EPA (U.S. EPA 2008a) concluded that evidence for a causal link
between SO, and cancer in humans was inconclusive. More detailed information about direct
SO, effects on human health is presented in Section 3.4.

Acidic deposition may indirectly affect human health through bioaccumulation of metals in
food, and contamination of drinking water (McDonald 1984). For example, mercury
concentrations in fish tend to be highest in low pH waters, and they increase with increasing
fish body weight (Watras et al. 1998; Hrabik and Watras 2002). In a study that experimentally
acidified some small lakes in Northern Wisconsin, mercury concentrations in yellow perch
(Perca flavescens) were over 40% higher at pH 5.5 (200 ng/g wet weight) than at pH 6.2 (140
ng/g wet weight) (Hrabik and Watras 2002) (Figure 3.1-3).
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Figure 3.1-3: Relationship between pH and levels of mercury in fish tissue (after Hrabik and Watras
2002).

Health Canada has set the guideline for mercury in commercial fish for consumption at
between 0.5 and 1.0 ppm (Health Canada 2007). These values equate to 500 ng/g and 1000
ng/g in fish tissue respectively, suggesting that fish from waters with pH 5.5 or greater are
unlikely to accumulate mercury to levels that are harmful to human health.

Evidence also suggests that adverse health effects may arise from consumption of conventional
foods (e.g., vegetables) and drinking water contaminated by toxic metals that have been
mobilized by acid deposition (McDonald 1984; Middleton and Rhodes 1984; Gerhardsson et al.
1994). Metal solubility increases as pH declines, and many acidic surface waters have elevated
concentrations of aluminum (Baker et al. 1990). Aluminum concentrations begin to rise at pH
6.0, but the largest increase occurs at levels below pH 5.5 (Figure 3.1-4).
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Figure 3.1-4: Relationship between pH and levels of inorganic monomeric aluminum in water (from
Baker et al. 1990).

A health-based guideline for aluminum in drinking water has not been established in Canada
(Health Canada 2003). However, industries are encouraged to keep residual aluminum levels in
treated water as low as possible as a precautionary measure. Operational guidance values of
less than 100 pg/L total aluminum for conventional treatment plants, and less than 200 pg/L
total aluminum for other types of treatment systems, are recommended (Health Canada 2003).
These values suggest that surface waters with pH 5.5 or greater are unlikely to contain
aluminum concentrations that would be harmful to human health.

For these indirect effects of acidic deposition to affect human health, surface waters would
need to acidify to pH 5.5 or less to mobilize metals and methylate mercury to an extent that
exceeds current health standards. Additionally, the affected surface waters would need to be
where people gather food, or where they draw water for drinking and/or growing food crops.
By monitoring pH changes in lakes and streams, this technical assessment study can assess
these risks to human health.

Direct effects of SO, on vegetation include the leaching of calcium, magnesium and potassium
from leaves and branches (Cape 1993; Wulff et al. 1996; Likens et al. 1998; Horsley et al. 2000),
which reduces cold tolerance (Likens et al. 1998), and leads to visible damage on leaf surfaces
(Mohnen 1988; Driscoll et al. 2001a).

Vegetation can also be indirectly affected by SO, via acidic deposition. Indirect effects arise
through altered soil processes. For example, acidification goes hand-in-hand with the decline
of calcium in soils (Likens et al. 1998; Lawrence et al. 1999). Calcium is a macronutrient for
trees (Lawrence et al. 1995, 1999) that is important for sustaining growth and productivity
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(Watmough and Dillon 2003a,b,c). Calcium also contributes to the acid neutralizing capacity of
soil and water (Lawrence et al. 1999), so its loss makes forest ecosystems increasingly sensitive
to continuing inputs of acid (Likens et al. 1998). Acid deposition can also increase the
concentration of aluminum in soil waters, lakes, and streams (Driscoll et al. 2001a). Elevated
concentrations of aluminum in the soil can interfere with the functioning of fine tree roots,
block the uptake of calcium, and result in decreased growth and increased susceptibility to
stress (Mohnen 1988; Lawrence et al. 1995; Driscoll et al. 2001a).

Acidic deposition has indirect effects on lakes and streams via changes in water chemistry that
occur over time. The degree of effect varies depending on the geology and physical
characteristics of the watershed. Water chemistry in streams and lakes is vitally important to
aquatic biota. Direct impacts to aquatic biota occur in response to reduced pH (e.g., impaired
reproduction, increased mortality). A pH of less than 6.0 produces conditions that are
damaging to many species (Keller et al. 1990; Havens et al. 1993; Holt et al. 2003). Indirect
impacts to biota (both aquatic and terrestrial) arise from alterations in the food web that
depress the productivity of prey animals and reduce their accessibility to predators.

3.1.3 Concepts of critical loads and exceedance

The term “critical load” can be defined as “a quantitative estimate of an exposure to one or
more pollutants below which significant harmful effects on specified sensitive elements of the
environment do not occur according to present knowledge” (Nilsson and Grennfelt 1988).

In the context of acid deposition, “critical load” refers to the largest amount of acid that can be
deposited in an ecosystem without having long term harmful effects on the environment.
Different ecosystems will have different critical loads, depending on their sensitivity to acidity.
If critical loads for a given area are relatively high, this means that the soils and/or waters can
withstand higher levels of acid deposition without being harmed, relative to areas with low
critical loads.

The Canada-Wide Acid Rain Strategy for Post-2000, signed by federal Ministers of Energy and
Environment in 1998, sets a long-term goal of achieving the threshold of critical loads for acid
deposition across Canada. The Strategy resolves to take steps over the long-term to solve the
acid rain problem in eastern Canada, and to prevent one in western and northern Canada
(Watmough et al. 2003).

Laws, regulations and permits can be used to try to ensure that actual loads stay below critical
loads to prevent acidification. The challenge is that regulations control not what falls from the
sky, but the emissions sent into it (Figure 3.1-1 and Table 3.1-1, Link 1). After sulphur particles
are emitted into the air, a lot of different factors and processes affect how much gets deposited
where (Figure 3.1-1 and Table 3.1-1, Links 2-4). Once deposited on the landscape (i.e., on water,
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soil, snow, trees, etc.), more factors and processes affect how ecosystems will change, and by
how much (Figure 3.1-1 and Table 3.1-1, Links 5-10).

The relationships between sulphur emissions and the responses of both humans and
ecosystems are not well understood. A careful, structured decision-making approach like
adaptive management can help reduce uncertainties and lead to more effective emission
regulations (Figure 3.1-1 and Table 3.1-1, Link 11). As part of the Kitimat Modernization Project,
research has been done to determine how sensitive the ecosystems in the area are to these
processes, and how much deposition —i.e., the “critical load” — they can withstand before
harmful effects occur, e.g., declining species diversity with increasing acidity (pH <6). This work
included identifying the physical and chemical characteristics of the soils and surface waters in
areas exposed to SO, emissions from the Kitimat smelter in order to determine their sensitivity
and, ultimately, some critical load estimates (see Section 9.3.1 and Section 9.4.1).

3.2 PHYSICAL AND CHEMICAL PROPERTIES OF SULPHUR DIOXIDE

Sulphur dioxide is a very stable chemical compound with the formula SO, and the structure
0=S=0. Its physical state can be gaseous, liquid, or solid (Hasenberg 2008). SO, can be liquefied
under moderate pressure at room temperature, and the liquid form can be frozen at -73 °C or
boiled at -10 °C under normal atmospheric pressure (Encyclopedia Britannica 2012).

With a specific gravity of 2.264, SO, gas is more than twice as dense as air. It is colourless and
non-combustible, and it has a pungent, irritating odour. Sulphur dioxide is readily soluble in
water, and solubility increases with increasing pressure and decreasing temperature. SO, is also
soluble in aqueous solutions of alkali metal compounds, which can absorb considerably more
than pure water because of the formation of bisulfite and sulfite ions.

Some physical and chemical properties of sulphur dioxide are summarized in Table 3.2-1.

Table 3.2-1:  Properties of sulphur dioxide (from WBK & Associates Inc.).

Property Value Reference

Molecular weight 64.065 Lide 2002

Physical state Colourless gas Lide 2002

Melting point -75.5 °C Lide 2002

Boiling point -10.05 °C Lide 2002

Specific gravity (liquid) 1.50 RSC 1999

Specific gravity (gas) (air = 1) 2.26 (at 0 °C) Genium 1999; RSC 1999
Vapour pressure 338 kPa (at 21 °C) RSC 1999

Solubility in water 17.7% (at 0 °C) Genium 1999
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Property Value Reference

Acid/Base properties dissolves in water to form a slightly less  Weil and Sandler 1997;
aqueous solution of H,SO; Genium 1999

Henry’s Law constant 1.42 mol/L/atm (at 25 °C) Berresheim et al. 1995

Odour threshold in air 0.1 to 3 ppm Genium 1999

Conversion factors for vapour (at 1 ppm = 2.62 mg/m? IARC 1992

25 °Cand 101.3 kPa)

3.3 CHEMICAL TRANSFORMATIONS OF SULPHUR DIOXIDE IN THE ATMOSPHERE AND
ENVIRONMENT

Sulphur dioxide (SO,) is transformed in the atmosphere by oxidation and hydrolysis into
sulphate-containing aerosol particles (Likens et al. 1979; Mohnen 1988; Saski et al. 1988; Irving
1991; Alebic-Juretic 1995; Galloway 2001), and falls to earth via wet deposition as acidic rain,
snow and fog (Saski et al. 1988; Hicks et al. 1993). Sulphuric acid (H,SO,) is the predominant
acid in acidic precipitation (Environment Canada 2010). Atmospheric deposition of sulphate
(SO4) in kilograms per hectare (kg/ha) is a measure of the input of this acid to the environment.
Sulphur dioxide also contributes directly to the environment’s sulphate burden through dry
deposition of SO, gas, which quickly converts to sulphate (S04%) in the presence of water and
oxygen (Seung-Muk et al. 1997; Tasdemir and Gunez 2006).

Oxidation of SO, in the atmosphere can occur in a gaseous phase, in the aqueous phase of
raindrops, on the surfaces of carbon particles (soot), or combinations of all three (Bunce 1994,
in WBK & Associates Inc. 2003). Soot-catalyzed oxidation of SO, can be a dominant mechanism
under certain atmospheric conditions (Chang and Novakov 1978), and converts to sulphuric
acid in the presence of oxygen and liquid water (Wilson 1978). The rates of SO, oxidation in the
atmosphere are influenced by light conditions, humidity, and temperature (Finlayson-Pitts and
Pitts 1986, in WBK & Associates Inc. 2003; Khoder 2002), with oxidation rates tending to be
higher in the summer than in the winter, and higher at mid-day that at night. No matter the
season, weather conditions (rain vs. sun vs. fog) can determine which of the pathways is
dominant (see Link 3 in Figure 3.1-1). For example, gaseous phase conversion is dominant
during clear, dry conditions (Calvert et al. 1978).

The conversion reaction is played out in the troposphere, the lowest 10 or 12 kilometers of the
atmosphere (Mohnen 1988). Gaseous phase oxidation of SO, begins when a photon of sunlight
strikes a molecule of ozone (03), resulting in a molecule of oxygen (0,) and a lone, highly
reactive oxygen atom (O). The oxygen atom combines with a water molecule (H,0) to form two
hydroxyl molecules (OH’). The concentration of the hydroxyl molecule in the atmosphere is less
than one part per trillion, but several of the oxidation processes it triggers end up regenerating
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it. Consequently, the reaction is not limited by the amount of hydroxyl molecule; only the
amount of pollutant in the air determines how much acid is ultimately produced (Mohnen
1988).

Gaseous phase oxidation of SO, is initiated by reaction with OH™:
SO, +OH (+ M) — HSO; + M

where M is another molecule (e.g., N,, O, or H,O in air) that serves to carry excess energy away
from the reaction (Calvert and Stockwell 1984, in WBK & Associates Inc. 2003). The HSO3’
molecule eventually leads to the formation of sulphuric acid aerosol (Calvert et al. 1978;
Mohnen 1988). The most common pathway for this conversion involves two reactions (Dillon
2012):

HSO; + 0; — SO5* + HO,"
S0;% + H,0 — H,S0,

Other gaseous phase oxidation processes occur, but their importance is negligible compared to
the reaction with the OH molecule (Calvert and Stockwell 1984, in WBK & Associates Inc.
2003).

Agueous phase conversion of SO, occurs in solution, in cloud droplets, in fog, on moist surfaces
of plants and soil, and at the surface of water bodies (Calvert and Stockwell 1984, in WBK &
Associates Inc. 2003). The major route for this reaction (Dillon 2012) can be written as follows:

SO, + %0, (dissolved) + H,O — H,S04

These reactions involve the dissolution of SO, into aqueous solution to form H,SOs, which is
rapidly oxidized by molecular oxygen to form H,SO4. This process is probably more important
than the gas-phase photochemical reaction, particularly when it occurs in the presence of
catalysts that speed up the chemical reaction (Kellogg et al. 1972). Examples of catalysts
include ammonium (NH,4") and certain metal ions (Friend 1973, in WBK Associates Inc. 2003).
The catalysts may be present as part of the particulate matter in the air, and may serve as
nuclei on which cloud drops form (Kellogg et al. 1972; Mohen 1988).

Another route for aqueous phase oxidation of SO, involves atmospheric hydrogen peroxide
(H,0,) (Radojevica 1983). The chemical reaction is typically written as:

H,0, + SO, — H,S0,4

The mechanism is uncertain (Bunce 1994, cited in WBK & Associates 2003), but the reaction is
known to be affected by pH. Modelling work by Seinfeld and Pandis (1998, cited in WBK &
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Associates 2003) suggests that oxidation by dissolved H,0, is predominant at pH values less
than 4 or 5.

3.4 HEALTH RISKS ASSOCIATED WITH SO,

Sulfur dioxide (SO,) is a colourless gas. Inhaled SO, and its reaction products can stimulate
chemosensitive receptors in the tracheobronchial tree and initiate a reflexive contraction of
smooth muscles in the bronchi (bronchoconstriction). Activation of these receptors can also
cause cough, rapid shallow breathing and potentially affect the cardiovascular system causing
changes in pulse rate and blood pressure (U.S. EPA 2008).

Two sources of information were used to identify health outcomes causally linked with
environmental exposure to SO,:

e Anintegrated Science Assessment for Sulfur Dioxide by the Scientific Advisory
Committee of the United States Environmental Protection Agency (U.S. EPA 2008), the
most recent authoritative review of scientific literature on potential health effects of
exposures to ambient SO,; and

e Scientific literature published after the U.S. EPA review.

The U.S. EPA review covers scientific literature up to early 2008. A search for recent literature
(published between 2008 and the end of October, 2012) was performed using the PubMed
database of the U.S. National Library of Medicine. The material below also provides details of
some studies conducted in Canada, even if they were previously reviewed by the U.S. EPA.
Additionally, a separate literature review was conducted with respect to the potential for a
synergistic relationship between SO, and cold temperatures.

3.4.1 Data from the review of the Scientific Advisory Committee of the U.S. EPA

The Scientific Advisory Committee of the U.S. EPA has considered scientific evidence for health
effects of short-term and long-term exposure to SO,. Exposure from several minutes to days
was considered as short term, and exposure usually averaged over months or years was
considered as long-term. The Committee defined three categories for the weight of evidence:
inadequate to infer a causal relationship, suggestive but not sufficient, and sufficient. The
Committee has concluded that the scientific evidence is “inadequate to infer the presence or
absence of a causal relationship” between:

e short-term SO, exposure and cardiovascular morbidity;
e |ong-term SO, exposure and respiratory morbidity, non-respiratory morbidity, mortality.

The Committee has found the evidence to be “suggestive but not sufficient to infer a causal
relationship” between short-term exposure to SO, and mortality. This “suggestive” evidence
came from epidemiological studies that reported associations between increasing ambient SO,
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concentrations and mortality from all causes and from specific causes. The U.S. EPA has pointed
out that interpretation of findings from epidemiological studies was complicated, in particular
due to difficulties in differentiating the effects of SO, from the effects of other air pollutants.

According to the Scientific Advisory Committee, the evidence is “sufficient to infer a causal
relationship” for short-term exposure to SO, and respiratory morbidity. The key evidence for
this conclusion came from human clinical studies. In human clinical studies, volunteers were
exposed to SO, under controlled conditions in the absence of other pollutants. These studies
consistently demonstrated decreased lung function accompanied by respiratory symptoms
(e.g., wheeze and chest tightness) in exercising mild to moderate asthmatics following peak
exposures (5-10 minute duration) to SO, at concentrations from 1,048 to 1,572 ug/m? (0.4 to
0.6 ppm).2 Physical exercise was used in these experiments to increase the lung ventilation rate
and, as a result, SO, uptake. Some asthmatic subjects (5-30%) experienced decreases in lung
function at SO, concentrations from 524 to 786 ug/m3 (0.2 to 0.3 ppm). In clinical studies of
exercising individuals without asthma, decreases in lung function were observed only at SO,
concentrations greater than 2,620 pug/m® (1.0 ppm). Based on these findings, the Committee
has concluded that subjects with asthma are a population particularly sensitive to the
respiratory effects of SO,. Supporting evidence for a causal relationship between short-term
exposure to SO, and respiratory morbidity came from epidemiologic studies reporting increases
in respiratory symptoms, emergency department visits, and hospitalizations for respiratory
diseases, and decreases in lung function associated with increased SO, levels. Results from
animal experiments were used to support observations from human studies.

3.4.2 Evidence from recent literature

Evidence from literature published after the U.S. EPA review is generally consistent with the
conclusions made by the Scientific Advisory Committee. Information summarized in the
following sections will substantiate this statement. Presentation of recent data starts with
health outcomes for which, according to the U.S. EPA, the evidence is “inadequate” for causal
inference (short-term SO, exposure and cardiovascular morbidity, short-term exposure and
morbidity other than respiratory or cardiovascular, potential effects of long-term SO,
exposure), followed by outcomes for which the evidence is “suggestive” of causality (short-term
exposure to SO, and mortality). Finally, data on short-term SO, exposure and respiratory
morbidity (the only established causal link) are presented.

34.2.1 Short-term SO, exposure and cardiovascular morbidity

Several studies examined various physiological indicators of cardiovascular health, such as
electrocardiographic parameters, pulse rate, heart rate variability (HRV). HRV is a measure of

2 The conversion factor used in Sections 3.4.1,3.4.2,and 3.4.3 was 1 ppm = 2,620 ug/m3 at 25°C and 1 atm (see
http://www.scribd.com/doc/69355960/Air-Dispersion-Modeling-Conversions-and-Formulas).
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cardiovascular autonomic control. Its reduction was reported in several cardiovascular diseases.
Huang and colleagues (Huang et al. 2012) studied a group of 40 non-smoking patients with
cardiovascular diseases and observed significant decreases in HRV associated with increased
levels of air pollutants other than SO, in Beijing, China. No effect of SO, was seen. Mean values
of hourly average SO, concentration ranged from 6.3 to 29.3 pg/m>. Min and co-authors (Min
et al. 2009) analysed associations between HRV and air pollution over 72 h in 1,023 Korean
volunteers. Exposure to SO, (levels are not reported) was associated with reduced HRV indices
in smokers but not in non-smokers. The effect was short and transient, largely observed within
12 h. Goldberg and co-workers (Goldberg et al. 2008) measured pulse rate and oxygen
saturation in 31 individuals with congestive heart failure in Montreal. Daily average SO,
concentration lagged 1 day (interquartile range 8.6 pg/m?®) was significantly positively
associated with pulse rate and significantly negatively associated with oxygen saturation. Pulse
rate or oxygen saturation was not significantly associated with SO, concentration lagged 0 days
or with 3-day mean SO, concentration. Baja and colleagues (Baja et al. 2010) found that SO,
was not significantly associated with changes in QT interval® on the electrocardiogram of 580
men — participants of the Veterans Affairs Normative Aging Study (USA). Mean SO,
concentration during or 10 h before electrocardiography was 13.6 pg/m®.

Blood pressure

Chen and co-authors (Chen et al. 2012) analysed associations between air pollution and blood
pressure in 9,238 non-smoking adults >30 years of age from 6 townships in Taiwan. Daily
average SO, concentrations (mean values) ranged from 5.0 ug/m3 in Pulito 18.1 ug/m3 in
Renwu. Diastolic blood pressure significantly increased, systolic blood pressure significantly
decreased and pulse blood pressure (the difference between the systolic and diastolic
pressures) significantly decreased with increasing SO, concentrations. The analyses were
adjusted for important determinants of blood pressure but not for other pollutants.

Changes in SO, concentrations were not significantly associated with changes in blood pressure
in a longitudinal study of 40 non-smoking patients with cardiovascular diseases in Beijing
(Huang et al. 2012) (see data on heart rate variability from this study above).

Blood markers of cardiovascular risk

Several groups of authors examined blood markers of cardiovascular risk. Bruske and colleagues
(Bruske et al. 2011) found some associations between SO, (mean daily average concentration
3.0 pg/m?, range 2.0 to 8.9 pg/m?>) and plasma concentrations of lipoprotein-associated
phospholipase A2 in 200 survivors of myocardial infarction in Augsburg, Germany. Thompson
and colleagues (Thompson et al. 2010) reported that interleukin-6, a marker of inflammation,
was linked with increased ambient SO, concentrations in 45 healthy adult non-smoking

QT interval is an electrocardiographic marker of ventricular repolarization.
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individuals in Toronto. No similar link was seen for fibrinogen, another marker of inflammation.
The associations reported in these two studies were inconsistent: they were seen for SO,
concentrations averaged over some periods before the measurements but not for other
averaging periods. Mean values of daily average SO, concentration ranged from 7.7 ug/m3 in
summer to 12.0 pg/m?>. Steinvil and co-authors (Steinvil et al. 2008) studied possible effects of
short-term exposure to air pollutants on biomarkers of inflammation in 3,659 healthy
participants (2,203 males and 1,456 females) from the Tel-Aviv Sourasky Medical Center
inflammation survey. A statistically significant negative correlation was seen in male
participants between SO, (mean concentration 7.3+1.3 pg/m?) and fibrinogen. No associations
were found for C-reactive protein or white blood cells in males. No significant associations were
found in females.

Myocardial infarction and stroke

Several recent studies examined potential links between ambient SO, concentrations and the
incidence of stroke and myocardial infarction, fatality among patients with these diseases,
mortality among myocardial infarction survivors, and hospital admissions for myocardial
infarction.

Turin and co-workers (Turin et al. 2012a) studied the incidence of stroke and acute myocardial
infarction in Takashima County, Japan. Full text for this article is not available. Based on the
abstract, no association was seen between SO, and the incidence of acute myocardial infarction
in single- or two-pollutant models. SO, was associated with the risk of cerebral hemorrhage but
not with the risk of other stroke subtypes.

The same group of authors (Turin et al. 2012b) analysed acute case fatality (within 28 days) of
stroke and acute myocardial infarction. In the multi-pollutant model, higher SO, levels were not
associated with increased fatality risk for acute myocardial infarction, stroke or different
subtypes of stroke (cerebral infarction, cerebral hemorrhage). The median value of daily
average SO, concentration was 9.2 ug/mg, interquartile range 5.6 ug/mg.

Berglind and colleagues (Berglind et al. 2009) studied all causes of non-trauma mortality and
cardiovascular mortality in 25,006 myocardial infarction survivors in five European cities. Mean
values of daily average SO, levels ranged from 2.61 pug/m? in Stockholm to 11.00 pg/m? in
Barcelona. Daily non-trauma mortality was significantly associated with an increase in SO,
concentration averaged over 15 days. No significant associations were seen with 2-day average
or with 5-day average SO, concentrations. Cardiovascular mortality among the myocardial
infarction survivors was evaluated only in relation to a 2-day average SO,; no significant
association was seen.
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Bhaskaran and co-authors (Bhaskaran et al. 2009) conducted a systematic review of studies on
air pollution and the incidence of myocardial infarction. They identified 10 studies on short-
term effects of SO,. Four studies showed a significant association while six did not.

Cheng and colleagues (Cheng et al. 2009) analysed hospital admissions for myocardial infarction
in Kaohsiung, Taiwan. The mean value of daily average SO, concentration was 24.3 ug/ma,
ranging from 2.4 to 81.8 ug/m3. In a single-pollutant model, there was a significant association
between SO, concentrations and hospital admissions on cool days but not on warm days. There
was no significant association after adjustment for particulate air pollution or for carbon
monoxide (warm or cool days). After adjustment for NO,, a significant negative association was
seen on cool days.

Hsieh and colleagues (Hsieh et al. 2010) analysed hospital admissions for myocardial infarction
in Taipei, Taiwan. Single-pollutant analysis stratified by air temperature with a cut-off at 23°C
showed no significant associations with SO, concentrations either on “cool” days or on “warm”
days. Daily average SO, concentrations ranged from 0.34 to 46.6 ug/m3, with a mean of

11.4 pg/m?>.

Cardiac arrhythmias and cardiac arrests

Anderson and colleagues (Anderson et al. 2010) analysed activations of implantable
cardioverter defibrillators among patients attending nine implantable-cardioverter-defibrillator
clinics in London National Health Service hospitals. There was a positive but not statistically
significant association with 24-h average SO, concentrations (mean 2.71 pg/m?, 95t percentile

7.0 pg/m°).

Dennekamp and co-authors (Dennekamp et al. 2010) studied air pollution and out-of-hospital
cardiac arrests of cardiac etiology (i.e., not precipitated by non-cardiac events such as trauma,
poisoning, terminal illness) in Melbourne, Australia. There was no clear relationship between
out-of-hospital cardiac arrests and SO, concentrations with any lag period in a single-pollutant
model. SO, was not included in two-pollutant modelling because of its “extremely low”
concentrations (mean value of daily average concentration 1.3 pg/m?, 75 percentile

2.0 pg/m?3).
Emergency department visits/hospital admissions for cardiovascular diseases

Nineteen recent articles on air pollution and emergency department visits/hospitalizations for
cardiovascular diseases have been identified. Some of these studies consider all cardiovascular
diseases as a group, others consider specific diseases within this group. Eleven studies were
conducted in Asian cities. Full text is available for 14 studies. For five studies, only the abstract
is available; four of these provide some information regarding SO,. When pollutants other than
SO, were not accounted for in the analysis, statistically significant positive associations between
SO, concentrations and cardiovascular diseases were reported in 10 studies; no significant
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association was seen in eight studies. In nine studies, both single-pollutant and multi/two-
pollutant analyses were performed. Three of these studies did not find any link between SO,
and hospitalizations/emergency department visits in either type of analysis; one study showed
such a link in both analyses. In four studies, a significant positive association seen in a single-
pollutant model was reduced and lost statistical significance in two- or multi-pollutant models.
In some studies, the association became significantly negative.

Two of the 19 studies were conducted in Canada. Stieb et al. (2009) analysed emergency
department visits for angina/myocardial infarction, dysrhythmia/conduction disturbance and
heart failure in seven Canadian cities (Montreal, Ottawa, Edmonton, Saint John, Halifax,
Toronto and Vancouver). In a single-pollutant analysis, a 13.4 ug/m3 increase in SO,
concentration lagged 1 day was associated with a 2.1% increase (95% Cl: 0.2%, 4.0%) in
emergency department visits for angina/myocardial infarction. No significant increase in
emergency department visits for angina/myocardial infarction was associated with increased
SO, concentration lagged 0 or 2 days. SO, concentrations (any lag) were not significantly linked
with emergency department visits for dysrhythmia/conduction disturbance or for heart failure.
In a single-pollutant analysis of data on emergency department visits for ischemic stroke in
Vancouver, Szyszkowicz and co-authors (Szyszkowicz et al. 2012) found a significant positive
association with SO, concentrations lagged 0 days in female patients. No significant
associations were seen for longer lags in female patients or for any lag in male patients. In two-
pollutant analyses of all patients, emergency department visits for ischemic stroke were
significantly positively linked with SO, concentrations after adjustment for O3 (lag 3 days) and
for CO (lag 3 days). After both O3 and CO were included in the model, the link was still
significant. Results of analyses adjusted for other co-pollutants (PM,.s PMi,, and NO;) are not
reported. Mean SO, concentration in this study was 6.6 pg/m?> (SD 1.5 ug/m°).

In summary, recent studies on short-term SO, exposure and cardiovascular morbidity do not
show a consistent pattern that would suggest a causal link.

3.4.2.2 Short-term SO, exposure and morbidity other than respiratory or cardiovascular

Two studies report on eye problems, ocular signs and symptoms (Camara and Lagunzad 2011)
and an increase in outpatient visits for non-specific conjunctivitis (Chang et al. 2012), associated
with short-term exposure to SO,. SO, levels in Camara et al. (2001) ranged from ~2.6 to

~10.5 pg/m?>. Daily average SO, concentrations reported by Chang et al. (2012) varied by season
and area from 5.2 pg/m® (Hua-Tung, summer) to 23.1 pg/m> (Kao-Ping, winter). In these
studies, it is not clear whether the observed effects can be attributed to SO, or to other
pollutants.

Cakmak and colleagues (Cakmak et al. 2010) reported a significant effect of SO, on daily
number of hospitalizations for epilepsy in seven urban centers in Chile. Mean daily average SO,
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level ranged from 15.6 ug/m3 in Las Condes to 29.3 ug/m3 in El Bosque. The effect estimate lost
statistical significance when other pollutants were accounted for in the analysis.

Dales and co-authors (Dales et al. 2010) found a significant link between ambient SO, and
hospitalizations for venous thrombosis and pulmonary embolism in the same seven Chilean
municipalities. The effect on venous thrombosis lost statistical significance in the multi-
pollutant analysis, but the effect on pulmonary embolism remained significant.

The same group of researchers (Dales et al. 2012) found that increases in SO, were associated
with increased numbers of hospital admissions for acute diabetic complications in the Chilean
cities; the effect remained significant after adjustment for other pollutants.

Vidotto and colleagues (Vidotto et al. 2012) showed a significant association between SO,
(mean daily average 44.81 pg/m?, range 9.62 to 168.98 ug/m?>) and hospital admissions for
acute outbursts of rheumatic diseases in children and adolescents in Brazil. The authors
suggested, however, that SO, could be functioning as a marker of particulate air pollution: fine
and ultrafine particles were not measured.

Kaplan and co-workers (Kaplan et al. 2009) saw a significant positive relationship between daily
average SO, concentrations (levels not reported) and the incidence of appendicitis in the
Calgary Health Region, Canada; the relationship lost statistical significance in two-pollutant
analyses.

Orazzo and co-authors (Orazzo et al. 2009) demonstrated an increasing trend in emergency
department visits for gastroenteric disorders among 0 to 2-year old children in six Italian cities.
Mean values of daily average SO, ranged from 5.5 ug/m3 in Florence to 21.1 ug/m3 in Naples.
Multi-pollutant analysis was not performed.

One study (Szyszkowicz et al. 2009a) suggests a link between SO, and depression in a multi-city
study in Canada. Mean SO, level ranged from 6.5 ug/m3 in Vancouver to 26.2 ug/m3 in Halifax.
Two studies (Szyszkowicz et al. 2010; Yang et al. 2011) demonstrated a statistical association
between SO, and the risk of suicide. The study by Szyszkowicz et al. (2010) was conducted in
Vancouver; mean value of daily average SO, was 16 ug/ms. Yang et al. (2011) studied monthly
average deaths by suicide in Taipei, Taiwan; median monthly average SO, was 12.3 ug/ms.

Zhao and colleagues (Zhao et al. 2011) found a significant effect of ambient SO, concentrations
(mean 51.67 ug/m3) on the daily numbers of preterm births in single- and multi-pollutant
analyses in Guangzhou city, China.

The associations between SO, and health outcomes described above were examined in one or
two studies each. Most studies have methodological limitations. No inferences regarding
causality can be made on the basis of the limited information.
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Nine studies examined possible links between SO, exposure and migraine/other headaches. Six
of these studies were performed by the same research group in different Canadian cities. All
Canadian studies employed a single-pollutant analysis. In Edmonton (Szyszkowicz et al. 2009b)
and in a multi-city study including Edmonton, Halifax, Ottawa, Toronto, Sunnybrook and
Vancouver (Szyszkowicz et al. 2009c), significant increases associated with increased SO,
concentrations were seen in the daily numbers of emergency department visits for migraine
but not for other headaches. In Ottawa (Szyszkowicz 2008a) and in Montreal (Szyszkowicz
2008b), only emergency department visits for headaches other than migraine were studied and
a significant effect of SO, was found in both cities. In Toronto (Szyszkowicz and Porada 2012)
and in Vancouver (Szyszkowicz et al. 2009d) only emergency department visits for migraine
were analysed and significant associations with SO, were found in both cities. Mean values of
daily average SO, concentrations in the Canadian cities ranged from ~6.5 to ~26 ug/m3. Since
no multi-pollutant analyses were performed in these studies, interpretation of their findings is
complicated. Three studies were conducted by other researchers in other countries. Two
studies used single-pollutant analyses. One study in Boston (USA) found no association
between SO, concentrations (mean 9.4 pg/m?) and emergency department visits for migraine
or other headache (Mukamal et al. 2009). The other study found such an association at higher
exposure levels in Hawaii (up to 196 pg/m? during increased volcanic emissions) (Longo et al.
2010). SO, was significantly positively associated with hospitalizations for migraine and non-
migraine headaches in a multi-city study in Chile (Dales et al. 2009). Mean SO, levels ranged
from 15.6 to 29.3 pug/m’ in different cities. The associations lost statistical significance in
analyses adjusted for other pollutants.

In conclusion, information on potential health effects of short-term exposure to SO, other than
respiratory or cardiovascular diseases is insufficient for making causal inferences.

3.4.23 Potential health effects of long-term SO, exposure

Sixteen recent studies exploring outcomes relevant to respiratory health have been identified.
Respiratory health: asthma and asthma symptoms

Asthma and asthma symptoms in relation to SO, were addressed in 10 studies, nine of them in
children and one in older adults (265 years of age). Rusconi and colleagues (Rusconi et al. 2011)
found that children living in a polluted area in Italy were more likely to have asthma symptoms
than children living in a non-polluted area. Since no analyses by levels of specific air pollutants
were performed, this study is not informative regarding SO, effects on asthma.

Of the remaining eight studies, six show significant positive associations between SO, levels and
prevalence of asthma/asthma symptoms in a single-pollutant analysis. In one of the six
“positive” studies (Zhao et al. 2008a), both indoor and outdoor pollutant concentrations were
considered: significant associations with asthma symptoms were seen only for indoor SO, levels
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which ranged from 60 to 641 ug/m3 (samples were taken in winter, from school rooms that
lacked mechanical ventilation). Outdoor levels ranged from 476 to 1,015 ug/m3. Deger et al.
(2012) found no significant link between modelled annual average SO, level and prevalence of
active asthma in children in Montreal: prevalence ratio 1.14 (95% Cl: 0.94 to 1.39). The
association between SO, and “poor asthma control” was marginally significant: prevalence ratio
1.39 (95% Cl: 1.00 to 1.94). Modelled annual average SO, levels ranged from 11.5 to

14.1 pg/m°.

Multi-pollutant modelling was performed in two Chinese studies. In one study (Dong et al.
2011), analyses were stratified by gender and allergic predisposition. Significant positive
association between SO, (3-year average 50 ug/m3) and asthma seen in a single-pollutant
analysis was reduced and no longer significant in children of both sexes without allergic
predisposition and in males with allergic predisposition. Significant associations between SO,
(4-year mean from 14 to 140 pg/m? in different districts of different Chinese cities) and
asthma/asthma symptoms seen by Pan and co-authors in a single-pollutant analysis (Pan et al.
2010) disappeared in three-pollutant analyses.

No effect of SO, on asthma prevalence was seen in older adults in a French study; SO, ranged
from 5 to 13.7 pg/m?> and was associated with increased prevalence of “usual” cough and
phlegm (Bentayeb et al. 2010).

Respiratory health: allergic rhinitis

Possible associations between ambient SO, and allergic rhinitis were addressed in four studies.
Two studies (Bhattacharyya 2009; Dong et al. 2011) show a significant link between SO, and
prevalence of allergic rhinitis in a single-pollutant analysis. Annual average SO, levels reported
by Bhattacharyya (2009) were from 15 pg/m? in 1997 to 10 pug/m? in 2006. Multi-pollutant
analysis was performed only by (Dong et al. 2011): the effect estimate was reduced and the
association lost significance. The three-year average SO, concentration was 50 pg/m?® in the
Dong et al. (2011) study. Two studies (Parker et al. 2009; Penard-Morand et al. 2010) found no
association between SO, and prevalence of allergic rhinitis. Parker et al. (2009) reported a
median SO, level of 10.2 pg/m>. Mean SO, concentrations in six French cities studied by
Penard-Morand et al. (2010) ranged between 4.1 ug/m3 and 13.2 ug/m3. Bhattacharyya and
Shapiro (2010) studied prevalence of “respiratory allergy” in children included in the National
Health Interview Survey (U.S.) and found no significant association with SO, levels. It is not clear
if “respiratory allergy” included only allergic rhinitis or other allergic conditions. SO, levels are
not reported.

Respiratory health: lung function

Two studies show significant reductions in some lung function parameters associated with
increased SO, levels in adults (Forbes et al. 2009a) and in children (Linares et al. 2010). Forbes
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and colleagues demonstrated that a 10 ug/m3 difference in SO, across postcode sectors was
associated with about a 20 ml decrease in forced expiratory volume in 1 sec (FEV1). Linares and
co-authors reported that SO; levels (varied between 23 and 36 ug/m3 by season and area) were
negatively related with forced vital capacity, FEV1 and peak expiratory flow.

Other respiratory outcomes

Neupane and co-authors (Neupane et al. 2010) found no significant link between estimated SO,
concentrations (mean 15.2 pg/m?, maximum 27.9 pg/m?>) and hospitalizations for community
acquired pneumonia among older adults (265 years) in Hamilton, Ontario. Bhattacharyya and
Shapiro (2010) showed that prevalence of frequent ear infections in children included in the
National Health Interview Survey (USA) was significantly associated with SO, concentrations.
SO, levels are not reported.

Summary on long-term SO, exposure and respiratory outcomes

The Scientific Advisory Committee of the U.S. EPA (U.S. EPA 2008) has reached the following
conclusion: “Overall, the available evidence from the generally limited number of epidemiologic
and animal toxicological studies is inadequate to infer that respiratory effects occur from long-
term exposure to SO, at ambient concentrations”. Results of recent epidemiological studies
summarized in this section are not consistent. Potential confounding effects of other air
pollutants were addressed in relatively few studies. Therefore, some of the observed effects
cannot be unequivocally attributed to SO,.

Long-term SO, exposure and cardiovascular effects

Several recent studies in humans provide mostly negative findings regarding potential effects of
long-term exposure to SO, on indices of cardiovascular health. Studied endpoints were: heart
rate variability (Chow et al. 2010), blood pressure, biochemical and cellular markers relevant to
cardiovascular health (Chuang et al. 2011), blood markers of inflammation (Forbes et al.
2009b), and blood pressure changes in pregnant women (Lee et al. 2012).

Lenters and co-authors (Lenters et al. 2010) studied two indicators of vascular damage in a
cohort of young adults: pulse wave velocity as a measure of arterial stiffness, and carotid artery
intima-media thickness as an indicator of preclinical atherosclerosis. No associations were
found between any air pollutant and carotid artery intima-media thickness. However, an
increasing trend in pulse wave velocity was seen with increasing SO, concentrations. Mean
estimated residential exposure to SO, was 3.4 ug/m3, 95t percentile 5.2 ug/m3.

Increases in some molecular indices of inflammation and injury in the heart and brain were
seen in two animal experiments with rats exposed to very high SO, concentrations via
inhalation (Sang et al. 2010; Yun et al. 2011). SO, concentrations used in these studies (7 to 28
mg/m?) are irrelevant to exposures of the general population.
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The U.S. EPA (U.S. EPA 2008) has concluded: “The available toxicological and epidemiologic
evidence to assess the effect of long-term exposure to SO, on cardiovascular health is too
limited to make any conclusions at this time”. The recent literature summarized in this section
does not change this conclusion.

Long-term SO, exposure and morbidity other than respiratory or cardiovascular

Hart and co-authors (Hart et al. 2012) conducted a case-control study of air pollution and
rheumatoid arthritis using data from the Swedish Epidemiological Investigation of Rheumatoid
Arthritis study. After adjustment for smoking and education, there was no significant
association between rheumatoid arthritis and SO, in the 10t year before onset. The odds ratio
per 8 ug/m3 interquartile increase in SO, was 1.18, 95% ClI 0.97 to 1.43. Full text for the article is
not available.

Kaplan and colleagues (Kaplan et al. 2010) conducted a case-control study of inflammatory
bowel diseases (Crohn’s disease and ulcerative colitis) in the United Kingdom using data from
the health improvement network database. No significant concentration-response association
was seen between estimated SO, concentrations (values are not reported) and inflammatory
bowel diseases.

Several animal studies examined neurotoxicity-related outcomes (Liu et al. 2008; Yun et al.
2010; Qin et al. 2012) and other outcomes (Zhao et al. 2008b; Bai and Meng 2010a). High
concentrations used in these studies are irrelevant for exposures of the general population.

Long-term SO, exposure and cancer
Human studies of lung cancer

Beelen and co-authors (Beelen et al. 2008a) analysed lung cancer incidence in the Netherlands
Cohort Study on Diet and Cancer including 114,378 subjects. Exposures to SO, and other
pollutants were estimated at the home address. No significant associations were seen between
estimated SO, concentrations (mean 13.7 pug/m>, range from 4.4 to 33.8 pg/m?>) and lung
cancer incidence.

The same group of researchers (Beelen et al. 2008b) found no association between long-term
exposure to SO, and lung cancer mortality in this cohort.

Cao and co-authors (Cao et al. 2011) found a significant 4.2% (95%Cl: 2.3%, 6.2%) increase in
lung cancer mortality per 10 ug/m3 increase in SO, concentration in a cohort of 70,947
individuals from 31 cities in China. This association remained virtually unchanged after
adjustment for total suspended particles or nitric oxides. Average SO, concentration for all
cities was 73 ug/m3 and ranged from 11to 174 ug/m3 in different cities.
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Katanoda and colleagues (Katanoda et al. 2011) found a significant increase in lung cancer
mortality associated with an increase in the 10-year average concentration of SO, in a cohort
including about 63,500 Japanese participants. The 10-year average SO, concentrations for the
period 1974 to 1983 ranged between 6.3 and 49.7 ug/m3 in different areas, and for the period
1984 to 1993 between 15.7 and 72.57 ug/m°. The authors used single-pollutant models and
pointed out difficulty in isolating health effects of individual pollutants.

Tseng and co-workers (Tseng et al. 2012) conducted an ecological study in Taiwan to examine
associations between ambient SO, concentrations and female lung cancer incidence by major
histological type (adenocarcinoma and squamous cell carcinoma). The prevalence of smoking
among females in Taiwan is low, and male lung cancers were excluded to minimize confounding
by smoking. Analyses were adjusted for age and other air pollutants (CO, NO,, NO, Os, and
PMo). For both histological types of lung cancer, there was a statistically significant increasing
trend with increasing SO, concentration. The association was stronger for squamous cell
carcinoma. Estimated SO, concentrations are not reported. Concentration ranges used for
computation of relative risks were <9.8, 9.8-14.5, 14.5-20.3 and >20.3 ug/m3.

Human studies of other cancers

Liu and colleagues (Liu et al. 2009a) performed a case-control study of air pollution and bladder
cancer in Taiwan. Exposure to air pollutants was estimated on the basis of air monitoring data
and municipality of residence. SO, was positively associated with the risk of death from bladder
cancer in a categorical analysis using three categories of estimated SO, concentrations: £11.3,
11.5-15.9,17.0-46.8 ug/m3. A major weakness of this study is the absence of information on
smoking (a well-established risk factor for bladder cancer), on occupational exposures to
carcinogens, and on socio-economic status.

Wei and co-authors (Wei et al. 2012) conducted an ecological study of possible associations
between ambient air pollution and female breast cancer in the U.S. Age-adjusted incidence
rates of female breast cancer were obtained from the Surveillance, Epidemiology, and End
Results Program of the U.S. National Cancer Institute. The national air pollutant emission data
were obtained from the U.S. Environmental Protection Agency. Time trends and regional
variations in the incidence rates of breast cancer during 1973 to 2007 were analysed in relation
to the emissions of air pollutants. Air pollutant data for 1953 to 1987 were used to account for
a latent period of 20 years for breast cancer. Emissions of SO, were correlated with the
incidence of breast cancer. This study is ecological, i.e., no individual-level data on exposure,
outcome, or on risk factors for breast cancer (confounders) were available.

Animal experiments relevant to carcinogenicity/genotoxicity

Several studies examined the expression of cancer-related genes in the lung (Bai and Meng
2010b; Qin and Meng 2010a) and in the liver (Qin and Meng 2010b) of rats after inhalation of
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SO, at very high concentrations (up to 56 mg/m3) irrelevant to the ambient exposure levels.
They found increased expression of some oncogenes (genes that help turn a normal cell into a
cancer cell) and decreased expression of some tumor suppressor genes.

Ziemann and colleagues (Ziemann et al. 2010) performed a bone-marrow micronucleus test (a
standard test for genotoxic potential of chemicals) in mice exposed to SO, from 0 (control mice)
to 80 mg/m3. SO, did not induce micronuclei in polychromatic erythrocytes of the bone
marrow, whereas the positive control (cyclophosphamide, a known genotoxic substance) did.
The authors have concluded that their study “could not reproduce the genotoxicity findings of
the previously reported studies”.

In vitro studies relevant to carcinogenicity/genotoxicity

Qin and Meng (2009) observed activation of oncogenes and inactivation of tumor suppressor
genes in human bronchial epithelial cells exposed to SO, derivatives (bisulfite and sulfite).

Uren and colleagues (Uren et al. 2012) studied endpoints related to genotoxicity (sister
chromatid exchange as an index of chromosomal stability, micronuclei formation and cell
growth kinetics) in human lymphocytes. Only the abstract from this article is available. The
authors concluded: “the results have confirmed that SO(2) has potent mutagenicity and it can
cause genetic damage leading to a malignancy”. It should be noted that these in vitro studies
used high concentrations of the substances.

The Scientific Advisory Committee of the U.S. EPA (U.S. EPA 2008) has reviewed studies on SO,
genotoxicity, animal toxicological studies, and human epidemiological studies published before
2008. Genotoxicity studies and animal toxicological experiments indicated that at high
concentrations not relevant for ambient levels, SO, could cause DNA damage but did not cause
cancer. The Committee characterized the results from epidemiological studies as inconclusive.
Studies published after the U.S. EPA (2008) review do not change this conclusion.

Long-term SO, exposure and prenatal/neonatal outcomes
Low birth weight

Brauer and colleagues (Brauer et al. 2008) evaluated the effects of air pollution on infant birth
weight in Vancouver, B.C. A statistical association approaching significance was seen between
SO, and babies that were small for their gestational age. No significant association was seen
between SO, and babies with low full-term birth weights. Mean SO, concentrations were 5.7
ng/m? (estimated by nearest monitor) and 5.3 ug/m? (estimated by an inverse-distance
weighting approach).

Darrow and colleagues (Darrow et al. 2011) examined associations between birth weight in full-
term infants in Atlanta and air pollution levels during the first month of gestation, during the
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third trimester, and in each month of pregnancy. The mean value of a four-week average SO,
concentration during the first month of pregnancy was 28.0 ug/m3; the interquartile range was
10.5 ug/m3. Mean SO, concentration for the third trimester of pregnancy was 24.9 ug/ma, the
interquartile range was 7.9 ug/m3. A significant decrease in birth weight was associated with
increasing SO, concentration during the third trimester. This association was no longer
significant when the analysis was restricted to births for which the maternal residential address
was within 4 miles of an air monitor (data with more precise exposure estimates). No significant
associations were detected for SO, concentrations in the first month of pregnancy.

Ebisu and Bell (2012) explored possible associations between chemical components of PM, 5
and low birth weight in the Northeastern and Mid-Atlantic Regions of the United States.
Gaseous pollutants were also measured. Full text for the article is not available. In the abstract,
it is reported that most exposure levels were in compliance with U.S. Environmental Protection
Agency air pollution standards; “...gaseous pollutants showed associations, but were not
statistically significant in multi-pollutant models”.

Morello-Frosch and co-authors (Morello-Frosch et al. 2010) analysed full-term birth weight and
air pollution in California, USA. Full-term pregnancy SO, exposure was associated with higher
birth weights within 5 and 10 km radius from an air monitor. Analysis of exposure by trimester
of pregnancy demonstrated that a significant increase in birth weight within 5 and 10 km
distance was seen for exposures during the first trimester. Estimated SO, exposure averaged
over the length of pregnancy was 5.5 ug/m3.

Nascimento and Moreira (2009) saw a higher frequency of low birth weight babies at higher
SO, concentrations in a medium-sized city in Brazil. However, no clear exposure-response trend
was seen. The mean value of estimated SO, concentration was 535.6 ug/ms, range 364.6 to
744.9 pug/m>.

Zou and colleagues (Zou et al. 2011) studied a possible relationship between maternal exposure
to SO, and the risk of low birth weight babies in the Dallas-Fort Worth area of the United
States. The risk of low birth weight was not higher in exposed compared to unexposed mothers.
When data were restricted to mothers aged >35 years, the risk of low birth weight babies was
higher in the exposed group. The article is in Chinese, and only the abstract is available.

Intra-uterine growth retardation

Hansen and co-authors (Hansen et al. 2008) examined possible associations between fetal
ultrasonic measurements conducted at a private ultrasound clinic in Brisbane, Australia at 13 to
26 weeks of gestation, and ambient air pollution during early pregnancy. Mean estimated SO,
concentration was 3.1 pg/m>. A reduction in fetal abdominal circumference was associated
with SO, concentration during days 61 to 90 of gestation. A reduction in biparietal diameter
was associated with SO, concentration during days 0 to 30. There were no significant effects of
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SO, on head circumference or femur length. The authors note lack of individual data on socio-
economic status as a limitation of their study.

Preterm births

Darrow and co-workers (Darrow et al. 2009) analysed preterm births in Atlanta, USA. Daily
counts of preterm births were analysed in relation to air pollution exposure during three
gestational windows (first month of gestation, 1-week lagged moving average, 6-week lagged
moving average). An inverse relationship was seen between exposure in the first month of
pregnancy and preterm births: the relative risk per interquartile change in SO, (10.5 pg/m?) was
0.97 (95% CI 0.96-0.99). No significant associations were seen for the other two exposure
windows. When the data were restricted to births for which maternal residential address was
within 4 miles of an air monitor, no significant effects of SO, on preterm birth were seen.

Brauer and colleagues (Brauer et al. 2008) found no statistically significant association between
estimated SO, exposure and preterm births in Vancouver. Mean SO, concentrations were 5.7
ng/m? (estimated by the nearest monitor) and 5.3 pg/m? (estimated by an inverse-distance
weighting approach).

Systematic reviews and meta-analyses of data on low birth weight and preterm birth

Shah and Balkhair (2011) conducted a systematic review of studies on air pollution and birth
outcomes. Nineteen studies published between 1987 and 2010 reported data on SO,. Five
studies reported increased risks of low birth weight associated with SO, exposure, one reported
significant risk of very low birth weight, and 11 studies reported no association between SO,
and low birth weight. An association of higher SO, exposure and preterm birth was reported in
four of five studies. One study reported a significant association between SO, during the first,
but not the last month of pregnancy and births of babies that were small for their gestational
age.

Stieb and colleagues (Stieb et al. 2012) conducted a systematic review and meta-analysis of
data on air pollution, birth weight and preterm births. They concluded that results for SO, and
03 were “less consistent” than those for CO, NO,, PM, s and PM;o showing “reduced birth
weight and increased odds of low birth weight in relation to exposure”.

Birth defects

Dadvand and co-authors (Dadvand et al. 2011a) analysed maternal exposure to air pollution
and the occurrence of congenital heart disease in the offspring. The study was conducted in
Northeast England from 1993 to 2003. Inverse relationships were detected between SO,
(estimates are not reported) and all cases of congenital heart disease, and between SO, and
some specific cardiac malformations. No significant positive associations were seen.
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The same group of authors (Dadvand et al. 2011b) analysed maternal exposure to air pollution
and congenital heart diseases in the same area for the period 1985 to 1996. Estimated SO,
concentrations were not significantly associated with all congenital heart diseases or with
individual groupings of congenital heart diseases.

Rankin and co-authors (Rankin et al. 2009) studied maternal exposure to black smoke and SO,
in early pregnancy and the risk of congenital anomalies in the Northern Health Region of the
United Kingdom during 1985-1990. For SO,, a significant negative association was seen with
congenital heart diseases as a group, and with patent ductus arteriosus. No clear associations
were found between SO, and other anomalies.

Dolk and colleagues (Dolk et al. 2010) conducted a geographical correlation study of air
pollution and congenital anomalies in four regions of England using data from population-based
registries of congenital anomalies for the period 1991 to 1999. Cases were classified into non-
chromosomal and chromosomal anomalies. SO, (mean value 7.86 ug/m3) was not significantly
associated with either chromosomal or non-chromosomal anomalies in this study.

Strickland and co-authors (Strickland et al. 2009) examined associations between exposure to
ambient air pollution during weeks 3 to 7 of pregnancy and risks of cardiovascular anomalies in
one of five central Atlanta counties (Georgia, USA) for the period 1986 to 2003. The mean 5-
week weighted SO, concentrations were 22.8 pg/m? in 1986-1991, 14.4 pg/m? in 1992-1997,
and 10.5 ug/m3 in 1998-2003. No significant associations were seen between SO, and any
category of cardiovascular malformations.

Hwang and Jaakkola (2008) conducted a nationwide study in Taiwan to assess possible effects
of exposure to air pollution during pregnancy on the risk of cleft lip. The mean SO,
concentration for all 4 seasons was 10.4 ug/m> (median 9 pg/m?>; maximum 30.1 pg/m?3). No
significant associations were seen for SO, in single-pollutant, two-pollutant or three-pollutant
models.

Marshall and co-authors (Marshall et al. 2010) conducted a case-control study of possible
associations between maternal exposure to air pollutants in early pregnancy and oral cleft
defects in New Jersey, USA. Two groups of anomalies were studied: cleft lip with or without
cleft palate (CLP) and cleft palate only (CPO). A critical exposure period was defined as a 6-week
period from 5 to 10 weeks of gestation. Mean SO, concentration during the critical period was
around 13.4 pg/m? for controls, 13.9 pg/m? for CLP and 12.6 pg/m? for CPO. In a single-
pollutant analysis using all data (residences within 40 km of the monitor), there was some
indication of an association between SO, and CLP (a significant increase in the risk of CLP in the
highest exposure category). No increase in the risk of CPO was seen in any SO, exposure
category. When the data were restricted to residences within 10 km from the closest monitor,
the increase seen for CLP was no longer significant. The results did not change substantially
when multi-pollutant analysis was conducted.
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Vrijheid and co-authors (Vrijheid et al. 2011) conducted a systematic review and meta-analysis
of data on ambient air pollution and the risk of congenital anomalies. Ten original
epidemiologic studies that met inclusion criteria (English language, well-defined outcome and
measured exposure levels) were identified. In the meta-analysis, SO, exposure was related to
increases in risk of coarctation of the aorta and tetralogy of Fallot. No significant increases in
the risk of other cardiac anomalies and oral clefts were detected by the meta-analysis.

Stillbirths

Faiz and colleagues (Faiz et al. 2012) analysed exposures to air pollution in the first, second, and
third trimesters of pregnancy and the risk of stillbirths in New Jersey, USA from 1998 to 2004.
The mean SO, concentration for the entire pregnancy was 15.4 ug/m3. Mean SO,
concentrations for each trimester were 15.2 to 15.4 ug/m3. A significant increasing trend in the
risk of stillbirth was seen with increasing SO, concentration in the first and third trimesters of
pregnancy.

Hwang and co-authors (Hwang et al. 2011) conducted a study in Taiwan and observed a
significant increase in the risk of stillbirth associated with increasing SO, concentrations during
first, second and third months of pregnancy. The increasing trend was seen in a single-pollutant
model and in three-pollutant models (including SO,, CO and O3 or SO,, NO, and O3). Mean SO,
concentration was 15.0 pg/m?, maximum 41.7 pg/m?, interquartile range 4.8 pg/m>.

Infant mortality

No studies on neonatal mortality have been identified. Woodruff and co-workers (Woodruff et
al. 2008) found no associations between ambient SO, concentrations (county-level data) and
post-neonatal infant mortality in the USA. Infant mortality from all causes, respiratory causes,
sudden infant death syndrome and other causes was analysed. The average concentration of
each pollutant over the first 2 months of life was calculated as a measure of chronic exposure.
The median SO, concentration was 7.4 ug/m? for survivors, and 8.2 ug/m® for deceased infants.

Other endpoints

In Allegheny County (PA, U.S.A), Lee and colleagues (Lee et al. 2011) studied the effects of air
pollution on blood concentrations of C-reactive protein (CRP) during early pregnancy. The focus
of this study was particulate air pollution. The authors do not report quantitative estimates of
the associations between SO, and CRP but state that for SO,, “associations were negligible”.

Legro and co-authors (Legro et al. 2010) examined possible effects of air quality on assisted
human reproduction, namely effects of air pollution during different stages of in vitro
fertilization (IVF), on live birth rates in the Northeastern U.S.A. No adverse effect of exposure to
SO, during any IVF stage was seen. Air pollutant concentrations were estimated at the patient’s
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address and at the IVF lab. Mean values of daily concentrations of SO, ranged between 154 and
165 pg/m? during different stages of IVF.

Summary on prenatal/neonatal outcomes

The U.S. EPA (U.S. EPA 2008) reached the following conclusion based on pre-2008 literature:
“...epidemiologic studies on birth outcomes have observed positive associations between SO,
exposure and low birth weight; however, toxicological studies provide very little biological
plausibility for reproductive outcomes related to SO, exposure. The inconsistent results across
trimesters of pregnancy and the lack of evidence regarding confounding by co-pollutants
further limit the interpretation of these studies. The limited number of studies addressing
preterm delivery, intra-uterine growth retardation, birth defects, neonatal hospitalizations, and
infant mortality make it difficult to draw conclusions regarding the effect of SO, on these
outcomes”.

Results of studies on SO, and low birth weight published after the U.S. EPA review are
inconsistent. Very few recent studies address intra-uterine growth retardation, preterm births,
stillbirths and infant mortality. Eight studies examining potential associations between ambient
SO, and birth defects have been identified (seven original studies and one systematic review).
Of the seven original studies, six did not show positive associations between ambient SO,
concentrations and birth defects. One study provides some indication of such an association.
Overall, studies reviewed by the U.S. EPA and more recent literature do not provide clear
evidence for an adverse effect of SO, on prenatal and neonatal outcomes.

Long-term SO, exposure and mortality*

Eight recent articles on long-term SO, exposure and mortality have been identified. One article
on-infant mortality (Woodruff et al. 2008) is summarized in the section on prenatal/neonatal
outcomes. This study shows no effect of SO,. An article by Brunekreef and colleagues
(Brunekreef et al. 2009) describes a study in the Netherlands that was previously reported by
Beelen and co-authors (Beelen et al. 2008b) and summarized by the U.S. EPA in their 2008
review. No associations between SO, and mortality from all causes and specific causes were
seen in this study. Estimated long-term average SO, concentrations ranged from 4 pg/m? to
34 pug/m? with the median value of 13 pg/m? and a mean value of 13.7 pg/m?>.

Of the remaining six studies, five are studies of large cohorts in China (Cao et al. 2011; Zhang et
al. 2011; Dong et al. 2012a), Japan (Katanoda et al. 2011) and in the USA (Krewski et al. 2009).

Cao and colleagues (Cao et al. 2011) demonstrated significant increases in total, respiratory and
cardiovascular mortality associated with increased SO, concentrations in analyses adjusted and

Only data on non-cancer mortality is summarized in this section. Cancer mortality is considered in section “Long-
term SO, exposure and cancer”.
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unadjusted for other pollutants. After adjustment for important demographic, medical and
lifestyle determinants of mortality, a 10 ug/m3 increase in estimated SO, concentration was
associated with 1.8% increase in total mortality, an equal increase of 3.2% in cardiovascular and
respiratory mortality and 4.2% increase in lung cancer mortality. Adjustment for NO, and total
suspended particles did not change the magnitude of the association.

Full text for the article by Dong and co-authors (Dong et al. 2012a) is unavailable. Based on the
abstract, there was no significant relationship between SO, concentrations and respiratory
mortality in a cohort of 9,941 adult residents (aged >35 years) of Shenyang, China. Zhang and
co-workers (Zhang et al. 2011) found no significant effects of SO, on mortality from
cardiovascular and cerebrovascular diseases in a single-pollutant analysis of data from the same
cohort of Shenyang residents. The mean annual SO, concentration was 63 ug/m3 (range 26 to
106 pg/m?).

Single-pollutant analysis of Katanoda and colleagues (Katanoda et al. 2011) demonstrated
significantly increased mortality from respiratory diseases associated with an increase in 10-
year average SO, concentration. Ten-year average concentrations of SO, in different study
areas were 6.3t049.7 ug/m3 in 1974-1983, and 15.7 to 72.57 ug/m3 in 1984-1993.

Krewski and co-authors (Krewski et al. 2009) demonstrated significant increases in mortality
from all causes, cardiopulmonary diseases, and ischemic heart disease associated with
increased SO, concentrations in the American Cancer Society cohort of about 1.2 million adult
participants. The associations lost statistical significance when analyses were stratified by
exposure time window (1-5 years, 6-10 years and 11-15 years before deaths) and by
educational attainment.

A study in Brisbane, Australia by Wang and co-authors (Wang et al. 2009) is an ecological study
of mortality from cardiorespiratory diseases. Population data, mortality data and socio-
economic indices for areas were obtained from administrative databases. Results of single- and
multiple-pollutant modelling demonstrated a positive association between the annual average
SO, concentration and cardio-respiratory mortality. The “overall average” SO, concentration
was 14.1 ug/m>. Findings from studies of this design have less weight than findings from cohort
studies with individual-level data on exposures, outcomes and potential confounders.

The results of recent studies summarized in this section are in line with the conclusion made by
the U.S. EPA: “The available epidemiologic evidence on the effect of long-term exposure to SO,
on mortality is inadequate to infer a causal relationship at this time... The lack of consistency
across studies, inability to distinguish potential confounding by co-pollutants, and uncertainties
regarding the geographic scale of analysis limit the interpretation of a causal relationship”.
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3424 Short-term exposure to SO, and mortality

Twenty-eight recent studies have been identified. Most (23) studies were conducted in Asian
countries, with 15 of them in China where levels of SO, exposure were relatively high. Mean
values of daily average concentrations reported in different Chinese studies ranged from 16 to
~100 ug/m3, with most being between 40 and 60 ug/m3. The studies examined associations
between ambient SO, concentrations and mortality from all causes, all non-accidental causes,
and cause-specific mortality (in particular from respiratory and cardiovascular diseases). Full
text was available for 16 articles; only the abstract was available for 12 (some of them are in
Chinese). No recent Canadian studies on short-term SO, exposure and mortality have been
identified.

When pollutants other than SO, were not accounted for in the analysis, positive and statistically
significant associations between SO, concentrations in the air and mortality were reported in
20 studies. No significant association was seen in five studies, and a significant negative
association was found in one study. Since SO, is only one of many air pollutants, such analyses
cannot rule out the possibility that SO, is only a marker of other pollutants but not a “causal”
factor. An attempt to differentiate between the effects of different air pollutants by including
them in the statistical model simultaneously was made in seven studies (two- or multi-pollutant
analyses). One of these studies reported a positive association in both a single-pollutant model
and in multi-pollutant analyses, and one study reported a negative association in both types of
analyses. In five studies, when other air pollutants were accounted for, the positive association
seen for SO, in a single pollutant model became smaller in magnitude and not statistically
significant. Such reduction was seen in most cases after inclusion of NO, in the statistical model.
Overall, despite many positive associations reported between ambient SO, concentrations and
mortality, the data suggest that these may not be “true” associations but reflect the effects of
other air pollutants.

3.4.2.5 Short-term exposure to SO, and respiratory morbidity

Twenty-four epidemiological studies published between 2008 and October 26, 2012 have been
identified; two of them (Liu et al. 2009b; Stieb et al. 2009) were conducted in Canadian cities.
Most studies report positive associations between ambient SO, and respiratory symptomes,
numbers of hospitalizations and emergency department visits for respiratory diseases, and
decreased lung function. Liu et al. (2009b) studied 182 children with asthma in Windsor,
Ontario for four weeks. The authors reported a significant decrease in forced expiratory flow
and a significant increase in markers of oxidative stress in breath condensate associated with a
14.2 pg/m?* increase in 3-day average SO, levels. Stieb et al. (2009) analysed emergency
department visits for respiratory conditions in seven Canadian cities (Montreal, Ottawa,
Edmonton, Saint John, Halifax, Toronto and Vancouver). In a single-pollutant analysis,
emergency department visits for asthma, chronic obstructive pulmonary disease or respiratoy
infections were not significantly linked with SO, concentrations lagged 0, 1 or 2 days.
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Three human clinical studies in non-smoking, healthy5 volunteers have been published after the
U.S. EPA review (Raulf-Heimsoth et al. 2010; van Thriel C. et al. 2010; Kleinbeck et al. 2011).
Rauf-Heimsolth and colleagues (Raulf-Heimsoth et al. 2010) demonstrated that 4-hour
exposure to SO, at concentrations up to 5,240 ug/m3 (2.0 ppm) for 4 hours did not induce
increases in markers of airway inflammation or irritation. Van Thriel and co-workers did not see
significant effects of SO, exposure for 4 hours at concentrations up to 5,240 pg/m? (2.0 ppm) on
lung function, eye blink frequency or nasal airflow. The study participants were administered
light physical exercise for 15 minutes during each session. Kleinbeck and colleagues (Kleinbeck
et al. 2011) found a clinically significant decrease in breathing depth (deviation of ~10% from
the baseline) at an SO, concentration of around 25,000 ug/m3 with exposure for 25 seconds.

Data from recent studies and those reviewed by the U.S. EPA suggest that SO, does not induce
respiratory diseases in healthy people but rather exacerbates existing diseases. It has been
clearly demonstrated that individuals with asthma represent a sub-population susceptible to
short-term exposures of SO,.

3.4.3 Susceptible and vulnerable populations

3.4.3.1 Data from the U.S. EPA review

The U.S. EPA in its Integrated Science Assessment for Sulfur Dioxide (U.S. EPA 2008) defined
populations susceptible to the adverse effects of a pollutant as populations that “might exhibit
an adverse health effect to a pollutant at concentrations lower than those needed to elicit the
same response in the general population, or exhibit a more severe adverse effect than the
general population when exposed to the same pollutant concentrations”. Based on a
comprehensive literature review, the U.S. EPA ascertained several populations potentially
susceptible to adverse effects of SO,. The U.S. EPA conclusions regarding the weight of
evidence for susceptibility are summarized in Table 3.4-1.

Table 3.4-1: Conclusions of the U.S. EPA Scientific Advisory Committee regarding the weight of
evidence for susceptibility to the effects of SO,.

Population Weight of evidence
Pre-existing “...substantial evidence from epidemiologic studies suggests that individuals with
respiratory preexisting respiratory diseases, particularly asthma, are more susceptible to
diseases respiratory health effects, though not mortality, from SO, exposures than the

general public. The observations from human clinical studies indicating increased
sensitivity to SO, exposures in asthmatic subjects compared to healthy subjects
provide coherence and biological plausibility for these observations in

> In this report, “healthy” means without restrictive airway diseases.
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Population Weight of evidence
epidemiologic studies”
Pre-existing “...the very limited evidence examining the susceptibility of individuals with
cardiovascular preexisting cardiovascular disease to adverse health effects from ambient SO,
disease exposures is inconclusive”

Genetic factors for
oxidant and
inflammatory
damage from air
pollutants

Age-related
susceptibility

Other potentially
susceptible
populations

“At this time, there are insufficient data on which to base a conclusion regarding
the effect of SO, exposure on genetically distinct subpopulations”

“There is limited epidemiologic evidence to suggest that children and older
adults (65+ years) are more susceptible to the adverse respiratory effects
associated with ambient SO, concentrations when compared to the general
population.”

“Although data specific to SO, exposures is lacking for the susceptibility factors
listed below, several other potentially susceptible groups deserve specific
mention .... These include individuals in a chronic pro-inflammatory state (e.g.,
diabetics), obese individuals, and children born prematurely or with low birth

weight.”

The U.S. EPA has introduced the concept of vulnerability to a pollutant. Some populations may
have increased vulnerability to pollutants “due to factors including socio-economic status (e.g.,
reduced access to health care) or particularly elevated exposure levels” (U.S. EPA 2008).

According to the U.S. EPA, the following populations may be vulnerable to adverse effects of

SO.,.

“...Those who spend a lot of time outdoors at increased exertion levels, for example outdoor
workers and individuals who exercise or play outdoor sports”.

“Children, who generally spend more time playing outdoors, may qualify as both a susceptible
population (due to their developing physiology) and as a vulnerable population since ambient
SO, concentrations are several-fold higher than indoor concentrations”.

Individuals with lower socio-economic status may be more susceptible to the effects of SO,.
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The U.S. EPA concluded that existing information on SO, effects in vulnerable populations was
limited.

3.4.3.2 Data from recent literature

Pre-existing respiratory diseases

Recent data on the effects of short-term SO, exposure summarized in the previous sections
provide further support to the U.S. EPA conclusion regarding increased susceptibility of
individuals with respiratory diseases, and particularly with asthma, to adverse respiratory
effects of SO,.

Pre-existing cardiovascular disease

Data summarized in the previous sections regarding potential effects of SO, on various
cardiovascular parameters in individuals with pre-existing cardiovascular diseases, and data on
emergency department visits/hospitalizations for cardiovascular diseases (assuming that SO,
exacerbates existing diseases) do not provide a consistent picture. The evidence remains
“inconclusive”.

Genetic factors

Baja and colleagues (Baja et al. 2010) examined modification by oxidative stress gene
polymorphism of the effects of air pollution on QT interval as an electrocardiographic marker of
ventricular repolarization in 580 men, all participants of the Veterans Affairs Normative Aging
Study (USA). No effect on QT interval was detected for SO,; effect modification for SO, was not
evaluated.

Genetic factors were investigated in five other studies (Li et al. 2008; Wood et al. 2009; Xie et
al. 2009; Wood et al. 2010; Wang et al. 2011). None of these studies is relevant for identifying
potentially susceptible populations; no gene-environment interaction was examined. These
studies are more relevant to identifying potential mechanisms of action.

Age- and gender-related susceptibility

Recent studies provide limited information regarding age- and gender-related susceptibility to
potential effects of SO,. Most of the newly identified studies examined health outcomes for
which a causal link with SO, is hot established.

Cakmak and co-authors (Cakmak et al. 2011) found a significantly greater risk ratio for mortality
from non-accidental causes per interquartile increase in SO, in individuals aged 285 years vs.
individuals aged <64 years (p<0.05). No effect of gender was seen.
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Kan and co-workers (Kan et al. 2008) found that an SO,-associated increase in total mortality
was slightly greater among females (the significance of the gender difference was not reported
but was likely non-significant); the increase was significant in the age group 265 (likely due to
greater number of deaths) but not in age groups 5 to 44 or 45 to 64 years. No age- or gender-
specific data were reported for cardiovascular or respiratory deaths.

Namdeo and colleagues (Namdeo et al. 2011) studied hospital admissions for respiratory
diseases in age groups 0 to 59, 60 to 69, 70 to 74, 75 to 79, 80+ years. Associations between
admissions and SO, were significant only at ages 75 to 79 years and only for SO, concentrations
on the same day (lag 0). SO, concentrations lagged 1 and 2 days were also examined. Multi-
pollutant modelling was conducted only for significant associations found in the single-pollutant
models. The association seen in the single-pollutant model for age 75 to 79 remained significant
after inclusion of PMyg (lag 2) in the model. In summary, no discernible age effect was seen for
SO,.

Only the abstract from the article by Son and colleagues (Son et al. 2012) is available. The
authors stated: “Results indicate that some populations are more susceptible than others. For
total or cardiovascular mortality, associations were higher for males, those 65-74 years...”. Data
on age-related susceptibility to SO, specifically were not reported in the abstract.

Szyszkowicz and co-authors (Szyszkowicz et al. 2012) found a significant positive association
between emergency department visits for ischemic stroke and SO, concentrations lagged 0O
days in female patients in Vancouver. No significant associations were seen for longer lags in
female patients or for any lag in male patients.

No studies have been identified regarding children as a potentially susceptible population.
Diabetes and obesity

Dong and co-authors (Dong et al. 2012b) studied modifying effects of obesity on air pollution-
associated respiratory symptoms and asthma. Only the abstract from this article is available.
The authors reported that “the associations between each pollutant's yearly concentrations
and respiratory symptoms and asthma were consistently larger for overweight/obese children
than for normal-weight children”. Results for SO, are not presented in the abstract.

Baja and colleagues (Baja et al. 2010) analysed modification by obesity and diabetes of the
effects of air pollution on electrocardiographic QT interval. No effect on QT interval was
detected for SO,; therefore, effect modification for SO, was not evaluated.

Other potentially susceptible populations

Two studies on smoking and one study on positive HIV status as potential susceptibility factors
have been identified. Information is too limited to make conclusions regarding these factors.
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Min and colleagues studied lung function (Min et al. 2008) and heart rate variability (Min et al.
2009) in relation to ambient SO, concentrations in adult Korean volunteers. The results suggest
that smokers experience greater SO,-associated decline in lung function and greater SO,-
associated reduction in indices of heart rate variability compared to non-smokers. These effects
lasted for up to 20-30 hours after exposure.

Djawe and co-authors (Djawe et al. 2012) analysed potential environmental risk factors for
Pneumocystis pneumonia in HIV-infected patients in the United States. Climatological and air
pollution data were analysed. Only the abstract from this study is available. The authors found
that increases in SO, levels were associated with hospital admissions for Pneumocystis
pneumonia. The effects of SO, were modified by increasing carbon monoxide levels.

Vulnerability to SO,: socio-economic factors

Recent data relevant to this subject are limited. Some studies explore modification by socio-
economic variables of the effects for which a causal link with SO, is not established.

Burra and co-authors (Burra et al. 2009) studied physician visits for asthma in Toronto.
Estimates of risk for the low socioeconomic status group were significantly greater than those
for the high socioeconomic status group in several analyses.

Cakmak and colleagues (Cakmak et al. 2011) found that the risk of mortality from non-
accidental causes in Chilean urban centers was significantly greater in individuals living in the
area with income <$8,800 vs. individuals living in the area with income >$13,395. The risk was
greater in individuals who did not complete primary school vs. individuals with a university
diploma.

Kan and co-workers (Kan et al. 2008) reported that an SO,-associated increase in total,
cardiovascular and respiratory mortality in Shanghai (China) was greater among individuals with
low education (illiterate or primary school) compared to individuals with middle-school
education or above.

Laurent and co-authors (Laurent et al. 2008) found no significant effect of socioeconomic
deprivation (estimated using a block-level index constructed from census data) on the
association between SO, concentrations and telephone calls to physicians for asthma attacks in
the Strasbourg metropolitan area (France).

Son and co-authors (Son et al. 2012) reported the results of their study in Seoul, Korea: “For
total or cardiovascular mortality, associations were higher for... those with no education or
manual occupation for some pollutants. For example, the odds ratio for SO(2) and
cardiovascular mortality was 1.19 (1.03-1.37) times higher for those with manual occupations
than professional occupations”. Full text for this article is not available.
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Wong and colleagues (Wong et al. 2008) studied mortality in relation to air pollutants in Hong
Kong and concluded: “Health outcomes, measured as all non-accidental, cardiovascular, and
respiratory mortality, in people residing in high SDI (social deprivation index) areas were more
strongly associated with SO, and NO, compared with those in middle or low SDI areas”.

Interaction between cold temperatures and SO,

Cold temperatures (below zero) can trigger exercise-induced bronchoconstriction (Rundell and
Jenkinson 2002) especially in atopic individuals (Helenius et al. 1996). The concentrations of SO,
in ambient air are generally higher during cold winter months (e.g., Qian et al. 2010; Zemek et
al. 2010; Ito et al. 2011; Kim et al. 2012). In general, cold temperatures exacerbate
bronchoconstrictive effects of SO, in asthmatics (Johns and Linn 2011).

Human clinical studies

Bethel and co-authors (Bethel et al. 1984) measured specific airway resistance (sRaw) and
collected data on respiratory symptoms in seven asthmatic volunteers before and after
voluntary eucapnic hyperpnea challenge (a test that simulates an exercise challenge test)
through a mouthpiece on four different days. The study participants breathed four different gas
mixtures: 1) humidified air at room temperature (*23°C, control); 2) 0.5 ppm SO, (1,310 ug/m3)
in humidified air at room temperature; 3) cold (=-10°C) dry air; and 4) 0.5 ppm SO, (1,310
ng/m?3) in cold dry air. The control condition, SO, alone, and cold dry air alone did not cause a
significant increase in sRaw. sRaw was significantly increased after the combined exposure to
0.5 ppm SO; and cold dry air (p<0.001). The combined exposure exacerbated the symptoms of
shortness of breath and wheezing in six study participants; two participants had to use an
inhaled bronchodilator at the end of the study. No appreciable symptom exacerbation was seen
after exposure to SO, alone or to cold dry air alone.

Sheppard and colleagues (Sheppard et al. 1984) studied the interaction between exposure to
dry cold air and SO, in eight volunteers with mild asthma. sRaw was measured before and after
the voluntary eucapnic hyperpnea challenge at a constant ventilation rate (30 to 40 L/min) with
doubling concentrations of SO, in dry cold air (-20°C, 0% relative humidity), in dry warm air
(22°C, 0% relative humidity), and in humidified warm air (22°C, 70% relative humidity). On a
separate day, sRaw was measured before and after the voluntary eucapnic hyperpnea
challenge at the same ventilation rate, breathing dry cold air without SO,. Dry cold air without
SO, had no effect on sRaw. The concentration of SO, that caused a 100% increase in sRaw was
significantly lower in dry cold air than in humidified warm air.

The combined effect of SO, and air temperature appears to depend not only on the relative
humidity but also on the degree of the cold stress. Linn and colleagues (Linn et al. 1984a)
exposed 24 asthmatics to clean air, or to 0.6 ppm SO, at 5°C and also at 22°C, during 5 minutes
of heavy exercise. Relative humidity was always ~85%. The bronchoconstriction response to
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SO, was not significantly different between the two temperature conditions. The authors
concluded that the “moderate cold stress exacerbated the untoward response to SO, only
slightly and inconsistently in these asthmatic subjects.”

Linn and co-workers (Linn et al. 1984b) evaluated airway resistance and respiratory symptoms
in 24 asthmatic volunteers exposed to 5 minute bouts of heavy exercise, SO, at concentrations
0, 0.3 or 0.6 ppm (0, 0.786 and 1.572 mg/m3) and at air temperatures 21°C, 7°C or -6°C. Relative
humidity was ~80%. There was a significant increasing trend in sRaw and in respiratory
symptom number/severity with increasing SO, concentrations and with decreasing
temperature. There was little evidence in this study of synergism; SO, and cold “acted more or
less additively” to increase the respiratory symptoms.

Epidemiological studies

Kim and co-workers (Kim et al. 2012) analysed data on exacerbations in 82 adults with
refractory asthma (RA) in the metropolitan city of Seoul or Kyunggi Province in South Korea.
The subjects were recruited at the Soonchunhyang Hospital and were followed for at least 2
years. Air pollution data were obtained from the monitoring sites closest to each patient’s
home address. Meteorological data, including mean daily temperatures, were obtained at the
monitoring sites closest to the hospital. The analyses were adjusted for seasonality, smoking
and allergen sensitivity. Mean SO, concentration was =13 ug/m3 in summer and ~23 ug/m3 in
winter. Mean air temperature was ~1.5°C in winter and 23°C in summer. In a multi-pollutant
analysis of data on smoking RA patients, RA exacerbations were not significantly associated
with SO, levels or meteorological conditions in any season. However, among non-smokers in
winter, a 1°C decrease in temperature and 1 ppb (2.62 ug/m3) increase in SO, were associated
with a 14.8% (95% Cl 0.9-26.7%) and 19.7% (95% Cl 3.3-38.7%) increase in the risk of RA
exacerbation, respectively on lag 1 day. On lag 2 days, a 1°C decrease in temperature and 1 ppb
(2.62 ug/ms) increase in SO, were associated with a 28% (95% Cl 13.7-39.9%) and 16.4% (95%
Cl 3.0-31.6%) increase in the risk of RA exacerbation, respectively. Similar results were obtained
in a single-pollutant analysis. Among epidemiological studies identified for this report, this is
the most informative in terms of the interaction between SO, and cold. Methodological
strengths of this study include the use of multi-pollutant analyses, a well-defined cohort
followed for a long time, and strict diagnostic criteria for RA and RA exacerbation.

Other epidemiological studies contain limited and inconsistent information on the subject.

Abe and co-authors (Abe et al. 2009) studied the relationships between air pollution,
meteorological conditions and emergency department visits for asthma exacerbation between
January 1 and December 31, 2005 in Tokyo, Japan. Separate analyses were performed for
adults and children (aged <15 years). For air temperature, the daily minimum level was used in
the analyses. Daily data on air pollutants including SO, were obtained from official publications
by the Ministry of the Environment. Air pollution monitoring was performed at 22 monitoring
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sites in Tokyo. Data from the metropolitan central site were used in the analyses. The
temperature ranged from -0.7°C to 27.9°C (mean 13.1°C). Daily average SO, concentrations
ranged from 0 to 191.3 pg/m> (mean 13.9 ug/m?). The seasonal mean number of emergency
department visits for asthma was greatest in winter and lowest in summer. Because emergency
department visits for asthma were not significantly associated with ambient SO, concentrations
in this study, the interaction between the two factors could not be evaluated.

Orazzo and co-authors (Orazzo et al. 2009) analysed emergency department visits for wheezing
in children 0-2 years of age from six Italian cities. Mean air temperature ranged from 12.7
7.5°Cin Varese-Gallarate to 18.6 £ 7.0 in Naples. Mean SO; ranged from 5.5 + 4.3 ug/m3 in
Florence to 21.1 £ 25.2 ug/m3 in Naples. SO, was significantly positively associated with
wheezing. When data were stratified by season, the association was stronger in summer than in
winter. However, the confidence intervals for risk estimates stratified by season were wide, and
the difference was not statistically significant.

Tramuto and co-workers (Tramuto et al. 2011) analysed data on emergency department visits
for respiratory symptoms among adult residents of Palermo, Italy. The mean air concentration
of SO, was 3.4 pg/m’ (10" percentile 0.6 pg/m?>; 90™ percentile 6.9 ug/m?3), and the mean air
temperature was 18.6°C (10th percentile 10.7°C; 90" percentile 26.7°C). In the full year analysis,
SO, was significantly positively associated with the number of emergency department visits for
respiratory symptoms. The association was strongest in the summer.

Animal experiments

Three animal experiments identified for this report (Barthelemy et al. 1988; Halinen et al.
2000a; Halinen et al. 2000b) are of limited relevance to the subject in question. All three
experiments were performed on anesthetized, paralyzed and artificially ventilated animals.
Barthelemy and co-authors (Barthelemy et al. 1988) studied changes in lung resistance induced
by an air temperature change from 38°C to 15°C, and the two experiments by Halinen and
colleagues did not use a group exposed to SO, in warm air; therefore, the effect of SO, alone on
respiratory parameters could not be evaluated.

Summary for Interaction between cold temperatures and SO,

There is evidence of a potential synergistic relationship between cold temperatures and short
term SO, exposure at high concentrations (e.g., 1,300 ug/m3). However, the evidence is
inconsistent. It is not currently possible to quantify the magnitude of any increased risk during
cold weather, and to extrapolate the identified effects to the much lower exposures in the
Kitimat area. The effect of this potential increased risk would be limited to outdoor exercise
exposures during cold weather.

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT 70



RioTintoAlcan FINAL REPORT

3.4.4 Conclusions

1. Data from literature reviewed by the Scientific Advisory Committee of the U.S. EPA in
2008 and findings from more recent studies consistently demonstrate a link between
short-term exposure to SO, and respiratory morbidity. The evidence is sufficient to
establish a causal relationship.

2. Scientific literature suggests that SO, does not induce respiratory diseases in healthy
people but rather exacerbates existing diseases.

3. Individuals with pre-existing respiratory diseases, in particular with asthma, are
susceptible to the effects of SO,. SO, causes a decrease in lung function accompanied by
respiratory symptoms in exercising asthmatics. Physical exercise increases lung
ventilation and SO, uptake.

4. There is suggestive evidence of a relationship between short term SO, and mortality,
but the evidence is not sufficient to infer a causal relationship.

5. There is inadequate evidence for a causal link between short-term SO, exposure and
non-respiratory morbidity and between long-term SO, exposure and any health
outcome.

6. Information on populations potentially vulnerable to the effects of SO, (e.g., individuals
with low socio-economic status) is limited.

7. Both SO, and cold temperatures are known to exacerbate asthma symptoms during
exercise. There is some evidence of synergy at high SO, concentrations from clinical
studies, but the overall evidence is inconsistent. It is not currently possible to quantify
the potential for increased risk.

3.5 EFFECTS OF SULPHUR IN THE ENVIRONMENT

This section of the technical assessment report contains a summary of the relevant components
of a background literature review (ESSA Technologies Ltd. 2012) that synthesizes information
about acid deposition. Acidic deposition is caused by emissions of sulfur dioxide and nitrogen
oxides which react in the atmosphere with other compounds to produce acids that settle out
onto the earth’s surface (wet deposition), or get directly deposited in gaseous or particulate
form (dry deposition) (Driscoll et al. 2001b). The review focused primarily on sulphur, and was
organized around the linkages in the source-pathway-receptor conceptual model of SO,
emissions in the environment (see Figure 3.1-1). This model was developed as a framework for
the design and modelling studies to be conducted for the technical assessment study, which
focuses entirely on SO,.

Over the course of the last century, the acidity of rainfall in many regions of the world has
increased (Galloway 2001). The principal driver behind this increase is the rise in emissions of
sulfur and nitrogen oxides (SO, and NO,) associated with fossil fuel combustion for energy and
food production (Likens et al. 1979; Galloway 2001). The acidic products of these emissions
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move through soil, vegetation, and surface waters, potentially setting off a cascade of adverse
ecological and human health effects (Driscoll et al. 2001b).

3.5.1 Effects of sulphur deposition on soils

The acid neutralizing capacity (ANC) of surface waters is related to the buffering ability of
watershed soils (Houle et al. 2006), which is in turn a function of permeability, catchment slope,
and the size of the exchangeable base cation pool. Base cations are positively charged ions
(magnesium, sodium, potassium, and calcium) that reduce acidity in soil water, and in the
surface waters of lakes, streams, and wetlands that are refreshed by water flowing through
soils (Mohnen 1988). Calcium in particular plays a major role in the acid neutralizing capacity of
soil and water (Lawrence et al. 1999).

Inputs of base cations to the environment occur as particulates in air (e.g., dust deposition), as
ions dissolved in precipitation, as products of rock weathering (Hedin et al. 1994), and from
forest fertilization (e.g., in reforestation and afforestation projects). Losses occur from acid
leaching, soil erosion, timber harvesting, and forest re-growth. Soil calcium depletion makes
terrestrial ecosystems increasingly sensitive to continuing inputs of acid (Likens et al. 1998), and
threatens tree growth and productivity (Watmough and Dillon 2003a,b,c).

Catchment slope, soil thickness, and soil permeability affect how long percolating water stays in
contact with the soil, which determines the degree to which the acids are buffered by
replacement (exchange) with base cations. Soils that are sensitive to acid deposition are
generally shallow with low weathering rates — characteristics associated with low exchangeable
base cation pools.

The exchangeable base cations undergo reactions that neutralize acidic water as it passes
through the soil. If the rate of exchange or loss of base cations matches mineral weathering
reactions that regenerate base cations from primary bedrock materials, there will be no soil
water acidification. If the exchange or loss of base cations exceeds the rate of mineral
weathering, soils and soil waters will acidify and concentrations of aluminum (a toxic metal) in
water will increase. Additionally, as soils acidify they may become deficient in the base cation
calcium (an essential nutrient for wood formation and the maintenance of cell walls), which
could compromise forest growth, health and vitality (Lawrence et al. 1995).

The ability of some terrestrial ecosystems to neutralize acid deposition has diminished over
time, delaying the recovery of forests, lakes, and streams (Driscoll et al. 2001b).

3.5.2 Effects of sulphur deposition on wetlands

Wetlands are often naturally acidic owing to the presence of weak organic acids that are the
products of vegetation decay. Weak organic acids can, to a limited degree, act as a buffer
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against inputs of strong mineral acids from atmospheric deposition (Marmorek and Bernard
1990; Monteith et al. 2007). Where this happens, the strong acids essentially replace the weak
acids (anion exchange) with little change in overall pH until the weak acids are used up
(Erlandsson et al. 2011).

Wetlands can also act as ‘acid banks’. In oxygen-limited wetland sediments, S0,” from
deposition is converted and stored as stable sulphide (Dillon et al. 1997; Environment Canada
2004). Wetland sediments can also release acidity back into catchments. During droughts,
water levels fall allowing oxygen to penetrate into formerly anoxic zones, resulting in oxidation
of sulphides back to sulphates (Environment Canada 2004). The sulphates are subsequently
washed into catchment streamwater during rain events, resulting in episodic acidification
(Dillon et al. 1997; Environment Canada 2004; Laudon et al. 2004). The duration of drought
prior to a rain event is a good predictor of the acidity of the subsequent stream pulse (Laudon
et al. 2004). The same process also occurs in the anoxic littoral sediments of lakes when lake
levels fall during a drought (Yan et al. 1996).

Dissolved organic carbon from wetlands can lower the pH of downstream lakes and streams,
and affect the relationship between acid neutralizing capacity and pH (Hemond 1990;
Marmorek et al. 1996). Wetlands can also influence the release of strong acids, deposited
during periods of high acidic deposition and stored in sediments, back into surrounding
catchments. In extreme cases, many years of stored acid can be released at once, with the
potential to acidify entire lakes (Yan et al. 1996).

3.5.3 Effects of sulphur deposition on lake and stream chemistry

The effects of sulphur deposition on lake and stream chemistry vary depending on the geology
and physical characteristics of the watershed. Levels of acidity in lakes and streams will reflect
local bedrock anomalies (e.g., a bit of basic rock in an acidic or granitic rock terrain), the
thickness and composition of soils, and position in the watershed all affect how lakes and
streams respond to acidic inputs. For example, high-elevation lakes are often sensitive to
acidification from atmospheric deposition owing to their generally small catchment areas, thin
soils and low bedrock weathering rates (Strang et al. 2010). Thicker soils, especially those rich
in base cations, imply a longer contact time with percolating water, and more neutralization of
acidic rain or meltwater. Receiving waters at the downstream end of a watershed tend to be
less acidic than those at the upstream end. As surface waters flow toward downstream
receiving waters, some of the acid will be consumed enroute by way of various chemical
processes, including cation exchange, and sulphate reduction/storage in wetland and lake
sediments.

There is ample evidence that acidic deposition depletes the acid neutralizing capacity of lakes
with low levels of base cations (Sullivan et al. 1988), and that it results in higher sulphate levels
and lower pH and alkalinity in lakes within acid-sensitive terrain (Neary and Dillon 1988;
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Sullivan et al. 1988). The more sensitive the terrain (i.e., the thinner the soil, and the lower its
base saturation or buffering capacity) the less deposition it will take for acidity to rise to levels
that will damage biota. Over the short term, base cation exchange within soils will help buffer
acidic inputs to surface waters. Where base cation pools diminish over time, aluminum
concentrations and soil acidity increase, causing both the acidification of surface waters and
potential toxic effects on biota. In acid-sensitive regions of eastern North America, atmospheric
deposition has been responsible for acidifying most (75%) of the acidic lakes and about half
(47%) of the acidic streams (Baker et al. 1991).

One of the consequences of acidic deposition in North America and Europe has been the
apparent loss of organic acids (DOC) from surface waters (Marmorek et al. 1988; Irving et al.
1991; Yan et al. 1996; Christensen et al. 2006). Dissolved organic carbon can also be lost from
surface waters through a process called photolysis, and the rates of this process are increased
at low pH (Gennings et al. 2001). Photolysis is the process by which dissolved organic carbon is
decomposed into smaller molecules (including CO,) by natural light, especially ultraviolet light.
Consequently, the more deeply ultraviolet light penetrates into the water column, or the more
often deeper waters get moved to the surface under the influence of the wind, the more
impact photolysis will have on DOC levels. As DOC levels decline in response to acidification,
the depth to which ultraviolet radiation can penetrate increases (e.g., up to 3-fold in one study
lake near Sudbury, Ontario) (Yan et al. 1996).

Acid deposition can also increase the concentration of aluminum in soil waters, lakes, and
streams to toxic levels (Driscoll et al. 2001a). Metal solubility increases as pH declines, and
many acidic surface waters have elevated concentrations of aluminum (Baker et al. 1990).
Mercury concentrations in water can also increase with declining pH. Inputs of aqueous
sulphate (SO4) correlate with increased biomass of sulphate-reducing bacteria and increased
concentrations of methylmercury in both surface waters and biota (Gilmour and Henry 1991).

3.5.4 Direct effects of SO, and indirect effects of sulphur deposition on vegetation

Sulphur is a naturally occurring element that is an essential nutrient for plants, and plant tissues
accumulate substantial concentrations of sulphur in the form of sulphate (50,>) and other
compounds (Laurence 2012). As concentrations of SO, in the atmosphere and length of
exposure increase, they become toxic to plants (Laurence 2012). Emissions from the
combustion of fuels containing sulphur and the processing of ores that contain sulphur
represent major sources of sulphur in the atmosphere. Aluminum smelters are also sources of
SO,, but they typically produce smaller emissions than those associated with fuel combustion
and ore processing (Laurence 2012).

Sulphur dioxide is taken up by vegetation through stomata. Consequently, conditions that
promote stomatal opening such as temperature, relative humidity, light intensity, moisture
status, and time of day/year, affect the uptake of SO, and ultimately its effect on the plant
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(Laurence 2012). Because the physical environment influences SO, uptake, the biological
response of plants to elevated sulphur dioxide levels is hard to predict. Different plant species,
and genotypes within species, also respond differently to SO, resulting in a range of sensitivity.
There is a large body of research that clearly establishes a direct effect of prolonged SO,
exposure on the growth and yield of agricultural crops, the growth of trees, and on the
occurrence of foliar injury (e.g., NRC 1978 literature review; U.S. EPA 2008b). However, there
are relatively few studies that report the sensitivity of species that are frequently found in the
vicinity of Rio Tinto Alcan B.C. Operations. Table 3.5-1 summarizes what NRC (1978) reported
for those species.

Table 3.5-1: Ambient exposures to SO, that caused visible injury to plant species (after NRC 1978).

SO, concentration (ug/m?®)? that caused injury at an Species
averaging time of:

1 hour 2 hours 4 hours 8 hours
1071 993 862 784 Willow (Salix sp.)
1071 993 888 679 Larch (Larix sp.)
1097 1019 679 340 Quaking aspen (Populus tremuloides)
1202 993 732 549 White birch (Betula papyrifera)
2143 1698 1176 679 Balsam poplar (Populus balsamifera)
2273 2064 1829 1307 White spruce (Picea glauca)
1986 1646 1385 1019 Raspberry (Rubus idaeus)

% The units in the NRC (1978) table were ppm, and have been converted to be consistent with units used for ambient SO,
elsewhere in this report. The conversion factor used was 1 ppm = 2,620 pg/m® at 25°C and 1 atm (see
http://www.scribd.com/doc/69355960/Air-Dispersion-Modeling-Conversions-and-Formulas).

Vegetation can be directly and indirectly damaged by SO, through exposure to acidic rain, fog,
and cloud. Direct effects include the leaching of calcium, magnesium and potassium from
needles and leaves (Cape 1993; Wulff et al. 1996; Likens et al. 1998; Horsely et al. 2000) and
branches (Likens et al. 1998), reduced cold tolerance (Mohnen 1988; Driscoll et al. 2001a), loss
of chlorophyll (Laurence 2012), and visible damage to leaf surfaces (Cape 1993; U.S. EPA 2008b;
Laurence 2012). In regions with large SO, sources — such as electricity generating stations with
emissions on the order of 100,000 t/yr (which is over 6.5 times more than KMP’s SO, load) —
cloud bases and fog can be quite acidic. Under these conditions, vegetation (and soils) swathed
in acid fog or clouds, as high altitude forests can be, get directly exposed to extremely acidic
conditions (Mohnen 1988; Cape 1993). Direct effects of acid rain and acid fog have been
documented in the literature as a result of exposure under controlled conditions, although
many species are quite resistant (Laurence et. al. 1996, 1997).
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Indirect effects on vegetation can arise through altered soil processes (U.S. EPA 2008b). For
example, acidic deposition that increases soil acidity can, in turn, increase the concentration of
aluminum in soil waters, lakes, and streams to toxic levels (Driscoll et al. 2001a). Too much
aluminum in the soil can interfere with the functioning of fine tree roots, block the uptake of
calcium, and result in decreased growth and increased susceptibility to stress (Mohnen 1988;
Lawrence et al. 1995; Driscoll et al. 2001a).

Calcium is a macronutrient for trees (Lawrence et al. 1995, 1999) and other biota, and it is
important for sustaining growth (Watmough and Dillon 2003a). The process of acidification
leaches calcium from the soil (Likens et al. 1998; Lawrence et al. 1999; Driscoll et al. 2001a;
Watmough and Dillon 2003a), making less available for uptake by roots to replenish losses in
the canopy. Acidification may also deplete other soil nutrients such as magnesium and
potassium (Watmough and Dillon 2004). The decline and mortality of maple trees, particularly
in high elevation stands, is occurring in places where soil calcium and magnesium have been
depleted by acidic deposition (Driscoll et al. 2001a). High elevation coniferous stands in the
eastern United States have also been severely affected by acidic deposition (Mohnen 1988).

Over the past four decades, technological solutions have dramatically reduced emissions of SO,
into the atmosphere in North America, and the acute and chronic effects of SO, on vegetation
have disappeared for the most part (Cape et al. 2003). Along with improved conditions has
come a waning of interest in conducting research and experimentation on the effects of SO, on
vegetation, so little has been added to the scientific literature about the direct effects of the
pollutant on plants (Laurence 2012). A literature review by Laurence (2012), reproduced in its
entirety in Appendix 3.5-1, outlines the current state of knowledge on the sensitivity of plant
species to SO,, reviews what is known about uptake and accumulation of sulphur, discusses the
results of additional studies reported in the scientific literature since about 2000, and reviews
the use of critical loads to describe pollutant deposition.

Long-term effects on lichens and epiphytes have also been reported in the literature, but it is
unclear whether those effects are direct effects due to SO, exposure or indirect effects from
acidification. Additionally, there are published studies that describe the effect of SO, exposure
on the development of plant diseases (generally an inhibitory effect) and on insect infestations
(reported increases associated with secondary pests feeding on weakened trees) (Laurence
2012).

The forest in the vicinity of Kitimat experienced a destructive outbreak of saddleback looper
(Ectopus crepuscularia) and spruce budworm (Cristoneura orae) from 1960 to 1969. Studies by
Reid, Collins, and Associates (Bunce 1985) calculated the volume loss due to the infestation and
estimated growth reductions that could be ascribed to emissions from the smelter, which were
substantially greater then, especially in particulate fluoride, than they are today. The stands at
the time were classified as “uneven-aged, overmature, decadent and stable climax forest.” The
authors advanced seven hypotheses for the outbreak ranging from attraction of insects to lights
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in the valley, to emissions from the smelter either weakening the trees or killing parasites of the
insects. They state in the end “there is no direct evidence to relate any of these hypotheses to
actual events.” They note that such infestations have not been documented in the vicinity of
other smelters. Also, as of this writing (more than 50 years later), there have been no other
noteworthy infestations in the area.

Additional studies of lichen populations by Reid, Collins and Associates (Bunce 1978; Richards
1986) noted that lichen populations had declined on the west side of the valley and that the
decline continued after reductions in fluoride emissions. Concentrations of SO, from all sources
were not quantified.

3.5.5 Direct effects of SO, and indirect effects of sulphur deposition on fish and other biota

The biological impacts of acidification, and associated metal contamination, on aquatic systems
range from changes in relative abundance of species to extinction of populations (Yan and
Welbourn 1990). Even modest amounts of acidity can cause some damage in certain areas. For
example, in sensitive areas where acidification is most likely to occur, the early life stages of
many freshwater fish species will be close to their survival threshold and only a slight decline in
water quality can result in the loss of a complete year class, which would affect recruitment and
eventual population status (Sayer et al. 1993).

A surface water pH of less than 6.0 produces conditions that are damaging to many species
(Keller et al. 1990; Havens et al. 1993; Holt et al. 2003). Damage occurs directly in response to
reduced pH and calcium, and increased aluminum (e.g., impaired reproduction, increased
mortality), and indirectly in response to alterations in the food web. The more acidic the water
becomes, the more serious the biological consequences. Acidification of surface waters has
resulted in a decrease in the survival, size, and abundance of fish and in the loss of fish and
other aquatic biota from lakes and streams (Driscoll et al. 2001a).

As pH declines, all levels of the aquatic food web are affected (Mierle et al. 1986). There is
clear evidence that the acidification of surface waters to pH levels below 6.0 damages both lake
(Conlon et al. 1992; Hesthagen et al. 1999) and river (LaCroix 1985; LaCroix et al. 1985; LaCroix
and Townsend 1987; LaCroix and Knox 2005) salmonids and other sport fish (Hulsman et al.
1983; Marmorek et al. 1986; Weiner et al. 1986; Matuszek et al. 1992), zooplankton (Keller et
al. 1990; Locke 1992; Brezonik et al. 1993; Havens et al. 1993; Holt et al. 2003), phytoplankton
(Nicholls et al. 1992), and aquatic plants (Yan et al. 1985). The early (embryonic and larval) life
stages of amphibians are also sensitive to acidification (Baker et al. 1990). Sensitivity varies
widely by species (Pierce 1993), but mortality typically begins to occur at about pH 5.0 (Eilers
and Berg 1982, cited in Bangay and Riordan 1983:3-102). Water with a pH below 4.5 generally
causes complete mortality of embryos among the more sensitive species; tolerant species can
achieve 100% hatching success at pH levels as low as 4.0 (Baker et al. 1990).

SULPHUR DIOXIDE TECHNICAL ASSESSMENT REPORT
IN SUPPORT OF THE 2013 APPLICATION TO AMEND THE P2-00001 MULTIMEDIA PERMIT 77



RioTintoAlcan FINAL REPORT

Species richness (i.e., the number of different species present) falls across all groups of biota as
pH declines (Minns et al. 1990), including among higher vertebrates. For example, the
reproductive failure of ducks in acid stressed areas of Ontario has been linked to reduced
availability of insect prey for ducklings (Mierle et al. 1986). Acidification and increasing levels of
toxicants in aquatic systems may also have a negative impact on river otters (Lutra canadensis)
through reduced abundance of food (primarily fish) and bioaccumulation of toxic compounds
(Stenson 1986; Yarrow 2009).

As a general rule, small-bodied, rapid reproducers tend to be more resistant to increasing
acidification than are large-bodied species (Yan and Welbourn 1990) with longer life spans
(Locke 1992). In aquatic communities, the rate of food uptake and growth are intimately linked
to organism size. Changes in the size structure of communities may therefore have profound
implications for energy flow (Yan and Welbourn 1990).

The response of fish populations to acidification depends on the sensitivity of the species to
acidic conditions, the degree to which sensitive life stages are exposed to toxic levels of pH and
aluminum, and the ability of the population to compensate for acid-induced mortality and
stress (Baker et al. 1990). Most fish are very sensitive to the toxic effects of increasing acidity.
Decreased pH and elevated aluminum, within the range that occurs with acidic deposition, have
been shown to increase fish mortality, decrease fish growth, decrease fish egg production
and/or embryo survival, and cause other physiological effects (Baker et al. 1990). Early life
stages are more sensitive to acidity than later life stages. Many of the most sensitive fish
species are commercially and/or recreationally important, e.g., salmonids (Marmorek et al.
1986). In British Columbia, salmonids are not only commercially important, but also culturally
and spiritually important for many First Nations communities. Laboratory and field studies rank
rainbow trout (aka steelhead) (Oncorhynchus mykiss) as the most sensitive to increasing acidity,
followed by Atlantic salmon (Sa/mo salar), followed by brown trout (Salmo trutta), followed by
brook trout (Salvelinus fontinalis) (Baker et al. 1990). For rainbow trout, which is a very
important commercial and recreational species in the Kitimat area, egg and fry survival is
adversely affected by acidification to pH values below 5.5 (Hulsman et al. 1983; Weiner et al.
1986).

Indirect effects of acidification can also impact aquatic ecosystems. Where acidification causes
the decline or elimination of prey species, predator species (e.g., commercial and sport fish) are
indirectly affected by the impoverishment of their food supply (Yan and Welbourn 1990).

Terrestrial wildlife, particularly species that prey on fish or aquatic invertebrates, can also be
indirectly affected by acidification through declining abundance and accessibility of prey (Mierle
et al. 1986). The implications for aquatic and riparian birds include impacts to migration and
staging, energy acquisition (protein, nutrients), egg production, and brood rearing (Weeber
2008). Acidification may also reduce concentrations of essential elements such as selenium and
calcium in prey. Reduced dietary calcium may affect egg production and the growth of young
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(Mitchell 1989; Weeber 2008). Birds that eat fish such as loons, mergansers, herons, bitterns,
ospreys, eagles, and kingfishers are most at risk from increasing acidification (Mitchell 1989).
Waterfowl, shorebirds, and many passerines consume invertebrates caught in aquatic systems
or flying emergent insects that have aquatic larval stages. Decreases in pH eliminate those
invertebrate species that are intolerant. Metal toxicity arising from acidification may also be an
issue for birds that feed in or near acid-stressed lakes, wetlands, and streams.

Birds of the forest canopy may also suffer indirect effects from acidification. In Ontario, large
scale losses of the tree canopy are predicted to lead to a decreased abundance of birds that
rely on the canopy for food and shelter (OMNR 1992). Other forest wildlife may be indirectly
affected by acidification through metal toxicity. As soils acidify, metals and other contaminants
(especially cadmium) become more available for uptake by the plants on which animals feed,
e.g., lichens. In Canada, moose and deer accumulated such high concentrations of cadmium in
their livers and kidneys that these organs were declared unfit for human consumption in
several provinces (OMNR 1992).

Evidence for direct impacts of SO, on terrestrial animal species comes largely from
experimental studies on small mammals and domestic livestock. In mice, for example, acute
inhalation of SO, constricted the airways, increased the production of mucus, and reduced the
ability to resist bacterial infection (Costa and Amdur 1996, cited in WBK & Associates Inc. 2003).
Even short exposures at low levels (<2,600 ug/m3) triggered immediate physiological responses,
but did not result in permanent damage to the respiratory system. For rabbits, acute exposure
to SO, gas (16,000 ug/m3 for 4 hours) irritated the eyes, causing conjunctivitis, infection, and
watering (WBK & Associates Inc. 2003). For cats and guinea pigs, short exposures (30 minutes)
to concentrations up to 26,000;1g/m3 produced respiratory distress, but the effects disappeared
when exposure stopped (Corn et al. 1972 and Amdur 1978, cited in WBK & Associates Inc.
2003). Cattle exposed to SO, gas (no concentrations reported) responded with mild bronchial
constriction, changes in metabolism, and irritation of the respiratory tract and eyes. Cattle
mortality as a result of major incidents of air pollution (SO,, sulphuric acid, acid fog) has been
reported in Europe and in Montana (WBK & Associates Inc. 2003).

Studies of SO, exposure on terrestrial wildlife are rare. In Czechoslovakia, low blood calcium
and protein levels were reported in wild hares exposed to SO, concentrations greater

than 150 pg/m? and fly ash (>300t/km?%/yr) (WBK & Associates Inc. 2003). A two-year study at
Whitecourt Forest (Alberta) downwind of industries producing SO, reported no adverse impacts
on moose density, productivity, or habitat utilization. Sulphur dioxide concentrations were not
measured in this study, however, releases in the area were thought to be low (the average
rarely exceeding 520 pg/m?3), short (only minutes, rarely hours), and infrequent (Wride 1975,
cited in WBK & Associates Inc. 2003).
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4.0 Environment and Communities of the Study Area
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4.1 THE STUDY AREA
4.1.1 Bounding the study area

The study area for the technical assessment study is defined by the maximum extent of the air
dispersion modelling done (see about the study design, Section 6.0), shown by the dashed line
in Figure 4.1-1. This rectangular modelling domain has a total area of 2,895 km?, with an east-
west dimension of 30 km and north-south dimension of 96.5 km. It was designed to include the
main plume from the smelter, all communities and vegetation which might be affected by
[SO,], and all soil and water receptors which might be affected by dry and wet deposition of
sulphur. Our analyses in Section 9.0 confirm that the study area was indeed broad enough to
include all anticipated potential effects of KMP on human, vegetation, water and soil receptors.
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Figure 4.1-1: Technical assessment study area (dashed rectangle), showing Kitimat Valley terrain.
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4.1.2 Description of the valley and airshed

The Kitimat Valley is a wide area of low and generally simple terrain (Johnson 1995), stretching
from tidewater at the town of Kitimat in the south to beyond the city of Terrace, approximately
50 km to the north (see Figure 4.1-1). It is part of the Kitsumkalum-Kitimat Trough (see Figure
4.1-1), which trends southward from Kitsumkalum Lake, intersecting the Skeena Valley at
Terrace, and continuing down the valley to the sea at Kitimat. The trough is up to 15 km wide
and its floor is below 300 m in elevation (Clague 1985). Historically, most of the area below
1,500 m elevation was forested, but the 20™ century saw large parts of the valley cleared for
forestry, agriculture, and other human activities (Clague 1994).

The terrain surrounding the valley is much more complex, and includes mountainous areas with
peaks in the range of 1,700 m in elevation (Johnson 1995). The Coast Mountains border the
valley to the west, and the Hazelton Mountains rise to the east. Subsequent sections of this
report describe the lakes and streams of the Kitimat Valley (Section 4.2), its geology and soils
(Section 4.3), flora and fauna (Section 4.4), patterns of land use (Section 4.5), and the human
communities in the area (Section 4.6), including First Nations (Section 4.7).

Air temperature and precipitation are strongly influenced by topography (Clague 1984). From
late spring through early autumn, the climate in the Kitimat Valley tends to be relatively mild,
with the lowest monthly precipitation totals and temperatures in the 15 to 20°C range. The
period from late fall through early spring is characterized by much colder temperatures (-5 to
5°C) and heavier precipitation amounts. The presence during the winter months of frequent
storm systems, moving inland f