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1.0 INTRODUCTION 

EcoMetrix Incorporated (EcoMetrix) has been retained by the Wek’èezhìi Land and Water 
Board (WLWB) to conduct an independent review of documents submitted by BHP Billiton 
(BHPB) with their water licence renewal application for the Ekati diamond mine.  This report 
represents the opinion of the authors regarding questions posed by the WLWB as outlined 
in Section 1.1. 

The Ekati diamond mine is located roughly 300 km northeast of Yellowknife at the 
headwaters of the Coppermine River drainage basin in the Lac de Gras watershed.  The 
Northwest Territories (NWT) Water Board issued BHPB its first water licence for this project 
in January 1997.  In this licence, Effluent Quality Criteria (EQC) for discharges from the 
Long Lake Containment Facility (LLCF) were set out, but no details as to their derivation 
were provided. 

In 2000, the Ekati project scope was expanded to include three new open pits, and BHPB 
obtained a second water licence in August 2002 from the Mackenzie Valley Land and 
Water Board (MVLWB).  The two licences were amalgamated in 2009 by the WLWB, and 
this combined licence is due to expire on August 18, 2013. 

BHPB has applied to renew this water licence, and has submitted to the WLWB a document 
entitled “Review of Protection Measures for the Aquatic Receiving Environment at the 
EKATI Mine (April 2012),” along with various supporting documents.  EcoMetrix has been 
retained to review the supporting documents and provide expert opinions concerning the 
validity of methodologies, assumptions, uncertainties, and conclusions contained in the 
documents. 

1.1 Scope of Work 

The following points summarize the questions we considered when preparing this report.  
One Section of this report has been devoted to each point. 

 Water Quality Modelling (Section 2). With respect to the water quality modeling of 
the inputs and outputs of the LLCF as well as the predictions of receiving 
environment conditions: Is the modeling methodology appropriate for this site?  
What are the key assumptions and uncertainties and how might the results be 
affected by this in general?  How well does the modeling compare to actual 
monitoring data? 

 Derivation of SSWQOs (Section 3). Is the methodology used to derive the SSWQOs 
appropriate for this site and what are the key assumptions or uncertainties that 
affect your conclusions? 
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 Parameters of Interest deemed Not of Potential Concern (Section 4). BHPB 
identified molybdenum, sulphate, and vanadium as “parameters of interest” based 
on monitoring data from the AEMP (BHPB, 2008).  These parameters did not qualify 
as “parameters of potential concern” because there was no prediction, from the 
LLCF water quality modeling, that the concentrations of these parameters would 
exceed 75% of the SSWQO in the receiving environment.   Are there any other 
factors that, in your opinion, the Board should consider in its deliberation of whether 
these parameters require EQC or not? [Please reference, at a minimum, both the 
SSWQO derivations as well as the water quality modeling predictions.] 

 Parameters of Potential Concern above 75% of SSWQO but no EQC (Section 5). 
BHPB identified potassium and chloride as “parameters of potential concern” based 
on the prediction that the concentrations of these parameters may exceed 75% of 
their SSWQO in the receiving environment.  BHPB’s subsequent risk 
characterization (as detailed in the Review of Protection Measures document) 
concludes that although the SSWQO may be exceeded in the receiving 
environment, the risk to the environment is low and EQC may not be necessary.  
Based on the derivation of the SSWQO, are these conclusions of low risk to the 
environment reasonable?  What are the factors that influence this determination?  
[Please reference, at a minimum, both the SSWQO derivations as well as the water 
quality modeling predictions.] 

 Parameters of Potential Concern above 75% of WQO but no EQC (Section 6). 
BHPB identified aluminum, cadmium, copper and selenium as “parameters of 
potential concern” based on the prediction that the concentrations of these 
parameters may exceed 75% of their WQO in the receiving environment.  BHPB’s 
subsequent risk characterization (as detailed in the Review of Protection Measures 
document) concludes that although the WQO may be exceeded in the receiving 
environment, the risk to the environment is low or negligible and EQC may not be 
necessary.  These conclusions were based in part by information described in the 
accompanying technical memorandums for each parameter.  In your opinion, does 
the information submitted adequately support BHPB’s conclusions in the Review of 
Protection Measures document?   [Please reference, at a minimum, both the 
technical memoranda as well as the water quality modeling predictions.] 
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2.0 WATER QUALITY MODELLING 

This review of the water quality model was based on BHPB (2012a).  In the scope of this 
review, the factors considered were the appropriateness of the methodology, the inputs, 
and the outputs; the key assumptions and uncertainties underlying the model; and the 
quality of the outputs (that is, how well did the model approximate measured 
concentrations). 

2.1 Water Quality Model Methodology, Inputs, and Outputs 

2.1.1 Overview of Methodology 

BHPB constructed two separate water quality models (the Load Balance Model and the 
Downstream Model) with GoldSim software and connected in series.  BHPB (2012a) 
provides a reasonable justification for construction of two separate models – the water 
balance occasionally leaving Cell E dry when the two models were run together – and the 
two-model construction is considered appropriate. 

The models simulated the flow of water and dissolved chemicals contained therein through 
the Long Lake Containment Facility (LLCF) system, from the process discharge in Cells A, 
B, and C through Cell E and downstream to Slipper Lake.  In both models, each water body 
was considered to be a well-mixed continuous stirred-tank reactor (CSTR) with the 
exception of Cell D, which was modeled with two layers, based on available measured 
concentrations.  This approach appears to be consistent with available data. 

In the Load Balance Model, Cells A, B, and C were treated as one water body; this 
approach is considered to be appropriate because all three Cells appear to receive process 
water discharge.  The exclusion of Cell D from this aggregate water body is reasonable 
considering that the dike between these cells retains solids in Cell C.  The Load Balance 
Model also contained a sub-model of the Beartooth Pit. 

The models also undertake to predict the formation of ice on the water bodies.  This 
process reflects the behaviour of the water bodies in reality, and is considered to be 
reasonable.  The ice thicknesses were taken from field measurements over 2 winters. 

The water balances in the models were calibrated so that flows matched with measured 
values, but concentrations were not themselves calibrated (except for nutrients, which were 
assumed to participate in first-order degradation reactions in the Load Balance Model, but 
not in the Downstream Model).  Based on our experience in geochemical modeling, this 
approach is considered to be appropriate. 

BHPB’s overall approach to their water quality model is considered to be reasonable. 
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2.1.2 Evaluation of Inputs 

For the purposes of this review, to be consistent with BHPB’s layout (see BHPB, 2012a), 
inputs for the water balance and for water quality are discussed separately. 

2.1.2.1 Water Balance Inputs 

BHPB collected and estimated several types of input flow data for their models.  BHPB 
estimated natural runoff flow rates, for example, by calculating catchment areas for each 
water body and applying a factor incorporating total annual runoff and monthly fraction of 
annual flow at that water body.  In order to characterize the hydrology necessary for this 
process, historical precipitation, temperature, evaporation, and stream flow data from 1994 
to 2009 were used. 

Data pertaining to different types of LLCF mine water were also obtained by BHPB and 
used in the models.  Fine Process Kimberlite (FPK) discharge from the Process Plant was 
characterized using measured flows from 1999 to 2010, and reclaim water was 
characterized using measured flows from 2000 to 2009.  For sump water from existing open 
pits, monthly data from 1999 to 2011 was used, and for pits not yet in operation, other 
modeling work was used as the basis for flow estimates.  Water from underground workings 
was also characterized, but BHPB recognized the high uncertainty in these flow rates, 
especially since flow rates would be likely to increase as workings extend deeper and 
become larger (see BHPB, 2012a).  BHPB therefore reasoned that increased underground 
water flow would lead to dilution in the model, and that their selection of constant 
underground water flows as model inputs would be a conservative choice.  Inputs from the 
Beartooth Pit to the Load Balance Model were estimated by the sub-model based on 
planned future flows.  Sewage flows were estimated to be constant based on 
measurements. 

BHPB also considered the hydrology of the dikes between the modeled Cells in the Load 
Balance Model.  BHPB’s assumed hydrology was based on water level measurements and 
construction geometry, and the hydraulic conductivity of the dike material was varied in 
order to calibrate the flows between cells. 

The two models were linked together using the pumped outflow stream from the LLCF to 
Leslie Lake.  The Load Balance Model was run with a pumping routine from Cell E that 
maintained a constant water level in the Cell with average pumping rates defined to 
produce discharges consistent with observed values based on the observed monthly flow 
distribution. The Downstream Model was run with average monthly flow distribution to 
Leslie Lake as its input of dissolved chemicals of concern. 

2.1.2.2 Water Quality Inputs 

The water quality of natural runoff was based on BHPB’s AEMP data set (BHPB, 2008).  In 
most cases, BHPB selected the median of observed concentrations at the Vulture Outflow 
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stream monitoring station as representative, except for the water quality into Moose Lake, 
where measurements from the Kodiak Lake site were used instead.  The water quality in 
this stream was assumed to be constant over time. 

For the characterization of the Process Plant Discharge (PPD) stream, data collected 
between 2000 and 2010 were used.  BHPB (2012a) noted that different ores were being 
processed over this time, and investigated whether any relationship between ore type and 
PPD water quality existed.  No such relationships were found.  Instead, to characterize the 
PPD stream, BHPB (2012a) derived statistical distributions from historical data.  The 
measured parameters were qualitatively divided into 3 groups, depending on their observed 
behaviour over time. Statistical distributions were then fit visually to the observed data for 
each group.  In addition, BHPB used a Pearson product moment correlation coefficient 
analysis to identify which parameters were correlated in the data set. 

Sump water quality was based on median concentrations of available measured data, 
because of insufficient samples to allow a time-varying source term to be estimated by 
BHPB (2012a).   

The underground water quality input used in the model was based on median 
concentrations of analyses of 93 groundwater quality samples taken in 2004 and 2005.  
BHPB did not include general monitoring samples in the calculation because of high Total 
Suspended Solids (TSS) in these samples, and BHPB could not ascertain if these samples 
were influenced by surface flows as well as groundwater. 

BHPB assumed that sewage water would have the same water quality as natural runoff. 

Also included in the Load Balance Model was the Nutrient Amendment Program 
implemented at the LLCF, involving the addition of monopotassium phosphate fertilizer to 
Cell D. 

BHPB also derived a set of inputs for the Beartooth Pit sub-model in the Load Balance 
Model.  For the sub-model, natural runoff was based on Vulture stream data, and sump 
water concentrations were based on existing median concentrations of Beartooth Pit sump 
water.  Pit wall runoff water quality was based on unpublished geochemical predictions.  
Underground water was based on underground water quality data, as above.  FPK water 
quality was based on the PPD analyses as described above.  The output from this sub-
model, the Beartooth Pit reclaim water stream, is predicted by the sub-model based on 
these inputs and is pumped to the LLCF, serving as an input to the Load Balance Model. 

2.1.2.3 Overall Assessment of Inputs 

The inputs used by BHPB in their models appear to be based on robust data sets.  In 
particular, the hydrological and meteorological data appear to be well-characterized, as 
does the major source of parameters of interest, the process water stream.  The statistical 
approach to PPD quality is considered to be reasonable, given that future PPD quality is 
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unknown and may be unpredictable.  The use of natural runoff concentrations as 
representative of minor unpredictable streams, such as sewage water, is unlikely to change 
BHPB’s conclusions.  Overall, the model inputs appear to be reasonable and appropriate 
for the situation. 

2.1.3 Evaluation of Outputs 

Both models produce flow rates and water quality over time as outputs, which fulfill the 
stated purposes of the modeling exercise (see BHPB, 2012a).  A comparison of model 
outputs to measured concentrations is presented in Section 2.3. 

2.2 Key Assumptions and Uncertainties 

The following Table outlines the major uncertainties and assumptions in the water quality 
models.  Also presented is our assessment of whether the uncertainties or assumptions 
would lead to over- or underestimates of future water quality, and whether these over- or 
underpredictions would significantly affect BHPB’s conclusions.   
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Table 2-1:  Uncertainties and Assumptions in BHPB's Water Quality Model 

Number Page Uncertainty/Assumption BHPB’s Justification 

EcoMetrix Assessment 

Likely to Over- or 
Underestimate 
Predictions? 

Likely to 
Significantly 

Affect 
Conclusions? 

1 2-3 
Assumption of full mixing of 
water bodies 

Residence times in downstream lakes 
are short and will allow for full mixing in 
less time than one time step 

Underestimate 
(Full mixing leads 

to use of larger 
volumes in the 

model) 

No 

2 2-6 
Assumption of non-reactive 
parameters, except 
nutrients 

Fit of results with measured values is 
reasonable 

Overestimate 
(Reactions would 

remove 
parameters from 

the system) 

No 

3 2-6 

Reactions among 
parameters assumed to be 
of lesser importance than 
the uncertainties 
associated with estimating 
inflows and outflows 

Fit of results with measured values is 
reasonable 

Neither No 

4 2-6 

Assumption of equivalence 
of dissolved and total 
metals in water quality data 
set 

Water Quality Benchmarks (WQBs) are 
based on total; lab tests are based on 
total; Dikes in LLCF keep solids from 
Process stream out of downstream 
system (Cells D, E, downstream model) 

Neither No 

5 2-6 
Assumption of sub-monthly 
model time step 

Sub-monthly is shorter than increments 
of available input data, and captures 
seasonality 

Neither No 

6 2-8 

Fixed ratios for Cr(III) and 
Cr(VI) based on 
measurements of three 
samples from the site 

The data used were the only data 
available 

Neither No 
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Number Page Uncertainty/Assumption BHPB’s Justification 

EcoMetrix Assessment 

Likely to Over- or 
Underestimate 
Predictions? 

Likely to 
Significantly 

Affect 
Conclusions? 

7 3-6 
Groundwater flows to water 
bodies assumed to be zero 

Presence of permafrost 

 Over- or 
Underestimate 

(this stream may 
dilute some 
chemicals’ 

concentrations but 
may serve as a 

source for others) 

No 

8 3-8 
Processed Kimberlite 
solids discharge rate 

Based on information provided by BHPB Neither No 

9 3-8 
Dry density of PK ore is 2.7 
tonnes/m3 

Based on historical data Neither No 

10 3-8 
Percentage loss to coarse 
kimberlite is 33% 

Based on historical data Neither No 

11 3-8 
Slurry water content is 
81.5% water by volume 
and 62% water by mass 

Based on historical data Neither No 

12 3-8 

Water content in settled 
FPK is 62.3% water by 
volume and 38% water by 
mass 

Based on historical data Neither No 

13 
3-11/ 
7-1 

Underground water flow 
rate consistent with 
historical average 

No other available information, but flows 
would be expected to increase in the 
future, diluting the stream, so selection 
of constant flow rate is a conservative 
choice 

Over- or 
Underestimate 

(this stream may 
dilute some 
chemicals’ 

concentrations but 
may serve as a 

source for others) 

No 
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Number Page Uncertainty/Assumption BHPB’s Justification 

EcoMetrix Assessment 

Likely to Over- or 
Underestimate 
Predictions? 

Likely to 
Significantly 

Affect 
Conclusions? 

14 3-14 
Simplification of dike 
hydrodynamics 

Fits with available information Neither No 

15 
Table 
4.2-1 

Visual fits were used to 
determine input 
distributions 

No justification given Neither No 

16 4-12 
Sewage chemistry 
assumed to have same 
quality as natural runoff 

No other data are available, and sewage 
is an insignificant input to LLCF 

Neither No 

17 5-1 

Uncertainties in 
measurements of pumped 
flow at the outflow of LLCF 
to downstream lakes and in 
all pumped flows to the 
facility 

No other data are available Neither No 

18 5-1 
Constant runoff coefficient 
for runoff from natural 
catchments 

No other data are available Neither No 

19 5-1 
Discharge amounts from 
LLCF is modeled as a 
deterministic rule 

The model cannot predict future 
hydrological conditions with any certainty 

Neither No 

20 6-1 
Fit for nutrient calibration 
was qualitative 

Based on experience Neither No 

21 6-11 
In the Downstream Model, 
no nutrient decay was 
modeled 

Residence times in the lakes were too 
low compared to the decay half-lives of 
the non-conservative parameters for any 
significant losses to occur 

Overestimate 
(no decay would 

lead to higher 
concentrations of 

nutrients) 

No 
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Number Page Uncertainty/Assumption BHPB’s Justification 

EcoMetrix Assessment 

Likely to Over- or 
Underestimate 
Predictions? 

Likely to 
Significantly 

Affect 
Conclusions? 

22 6-31 

Uncertainty of +/- 25% was 
considered reasonable 
estimate of the likely 
uncertainty for hardness 
predictions (for WQBs) 

Based on comparison of observed and 
predicted hardness values in Cell E and 
downstream lakes 

Neither No 

23 7-1 
Underground water quality 
is assumed to be constant 

Estimates used in the model are based 
on a limited number of samples, but data 
are consistent and groundwater 
chemistry is not expected to vary over 
time 

Neither No 

24 7-1 

Future predictions of 
Process Plant Discharge 
Quality are based on 
statistical distributions of 
historical data during time 
period(s) of highest 
concentrations 

This is a conservative approach. 
Overestimate 
(conservative 

approach) 
No 

25 7-1 

Prediction of ice thickness 
and ice exclusion 
processes is for same ice 
thickness every year 

Ice thickness is not expected to vary 
substantially from year to year. 

Neither No 

26 7-2 

Reclaim water was 
assumed to be from 
Beartooth Pit rather than 
using “clean” reclaim water 
from LLCF 

Future operations of Beartooth Pit 
concerning water use are as yet 
unknown, so a conservative approach 
was adopted. 

Overestimate 
(conservative 

approach) 
No 
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Number Page Uncertainty/Assumption BHPB’s Justification 

EcoMetrix Assessment 

Likely to Over- or 
Underestimate 
Predictions? 

Likely to 
Significantly 

Affect 
Conclusions? 

27 7-2 

Timing of discharge from 
LLCF to Leslie Lake is 
based on observed 
discharge data instead of 
controlled to optimize water 
quality 

Based on existing operations Neither No 

28 7-2 
First-order decay kinetics 
assumed for nutrient decay 
in Load Balance Model 

Model is calibrated against measured 
data, and “reasonable confidence” in this 
approach. 

Over- or 
Underestimate 

(first-order kinetics 
may overestimate 

reality if true 
reaction order is 

higher, and 
underestimate if 

true reaction order 
is lower) 

No 

29 7-3 
Flows between cells in 
LLCF are estimated 

Flow outputs are well-calibrated Neither No 
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As shown in this Table, none of the uncertainties or assumptions is considered likely to 
significantly affect BHPB’s conclusions based on model results as outlined in their Review 
of Protection Measures (BHPB, 2012b). 

2.3 Comparison of Results to Monitoring Data 

We undertook a review of the water quality modeling results generated for each chemical 
studied by BHPB, comparing them to available measured data using charts found in 
Appendix 4 of BHPB (2012a).  The following discussion summarizes the results of this 
review. 

Overall, most chemicals were well-predicted by the models in question.  Potassium 
concentrations were well-predicted by both the Load Balance Model and the Downstream 
Model.  Both models consistently overpredicted concentrations of antimony, arsenic, 
calcium, and chromium(VI), indicating a conservative approach.  Similarly, cadmium 
concentrations were overpredicted by the Load Balance Model, but predicted cadmium 
concentrations in Leslie Lake fit well with higher detected values.  These predictions were, 
however, consistently greater than the concentrations marked as below detection.  For the 
other downstream lakes, predicted cadmium concentrations were greater than all measured 
concentrations, both those detected and those marked as below detection.  For the 
downstream lakes, then, the Downstream Model consistently overpredicted the measured 
cadmium concentrations. 

Concentrations of chloride, hardness, nitrite, strontium, sulphate, and TDS were 
overpredicted in the Load Balance Model but well-predicted by the Downstream Model.  
Nitrate was overpredicted by the Load Balance Model and by the Downstream Model in 
Nema and Slipper Lakes, but was predicted well by the Downstream Model in Leslie and 
Moose Lakes.  Copper concentrations were predicted well by the Load Balance Model, but 
were slightly overpredicted by the Downstream Model.  More specifically, the predictions of 
the Downstream Model for copper tracked the upper end of the measured concentrations in 
each of the downstream lakes.  This trend is expected to continue as far as the future 
predictions are concerned, in that future peak measured copper concentrations are 
expected to fall within the range of the predictions.   

In general, overprediction in water quality models, while not ideal behaviour, is considered 
acceptable for assessments involving toxicity or risk considerations such as BHPB’s. 

Concentrations of boron, chromium(III), lead, manganese, molybdenum, nickel, uranium, 
and vanadium appear to have been predicted well by both models, but the ranges of the y-
axis scales on the charts of results were wide enough that predictions and measured 
concentrations of these chemicals were very close to the x-axis.  It was nevertheless clear 
from these charts that predicted concentrations of these chemicals were much less than 
their respective selected water quality benchmarks, so this arrangement did not affect our 
assessment of BHPB’s conclusions. 
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Underprediction is less desirable behaviour in a water quality model.  Concentrations of 
ammonia and barium were well-predicted by the Load Balance Model, but were slightly 
underpredicted by the Downstream Model.  Conversely, phosphate concentrations were 
underpredicted by the Load Balance Model, but were well-predicted by the Downstream 
Model.  Magnesium was predicted well by the Load Balance Model, but was underpredicted 
by the Downstream Model in Leslie and Moose Lakes.  The Downstream Model 
magnesium predictions appeared to be more accurate for Nema and Slipper Lakes.   

In the Load Balance model, predictions of aluminum and iron fit with most of the 
observations, but certain high outliers were underpredicted.  BHPB attributed this pattern to 
sediments or solids, to which aluminum or iron could be adsorbed, in certain water samples 
taken at the LLCF.  Downstream, iron concentrations were predicted well in Leslie and 
Moose Lakes, and underpredicted in Nema and Slipper Lakes.  Predicted aluminum 
concentrations up to year 2010 in the downstream lakes appeared to track the upper end of 
measured aluminum concentrations in the same period, with peak measured 
concentrations occurring in the range of the predictions.  Following this pattern, future 
measured aluminum concentrations downstream are expected to fall within the range of the 
future predicted aluminum concentrations. 

As far as underpredictions were concerned, we note that no chemicals were consistently 
underpredicted by both models, and none of BHPB’s conclusions based on model results, 
as outlined in their Review of Protection Measures (BHPB, 2012b), would have changed, 
had the underpredictions been more accurate. 

In addition to the over- and underpredictions noted above, we also note another pattern in 
the comparison of predicted results to measured concentrations:  the selenium and zinc 
concentrations predicted by the Load Balance Model followed the respective approximate 
medians of the ranges of measured data, but did not predict either the maxima or minima of 
the measurements.  These models are therefore considered to accurately predict an 
average concentration of these chemicals, but may miss maxima or minima.  As BHPB had 
presented their “Base Case” in the reviewed document, an accurate prediction of the 
average concentration is considered to suffice.  Note that downstream, this pattern of not 
capturing the full range of variability appeared to have held for selenium, while zinc 
concentrations appeared to be overpredicted. 

On the whole, the models appear to have predicted most of the parameters of concern 
either accurately or conservatively, both of which are considered to be acceptable for this 
assessment.  BHPB’s conclusions based on the model results, as outlined in their Review 
of Protection Measures (BHPB, 2012b), were considered unlikely to change if the small 
underpredictions had been improved. 
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3.0 DERIVATION OF SSWQOs 

Site-specific water quality objectives (SSWQO) were developed by BHPB for selected 
water quality parameters as a basis for interpretation of water quality predictions for the 
Koala Watershed.  They are intended to replace existing water quality benchmarks, which 
were generally taken from CCME, and would be used within BHP’s proposed Response 
Framework (BHP, 2012b) to determine water quality action levels.  This section outlines the 
methodology used to derive the proposed SSWQOs, and the key assumptions and 
uncertainties, and discusses the appropriateness of the methodology. 

3.1 Sulphate 

The SSWQO for sulphate (BHP, 2012c) was derived by developing a species sensitivity 
distribution (SSD) of threshold effect levels across species, adjusted to a common water 
hardness (40 mg/L), finding the 5th percentile of the distribution (HC5), and describing how 
the HC5 is expected to increase with water hardness. The equation for its variation with 
hardness is the proposed SSWQO.   

The SSD methodology follows the CCME (2007) protocol for derivation of water quality 
guidelines.  An HC5 of 160 mg/L for sulphate at hardness = 40 mg/L was obtained. The 
equation that adjusts the HC5 for hardness, given a slope for the hardness relationship, 
follows the US EPA (1985a, 1997).   

The proposed SSWQO is: 

SSWQO (mg/L) = 160  e 0.9116 (ln(H) – ln(40)) 

where H=hardness (mg/L) and 0.9116 is the slope of the ln(effect level) vs ln(H) 
relationship.1   

The equation simplifies to SSWQO (mg/L) = e 0.9116 ln(H) + 1.712.  Hardness was capped at 160 
mg/L, since the hardness effect seemed to plateau at about this level.  Thus, the SSWQO 
does not increase further as hardness increases above 160 mg/L. 

The slope of the hardness relationship was derived using IC25 data from two studies of 
chronic toxicity of sulphate to the daphnid Ceriodaphnia dubia (Elphick et al., 2011a; Lasier 
and Hardin, 2010).  Toxicity was also found to depend on hardness for the fathead minnow 
(Elphick et al, 2011a); however, only the daphnid data were used in deriving the slope.  

The chronic toxicity data used in the SSD were all taken from Elphick et al. (2011a).  They 
included 8 species (3 fish, 3 invertebrates, 2 plants) and met the CCME (2007) species  

--------------------------------------------------------------------------------- 
1 Note there is an error in the placement of brackets in the equation for hardness adjustment of an endpoint 
given in Section 3.5 of all the SSWQO reports; however, calculations have used use the correct equation. 
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requirements.  Amphibian (frog) data were available, but were not used since amphibians 
do not occur at Ekati.  Several other studies were not used because more sensitive toxicity 
endpoints were available for the same species.  Available data are listed in Appendix B of 
BHPB (2012b).  Toxicity endpoints included IC10, IC25 and LOEC 

Key Assumptions and Uncertainties 

A key assumption of the methodology is that the species utilized in the SSD are 
representative of the aquatic community in Ekati receiving waters.  A species was 
considered resident if it belongs to the same genus as a species found at Ekati.  Only 1 of 
the 8 species used was resident (the rotifer Brachionus).  However, surrogate species were 
felt to adequately represent major groups in Ekati receiving waters - green algae, aquatic 
macrophytes, benthic invertebrates, zooplankton and fish (salmonid and non-salmonid). 

There is always a possibility that some local species are more sensitive than those that 
were used in a site-specific derivation, because standard toxicity test protocols are only 
available for a limited number of species.  The more resident species are included, 
particularly at the low end of the SSD, the greater our confidence that the HC5 is locally 
representative.   

Another key assumption is that the assumed hardness relationship, based on a daphnid 
invertebrate, is representative for other species.  This relationship allows the SSWQO to 
increase at the higher hardness levels that are found in lakes receiving mine discharge.  If 
some local species are not protected in this way by hardness, they could experience 
sulphate effects.  The assumed relationship is likely representative for daphnids, and since 
a daphnid is our most sensitive species, may be representative for other sensitive species.   

Figure 6-1 in BHPB (2012c) (lower panel) attempts to provide a check that demonstrated 
effect levels for relevant species are above the proposed SSWQO.  All fish, invertebrate 
and plant data from Appendix B are included.  Several data points are on the SSWQO line 
and most are above.  The one point well below the line (not in Appendix B) is the C.dubia 
result discussed in Section 4.2.2.2 as being due to high total dissolved solids in the test (not 
due to sulphate).  Thus, reliable effect levels seem to be mainly above and not appreciably 
below the proposed SSWQO.   

However, one effect level in Figure 6-1 is an IC10 of 356 mg/L for rainbow trout, a species 
in which the hardness effect has not been shown.  The proposed SSWQO for Leslie Lake 
will be up to 566 mg/L, due to high hardness in the lake (BHP, 2012a, Appendix 4).  Thus, if 
356 mg/L (at any hardness) represents an effect level for salmonids, the proposed SSWQO 
will allow it to be substantially exceeded.   

There is statistical uncertainty around the HC5 estimate of 160 mg/L.  The confidence limits 
(Table 4.3.3 in BHP, 2012) indicate that the true 5th percentile may be in the range 83 to 
308 mg/L (for the best fit model). Nevertheless, the best estimate, from the data used and 
the best-fit model, is 160 mg/L. 
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There is also some uncertainty related to choice of SSD models.  However, the best-fit 
model is usually preferred, and in this case provides the lowest HC5 estimate. 

Overall, while the SSWQO methodology is appropriate, professional judgment is involved 
and there are uncertainties.  Of these, the assumed generality of the hardness effect may 
be of greatest concern, particularly considering reported rainbow trout effect levels.  Some 
confirmatory chronic toxicity tests with lake trout at several hardness levels (see Nautilus, 
2012 for nitrate) could help to alleviate concerns. It would also increase confidence by 
addressing another resident species. 

3.2 Chloride 

The SSWQO proposed for chloride is taken directly from Elphick (2011b). This published 
guideline was developed as a site-specific guideline for the Ekati site.  It was developed by 
adjustment of an equation describing the hardness-dependence of IC25 for the daphnid 
Ceriodaphnia dubia as described by Elphick.  The adjustment factor was derived as the 
ratio of HC5 from a species sensitivity distribution (SSD) to the IC25 for C.dubia at a 
hardness of 80 mg/L.  The adjustment factor (307 mg/L / 423.78 mg/L) served to reduce the 
SSWQO slightly from the value given by the equation for C. dubia IC25 vs water hardness. 

The equation for IC25 vs hardness was IC25 (mg/L) = 161 ln(H) – 281.73 , where 
H=hardness (mg/L).  It was derived to fit Elphick’s IC25 data.  Lasier et al. (2006) also 
reports a hardness effect on chronic toxicity in C. dubia. 

The proposed SSWQO is:  

SSWQO (mg/L) = 116.63 ln(H) -204.09 

It ranges from 89 mg/L at H=10 mg/L, to 388 mg/L at H=160 mg/L.  Hardness was capped 
at 160 mg/L because the hardness effect was not investigated at higher levels.    

The SSD methodology follows the CCME (2007) protocol for derivation of water quality 
guidelines.  An HC5 of 307 mg/L for chloride was obtained, using Elphick’s IC25 values for 
hardness=80 mg/L (9 species), plus chronic effect levels from the literature (7 species). The 
hardness values associated with the literature-based effect levels were not reported by 
Elphick.  In total, 15 species were used in the SSD (2 fish, 9 invertebrates, 4 plants). 

The selected species fall short of CCME species requirements because only 2 fish species 
are represented, whereas 3 are required.  Chronic toxicity endpoints included IC10, IC25, 
EC50, MATC and one LC10 value. Elphick notes that IC10 values were not used when they 
fell below the statistical no-effect concentration (NOEC), which seems appropriate. 
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Key Assumptions and Uncertainties 

A key assumption is that the assumed hardness relationship, based on a daphnid 
invertebrate, is representative for other species.  This relationship allows the SSWQO to 
increase at the higher hardness levels that are found in lakes receiving mine discharge.  If 
some local species are not protected in this way by hardness, they could experience 
chloride effects.  The assumed relationship is likely representative for daphnids, and since 
three daphnids are the most sensitive species in the SSD, it seems to be representative for 
the most sensitive species.  

In this regard, it should be noted that CCME (2011) derived a water quality guideline of 120 
mg/L for chloride using an SSD approach, and the most sensitive species in that dataset 
were several species of mussels.  In particular, the larval stage (glochidia) of 2 unionid 
clams had EC10 values of 24 and 42 mg/L.  The authors of the corresponding studies 
(Bringolf et al., 2007; Gillis, 2009) actually published EC50 values, which are much higher 
(1117 and 244 mg/L).  EC10 values were reported to CCME by email.  It is unclear whether 
these low values are statistically meaningful.  However, we do not see unionid clams in the 
benthic community at Ekati, as described in the AEMP (BHPB, 2008), so the species may 
not be ecologically relevant.   

The next most sensitive species in the CCME dataset is a fingernail clam (Musculium 
securis), with a reported LOEC for natality of 121 mg/L as chloride, using NaCl as a toxicant 
(Mackie, 1978). The study did not follow a standard test protocol and did not use measured 
toxicant concentrations, but had controls and produced a good dose response. Since a 
fingernail clam (Sphaerium simile) is present at Ekati, this result may be relevant.  It is not 
clear whether the clam studies were considered by Elphick (2011b) but they were not used.   

As to the question of whether the most sensitive species show a hardness effect for 
chloride, Mackie (1978) reports that clams are much less sensitive to chloride as CaCl2 
than NaCl (756 vs 121 mg/L), and Gillis (2009) reports a hardness effect for clam larvae.  
Thus, it seems reasonable to expect a hardness effect for clams, as for daphnid 
invertebrates. CCME (2011) cites literature indicating a hardness effect on chloride toxicity 
for other taxa as well, including aquatic worms and snails, but the effects differ in strength 
and CCME felt that data were insufficient to develop a generic hardness relationship for use 
in guideline derivation. 

Another key assumption is the representativeness of the species used in the SSWQO 
derivation.  Four of the species used by Elphick (2011b) in his SSD belong to the same 
genus as a species found at Ekati (2 invertebrates, 2 algae) and so would be considered 
resident by the same logic used for sulphate. The use of these taxa increases confidence 
that results are representative. No resident fish were used; however, a salmonid and a non-
salmonid are represented. Fish are under-represented as compared to CCME species 
requirements; however, this may be acceptable since fish seem to be less sensitive than 
certain invertebrate groups (daphnids and some clams). Daphnids are represented. 
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There is always a possibility that some local species are more sensitive than those that 
were used in a site-specific derivation, because standard toxicity test protocols are only 
available for a limited number of species.  In this case, the chronic test result from Mackie 
(1978) suggests that fingernail clams might be such a local sensitive species, but the study 
has limitations. 

There is statistical uncertainty around the HC5 estimate of 307 mg/L.  The confidence limits 
(Elphick, 2011b) indicate that the true 5th percentile may be in the range 217 to 369 mg/L 
(for the best fit model). Nevertheless, the best estimate, from the data used and the best-fit 
model, is 307 mg/L. 

There is also some uncertainty related to choice of SSD models.  However, the best-fit 
model is usually preferred. In this case, the best fit model was chosen by inspection, and 
Elphick does not provide results for other models. 

The SSWQO model approach used by Elphick (2011b) for chloride (described above) 
differs from the approach used for sulphate (where an HC5 was adjusted for hardness 
effects).  The two approaches give the same SSWQO for the reference hardness of 80 
mg/L, and Elphick’s approach gives a lower SSWQO for other hardness values.   

Overall, while the SSWQO methodology is appropriate, professional judgement is involved 
and there are uncertainties. Key uncertainties relate to the possibility of more sensitive local 
species, and the assumed generality of the hardness effect for sensitive species.  In 
particular, there are questions about the possible sensitivity of fingernail clams.   

3.3 Nitrate 

The SSWQO for nitrate (BHP, 2012d) was derived by developing a species sensitivity 
distribution (SSD) of threshold effect levels across species, adjusted to a common water 
hardness (40 mg/L), finding the 5th percentile of the distribution (HC5), and describing how 
the HC5 is expected to increase with water hardness. The equation for its variation with 
hardness is the proposed SSWQO.   

The SSD methodology follows the CCME (2007) protocol for derivation of water quality 
guidelines.  An HC5 of 4.39 mg/L for nitrate at hardness = 40 mg/L was obtained. The 
equation that adjusts the HC5 for hardness, given a slope for the hardness relationship, 
follows the US EPA (1985a, 1997).   

The proposed SSWQO is: 

SSWQO (mg/L) = 4.39  e 0.9518 (ln(H) – ln(40)) 

where H=hardness (mg/L) and 0.9518 is the slope of the ln(effect level) vs ln(H) 
relationship.   
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The equation simplifies to SSWQO (mg/L) = e 0.9518 ln(H) – 2.032.  Hardness was capped at 160 
mg/L, since the hardness effect seemed to plateau at about this level.  Thus, the SSWQO 
does not increase further as hardness increases above 160 mg/L. 

The slope of the hardness relationship was derived as a pooled slope using chronic IC25 
data for four species (fathead minnow, Hyalella azteca, Chironomus dilutus and C. dubia) 
(Nautilus, 2011a). A hardness effect was suggested also for the rainbow trout MATC 
(Nautilus, 2011b) but these data were not utilized.  

The chronic toxicity data used in the SSD were taken from the 2 Nautilus studies and 5 
published studies. They included 9 species (4 fish, 4 invertebrates, 1 plant) and met the 
CCME (2007) species requirements.  Amphibian (frog) data were available, but were not 
used since amphibians do not occur at Ekati.  Prawn data were available, but were not 
used because decapods do not occur at Ekati.  Chinook salmon data were excluded due to 
lack of hardness information.  Available data are listed in Appendix B of BHPB (2012d).  
Toxicity endpoints included EC20, IC25 and MATC values.  

Key Assumptions and Uncertainties 

A key assumption of the methodology is that the species utilized in the SSD are 
representative of the aquatic community in Ekati receiving waters.  A species was 
considered resident if it belongs to the same genus as a species found at Ekati.  The report 
indicates that 4 out of 9 species used are in resident genera (lake trout, Chironomus dilutus, 
Daphnia magna and Ceriodaphnia dubia). We do not find Ceriodaphnia listed in the AEMP 
(BHPB, 2008), and it was not considered resident in the SSWQO report for sulphate. In any 
case, the resident and surrogate species were felt to adequately represent major groups in 
Ekati receiving waters - green algae, benthic invertebrates, zooplankton and fish (salmonid 
and non-salmonid). 

There is always a possibility that some local species are more sensitive than those that 
were used in a site-specific derivation, because standard toxicity test protocols are only 
available for a limited number of species.  The more resident species are included, 
particularly at the low end of the SSD, the greater our confidence that the HC5 is locally 
representative.   

Another key assumption is that the assumed hardness relationship, based on a pooled 
slope for 4 species (3 invertebrates, 1 fish) is representative for other species.  This 
relationship allows the SSWQO to increase at the higher hardness levels that are found in 
lakes receiving mine discharge.  If some local species are not protected in this way by 
hardness, they could experience nitrate effects.  The assumed hardness relationship is 
likely representative for the most sensitive species, based on the Nautilus studies with the 
daphnid C. dubia and the fathead minnow, and based on a supplementary study with lake 
trout (Nautilus, 2012). 
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The CCME (2012) has developed a new Canadian guideline of 13 mg/L as NO3 (2.94 mg/L 
as N) using SSD methodology.  The dataset utilized is not complete.  The new guideline 
happens to equal the previous guideline based on a low effect level with a safety factor.  
While recognizing the toxicity modifying effects of hardness, the CCME chose not to 
consider those effects in developing a generic guideline because the slopes representing 
the hardness effect differed among the four species studied by Nautilus (2011a) and 
because the effect for rainbow trout (Nautilus, 2011b) was “not definitive”. While the 
generality of the effect is an issue, it seems more appropriate to consider it than to ignore it 
in a site-specific case where lake hardness is substantially elevated.   

Figure 6.1-1 in BHPB (2012d) provides a check that demonstrated effect levels for relevant 
species are above the proposed SSWQO.  All fish and invertebrate data from Appendix C 
are included.  Additional data points for lake trout from Nautilus (2012) could also be added. 
All data fall above the SSWQO line. Thus, reliable effect levels seem to be consistently 
above the proposed SSWQO.   

It should be remembered that for some species included in Figure 6.1-1, a hardness effect 
has not been demonstrated, and the indicated nitrate effect level could apply at any 
hardness.  However, since these are less sensitive species, their effect levels are above the 
proposed maximum SSWQO of about 16 mg/L NO3-N in Leslie Lake.  Therefore, it seems 
likely that the SSWQO will be protective. 

There is statistical uncertainty around the HC5 estimate of 4.39 mg/L.  The confidence 
limits (Table 4.3.1 in BHP, 2012d) indicate that the true 5th percentile may be in the range 
1.8 to 10.6 mg/L (for the selected model). Nevertheless, the best estimate, from the data 
used and the selected model, is 4.39 mg/L. 

There is also some uncertainty related to choice of SSD models.  While the best-fit model is 
usually preferred, in this case the second-best-fit model was selected since it provides a 
lower HC5 estimate, and leads to a lower SSWQO. 

Overall, while the SSWQO methodology is appropriate, professional judgement is involved 
and there are uncertainties.  To reduce uncertainty, confirmatory chronic toxicity tests were 
performed using site water from four lakes (Slipper, Nema, Moose, Leslie) and two test 
species (fathead minnow and C. dubia).  These tests showed that nitrate effect levels at a 
given hardness were higher than the proposed SSWQO for that hardness, suggesting that 
the SSWQO are adequately protective. They also suggested that other ions in the lake 
water at present (not just hardness) may protect against nitrate toxicity. 

3.4 Potassium 

The SSWQO for potassium (BHP, 2012e) was derived by developing a species sensitivity 
distribution (SSD) of threshold effect levels across species, finding the 5th percentile of the 
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distribution (HC5), and using this directly as the SSWQO. There was no adjustment for 
water hardness because there is no evidence for such effects in the literature.   

The SSD methodology follows the CCME (2007) protocol for derivation of water quality 
guidelines.  An HC5 of 41 mg/L for potassium was obtained. Only data for Cl and SO4 salts 
of potassium were used in order to minimize potential for toxicity effects due to the anion. 

The chronic toxicity data used in the SSD were taken from 5 published studies, from toxicity 
tests performed by Nautilus (Appendix C of BHP, 2012e) and from aquatic toxicity 
laboratories using KCl as a reference toxicant.  They included 9 species (3 fish, 3 
invertebrates, 3 plants) and met the CCME (2007) species requirements.  Available data 
are listed in Appendix B of BHPB (2012e).  Toxicity endpoints included IC16, IC25 and IC50 
values.  

Key Assumptions and Uncertainties 

A key assumption is the representativeness of the species used in the SSWQO derivation.  
Three of the species used belong to the same genus as a species found at Ekati and so 
would be considered resident by the same logic used for the other SSWQOs. The report 
(Table 4.2-2) recognizes only 2 species as resident (brook trout and D. magna); however, 
the diatom Nitzschia is also found at Ekati according to the AEMP (BHPB, 2008).  The 
report text states that Ceriodaphnia is also resident; however, we do not find this genus in 
BHPB (2008).  The use of 2-4 resident taxa increases confidence that results are 
representative. 

The resident and surrogate species were felt to adequately represent major groups in Ekati 
receiving waters - green algae, diatoms, aquatic macrophytes, benthic invertebrates, 
zooplankton and fish (salmonid and non-salmonid). 

There is always a possibility that some local species are more sensitive than those that 
were used in a site-specific derivation, because standard toxicity test protocols are only 
available for a limited number of species.  In this case, the 2 most sensitive species in the 
SSD are daphnids, and at least one of these belongs to a resident genus, strengthening the 
case that the HC5 is representative of local sensitive organisms.  

There is statistical uncertainty around the HC5 estimate of 41 mg/L.  The confidence limits 
(report Table 4.3-2) indicate that the true 5th percentile may be in the range 19 to 86 mg/L 
(for the best fit model). Nevertheless, the best estimate, from the data used and the best-fit 
model, is 41 mg/L. 

There is also some uncertainty related to choice of SSD models.  However, the best-fit 
model is usually preferred. In this case, the best fit model also gives the lowest HC5 and is 
therefore most conservative. 
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Overall, while the SSWQO methodology is appropriate, professional judgement is involved 
and there are uncertainties. A key uncertainty relates to the possibility of more sensitive 
local species.  Since the most sensitive species are daphnids, and since local daphnids are 
represented, the SSWQO is likely to be protective at the site. 

3.5 Molybdenum 

The SSWQO for molybdenum (BHPB, 2011) was derived by developing a species 
sensitivity distribution (SSD) of threshold effect levels across species, finding the 5th 
percentile of the distribution (HC5), and using this directly as the SSWQO. There was no 
adjustment for water hardness because there is little evidence for such effects in the 
literature.   

The SSD methodology follows the CCME (2007) protocol for derivation of water quality 
guidelines.  An HC5 of 19 mg/L for molybdenum was obtained.  A number of literature 
studies claiming effects at lower levels were not used in the SSD, based on rationale 
provided.  These issues are discussed below as uncertainties. 

The chronic toxicity data used in the SSD were taken from 5 literature studies (4 published), 
and from toxicity tests performed by Nautilus (Appendix D of BHP, 2011). Ten species were 
used (2 fish, 5 invertebrates, 3 plants); this set did not meet the CCME (2007) species 
requirements, since 3 fish species are required.  Available data are listed in Appendix B of 
BHPB (2011).  Toxicity endpoints included EC10, IC12.5 and MATC values.  

Key Assumptions and Uncertainties 

A key assumption is the representativeness of the species used in the SSWQO derivation.  
Three of the species used were said to belong to the same genus as a species found at 
Ekati and so were considered resident by the same logic used for the other SSWQOs. 
These species were Chironomus riparius, Daphnia magna and Ceriodaphnia dubia.  We do 
not find Ceriodaphnia in the aquatic community as described in the AEMP (BHPB, 2008). 
The use of resident taxa increases confidence that results are representative. 

The resident and surrogate species were felt to adequately represent major groups in Ekati 
receiving waters - green algae, aquatic macrophytes, benthic invertebrates, zooplankton 
and fish (salmonid and non-salmonid). 

There is always a possibility that some local species are more sensitive than those that 
were used in a site-specific derivation, because standard toxicity test protocols are only 
available for a limited number of species.  In this case, the 3 most sensitive species in the 
SSD are rainbow trout and green algae, and none of these taxa are resident.  Confidence 
in the representativeness of the HC5 could be increased by adding a resident salmonid fish, 
such as lake trout.  This would also serve to meet the CCME species requirement. 
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The current CCME guideline (0.073 mg/L) is based on a chronic LC50 for rainbow trout, 
divided by a 10-fold safety factor.  The original study by Birge (1978) has been found to be 
not reproducible, either using the original methods or using standard methods (Davies et 
al., 2005).  Other studies reporting very low effect levels have also been excluded, based 
on deficiencies such as no dose response (Pyle, 2000, dissertation), use of molybdenum 
oxide (Kimball, 1978, unpublished), or no clear reporting of controls or dose-response and 
no measured concentrations (Fargasova, 1999).  The concern with molybdenum oxide is 
pH reduction as the toxicant reverts to molybdate. The reasons for exclusion seem valid. 

There is statistical uncertainty around the HC5 estimate of 19 mg/L.  The confidence limits 
indicate that the true 5th percentile may be in the range 14 to 28 mg/L (for the best fit 
model). Nevertheless, the best estimate, from the data used and the best-fit model, is 19 
mg/L. 

There is also some uncertainty related to choice of SSD models.  However, the best-fit 
model is usually preferred. In this case, the best fit model also gives the lowest HC5 and is 
therefore most conservative. 

Overall, while the SSWQO methodology is appropriate, professional judgement is involved 
and there are uncertainties. A key uncertainty relates to the possibility of more sensitive 
local species.  Since the most sensitive species, including a salmonid, are not represented 
by resident taxa, confidence could be increased by additional chronic toxicity testing with 
lake trout.  This would also allow the CCME species requirements to be met. 

3.6 Vanadium 

The SSWQO for vanadium (BHPB, 2012f) was derived by developing a species sensitivity 
distribution (SSD) of threshold effect levels across species, finding the 5th percentile of the 
distribution (HC5), and using this directly as the SSWQO. There was no adjustment for 
water hardness because there is little evidence for such effects in the literature.   

The SSD methodology follows the CCME (2007) protocol for derivation of water quality 
guidelines.  An HC5 of 0.03 mg/L for vanadium was obtained.   

The chronic toxicity data used in the SSD were taken from 6 literature studies, and from 
toxicity tests performed by Nautilus (Appendix C of BHPB, 2012f.  Nine species were 
included (3 fish, 3 invertebrates, 3 plants) and CCME (2007) species requirements were 
met.  Available data are listed in Appendix B of BHPB (2012f).  Toxicity endpoints included 
LC10, LC50, IC10, IC50, MATC and LOEC values.  

Key Assumptions and Uncertainties 

A key assumption is the representativeness of the species used in the SSWQO derivation.  
Two of the species used were said to belong to the same genus as a species found at Ekati 
and so were considered resident by the same logic used for the other SSWQOs. These 
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species were brook trout and Daphnia magna. However, the 3 algae used are also resident 
in the aquatic community as described in the AEMP (BHPB, 2008), making 5 resident 
species out of the nine used in the SSD.  The use of resident taxa increases confidence 
that results are representative. 

The resident and surrogate species were felt to adequately represent major groups in Ekati 
receiving waters – algae, diatoms, benthic invertebrates, zooplankton and fish (salmonid 
and non-salmonid). 

There is always a possibility that some local species are more sensitive than those that 
were used in a site-specific derivation, because standard toxicity test protocols are only 
available for a limited number of species.  In this case, the 3 most sensitive species in the 
SSD are rainbow trout, a green alga and a diatom; the alga and diatom are resident.  The 
presence of resident taxa at the low end of the SSD strengthens the case that the HC5 is 
representative of local sensitive organisms.  

Environment Canada/ Health Canada (2010) used an SSD approach to develop an HC5 for 
vanadium, as part of a screening assessment for priority substances.  Using much of the 
same aquatic toxicity literature they found an HC5 of 0.12 mg/L, somewhat higher than the 
proposed value of 0.03 mg/L.  One key difference is the use of a chronic LC50 of 0.16 mg/L 
for rainbow trout (Birge, 1978) rather than an LC10 of 0.034 (Birge et al., 1980) as in 
BHPB’s SSWQO derivation.  

There may be toxicity modifying factors not accounted for in the SSWQO derivation. For 
example, it has been suggested that sulphate may reduce toxicity to daphnids (Puttaswamy 
and Liber, 1982). However, since these are not the most sensitive species, such an effect 
would be of little importance to the SSWQO.  It has been suggested that phosphorus may 
compete with vanadium for uptake into algae (Nalewajko et al., 1995).  It is possible that 
this could reduce vanadium toxicity.   

There is statistical uncertainty around the HC5 estimate of 0.03 mg/L.  The confidence 
limits (report Table 4.3-2) indicate that the true 5th percentile may be in the range 0.014 to 
0.063 mg/L (for the best fit model). Nevertheless, the best estimate, from the data used and 
the best-fit model, is 0.03 mg/L. 

There is also some uncertainty related to choice of SSD models.  However, the best-fit 
model is usually preferred. In this case, the best fit model gives the highest HC5, i.e. the 
highest SSWQO.   

Overall, while the SSWQO methodology is appropriate, professional judgement is involved 
and there are uncertainties. A key uncertainty relates to the possibility of more sensitive 
local species.  Since 2 of the 3 most sensitive species, at the low end of the SSD are 
resident taxa, it is reasonable to think that the HC5 is locally representative, and that the 
SSWQO is adequately protective. 
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4.0 PARAMETERS OF INTEREST DEEMED NOT OF 
POTENTIAL CONCERN 

The Review of Protection Measures (BHPB, 2012b) defines water quality parameters of 
potential concern (COPCs) based on comparison of water quality predictions for lakes 
downstream of the LLCF to water quality objectives, either generic WQOs from CCME or 
site-specific water quality objectives (SSWQOs). A parameter of interest with predictions for 
lake water quality that exceed at any time 75% of the objective is defined as a COPC.  
Three parameters for which SSWQOs were derived (sulphate, molybdenum, vanadium) 
were determined by BHPB to not be COPCs.  This section reviews those determinations, 
considering the uncertainties inherent in the SSWQO derivations and the in the water 
quality predictions. 

The implication of a parameter of interest not being a COPC, according to the framework 
proposed by BHPB (2012b), is that non-COPCs are not considered as possible EQC 
parameters.  They would nevertheless be included as Response Framework parameters if 
they display increasing trends, and in that case would be subject to action levels.  

4.1 Sulphate 

The SSWQO derived for sulphate is a hardness-dependent equation (see discussion in 
Section 3.1).  The SSWQO varies with predicted water hardness, which is expected to vary 
both seasonally and over the long term, and from lake to lake at any time. The SSWQO 
reaches a maximum of 566 mg/L when hardness exceeds 160 mg/L, which is expected to 
occur in Leslie, Moose and Nema lakes. 

The maximum predicted concentration of sulphate in lake water is 24% of the SSWQO in 
both Leslie and Moose lakes (133 and 137 mg/L, respectively), and is a smaller percentage 
in other lakes.  Thus, sulphate does not meet the 75% criterion defined by BHPB for 
designating a COPC.  Neither would it do so if a statistical lower bound for the HC5 were 
used in the SSWQO derivation, which would lower the SSWQO by a factor of 83/160.   

There is additional uncertainty in the derivation, as discussed in Section 3.1, particularly 
around the generality across species of the assumed hardness effect, and the possibility 
that a local species is more sensitive than those tested.  This concern could be reduced by 
confirmatory chronic toxicity testing with lake trout as suggested in Section 3.1. 

The model predictions for the lakes (BHPB, 2012a) seem to be in reasonable agreement 
with the monitoring data for sulphate to date, although summer and winter measured values 
have been somewhat above the prediction over the past few years.   

Overall, considering the quantifiable uncertainties, it seems unlikely that sulphate would 
approach 75% of the SSWQO.  Thus, it is seems appropriate for it not to be a parameter of 
concern.   
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4.2 Molybdenum 

The SSWQO derived for molybdenum is a fixed value of 19 mg/L (see discussion in Section 
3.5).  The maximum predicted concentration of molybdenum in lake water is <1% of the 
SSWQO in all the downstream lakes.  Its highest predicted value is 0.168 mg/L in Moose 
Lake.  Thus, molybdenum does not meet the 75% criterion defined by BHPB (2012b) for 
designating a COPC.  Neither would it do so if a statistical lower bound for the HC5 was 
used as the SSWQO, which would lower the SSWQO to 14 mg/L.   

There is additional uncertainty in the derivation, as discussed in Section 3.5, particularly 
around the possibility that a local species is more sensitive than those tested.  This concern 
could be reduced by confirmatory chronic toxicity testing with lake trout as suggested in 
Section 3.5. 

The model predictions for the lakes (BHPB, 2012a) seem to be in reasonable agreement 
with the monitoring data for molybdenum to date, although the resolution is poor in the plots 
of predicted lake concentration for molybdenum in Appendix 4 of BHPB (2012a).   

Overall, considering the quantifiable uncertainties, it seems unlikely that molybdenum would 
approach 75% of SSWQO.  Thus, it is seems appropriate for it not to be a parameter of 
concern.  

4.3 Vanadium 

The SSWQO derived for vanadium is a fixed value of 0.03 mg/L (see discussion in Section 
3.6).  The maximum predicted concentration of vanadium in lake water is 21% of the 
SSWQO in Leslie Lake (0.00622 mg/L).  Thus, vanadium does not meet the 75% criterion 
defined by BHPB (2012b) for designating a COPC.  Neither would it do so if a statistical 
lower bound for the HC5 was used as the SSWQO, which would lower the SSWQO to 
0.014 mg/L. 

There is additional uncertainty in the derivation, as discussed in Section 3.6, particularly 
around the possibility that a local species is more sensitive than those tested.  However, 
since 2 of the 3 most sensitive species, at the low end of the SSD are resident taxa, it is 
reasonable to think that the HC5 is locally representative, and that the SSWQO is 
adequately protective. 

The model predictions for the lakes (BHP, 2012a) seem to be in reasonable agreement with 
the monitoring data for vanadium to date.  This provides confidence in the water quality 
predictions for the remainder of mine life.   

Overall, considering the quantifiable uncertainties, it seems unlikely that vanadium would 
approach 75% of SSWQO.  Thus, it is seems appropriate for it not to be a parameter of 
concern.  
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5.0 PARAMETERS OF POTENTIAL CONCERN ABOVE 
75% OF SSWQO WITH NO EQC 

Two chemical constituents of the mine effluent (chloride, potassium) were predicted by 
BHPB (2012a) to exceed 75% of their site-specific water quality objectives (SSWQO), and 
were therefore deemed of “potential concern”; however, BHP’s Review of Protection 
Measures (BHPB, 2012b) has concluded that effluent quality criteria (EQC) are not needed 
for these constituents, because the risk to the environment is low.  This section evaluates 
that conclusion for chloride and potassium. 

As a general comment, since BHPB (2012b) provides no definition of “low risk”, it is unclear 
how much predicted exceedence of a SSWQO, for how long, might be considered 
acceptable without regulatory oversight of effluent quality relative to an EQC.  With or 
without an EQC, we expect that all reasonable effort will be taken to ensure that a SSWQO, 
once defined, is not appreciably exceeded in the lakes downstream of the mine.   

For both chloride and potassium, the SSWQO has been derived as an estimate of the 
concentration that will be protective of most of the species that make up the aquatic 
community.  Specifically, it is an estimate of the concentration that will be protective of 95% 
of those species, allowing that some low degree of effect on the most sensitive species (the 
other 5%) may occur, and can likely be tolerated without disrupting community function.  
This provides an indication of the level of risk inherent in concentrations at the SSWQO. 

An EQC is an effluent concentration that, based on estimated effluent quantities over time, 
will keep chemical loadings at a level consistent with meeting an SSWQO or WQO.  It 
provides an effluent quality benchmark by which to judge the prognosis for meeting that 
receiving water objective, and allows closer scrutiny of performance than simply relying on 
annual surface water measurements.  It is reasonable to set an EQC for chemical 
parameters that are expected to closely approach or exceed the objective in the lakes. An 
EQC in a water licence also provides for enforcement of effluent quality if needed. 

5.1 Chloride 

The SSWQO derived for chloride is a hardness-dependent equation (see discussion in 
Section 3.2).  The SSWQO varies with predicted water hardness, which is expected to vary 
both seasonally and over the long term, and from lake to lake at any time. The SSWQO 
reaches a maximum of 388 mg/L when hardness exceeds 160 mg/L, which is expected to 
occur in Leslie, Moose and Nema lakes. 

The maximum predicted concentration of chloride in lake water is 101% of the SSWQO in 
Moose Lake and 99% in Leslie Lake (392 and 383 mg/L, respectively), and is a smaller 
percentage of SSWQO (<60%) in other lakes.  Thus, chloride is essentially at the SSWQO 
in Moose and Leslie (the small differences from 100% are trivial).  This being the case, we 
can expect some low degree of effect on the most sensitive species in both lakes.  The 
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term “low” here refers to approximately 25% reduction in reproduction or growth based on 
the endpoints that were generally used in the SSWQO derivation.   

Labelling this degree of effect either low or high is not particularly helpful.  The decisions to 
be made are whether it is acceptable, and whether an EQC is needed. On the first point, we 
note that the implied level of effect is often considered to be acceptable in ecological risk 
assessment, when EC25 or IC25 values or similar concentration endpoints are used as 
benchmarks to calculate risk quotients. A quotient of 1, indicating exposure at this level, is 
often considered acceptable; however, there is increasing concern at higher exposure 
levels, particularly if large areas of such exposure are involved.   

On the second point, since chloride is expected to reach and marginally exceed its 
SSWQO, and given the possibility that actual concentrations could be higher, it seems 
reasonable to develop an EQC for chloride.  

As noted in Section 3.2, there is uncertainty in the SSWQO derivation, particularly as 
regards the possibility that fingernail clams, not included in the derivation, may be 
substantially more sensitive than other species that were included.  This uncertainty should 
be addressed to the extent possible before adopting the proposed SSWQO. 

5.2 Potassium 

The SSWQO derived for potassium is a fixed value of 41 mg/L (see discussion in Section 
3.4).  The maximum predicted concentration of potassium in lake water is 103% of the 
SSWQO in Moose Lake and 100% in Leslie Lake (42 and 41 mg/L, respectively), and is a 
smaller percentage of SSWQO (<60%) in other lakes.  Thus, potassium is essentially at the 
SSWQO in Moose and Leslie lakes. This being the case, we can expect some low degree 
of effect on the most sensitive species in both lakes.  The term “low” here refers to 
approximately 25% reduction in reproduction or growth based on the endpoints that were 
generally used in the SSWQO derivation.   

As noted for chloride, the implied level of effect (25% for a few species) is often considered 
to be acceptable in ecological risk assessment, when EC25 or IC25 values or similar 
concentration endpoints are used as benchmarks to calculate risk quotients. A quotient of 
1, indicating exposure at this level, is often considered acceptable; however, there is 
increasing concern at higher exposure levels, particularly if large areas are involved.   

As noted for chloride, since potassium is expected to reach and marginally exceed its 
SSWQO, and given the possibility that actual concentrations could be higher, it seems 
reasonable to develop an EQC for potassium.  

As noted in Section 3.4, there is uncertainty in any SSWQO derivation related to the 
possibility of more sensitive local species.  In this case, since the most sensitive species 
are daphnids, and since local daphnids are represented, the SSWQO is likely to be 
protective at the site. 
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6.0 PARAMETERS OF POTENTIAL CONCERN ABOVE 
75% OF WQO WITH NO EQC 

A number of chemical constituents of the mine effluent (aluminum, cadmium, copper, 
selenium) were predicted by BHPB (2012a) to exceed 75% of their CCME water quality 
objectives (WQO), and were therefore deemed of “potential concern”; however, BHPB’s 
Review of Protection Measures (BHPB, 2012b) has concluded that effluent quality criteria 
(EQC) are not needed for these constituents, based on low or negligible risk to the 
environment.  These conclusions are supported by a series of technical memoranda.  This 
section evaluates the conclusions for aluminum, cadmium, copper, selenium. 

6.1 Aluminum 

The current CCME water quality guideline for aluminum is an interim value, with rationale 
as described by CCREM (1987).  It is formulated in two pH ranges (pH < 6.5 or > 6.5), 
based on observations by Neville (1985) on physiological response in rainbow trout.  The 
value of 0.1 mg/L for pH >6.5 is referenced to the US EPA (1973), and seems to be 
consistent with the more recent US EPA (1988) chronic value of 0.087 mg/L for pH 6.5-9.  
The US EPA value is based on studies with striped bass at pH 6.5-6.6 and hardness <10 
mg/L. The US EPA notes that higher effect levels have been found at higher pH and 
hardness. 

The CCME guideline is for total aluminum, which may be substantially greater than the 
dissolved aluminum which is mainly responsible for toxicity.  The technical memorandum on 
aluminum (Chapman, 2012a) notes that the guideline may be overly conservative on this 
basis, and also notes that toxicity modifying factors (hardness, DOC) can reduce aluminum 
toxicity (increase effect levels) as compared to the guideline. 

Chapman (2012a) also notes, from Wilson (2012), that aquatic organisms may acclimate to 
elevated aluminum under prolonged sublethal exposures, which may explain the continued 
presence of fish populations in acidified soft waters containing levels of aluminum in excess 
of the thresholds predicted by acute toxicity tests.  

Chapman notes that the maximum predicted aluminum at Ekati is only 2 times the WQO, 
and expects that, considering the conservatism in the WQO, aluminum will have no adverse 
effects on the downstream freshwater fauna, even at the highest predicted concentrations. 

We have not seen data to support the suggestion that a substantial portion of aluminum in 
Ekati receiving waters is particulate (i.e. total >> dissolved). Nor can we determine from the 
information provided the extent to which toxicity might be reduced by hardness or DOC in 
Ekati receiving waters.  The maximum prediction in BHPB (2012a) is 0.15 mg/L, which we 
understand as a prediction of total aluminum.  It may well be that dissolved aluminum is 
consistently below the WQO in Ekati waters, or that effect levels are higher than the WQO 
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considering the hardness associated with peak predicted aluminum. However, we suggest 
that further supporting information should be provided to substantiate such claims.  

The possibility of acclimation to elevated aluminum is acknowledged, and some fish 
populations may persist at the US EPA acute toxicity threshold (0.75 mg/L), but others may 
not.  From this information, we cannot infer a no-effect level for Ekati receiving waters. 

Overall, the technical memorandum does not provide strong support for the expectation that 
predicted aluminum will have no adverse effects on downstream freshwater fauna, and 
therefore require no EQC.  Additional information about the form(s) of aluminum in Ekati 
waters at present, or about hardness effects, might shed further light on the issue. 

6.2 Cadmium 

The current CCME interim water quality guideline for cadmium is a hardness-dependent 
equation: 

WQO (µg/L) = 10 0.86 log(H) -3.2 

It is derived to produce a WQO of 0.017 µg/L at a hardness of 48.5 mg/L.  This value is 
derived from a 21-day LOEC for effects on the daphnid D. magna, divided by a 10-fold 
safety factor. The slope of the hardness relationship comes from acute toxicity studies. As 
noted by McGeer et al. (2012) the equation produces a guideline that is roughly an order of 
magnitude below those of other jurisdictions, and is often exceeded in uncontaminated 
environments.  

A new CCME guideline is under development (Roe et al, 2010) and is expected to be closer 
to those of other jurisdictions. The technical memorandum for cadmium (Chapman, 2012b) 
reports the draft values for H=30 mg/L (0.09 µg/L Cd), H=60 mg/L (0.15 µg/L Cd) and 
H=120 mg/L (0.25 µg/L Cd).   

The US EPA (2001) chronic water quality criterion is: 

WQC (µg/L) = e 0.7409 ln(H) – 4.719 CF 

where CF = 1.101672 – ln(H) 0.041838  converts total to dissolved concentration. 

This equation produces criteria of 0.11 µg/L, 0.18 µg/L and 0.31 µg/L for the three hardness 
values mentioned above. 

The cadmium levels predicted for Ekati receiving waters peak at approximately 0.3 µg/L in 
Leslie and Moose lakes, where corresponding hardness will be about 350 mg/L.  They may 
be somewhat overpredicted (see Section 2.3). The predicted concentrations would not 
excced US EPA criteria, or 75% of those criteria.   
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Chapman (2012b) concludes that the potential for adverse effects from the predicted 
cadmium concentrations to aquatic communities may be low or possibly negligible, but 
suggests that the updated CCME WQO should be reviewed when it is issued to see if 
further work is needed based on comparison to the new guideline. 

We agree that the potential for adverse effects is low based on current information, and that 
the conclusion should be reviewed when the new CCME guideline is available. 

6.3 Copper 

The current CCME water quality guideline for copper is a hardness-dependent equation: 

WQO (µg/L) = e 0.8545 ln(H) – 1.465  *0.2 

The equation is presented as a Canadian guideline by CCREM (1987).  The equation 
applies for hardness above 6 mg/L; in softer water the WQO is 2 µg/L, attributed to Demayo 
and Taylor (1981).  The equation is referenced to an earlier US EPA (1985b) guideline, but 
is reduced by a safety factor of 0.2, based on perceived uncertainty in the chronic hardness 
relationship.  The slope of the hardness relationship is based on acute toxicity studies. 

The US EPA water quality criterion has since been updated (US EPA, 2007).  The new US 
EPA guidance is to use the Biotic Ligand Model (BLM) for copper bioavailability to adjust 
the US EPA criterion for a reference water quality to obtain a site-specific criterion. The US 
EPA reference criterion was derived from acute toxicity data, adjusted to a reference water 
quality using the BLM model.  Then an SSD approach was used to find the HC5, and this 
was divided by an acute:chronic ratio (ACR). The final chronic value for reference water is 
4.67 µg/L / 3.22 = 1.45 µg/L. This soft water low DOC value can be adjusted up to reflect 
reduced bioavailability of copper in water with higher hardness and/or DOC.  

The US EPA assumption of similar hardness effects for acute and chronic toxicity has been 
questioned.  Grosell (2012) suggests that water chemistry (hardness) has little, if any, effect 
on chronic toxicity as assessed by reproductive output.  However, the lowest chronic effect 
level cited by US EPA (2007) is an EC20 of 2.83 µg/L for survival of the daphnid D. pulex at 
a hardness of 57.5 mg/L (Winner, 1985). Winner’s data do suggest a hardness effect, with 
an EC20 of 9.16 µg/L at a water hardness of 230 mg/L.   

The copper levels predicted for Ekati receiving waters (BHPB, 2012a) do not exceed 75% 
of the WQO in Leslie and Moose lakes, but do exceed in Nema and Slipper lakes, because 
hardness (and WQO) are predicted to decrease more than copper from near-field to far-
field. The predicted peak copper concentrations in Nema (2.3 µg/L) will exceed 75% of 
WQO for a few years (2014-2016) and those in Slipper (2 µg/L) will equal the WQO for 
many years. The predicted concentrations are slightly below the lowest reliable chronic 
effect levels.  
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Chapman (2012c) concludes that the potential for adverse effects from the predicted 
copper concentrations to aquatic communities is negligible to low, since the WQO will not 
be exceeded, and because the WQO does not consider DOC. However, he suggests the 
BLM could be used to develop a more site-specific objective based on site water chemistry. 

We suggest the WQO might be exceeded in Slipper Lake (due to variability around the 
prediction). We are not aware of DOC levels in the receiving water, or whether they may be 
sufficient, in conjunction with an uncertain hardness effect, to preclude adverse effects if 
concentrations exceed the WQO.  Additional information would be needed to support this 
contention.   

At present we see a prediction that water quality will equal the WQO in Slipper Lake, and 
little information to suggest that biological effect levels are substantially higher.  In this 
situation, EQCs might be desired to ensure that loadings do not drive lake concentrations 
higher. However, BHPB (2012b) notes that the source of copper is mainly natural runoff, 
and that the mine has little ability to influence copper loadings or concentrations in the 
downstream lakes.  It appears that copper concentrations do not change substantially from 
near-field to far-field and have not changed substantially over time, supporting the notion 
that copper is not a mine issue.  As such, there seems little benefit in establishing an EQC 
for copper.  

6.4 Selenium 

The current CCME water quality guideline for selenium is 1 µg/L, based on rationale 
described by CCREM (1987).  The guideline was suggested by the IJC (1981) based on 
observed population decline in fish in a selenium-contaminated lake (5-10 µg/L) (Cumbie 
and van Horn, 1978). The IJC used an effect level of 10 µg/L and divided by a safety factor 
of 10.   

The current US EPA chronic water quality criterion is 5 µg/L; however, since development 
of that value, it has been recognized that tissue concentrations of selenium, based mainly 
on dietary exposure to organic forms, are better predictors of chronic toxicity to fish and 
invertebrates (US EPA, 2004; Janz, 2012).  A draft chronic criterion of 7.91 mg/kg dw in fish 
was developed by the US EPA (2004) but the older 5 µg/L criterion has not yet been 
replaced.  The value of 7.91 mg/kg dw would be approximately 2 mg/kg ww, based on a 
typical water content of 75% in fish tissue (US EPA, 1993).   

The BC MWLAP (2001) set a water quality guideline of 2 µg/L, using an effect level of 10 
µg/L and a safety factor of 5 (rejecting the IJC’s factor of 10 based on background 
considerations).  BC also set an interim fish tissue criterion of 1 mg/kg ww, based on an 
estimated EC10 of 6 mg/kg dw (Brix et al., 2000). 

Chapman et al. (2010) suggest that there is less uncertainty in predicting fish toxicity based 
on selenium in fish eggs and ovaries (as compared to muscle or whole body 
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concentrations). This is consistent with the notion that the major ecological concern related 
to selenium is teratogenic effects on early life stages of fish, which take up selenium mainly 
via yolk absorption (Janz, 2012).  An SSD developed by Janz et al. (2010) using EC10 
values expressed as selenium in egg-ovary showed effect levels in a tight range (17 to 24 
mg/kg dw).  DeForest et al. (2011) reported a similar evaluation with a focus on Canadian 
species and proposed a benchmark value of 20 mg/kg dw.  This is also the effect level for 
brook trout, a resident species at Ekati. 

Chapman (2012d) notes that selenium concentrations in muscle tissues of lake trout and 
round whitefish do not exceed the conservative BC MWLAP criterion of 1 mg/kg ww, 
concluding that selenium is not a substance of concern at Ekati, and that predicted 
selenium concentrations in lake water are not expected to adversely affect freshwater 
fauna.  

We note that the selenium concentrations in Ekati fish tissues as reported in the AEMP 
(BHPB, 2008) did occasionally exceed 1 mg/kg ww.  Maxima are 1.13, 0.73 and 1.17 mg/kg 
ww for round whitefish, lake trout and slimy sculpin in Leslie Lake.  Reference lakes did not 
have values above 1 mg/kg ww.  Average values in all lakes were less than 1 mg/kg ww.  
Round whitefish in Leslie averaged 0.88 mg/kg ww.   

Modelled selenium in the water of Leslie Lake in 2007-2008 was in the range 0.4 to 0.75 
µg/L, whereas predicted concentrations peak at 0.6 to 1.2 µg/L around 2015 (BHP, 2012a).  
Thus, future selenium concentrations in fish tissue may be somewhat higher than reported 
in 2008, perhaps 1.6 times higher, or up to 1.9 mg/kg ww, just below the US EPA tissue 
guideline.  Given that predictions are close to the guideline, and the possibility that actual 
loadings and lake concentrations could be higher. It seems reasonable to develop an EQC 
for selenium.  
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