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Figure 30 : Vertical section of predicted chloride concentrations from Pit E, 1000 years after in-pit 
deposition 
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Figure 31 : Vertical section of predicted chloride concentrations from Goose Pit, 1000 years after 
in-pit deposition 
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Each chemical species will have a different behavior in the groundwater, but the chloride plume shows a relevant 
example of how the groundwater gradient, dispersion and porosity can affect the transport of a contaminant. 
Regardless of initial concentrations and CCME guideline of other chemical species, chloride represents a worst 
case scenario for the transport velocity since it is a non-reactive compound and acts as a tracer. 

4.3.2 Arsenic 

In order to appreciate the impact of adsorption on the transport of dissolved arsenic, arrival times of retarded and 
non-retarded arsenic were compared. 

First, transport of arsenic was simulated without a retardation factor in order to establish the non-retarded velocity 
of the contaminant between Pit A and East Dike. Simulation results (Figure 32) show that non-retarded arsenic will 
exceed the CCME guideline (0.005 mg/L) at East Dike after 235 years of simulation. 

  

Figure 32 : Plume distribution on first breakthrough of the 0.005 mg/L isocontour of arsenic at 
East Dike after 235 years 

 

Then, based on the following equation, the calculated retardation factor for arsenic is R = 391 501. 

,     with, b = 2.7 g/cm3, Kd = 29 L/kg and eff =0.0002. 

With this method, the value of the retardation factor R suggests that arsenic would travel 391 501 times slower than 
groundwater, which means that the first time arrival, presented in Table 10, is almost equal to 100 million years. 
Practically, this would means that arsenic will be stationary. Indeed, since the water velocity in the model is already 
very low (8.7x10-8 m/s), the velocity of arsenic is, in consequence, much lower (2.2x10-13 m/s). 
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Table 10 : First arrival times of arsenic at East Dike considering a retardation factor 

Parameter Unit CCME 
guideline 

*Pit A 
initial 

concentration 

Kd values 
(L/kg) 

Retardation 
factor (-) 

Velocity 
(m/s) t (y) 

Non-retarded 
arsenic 

mg/L 0.005 0.9 0 1 8.7x10-8 235 

Retarded arsenic mg/L 0.005 0.9 29 391 501 2.2x10-13 

Stationary 
state 

(estimated to 
100 M yrs) 

*Initial water quality concentrations are as predicted by the in-pit water quality assessment at closure report (SNCL, 2018a) and untreated. 

4.4 Sensitivity analysis 
A sensitivity analysis was completed on chloride transport because it is a non-reactive chemical compound. The 
following transport parameters were tested in order to appreciate the impact of the first arrival time at a chloride 
concentration of 1 mg/L at the location of East Dike: 

> Effective porosity: contaminant advective migration velocity is inversely proportional to effective 
porosity. As shown previously, chloride from Pit A migrates faster through the bedrock under Central 
Dump ( eff = 0.0002) than through the Dump itself ( eff = 0.3), although the Dump is adjacent to the 
pit. In a conservative perspective, this parameter was thus decreased. 

> Dispersivity: the simulation results for chloride showed how the dispersivity would lead to spreading 
of the plume and decrease concentration gradients. The dispersivity was increased by a factor of 4 to 
give a general appreciation of its sensitivity. 

> Lake levels: simulation results showed very long migration times (over 250 years for chloride), mainly 
caused by a very low hydraulic gradient (locally less than 0.00005 m/m). It is expected that a more 
drastic difference between upstream/downstream lake levels would lead to a general increase of the 
groundwater gradient. Boundary conditions of the model were thus modified by lowering Second 
Portage Lake by two (2) meters. According to AEM data, lake levels vary from 132.4 to 133.4 masl for 
Second Portage Lake and from 133.1 to 134.1 masl for Third Portage Lake. 

 

General impacts at East Dike 

Table 11 shows the first arrival times of chloride at East Dike for the chloride transport base case scenario and 
three (3) sensitivity analysis scenarios. All parameters have significant impacts on the breakthrough time of chloride 
at the lake.  
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Table 11 : Results of sensitivity analysis on transport simulations 

Scenario Parameter Variation 

First arrival time 
(yrs) of chloride 

at East Dike (WED) 
considering 

Conc.= 1 mg/L 
Base Case n/a n/a 255 

Case 1 Effective porosity Divided by 2 125 

Case 2 Second Portage Lake level Minus 2 m 120 

Case 3 Dispersivity Multiplied by 4 175 

 

As expected, variations in effective porosity and lake levels, led to increased chloride velocity and thus reduced 
arrival times (respectively 125 and 120 years). Increasing the dispersivity also led a shorter first arrival time (175 
years) compared to the base case. Actually, the impact of dispersivity is two-fold as shown in Figure 33:  

> on one hand the dispersivity shortens the first arrival time because the contaminant is rapidly 
dispersed, so it reaches the lake faster, but 

> on the other hand, since the contaminant is rapidly spread out, long-term concentrations will be 
almost 10 mg/L lower than the base case (71 mg/L versus 79 mg/L, for Case 3 and the Base Case 
respectively). 

 

Figure 33 : Evolution of simulated concentrations with time at WED (z = 15 masl) for the sensitivity 
analysis scenarios  



 

TECHNICAL NOTE 

Hydrogeological modelling for in-pit tailings 
deposition 

Prepared by:  E. Millet, G. Comeau 

Reviewed by:  C.Belanger, H.Sangam 

Rev. Date Page 

SNC No. 651196-3000-4WER-0001 

AEM No. 6118-E-132-001-TCR-003 
A00 August 16th, 2018 63  

 

  Mining & Metallurgy 
 

Specific impacts from reducing Second Portage Lake level 

Porosity and dispersivity affects the concentration gradient of the chloride plume, but the general shape remains 
similar to the base case. On the contrary, since it modifies the groundwater flow pattern, the variation of lake levels 
significantly changed the shape of the plume. Based on Figure 34b, which presents long term concentrations 
considering the variation in lake level, the following observations are made: 

> Chloride from Portage Pit E migrates northwards through the thawed permafrost zone located on the 
upper border of Pit E; 

> Portage Pit E and Goose Pit plumes reach the outflow border of the model, after resurfacing from 
beneath the permafrost; 

> Pit A plume shape remains similar to the base case but migration velocity is higher. 

Case 2 is considered a worst case scenario since it would be almost impossible for Second Portage Lake and 
Third Portage Lake to have such difference in hydraulic heads. 

 

  

Figure 34 : Long-term pattern of chloride plumes after 10,000 years for (a) the base case and (b) 
considering a reduction of Second Portage Lake level by 2 m 

  

(a) (b) 
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5.0 LIMITATIONS 

The following limitations are acknowledged in the numerical hydrogeological modelling: 

> Many aspects of the conceptual model are not possible to represent in the numerical model, because 
the hydrogeological systems are very complex. A conceptual model gives the basic idea or 
constructed understanding of how systems and processes operate (Bredehoeft, 2005). 

> The model is a simplification of the significant variability of the hydraulic conductivities and 
hydrostratigraphic units and does not include preferential flow that would occur in the discrete 
bedrock fractures and till deposit. Hydraulic conductivity has been represented by horizontal layers; 

> Fracture connectivity and distribution remain unknown over the model extent, including near the pits. 
This is one reason why an equivalent porosity model, instead of a complex discrete fracture model, 
has been used for this study; 

> Due to seasonal variations in the groundwater regime, there is a large variability in pit pumping rates. 
Thus, the model was calibrated using annual measured pumping rates from 2016 to reduce seasonal 
effects and inter-season water storage in snow or ice walls within the pits. 

> The thermally active (thawed) zone and associated runoff were not represented in the model; 

> Permafrost degradation was simulated over 100 years after in-pit tailings deposition. Predictions over 
this timeframe will not make sense based on uncertainties and constant revision of global warming 
scenarios.  

> There is no hydrogeological information available below 200 m depth (hydraulic conductivity, ground 
temperature data, piezometric data). Therefore, the vertical extent of hydraulic conductivities, faults 
and permafrost has been extrapolated based on data and comprehension of the system. However, it 
was possible to represent the deep groundwater flow regime; 

> The deep groundwater flow gradient is based on surrounding arithmetic mean lake elevations instead 
of on deep groundwater piezometric information. During dewatering and calibration process, the 
south end of Central Dump was considered in the permafrost zone without a hydraulic connection 
between Second Portage Lake arm and Portage Pit E. A limited dewatering rate at Portage Pit E 
suggests that this assumption is reliable. 

> To validate the model, the results from the simulation need to be compared with observations from 
field, but the calibration for mass transport was not possible with available data. 

> Although Kd model is an integral part of current methodologies for modelling contaminant and risk 
analysis, in this context, this method shows how it could lead to an important retardation factor. 
Hence, for most situations that is sensitive to the selected Kd value, site-specific Kd values are 
essential for obtaining defensible risk and transport predictions (EPA, 1999). 

> As mentioned by the EPA (2004), site-specific Kd values should be measured for the range of 
aqueous and geological conditions in the system to be modeled. However, literature-derived Kd 
values are commonly used for screening calculations. Suitable selection and use of literature-derived 
Kd values for screening calculations of contaminant transport is not a trivial matter. Among the 
assumptions implicit with the Kd construct is: (1) only trace amounts of contaminants exist in the 
aqueous and solid phases, (2) the relationship between the amount of contaminant in the solid and 
liquid phases is linear, (3) equilibrium conditions exist, (4) equally rapid adsorption and desorption 
kinetics exists, (5) it describes contaminant partitioning between one sorbate (contaminant) and one 
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sorbent (soil), and (6) all adsorption sites are accessible and have equal adsorption binding energies. 
Many of these assumptions are not met for groundwater/soil environments. Thus, literature-derived 
Kd values should be used with caution only to predict transport in systems similar to those used in the 
laboratory and field to measure the Kd. Variation in either the soil or aqueous chemistry of a system 
can result in extremely large differences in Kd values. 
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6.0 CONCLUSIONS 

Agnico Eagle Mines Limited (AEM) is planning to develop the Whale Tail Pit, a satellite deposit on Amaruq 
property, as a continuation of mine operations and milling at the Meadowbank Mine. After a multi-account analysis, 
in-pit tailings deposition (IPD) was selected as the preferred option to store tailings waste produced from the Whale 
Tail Mine. A prefeasibility study was conducted to develop a 3D hydrogeological numerical model to assess 
potential contaminant transport from in-pit tailings disposed in Portage Pit A, Pit E and Goose Pit. Field work has 
also been carried out to refine hydrogeological context of potential seepage areas. This Detailed Engineering Study 
is in continuity with the last Prefeasibility Study (PFS) (SLI, 2018) and has presented the updated 3D 
hydrogeological model work. Main objective of the hydrogeological study was to assess the contaminant migration 
through groundwater and the potential impact of the in-pit tailings deposition on the surrounding lakes. 

In order to achieve this objective, the latest field investigation carried out during the PFS and other relevant 
information have been considered to update the hydrogeological and contaminant transport conceptual models, to 
implement geological features (quartzite/ultramafic contact and North Channel fractured zone, for example) to the 
3D FEFLOW model and to update hydraulic properties such as hydraulic conductivity and porosity. 
Hydrogeological conceptual models were developed for two periods, e.g. one during the 2016 pits mining & 
dewatering operations, which was used for model calibration, and another one during the post-closure period, 
which was used for contaminant transport predictions. Available data and field observation of seepage areas in pit 
walls help develop the conceptual model. 

FEFLOW software was used to represent 3D hydrogeological conditions and to perform contaminant transport 
simulations. Domain boundaries were set according to lake locations and elevations, and with anticipated regional 
groundwater flow. Over the domain consisting of 22 km2 coverage, 4 km wide and 1 km depth, meshing with 
triangular prism was created with refined elements where high hydraulic gradients were anticipated, e.g. dikes and 
pits. Such a deep numerical model was developed to account for groundwater regional flow below permafrost 
extension. At Meadowbank site and inside the model domain, regional groundwater flows, in natural conditions, will 
flow from the northwest boundary to the southeast boundary in Second Portage Lake direction, driven by water 
elevation differences of open talik lakes. The permafrost lateral extension has been delineated during the 
prefeasibility study (SLI, 2017) assuming that the limit corresponds to the shoreline minus a 1.5 m water depth 
within large lakes. This assumption matches well with available thermistor data. Existing active and inactive 
thermistor data were also reviewed during the PFS to estimate the maximum depth of the permafrost areas. 
Depending on proximity to the lakes, permafrost thickness reaches about 170 m at former Goose Pit Island (on the 
East wall of Goose Pit) and more than 400 m (Pit A, Pit E area). 

Hydraulic conductivities for each hydrostratigraphic unit were reviewed with existing data and new packer test 
results from the 2017 IPD field investigation. Focus has been made on bedrock properties for each unit (upper 
fractured bedrock, weathered bedrock, competent bedrock) and faults (Second Portage Lake Fault, Bay Fault, Bay 
Fault Splay, North Channel fractured zone), in which groundwater would preferably flow from the pits to the lakes at 
post-closure. Bedrock hydraulic conductivities were not clearly related to their lithology description. However, 
bedrock hydraulic conductivity was found to generally decrease with depth (from 10-7 m/s between 5 to 60 mbgs 
and to 10-8 m/s between 60 to 150 mbgs). No data were available below 200 mbgs but properties were inferred 
from the general trend of hydraulic conductivity with depth. Fault hydraulic conductivities were extracted from 
datasets and were typically similar to slightly higher than competent bedrock. Tailings hydraulic conductivity was 
based on the laboratory permeability tests performed by Golder (2017) on Amaruq’s tailings. Hydraulic conductivity 
from other units (till, dikes, Central Dump waste rock material) has been based either on available data or literature 



 

TECHNICAL NOTE 

Hydrogeological modelling for in-pit tailings 
deposition 

Prepared by:  E. Millet, G. Comeau 

Reviewed by:  C.Belanger, H.Sangam 

Rev. Date Page 

SNC No. 651196-3000-4WER-0001 

AEM No. 6118-E-132-001-TCR-003 
A00 August 16th, 2018 67  

 

  Mining & Metallurgy 
 

values. Permafrost in areas were considered in the model as inactive cells, meaning that they are not permeable 
and do not participate to groundwater flow. 

The 3D hydrogeological model was calibrated with 2016 pumping rates at Portage Pit A&E, at Central Dike 
downstream pond and at the two pumping wells at East Dike. Note that Goose Dike mining has stopped before 
2016 and its water level rising rate has been considered equal to what would have been measured under 
dewatering operations. Based on winter months, where the groundwater contribution was extracted from these total 
rates, the groundwater contribution was estimated to be 127 m³/d (35% of total pumping rate) at Portage Pit A&E, 
435 m³/d (42% of total pumping rate) at Goose Pit, 12 770 m³/d at Central Dike D/S pond and 500 m³/d at East 
Dike pumping wells together. Hydraulic conductivities were adjusted within reasonable ranges to simulate the 
observed 2016 annual groundwater contribution to the water inflow at each pit, Central Dike D/S Pond and East 
Dike pumping wells. Globally, faults and fractured zones hydraulic conductivities have been slightly increased (0.5 
order of magnitude) and competent bedrock between 30 and 60 mbgs. Observed hydraulic heads from vibrating 
wire piezometers located in different areas of the mine site have been compared to the simulated heads and the 
root mean square error (RMSE = 9%) is in agreement with the industry standard (RMSE < 10%) and considering 
that observation points are located where hydraulic heads change drastically over short distance, e.g. between 
lakes and pit rims or dikes. Based on the sensitivity analysis on hydraulic conductivity the till and upper fractured 
bedrock hydraulic conductivity have a major impact on the simulated pumping rate at Central Dike D/S pond, 
increasing the flow rate by 1.9 times if its hydraulic conductivity is doubled. The quartzite-ultramafic contact also 
leads to a 1.6 times greater inflow into Goose Pit if its hydraulic conductivity is doubled. Also, the hydraulic 
conductivity of the small permafrost zone at the southwestern end of Portage Pit A has a great impact on simulated 
groundwater inflow to the same pit. Little effect on pit inflow has been seen with increases of tailings or faults 
hydraulic conductivity and with lake levels variation. 

Contaminant transport modelling was carried out with two selected chemical components: chloride and arsenic. 
Chloride was selected because it is a conservative non-reactive tracer and will follow the pathway and velocity of 
groundwater. Dissolved arsenic was also selected for transport simulations as it is a well-known toxic compound, it 
is exceeding the CCME criteria at the pit source, if untreated, and it is less retarded than other metals. These two 
chemical parameters are typically found in reclaim water geochemical signatures. It was assumed that initial 
dissolved concentration of the plume source was similar to the untreated in-pit water quality assessment at closure, 
produced during the Detailed Engineering. Chloride and arsenic results were compared with the CCME guideline 
for the Long-term Aquatic Life Protection for fresh water, 120 mg/L and 0.005 mg/L, respectively. 

Considering the very low hydraulic gradient and groundwater velocities at the mine site, the source concentrations 
were considered constant over time because it will take more than 60 000 years to flush 3 pore volumes and to 
reach residual concentration of the source. Initial untreated concentration of chloride in Portage Pit A, Pit E and 
Goose Pit would be 115, 141 and 41 mg/L respectively, as per in-pit water quality assessment at closure. Only 
Pit E initial untreated concentration of the pit source would exceed CCME guideline (120 mg/L). For dissolved 
arsenic, initial untreated concentration at the source would be 0.9, 1.1 and 0.15 mg/L at Pit A, Pit E and Goose Pit, 
respectively and are consequently 180, 220 and 30 times greater than its applicable criteria (0.005 mg/L). 

Before transport simulations, existing data and literature review was carried out to select proper transport 
parameters, such as effective porosity, dispersivity, as well as partition coefficient, molecular diffusion for both 
chloride and arsenic. Effective porosities for bedrock have been based on an extensive review of televiewer 
surveys conducted in existing and new 2017 IPD boreholes, located in potential seepage paths. Note that 
permafrost degradation 2D TEMP/W simulations results conducted during this Detailed Engineering Study, 
including global warming and tailings deposition warming effects, have been integrated to the 3D hydrogeological 
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modelling and transport predictions during post-closure period. To do so, initial inactive cells, representing 
permafrost areas, have been re-activated in pit shells accordingly to predict thaws. 

Transport simulation results for chloride allow concluding that: 
> Chloride at East Dike will never exceed the CCME criteria of 120 mg/L, because the initial untreated 

concentration of the Pit A source is below criteria 115 mg/L. The maximum concentration to reach 
East Dike will be around 85 mg/L, due to dispersion effect that will tend to spread the plume and 
decrease concentrations; 

> Breakthrough point of 50% of the Pit A plume chloride concentration, corresponding to 40 mg/L, will 
reach Second Portage Lake after 1100 years; 

> First appearance of chloride from Pit A will reach Second Portage Lake after 255 years with a 
concentration of 1 mg/L. 

> For Portage Pit E and Goose Pit, the flow paths are oriented downward and dissolved compound will 
prefer dipping under the permafrost to reach the lowest hydraulic head point of the modeled system, 
e.g. Second Portage Lake. Over the simulation period (10 000 years) chloride has not reached 
neither Second Portage Lake, nor Third Portage Lake and thus, is considered stationary. 

Transport simulations for dissolved arsenic allow concluding that: 

> A non-retarded and untreated dissolved arsenic source originating from Portage Pit A would reach 
Second Portage Lake at the CCME criteria (0.005 mg/L) after 235 years; 

> However when the arsenic partition coefficient (Kd = 29 L/kg), and calculated retardation faction 
(R = 391 501) are accounted, arsenic is considered stationary; 

> As noticed for chloride, dissolved arsenic plume originating from Pit E and Goose Pit would migrate 
downward below the permafrost island. 

In order to look at the transport simulations sensitivity, selected parameters were chosen to complete this analysis. 
Main findings are: 

> Increasing the dispersivity and the hydraulic gradient to the lake, and decreasing the effective 
porosity, will decrease the first arrival times of the Pit A plume at East Dike; 

> Increasing the dispersivity will reduce peak concentrations; 

> Decreasing the level of Second Portage Lake will increase the groundwater flow velocities and locally 
change migration paths from Pit E and Goose Pit, but not from Pit A; 

It is important to note that this modelling work was completed in a conservative perspective since: 

> Contaminant concentrations at the source (tailings pore water) are considered constant over time, 
since it will take almost 60 000 years to flush 3 pore volumes due to a very low hydraulic gradient; 

> The extent of permafrost degradation, including that due to climate change, was considered in post-
closure transport simulations; 

> Contaminant transport simulations do not consider any geochemical degradation effects but only 
apply a retardation factor; (for example, co-precipitation of arsenic with Fe(III) can also lead to 
significantly reduced arsenic concentrations in groundwater, Osama 2010); 
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Table A.1: Calibrated hydraulic conductivity values for hydrogeological modelling 
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Table A.2: Arithmetic mean 2016 hydraulic heads used for the calibration 

ID X 
(m) 

Y 
(m) 

Z 
(masl) 

Observed 
Head 
(m) 

Simulated 
Head 
(m) 

Error2 

750 P1 D 638679.8 7214539.4 88.0    

750 P1 E 638679.8 7214539.4 100.0    

875 P3 A 638821.5 7214404.8 85.0    

875 P3 B 638821.5 7214404.8 65.0    

CD_Downstream 638505.0 7214485.0 109.9    

GPIT13_PZ2 638843.4 7212163.0 91.6    

GPIT13_PZ5 638843.4 7212163.0 29.3    

PE3-14A 639025.5 7212976.7 61.4    

PE3-14B 639025.5 7212976.7 95.6    

Pz190P1A 639355.8 7213857.4 116.7    

Pz190P1B 639355.8 7213857.4 121.7    

Pz190P1C 639355.8 7213857.4 126.7    

Pz26P1A1 638450.1 7212095.3 104.4    

Pz26P1A2 638450.1 7212095.3 109.4    

Pz26P1B1 638450.1 7212095.3 114.9    

Pz26P1B2 638450.1 7212095.3 117.9    

Pz490P1A 639361.9 7214144.6 114.1    

Pz490P1B 639361.9 7214144.6 119.1    

Pz490P1C 639361.9 7214144.6 125.8    

SC_Pond 638113.5 7214907.1 117.9    
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Table A.3 : Water quality forecast (SLI, 2018a) of in-pit tailings pore water, without any water treatment 
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Table A.4 : Kd values and calculated retardation factors for selected chemical parameters of reclaim water quality 
forecast 

 

 


