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EXECUTIVE SUMMARY 
Denison has collected geological, geotechnical, hydrogeological, geophysical, mineralogical, 
chemical, and hydrological data for over 16 years as part of their exploration and 
characterization efforts. From a hydrogeological standpoint, these data were subsequently 
analyzed and interpreted by Denison, Ecometrix and other consultants and were documented in 
the Baseline Hydrogeology Report. As additional data were collected, the Conceptual Model was 
refined, and in 2021, groundwater flow and reactive transport modelling tools were constructed 
to help understand the migration and attenuation of constituents dissolved in groundwater 
from the Phoenix ore zone, toward Whitefish Lake. This report describes the modelling results 
which evaluate the transport and fate of the neutralized recovered solution post-
decommissioning.  

A three-dimensional groundwater flow model was developed at the regional scale and was 
calibrated to observed water level and stream baseflow data. The groundwater flow patterns in 
the calibrated groundwater flow model are consistent with the Conceptual Model and observed 
hydrochemistry in the Upper and Lower Sandstone Aquifers systems. Groundwater flow at the 
site is dominated by flow through the Upper Aquifer system. Groundwater discharge to 
Whitefish Lake is primarily through the Upper Aquifer (overburden and upper sandstone 
aquifer), with a lesser component flowing from the Lower Sandstone Aquifer, through the 
Desilicified Zone, into the base of Whitefish Lake near its eastern shore. 

Groundwater flow from the vicinity of the ore body is observed and simulated in the calibrated 
groundwater model to travel eastward within the Lower Sandstone Aquifer before moving 
upward through the Desilicified Zone in the Athabasca Group sandstone units and overlying 
overburden deposits toward Whitefish Lake. The Desilicified Zone is described as a porous 
media rather than a fractured rock environment and it facilitates the connection between the 
Upper and Lower groundwater flow systems in the area east of the Phoenix deposit.  

Transport of dissolved constituents was simulated using a three-dimensional geochemical reactive 
transport approach whereby the reactions were computed using PHREEQC and the transport was 
computed using FEFLOW.  In this manner, dissolved constituents were allowed to interact with the 
geologic media through which they are flowing. The modelling approach is complex as numerous 
constituents in groundwater are considered and includes sorption to a limited number of well-
understood sorbing phases that were verified through geochemical modelling in other In-Situ 
Recovery (ISR) projects. Precipitation of mineral phases was also included using learnings from 
the other ISR projects. This geochemical modelling approach was derived through sensitivity 
analysis that included consideration of attenuation through redox-driven processes, including 
reduction of U(VI) to U(IV) and re-immobilization as uraninite downgradient of the mineralized 
zone. Transport analysis incorporated background conditions that were derived from 
groundwater quality observations throughout the Site, geochemical reactions sites based on solid 
phase constituent concentrations and mineralogical assemblages from core analyses, and source 
conditions consistent with those observed during lab core leaching and flushing experiments. 
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Transport of dissolved constituents generally follows the predicted groundwater flow paths, with 
additional spreading due to dispersion, and retardation due to sorption reactions. Dispersion 
reduces the concentrations as time progresses and the dissolved plume spreads, leading to 
lower concentrations reaching Whitefish Lake than those that are left in the sub-surface at the 
mined ore zone. In addition to the dispersion, constituents adsorb to available reaction sites on 
mineral surfaces (i.e., quartz, goethite, and clay) as the dissolved constituents reach these sites. 
Sorption removes mass from the dissolved phase and halts its migration through the sub-
surface, which effectively reduces the dissolved mass and concentrations that are available to be 
transported toward Whitefish Lake.   
 
By accounting for these reactions, the simulated dissolved constituent plumes emanating from 
the ore zone reach their maximum extents within the deeper units (i.e., Lower Sandstone Aquifer 
and deeper parts of the Desilicified Zone) after approximately 10,000 years.  Consequently, 
concentrations at Whitefish Lake throughout the future centuries are simulated to be similar to 
background concentrations.  Under the base case scenario, which represents a conservative 
estimate of the conditions present, there are no exceedances of the groundwater quality 
screening criteria protective of freshwater aquatic life in the receiving environment.  
 
A suite of parameter and process uncertainty scenarios were performed to evaluate the 
potential for concentrations to reach Whitefish Lake above the GQSC threshold values. A suite of 
16 additional scenarios is presented; all scenarios indicated that concentrations of most 
constituents would not exceed GQSC thresholds.  The exceptions include constituents with 
naturally elevated concentrations or naturally outside of the GQSC range (e.g., iron, manganese, 
and pH), and a scenario with conservative dispersivity values wherein selenium and cobalt 
concentrations were simulated to exceed the GQSC. 
 
The simulated conditions indicate that the natural setting has a large assimilative capacity, such 
that the mass left in solution within the Phoenix ore zone will be naturally sorbed to available 
mineral sites within the sub-surface, limiting the potential to be transported to Whitefish Lake 
throughout the future centuries. Sorption and geochemical reaction, coupled with dispersion is 
predicted to reduce the concentrations of constituents reaching Whitefish Lake to relatively 
minor variations from background conditions. 
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 Introduction 
Denison Mines Corp. (Denison) is the operator of the Wheeler River Joint Venture that has 
proposed the development of the high-grade Phoenix uranium deposit located approximately 
35 km north-northeast of Cameco’s Key Lake Operation and 35 km southwest of Cameco’s 
McArthur River Operation in the eastern portion of the Athabasca Basin region in northern 
Saskatchewan (See Figure 1-1). The Phoenix uranium deposit is proposed to be mined through 
an in-situ recovery (ISR) mining operation with on-site processing. 

This Groundwater Modelling Report is part of the Environmental Impact Statement (hereafter 
referred to as “the EIS”) submission (Denison, 2022a). The objective of the groundwater flow 
modelling tasks within the Wheeler River Project EIA is to identify and predict the potential 
influence of groundwater quality achieved through remediation of the IRS mining area in 
Decomissioning on the hydrogeological system and nearby surface water features.  
Groundwater modelling was used to inform our professional judgement regarding the 
attenuation of constituents in groundwater during transport from the remediated mining area. 
Consistent with other impact assessments at neighbouring mine sites which have been 
successfully evaluated and permitted, numerical models are used as predictive tools to 
understand and evaluate potential impacts from operations.  Models are the only appropriate 
means of evaluating future conditions, as they facilitate bringing proven scientific principles and 
processes (e.g., groundwater flow, contaminant transport, and geochemical reaction processes) 
into the evaluation. Not all parameter values will be known a priori; as such, models are used as 
tools to inform professional judgement (i.e., using conservative approaches and through 
evaluation of uncertainty realizations). 

The Baseline Geology and Hydrogeology Report (Ecometrix, 2022a) describes the conceptual 
understanding of the current physical environment, and hydrogeologic setting present in the 
study area and the data and information contained in that report are not reiterated herein. As 
such, the reader is encouraged to review the Baseline Hydrogeology Report for information on 
the Conceptual Site Model that is numerically represented in the groundwater flow model. The 
Baseline Hydrogeology Report forms the technical foundation of the groundwater flow 
modelling undertaken in this study. The Baseline Hydrogeological Report reflects the conceptual 
hydrogeologic understanding based on the dataset of sub-surface conditions developed from 
over 16 years of exploration, analysis, and interpretation by Denison, as well as the results of 
hydrogeologic field investigations carried out in recent years.  

This Groundwater Modelling Report describes the development and calibration of the numerical 
groundwater model and insights gained from application of that model. Figure 1-2 illustrates 
how the groundwater modelling assessment, and this report, fits into the EIS scope; the 
groundwater modelling assessment addresses effects post-decommissioning and extending into 
the future centuries. The results and predictions from the groundwater modelling assessment 
inform the development of the Groundwater Monitoring Plan (GWMP). The GWMP is an iterative 
process, that is designed at each Project stage (Pre-Construction through to Post-
Decommissioning) to demonstrate compliance with regulations and predictions, and to monitor 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Introduction 

 
 

Ref. 19-2649
17 OCTOBER 20221.2 

for any changes in groundwater conditions during operations relative to current baseline 
conditions. 
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 Scope of Work 
The scope of work for this project involved the development, calibration and application of 
groundwater flow and contaminant transport modelling tools to support Environmental 
Assessment (EA) and the (EIS) for the Wheeler River Project. The objective of the modelling 
completed was to predict potential changes to groundwater quality and quantity following 
remediation of groundwater quality in the mining area during Decommissioning. Predicted 
changes in groundwater quantity were evaluated against baseline conditions and in 
groundwater quality were evaluated against groundwater quality screening criteria. Screening-
Level criteria applied were for the protection of aquatic life within the receiving environment 
(surface water bodies). Potential risks to humans and ecological receptors were further 
evaluated through environmental risk assessment (Ecometrix, 2022b).  

The approach developed to predict groundwater conditions (quality and quantity) associated 
with the Project was to use a three-dimensional (3D) numerical groundwater flow and transport 
model (developed using FEFLOW), coupled with a geochemical model (developed using 
PHREEQC) to complete reactive transport evaluations.  This type of approach has been shown to 
provide advanced insights into complex geochemical reactions involving uranium (Miller, 1993; 
Bain et al. 2001; Appello and Dimer 2004; U.S.EPA 2012; Bea et al. 2013, Nicholai, 2015; Moore 
2020). The modelling approach, although complex in that numerous constituents in 
groundwater are considered, is relatively straightforward in that the primary interaction of those 
constituents with the rock matrix is through sorption. The sorbing phases included in the model 
reflect the mineral composition of the rock matrix and the well-understood sorptive capacities 
for these minerals. Precipitation of key mineral phases was also included. The modelling 
approach is one that has been used for several ISR projects (e.g., Johnson et al., 2016; Lagneau 
et al., 2019; Reimus et al., 2019; de Boissezon et al., 2020).  

The 3D numerical model was calibrated to existing groundwater flow conditions beneath and 
surrounding the Phoenix deposit under current (i.e., 2021) hydrogeologic conditions and then 
applied to evaluate fate and transport of groundwater migrating from the mining area toward 
surface water features following remediation of the mining area in Decommissioning. 
Geochemical reactions were developed to reflect observed geochemical conditions, expected 
geochemical reactions, and the understanding of groundwater flow patterns. The model is 
considered conservative as not all potential attenuating processes are simulated, including 
matrix diffusion, and chemical reactions that include redox transformations of COPCs. 

This report outlines the development of modelling tools, their calibration to represent observed 
conditions at the Site, and modelling applications to develop the understanding required to 
support conclusions made in the EIS, extending into the future centuries. The modelling was 
specifically designed to:  

 Characterize current (baseline) conditions regarding groundwater flow around and 
through the Phoenix uranium deposit, and document potential migration pathways for 
COPCs under existing conditions. 
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 Simulate post-decommissioning changes to the groundwater flow system and identify 
potential migration pathways for uranium and other COPCs. 
 

 Simulate post-decommissioning fate and transport of dissolved constituents in 
groundwater following remediation of the from the mining area in Decommissioning. 

Pathways from the Phoenix deposit toward potential environmental receiving bodies at the 
surface, such as wetlands, streams, and lakes of ecological importance, were evaluated in 
support of the EIS. Surface water is considered the appropriate media for evaluation of 
environmental effects as groundwater is not currently used for domestic purposes based on the 
following insights:   

 there are no non-industrial potable wells listed in the Saskatchewan Groundwater Well 
Database within the regional study area (100 km) surrounding the Wheeler River Project 
(Ecometrix 2022a). A single domestic well is listed in the search area; this is a shallow well 
drilled by Cameco Corporation in 1969 to a depth of approximately 72 m bgs, installed in 
sand. There is also a shallow drinking water well at the existing Wheeler River Project 
camp, located over two kilometres southwest of the Phoenix deposit. There are no 
records in the database of groundwater wells for non-industrial use (i.e., being used by 
residents in the area as a potable water source);  

 groundwater use for potable water has not been documented throughout Denison’s 
public engagement process; and 

 Existing (baseline) water quality in the deep groundwater beneath the Phoenix area is 
characterized by several groundwater constituents exceeding drinking water guidelines 
(Ecometrix, 2022a).  

As a result, this study is focused on evaluating groundwater quality that would reach surface water 
bodies during future centuries for areas where groundwater is interpreted and predicted to be at 
least partly sourced from the mining area. 

 Organization of Report 
This report is organized into the following sections: 

Section 1.0: Introduction describes the modelling objectives and approach to achieve the 
defined objectives. 

Section 2.0: Three-Dimensional Groundwater Model Development describes the three-
dimensional groundwater flow and contaminant transport model, including the input 
parameters, boundary conditions, and calibration of the groundwater flow model.  Analysis of 
parameter uncertainty is also described. 
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Section 3.0: Geochemical Reactions and Modelling describes the data and understanding 
applied to characterize the expected geochemical reactions affecting fate and transport of 
minerals post-decommissioning. 

Section 4.0.: Post-Decommissioning Reactive Transport Modelling describes the modelling 
predictions, including the effect of parameter uncertainty on model predictions.  

Section 5.0: Summary and Conclusions outlines the summary and conclusions of the 
modelling work completed, as well as the limitations.  
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 Three-Dimensional Groundwater Model Development 
The numerical groundwater flow and transport model was developed from the Conceptual 
Model described in the Wheeler River Project Baseline Geology and Hydrogeology report 
(EcoMetrix, 2022a; hereafter referred to herein as “the Baseline Report”). The groundwater flow 
model was designed to encompass potential ecological receptors, including the lakes 
surrounding, upgradient and down-gradient of the Phoenix mining operation area. The model 
structure is outlined in Section 2.2, the Model Properties in Section 2.3 and model boundary 
conditions in Section 2.4.  

Model calibration is outlined in Section 2.5 and was completed by varying model input 
parameters and boundary conditions until: 1) the model simulated water level elevations in wells 
and lakes were a reasonable match to those observed in the area, and 2) the groundwater 
discharge volume was consistent with estimated stream baseflow.  Initial model calibration was 
completed manually using insights gained through the conceptual model development. 

Beyond manual model calibration to groundwater flow conditions, parameter optimization tools 
were employed to determine parameter combinations that yield an equivalent match to 
observed conditions.  Such alternative, calibrated parameter sets are used to evaluate prediction 
uncertainty in subsequent simulations, as outlined in Section 2.8. 

The 3D groundwater modelling tool developed was subsequently used to complete reactive 
transport simulations and evaluate fate and transport of dissolved constituents remaining in 
groundwater (porewater) within the mining area after Decommissioning. 

The understanding gained through modelling analyses has been used to inform a groundwater 
monitoring network and sampling plan over the life of the Project (the EIS, Section 7).  
Monitoring changes in groundwater levels, gradients and water quality will act as an early-
warning system to identify potential excursions from the mining area (i.e., within the freeze wall) 
and facilitate fine-tuning of mining operations to mitigate any potential identified risks. 

 Modelling Code Selection 
The code FEFLOW (Diersch, 2014) was selected for use in this assessment because it offers the 
flexibility to represent complex spatial features at surface and within the subsurface and can 
represent saturated and unsaturated flow and transport. The modelling code was applied 
without any modifications to the processes simulated in the code. 

FEFLOW is a finite element code whereby the model area (domain) is subdivided horizontally 
and vertically into a set of triangular prisms called elements that represent a unit of porous 
media. Each element has specified hydraulic properties such as hydraulic conductivity and 
storage values that are assigned. FEFLOW simulates the flow of groundwater using the 
properties assigned within the elements, water level elevations (hydraulic heads) at known 
locations such as surface water features like lakes and rivers (i.e., boundary conditions) and 
specified flow through the domain (i.e., groundwater recharge).   
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 Model Structure 
2.2.1 Model Domain 
The model domain was designed to simulate the groundwater flow at and surrounding the 
Phoenix deposit and is illustrated on Figure 2-1. The outer reaches of the model were extended 
a sufficient distance away from the Phoenix ore zone so the boundaries applied at the perimeter 
of the model do not influence the simulated groundwater flow conditions in the vicinity of the 
Phoenix ore zone where model predictions will be made. The model domain extends from 
Kratchkowsky Lake in the northwest, approximately 5 km east to Whitefish and McGowan Lakes. 
The model domain is approximately 4.5 kilometers from north to south (Figure 2-1).  

The Local Study Area (LSA) for the Geology and Groundwater Valued Components in the EIS was 
defined by the Model Domain presented in Figure 2-1. The “model domain” and the LSA are 
referred to interchangeably within this document.  

2.2.2 Model Mesh and Hydrostratigraphic Layers 
As noted in Section 2.1, FEFLOW is a finite element groundwater modelling software package 
that simulates groundwater flow by solving mathematical equations governing groundwater 
flow, contaminant and/or heat transport at discrete node points within the model domain. The 
first step in building a groundwater flow model using the finite element method is to subdivide 
the model domain into elements that are collectively referred to as the finite element mesh. 
Figure 2-1 illustrates a plan view of the model mesh, which consists of triangular elements with 
nodes at the vertices of the elements. The triangular shaped elements can be of any size; the use 
of variably shaped elements throughout the domain allows model boundary conditions to 
accurately conform to natural features such as streams and lakes. The spacing between finite 
element nodes and the size of the elements is smallest in areas of the model where a more 
detailed simulation of groundwater levels and contaminant transport is desired. These include 
the areas around pumping wells and surface water features, such as lakes and rivers. 

In this project, the mesh was refined in areas where the representation of drawdown or changes 
in water levels or chemistry under current or future conditions are expected. Specifically, the 
mesh was refined to an element size of approximately 5 to 15 m along the Phoenix ore deposit, 
and to less than 15 m along the margins of the local surface water features in the area. The 
largest element sizes (less than 200 m) were defined at the periphery of the model further away 
from the areas of hydrogeologic interest.  

The model is flexible and if an additional area of interest, such as a new pumping well, is 
identified within the model domain, the mesh can readily be refined at that location without 
negatively impacting the model or its predictions.  
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2.2.3 Hydrostratigraphic Layers 
In addition to the mesh discretization horizontally, the model domain is also discretized 
vertically into layers that represent the changing hydrogeologic conditions with depth. As 
discussed in the Baseline Report, several hydrostratigraphic units were identified and mapped in 
three dimensions within the Phoenix area. Table 2-1 and Appendix A outlines how each of the 
numerical model layers assigned within the groundwater flow model were created. The bedrock 
and basement aquifers and aquitards were subdivided into multiple numerical model layers to 
capture the changes in groundwater flow directions and gradients with depth.  

Table 2-1: Conceptual and Numerical Hydrostratigraphic Layers 
Conceptual 
Model 
Layer 
Number 

Numerical 
Model 
Layer 
Number 

Hydrostratigraphic Unit Description 

1 1 Overburden  Upper Aquifer (Aquitard where Till is present)  
2 2, 3, 4 Upper 

Sandstone Aquifer  
Manitou Falls Fm; MFd unit and upper portion 
of MFc 

3 5 to 9 Intermediate Sandstone 
Aquitard  

Manitou Falls Fm; MFc unit, lower portion of 
MFc and upper portion of MFa (Read Fm) 

4 10 to 13  Lower Sandstone Aquifer  Lower portion of Read Fm 
5 14 Upper Barrier Zone 

Aquitard 
Upper clay cap and sulphide cemented rock 

6 15 Ore Zone Aquifer Ore Zone  
 16 Lower Barrier Zone 

Aquitard 
Lower clay cap and sulphide cemented rock 

7 17, 18 Upper Basement 
Aquitard   

Paleoweathered Basement  

8 19 Basement Aquitard  Competent Basement  
 

The numerical model layers in this model are continuous across the model domain; however, 
some of the model layers, such as the clay cap are only present in the vicinity of the ore zone. In 
these cases, where the layer is interpreted to be absent it is assigned a minimum layer thickness 
that varies from 0.5 to 5 m, and the hydraulic properties of the overlying unit are applied so the 
properties of the clay cap are only assigned where it is present. Where multiple layers are 
“pinched out”, the hydraulic properties of the overlying unit are applied to the underlying 
minimally thick layers, so the numerical model closely replicates the conceptual model. Figure 2-
2 illustrates a vertical cross-section through the model where the vertical discretization (i.e., 
elements) and the hydrostratigraphic model layers listed in Table 2-1 are evident. 

The base of the model was specified to lie at a uniform elevation corresponding to sea level (i.e., 
0 m asl). Due to the low hydraulic conductivity of the basement rock, vertical leakage was not 
simulated to occur in or out of the base of the model. 
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 Model Properties 
Hydrogeologic properties assigned within the FEFLOW model included hydraulic conductivities 
and storage values (i.e., specific storage and specific yield) as outlined in the following 
subsections. 

2.3.1 Hydraulic Conductivity Values 
Hydraulic conductivity values represent the ability of a hydrostratigraphic unit to transmit water. 
Geologic materials that are highly permeable and able to transmit large volumes of water (e.g., 
gravel) have high hydraulic conductivity values, while geologic materials that are not as 
transmissive (e.g., clay) have low hydraulic conductivity values.   

Hydraulic conductivities tend to be anisotropic, meaning groundwater travels more easily in one 
direction than another. Often hydraulic conductivity values in the vertical direction are lower 
than the horizontal direction as a result horizontal bedding or layering in sedimentary units. 
Based on literature and professional judgement, an anisotropy ratio of 10 horizontal to 1 vertical 
was assigned in the model for the unaltered overburden and sandstone hydrostratigraphic units. 
An anisotropy ratio of 1:1 was assigned to the desilicified sandstone and basement 
hydrostratigraphic units as the bedding orientations in these units are not expected to be 
horizontal like the overlying sedimentary layers. 

When developing groundwater flow models, initial hydraulic conductivity values are assigned to 
zones within the various hydrostratigraphic units based on conductivity estimates from field 
tests conducted in the area (see Appendix B of the Baseline Report), and local knowledge and 
conceptualization. Literature values (Freeze and Cherry 1979; Anderson and Woessner 2002) 
were also consulted to ensure the initial and calibrated hydraulic conductivity values were 
reasonable.  

After the initial hydraulic conductivity values are assigned, they are adjusted through the model 
calibration process (Section 2.5) before arriving at a set of values that produced the best overall 
simulation of groundwater levels as compared to the observed field data. The range of field-
based hydraulic conductivity values are outlined on Table 2-2 alongside the final calibrated 
hydraulic conductivity values applied in the model. The underlying sections describe the 
calibrated conductivity values assigned in the model. Appendix B contains plan view maps 
illustrating the hydraulic conductivity values applied in each model layer. 
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Table 2-2: Calibrated Hydraulic Conductivity and Anisotropy Values 

Hydrostratigraphic Units  Calibrated Horizontal Hydraulic Conductivity Value 
(m/s)  

Anisotropy  
(Khorizontal: 

Kvertical) 
Overburden Aquifer/ Aquitard 5x10-7 (till) to 8x10-5 (sand) 10:1 

Upper Sandstone Aquifer 5x10-6 (competent rock) to 5x10-5 (desilicified rock) 
10:1 in 

competent; 1:1 in 
desilicified 

Intermediate Bedrock 
Aquitard 

1x10-8 (competent rock) to 5x10-6 (desilicified rock) 

Lower Sandstone Aquifer 2x10-7 to 1x10-5  
Desilicified Zone Aquifer 5x10-6  1:1 

Upper Barrier Zone (overlying 
Ore Zone) 

1x10-9 to 1x10-8 10:1 

Ore Zone 7x10-10 to 2x10-5  1:1 
Lower Barrier Zone 

(underlying Ore Zone) 
1x10-9 1:1 

Basement Aquitards 1x10-9 to 5x10-9 1:1 
 
2.3.1.1 Overburden 
Overburden in the area is a mixture of sand and gravel outwash, and coarse-grained sandy till 
with 2 - 30% fine grained material (i.e., silt and clay). Coarse-grained sand till is interpreted to lie 
in the centre and on the surface of the drumlins in the area and horizontal hydraulic conductivity 
values of 5x10-7 to 1x10-6 m/s were assigned to represent this unit (Figure B1, Appendix B). 
These values are comparable but slightly lower than the interpreted results of hydraulic testing 
in the Gryphon area (3.2x10-6 to 6.3x10-6 m/s; Golder, 2018), and the Phoenix area (3x10-6 m/s; as 
provided in the Baseline Report) for sand-rich tills.  

Outwash sediments flank the sides of the drumlins and in some lowland areas, so higher 
horizontal hydraulic conductivity values (5x10-5 to 8x10-5 m/s) were applied to represent these 
silty sands. These values are consistent with the hydraulic testing in the Gryphon area of 3.3x10-5 
m/s, and by Ecometrix (2022a) of 2x10-4 m/s. The horizontal hydraulic conductivity values 
applied in the uppermost layer of the model are illustrated on Figure B1 of Appendix B. 

2.3.1.2 Upper Sandstone Aquifer 
The Upper Sandstone Aquifer consists of fine to medium-grained sandstone with low (less than 
3%) normative clay content. Groundwater flow within the sandstone is controlled by the fracture 
spacing, orientation, connectivity, and aperture thickness, as well as the permeability of the 
matrix, which in some places has been influenced by diagenesis and alteration.  

The calibrated horizontal hydraulic conductivity values of this unit vary depending on the 
cementation, alteration and fracturing of the sandstone (Figure B2; Appendix B). The Desilicified 
Zone that extends northeast of the Phoenix deposit to Whitefish Lake consists of fractured and 
highly friable sandstone and was assigned a horizontal and vertical hydraulic conductivity value 
of approximately 5x10-5 m/s. Outside this Desilicified Zone, the more competent and less 
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fractured sandstone was assigned a lower horizontal conductivity value of 5x10-6 m/s. These 
values are consistent with hydraulic conductivity values interpreted from hydraulic tests 
completed in this aquifer unit that ranged from 4x10-7 to 2x10-4 m/s, with a geomean of 3.7x10-6 
m/s (as provided in the Baseline Report).  

As the Desilicified Zone is interpreted to have a higher hydraulic conductivity value as compared 
to the competent Upper Sandstone Aquifer (and Intermediate Sandstone Aquitard) care was 
taken when mapping the three-dimensional extent of the unit within the groundwater flow 
model. Three dimensional boreholes illustrating zones of friability were imported into the 
FEFLOW model to help visualize the location of the Desilicified Zone, as illustrated on Figure 2-2. 
In addition, four geotechnical parameters (i.e., friability, fracture frequency, normative clay, and 
Rock Quality Designation) were also mapped in three-dimensions (Figure 2-3) and plan view for 
each model layer (Figure 2-4) onto the model elements to illustrate the changes in geotechnical 
properties of the rock. The geotechnical datasets were used to define the spatial extent of the 
Desilicified Zone through the Lower Sandstone Aquifer, Intermediate Sandstone Aquitard, and 
Upper Sandstone Aquifer (Figure 2-5). 
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2.3.1.3 Intermediate Sandstone Aquitard 
The Intermediate Sandstone Aquitard is comprised of competent fractured sandstone with a 
normative clay content that varies from 4 to 10%. Groundwater flow in this unit is controlled by 
fracture spacing, orientation, connectivity, and aperture thickness; however, the normative clay is 
conceptualized to reduce or heal the fractures, reduce their connectivity, and reduce the 
hydraulic conductivity of this unit.  

The calibrated horizontal hydraulic conductivity values of the Intermediate Sandstone Aquitard 
vary depending on the cementation, alteration and fracturing of the sandstone (Figures B3 and 
B4; Appendix B). Hydraulic conductivity typically assigned in the model for this unit was 1x10-8 

m/s, which is consistent with values estimated from field-based studies on the competent rock 
that ranged from 1x10-10 to 3.8x10-6 m/s, with a geomean of 8.4x10-9 m/s (as provided in the 
Baseline Report).   

2.3.1.4 Desilicified Zone 
The Desilicified Zone is a distinct zone in the area overlying and east of the Phoenix deposit 
where the bedrock was subject to hydrothermal alternation resulting in desilicification of the 
sandstone. The Desilicified Zone is most noticeable in the Intermediate Sandstone Aquitard as 
the Desilicified Zone is characterized by poor RQD values, and enhanced fracture and friability 
which are in sharp contrast to the rock qualities of the Intermediate Sandstone Aquitard.  

A hydraulic conductivity value of 5x10-6 m/s was uniformly assigned to the model layers 
representing the Desilicified Zone. This value is consistent with packer and pumping tests 
screened in this unit that have interpreted hydraulic conductivity values ranging from 1x10-6 to 
3x10-5 m/s (Appendix C), with a geomean of 6.0x10-6 m/s. 

Given these differences in the hydraulic conductivity values between the Desilicified Zone (5x10-6 
m/s) and the Intermediate Sandstone Aquitard (1x10-8 m/s), the Desilicified Zone is considered a 
natural preferential pathway for groundwater to flow from the ore zone and Lower Sandstone 
Aquifer to Whitefish Lake. 

2.3.1.5 Lower Sandstone Aquifer 
The Lower Sandstone Aquifer is comprised of fractured and faulted sandstone that overlies the 
metacrystalline bedrock. This unit has a consistently low normative clay content (< 4%), and this 
trend of low clays is observed in corehole data across the Phoenix and nearby Gryphon areas.  

As the normative clay content in this aquifer unit is low, the horizontal hydraulic conductivity 
value assigned in the model to unfaulted areas is 2x10-7 m/s, which is higher than the value 
assigned to the unaltered zone in the overlying Intermediate Sandstone Aquitard (1x10-8 m/s). 
This value is consistent with the range of field values for the Lower Sandstone Aquifer. 

Where the fracture spacing and friability are observed to be high, including within the 
Desilicified Zone, a higher hydraulic conductivity value of 5x10-6 m/s was assigned (Figure B5; 
Appendix B). The geomean of hydraulic test values calculated for wells screened in the 
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Desilicified Zone was 6x10-6 m/s and 2.2x10-6 m/s for wells screened in the Lower Sandstone 
Aquifer. The desilicified portion of the Lower Sandstone Aquifer is interpreted to follow the 
trajectory of the WS Shear fault; the interpretation is that there is enhanced fracturing associated 
with the faulting that follows the WS shear.  Cross-faults associated with the WS shear were not 
interpreted to cause hydrogeologic parameter changes at the scale of the model elements. 

The Lower Sandstone Aquifer thins north of the Phoenix deposit where a ridge of quartzite rock 
protrudes through the sandstone unit. Figure B5 illustrates the zone of low hydraulic 
conductivity (1x10-8 m/s) that corresponds to the quartzite ridge and an area where the Lower 
Sandstone Aquifer pinches out and has zero thickness. 

2.3.1.6 Upper Barrier Zone (Clay Cap and Sulphide Cemented Rock) Aquitard 
The deposits associated with the mineralized zone were mapped by Denison (2021) and include 
a permeable and friable high-grade zone (Unit 2b), with surrounding units that are clay-rich 
(Unit 2a and 2e), or sulphide-cemented (Unit 1b and 2d). Each unit is interpreted to be 
discontinuous based on the core data. Clay features are mapped as extending laterally beyond 
the ore zone by as much as 25 m in some areas, while less than 5 m in other areas; the thickness 
is interpreted between or beyond coreholes (Denison, 2022b). The combination of clay-rich and 
sulphide-cemented regions provide a natural barrier between the friable, high-grade ore zone 
and the overlying sandstone. This barrier has isolated the high-grade ore from groundwater 
flowing past it (i.e., natural leaching) during the millions of years since deposition of the uranium 
mineralization.  

The Upper Barrier Zone includes clay-rich and sulphide cemented rock that overlies the uranium 
ore zone (Units 1b and 2a). Permeameter-based hydraulic conductivity measurements for the 
Upper Barrier Zone units ranged from 4x10-8 to 3x10-10 m/s.  

The percentage of clay within this unit is variable, and as such the hydraulic conductivity value 
represented in the model is also variable. A Leapfrog model was developed by Petrotek (2020) 
using available core data. Layers that represent the interpreted percentage of clays and values 
ranged from 1% to over 50% (Petrotek, 2020). The distribution of the percentage of clay was 
used to guide the assignment of hydraulic conductivity values in this layer. Zones in the 
Leapfrog model where the percentage of clays ranged from 25 to 50% were assigned a 
hydraulic conductivity of 1x10-9 m/s in the groundwater model. Zones where the percentage of 
clays was 9 to 25% were assigned a hydraulic conductivity value of 1x10-8 m/s in the 
groundwater model. Zones where the percentage of clays was less than 9% were assumed to be 
absent and were conservatively assigned the same conductivity value as the ore zone (1x10-6 
m/s). The Upper Barrier Zone only exists in the area surrounding the ore zone; therefore, the 
thickness of the model layer representing this unit is minimally thin outside the ore zone. Figure 
B6 (Appendix B) illustrates the hydraulic conductivity values applied in the model for this unit.  

2.3.1.7 Ore Zone 
The deposits associated with the mineralized zone were mapped by Denison (2021) and include 
a permeable and friable high-grade zone (Unit 2b). Permeameter-based hydraulic conductivity 
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measurements for the high-grade zone are reported to have a median of 2x10-7 m/s and an 
upper quartile conductivity of 7x10-7 m/s (Denison, 2022b); those measures are biased low as 
they are focused on the rock core rather than the fractured media, but they provide an 
indication of the background matrix hydraulic conductivity.   

Hydraulic conductivity values within the ore zone were assigned in the groundwater flow model 
using the hydraulic conductivity values applied in a detailed MODFLOW groundwater flow 
model of the ore zone in Phases 1 and 2 (Petrotek, 2020). The horizontal hydraulic conductivity 
zones and values from the Petrotek groundwater flow model ranged from 2x10-5 to 7x10-10 m/s, 
and these zones were applied in the regional scale groundwater flow model. The values applied 
are consistent with interpreted hydraulic conductivity results from pumping tests screened 
within Phases 1 and 2 of the Phoenix deposit (Figure B7; Appendix B). A hydraulic conductivity 
value of 1x10-6 m/s was uniformly applied in the ore zone within Phases 3 and 4 as these zones 
had not been subject to additional hydrogeologic characterization at the time of this report.  

2.3.1.8 Lower Barrier Zone Aquitard 
The deposits associated with the Lower Barrier Zone Aquitard were also mapped by Denison 
(Denison, 2022b) and included a clay-rich unit (2e), and a sulphide-cemented unit (2d). 
Permeameter-based hydraulic conductivity measurements for the lower barrier units ranged 
from 3x10-8 to 8x10-13 m/s.  

To be conservative, the Lower Barrie Zone aquitard is interpreted to have the same properties as 
the Upper Barrier Zone. The Lower Barrier Zone aquitard lies within the basement rock where 
the percentage of clay minerals is much higher. The thickness of the Lower Barrier Zone 
Aquitard was provided by Denison (Denison, 2022b) and assigned a horizontal hydraulic 
conductivity of 1x10-9 m/s (Figure B8, Appendix B). This value is consistent with the hydraulic 
conductivity values estimated from permeameter testing conducted by Denison (Denison, 
2022b).  

2.3.1.9 Paleoweathered and Competent Basement Aquitard 
The upper Paleoweathered Basement Aquitard is comprised of more fractured and faulted 
metacrystalline basement rocks as compared to the lower competent basement rock. The more 
fractured portion is interpreted to be limited to the area surrounding the WS Shear fault.  A 
horizontal hydraulic conductivity value for the paleoweathered zone was estimated at 5x10-9 
m/s. This value is consistent with the geomean of interpreted hydraulic testing of the Basement 
Aquitard, which was 4.8x10-9 m/s. The paleoweathered zone extends in a southwest to northeast 
direction along the trend of the WS Shear as illustrated on Figure B9 (Appendix B). 

The Competent Basement Aquitard is comprised of competent metacrystalline basement rocks 
with little to no fracturing. Where unfractured, the basement rocks have very low permeability 
and porosity values. A hydraulic conductivity value of 1x10-9 m/s was applied in the model to 
represent the competent basement rock, which is within the range of field-based values (1.1x10-
11 m/s to 1.1x10-5 m/s, with a geomean of 4.8x10-9 m/s). 
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The low hydraulic conductivity assigned to the competent basement aquitard is consistent with 
observed water quality and dissolved minerals.  

2.3.2 Storage Values 
Groundwater storage is defined as the quantity of water released from storage due to a unit 
change in pressure head. Specific storage and yield values are not used in calculating water level 
elevations in steady-state (i.e., long term average annual simulations), but are used in simulating 
or predicting time varying (transient) conditions. Specific yield and specific storage values 
control the timing and response of the groundwater system to external stresses such as 
pumping and injection.  

The storage coefficient used during FEFLOW calculations varies depending on if the aquifer is 
unconfined or confined. Where confined, the storage coefficient is referred to as Specific 
Storage (Ss), which for bedrock aquifer materials ranges from 1x10-6 to 5x10-4 /m. In an 
unconfined aquifer, the storage is referred to as specific yield (Sy) where the predominant 
source of water is gravity drainage from pores at the watertable.  

Storage estimates assigned to the model layers in the groundwater flow model were within the 
ranges of values outlined in the Baseline Report. Specific yield and specific storage values were 
assigned to zones coincident with the hydraulic conductivity zones and are listed in Table 2-3 
and illustrated on the figures in Appendix B. 

Table 2-3: Storage Values Applied in the Model 

Hydrostratigraphic Units Specific Yield  
(Unconfined Aquifers) 

Specific Storage (1/m) 

Overburden Aquifer  0.2 1x10-4 
Upper Sandstone Aquifer  0.2 1x10-4 
Intermediate Bedrock Aquitard  

(Units are confined,  
Sy values not assigned) 

1x10-5 
Lower Sandstone Aquifer  1x10-4 
Desilicified Zone Aquifer 1x10-4 
Upper and Lower Barrier Zone 
Aquitards   1x10-6 

Ore Zone Aquifer 3x10-4 
Basement Aquitard  1x10-6 
 
2.3.2.1 Porosity Values 
Groundwater flow models provide estimates of the Darcy flux, or flow rate of groundwater per 
unit cross-sectional area through porous media (i.e., overburden or rock). To estimate the linear 
groundwater velocity, representing the speed at which a particle of water might travel, the Darcy 
flux is divided by the effective porosity of the porous media. Effective porosity is less than the 
total porosity of a porous media, as it represents only the portion of pores that are 
interconnected. While a fractured rock may have a high proportion of pore space, many of those 
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pores may not be interconnected. Disconnected pores do not act as pathways for groundwater 
to travel, but rather act as storage locations.    

As outlined in the Baseline Hydrogeology Report, the overburden aquifer is estimated to have 
an effective porosity of 0.25 on the coarse-grained sand outwash, 0.20 on silty sands and 0.18 
on silty sand tills (Table 2-4).  

In fractured bedrock, porosity consists of the space between grains (primary porosity), and 
fractures and dissolution features (secondary porosity). A proportion of the primary and 
secondary porosity features will be disconnected and will not act as pathways for groundwater 
flow or contaminant transport. Based on permeameter testing completed on rock core samples 
(Scibek, 2019), the total porosity within the sandstone units is estimated to average from 10 to 
40%, whereas the fracture volume that leads to effective porosity is estimated to be much lower 
(i.e., 0.01%).  

As tracer test results to estimate effective porosity were unavailable at the time of modelling, 
effective porosity values for the sandstone bedrock and basement units were sourced from 
literature values (Table 2-4). The Cigar Lake uranium mine is located approximately 75 
kilometres northeast of the Phoenix deposit and has similar geologic and hydrogeologic 
properties as the Phoenix deposit. The effective porosities from the Cigar Lake study (AECL, 
1994) are a suitable analogue for this study and are listed on Table 2-4 alongside effective 
porosity values applied in the numerical model in this study. 

Table 2-4: Effective Porosity Values Applied in the Model 

Hydrostratigraphic Units  Effective Porosity (%)  
This Study AECL (1994) 

Overburden Aquifer  18% (till) to 25% (sand) 30% 
Upper Sandstone Aquifer  1 to 3% 2% to 5% 
Intermediate Bedrock 
Aquitard  1% to 3% (10 to 20% in Desilicified Zone) 1% to 5% (20% in “weathered 

sandstone”) 
Lower Sandstone Aquifer  1%, 10 to 20% in Desilicified Zone 20% in “fractured/ altered sandstone” 
Upper and Lower Barrier Zone 
Aquitards   

20% 5% 

Desilicified Zone 20% 20% 
Ore Zone Aquifer 1% 5% 
Basement Aquitard  0.1% 0.1% 
 
Effective porosity does not affect the simulated groundwater water level elevations, or the flux 
of water computed to move through an aquifer or discharging to a boundary condition. Linear 
groundwater velocities are required for particle tracking and calculating travel time, for example, 
advective travel time from the ore zone to nearby receptors. 
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2.3.3 Exploration Coreholes 
Exploration coreholes drilled in the Phoenix area, where not decommissioned, have the potential 
to act as preferential flow paths between the Upper and Lower Sandstone Aquifers. Most 
exploration boreholes were grouted approximately 10 to 20 m above and below the ore zone, 
while the remainder of the corehole was left to naturally collapse.  In areas where the Rock 
Quality Designation (RQD) is low, such as in the Desilicified Zone, the coreholes are expected to 
have readily collapsed and are thus interpreted to be infilled with sand from the area 
surrounding the corehole.  In areas where the RQD was high, indicating dense intact rock core 
was recovered, less infill is expected to have occurred. Infill is expected to be sand from the 
Desilicified, or more friable portions of the Athabasca sandstone.  

There are over 400 boreholes that lie along the WS Shear in the vicinity of the Phoenix deposit, 
most of which were drilled as NQ diameter holes (diameter = 75 mm). The hydraulic impact of 
these exploration coreholes was evaluated in the model using one-dimensional line elements 
superimposed on the three-dimensional finite element mesh. Clusters of exploration coreholes 
were grouped together based on location and represented in the model as one line element. 
Figure 2-6 illustrates the locations of grouped coreholes represented in the model, along with 
the number of exploration coreholes represented at each location, and the relative hydraulic 
conductivity assigned to the line element. The cross-sectional area specified in the model was 
increased to reflect the number of coreholes represented by each cluster, as labeled on Figure 
2-6. The hydraulic conductivity was assigned based on a review of the RQD for each cluster of 
coreholes; coreholes with high RQD were assigned a higher hydraulic conductivity, and 
conversely lower RQD areas were assigned a lower hydraulic conductivity.  The corehole 
hydraulic conductivity simulated was a factor of 2 to 100 times greater than the surrounding 
host media, based on the background conductivity and the expected infill characteristics. 
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 Model Boundary Conditions 
Boundary conditions applied in the groundwater flow model were chosen to approximate the 
regional groundwater flow patterns and to approximate the major groundwater fluxes in the 
model domain. Boundary conditions applied in the model consisted of two types:  

 Specified head boundary conditions are boundaries where the value of the hydraulic head 
is assigned to nodes within the model, and the amount of discharge into or out of the 
model fluctuates to satisfy the head condition. Physically, these boundary conditions 
(specified heads) are commonly used to simulate areas where hydraulic potentials are 
expected to remain at a constant level.  This is commonly used to simulate flow to and 
from large rivers, lakes, or areas where water enters or exits the model domain.   

 Specified flux boundary conditions are boundary conditions for which a flux value is 
assigned to specific nodes. The hydraulic head within the surrounding elements is 
computed to meet that flux condition. These boundary conditions are used to represent 
groundwater extraction or injection wells, and recharge to the groundwater system.  No 
flow boundaries are one type of specified flux boundary where the rate of lateral flow 
across the boundary is assumed to be negligible or equal to zero.  In general, no flow 
boundaries are applied to simulate groundwater divides or impermeable geologic units.  

Boundary conditions applied in this model include groundwater recharge, flow into and out of 
surface water features such as rivers and lakes, groundwater pumping wells, and flow into and 
out of the model along the perimeter of the model.  The boundary conditions applied are 
described in the following subsections.  

2.4.1 Groundwater Recharge 
Groundwater recharge refers to the amount of water that infiltrates through the unsaturated 
zone and reaches the underlying watertable. The rate of groundwater recharge is dependent on 
precipitation, vegetation, surficial soil type (geology), physiography, and ground surface 
topography. Recharge is enhanced in areas where the ground surface is hummocky as the 
potential for overland flow to nearby creeks and rivers is reduced.  

As noted in the Baseline Report, the estimated average annual recharge rate for the Phoenix site 
is approximately 156 mm/year. The groundwater recharge rates applied in the model are 
illustrated on Figure 2-7 and range from a low of 100 mm/year on the drumlins and areas where 
tills are interpreted to lie at surface, to a high of 165 mm/year where sands are interpreted to lie 
at surface.  
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2.4.2 Surface Water Features 
Interaction between groundwater and surface water features are simulated in the model using 
specified head boundary conditions. Based on the model simulated groundwater level, and the 
water level assigned to represent the surface water stage, groundwater may be simulated to 
discharge into the surface water body or recharge the underlying aquifer.  

Several lakes located within the model domain were modelled using specified head boundary 
conditions. The water level elevations of these lakes were assigned based on observed water 
level elevations (within the Baseline Report), as outlined in Table 2-5 and Figure 2-8.  

Table 2-5: Model Simulated Lake Stage Elevations 
Lake Name Lake Stage Elevation (m asl) 

Whitefish Lake  500.0 
McGowan Lake  494.2 
Kratchkowsky Lake  520.8 
Williams Lake  518.4 
LA-2 494.4 

 
Several smaller lakes were also assigned using specified head boundary conditions and where 
water level data were unavailable, the ground surface elevation represented in the Digital 
Elevation Model (DEM) was applied (Figure 2-8).  

In addition to the boundary conditions represented for the lakes and ponds, two rivers and 
streams were simulated in the model by assigning declining specified head boundary conditions 
along each stream segment. The specified head assigned in the model to represent the stream 
or river stage elevation was estimated using the DEM. These surface water boundary conditions 
are illustrated on Figure 2-8. 
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2.4.3 Perimeter Boundary Conditions 
The model domain extends from Kratchkowsky and Williams Lakes in the west to Whitefish, 
McGowan, and LA-2 Lakes in the east. Aside from these natural boundaries, additional boundary 
conditions were applied to simulate the flow of groundwater into and out of the model domain 
along the perimeter of the model domain (Figure 2-9).  

Specified head boundary conditions were assigned in the Lower Sandstone Aquifer along the 
northwestern and southwestern edges of the model domain to allow water to enter the model; 
an elevation of 520 m asl was selected for the area near Kratchkowsky Lake based on observed 
water level elevations in the Gryphon area, while the area near Williams Lake was assigned an 
elevation of 516 m asl based on water levels within the overlying stream.  

A specified head boundary condition was also assigned in the Lower Sandstone Aquifer along 
the south edge the model domain to allow groundwater to flow out of the model domain 
toward Russell Lake (Figure 2-9).  For this boundary condition, the hydraulic gradient between 
the Phoenix deposit and Russell Lake was used to linearly estimate an appropriate hydraulic 
head value at the model boundary.  
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 Groundwater Model Calibration 
The purpose of model calibration is to determine a set of parameter and boundary condition 
values such that the groundwater flow model can reproduce field-measured water level 
elevations in wells, and groundwater discharge estimated in surface water features. Numerical 
groundwater flow models are typically calibrated by systematically adjusting the model input 
parameters and boundary conditions to determine the optimum match (within an acceptable 
margin of error) between the model predicted results and field observations. The model’s ability 
to represent observed conditions is assessed qualitatively by comparing to trends in water levels 
and distribution of groundwater discharge and quantitatively through statistical measures of fit 
to field-measured water levels and stream baseflow.   

The model calibration approach included calibration to long term, average annual (i.e., steady 
state) water level elevations collected in monitoring wells and exploration boreholes across the 
model domain. The model was also calibrated to estimated groundwater discharge (i.e., stream 
baseflow) values.   

2.5.1 Calibration Targets 
Calibration targets are measurements of hydraulic heads or flows that are compared to the 
model-predicted values during the model calibration process. The steady-state groundwater 
flow model was calibrated to water level measurements reported in GWR monitoring wells, as 
well as lower-quality water level measurements collected in exploration boreholes. The model 
was also calibrated to a range of streamflow measurements collected for stream reaches within 
the model domain. 

2.5.1.1 Water Level Elevations 
Groundwater level elevations observed in the GWR monitoring wells represent the highest 
quality water level data in the study area and attempts were made to match these water levels 
as closely as possible using the groundwater flow model. The locations of the GWR monitoring 
wells that had available water level data are illustrated as pink circles on Figure 2-10.  Of the 21 
monitoring wells available at the time of model calibration, seven were screened in the 
Overburden and Upper Sandstone Aquifers, six were screened in the Sandstone Aquitard, and 
eight were screened in the Lower Sandstone and Basement Aquitards and the ore zone.   

Observed water levels in 172 exploration boreholes within the model domain were also used as 
lower quality calibration targets as there is much more data and it extends spatially across the 
model domain (Figure 2-10; orange squares). Most of the boreholes do not contain a screened 
interval and are able to exchange water along their entire open length (i.e., from the top of 
bedrock to the basement aquitard); as such observed water levels represent a blended water 
level for the length of open interval. The observed water levels in the exploration boreholes were 
interpreted to be representative of the Lower Sandstone Aquifer as the water levels in these 
wells closely matched observed water level elevations in nearby GWR wells that are screened in 
this aquifer unit.  
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2.5.1.2 Groundwater Discharge Data 
In addition to calibrating against water level elevation data, the model was also calibrated to 
groundwater discharge (i.e., stream baseflow) data. Stream baseflow refers to the slow release of 
water in a watershed. Baseflow calibration targets were developed using spot flow measurement 
data. Spotflow measurements refer to instantaneous measurement of streamflow collected 
during interpreted baseflow conditions.  

2.5.2 Calibration Results 
The following subsections provide an overview of the model calibration results and establish 
that the three-dimensional numerical model designed to assess potential environmental change 
under future scenarios is suitably calibrated.  The calibration achieved is evaluated as follows:  

 Quantitative error, based on the difference between observed and simulated water levels, 
is minimal and there are no spatial trends in this error. 

 Locally within the vicinity of the ore zone, the simulated water levels and hydraulic head 
patterns are close to observed conditions 

 Simulated groundwater discharge rates agree favourably with measured flow differences 
between monitoring stations upstream and downstream of Whitefish Lake. 

2.5.2.1 Water Level Elevations – Quantitative Calibration 
Figures 2-11 and 2-12 illustrate the simulated water level elevations in the Upper Sandstone and 
Lower Sandstone Aquifers, respectively. The calibration residuals in the monitoring wells are 
illustrated on the maps and illustrate the excellent fit between the model-predicted and 
observed water levels.    

The model simulated fit to observed water levels is illustrated in a scatterplot (Figure 2-13), 
which illustrates the level of fit between observed (horizontal axis) and model-simulated (vertical 
axis) water levels. The line of ideal fit, which corresponds to an exact match between observed 
and simulated values, is illustrated as a 45-degree line extending through the origin. A deviation 
of ±2 m is shown on the plots as parallel lines offset from the line of ideal fit, which illustrates 
that most of the simulated water levels are within 2 m of the observed values. Points that lie 
outside may be due to generalization of modelled hydrogeologic parameters or errors 
associated with the field-observed data such as incorrect location coordinates, ground surface 
elevation, or water level readings.  

The scatterplot also illustrates that there is no bias towards over-estimating or under-estimating 
groundwater levels. These trends appear to be consistent throughout the targets with the range 
in scatter being constant across the range of observed water levels. 
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2.5.2.2 Water Level Elevations – Qualitative Calibration 
Figure 2-14 illustrates the match between contoured water level trends within the Lower 
Sandstone Aquifer and those simulated within the groundwater flow model.  As shown, there is 
an excellent match between the contoured water levels and the simulated water levels in the 
immediate vicinity of the observation well locations.  In many cases, throughout the ore zone 
the corresponding simulated and interpolated water level contours are within 50 meters of one 
another.  It is important to note that the simulated water levels are achieved using idealized, 
simplified parameter zones, and as such simulated water levels are generally smoother and 
intended to represent the general patterns of observed conditions.  In this case, the match 
achieved is excellent.   

2.5.2.3 Statistical Measures of Calibration to Water Levels 
Calibration statistics were calculated as a measure of the statistical goodness of fit between the 
model-simulated and observed water level elevations and are outlined in Table 2-6.  

Table 2-6: Water Level Calibration Statistics 
Calibration Statistic All Targets GWR Wells Exploration Boreholes 

Number of Calibration Targets 191 19 172 
Mean Error (m) 0.23 0.28 0.23 
Mean Absolute Error (m) 0.61 0.81 0.59 
Root Mean Squared Error (RMS) 0.81 1.10 0.77 
Normalized RMS (%) 4.1% 5.8% 3.9% 
Range of Observed Water Levels 20.0 20.0 20.0 

 
 Mean Error = 0.23 m for all targets. The mean error is a measure of whether, on average, 

simulated water levels are higher or lower than those observed. Ideally, the Mean Error 
should be as close as possible to zero. This statistic indicates that on average the simulated 
water levels are higher than the observed values by 0.23 m. This represents an excellent 
match to the observed water levels. 

 Root Mean Squared Error = 0.81 m.  The root mean squared error is comparable to a 
standard deviation and provides a measure of the degree of scatter about the 1:1 line. It 
is calculated by averaging the squares of each residual error (i.e., difference between 
simulated and observed) and then taking the square root of that average. It is most 
desirable to have a low RMSE, especially for high-quality data. The model RMSE indicates 
that most predicted water levels in the model domain lie within 0.81 m of the observed 
values.  

 Normalized Root Mean Squared (NRMS) Error is calculated by dividing the Root Mean 
Squared Error by the maximum range in observed water level elevations. This percentage 
value allows the goodness-of-fit in one model to be compared to another model 
regardless of the scale of the model. Typically, a groundwater flow model is considered 
calibrated when the NRMS is less than or equal to 10% (Spitz and Moreno, 1996); however, 
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the NRMS error is dependent on the range of observed water levels. The NRMSE for all 
targets in the current model is 4.1% which is very good, especially considering the total 
range in observed water levels is only 20 m across the model domain.  

The spatial distribution of the residuals (difference between simulated and observed water levels 
at each well) are illustrated on Figure 2-15.  The lack of a trend in residual values (colours) 
reflects that there is no trend in the calibration residuals (i.e., they are randomly distributed).  
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2.5.2.4 Baseflow Calibration Results 
In addition to calibrating to water level elevations targets, the model was calibrated to estimates 
of groundwater discharge to Whitefish Lake. A match between simulated and observed flows 
helps to support that groundwater recharge rates are reasonable, and to provide validation for 
water budget assessments. Baseflow calibration targets were developed using point streamflow 
measurements collected upstream and downstream of Whitefish Lake.  Figure 2-10 shows the 
locations of the baseflow calibration targets, and Table 2-7 illustrates the model-simulated 
groundwater discharge rates in relation to the estimated range of baseflow from stream 
measurements.  The simulated baseflow to Whitefish Lake is in good agreement with the 
estimated representative baseflow. 

Table 2-7: Baseflow Calibration Results 
Surface 
Water 

Stations 

Feature Monitored Range of Observed Baseflow (L/s) Simulated Baseflow 
(l/s) Low  Representative High  

SA-6 to SA-2 Flow from LA-6 to 
Whitefish Lake 

29.3 40 50.6 40.6 

 
2.5.3 Overall Calibration Assessment 
Overall, the calibration assessment indicates that the model is well calibrated, and the model can 
be used as a tool to guide predictions of groundwater flow directions and gradients. The 
differences between observed and simulated water levels at monitoring wells (i.e., residuals) 
were minimized, and there are no spatial trends in residuals that are expected to impact the 
groundwater flow model predictions. The simulated heads at monitoring wells are close to 
observed values, and simulated groundwater discharge rates agree favourably with the available 
baseflow estimates. 

 Enhanced Groundwater Flow Understanding 
2.6.1 3D Groundwater Flow Patterns 
Groundwater flow contours within the Upper and Lower Sandstone Aquifers are presented on 
Figures 2-11 and 2-12.  Regionally, groundwater flow extends from the area near Kratchkowsky 
Lake in the west, where the highest water levels and lake levels are present, to the southeast 
towards McGowan Lake.  This creates a regional groundwater gradient from the northwest to 
the southeast.  Near the Phoenix Deposit, the local hydraulic gradient is from the southwest to 
the northeast.  Within the Upper Sandstone Aquifer, the local hydraulic gradient is influenced by 
the Desilicified Zone and the thick coarse-grained overburden deposits underlying Whitefish 
Lake. Within the Lower Sandstone Aquifer, the hydraulic gradient is influenced by the presence 
of 1) the Desilicified Zone, and 2) an area of higher hydraulic conductivity along the trajectory of 
the WS Shear which is interpreted to have been caused by enhanced fracturing along the fault 
trajectory and thermal alteration.  
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The flow patterns for groundwater discharging to Whitefish Lake are illustrated in plan and 
cross-section view on Figure 2-16, based on backward-tracking particles that were started at 
Whitefish Lake (orange dots) and tracked backward in time toward their source area.  Particle 
traces illustrate that while Whitefish Lake receives groundwater from all directions, most 
groundwater starts in areas west of Whitefish Lake. Review of the cross-section illustrates that 
most of the groundwater flow to Whitefish Lake is sourced from waters flowing through the 
Upper Sandstone Aquifer and Overburden units, with a lesser contribution flowing from the 
Lower Sandstone Aquifer through the Desilicified Zone.  Review of the hydraulic head isolines 
illustrates the lateral hydraulic gradients within the Upper and Lower Sandstone Aquifers, and 
the predominantly vertical gradient through the Intermediate Sandstone Aquitard.  Downward 
gradients from the Upper Sandstone Aquifer are found near the western (i.e., upgradient) edge 
of the Desilicified Zone where flow from the Upper Sandstone Aquifer expands to flow through 
the permeable Desilicified Zone; the gradient transitions to upward beneath Whitefish Lake. 
Similarly, slight upward flow paths from the Lower Sandstone Aquifer are also experienced near 
the western (i.e., upgradient) edge of the Desilicified Zone, where flow through the Lower 
Sandstone Aquifer also extends vertically to flow into the overlying Desilicified Zone (Figure 2-
16). This transitions to dominantly upward hydraulic gradients and groundwater flow 
throughout the eastern (i.e., downgradient) portion of the Desilicified Zone. 

The colours on the particle traces (Figure 2-16) illustrate that groundwater discharging to 
Whitefish Lake through the Upper Sandstone Aquifer requires <50-years of travel time for 
groundwater recharging near the Phoenix site; groundwater recharge west of the Phoenix site 
would require 50 to 500 years (i.e., groundwater discharge to Whitefish Lake is generated from 
precipitation hundreds of years earlier). Groundwater travel time from the Lower Sandstone 
Aquifer through the Desilicified Zone to Whitefish Lake requires 250-400 years of travel time. 
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2.6.2 Evaluation of Potential Receiving Bodies 
Identification of potential receiving bodies involved review of available groundwater level, 
streamflow, and stream or lake level elevation data.  The potential hydraulic gradients and flow 
rates were also evaluated to identify the potential for groundwater to migrate from the ore zone 
to each potential receiving body. The observed (and calibrated) groundwater flow patterns 
identify a primarily west to east groundwater flow direction at the Phoenix deposit, which 
suggests that surface water bodies east of the site are the most likely downgradient receiving 
water bodies. Water bodies located east of the site (Figure 2-8 and 2-9) include Whitefish Lake 
(500 m east), McGowan Lake (2 km southeast) and an un-named lake (LA-2) east of McGowan 
Lake (1.9 km east).  Russell Lake, located 6 km south of the Phoenix deposit, was also considered 
a potential regional discharge location.   

Hydraulic gradients were estimated based on water level differences between the ore zone and 
each potential surface water receptor.  In addition, calculations of potential groundwater flow 
rates to each surface water receptor were evaluated for a range of interpreted hydraulic 
conductivity values.  Hydraulic gradients toward McGowan Lake and Lake LA-2 are 50% larger 
than the gradient toward Whitefish Lake. However, the groundwater flow rate through the 
Desilicified Zone where a relatively high hydraulic conductivity is conservatively interpreted to 
exist, is estimated to be more than ten times greater than other areas where the intermediate 
sandstone aquitard is unaltered. As a result, the groundwater flow rate potential is estimated to 
be highest (i.e., by an order of magnitude or more) toward Whitefish Lake than any other surface 
water body in the area.  Groundwater flow potential toward Russell Lake is the lowest of any 
surface water feature evaluated. Groundwater discharge to Whitefish Lake is also most 
conservative from a predictive perspective as groundwater flow and discharge into other nearby 
surface water bodies such as McGowan or Russell Lakes, would predict lower concentrations due 
to dispersion along those longer flow paths. 

Given this potential flow rate evaluation, Whitefish Lake is considered the most likely receiving 
body of groundwater flowing through and around the Phoenix deposit.  Additionally, as 
Whitefish Lake represents the shortest potential transport distance, evaluation of this lake as the 
receptor-of-interest is conservative. 

Despite the physical evaluation of potential receiving bodies highlighting Whitefish Lake as the 
most likely receiving body, boundary conditions applied in the model (Figures 2-8 and 2-9) were 
designed to permit groundwater to migrate toward, and discharge at, any of the surface lakes 
(including flow south toward Russell Lake).  However, calibration to the horizontal and vertical 
gradients evident at the site, coupled with the interpretation of the Desilicified Zone as a higher 
hydraulic conductivity zone, supports the upward migration of groundwater toward Whitefish 
Lake from the ore zone area. Upward flow from the ore zone toward Whitefish Lake is also 
consistent with geochemical and mineralogical trends. The implication of this interpretation is 
that the primary potential receiving body, for groundwater constituents of potential concern 
associated with the ore body, is Whitefish Lake.   
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2.6.3 Groundwater Flow Quantity 
The calibrated model was utilized to evaluate the regional groundwater budget (Table 2-8). The 
water budget is presented for steady-state, pre-mining conditions, and as such represents what 
is expected to occur within a typical year.   

Groundwater inflow to the model area is dominated by groundwater recharge, which is supplied 
through annual precipitation (i.e., infiltration of rainfall, runoff, and snowmelt). Additional inflow 
is provided via a) recharge from some of the surface ponds within the model footprint (e.g., near 
GWR-025 and west toward the Gryphon deposit), and b) deep regional groundwater flow 
entering the model in the Lower Sandstone Aquifer near Kratchkowsky (north) and Williams 
(west) Lakes. Water supplied through surface ponds is also expected to be derived from rainfall 
runoff and snowmelt.  Deep regional groundwater flow is estimated to be a relatively minor (i.e., 
<1% of total inflow) part of the groundwater flow budget.  Similarly, deep regional outflow 
south toward Russell Lake is also estimated to be minor (i.e., 0.2% of total outflow).   

Groundwater leaving the model is dominantly simulated to exit as groundwater discharge 
(seepage) to surface water bodies. Such groundwater discharge supports stream baseflow in 
otherwise dry conditions.  As noted above, there is a minor component of deep groundwater 
flow out of the model south toward Russell Lake. 

Table 2-8: Regional Water Budget (Average Annual Rates) 

Element Water In 
(m3/d) 

Water Out 
(m3/d) 

Comment 

Groundwater Recharge from 
Precipitation 6,365   Inflow at Ground Surface 

Interaction with Lakes 510 6,903 In/Outflow at Ground Surface 
North Inflow 22   Lateral Inflow to Lower Sandstone Aquifer 

South Outflow   15 Lateral Outflow from Lower Sandstone 
Aquifer toward Russell Lake 

West Inflow 21   Lateral Inflow to Lower Sandstone Aquifer 
Sum 6,918 6,918  

 

The distribution of groundwater discharge to the various lakes is presented in Table 2-9.  Here 
the discharge is presented as a percentage of the groundwater discharging at each lake relative 
to the total flow through the model domain (i.e., 6,918 m3/d).   

Through this analysis, Whitefish Lake is simulated to receive 51% of the groundwater flowing 
through the model domain, with smaller amounts discharging to lakes in the southeast 
(McGowan and LA-2) and southwest (LB-2 and the river between Williams Lake and LB-2), 
respectively.  Kratchkowsky and Williams Lake receive relatively small amounts of the 
groundwater recharged within the model domain; they are expected to dominantly receive 
groundwater discharge from further upgradient areas (i.e., northwest), which are outside of the 
model domain. 
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Table 2-9: Groundwater Discharge to Surface Water Bodies 

Element Water In 
(m3/d) 

Water Out 
(m3/d) 

% of Groundwater Inflow which 
Discharges to Each Surface Feature 

within the Model 
Whitefish Lake   3,517 51% 
McGowan & LA-2   1,938 28% 
Kratchkowsky & Williams Lake   445 6% 
LB-2 & Inflowing River   1,003 14% 
Interior Ponds 510    
Sum 510 6,903  

As indicated through this water budget analysis, most of the groundwater flow through the 
model occurs within the shallow portions of the model domain (i.e., the Overburden and Upper 
Sandstone Aquifer).  Additional sub-domain water budgeting suggests that 99% of the 
groundwater flow occurs through the Upper Sandstone Aquifer and Overburden deposits, 
extending from the groundwater recharge areas to discharge areas at the respective lakes and 
rivers.  Similarly, it is calculated that flow from the Lower Sandstone Aquifer migrating up 
through the Desilicified Zone, accounts for < 1% of the groundwater discharge to Whitefish 
Lake.  This suggests that any deep groundwater discharge from the vicinity of the ore zone will 
be a small proportion of the groundwater discharging into Whitefish Lake. 

2.6.4 Water Budget for Whitefish Lake 
As noted above in section 2.6.3, it is estimated that 99% of the groundwater discharge to 
Whitefish Lake is derived from groundwater that has only flowed through shallow deposits (i.e., 
Overburden and Upper Sandstone Aquifers).  Contribution of deep groundwater flow through 
the Desilicified Zone within the Intermediate Sandstone Aquitard is estimated to be < 1% of the 
groundwater discharging to Whitefish Lake.   

Groundwater discharge to Whitefish Lake is estimated to be 40 L/s (3,456 m3/d or 0.04 m3/s), 
which is a small component (~ 3%) of the average surface flow through the lake (average of 1.4 
m3/s).  The component of groundwater discharge emanating from the Lower Sandstone Aquifer 
is 1% of the total groundwater discharge, or 0.03% of the total flow through Whitefish Lake.  At 
low flow conditions (i.e., 7Q10), the estimated flow through Whitefish Lake is 0.81 m3/s, 
indicating that the portion of deep groundwater discharge could reach a maximum level of 
0.05% of the flow through Whitefish Lake. 

 Groundwater Conditions During Mine Operations 
2.7.1 Groundwater Demand 
Mining operations will include the use of groundwater for several purposes, including supply 
make-up water to the ISR plant, support freeze wall development, wash bay requirements, and 
drilling activities (pre-development). Pumping demand was estimated and provided by Denison 
as follows: 
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a) 20 m3/hr (5.6 L/s) during mine construction (Years 1-3) to support drilling activities and 
development of the freeze wall, 

b) 31.3 m3/hr (8.7 L/s) during mine operation (Years 3-18), and 

c) 35.5 m3/hr (9.9 L/s) during mine decommissioning (18-23 years). 

Groundwater pumping was simulated in the model to be derived from three pumping wells 
located outside the ore zone and proximal to the mine operations. The wells were simulated to 
pump water from the Upper Sandstone Aquifer.   

2.7.2 Groundwater Recharge 
In addition to this water demand, groundwater recharge is also anticipated to be reduced 
(estimated at 50%) within the freeze wall area during the mine construction and ISR phases and 
enhanced within the borrow pit area (20%).  In addition, groundwater inflow from the septic 
effluent pond is estimated at 2.5 m3/hr (0.7 L/s) during all mine construction, operation, and 
decommissioning phases. The reduced hydraulic conductivity associated with the vertical freeze 
walls was also incorporated within the model simulations. 

Both the pumping demand and the recharge changes were incorporated into a transient 
simulation performed using the calibrated groundwater flow model.  The model simulation was 
started at the beginning of mine construction, with initial conditions taken from the calibrated 
model. The simulation period was extended for 40 years to include the entire period of 
construction, operation, and decommissioning, and extending through 17 years post-
decommissioning.  

2.7.3 Hydrogeological Change Due to Mine Operations 
Figure 2-17 illustrates the predicted change in water levels due to planned pumping at the mine 
relative to current conditions, as simulated in the base case model.  The expected drawdown 
ranges from a high of 9 m at Well B to a low of 2.4 m at Well C; predicted drawdown is 
proportional to the estimated hydraulic conductivity value applied in the model at the pumping 
well locations. 

Figure 2-18 illustrates the predicted changes that will occur within Whitefish Lake during mine 
construction, operation, and decommissioning periods. Groundwater discharge to Whitefish 
Lake is predicted to be reduced by as much as 25% (from 41 to 31 L/s), with a 10% reduction 
lasting from the start of operation to 1-year into the post-decommissioning period.  The 
reduction in groundwater discharge is interpreted to be due to the Mine groundwater demand 
(Section 2.7.1) from the Upper Sandstone Aquifer.  

The simulated decommissioning phase ends at year 23 on the graph (Figure 2-18), and full 
recovery of groundwater discharge is asymptotically approached and achieved by year 34 (i.e., 
9-years later); 90% recovery is achieved within 4 years (by the end of year 26). However, because 
groundwater discharge to Whitefish Lake is a small component of the flow through the Lake (i.e., 
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average flow estimated as 1.41 m3/s or 1,410 L/s), the change in water quantity conditions within 
Whitefish Lake are predicted to be negligible and too small to measure (Figure 2-18; blue line). 

Consequently, the water quantity impact on Whitefish Lake is expected to be of low magnitude, 
and for a moderate length of time.  This outcome is considered likely as the onsite water use is 
small relatively to the surface flow through the Lake which has been measured over several years 
of streamflow monitoring (2011 to 2019).  
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 Parameter Uncertainty Assessment 
Beyond the manual model calibration to groundwater flow conditions (Section 2.5), parameter 
estimation tools were employed to determine parameter combinations that yield an equivalent 
match to observed conditions.  Such alternative, calibrated parameter sets are used to evaluate 
prediction uncertainty in subsequent simulations of post-decommissioning fate and transport. 

2.8.1 Parameter Uncertainty within the 3D Model 
All numerical models are approximations of the real-world environment and generalizations are 
necessary to take a complex hydrogeologic system and bring it into the numerical model.  

The hydrostratigraphic characterization was conducted using all available data; however, 
additional heterogeneities within the aquifer and aquitard units may be present between or 
beyond available borehole data. The degree of scatter regarding the model calibration achieved 
is small (i.e., residuals are generally smaller than 0.81m) however, the impact of such variability 
should be tested within prediction simulations.  

Hydraulic conductivity values applied in the model were guided by aquifer test results which 
provided local estimates of parameters within the ore zone and Lower Sandstone Aquifers. 
Some hydraulic test data also exists beyond the ore zone.  This data was used to assign 
parameter values throughout the model domain.   

Recognizing these data and parameterization limitations, evaluation of alternative, calibrated 
parameter sets is important to understand the potential uncertainty regarding predictions of 
post-decommissioning scenarios. 

2.8.2 Focus of Parameter Uncertainty Assessment 
As described in Section 2.6.1, the primary flow pattern of interest is from the ore zone toward 
Whitefish Lake. This flow path presents the most conservative potential pathway for 
contaminants at depth to reach a sensitive environmental receptor.  Recognizing this, the 
uncertainty regarding parameters along this flow path were the focus of the uncertainty analysis 
performed.  Such parameter zones (i.e., groups of finite elements) included the following (Figure 
2-19): 

1) Lower Sandstone Aquifer immediately overlying the ore zone (subdivided into 3 zones); 

2) Lower Sandstone Aquifer downgradient of the ore zone, extending northeast toward the 
area beneath Whitefish Lake, which is interpreted to contain desilicified sands; 

3) Desilicified Zone extending through the Intermediate Sandstone Aquitard that overlies 
the ore zone; 

4) Upper Sandstone Aquifer overlying the Desilicified Zone; and 

5) Overburden Aquifer underlying Whitefish Lake. 
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Each of the above zones lies along the predicted flow path between the ore zone and Whitefish 
Lake, and as such is important to defining the predicted fate and transport of contaminants 
along this flow path. 

Parameter values for each of these zones were allowed to vary independently within a specified 
range to find combinations of parameter values that met statistical calibration criteria.  By 
varying combinations of parameter values, increases in one parameter value were often offset by 
lowering other parameter values to maintain calibration.  In this manner, 50 models (i.e., 
realizations) were generated that incorporate a range of parameter combinations that are 
consistent with the conceptual hydrogeologic model and available water level calibration data. 

2.8.3 Parameter Uncertainty Assessment Approach and Results 
To complete the parameter uncertainty assessment, a Parameter ESTimation utility, PEST++ IES 
(Doherty, 2015 and 2018; White, 2018 and 2020) was applied. PEST is a platform-independent 
utility that contains a suite of programs to support model parameter optimization and 
prediction uncertainty analysis. PEST embraces the fact that model calibration is non-unique and 
that a range of parameter combinations should be evaluated to understand potential 
environmental predictions. 

The version of PEST++ employed used the Iterative Ensemble Smoother (IES) technique 
developed by White (2018) to produce a series of model parameter realizations, which each 
have different parameter values that produce a model that is as well calibrated as the original 
base case model. The group of model parameter realizations (i.e., model ensemble) are 
considered a representative sample of possible parameter sets, and the model predictions 
conducted using this ensemble can be considered a representative sample of possible 
predictions.  The ensemble is created by randomizing the parameter values of the model within 
the probability distribution of parameter values. The group of model realizations are then 
calibrated using a sophisticated algorithm (modified Gauss-Levenberg-Marquardt algorithm) to 
produce a suite of realizations that all meet calibration target values (i.e., objective function). 

Using this approach, fifty (50) calibrated realizations were generated for the Denison 
groundwater flow model.  The range of hydraulic conductivity values applied for each parameter 
zone (Figure 2-20) indicates the potential variability of each parameter value that can be applied 
to maintain an equivalent degree of calibration to observed water levels.  There is a relatively 
small range of acceptable parameter values along the primary flow path between the ore zone 
and Whitefish Lake (i.e., LSS_AqF_OZ_P1_4, Int_AqT_Altered, UpperSS_AqF_ Alt, and 
OVB_HighK_ThickBowl in Figure 2-20).  This indicates that the available water level calibration 
data is sufficient to constrain the values of these parameters. The hydraulic conductivity of the 
zone overlying Phase 5 of the proposed Phoenix mine was found to have the highest range of 
potential hydraulic conductivity values as there is less calibration data available to constrain that 
hydraulic conductivity. 

Three (3) of the fifty (50) calibrated realizations were selected to represent the parameter value 
combinations (Figure 2-21) that would result in faster groundwater flow, and thus greater 
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transport of dissolved concentrations between the ore zone and Whitefish Lake. These 
realizations included: 

a) Realization 3: higher hydraulic conductivity for the Lower Sandstone Aquifer (ore zone 
Phases 1-4, 5, and 6) as well as in the altered Desilicified Zone) within the Intermediate 
Sandstone Aquitard. 

b) Realization 7: highest hydraulic conductivity for the combination of the Lower Sandstone 
Aquifer (ore zone Phase 5) and the Desilicified Zone within the Intermediate Sandstone 
Aquitard. 

c) Realization 27: highest hydraulic conductivity for the Lower Sandstone Aquifer (ore zone 
Phase 5). 

The statistical calibration (i.e., objective function value, phi; red asterisk in Figure 2-21) is similar 
for each realization, such that all realizations are considered well calibrated, and the model 
predictions are equally likely as the base case groundwater flow model.  

The reactive transport simulations performed using these alternative parameter realizations are 
described within Section 4.6. 
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 Geochemical Reactions and Modelling 
Together with understanding groundwater flow conditions, a robust characterization of 
subsurface geochemistry is the foundation for evaluating how the concentrations of chemical 
constituents in groundwater, and in the receiving surface water environment, may be affected by 
the Project. The subsurface geochemical conditions include the form and 
abundance/concentration of chemical constituents in the solid phase (the rock or sediment 
matrix), entrained particles (colloids or larger), and dissolved in groundwater. While constituents 
in groundwater can chemically interact with the solids along the groundwater pathway, only the 
dissolved constituents can migrate with the groundwater. 

 Important Concepts in Subsurface Assessment for ISR Projects 
There are two aspects of primary importance for hydrogeological and geochemical assessments 
in support of ISR Projects. These are groundwater restoration or remediation post 
decommissioning and the assimilative capacity, including geochemical interactions in the 
groundwater system downflow from the mined ore zones.   

3.1.1 Groundwater Remediation 
During mining, mineralogical and hydrochemical conditions within the ore zone are altered, with 
the introduction of highly oxidizing solutions and the solubilization of uraninite and other ore 
minerals. When the mining of the ore zone is complete, remediation/restoration of groundwater 
quality within the ore zone begins. The objective of groundwater remediation is to achieve water 
quality within the leached mine chamber/area that does not pose a risk to receptors at a point 
of exposure.  
 
The restoration phase of ISR projects globally have generally involved one or more 
approaches/phases, which are discussed in Davis and Curtis, 2007 (NUREG/CR-6870). 
 

a) Groundwater Sweep: after injection of mining fluids is stopped, water continues to be 
pumped from the ore zone through both production and injection wells. This results in 
native groundwater being drawn into the ISR mining area to replace the solution being 
pumped out, and thus, flushing the remnant mining solution from the ore zone. 
 

b) Groundwater Recirculation with or without amendment(s): after mining stops, 
groundwater is recirculated through the ore zone, with above-ground treatment of 
COPCs, as required. Amendments can be added to the recirculation stream to re-
establish specific, designed geochemical conditions within the leaching zone. Examples 
of amending chemicals may be pH-neutralizing or buffering agents (alkaline solutions) or 
oxygen scavenger solutions, to establish reducing conditions.  

Restoration is complete when remediation goals are achieved. For the Project, remediation will 
continue until groundwater quality in the mining area, which is defined spatially in Section 4.1 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Geochemical Reactions and Modelling 

 
 

Ref. 19-2649
17 OCTOBER 20223.2 

and shown in Figure 4-1, meets acceptable levels. These acceptable levels are considered to be 
the ‘Decommissioning objectives’ (the EIS, Section 2) 

3.1.2 Assimilative Capacity 
The assimilative capacity of the subsurface system downgradient of an ISR project is important 
to understand when developing restoration goals for groundwater quality after remediation. 
Natural geological/groundwater systems are characterized by a range in ability to sequester –
and naturally attenuate uranium and other COPCs. Processes that contribute to this 
sequestration and natural attenuation are discussed in more detail in the sections below, but 
include advection, dispersion, matrix diffusion and chemical reactions of the constituents with 
other constituents in groundwater and with the solid phase (the rock and soil matrix).  These 
natural processes that, on a spatio and temporal basis, act to (physically) spread the mass of 
constituents and transfer dissolved mass to the solids. The result is a permanent or temporary 
removal of dissolved constituents from groundwater and overall reductions in dissolved 
groundwater concentrations with increasing distance from the source location. Along with active 
remediation of groundwater, as described in Section 3.1.1, the assimilative capacity of the 
system acts to attenuate (i.e., reduce) concentrations of mining-associated constituents, with the 
potential to reduce concentrations to levels that do not pose a risk in the receiving environment.  
In general, the natural system surrounding the Phoenix deposit has been shown, based on 
baseline water quality, and is predicted to have high assimilative capacity into the future. 

Conservative constituents in groundwater are those that undergo no or limited chemical 
reactions and whose velocity in the system reflects advection and dispersion only. Dissolved 
chloride is a good example of a constituent with conservative behaviour and, along with other 
conservative constituents, can be used better understand the groundwater flow system. Other 
constituents, such as uranium, can undergo chemical reactions such that that transport of 
uranium in the subsurface away from a source can be limited.   

3.1.3 Geochemical Assessment Framework 
The geochemical assessment is presented as follows:  

 characterization of the mineral composition of the geologic materials in the groundwater 
flow system (Section 3.2.1);  

 characterization of groundwater (hydro)chemistry within and surrounding the mineralized 
zone under pre-mining conditions (Section 3.2.2). Engineering design and mitigation 
measures (i.e., the freeze wall) will maintain groundwater quality outside of the mining 
zone at baseline conditions; 

 identification of constituents of potential concern (COPCs) and ranges of concentrations 
associated with the remediated groundwater after mining (Section 3.3); and  
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 a conceptualization of the chemical reactions and physical processes that will occur and 
may affect the COPC concentrations in the remediated groundwater during migration 
along the groundwater flow pathways post-decommissioning (Section 3.4).  

All of the above are the foundation for geochemical modelling that simulates COPC migration 
and identifies key chemical reactions (Section 3.5) that were included in the 3D geochemical 
reactive modelling (Section 4.0).  

 Pre-Mining Existing Conditions 
3.2.1 Mineralogical Composition 
Understanding the mineralogical composition of the geologic materials, including overburden 
and bedrock units in the LSA is important for understanding existing groundwater chemistry, 
and for conceptualizing the fate and transport of chemicals in groundwater post-
decommissioning. The mineralogical compositions, including the chemical formulae for 
minerals, of the major lithologic units for the Project are summarized in Table 3-1. The 
mineralogical and groundwater quality discussion in this section and the next, respectively, do 
not address the competent basement aquitard. The influence of this unit on groundwater flow 
conditions and quality is considered very limited due to the low permeability and storage 
(Section 2.3.2), and any influence is accounted for in the description and discussion of conditions 
in the paleoweathered zone. 

The mineralogical compositions presented in Table 3-1 summarizes the extensive data set 
collected by Denison from core at the site using a number of analytical techniques: elemental 
analysis, infrared mineral analysis (i.e., PIMA), electron microscopy (i.e. QEMSCAN) and 
petrography. Composite samples were collected from core material every 5-20 m through the 
Athabasca Group Sandstones and discrete samples collected every 0.5 m within and proximal to 
the ore zone. Clay mineralogy was determined from the bulk geochemical composition of the 
samples (elemental analysis) using a normative clay calculation, as described in the Baseline 
Report. Mineralogy was further evaluated in a subset of location and depth intervals by infrared 
mineral analysis (i.e., PIMA) and/or petrography.  

The mineralogy of each unit is broken down into major – representing ≥ 2% w/w components – 
and minor components. Minor components represent < 2% (w/w), but also classified with 
“minor” components are those that were identified by petrography, and those with a small 
number of samples results resulting in greater uncertainty about their relative proportions. The 
ore zone has complex mineralogy, including sulfide, oxide, carbonate, clay minerals and quartz. 
The upper and lower clay units, and the paleoweathered zone are dominated by clay minerals 
and quartz. The Athabasca Group sandstones are dominated by quartz (greater than 90%), with 
smaller proportions of iron and clay minerals. The mineralogy of the overburden has not been 
evaluated in detail and is not presented in Table 3-1. Grain size analysis on several overburden 
samples collected as part of a drilling program at the site in 2020 indicate that clay minerals 
make up from 1-9% by weight.  
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Clay, iron mineral, and CaO (as a proxy for calcite, CaCO3) content of the Athabasca Group 
sandstones and paleoweathered zone are shown in Table 3-2. The lithologic units of the 
Athabasca Group sandstones are shown (i.e., MFa, MFb, MFc, and MFd), but results have also 
been tabulated for the Desilicified zone in the inferred downgradient direction from the mining 
area. The borehole locations included in the downgradient Desilicified zone are shown in Figure 
3-1. The Desilicified zone was included as a hydrogeologic unit to reflect groundwater flow 
conditions, through the Desilicified Zone, to the receiving environment.  

The calcite content of all the lithologic units is low (generally <0.2% CaO). The content of iron 
(as Fe2O3) varies by lithologic unit, and median values are in the range of 0.1-1%, except for the 
paleoweathered zone, where the median hematite (Fe2O3) content is approximately 2%. The clay 
content, reflecting the normative clay calculated from elemental concentrations, also varies by 
lithologic unit, with median concentrations ranging from approximately 2-6% in the Athabasca 
Group sandstones and approximately 50% in the paleoweathered zone. Within the Athabasca 
Group sandstones, the MFb is the richest in clay minerals. The distribution of total clay into 
mineral phase indicates that illite dominates the clay mineral content in the Athabasca Group 
sandstones and, while illite is still present, chlorite dominates the clay mineral content in the 
paleoweathered zone.    
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Table 3-1: Mineralogy by Unit 
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Table 3-2: CaO, Fe Oxide and Clay Content of the Athabasca Group sandstones and 
Paleoweathered Zone 

 
 
3.2.2 Hydrochemistry 
Groundwater monitoring for the projects has occurred in a network of 21 discrete interval 
groundwater monitoring wells. The monitoring wells and the lithostratigraphy and 
hydrostratigraphic unit in which they are installed is summarized in Table 3-3. Groundwater 
quality collected to date in each well is provided in Appendix D. 
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Table 3-3: Existing Groundwater Monitoring Network for the Wheeler River Project 
Well Name Lithologic Unit Hydrostratigraphic Unit 

GWR-003 Overburden Overburden Aquifer 
GWR-005 Overburden Overburden Aquifer 
GWR-006 Overburden Overburden Aquifer 
GWR-008 MFa Lower Sandstone Aquifer/Desilicified Zone 
GWR-009 MFb Intermediate Sandstone Aquitard/ Desilicified Zone 
GWR-011 MFa Lower Sandstone Aquifer/ Desilicified Zone 
GWR-012 MFa Lower Sandstone Aquifer/ Desilicified Zone 
GWR-013 MFb Intermediate Sandstone Aquitard/ Desilicified Zone 
GWR-014 MFc Intermediate Sandstone Aquitard/ Desilicified Zone 
GWR-025 MFa Lower Sandstone Aquifer 
GWR-029 MFa Lower Sandstone Aquifer 
GWR-031 Ore and Barrier Zones Paleoweathered Zone 
GWR-032 MFa, Ore Zone, Barrier 

Zones, Basement Aquifer Ore Zone 
GWR-033 MFa Lower Sandstone Aquifer 
GWR-034 MFb Intermediate Sandstone Aquitard 
GWR-035 Overburden/MFd Upper Sandstone Aquifer 
GWR-036 Overburden Overburden Aquifer 
GWR-037 MFd Upper Sandstone Aquifer/ Desilicified Zone 
GWR-046 MFc Intermediate Sandstone Aquitard 
GWR-047 MFb Lower Sandstone Aquifer/ Desilicified Zone 
GWR-048 MFa Lower Sandstone Aquifer 

 
The GWR-series wells were installed in all lateral directions around the ore zone. The well 
network is shown in Figure 3-2. For the most part, the wells occur in clusters of three, with 
installations targeting the a) the Overburden and Upper Sandstone Aquifers (overburden, MFd, 
and upper MFc); b) the Intermediate Sandstone Aquitard (lower MFc and upper MFb), and c) the 
Lower Sandstone Aquifer (Lower MFb and MFa). Overlying the Phoenix deposit there are also 
five discrete interval monitoring wells that were sampled as part of the baseline program. These 
wells are GWR-011 (MFa) and GWR-013 (MFb), GWR-046 (MFc), GWR-047 (MFb), and GWR-048 
(MFa). Groundwater quality within the mineralized zone is sampled in well GWR-032. The 
screened interval for GWR-031 straddles the paleoweathered zone, ore zone and the Basement 
Aquitards. 
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To evaluate the groundwater chemistry at the site, basic statistics were prepared and 
groundwater hydrochemical types were presented in the Baseline Report. Characterization of 
geochemical conditions in groundwater in the hydrostratigraphic units was further evaluated 
herein in support of geochemical modelling by examining pH and redox-dependent speciation 
of major constituents, using Pourbaix (pH-pe) diagrams.  

Generally, groundwater associated with the Athabasca Sandstone Group and overburden is of 
circumneutral pH, with total dissolved solids (TDS) typically less than 250 mg/L, and alkalinity 
concentrations in the rang of 10 to126 mg/L (Appendix D). Groundwater in the ore zone is 
circumneutral, with TDS values greater than 500 mg/L and with, higher concentrations of 
radionuclides and some metals/trace elements than are measured in hydrostratigraphic units 
within the Athabasca Group sandstones and overburden.  

Summary statistics, including maximum, minimum and median concentrations in groundwater 
by hydrostratigraphic unit are provided as Table 3-4. In addition to the groundwater results, 
analytical results for surface water samples collected as part of the Wheeler River Project: 
Baseline Aquatic Environment Study (EcoMetrix, 2020) are also included, so that the quality of 
groundwater can be compared to that in surface water in the region surrounding the Phoenix 
deposit. 
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Table 3-4: Summary Statistics, Groundwater and Surface Water Quality, Wheeler River Project 
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Table 3-4: Summary Statistics, Groundwater and Surface Water Quality, Wheeler River Project (continued) 
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Examining the median values, three constituent “groups” emerged.  These groupings are color 
coded in Table 3-4.  

Group 1: This group, highlighted in pale green highlighting in Table 3-4, includes constituents 
for which concentrations in groundwater in all the hydrostratigraphic units and surface water did 
not vary significantly. This group generally included constituents present in low concentrations, 
often at or below analytical detection limits, and were not discussed further when interpreting 
baseline groundwater quality conditions for the Project in the Baseline Report. 

Group 2: This group, highlighted by pale yellow shading in Table 3-4 includes general 
groundwater quality indicators, and select trace elements. Concentrations of this group of 
constituents informs the conceptualization of the groundwater flow systems at the Site.  

Group 3: This group, highlighted in blue in Table 3-4, primarily includes radionuclides, but also 
some trace elements (Cr, V, and Zn). Median concentrations/activities of Group 3 constituents in 
the ore zone groundwater samples are generally more than two orders of magnitude higher 
than those in the Athabasca Group sandstone and overburden hydrostratigraphic units. Elevated 
levels of these constituents are, like those of radionuclides, attributed to the mineralogy and 
geochemical conditions within the ore zone.  

Median concentrations/activities of Group 3 constituents in the ore zone groundwater samples 
are generally more than two orders of magnitude higher than those in the Athabasca Sandstone 
Group and overburden hydrostratigraphic units. The apparent attenuation of dissolved-phase 
constituents associated with the ore zone groundwater reflects the existing assimilative capacity 
and aquitard nature of the barrier zone, containing clay and sulphide minerals that cement the 
rock particles and which overlies and underlies the ore body. The resulting low flux of water and 
chemical constituents in groundwater from the ore zone to Semi-Regional and Shallow Flow 
systems, and ultimately to surface water is controlled by the clay barrier zone.  

3.2.2.1 Hydrochemical type, pH and Redox conditions 
The hydrochemical type for the groundwaters in the groundwater system are shown in Figure 3-
3, and are interpreted to indicate: 

1) Groundwaters in the Upper Sandstone Aquifer and overburden materials are of Ca-Na-
HCO3 or Na-Ca-HCO3 type, and also contain Mg, K and sulphate. The groundwater 
chemistry reflects relatively fresh recharge water that becomes mineralized through the 
dissolution of quartz, feldspars, kaolinite and illite (AECL, 1994). Groundwater in the 
Intermediate Sandstone Aquifer and parts of the Lower Sandstone Aquifer also show 
these dominant hydrochemical types, reflecting the relatively uniform mineralogical 
composition in the MFa, MFb, MFc, MFd Formations. The low mineralization 
groundwater in the Lower Sandstone Aquifer is interpreted to be a result of fracture/fault 
conditions, such that some areas of the MFa are characterized by younger/recharge 
groundwaters.  



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Geochemical Reactions and Modelling 

 
 

Ref. 19-2649
17 OCTOBER 20223.14 

2) There is a shift to higher mineralization and to a hydrochemical type more dominated by 
chloride (i.e., fall within the Ca/Mg-SO4-Cl quadrant of the Piper Diagram in Figure 3-3), 
areas of the Lower Sandstone aquifer, cross-gradient and downgradient of the uranium 
deposit. The higher chloride content occurs where the MFa has been interpreted to have 
been affected by hydrothermal alteration/desilicification. In this zone, prior work at Cigar 
Lake has attributed higher salinity groundwater in the MFa to the presence of remnant 
halides associated with the hydrothermal alteration (AECL, 1994). 

3) Groundwater in the paleoweathered zone and ore zone also have higher chloride and 
sulphate concentrations relative to the fresher water in the Athabasca Group sandstone 
units. This is interpreted as reflecting the different mineralogy in these zones, and the 
longer residence times and lower volumetric flow rates through these zones in 
comparison to the Athabasca Group sandstones.  

Redox Conditions: Iron is a major constituent of the groundwater in the system, with 
concentrations reaching greater than10 mg/L in some of the monitoring wells. Dissolved Fe 
concentrations greater than 1 mg/L suggest that ferrous ion (Fe2+) is present, and that the 
groundwater is anoxic or devoid of oxygen. Groundwater is anoxic and mildly reducing across 
the majority of the system, with moderately to strongly reducing conditions observed only in the 
ore zone; methanogenic bacteria were noted in the Cigar Lake study only in the ore zone (AECL, 
1994). Measured oxidation-reduction potential (ORP) measurements are generally a qualitative 
indicator of redox conditions in groundwater and have been collected for a subset of 
groundwater samples for the project. ORP measurements collected in groundwater from the ore 
zone (data collected during preparations for a tracer test, Petrotek, 2021) are approximately         
-265 mV (Eh = -65 mV, pe = -1.3 at 7⁰C, as shown in Table 3-5) 

ORP measurements were collected in wells GWR-046 (MFc, Intermediate Sandstone Aquifer), 
GWR-047 (MFb, Intermediate Sandstone Aquifer, Desilicified) and GWR-048 (MFa, Lower 
Sandstone Aquifer) in the Fall 2021 sampling event. Groundwater quality in those wells, as 
plotted on Pourbaix (Eh-pH) Diagrams (Figure 3-4), show that dissolved-phase Fe concentrations 
are primarily controlled in the Athabasca Group sandstone units by the solubility of iron 
oxyhydroxides such as goethite (FeO2H) and, potentially siderite (FeCO3) and that ferrous iron 
(Fe2+) is the stable form of iron in groundwater.  
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Dissolved-phase uranium concentrations are considered likely to reflect equilibrium with a 
number of uranium solid-phase associations, discussed in more detail in Section 3.5.6.2.1, but 
increasingly by uraninite, representing reduced uranium (U(IV)) minerals, with depth. Monitoring 
wells GWR-047 and GWR-048 are installed deeper in the subsurface than is GWR-046 and these 
two samples plot on/within the uraninite stability field in the Pourbaix diagram.  

The data support the interpretation that redox conditions in the Athabasca Group sandstones 
are lacking oxygen that, if present, would be represented by the top slanted line bordering the 
Goethite zone in the Eh-pH diagram, and not so reducing that methane (CH4) is being produced 
as would be indicated by values in the lower regions of the pyrite or uraninite zones.  This would 
suggest that the lower end of the redox zones are likely controlled by the reducing power of the 
sulphide mineral, pyrite and/or the reduced uranium mineral, uraninite. 

 Source Condition: Remediated Mining Area Water Quality 
Metallurgical testing on the ore, including column tests, and core flooding tests, undertaken at 
the Saskatchewan Research Council, were completed to understand the anticipated evolution of 
groundwater hydrochemistry as the groundwater quality in the mineralized zone is remediated. 
The constituents with concentrations that were outside of the range of values observed for 
baseline conditions in the leachate during metallurgical testing reflect the mineralogy of the ore 
zone (Table 3-1) and the mining fluids. The mining fluids are made up of sulfuric acid, ferric iron 
(Fe3+) sulphate and hydrogen peroxide (the EIS, Section 2). Groundwater constituents identified 
as COPCs and carried forward for geochemical reactive transport modelling include: pH, 
sulphate, and dissolved Al, As, Cd, Co, Cu, Cr, Fe, Pb, Mo, Ni, Se, V, Zn and U and other 
radionuclides (discussed further in Section 3.5.6). 

The chemical characteristics of the remediated groundwater used to conceptualize remediated 
groundwater quality for input into the reactive transport model were primarily from two 
coreflood tests: Coreflood#2B and Coreflood#3C. In the coreflood tests, core flushing was 
completed using groundwater and groundwater amended with sodium hydroxide (1.5 g/L; 
Coreflood #2B) or sodium bicarbonate (150-1500 mg/L NaHCO3; Coreflood #3C).  The coreflood 
tests simulated, in the lab, the rinsing of the ore zone that can be achieved in the field at the end 
of the mining operation. 

“Restoration Solution #1” and “Restoration Solution #2” were developed to represent the 
bounding scenarios for groundwater quality evaluated in the reactive transport model, to assess 
the potential for environmental effects following remediation of the ore zone. The 
hydrochemistry of Restoration Solutions #1 and #2 are shown in the Table 3-5.  Also, in Table 3-
5 are groundwaters representative of baseline conditions in the hydrostratigraphic units in the 
LSA that are used as initial conditions in the numerical modelling. These are discussed in more 
detail in Section 3.5.4. Restoration Solutions #1 and #2 generally are characterized by COPC 
concentrations outside of baseline conditions (i.e., uranium, radionuclide and metals/trace 
element concentrations are higher, and pH is lower) in the ore zone and in the overlying 
hydrostratigraphic units.   
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With the Wheeler River project, as with other ISR projects, it is anticipated that there will be a 
certain degree of outward migration (horizontal and vertical) of the oxidizing solution beyond 
the boundary of the operational well pattern/production area during the mining operation. This 
outward migration is a result of normal hydrodynamic behaviour, and the area affected outside 
of the well pattern is often referred to as the area affected by “flare” (IAEA, 2001). For the 
Wheeler River project, Denison has committed to containing flare through optimization of the 
well pattern and operational conditions and to limit the flare to 50 m vertically above the ore 
zone, through additional engineering means, as necessary. Laterally, any outward migration will 
be mitigated by the freeze wall.  

Inclusion of flare in predictive numerical modelling has precedence in ISR projects, related both 
to ISR performance (e.g., Cameco, 2012) and fate and transport modelling downgradient of the 
ore zone (e.g., Johnson et al., 2016). For the numerical modelling of the mining area, herein, the 
flare was assumed to have a groundwater composition represented by 50% solution of the 
associated active mining area restored solution, diluted using typical groundwater chemistry 
from the Desilicified zone (Table 3-5). The resulting groundwater quality for the 50% solutions is 
summarized in Table 3-5. The assumptions made in the numerical model with respect to the 
groundwater quality at Decommissioning are described in more detail in Section 4.1. 
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Table 3-5: Restored Solutions and Representative Groundwater Composition by Hydrostratigraphic Unit 

 
 

Parameter/ 
Groundwater or 

Restored Solution
Unit Ore Zone 

(GWR-032)
PWZ (GWR-031 
and Cigar Lake)

Lower Sandstone 
Aquifer and 

Decilisified Zone 
(GWR-011)

Intermediate 
Sandstone 

Aquitard (GWR-
046)

Overburden and 
Upper Sandstone 

Aquifer (GWR-036, 
Primarily)

Restored 
Solution #1

50% Restored 
Solution #1

Restored 
Solution #2

50% Restored 
Solution #2

pH unit 6.83 6.7 6.46 7.053 6.45 4.3 5.1 6.1 6.3
pe unitless ‐1.3 1.9 2.3 4.5 1.2 10  (set) 7 7.8  (set) 4
temp ⁰C 7 7 7 7 7 7 7 7 7
Al mg/L 6.00E‐04 3.40E‐02 5.20E‐02 8.00E‐01 3.70E-02 7.00E+00 3.53E+00 5.60E-01 3.06E-01
As mg/L 2.00E‐04 5.00E‐02 1.30E‐03 4.75E‐06 3.00E-04 6.00E-02 3.07E-02 1.00E-01 5.07E-02
Ba mg/L 6.30E‐02 3.60E‐02 5.40E‐02 2.41E‐01 5.70E-03 5.00E-02 5.20E-02 5.00E-02 5.20E-02
C(4) mg/L 1.76E+02 1.54E+02 8.66E+01 1.01E+02 3.39E+01 5.80E+01 7.23E+01 1.05E+02 9.58E+01
Ca mg/L 5.50E+01 6.76E+00 9.78E+00 1.07E+01 2.70E+00 1.10E+02 6.00E+01 1.00E+01 9.89E+00
Cd mg/L 1.00E‐05 1.00E‐05 1.00E‐05 3.36E‐05 1.00E-05 1.50E-02 7.52E-03 4.00E-03 2.01E-03
Cl mg/L 1.90E+02 8.65E+01 7.20E+00 8.63E+00 6.86E+00 2.00E+02 1.04E+02 5.00E+01 2.86E+01
Co mg/L 1.00E‐04 1.00E‐02 1.00E‐04 5.84E‐03 4.00E-04 2.00E+00 1.00E+00 1.00E-02 5.05E-03
Cr mg/L 5.00E‐04 4.50E‐03 5.00E‐04 1.69E‐03 5.00E-04 5.00E-02 2.53E-02 5.00E-02 2.53E-02
Cu mg/L 2.00E‐04 5.00E‐03 1.80E‐03 6.29E‐03 6.00E-04 1.70E-01 8.60E-02 2.00E-02 1.09E-02
F mg/L 2.30E-01 5.30E-01 1.80E‐01 5.90E-02 6.00E-02 9.00E-02 8.00E-01 4.90E-01
Fe mg/L 4.20E+00 4.90E‐01 8.60E‐01 6.03E+00 4.05E-01 1.00E+02 5.05E+01 4.70E+00 2.78E+00
K mg/L 4.60E+00 5.60E+00 2.00E+00 6.77E+00 2.80E+00 9.00E+00 5.51E+00 3.50E+00 2.75E+00
Mg mg/L 1.10E+01 3.09E+00 1.60E+00 3.91E+00 1.80E+00 6.00E+00 3.80E+00 3.00E+00 2.30E+00
Mn mg/L 2.20E‐01 7.00E‐01 3.60E‐01 3.91E+00 1.40E-01 3.40E+00 1.88E+00 4.80E-01 4.20E-01
Mo mg/L 3.80E‐03 1.28E‐02 4.20E‐03 3.89E‐03 7.00E-04 1.00E-01 5.22E-02 1.30E-01 6.71E-02
Na mg/L 8.10E+01 7.61E+01 6.10E+00 8.96E+00 2.90E+00 1.90E+02 9.82E+01 9.00E+01 4.81E+01
Ni mg/L 1.00E‐03 1.50E‐02 1.00E‐04 4.87E‐02 1.80E-03 9.70E+00 4.86E+00 1.00E-02 5.05E-03
Pb mg/L 1.00E‐04 1.00E‐04 1.00E‐04 1.57E‐03 1.00E-04 3.10E+00 1.55E+00 3.20E-01 1.60E-01
S(6) mg/L 1.30E+01 4.55E+00 4.70E+00 1.01E+01 1.90E+00 7.03E+02 3.54E+02 1.36E+02 7.04E+01
S(‐2) mg/L 1.00E‐08 1.00E‐09 1.00E‐09 1.00E‐09 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09
Se mg/L 1.00E-04 1.00E‐04 1.00E-04 3.59E-04 8.00E-04 8.00E-02 4.01E-02 1.00E-02 5.05E-03
Si mg/L 1.33E+01 9.18E+00 2.41E+01 1.31E+01 2.62E+01 4.00E+01 3.21E+01 4.00E+01 3.21E+01
Sr mg/L 1.66E+00 1.17E+00 1.20E-01 1.15E-01 1.20E-02 4.40E+00 2.26E+00 2.40E+00 1.26E+00
Zn mg/L 2.62E+00 4.25E‐03 1.20E-02 1.25E-02 4.40E-03 1.40E+00 7.07E-01 5.00E-02 3.10E-02
P mg/L 1.00E-02 1.00E-02 1.00E-01 5.00E-02 4.00E-02 4.00E+00 2.05E+00 4.00E+00 2.05E+00
U mg/L 1.10E-02 1.24E‐02 7.00E-04 2.26E-02 5.00E-04 1.00E+02 5.01E+01 3.00E+01 1.50E+01
V mg/L 1.00E‐04 1.00E‐04 1.00E-04 1.20E-03 1.00E-04 5.10E-01 2.55E-01 1.60E-01 8.01E-02
226Ra mg/L 4.92E-06 5.47E‐09 1.37E-08 2.54E-08 1.64E-09 5.47E-06 2.75E-06 1.01E-05 5.06E-06
230Th mg/L 9.17E-06 1.00E‐06 1.31E-07 2.62E-07 2.62E-08 3.93E-06 2.02E-06 1.31E-06 7.14E-07
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 Expected Geochemical Reactions Along Flow Paths 
Fate and transport mechanisms affecting the potential migration of COPCs from the remediated 
mining area, include the following: 

 Advection: (physical) transport of dissolved mass along with groundwater flow. 

 Dispersion: (physical) spreading of dissolved mass due to hydrodynamic mixing at the pore 
scale, and through the tortuosity of the fracture network within the fractured rock setting. 

 Diffusion: (physical) spreading of mass due to concentration gradients. This is often 
associated with dispersion, however it is particularly important in fractured rock 
environments where diffusion into the rock matrix, where advection is minimal, further 
spreads the dissolved mass. 

 Geochemical interactions, which may retard the velocity of COPCs in groundwater relative 
to that of groundwater and/or transfer constituents from groundwater to the host rock or 
soil structure (i.e., precipitation of mineral phases) such that further transport by 
groundwater is limited; and 

 Decay: radioactive constituents will naturally decay. 

In the LSA, geochemical reactions and radioactive decay will occur within the desilicified porous 
media, fracture spaces, as well as within the rock matrix.  As such, the coupled effects of matrix 
diffusion and geochemical reactions compound the potential retardation and spreading effects. 
Key geochemical interactions in the fate and transport of uranium, other radionuclides, and 
trace elements are outlined in Table 3-6 (after US EPA 1999).  

Table 3-6: Summary of Key Geochemical Processes for Transport of Uranium, other 
Radionuclides and Trace Elements (US EPA 1999) 

Process Mechanism  Effect on Constituent Mobility  
Aqueous 
Complexation 

Constituents in solution react with ligands 
to form dissolved-phase complexes   

Can increase or decrease 
mobility 

Redox Reactions Some constituents, including U, can be 
present environmentally in a one or more 
redox states.  

Redox state may enhance or 
reduce mobility 

Adsorption  
(specific) 

Dissolved constituents can form inner-
sphere surface complexes on iron oxides, 
clay minerals, and quartz.  

Retards constituent 
migration in groundwater; 
generally, a (fully) reversible 
process.  

Ion Exchange 
(nonspecific 
adsorption) 

Ions from the recovered solution replace 
other ions from soil or rock surfaces at 
exchange sites 

Reduce mobility 
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These key geochemical processes were explored in the geochemical modelling for the Project, 
as outlined in Section 3.5. The exception was subsurface colloids transport. U(VI) transport as 
colloids has been evaluated and considered at several sites and was concluded not to be an 
important transport mechanism (Colon et al., 2000). Average particle concentrations in the deep 
groundwater were found to be too low to have a significant effect on radionuclide migration 
(e.g., AECL, 1994). Based on the similarity of hydrochemical/geochemical conditions between the 
Wheeler River Project and those reported for Cigar Lake, it was considered reasonable to 
exclude colloidal transport of COPCs in this assessment. Further, complexation with dissolved 
organic matter was likewise not considered explicitly in this assessment; concentrations of 
dissolved organic carbon in the Athabasca Group sandstones vary but are generally in the range 
of 2 mg/L. In the Cigar Lake studies (AECL, 1994), organic matter in groundwater was not 
predicted to have a significantly mobilizing effect on uranium (U(VI)) in groundwater. 
 

 Geochemical Modelling Approach 
Geochemical modelling was used to simulate the behaviour of COPCs in groundwater migrating 
from the remediated mining area in Post-Decommissioning, when the freeze wall is thawed. A 
one-dimensional geochemical reactive transport model was developed as part of the overall 
numerical modelling approach for the Project. The goal of the one-dimensional (1D) model was 
to conceptualize and appropriately parameterize those reactions that will be important for the 
fate and transport away from the ore zone post-decommissioning, which were modelled 
ultimately in a 3D reactive transport model (Section 4.0). The 1D model and results of the 
assessment are the focus of the remainder of this section. The 1D and 3D models were used 
together iteratively to gain an understanding of COPC fate and transport in the groundwater 
system.  

The 1D geochemical modelling supports an understanding of how and to what extent the key 
geochemical reactions may influence the migration of COPCs, and specifically, how these 
reactions will affect predictions of timelines and concentrations of COPCs in groundwater at the 
interface with the primary receiving body, Whitefish Lake.  

3.5.1 Discussion of Solid Liquid Partition Coefficients (Kds) 
In groundwater modelling, sorption is often implemented using an equilibrium solid-liquid 
partition coefficient (Kd) to partition a constituent from the groundwater to the solid phase, and 
thus attenuate its concentrations in the aqueous phase relative that in the initial solution 

Process Mechanism  Effect on Constituent Mobility  
Precipitation of 
solid phases 

Concentrations of dissolved constituents 
may be such that the solubility of mineral 
phases is exceeded and may precipitate.  

Reduce mobility 

Subsurface 
colloids 

Transport of colloidal precipitates in 
groundwater, that include (either through 
precipitation or sorption) constituents of 
the lixiviant. 

Enhances mobility 
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(source). This approach is often taken because it is a simple model and straightforward to 
include a Kd value into a 3-D groundwater fate and transport model to consider sorption effects.  
While the Kd model is simple, it is challenging to apply over a wide range of concentrations and 
other geochemical conditions such as pH.  Recognizing the limitations of the Kd approach, 
analysis of reactive transport, herein, of COPCs away from the mining area employed more 
representative reactions, which more comprehensively address the multiple controls on the 
behaviour of metals, radionuclides, and trace elements in groundwater systems. 

There is precedent for using geochemical codes, such as PHREEQC (Section 3.5.2) and other 
reactive transport computer codes, to predict and evaluate changes to groundwater quality 
associated with ISR projects as shown in the literature, including: Johnson et al., (2016); Lagneau 
et al., (2019); Reimus et al., (2019); de Boissezon et al., (2020). Driving the decision to move from 
a simpler Kd approach to using a geochemical model included the following: 

 Kd values are derived for a specific set of conditions and are sensitive to pH values, and in 
this project, as in other ISR projects, pH values can vary considerably and need to be 
incorporated. This makes rationalizing a Kd value, or a set of Kd values difficult; 

 The Kd model is reversible and assumes a linear relationship, meaning that the 
concentration in the water has a constant proportionality to that in the solid over a wide 
range of concentrations. However, the sorptive capacity of matrix materials/soils can 
decrease at higher aqueous concentrations, and the amount of sorbed mass that will 
desorb depends upon other geochemical conditions (e.g., pH, pE), which cannot be 
practically specified a priori.  In practical terms, the Kd model is only linear over small ranges 
of concentrations in solution for most COPCs and application over wider ranges can result 
in over-estimation of sorption and underestimation of the aqueous concentrations.  
Alternatively, if the linear relationship for the high range of concentrations is applied to 
lower concentrations, the sorption will be biased high and concentrations in the water will 
be unrealistically overpredicted. 

 Several COPCs will compete for sites at mineral surfaces. Thus, not accounting for this 
competition may over-estimate the amount of sorption. Further, aqueous species like 
carbonates are known to play an important role in the sorption of metals to solid surfaces. 
The interactions of metals with aqueous ligands are accounted for with site-specific 
sorption in the geochemical model, but not with a Kd approach. 

Thus, in the geochemical model developed for the Project, rather than application of Kd values, 
ion exchange reactions and metal/trace element adsorption at solid surfaces by surface 
complexation was applied to evaluate sorption. The only exception to this was within the lake 
bottom sediments. The application of the Kd values in the lake-bottom sediments is detailed in 
Section 3.5.6.2.4. 
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3.5.2 One-Dimensional Geochemical Evaluation  
Fate and transport of COPCs in the remediated groundwater was explored in 1D with PHREEQC 
(Parkhurst and Appelo, 2013). PHREEQC (original acronym pH-REdox-EQuilibrium) is based on 
equilibrium chemistry of aqueous solutions interacting with minerals, gases, solid solutions, 
exchangers, and sorption surfaces.   

The 1D transport model in PHREEQC includes a series of cells along a groundwater flow 
pathway.  The advection of water from cell to cell is determined by the average linear 
groundwater velocity and size of the cells.  Each cell also acts as a continuous stirred reactor in 
which the simulated geochemical reactions (e.g., sorption, redox, precipitation, etc.) occur. Only 
reactions that can plausibly be in thermodynamic equilibrium were considered in this 
assessment, including sorption-desorption and precipitation reactions.  Dissolution reactions 
that are likely to be kinetically controlled were not included in this evaluation.  

This approach provides the ability to simulate groundwater flow and mass transport along a 
single flow path parallel to the direction of groundwater flow, with the appropriate chemical 
reactions occurring in each cell along the flow path. The approach however also assumes no 
interaction with the volume surrounding the flow path, as would occur by diffusion and 
transverse dispersion in a real groundwater flow system and is thus considered a conservative 
assessment of potential transport and fate of constituents. A simplified schematic of a 1D 
transport simulation in PHREEQC is shown in Figure 3-5.  

The conceptual geochemical site model is a simplified representation of the understanding of 
the real system. Two 1D models for the project were conceptualized and are shown in Figure 
Figures 3-6a and 3-6b. The first conceptualization was developed to examine sorption reactions 
primarily and included the ore zone, the Paleoweathered Zone, the Desilicified Zone and lake 
bottom sediments. The second conceptualization was streamlined, to focus on other key 
geochemical reactions and emphasized a groundwater pathway from the flare (zone of 50% 
restored solution above the ore zone; described in Section 4.1) through the desilicified zone, 
(Figure 3-6b).  

Development of the two conceptualizations followed from the early runs evaluating 
groundwater and geochemical reactive transport models in 3D, that demonstrated the 
following:  

1) Multi-Zone Pathway: Groundwater from the ore zone and mined portion of the 
paleoweathered zone (i.e., zones of groundwater quality assumed to be 100% restored 
solutions) first flows primarily through the paleoweathered zone. This zone is rich in clay 
and is characterized by small groundwater velocities and long residence. Sorption of 
COPCs to clay is expected to be a key geochemical reaction in this hydrostratigraphic 
unit.  

2) Desilicified Zone Pathway: The mass that first reaches Whitefish Lake from the 
remediated mining area is that of COPCs that behave conservatively (i.e., no geochemical 
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interactions) and which originate in the flare and move along a flow path from the 
mining area to Whitefish Lake that is dominated by the Desilicified zone. 

Geochemical modelling requires a number of detailed assumptions and checks on model 
simulations. These have been presented in the sections below, or, as appropriate, as part of the 
Supporting Information in Appendix E.  

The length of the ore zone is approximately 700 m from the southwest to the northeast (see 
inset, Figure 2-6). Following from initial simulations in 3D that showed that groundwater 
followed more than one migration pathway, with not all mass migrating to Whitefish Lake (see 
Figure 4-6), the source length for the ore zone in the 1D model was assumed to be 450 m, which 
is the approximate length of the (longer) northeast portion of the ore deposit. The average 
linear groundwater velocity within the Desilicified zone was set at 8x10-8 m/s, derived from a 
hydraulic conductivity of 5x10-6 m/s (Table 2-2), a hydraulic gradient of 0.0032 m/m, and a 
porosity of 0.2 (Table 4-2). The same average linear velocity was assumed for the mining area 
(source zone), following from the discussion in Section 4.4.2, where the hydraulic conductivity 
value in this zone following mining was set to 5x10-6 m/s, and a porosity of 0.2 is assumed for 
the ore zone (Table 4-2). In the 1D model, the average linear velocity of the paleoweathered 
zone was conservatively set to 3x10-8 m/s to reflect the interpretation of a higher hydraulic 
conductivity values in the basement aquitard along the WS Shear due to this being an enhanced 
fracture zone (Section 4.7). 
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3.5.3 Thermodynamic Database 
The thermodynamic database used in PHREEQC was modified from/built on the minteq.v4 
database that is available with the PHREEQC download. The database was updated with respect 
to current understanding of uranium complexation in solution with carbonate species 
(Guillaumont et al. 2003; Gorman-Lewis et al., 2008; Grenthe et al., 2020) and ternary complexes 
of uranium with calcium and magnesium and carbonates (Dong and Brooks, 2006). The 
database was also modified to contain aqueous speciation for radium and thorium and solid 
phases for uranium, radium and thorium, from the sit.dat database, also available with the 
PHREEQC download. Redox chemistry for Cr(III) (i.e., oxidation to Cr(VI)) was removed from the 
database as formation of Cr(VI) is not expected under the redox conditions in groundwater at 
the site. 

The sources of binding constants for uranium, metals and radionuclides to sorbing mineral 
phases included in the database are discussed in more detail in Appendix E . 

Note on 210Po and 210Pb 

Thermodynamic data was not available for 210Po. As such, this COPC was not evaluated directly 
in the numerical modelling. 210Po is understood to be attenuated through adsorption in low to 
circumneutral water (Carvalho et al., 2017, Szabo et al., 2020). The distribution of 210Po in the 
subsurface is strictly controlled by that of it’s parent 210Pb, and Pb behaviour is modelled.  

3.5.4 Initial Solutions 
For each hydrostratigraphic unit in the 1D model, an initial solution was required. The solutions 
used as input solutions in the model are presented in Table 3-5. The exception is for oxidation-
reduction potential (as pe). For the reasons given below (Section 3.5.5), the redox conditions of 
the input solutions in the model were modified from those measured in the hydrostratigraphic 
units presented in Table 3-5.  

Baseline groundwater quality for the ore zone (from GWR-032) was also presented in Table 3-5 
but this solution was not used in the numerical modelling. As a result of ISR mining, 
groundwater conditions in the ore zone will change and the baseline water quality was included 
in Table 3-5 only for the purposes of comparison to the remediated groundwater quality, Post-
Decommissioning. Groundwater quality in the mining area evaluated in the 1D models was 
represented by the remediated groundwater quality (Restored Solutions #1 and #2, and 50% 
restored solutions), as shown in Figure 3-6a and 3-6b, respectively. 

For the other hydrostratigraphic units, the representative solutions were selected or developed 
as follows: 

- Paleoweathered Zone: There is one well with water quality considered representative of 
the paleoweathered zone within the existing well network for the Wheeler River Project 
(GWR-031). As such, groundwater quality reported for a well installed in the 
paleoweathered zone at Cigar Lake (AECL, 1994; sampling location #199) was also 
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considered. The groundwater quality relied more heavily on that reported for Cigar Lake 
because of the cross-completion of well GWR-031 with other hydrostratigraphic units. 
Some constituent concentrations were adjusted to higher or lower values where there 
was discrepancy between groundwater quality between GWR-31 and the Cigar Lake 
sampling location. 

- Desilicified Zone and Lower Sandstone Aquifer: GWR-011. This well is installed in 
desilicified sediments of the Lower Sandstone Aquifer. Concentrations/values of 
groundwater constituents in this well were close to the calculated median values for the 
Lower Sandstone Aquifer hydrostratigraphic unit, provided in Table 3-4.  

- Intermediate Sandstone Aquitard: GWR-046. Groundwater quality was used for this 
hydrostratigraphic unit for the same reasons given above for the Desilicified Zone/Lower 
Sandstone Aquifer. 

- Overburden and Upper Sandstone Aquifer: These two units make up the Local 
Groundwater flow system. Groundwater quality from well GWR-036 is close to median 
concentrations for this flow system. Concentrations of a small number of constituents 
were adjusted moderately to better reflect median values for the flow system.  

The pe values shown in Table 3-5 reflect measured ORP values for the Project, discussed in 
Section 3.2.2.1, and, where not available, were supplemented with conditions reported for Cigar 
Lake (AECL, 1994) for the same hydrostratigraphic units. In alignment with the discussion of 
redox conditions above (Section 3.2.2.1), the lower pe values applied to the Athabasca Group 
sanstones and paleoweathered zone are not understood to be so low as to reduce key chemical 
species, such as uranium and sulphate, that would cause precipitation or removal as reduced 
low solubility solid phases such as uraninite and pyrite (FeS2), respectively.  However, the pe in 
the deeper zones allowed ferrous iron to remain stable in solution rather than forcing oxidation 
to ferric iron and causing precipitation of ferric oxyhydroxide solid phases. The range of 
understood pe values also reflects any potential reduction and precipitation of key species that 
would not be expected in the absence of reducing substances such as organic matter, that 
current conditions indicate is not present at sufficiently high levels in the system (outside of the 
ore zone) to drive moderately to strongly reducing redox conditions.  
 
Prior to use in the model, concentrations in groundwater samples were charge balanced and 
equilibrated to CO2(g) pressures in PHREEQC, at the depth of the well screened intervals. Each 
solution pH and total inorganic carbon concentration (“C(4)” in the model) was adjusted using 
the measured alkalinity – which is conserved at all pressures – and setting the partial pressure of 
CO2(g) based on sampling interval depth. Groundwater quality reported from the Cigar Lake 
studies, has already been corrected for CO2(g) partial pressures and was charge balanced (AECL, 
1994). The representative solutions for each hydrostratigraphic unit presented in Table 3-5 have 
been charge balanced and pH corrected.  
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3.5.5 Subsurface Conditions Incorporated 
The following subsurface conditions were assumed in the geochemical site conceptual models, 
(Figures 3-6a and 3-6b) except where indicated: 

 The occurrence and extent of chemical reactions reflect thermodynamic equilibrium 
conditions. As such, sorbed COPCs can desorb to achieve thermodynamic equilibrium with 
the groundwater composition at each stage of modelling. This is a conservative 
assumption in the geochemical modelling because in natural systems, desorption is not 
always complete (i.e., does not always obey thermodynamic equilibrium; e.g. Allen et al., 
2019). This is also a conservative assumption in evaluating COPC-containing mineral 
phases (precipitates) formed in the system. Often in natural systems, the chemical 
form/structure of the mineral phases changes over time, decreasing the solubility. 

 although not an accurate reflection of (largely, anoxic) subsurface conditions, the 
solutions, once in the Paleoweathered Zone and Desilicified Zone, were equilibrated with 
atmospheric concentrations of oxygen. This is a modelling approach, that maintains U(VI), 
and other redox-reactive constituents, present in the oxidized form. This is conservative 
because the important redox-active constituents of concern are more mobile in their 
oxidized forms. 

 the concentrations of iron in the remediated groundwater are elevated with respect to 
environmental concentrations (i.e., 100 mg/L in Restored Solution #1) and expected to 
occur as ferrous (Fe2+) iron as a result of reduction by the residual uraninite and sulphide 
minerals such as pyrite (FeS2) in the ore zone. Oxygenated conditions are not expected 
over most of the groundwater system and therefore ferrous iron will remain stable in the 
groundwater, with the potential exception of the upper portion of the Athabasca Group 
sandstone units. Thus, the redox reaction resulting in oxidation of ferrous iron to ferric iron 
was supressed in the model, and it was conservatively assumed that ferrous iron (Fe2+) 
would remain in solution with no solubility controls. This is supported by the presence of 
elevated dissolved iron concentrations at near neutral pH for existing conditions at the site 
(Appendix D). The formation of ferric iron solid phases from oxidation of ferrous iron can 
result in the production of hydronium ions that can lower the pH. The influence of iron 
oxidation and precipitation as ferric oxide/oxyhydroxide minerals on pH in the upper 
elevations of the flow system (where oxygenated conditions may be encountered) was 
also evaluated in the modelling scenarios (“Fe oxidation”). 

 Conceptually, the paleoweathered Zone mineral assemblage was made up of 9% clay by 
mass, as illite, and 25% quartz. The illite content was based on the normative clay 
composition determined from site-specific corehole elemental analysis (median illite by 
mass is 7.68%; Table 3-2) and using portable infra-red mineral analysis indicating median 
illite content by mass is 13.1% (data not shown).�The quartz content was based on a 
regional study by Macdonald (1980) evaluating the mineralogical composition of the 
weathered bedrock/saprolite regionally. Chlorite, versus illite, is the dominant clay phase 
in the paleoweathered zone (Table 3-2). The mineral composition of the paleoweathered 
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zone was conceptualized in this manner because illite also occurs and is often the 
dominant clay mineral phase in the Athabasca Group sandstones, and many more binding 
constants are available for illite than for chlorite in the literature. Using the minor amount 
of illite compared to the more dominant chlorite is conservative in that not all sorptive 
capacity of the clays is accounted for in the simulated paleoweathered zone. 

 The conceptualization of the desilicified Zone is based upon site-specific information from 
the extensive coring and is modelled as being made up of (by mass): 94.5% quartz, 3.9% 
illite and 0.29% goethite. This composition reflects the data from elemental analysis 
(including normative clay content) presented in Table 3-2. Illite was used to represent the 
total clay content, which varies from 1.74% to 5.85% by mass in the hydrostratigraphic 
units within the Athabasca Group sandstones and Desilicified Zone.   

 The remediated mining area is modelled as a finite source of COPCs and does not include 
any geochemically reactive surfaces/minerals, except in the “pH-tail” scenario that 
assumed that previously sorbed H+ ions would be desorbed into groundwater flushing 
through and replacing the remediated ISR groundwater in the ore zone . The migration of 
dissolved constituents in porewater from the remediated mining area was simulated by 
the flushing by upstream groundwater. The residual reduced minerals, such as uraninite 
and pyrite were not considered to be a source of COPCs. This was considered appropriate 
because the upstream groundwater, passing through the mined zone, will not be oxidizing 
and groundwater conditions are expected to be similar to pre-mine conditions that 
indicated low and baseline concentrations of dissolved COPCs associated with the original 
mineralization.  

 Carbonate minerals, which are important pH-buffering minerals and for the migration 
behaviour of some groundwater constituents (i.e., formation of gypsum following release 
of Ca from calcite dissolution), were, conservatively, not included in the numerical 
simulations. Calcite concentrations (calculated from median CaO wt % in Table 3-2) are 
less than 0.05 wt% over much of the groundwater flow path. is less than 0.05 %.  

 The lowest pH solution initially in the ore zone was pH 4.3, representing Restored Solution 
#1 in Table 3-5. However, it was conservatively assumed that mineral dissolution to buffer 
pH does not occur. In the real system, it is expected that some minerals, such as gibbsite 
(Al(OH)3), carbonates and some aluminosilicate minerals can dissolve to neutralize pH. 

3.5.6 Evaluation of Geochemical Processes 
There are several geochemical reactions that are expected to occur as the remediated 
groundwater (Restored Solution) migrates through the various regions along the groundwater 
flow path.  The reactions were considered individually and tested to ensure that they were being 
applied properly with the appropriate input parameters and quality assurance reviews of the 
results were completed for each of the reactions.  The simulations were also sequentially 
incorporated to evaluate the coupled affect of the reactions (e.g., redox and precipitation 
reactions, along with limited sorption, or enhanced source conditions).  The groundwater 
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transport was first tested by assuming that there were no geochemical reactions, assuming all 
COPCs were chemically conservative.   Reactions were then progressively incorporated in steps 
to illustrate the effects of each of the reactions.  Some reactions were omitted in some runs to 
illustrate the sensitivity of the results to changes in reactions.  The list of the simulations and the 
associated reactions that were considered in each simulation are summarized in Table 3-7. 

Table 3-7: Progressive Geochemical Evaluation using the 1D Model 

 

Radioactive Decay and Ingrowth: In the scenarios presented below, radioactive decay was not 
included in the geochemical processes for uranium isotopes because of the long half-lives of 
those isotopes and of the daughter product 230Th. The radioactive decay of 230Th and ingrowth 
of 226Ra was evaluated along the groundwater flow path, as was decay of 226Ra. Details are 
provided in Appendix E. In the numerical model scenarios presented below, radioactive decay 
was not included, because it was not shown to be a key process in the behaviour of those 
elements within the period modelled (maximum time on the order of 60,000 -100,000 years; see 
Section 4.7). The simulations are thus conservative with respect to concentrations of those 
radionuclides in the subsurface. As introduce above, 210Po could not be modelled, and 

Simulation Geochemical Interactions  
Conservative The system as a whole is assumed to be devoid of mineral phases that 

are reactive and all COPCs are considered to be chemically conservative. 
Solubility Controls Authigenic precipitation of uranyl mineral phases and other mineral 

phases was allowed to control or remove COPCs from the groundwater 
when thermodynamic conditions were appropriate 

Base Case - 
Sorption 

Dissolved constituents were allowed to adsorb and exchange at reactive 
sites associated with goethite, clay minerals, and quartz. Sorption was 
conservatively modeled as reversible for all constituents and reactions. 
Because minerals characterizing the subsurface – namely clays and iron 
oxyhydroxide minerals – are known to be important sorbing phases, 
sorption was considered to some extent in all model runs. 

Sorption to fewer 
sites 

The concentration of sorptive sites available for reaction with the 
solution phase was decreased from the total expected as a sensitivity 
scenario, to compare to the Base Case. 

Redox - lower 
limits  

The Redox scenario focused on the reactivity of uranium along the 
downgradient groundwater flow path, and the potential for U(VI) 
reduction to U(IV) to be a reaction that immobilizes uranium in the 
presence of a naturally occurring reductant, represented by pyrite (FeS2), 
that is known to be present in the hydrothermally altered sediments of 
the lower Athabasca Group sandstones. 

Protons 
desorption from 
Clays (‘proton 
tail‘) 

Clay minerals in the ore zone were pre-equilibrated with protons at the 
pH of Restored Solution #1 to evaluate the effect of proton desorption 
on the pH of the downgradient plume, and potential effect on migration 
of other COPCs. 
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contributions of 210Pb from radioactive decay of 226Ra to total Pb modelled was too small to be 
measurable, and 210Pb produced will behave like Pb. Potential risks to ecological and human 
receptors associated with 210Pb and 210Po were evaluated through Environmental Risk 
Assessment (ERA) using the modelled mass flux of 226Ra in groundwater at Whitefish Lake 
(Section 4.9, Ecometrix 2022b, and Denison, 2022a).  

3.5.6.1 Solubility Controls 
 Mineral Saturation Indices 

Some minerals, including COPCs, are naturally present within the geologic materials along the 
groundwater flow path and some minerals may also form within the system from direct 
precipitation from the dissolved phase. Minerals that are formed through direct precipitation 
from solution because equilibrium solubility of that mineral phase is reached (or, often, 
exceeded) in the dissolved phase are called authigenic minerals. Both authigenic minerals and 
existing minerals present already in a system can also dissolve when the solution composition 
changes and thermodynamic conditions are appropriate, adding COPC mass to the 
groundwater.  
 
Previous studies have shown that precipitation of authigenic mineral phases resulting from 
higher trace metal/element concentrations in uranium mining-influenced groundwater can 
attenuate dissolved-phase concentrations over the period being examined. For example, Bain et 
al., 2001 found that precipitation of Cr(OH)3 was an important control on the Cr(III) dissolved-
phase concentrations in a sandstone aquifer receiving uranium mining-affected groundwater, 
but that Ni(OH)2, for example, was not an important controlling phase for nickel for the 
conditions encountered.  
 
Potentially important mineral phases were evaluated within the LSA by examining the saturation 
indices of the representative solutions and Restored Solutions. The saturation indices were 
calculated in PHREEQC for the solution conditions provided in Table 3-5. As a first step, the 
saturation indices for mineral phases were examined for existing/baseline conditions in the 
subsurface.  The saturation index illustrates when a mineral phase is undersaturated with respect 
to dissolved concentrations in the water and therefore will be prone to dissolve if it is present in 
the solids and when it is supersaturated and will be prone, thermodynamically to precipitate 
from solution to re-establish equilibrium.  
 
The concentrations of elements in association with the overburden and rock units in the LSA are 
well understood, and are provided in Appendix B. However, elemental concentrations were 
determined through total and partial digestion, and as such, do not provide information on the 
specific chemical speciation in which the elements are found, including mineral phases. 
Examining the saturation indices provides insight into mineral phases that may be controlling 
dissolved-phase concentrations of COPCs, through solubility control. Although, as introduced 
above, the baseline groundwater quality in the ore zone is not used as part of the numerical 
modelling, an examination of the saturation indices was undertaken as part of this assessment 
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to evaluate how the predicted mineral phase saturations aligns with the known mineral 
composition of the ore zone.  
 
Mineral saturation indices were also examined in the Restored Solutions (and 50% restored 
solutions), as COPC concentrations were, generally, higher in the remediated groundwater in the 
mining area than are observed under baseline conditions. This was done to provide insight into 
the mineral phases to be considered for inclusion in the geochemical reaction model as 
important controls on solution-phase concentrations of COPCs.  
 
Saturation indices for mineral phases examined are provided in Table 3-8.  Noted is that 
reduced sulphur values (S(-2)) were not measured in groundwater (and thus, do not appear in 
Table 3-4 and Appendix D), but were added at a very low value in the groundwater composition 
of the representative samples for the inclusion of sulphide mineral phases in the PHREEQC 
speciation/output. 
 
The saturation indices summarized in Table 3-8 indicate: 

a. groundwater quality across the hydrostratigraphic units reflect, as expected based on the 
mineralogy, equilibrium with (primarily, ferric) iron mineral phases, quartz, clays, and 
potentially gibbsite (for aluminum); 

b. groundwaters in the system are generally undersaturated with respect to carbonate 
minerals; groundwaters closest to saturation with respect to carbonate minerals occur in 
the ore zone and the intermediate sandstone aquitard, where the highest alkalinities in 
groundwater are observed (Appendix D; Table 3-4); 

c. uranium concentrations in groundwater under existing conditions may reflect 
equilibrium with a reduced U(IV) oxide mineral phase (uraninite or other) at depth (i.e., 
within the Lower Sandstone Aquifer and Intermediate Sandstone Aquifer). The work 
done by Percival (1989) and discussed in detail below (Section 3.5.6.2.1) suggests that in 
the sandstones most closely overlying the ore zone, uraninite likely represents at least a 
portion of the uranium present and it’s origin was the hydrothermal processes that 
formed the ore body (i.e., it is has been dissolved to a very limited extent over more than 
1 billion years).  

d. Uranyl (U(VI)) mineral phases are not predicted to be controlling dissolved-phase 
uranium concentrations under existing conditions; however, the restored solutions are 
supersaturated with respect to U(VI)-phosphate minerals (Uranyl Hydrogen Phosphate 
and Uranyl Orthophosphate), U(VI)-silicate minerals (Uranophane, Soddyite) and a U(VI)-
vanadate mineral (Tyuyamunite). This suggests that the potential for those minerals 
could be important authigenic mineral phases to consider for uranium behaviour 
downgradient of the mining area. 

e. Overall, the saturation indices suggest that under existing conditions in the 
paleoweathered zones, Athabasca Group sandstones and overburden, the dissolved 
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phase concentrations of very few COPCs in groundwater are solubility controlled. 
Potential exceptions may be Mn (through equilibrium with rhodochrosite (MnCO3)) and 
Cr(III) (through an oxide/hydroxide mineral phase). All solutions are supersaturated with 
respect to ThO2 but this was not considered further as a mineral phase in the modelling 
for the reasons given below (Section 3.5.6.1.2).  

There are important limitations to the above assessment because there may be other important 
mineral phases in an environment for which solubility constants are not known or are uncertain.  
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Table 3-8: Saturation Indices for Select Solid Phases in Groundwater Representative of Hydrostratigraphic Units 

 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Geochemical Reactions and Modelling 

 
 

Ref. 19-2649
17 OCTOBER 20223.36 

Table 3-8: Saturation Indices for Select Solid Phases in Groundwater Representative of Hydrostratigraphic Units, condinued 

 

Mineral Groupings Sample/Paramter Ideal Formula Ore Zone (GWR-
032), high pe

Ore Zone (GWR-
032), low pe

Paleoweatherd 
zone (GWR-031 
and Cigar Lake 

Samples)

Lower Sandstone 
Aquifer/Desilicified 
Zone  (GWR-011), 

low pe

Intermediate 
Sandstone 

Aquitard (GWR-
046), high pe

Overburden 
and Upper 
Sandstone 

Aquifer, single 
pe 

Restoration 
Solution #1

50% 
Restoration 
Solution #1

Restoration 
Solution #2 

50% 
Restoration 
Solution #2

Barite BaSO4 ‐0.4 ‐0.4 ‐0.9 ‐0.6 0.3 ‐2.0 1.0 0.9 0.6 0.4
Anglesite PbSO4 ‐6.1 ‐6.1 ‐6.3 ‐6.0 ‐4.8 ‐6.3 0.0 ‐0.3 ‐1.3 ‐1.8
Celestite SrSO4 ‐2.4 ‐2.4 ‐2.8 ‐3.7 ‐3.4 ‐5.0 ‐0.5 ‐0.9 ‐1.1 ‐1.6
CuSO4 CuSO4 ‐21.4 ‐22.9 ‐16.8 ‐18.1 ‐15.4 ‐18.1 ‐12.2 ‐12.6 ‐13.5 ‐14.0
Ra(SO4)(s) Ra(SO4) ‐4.3 ‐4.3 ‐7.5 ‐7.0 ‐6.5 ‐8.3 ‐3.0 ‐3.3 ‐2.9 ‐3.4
Chalcopyrite CuFeS2 ‐9.4 13.1 ‐54.6 ‐24.8 ‐98.3 ‐41.4 ‐136.7 ‐101.9 ‐134.8 ‐77.7
Galena PbS ‐8.4 3.7 ‐32.9 ‐17.2 ‐54.4 ‐25.5 ‐71.6 ‐54.4 ‐69.8 ‐42.2
Greenockite CdS ‐9.6 2.3 ‐34.1 ‐18.6 ‐56.2 ‐26.9 ‐74.5 ‐57.2 ‐72.2 ‐44.5
MoS2 MoS2 ‐13.3 13.7 ‐67.6 ‐31.1 ‐121.0 ‐51.3 ‐150.0 ‐115.6 ‐155.2 ‐93.2
NiAs(cr) NiAs ‐14.2 ‐6.7 ‐27.6 ‐20.6 ‐51.0 ‐24.9 ‐67.0 ‐51.3 ‐64.6 ‐40.4
NiS(gamma) NiS ‐9.5 2.6 ‐32.8 ‐19.5 ‐55.0 ‐26.6 ‐73.4 ‐56.2 ‐73.6 ‐46.0
Pyrite FeS2 ‐16.2 4.8 ‐60.1 ‐32.0 ‐99.7 ‐47.3 ‐128.6 ‐99.7 ‐130.6 ‐80.5
Sphalerite ZnS ‐7.1 4.9 ‐34.4 ‐18.4 ‐56.6 ‐27.3 ‐75.4 ‐58.1 ‐74.0 ‐46.2
Coffinite U(SiO4) 2.1 5.1 ‐2.8 0.8 ‐8.3 ‐0.8 ‐11.3 ‐5.9 ‐9.5 ‐2.8
Metaschoepite UO3:2H2O ‐5.2 ‐5.2 ‐3.9 ‐4.6 ‐3.8 ‐4.1 ‐1.7 ‐0.7 ‐0.7 ‐0.9
Rutherfordine UO2CO3 ‐4.8 ‐4.8 ‐3.5 ‐4.2 ‐3.8 ‐4.3 ‐1.3 ‐0.3 ‐0.4 ‐0.6
Schoepite UO2(OH)2:H2O ‐5.8 ‐5.8 ‐4.5 ‐5.2 ‐4.4 ‐4.8 ‐2.3 ‐1.3 ‐1.4 ‐1.6
Soddyite (UO2)2SiO4:2H2O ‐7.9 ‐7.9 ‐5.5 ‐6.4 ‐5.1 ‐5.5 ‐0.4 1.5 1.4 0.9
Sodium‐compreignacite Na2(UO2)6O4(OH)6:7H2O ‐32.1 ‐32.1 ‐24.6 ‐31.5 ‐25.0 ‐29.4 ‐15.6 ‐8.4 ‐6.6 ‐8.2
Tyuyamunite Ca(UO2)2(VO4)2 ‐30.7 ‐36.7 ‐17.1 ‐26.6 ‐5.9 ‐22.0 2.3 4.6 4.1 0.9
U2O7Na2(s) U2O7Na2 ‐14.4 ‐14.4 ‐12.1 ‐16.3 ‐13.0 ‐15.9 ‐11.9 ‐8.7 ‐6.7 ‐7.4
UO2.34(beta) UO2.34 0.7 2.6 ‐2.1 ‐0.2 ‐5.7 ‐1.1 ‐7.3 ‐3.4 ‐5.9 ‐1.4
Uraninite UO2 2.6 5.6 ‐2.2 1.0 ‐7.8 ‐0.6 ‐11.3 ‐5.8 ‐9.5 ‐2.7
Uranophane Ca(UO2)2(SiO3OH)2:5H2O ‐4.7 ‐4.7 ‐3.5 ‐4.5 ‐2.0 ‐3.9 ‐1.8 1.5 3.2 2.8
Uranyl Hydrogen Phosphate UO2HPO4:3H2O ‐6.9 ‐6.9 ‐5.4 ‐4.6 ‐5.0 ‐4.7 1.5 1.5 0.9 0.3
Uranyl Orthophosphate (UO2)3(PO4)2:4H2O ‐10.5 ‐10.5 ‐6.4 ‐5.5 ‐5.4 ‐5.2 9.6 10.7 9.4 8.0
Cumetal Cu 1.1 2.6 ‐0.2 1.6 ‐4.3 0.2 ‐13.8 ‐7.9 ‐9.9 ‐2.9
Fluorite CaF2 ‐2.4 ‐2.4 ‐2.5 ‐3.3 ‐4.2 ‐4.7 NA ‐7.5 ‐3.1 ‐3.0
Plumbgummite PbAl3(PO4)2(OH)5:H2O ‐3.8 ‐3.8 1.1 3.7 8.5 3.2 2.6 9.0 11.8 10.9
Semetal(am) Se 2.6 ‐0.4 2.1 5.3 ‐9.2 6.9 ‐15.2 ‐7.5 ‐16.4 ‐2.8

Notes
1.0 Groundwater is saturated with respect to this mineral (calculated saturation index>0)
‐3.0 Groundwater is unsaturated with respect to this mineral (calculated saturation index<-2)

Other

Sulphate

Sulfides and Other Minerals in the Ore Body

Uanium Minerals
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 Incorporation of Mineral Phases in the Geochemical Model 
Model simulations were also completed to evaluate the potential importance of solid-phase 
solubility on the behaviour of COPCs along the groundwater flow path from the mining area to 
Whitefish Lake.  
 
In the discussion below, as with discussion of results throughout the remainder of Section 3.0, 
results are focused on uranium and other key COPCs, including Radium-226 and pH. Results for 
all COPCs are discussed in more detail for the results of the 3-D numerical modelling (Section 
4.0).   
 

Uranium 

The uranyl mineral phases included above in Table 3-8 were included in model simulations 
involving the desilicified zone conceptual model (Figure 3-6b). Uranium concentrations in 
porewater were first simulated in the absence of any chemical reactions along the groundwater 
flow path. Because this is a 1D plug flow model, incorporating modest to low longitudinal 
dispersivity, the uranium concentrations at breakthrough (i.e., at the point of discharge) are 
largely unchanged from the concentrations in the mining area (50% Restored Solution #1). 
Travel time to Whitefish Lake, for all COPCs that were considered as chemically conservative, is 
approximately 300-500 years.  

Authigenic uranyl (U(IV)) minerals Soddyite, Tyuyamunite, Uranophane and Uranyl 
Orthophosphate were predicted to precipitate. In the absence of other geochemical reactions, 
precipitation of authigenic uranyl minerals resulted in a order of magnitude decrease in peak 
uranium concentrations in groundwater adjacent to Whitefish Lake compared to the simulation 
with no geochemical reactions (Figure 3-7). Both sorption and authigenic mineral formation 
were then explored by adding in the sorption processes described below (Section 3.5.6.2). Figure 
3-7 shows the predicted uranium concentrations when “full solids”, based in the understood LSA 
mineralogy, were included.  Concentrations of uranium in groundwater discharging to Whitefish 
Lake in the 4000 years following Decommissioning were not substantively different if 
precipitation of authigenic mineral phases and sorption were included in the model versus 
sorption alone.  

The sensitivity to the density of reactive sorption sites on mineral surfaces was evaluated by 
decreasing the number of sorption sites in the desilificified zone by a factor of 10.  The rationale 
for this sensitivity evaluation is discussed further is Section 3.5.6.2. Simulated uranium 
concentrations were higher when authigenic minerals were not included in the model run. In 
both the full sorption and 10% sorption scenarios, authigenic uranyl precipitation was predicted 
to occur only within approximately 100 m of the remediated mining area, where uranium and 
other constituents were initially present in highest concentrations post closure.  

There is some evidence that authigenic uranyl minerals are present with the Athabasca Group 
sandstones because of groundwater re-work of localized U(IV) mineralization (Kermeen, 1955), 
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and for other environments where uranium in the dissolved form has been released from the 
shallow subsurface (e.g., Arai et al., 2007; Bond et al, 2007). However, the specific potential for 
precipitation of authigenic uranyl minerals in the LSA is currently unknown. As such, it was 
considered conservative to assume no precipitation of uranyl minerals and that sorption, which 
is a well documented controlling reaction for uranium downgradient of ISR mining areas, will be 
the dominant controlling reaction for uranium (Colon et al., 2000; Johnson et al., 2016; de 
Boissezon et al., 2020). 
226Radium 

All of the solutions examined are undersaturated with respect to Ra(SO4)(s). However, a number 
of studies have demonstrated that a solid solution of radium sulphate (RaSO4) and barite 
(BaSO4) is an important phase for 226Ra migration downgradient of ISR mining areas (e.g., Intera, 
2013; de Boissezon et al., 2020). This solid solution was evaluated in the 1D model simulations. 

The influence of the precipitation of barium-radium sulphate ((Ba,Ra)SO4) as a solid solution 
with barite (BaSO4) on predicted 226Ra concentrations in porewater was evaluated and results are 
shown in Figure 3-8. Sulphate from the mining area behaves conservatively and with no 
geochemical reactions exhibits peak concentrations at about 500 years after decommissioning. 
When formation of the solid solution is considered alone, 226Ra concentrations first decrease 
reflecting the formation of the solid solution under conditions of maximum sulphate 
concentrations in the system interacting with background radium (and barium) concentrations. 
However, as the sulphate decreases with continuing groundwater flow, the solid solution is 
rapidly re-dissolved when groundwater with much lower sulphate concentrations flow into the 
system. This results in a peak 226Ra concentration that arrives later than that when no 
precipitation and dissolution of the barium-radium sulphate solid occurs.  

When sorption is considered (both ‘full solids’ and ‘1 in 10 solids’, see Section 3.5.6.2), the solid 
solution continues to be formed and re-dissolved in the system, but the processes work 
together to attenuate peak 226Ra concentrations. Because both sorption and formation of the 
solid solution are understood to be important in ISR mining activities (e.g. de Boissezon et al., 
2020), both processes are incorporated in 3D modelling.   
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Other Minerals 

ThO2 was not evaluated as a mineral phase in the model because: 

 Th is known to be present not as ThO2 but as part of the solid solution series of the 
crandellite group (aluminophosphate minerals; Mwenifumbo and Bernius, 2007) in the 
Athabasca Group sandstones and particularly the MFb Formation. This is likely the 
reason that all baseline groundwaters are supersaturated with respect to ThO2 – it is not 
the correct solid phase to reflect the existing Th solid-phase speciation. 

 Multiple studies have demonstrated that Th (IV) has a high sorptive affinity for mineral 
phases such as those present in the LSA (iron oxides/oxyhydroxides and clay minerals; 
e.g. Laflamme and Muray, 1987; Iida et al., 2016). A study by Melson (2011) shows that 
dissolved-phase Th concentrations solubility-controlled by ThO2 and those expected 
from sorption at mineral surfaces (iron oxides and clays) are comparable over the pH 
range being examined in this study. Thus, it was considered appropriate and 
conservative to evaluate sorption as the primary geochemical reaction for Th in the 
model.  

The precipitation of Cr(OH)3 was evaluated and was not found to substantively change the 
concentrations of Cr(III) along the groundwater flow path. As such, this mineral phase was not 
included as a solid phase. Aluminum concentrations in the system were controlled through 
solubility with gibbsite (Al(OH)3). Controls on dissolved-phase iron concentrations are discussed 
in more detail in Section 3.5.6.5. 

3.5.6.2 Incorporation of Sorption Processes 
As introduced above (Table 3-7), sorption – including both ion exchange and adsorption at solid 
surfaces – was considered to some extent in all the model simulations for COPC geochemical 
reactive transport. Incorporation of sorption is supported by reviewed literature, which has 
demonstrated that sorption of uranium and other metals/trace elements occurs on the surfaces 
of quartz, iron oxides and clays (e.g., Dzombak and Morel, 1991), and assemblages of those 
mineral phases (e.g., Dong and Wan, 2014).  Sorption was implemented using geochemical 
reactions rather than using a simplified partitioning coefficient approach, as described below.  

 Information Supporting Incorporation of Sorption 
To the best of our knowledge, there is very little information published about the solid-phase 
speciation of uranium and other constituents associated with ore bodies and the overlying and 
underlying rocks in the Athabasca basin. Information on solid-phase speciation, meaning, how 
uranium and other elements occur in the subsurface can provide supporting information for 
model simulations.  

One study was identified of core samples at Cigar Lake (Percival, 1989), wherein solid-phase 
uranium speciation in core samples from a) the sandstones closest to the clay barrier material, b) 
the unconformity, and c) the “altered basement” were examined using sequential extraction. The 
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objective of that study was to identify if uranium associated with these units resulted form 
primary ore-formation or because of secondary alteration/hydromorphic dispersion – meaning 
remobilization and movement of uranium after primary mineralization. Five extraction solutions 
were used in the sequential extraction, and the results are summarized in Table 3-9. 

Table 3-9: Solid Phase Speciation of Uranium, Existing Conditions (after Percival, 1989) 

 
 
Percival (1989) concluded that uranium present outside of the ore zone is primarily related to 
ore-forming processes, and that there has been very limited secondary mobilization of uranium. 
This was concluded on the basis that uranium concentrations in the overlying sandstones remain 
low, and most of the uranium is associated with uraninite, crystalline iron oxides, and the 
residual phase. The uranium in the residual phase was interpreted to be associated with silicate 
minerals, including clay minerals (illite, sudoite, and kaolinite), quartz, tourmaline, and zircon. 
Uranium, dispersed because of the hydrothermal alteration, was interpreted to have been 
incorporated into neoformed clay minerals and iron oxides.  

The results of Percival (1989) inform the modelling evaluation herein in that they indicate 
uranium is present in a number of chemical forms (species) in the subsurface, and that there is 
evidence for reactivity of clay minerals and iron oxides (amorphous and crystalline) for uranium. 
Specifically, the reactivity of illite is suggested by observation that samples with higher illite 
content and furthest from the unconformity had higher proportion of uranium associated with 
the residual/silicate fraction. Further, the redox conditions in the subsurface have allowed for 
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uranium to remain stable and largely immobilized, meaning, even outside of the ore zone, some 
portion of the uranium naturally in the samples is likely present as uraninite. 

 Ion Exchange and Surface Complexation 
Partitioning of metals or trace elements can also occur because of chemical or electrostatic 
interactions between the solution species and reactive sites associated with a solid phase. When 
the interaction occurs at the surface of a solid particle, the term “surface complexation” is used 
to describe the interaction.  
 
Surface complexation reactions included in the geochemical model described herein are 
generally those in which a chemical bond is formed between a reactive site at the surface and 
the species from solution, a process referred to as “adsorption”. Surface complexation reactions 
involve a known (input), including the total number of, typically, diprotic reactive sites at the 
mineral surface. The number of sites and the constants driving adsorption of protons, metals 
and other species are specific to individual mineral phases and are based on experimental 
derivation. Because there are a finite number of diprotic sites, surface complexation modelling 
inherently considers the competition between protons and other elements/species for the same 
sites, and thus, provides a means of understanding how adsorption of elements/species changes 
with pH. Further, the finite number of sites means that competition amongst metals/species is 
accounted for, and the sites can become saturated, such that no further adsorption to the solid 
is allowed.  
 
Adsorbing mineral surfaces were included in the geochemical model for the paleoweathered 
zone, Desilicified zone, and in the Lake Bottom Sediments (described in more detail in Section 
3.5.6.2.4). The nature of the adsorbing surfaces is detailed in Table 3-10. Illite was selected as the 
clay mineral phase because this was reported to be the dominant clay mineral (i.e., of illite, 
kaolinite and dichlorite) in the Athabasca Group sandstones, and paleoweathered lithologic 
units (Table 3-1, Table 3-2 and Denison, 2022b).  
 
Because there are multiple COPCs and other groundwater constituents being considered in the 
modelling simulations, it was important to ensure, as much as possible, that surface 
complexation reactions and associated surface complexation (binding) constants for COPCs 
were related to the same mineral. For this reason, a substantive literature review was undertaken 
to identify and compile appropriate surface complexation constants for COPCs to illite and 
quartz. The metals for which surface complexation constants were applied in the model and the 
sources of the constants are outlined in Table 3-10 and further explained in Appendix E. 
Metal/species adsorption to goethite was used as a proxy for sorption to hematite and other 
ferric oxyhydroxides (limonite) present in the system. Surface complexation constants for trace 
elements and radionuclides with goethite were, for the most part, taken from Mathur and 
Dzombak (2006), with exceptions outlined in Appendix E.  
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Table 3-10: Properties of Adsorbing Mineral Phases 

Sorbent Phase 
Site Density 

(mol/kg) 
Specific Area 

(m2/g) Reference 
Goethite (FeOOH) 1.6x103 60 Mathur and Dzombak, 2006 

Quartz (SiO2) 0.347 0.31 Prikryl et al., 2001 
Illite Strong Sites: 0.002 (metals and 

protons sorb);  
Weak Sites; 0.04 (protons only 

sorb) 

97 Bradbury and Baeyans, 2009 

 
Sorption to a mineral phase can also include electrostatic-driven interactions. Ion exchange 
reactions were included in the geochemical model for clay minerals. For exchangeable cations, 
the cation exchange capacity (CEC) for illite of 225 meq/kg was taken from Bradbury and 
Baeyans (2009). The exchanger was defined (as Y-) and reactions of cations and protons with the 
exchange site were written as half reactions. For example, the reaction of exchange sites on illite, 
saturated with Na and then exchanged with Ca is: 

Ca2+ + 2Y- = CaY2  

K = 11; log K = 1.04 (Thermodynamic constant from Bradbury and Baeyans, 2009). 

 Model Check – Baseline Conditions 
An important step in developing the model was a check that the sorptive capacity of the mineral 
surfaces for COPCs applied in the model using literature values for the mineral properties (i.e. 
surface area, site density) and surface complexation constants under initial/baseline conditions, 
did not exceed the existing/baseline solid phase concentrations of those COPCs. In PHREEQC, 
the solids are “pre-loaded” (pre-equilibrated) with COPCs to bring the solid phase 
concentrations into equilibrium with the dissolved phase concentrations before the transport 
simulation is started. For example, for a given dissolved concentration of uranium, the solid 
phases in each zone (e.g., desilicified zone) are pre-loaded with uranium on the reactive sorption 
sites. The pre-loading continues in accordance with the surface complexation constants for 
uranium with those minerals, until equilibrium is reached between uranium in the dissolved 
phase (set in the initial solution) and uranium sorbed on the solids (calculated in PHREEQC). 

Shown in Table 3-11 are the solid-phase concentrations of COPCs calculated in the manner 
described above in PHREEQC. Also shown are “apparent Kd” values (with units of L/kg). These 
values express the dissolved concentration of the COPC (mg/L) to the total sorbed concentration 
of the COPC (mg/kg); the total sorbed concentration is the total concentration of COPC on all 
sorbing phases (quartz and/or illite and/or goethite depending on availability of surface 
complexation constants; see Appendix E). For the majority of the COPCs and for both the 
Desilicified and paleoweathered zones, the modelled solid phase concentrations and apparent 
Kd values were below those measured, and calculated from measured values, respectively. This 
indicates that the model is not overpredicting solid-phase concentrations based on sorption, nor 
are the apparent Kd values exceeding those reported in the literature.  
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Noted is that these represent existing/pre-restoration solid phase concentrations and Kd values; 
the solid phase concentration and Kd value will change during the reactive transport of the 
plume, reflecting binding of COCPs and the saturation level of the reactive sites on the mineral 
surfaces.  

Work done to verify that the adsorption of COPCs was aligned with the adsorption behaviour of 
those constituents in the literature is provided in Appendix E. In Appendix E are a series of 
figures that plot the adsorption behaviour using the solid properties and thermodynamic 
database developed for this project, and where relevant, it is compared to adsorption behaviour 
in the literature.
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Table 3-11: Solid-Phase Concentrations and Partitioning Constants for COPCs, measured and simulated 
 

 
 

Units As (Partial) Cd Co Cr Cu Mo Ni Pb Se (Partial) U V Zn
Solid Phase Concentration - Maximum mg/kg 8.46E+00 7.00E-01 2.25E+01 1.09E+02 1.09E+02 4.51E+00 1.58E+02 7.33E+01 8.00E-01 2.13E+02 1.46E+02 2.04E+02
Solid Phase Concentration - Minimum mg/kg 9.00E-02 5.00E-02 1.20E-01 2.00E+00 2.00E-01 4.00E-02 1.00E+00 7.80E-01 1.00E-01 5.00E-01 1.40E+00 1.30E-01
Solid Phase Concentration - Median mg/kg 5.55E-01 1.00E-01 4.85E-01 8.00E+00 2.00E+00 1.70E-01 5.90E+00 2.95E+00 1.00E-01 1.78E+00 7.70E+00 1.20E-02
Concentration in Representative Groundwater mg/L 1.30E-03 1.00E-05 1.00E-04 5.00E-04 1.80E-03 4.20E-03 1.00E-04 1.00E-04 1.00E-04 7.00E-04 1.00E-04
Kd  - maximum value L/kg 6.51E+03 5.00E+04 2.25E+05 2.18E+05 6.06E+04 1.07E+03 1.58E+06 7.33E+05 8.00E+03 3.04E+05 1.46E+06 2.91E+05
Kd  - minimum value L/kg 6.92E+01 5.00E+03 1.20E+03 4.00E+03 1.11E+02 9.52E+00 1.00E+04 7.80E+03 1.00E+03 7.14E+02 1.40E+04 1.86E+02
Kd  - median value L/kg 4.27E+02 1.00E+04 4.85E+03 1.60E+04 1.11E+03 4.05E+01 5.90E+04 2.95E+04 1.00E+03 2.54E+03 7.70E+04 5.86E+02
Modelled Solids Concentration Base Case mg/kg 7.70E-03 1.11E-04 5.62E-03 1.90E+00 3.57E+00 5.51E-07 1.30E-02 8.68E-02 6.60E-06 7.25E-02 3.90E-07 1.37E+00
Apparent Kd value in the Base Case model (L/kg) 5.92E+00 1.11E+01 5.62E+01 3.81E+03 1.98E+03 1.31E-04 1.30E+02 8.68E+02 6.60E-02 1.04E+02 3.90E-03 1.14E+02
Apparent Kd value in the model; 1/10 reactive sites (L/kg) 5.92E-01 1.11E+00 5.62E+00 3.81E+02 1.98E+02 1.31E-05 1.30E+01 8.68E+01 6.60E-03 1.04E+01 3.90E-04 1.14E+01

Units As (Partial) Cd Co Cr Cu Mo Ni Pb Se (Partial) U V Zn
Solid Phase Concentration - Maximum mg/kg 5.66E+02 8.00E+00 4.23E+02 4.41E+02 5.24E+04 3.93E+03 5.88E+02 5.15E+03 2.00E+02 5.56E+04 6.05E+03 1.58E+03
Solid Phase Concentration - Minimum mg/kg 5.00E-01 1.00E-01 6.00E+00 6.00E+00 5.00E+00 5.00E-01 4.40E+01 1.00E+00 5.00E-01 9.00E+00 2.20E+01 7.00E+00
Solid Phase Concentration - Median mg/kg 2.40E+01 1.00E+00 2.80E+01 1.55E+02 2.28E+02 5.00E+00 1.67E+02 4.60E+01 1.00E+00 4.03E+02 3.10E+02 3.10E+01
Concentration in Representative Groundwater mg/L 5.00E-02 1.00E-05 1.00E-02 4.50E-03 5.00E-03 1.28E-02 1.50E-02 1.00E-04 1.00E-04 1.24E-02 1.00E-04 4.25E-03
Kd  - maximum value L/kg 1.13E+04 8.00E+05 4.23E+04 9.80E+04 1.05E+07 3.07E+05 3.92E+04 5.92E+07 2.00E+06 4.49E+06 6.05E+07 3.72E+05
Kd  - minimum value L/kg 1.00E+01 1.00E+04 6.00E+02 1.33E+03 1.00E+03 3.91E+01 2.93E+03 7.00E+04 5.00E+03 7.26E+02 2.20E+05 1.65E+03
Kd  - median value L/kg 4.80E+02 1.00E+05 2.80E+03 3.44E+04 4.56E+04 3.91E+02 1.11E+04 8.30E+05 1.00E+04 3.25E+04 3.10E+06 7.29E+03
Modelled Solids Concentration Base Case mg/kg 1.87E-01 9.80E-05 4.69E-01 0.00E+00 5.30E+00 0.00E+00 2.34E+00 6.34E-02 2.87E-06 3.63E-01 0.00E+00 4.41E-01
Apparent Kd value in the Base Case model (L/kg) 3.74E+00 9.80E+00 4.69E+01 0.00E+00 1.06E+03 0.00E+00 1.56E+02 6.34E+02 2.87E-02 2.93E+01 0.00E+00 1.04E+02
Apparent Kd value in the model; 1/10 reactive sites (L/kg) 3.74E-01 9.80E-01 4.69E+00 0.00E+00 1.06E+02 0.00E+00 1.56E+01 6.34E+01 2.87E-03 2.93E+00 0.00E+00 1.04E+01

Literature Kd values (mean value and range)a,b L/kg 550        
(25-3000)

15
(2.0-250)

1.9x103

(29-99,000)
18

(1.0-1600)
530 

(760-2700)
40 

(7-130)
58

(7.0-1100)
2000 (25-
130,000) 56 (4-1600) 740 (2.6 -

6.2x104) 1.1-2.7 1.6x103 (6.2-
30,000)

Notes

b Literature range of Kd values for Vanadium taken from US EPA, 2005
c Literature value of maximum Kd for pH values ranging from 5-7 from IAEA, 2010.  

Desilicified Zone

Paleoweathered Zone

a Literature Kd values are for pH values ranging from 5-8 from IAEA, 2010. These values show mean values (and range). Value for Cd is for soils with pH < 6.5. Where pH dependent Kd values were not available, the mineral soil texture 
values were obtained. Where a Kd was not available for mineral soil, the value for "All soil" texture or "Sand" was used. 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Geochemical Reactions and Modelling 

 
 

Ref. 19-2649
17 OCTOBER 20223.47 

 Lake Bottom Sediments 
A 1 m layer of lake-bottom sediments was simulated for Whitefish Lake. Reversible sorption of 
chemical constituents in groundwater to the lake-bottom sediments was simulated by applying 
the water-to-sediment partition coefficients (Kd) applied in the Wheeler River IMPACT Model 
(Ecometrix, 2022b). The Kd values (Table 3-12) consist of regional published values that have 
been calibrated on similar sites in northern Saskatchewan and have been checked against 
Wheeler River measurement data (Ecometrix 2022b; ERA Report).  

Table 3-12: Distribution Coefficients (Coefficients (Kd) Used in the IMPACT Model 

COPC Distribution Coefficient  
L/kg (dw) 

Arsenic 9.64E+04 
Cadmium 1.50E+04 
Chromium  1.16E+04 
Cobalt  2.50E+03 
Copper  3.00E+03 
Molybdenum 3.17E+03 
Selenium 2.00E+04 
Uranium 2.00E+04 
Vanadium  9.10E+04 
Zinc 1.50E+04 
Radium-226  1.20E+04 
Thorium-230  2.30E+03 

 
Water quality in the porewater of the lake bottom sediments was not available. Initial porewater 
quality in the model was assumed to be that of groundwater in the Upper Sandstone 
Aquifer/obverburden (Table 3-5). 
 

 Sensitivity Analysis, Fewer Sorption Sites 
A sensitivity analysis was run assuming that only 10% of the total sites on the adsorbing solids 
are reactive (“Sorption to fewer sites” in Table 3-8). This order of magnitude decrease was based 
on the understanding that the number of reactive sites is very sensitive to surface area and that 
the available surface area of mineral phases in situ in the LSA may be different from those 
assumed based on literature sources. In addition, the decision to decrease sites by an order of 
magnitude was made after evaluation of the apparent Kd values presented in Table 3-11 
Generally, the apparent Kd values were comparable to or lower than the Kd values from the 
literature. For Cr, Cu and Ni, the apparent Kd values in the Desilicified zone and paleoweathered 
zones were better aligned with the literature values when the number of reactive sites assumed 
was 10% of those in the base case (full solids).  
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 Results from Sorption Assessment 
 Dissovled Uranium, and “Perturbation” Effects 

Uranium concentrations in groundwater at Whitefish Lake are predicted to change only 
marginally from existing baseline conditions in the more than 100,000 years following 
Decommissioning in the base case scenario (Figure 3-10). When there is a lower concentration 
of reactive sorption sites assumed, the simulation results indicate the potential for uranium in 
groundwater to be elevated with respect to baseline conditions. The results for uranium 
migration between the base case and the lower sorption site density scenario, shown in Figure 
3-10, and in Figure 3-7, point to the need to further evaluate the sensitivity of the modelling 
results in 3D to the concentrations of reactive surface sites. 
 
Noted in Figure 3-7 is a marginal increase in dissolved uranium concentrations in groundwater 
at Whitefish Lake between approximately 300 and 500 years. This is referred to herein as 
uranium concentrations that result from system ‘perturbation’.  
 
Many groundwater constituents behave conservatively with respect to migration. The plume of 
conservative constituents and pH results in a “perturbation” to the existing system with respect 
to the binding of metals like uranium. What this means is that aqueous concentrations of 
species like sulphate, and carbonate change, and bring about an associated shift in the 
speciation of U(VI) in solution. This, in turn, affects the equilibrium between aqueous U(VI) and 
the pre-mine naturally occurring sorbed U(VI) in solids along the groundwater flow path.  Thus, 
the increase in dissolved uranium concentrations is a result of the chemical conditions in the 
groundwater affected and does not reflect dissolved uranium arriving at Whitefish Lake from the 
mining area in that period.  
 

 Other COPCs 
Results for the 1D modelling have not been shown for all constituents. The sorption assessment 
indicates the following general behaviour for COPCs and other constituents (e.g., chloride): 

- sulphate, arsenic, selenium, ferrous iron, molybdenum, vanadium and chloride behave 
conservatively, meaning they do not interact appreciably with the solid phase, and thus, 
they are transported at the average linear groundwater velocity from the mineralized 
zone to the lake.   

- Hydronium ions do interact with the solid phases, and thus, pH changes occur somewhat 
later than changes in concentrations for conservative constituents.  

- Constituents that do not behave conservatively, meaning they interact to various degrees 
with the solid phase include Al, Cd, Co, Cr, Cu, Ni, Pb, U(VI), Zn, 226Ra, and 230Th.  

3.5.6.3 Redox Scenario 
Uraninite is known to be present in the native Athabasca Group sandstones, which could act as a 
secondary source of uranium, however, there are no known oxidants downgradient of the 
restored solution capable of oxidizing the uranium and mobilizing it as the oxidized U(VI) form 
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in solution. Pyrite is known to be present from hydrothermal alteration of the Athabasca Group 
Sandstones (i.e., associated with the Desilicified zone), which, through reactions with the uranyl 
ion could lead to reduction of U(VI) and re-precipitation as U(IV)/uraninite, similar to the process 
that resulted in the formation of the ore body. The latter reaction was explored through 
geochemical modelling.  
 

The model set-up for the Redox scenario was a modification of the Desilicified Zone Pathway 
conceptual model shown in Figure 3-6b. A small amount of reactive pyrite was assumed for the 
first 500 m of transport away from the ore zone in the model, primarily in the desilicified 
sediments of the Lower Sandstone Aquifer, and deeper portion of the Intermediate Sandstone 
Aquitard. Support for the presence of pyrite in hydrothermally altered materials came from the 
core logging by Denison personnel, and specifically, from coreholes advanced in the locations 
shown in Figure 3-1. Alterations with the potential to affect (decrease) matrix permeability were 
logged, including the occurrence and strength (weak, moderate, high) of the alteration for 
mineral phases including diagenetic hematite, hydrothermal hematite, pyrite, sooty pyrite and 
limonite. Related to the latter, the occurrence Liesgang bands were also reported.  
 
The presence of pyrite was reported between an approximate depth interval of 240-390 mbgs. 
There were two exceptions to this where pyrite was noted at two shallower depth intervals (less 
than 150 m bgs). Generally, the pyrite was observed within fractures, or as ‘fractured hosted-
stringers’. Sooty pyrite often occurred pervasively over intervals upwards of 50 m in depth within 
the larger depth interval indicated above. Hydrothermal hematite also, typically, present over 
the same depth range, as bands or irregular beds. The median iron oxide (Fe2O3) content of the 
MFa is 0.14 wt%. The core logging and elemental analysis do not provide the means to 
apportion the iron content further between oxidized and reduced forms.  
 
In the modelling simulations, pyrite was allowed to come to equilibrium with the 
groundwater/restored solution plume. As a result of this equilibrium, dissolved U(VI) was 
reduced to U(IV) and precipitated as uraninite. Groundwater conditions over the long term (i.e., 
baseline groundwater quality in the Desilicified zone, including pe conditions) are such that the 
uraninite is stable and is not predicted to re-dissolve. Following the 500m reactive zone with 
pyrite, the plume was allowed to react with adsorbing phases as it travelled upwards through 
the Desilicified zone toward Whitefish Lake. No sorbing phases were included in the first 500 m 
of the groundwater pathway (where pyrite was present). 
 
The exact solid that will be formed through the reaction of dissolved U(VI) with pyrite in the 
subsurface is not known; experimental work has suggested a mixed U(VI)/U(IV) solid 
(U3O8/U4O9/U3O7) (e.g., Yang et al., 2014) is formed. Thus, the solid formed through reaction of 
U(VI) with pyrite in the subsurface was assumed to be U3O7 (as UO2.24(beta)) in the 
thermodynamic database). The model simulations demonstrated that a small fraction (<1%) of 
the total concentration of solid-phase Fe in this zone would have to be present as reactive pyrite 
(FeS2) to react with dissolved uranium (U(VI)) in the remediate groundwater from the mining 
area and immobilize it as a reduced solid phase. Through the reduction and precipitation 
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reactions of U(VI), concentration of dissolved uranium in groundwater at a distance of 500 m 
downgradient of the mining area, are consistent with measured baseline conditions. 
 
3.5.6.4 Proton Desorption from Clay; ‘pH Tail’  
Other ISR projects have indicated that sorption of protons on clays in the ore zone as a result of 
the mining process result in long-term desorption of the protons with an associated depression 
in pH compared to background (e.g., de Boissezon et al., 2020). This was evaluated herein by 
pre-equilibrating clay surfaces in the ore zone with the Restoration Solution #1, for the multi-
zone pathway conceptual model (Figure 3-6a). 

The dominant clay in the ore zone is chlorite. It is possible that the mining process itself will 
affect the structure/mineralogy of the chlorite; however, it was assumed that chlorite will remain 
the dominant phase. The amount of chlorite in the ore zone was assumed to be 7.5% based on 
information provided by Denison (Denison, 2022c).  

The sorptive properties of chlorite for protons was taken from Zazzi et al., 2012, and Zazzi, 2009. 
Proton sorption occurred on surface sites as several studies have shown that chlorite has a small 
cation exchange capacity (less than 5 meq/100 g) so protons exchanged at the surface were not 
included in the modelling simulations.  

Table 3-13: Sorbent Properties of Chlorite 

Sorbent Phase 
Site Density 

(mol/kg) 
Specific Area 

(m2/g) Reference 
Chlorite 0.00168 0.5 Zazzi et al., 2012 

 
Results for the pH Tail scenario are shown in Figures 3-10 and 3-11. Sorption of protons to the 
clay mineral chlorite within the mining area is predicted to influence pH at the point of 
discharge over a longer period. Minimum pH values were approximately 6 under baseline 
conditions (Table 3-4 and Appendix D). The proton tail scenario is predicted to depress pH to 
some extent versus baseline conditions. Concentrations of uranium in groundwater at Whitefish 
Lake remain low with the changes in pH predicted. 

3.5.6.5 Iron oxidation 
The coreflood information shows that soluble iron concentrations remain high with flushing. 
Residual ferric iron is not expected within the Restored solution, as it will be consumed with 
reactions with uraninite and sulphide minerals, mainly pyrite (FeS2), while conditions remain 
adequately oxidizing. In Restored Solution #1, with a pH of 4.3, the 100 mg/L of iron is expected 
to be present as dissolved ferrous iron.  
 
However, there is evidence in the core logging (introduced in Section 3.5.6.3) of limonite in the 
shallow bedrock of the Athabasca Group sandstones, suggesting oxidation of ferrous iron in that 
zone. Thus, ferrous iron was allowed to be oxidized by dissolved oxygen and to precipitate as 
ferrihydrite within the last 100 m of the flow path in order to evaluate the potential effects on 
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pH if oxidation of the ferrous iron occurred along the groundwater flow path. The influence on 
pH is shown in Figure 3-9. The pH is depressed slightly by the oxidation of ferrous iron and 
precipitation of ferrihydrite, but the pH is not predicted to fall outside of minimum pH 
conditions (~ 6) under baseline conditions (Table 3-4 and Appendix D).   
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 Understanding Gained through 1D Geochemical Modelling 
Key understanding gained through the 1D geochemical reactive transport modelling includes: 

 Concentrations of uranium and several other COPCs arriving at Whitefish Lake are 
sensitive to the sorptive capacity assumed for the system. Some COPCs and other 
groundwater constituents, including sulphate, arsenic, selenium, ferrous iron, 
molybdenum, chloride, and vanadium behave conservatively, meaning they do not 
interact appreciably with the solid phase, and thus, they are transported at the average 
linear groundwater velocity from the mineralized zone to the lake.   

 The base case (sorption) scenario, based on very well understood mineralogical 
conditions at the site, shows very strong attenuation of uranium and other COPCs in the 
subsurface. Reducing the density or number of reactive sites available in association with 
mineral surfaces results in less sequestration of uranium in the subsurface. For this 
reason, modelling in 3-D conservatively focused on the base case and simulations with 
fewer reactive sites associated with the mineralogical assemblages. 

 The precipitation of authigenic mineral phases was not considered a key geochemical 
process controlling the behaviour of dissolved-phase U(VI) precipitation and was not 
carried forward as geochemical reaction in the 3D numerical modelling.  Precipitation of 
uranyl solid phases was simulated, and when no adsorption was assumed, the 
concentration of uranium is attenuated to some extent. However, assuming the 
formation of secondary uranyl mineral phases in the absence of sorption along the entire 
subsurface pathway is not realistic. 

 Solubility control/precipitation of authigenic mineral phases was evaluated and was 
carried forward into 3D numerical modelling as key geochemical reactions for dissolved 
aluminum (dissolved-phase concentrations controlled by formation of gibbsite 
(Al(OH)3)), and dissolved 226Ra (through the formation of a solid solution of RaSO4 and 
BaSO4).  

 In zones of hydrothermal alteration where pyrite has been observed, the effective 
immobilization of dissolved U(VI) was demonstrated to be possible through reduction of 
U(VI) dissolved in solution and formation of a solid phase - uraninite (UO2) or mixed 
U(IV) and U(VI) oxide phase. This is aligned with the redox buffering by pyrite present in 
the ore zone and surrounding clay barrier zones considered important for maintaining 
uranium in the reduced form and solid form in the Athabasca basin unconformity ore 
deposits, since their formation (AECL, 1994).  

 pH is a COPC and an important control on the extent of sorption of COPCs in the 
subsurface. Thus, the potential for pH to be depressed outside of baseline conditions 
through desorption of protons from clays in the mining area after remediation and for 
ferrous iron oxidation in the downgradient portion (Upper Sandstone Aquifer) of the 
groundwater flow path was evaluated further in the 3D numerical modelling.
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 Control Files for Three-Dimensional Modelling Analysis 
Using the knowledge developed through the 1D PHREEQC modelling, input files for the 3D 
reactive transport modelling were developed.  The input files generated control the following: 

- initial groundwater constituent concentrations within each hydrostratigraphic unit 
(corresponding to the representative solutions given in Table 3-5).  

- reactions conceptualized as key geochemical reactions through the 1D modelling for 
each hydrostratigraphic unit (e.g., redox conditions, pH, authigenic mineral formation, 
etc.,); 

- available sorption reaction sites, calculated for each hydrostratigraphic unit based on the 
interpreted effective porosity; and  

- concentrations for water quality at boundary conditions in the model at depth and within 
the shallow system, again corresponding to representative water quality in the 
hydrostratigraphic units presented in Table 3-5.  

More details regarding the input files utilized within the 3D reactive transport model are 
contained in Sections 4.2, 4.5 and 4.6. 
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 Post-Decommissioning Reactive Transport Modelling 
The focus of the geochemical reactive transport modelling is post-decommissioning conditions.  
As documented in the EIS, decommissioning (i.e., remediation) of the ore zone and surrounding 
area within the freeze wall will be initiated once mine operation is completed and will continue 
until dissolved concentrations reach an acceptable decommissioning level (i.e., where natural 
attenuation processes can be relied upon to effectively mitigate risk to potential receptors).  The 
following steps are planned to complete decommissioning in the mining area (the EIS; Section 
2): 

 Water will be injected into the mining area via injection wells and then recovered 
through the recovery wells, the same way mining was conducted during operations.  

 Produced water will be processed through the processing plant until non-economic 
uranium concentrations are observed. Non-economic produced waters will be treated 
and mixed with fresh water for continued circulation in the mining area. Circulation 
through the mining area will continue until recovered water reaches acceptable 
groundwater quality decommissioning objectives.  

 During groundwater restoration, reagents such as sodium bicarbonate and sodium 
hydroxide may be added to the injected water to accelerate groundwater quality 
recovery.  

 After remediation has been completed, the freeze wall will be turned off and allowed to 
thaw. This will allow the eventual re-establishment of the pre-construction groundwater 
flow regime in the Phoenix area. 

Metallurgical testing, including batch reactions, column tests, and core flooding tests have been 
undertaken at the Saskatchewan Research Council, to understand the anticipated evolution of 
groundwater hydrochemistry as the groundwater quality in the mining area is 
remediated.  “Restoration Solution #1” and “Restoration Solution #2” (Table 3-5) were 
developed to represent the bounding scenarios for groundwater quality considered in the 
reactive transport model to evaluate the potential for environmental effects following 
remediation of the mining area.  As Restoration Solution #1 (RS1) contains the higher remaining 
concentrations, and lower pH (i.e., differs more from baseline conditions in the ore zone), this 
solution was primarily applied within the geochemical reactive transport modelling to evaluate 
environmental effects. 

 Post Decommissioning Source Zones 
During mine operation and decommissioning, Denison has committed to actively manage any 
excursions within the zone immediately surrounding the ore zone (the EIS, Section 2).  As such 
modelling of conditions during mine operation was not undertaken. During mine operation, the 
planned freeze walls will limit the potential lateral extent of any excursions, while active 
pumping will be used to create hydraulic controls that will limit vertical migration to a zone that 
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lies within 50 m above the ore zone (the EIS, Section 2).  Below the ore zone, the underlying 
basement rock has very low hydraulic conductivity (Section 2.3) that will act to limit the 
downward vertical migration. Despite this limit to downward migration, the solubility enhancing 
fluids used during mine operation, which will have a density and specific gravity greater than sea 
water, has the potential to migrate downward to the base of the Paleoweathered Basement 
Aquitard.  Details regarding the planned mine operation and decommissioning are contained 
within the EIS (Section 2).  

Given these hydraulic and hydrogeologic controls, the expected distribution of restored 
solutions (Table 3-5) includes the following attributes: 

 The mining area, which is simulated to contain two zones. 

 A) Zone containing restored solution at 100% strength, and including the: 

o The active mining area (ore zone),  

o 15 m above the ore zone,  

o Paleoweathered Basement underlying the ore zone,  

o Each of the above zones extend laterally to the freeze wall location. 

 Zone containing restored solution at 50% strength will be limited to: 

o Zone above the ore zone from 15 m to a maximum of 50 m above the ore zone, 

o Extending laterally to the freeze wall location. 
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These zones describe above are illustrated in Figure 4-1. The zone containing restored solution 
at 50% strength is referred to as the operational flare (i.e., flare zone), which is considered to be 
a conservative estimation of the zone that could receive vertical migration of solutions during 
ISR operation and decommissioning.   Testing to date suggests that the maximum upward 
migration of mining fluids will be approximately 11 to 13 m, so the extension of the source zone 
to 50 m above ore zone is considered to represent a conservative source condition. 

These two defined zones are used as the source zones for the geochemical reactive transport 
model; migration from these source zones results in fate and transport of dissolved chemical 
constituents in groundwater following the cessation of the freeze wall (i.e., post-
decommissioning).  Given the active hydraulic controls planned by Denison for conditions 
during mine operation, the estimated source zones described above are considered 
conservatively large but appropriate for the environmental impact assessment. 

Geochemical reactive transport modelling was undertaken to support Denison in developing 
restoration water quality targets, defined as residual concentrations of constituents in the 
restored groundwater that would not pose an adverse effect on the receiving water body. The 
focus of geochemical reactive transport modelling is evaluation of the COPC fate and transport 
from the defined source zones to the potential receiving water body, Whitefish Lake.  

 Simulated COPCs in 3D Reactive Transport Model 
The COPCs simulated within the 3D geochemical reactive transport model are those 
documented in Section 3.5.  As noted in Section 3.7, PhreeqC control files were established for 
model node groups to define the initial concentrations associated within each geochemical zone 
(Table 3-5).  Each node within the model was assigned to belonged to one group, such that 
initial concentrations were specified for every simulation node. To simplify, uniform initial 
concentrations were applied withing each node group; this led to discontinuity of initial 
concentrations at geochemical zone boundaries, which are smoothed as the simulation 
progresses. 

The initial groundwater quality within the mining area is described above (Section 4.1). Beyond 
the active mining area and flare zones, initial concentrations were specified based on 
representative water quality samples within each geochemical zone (Section 3.5.4).  Initial 
concentrations are further discussed within section 4.4. 

 Groundwater Quality Screening Criteria 
Denison’s commitment in the EIS is to protect the receiving surface water environment. As such, 
groundwater quality screening criteria were compiled from available generic guidelines 
protective of aquatic life and were used, at a screening level, to evaluate the quality of 
groundwater at the interface with Whitefish Lake. The groundwater evaluation criteria and 
sources of the criteria are provided in Table 3-7.   
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Table 4-1: Groundwater Quality Screening Criteria 

 
 

Long Term Note Long 
Term Note Long 

Term Note Long Term Note

Aluminum, dissolved mg/L 1.0E-01 (3) - - 1.0E-01 - 5.0E-02 (4) 5.0E-02 BC MOE
Arsenic, dissolved mg/L 5.0E-03 - - - 5.0E-03 - - - 5.0E-03 SEQG/CCME
Barium, dissolved mg/L - - - - - - - -
Boron, dissolved mg/L 1.5E-03 (5) - - 1.5E-03 - - - 1.5E-03 SEQG/CCME
Cadmium, dissolved mg/L 4.0E-05 - - 4.0E-05 - - - 4.0E-05 SEQG/CCME
Chromium, dissolved mg/L 8.9E-03 (6) - - 8.9E-03 - - - 8.9E-03 SEQG/CCME
Cobalt, dissolved mg/L - - 7.8E-04 (7) - - - 7.8E-04 FEQG
Copper, dissolved mg/L 2.0E-03 (8) - - 2.0E-03 (8) - - 2.0E-03 SEQG/CCME
Iron, dissolved mg/L 3.0E-01 - - - - 3.0E-01 CCME
Lead, dissolved mg/L 1.0E-03 (8) - - 1.0E-03 (8) - - 1.0E-03 SEQG/CCME
Manganese, dissolved mg/L 2.3E-01 (9) - - - - - 2.3E-01 CCME
Molybdenum, dissolved mg/L 7.3E-02 - - - 3.1E+01 - - - 3.1E+01 SEQG
Nickel, dissolved mg/L 2.5E-02 (8) - - 2.5E-02 (8) - - 2.5E-02 SEQG/CCME
Selenium, dissolved mg/L 1.0E-03 1.0E-03 2.0E-03 (10) 2.0E-03 BC MOE
Strontium, dissolved mg/L - - 2.5E+00 (11) - - - - 2.5E+00 FEQG
Uranium, dissolved mg/L 1.5E-02 - - - 1.5E-02 - - - 1.5E-02 SEQG/CCME
Vanadium, dissolved mg/L - - 1.2E-01 (12) - - - - 1.2E-01 FEQG
Zinc, dissolved mg/L 1.1E-02 (13) - - 3.0E-02 - - - 1.1E-02 CCME
Ammonia as nitrogen mg/L 5.7E+00 (14) - - 5.7E+00 (14) - - 5.7E+00 SEQG/CCME
Chloride mg/L 1.2E+02 - - 1.2E+02 - - - 1.2E+02 SEQG/CCME
Sulphate mg/L - - - - - - 1.28E+02 (15) 1.28E+02 BC MOE
Radium-226 Bq/L - - - - 1.1E-01 - - - -
Radium-226 (converted) mg/L - - - - 3.0E-09 - - - 3.0E-09 SEQG
Lead-210 Bq/L - - - - - - 2.2E+01 (16) - -
Lead-210 (converted) mg/L - - - - - - 7.8E-09 - 7.8E-09 US DOE
Polonium-210 Bq/L - - - - - - 1.4E+01 (16) - -
Polonium-210 (converted) mg/L - - - - - - 8.1E-11 - 8.1E-11 US DOE
Thorium-230 Bq/L - - - - - - 9.5E+01 (16) -
Thorium-230 (converted) mg/L - - - - - - 1.24E-04 - 1.24E-04 US DOE
pH units 6.5 -9 6.5-9 6.5-9 <6.5 and 6.5-

9 (17) 6.5-9 SEQG/CCME

(17) (BC MECCS) British Columbia Ministry of Environment and Climate Change Strategy. 2021. British Columbia Approved Water Quality Guidelines: Aquatic Life, Wildlife & Agriculture - 
Guideline Summary. Water Quality Guideline Series, WQG-20. Prov.B.C., Victoria B.C. Unrestricted changed permitted within the range of 6.5-9.0. At pH levels <6.5, the requirement is to show 
no statistically significant decrease in pH value from background.

Other
Selected 

Groundwater 
Quality 

Screening 
Criteria  

SourceConstituent Unit

CCME Protection of 
Aquatic Life (1)

Federal 
Environmental 

Quality Guideline

Saskatchewan 
Environmental 

Quality Guidelines 
(SEQG Online) (2)

Notes:
(1) CCME, 2008. Canadian Water Quality Guidelines.
(2) Saskatchewan Water Quality Objectives, SEQG on-line (https://envrbrportal.crmp.saskatchewan.ca/seqg-search/) for groundwater.
(3) Guideline is for total Al. Based on a median pH in suface waters of 6.8 (i.e. pH of >6.5).
(4) British Columbia Ministry of Environment (BC MOE). 2001. Water Quality Criteria for Aluminum: Overview Report. Water Protection and Sustainability Branch, Environmental Sustainability 
and Strategic Policy Division. August 7, 2001. Victoria, B.C. Guideline is for dissolved Al. Based on a median pH in suface waters of 6.8 (i.e. pH of >6.5).
(5) CCME, 2009. Canadian Water Quality Guidelines for the Protection of Aquatic Life, Boron.
(6) Value for inorganic chromium (Cr(III)) is an interim guideline.
(7) Environment Canada 2017. Federal Environmental Quality Guidelines, Cobalt, May. Value adopted is for a hardness of 52 mg/L, as extrapolation of the equation for hardness-dependence 
(8) Hardness dependent WQOs.  Median hardness in surface water samples (Table  ) is 5.3 mg/L; Cu guideline reflects hardness >0 to <82 mg/L; Ni and Pb guidelines reflect hardness > 0 to ≤ 
(9) Scientific Criteria Document for the Development of the Canadian Water Quality Guidelines for the Protection of Aquatic Life - Manganese, Appendix B - Canadian Water Quality Guidelines 
Calculator (pH = 6.8, hardness = 10 mg/L).  Guideline is based on dissolved manganese.
(10) BC MOE, 2014. Companion Document to: Ambient Water Quality Guidelines for Selenium Update.
(11) Environmenta and Climate Change Canada (ECCC). 2020. Federal Environmental Quality Guidelines Strontium. July.
(12) Environment Canada 2016. Federal Environmental Quality Guidelines, Vanadium. May.
(13) Based on a hardness of 23.4 mg/L (bottom of recommended range), and site-specific pH of 6.8 and DOC of 2.4 mg/L. pH and DOC reflect median values for baseline surface water 
(14) Total ammonia-N calculated from the total ammonia guideline for a temperature of 15°C and a pH of 7.0.
(15) British Columbia Ministry of Environment & Climate Change Strategy Water Protection & Sustainability Branch (BC MECCS). 2021. British Columbia Approved Water Quality Guidelines: 
Aquatic Life, Wildlife & Agriculture. https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/waterquality/water-quality-guidelines/approved-
wqgs/wqg_summary_aquaticlife_wildlife_agri.pdf 
(16) US DOE 2019. A Graded Approach for Evaluating Radiation Doses to Aquatic and Terrestrial Biota
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 3D Sub-Domain Model Development 
The computational requirements of a 3D geochemical reactive transport model with multiple 
constituents exceeded what was practically achievable within the regional-scale 3D model.  To 
facilitate the efficient simulation of fate and transport, a sub-domain model was developed 
(Figure 4-2).  The sub-domain model was designed to encompass flow and transport pathways 
simulated using the regional-scale 3D model described in Section 2, allowing for a buffer of 
approximately 200 m beyond the simulated transport pathways. Hydrogeologic units, parameter 
values, boundary conditions, and calibration data were taken from the 3D regional-scale model 
to efficiently construct the sub-domain model.  In this manner, the sub-domain model is 
founded on the calibrated, regional-scale model. 

4.4.1 Sub-Domain Model Area and Mesh 
While the sub-domain model mesh was redesigned from the regional-scale model, the model 
area was designed based on flow conditions within the regional-scale model, as follows: 

- Western boundary of the sub-domain model follows a simulated equipotential from the 
regional-scale 3D model  

- North and south boundaries of the sub-domain model follow simulated flow lines, and 

- Eastern boundary of the sub-domain model follows a shallow groundwater divide.  

The sub-domain model is approximately 1 km in width (i.e., north to south), and 2.1 km long, 
extending 250 to 300 m upgradient of the source and downgradient beyond Whitefish Lake 
(Figure 4-2). The sub-domain model also extends from ground surface to the basement rock 
(Figure 4-3).  

The sub-domain model was discretized into 91,179 nodes to achieve element lengths of 20 m 
within the plume trajectory indicated through particle tracking (Figure 4-2); element sizes were 
designed to be relatively uniform to maintain appropriate Peclet and Courant criteria for reactive 
transport simulations. The number of nodes in the sub-domain model is a significant reduction 
from the 804,000 nodes required within the 3D regional-scale model, making the sub-domain 
model much more efficient for the 3D geochemical reactive transport modelling.  

4.4.2 Sub-Domain Model Hydrogeologic Parameters 
The property zones calibrated within the regional model were directly mapped onto the sub-
domain model mesh (Figure 4-3), to ensure the sub-domain model parameters were consistent 
with those calibrated within the regional model. An additional layer of elements was added 1 m 
below ground surface within the sub-domain model to permit simulation of lake bottom 
sediments (see insert on Figure 4-3). Additional layers of elements were also inserted within 
hydrostratigraphic layers to create relatively uniform vertical layer thicknesses.  
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One key difference between the sub-domain model input parameters and those assigned in the 
3D Regional Model were in the assignment of the properties associated with the Upper Barrier 
Aquitard Zone, the ore zone, and the Lower Barrier Aquitard Zones. As there is uranium 
mineralization contained within the Upper and Lower Barrier Zones, the hydraulic conductivity of 
those zones is expected to be enhanced during ISR mine operation and as such, the hydraulic 
conductivity values representing these units were replaced with elevated hydraulic conductivity 
values relative to those assigned in the regional scale model.  Specifically, a hydraulic 
conductivity value of 5x10-6 m/s was assigned to represent the mining horizon post-
decommissioning. This value (5x10-6 m/s) is a factor of 5 greater than (i.e., 5x) the value assumed 
for the ore zone in the 3D regional-scale model and conservatively simulates that the Upper and 
Lower Barrier Zones no longer result in effective barriers for mineral transport from the ore zone. 

4.4.3 Sub-Domain Model Flow Boundary Conditions 
Boundary conditions applied to the sub-domain model were also made to be consistent with 
the regional model as follows: 

 Groundwater recharge zones were mapped to the sub-domain mesh and the same 
recharge rates applied, 

 The mesh was designed to conform to surface water boundary locations and the same 
hydraulic heads were applied, 

 Equivalent lateral flow through the sub-domain was achieved by specifying hydraulic head 
values, sourced from the regional-scale model, around the perimeter of the sub-domain 
model domain.   

4.4.4 Sub-Domain Model Transport Boundary Conditions 
Transport boundaries were added to the sub-domain model perimeter to allow inflowing water 
to enter with constituent concentrations consistent with background geochemistry (Figure 4-4).  
Inflowing water via groundwater recharge and lateral inflow within the Upper Sandstone were 
specified to have inflow concentrations consistent with the local groundwater flow system (Table 
3.4).  Water inflow to the Lower Sandstone Aquifer was specified to have concentrations 
consistent with that unit (Table 3.4). 

As described in Section 4.2, restored water quality was specified within the ore zone and 
surrounding area (Section 4.1) using initial conditions. Similarly, a 50% strength restored water 
quality solution was specified as the initial concentration in the flare zone, overlying the mining 
horizon.  Initial conditions throughout the remainder of the model were specified to represent 
interpreted background geochemistry, which were based on field-measured parameters (see 
Section 3.2 and Appendix D).  

Transport parameters were specified for diffusion (1x10-9 m2/s), longitudinal dispersivity (10 m 
along the plume trajectory), and transverse dispersivity (5 m). Neither decay, nor matrix diffusion 
processes were simulated to produce conservative predictions of fate and transport; adsorption, 
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ion exchange and precipitation reactions were simulated using PHREEQC (Parkhurst and 
Wissmeier, 2015), as discussed in Section 4.5.  

4.4.5 Sub-Domain Model Calibration Check 
Prior to applying the sub-domain model for geochemical reactive transport simulations, the 
model calibration was checked to ensure that it was consistent with that achieved in the 
regional-scale model.  This calibration check provided confidence that the sub-domain model 
was able to represent the 3D groundwater flow system to an equivalent degree as the 3D 
regional-scale model.  The calibration checks included comparison of both the calibration 
statistics, as well as the advective flow path and rates. 

Observation wells from the 3D regional model were carried forward into the sub-domain model 
and used to confirm that a statistically equivalent local calibration was maintained (see table in 
Figure 4-4). 

Flow paths and flow rates were checked by comparing particle track trajectory and timing to 
verify the representation of conditions simulated within the 3D regional-scale model were 
replicated in the sub-domain model.  The simulated groundwater flow paths from the ore zone 
and flare within the sub-domain model (Figure 4-4) follow the same trajectory as those within 
the regional-scale model (Figure 2-16). Note that the image in Figure 4-4 contains a vertical 
exaggeration factor of 2, which exaggerates the horizontal to vertical transition in the flow 
paths.  Figure 4-4 also contains a table summarizing the flow path lengths and advective travel 
times to Whitefish Lake from the flare and ore zones. Travel times within the sub-domain model 
are comparable to those simulated using the regional-scale model. 

As noted in Figure 4-4, flow path lengths from the ore zone and flare to Whitefish Lake range 
from 900 to greater than 1700 m.  Advective travel time was simulated to range from less than 
400 to almost 1200 years, depending on the distance along the travel pathways, and the 
hydraulic conductivities experienced along each pathway.  The average velocity of particles was 
simulated to range from 1.4 to 2.3 m/annum (i.e., m/a), reflecting the relatively slow 
groundwater flow rates through the groundwater system.  The range of travel distances, timing, 
and velocities simulated using particle tracking indicate that significant spreading of COPCs 
transported from the mining horizon will naturally occur; this observation further supports the 
need for 3D analysis of geochemical reactive transport (i.e., plug flow conditions assumed for a 
1D model are not able to represent the entire plume). 
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 3D Geochemical Reactive Transport Simulation: PiChem 
Geochemical reactive transport modelling required integrating multi-component, time-varying 
flow and transport simulations using FEFLOW’s simulator with the chemical processes that affect 
the migration of COPCs along the groundwater flow path. 3D geochemical reactive transport 
modelling was accomplished using the piChem “plug-in” option available with the FEFLOW 
software.  PiChem (Wissmeier, 2016) facilitates the linkage of multi-component, time-varying 
flow and transport simulations using FEFLOW’s simulator with geochemical reactions simulated 
using PHREEQC (Parkhurst and Wissmeier, 2015).  FEFLOWs multi-component transport 
capabilities permit simultaneous simulation of multiple, interactive constituents. Reactive 
transport is simulated using an operator splitting technique, wherein solute transport and 
geochemical reactions are decoupled into sequential calculation steps.  

The piChem reaction module takes multiple component concentrations from each model node, 
runs geochemical reactions using the capabilities of PHREEQC, and returns updated component 
concentrations to each node (Parkhurst and Wissmeier, 2015). The split operator technique is 
applied in piChem using a sequential, non-iterative, approach at every model timestep. The ion 
constituent composition is reconstructed from the transported element assembly and charge 
balanced before it is speciated with the available solid phases.   

As described in Section 3.0, the PHREEQC model reactions were first evaluated and confirmed to 
be appropriate using the 1D model before implementing the simulations in 3D.  To enable 
piChem, PHREEQC control files are required for each of the following: 

1) Reaction database specifying the solution master species, appropriate stochiometric 
equations, exchange species, surface master species, etc. 

2) Transport boundary conditions where inflowing water is simulated.  Control files specify 
the constituents and dissolved background concentrations within the influent water. 

3) Initial conditions / geochemical reactions / reactants for groups of elements within the 
model domain (IC files).   

Independent transport boundary conditions were established for water entering the shallow 
units (Overburden and Upper Sandstone Aquifers), and deep units (Lower Sandstone Aquifer).  
The water type entering the Upper Sandstone Aquifer through lateral inflow is interpreted to be 
of similar quality as water recharging the overburden units, as the overburden units are derived 
from the underlying sandstones (see Figure 4-4 for locations of boundary conditions where 
inflow concentrations are specified).  

To represent the geochemical heterogeneity throughout the 3D model domain, independent 
initial condition (IC) files were generated for each of the node groups listed in Table 4-2.  These 
zones conform to hydraulic conductivity and effective porosity zones defined in the model and 
utilized during model calibration.  Independent initial conditions and reactions were designed to 
replicate the variability observed in field samples; reactions were adjusted from one zone to 
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another based on understanding of geochemical conditions (e.g., redox conditions and sorption 
potential). 
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Table 4-2: Geochemical Zones in 3D Reactive Transport Model 
Node Group Porosity Description 

Lake Bottom Sediments 0.25 Silt/clay rich sediments, which promote adsorption 

Overburden  
0.18 Lower porosity zone representing sand-till regions. 

0.22 Moderate porosity zone representing transition 
between sand-till and sand-rich regions. 

0.25 High porosity zone representing sandy regions. 
Upper Sandstone Aquifer 0.02 Fractured Sandstone 
Lower and Intermediate 
Sandstone outside of the 
Desilicified Zone 

0.01 
Fractured Sandstone 

Desilicified Zone (Lower and 
intermediate sandstone) 0.20 Loose sand with minor clay and mineral content. 

Ore Zone and Immediate 
Surroundings (to 15 m above the 
Ore Zone) 

0.20 
Contains restored solution at full strength initially. 
After initial time, solution disperses, diffuses, and 
reacts throughout the simulation. Porosity reflects 

post-decommissioning conditions. 

Flare above ore zone (to 50 m 
above the ore zone) 0.20 

Contains restored solution at 50% strength. After 
initial time, solution disperses, diffuses, and reacts 
throughout the simulation. Porosity reflects post-

decommissioning conditions. 
Paleoweathered Basement 
Aquitard 0.10 

Fractured basement rock with higher mineral 
content. Total porosity specified to simulate matrix 

diffusion effects. 
 
While the variable initial conditions files allowed for specification of heterogeneous geochemical 
parameter and reaction zones throughout the model domain, differences in these specified 
conditions lead to initial disequilibrium where differing initial condition zones meet (e.g., 
boundary between the Upper Sandstone and Desilicified Zone, or at the margins of the restored 
solution source zone).  Such differences led to some numerical instability at early time (e.g., the 
first 10-years of simulation), which reduced as the simulation progressed and spatial transitions 
were smoothed. 

 3D Sub-Domain Model: Base Case Scenario Predictions 
The base case scenario within the 3D sub-domain model incorporated the following features: 

 Restored mining horizon with a pH of 4.1, and enhanced concentration of dissolved 
minerals that reflect the post-decommissioning, restored-groundwater conditions 
(Section 3.3).  As noted above, the restored solution extended laterally to the freeze walls, 
to 15 m above the ore zone, and below the ore zone to the base of the Paleoweathered 
Basement Aquitard. 

 Flare zone that extended from 15 to 50 m above the ore zone.  The flare zone is 
conservatively estimated to have enhanced dissolved mineral contents at 50% of the 
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restored mining horizon. As noted above, the extension to 50 m above the ore zone is 
considered conservative as testing and analysis to date suggests this flare zone will be 
limited to 11 to 13 m. 

 Paleoweathered Basement Aquitard with high mineral and clay content to promote 
adsorption, and a relatively high effective porosity that reflects matrix diffusion processes. 

 Desilicified Zone with a relatively low mineral content, and modest clay content (moderate 
adsorption potential). 

 Remaining sandstone units (Lower Sandstone Aquifer, Upper Sandstone Aquifer, and 
Intermediate Sandstone Aquitard) with low porosity and moderate adsorption potential. 

 Overburden sands with relatively high porosity but moderate adsorption potential. 

 Lake bottom sediments (estimated as 1 m thick) with high porosity, higher silt and clay 
content, and a higher adsorption potential. 

4.6.1 Advective Transport of Dissolved Constituents 
Figure 4-4 illustrates particle tracking (advective transport without dispersion, adsorption, or any 
other reactions) from the ore zone and overlying flare (i.e., the source) to Whitefish Lake.  As 
illustrated, the general groundwater flow path extends horizontally through the Lower 
Sandstone Aquifer from the source for approximately 1 km before migrating vertically upward 
through the Desilicified Zone toward Whitefish Lake (note that the image in Figure 4-4 contains 
a vertical exaggeration factor of 2, which exaggerates the horizontal to vertical transition in the 
flow paths).  Upward migration through the Desilicified Zone is the dominant flow path due to 
its higher hydraulic conductivity relative to the non-desilicified Intermediate Sandstone 
Aquitard. Path lengths and travel times from the ore zone and flare to Whitefish Lake are 
documented on Figure 4-4, indicating a minimum path length of 900 m and a minimum travel 
time of just under 400 years; this path length and timing represents particles emanating from 
the eastern edge of the source.  Maximum travel times can reach 1,200 years, and a length of 
1,700 m (almost double the shortest paths) for particles that migrate from the western-most 
portion of the ore zone and flare, and/ or for particles that travel through lower hydraulic 
conductivity zones. Average linear groundwater velocities calculated for minimum and 
maximum path lengths, range from 1.4 to 2.3 m/annum, respectively. 

This broad spread of particle travel times, travel lengths, and average groundwater velocities 
indicates that the restored solution transport post-decommissioning: 

 Timing: will take centuries to reach Whitefish Lake. 

 Duration: will continue seep into Whitefish Lake over many centuries. 

 Change: will cause a gradual change from background conditions over a long time-period. 
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4.6.2 Advection and Dispersion of Dissolved Constituents 
To better understand fate and transport conditions occurring along these path lines, mass 
transport conditions were simulated.  While all simulations are completed in 3D, for ease of 
interpretation, transport results on figures within this and subsequent report sections are 
illustrated along a vertical cross-section that transects the model domain from west to east. The 
cross-section bends to extend through the ore zone and follow the trajectory of the flow paths 
from the ore zone to Whitefish Lake (Figure 4-5). 

As an example of transport patterns, conditions for a chemically conservative or non-reactive 
constituent, chloride, are presented. Figure 4-6 illustrates a time-series of plume snapshots from 
50 to 800 years post-decommissioning. This figure illustrates that as the dissolved constituents 
migrate toward Whitefish Lake through the Desilicified Zone, the concentration decreases. The 
result is that the concentration reaching Whitefish Lake is less than 10 mg/L, whereas the 
concentration in the initial restored solution (Table 3-5) is 200 mg/L. The reduction in 
concentration along the flow path for this non-reactive constituent is caused by hydrodynamic 
dispersion (i.e., dispersion due to mechanical mixing, and diffusion due to concentration 
gradients).  Dissolved chloride is transported along with groundwater along the flow paths 
illustrated in Figure 4-4; however, hydrodynamic dispersion tends to spread the concentrations 
throughout the advective migration period. Hydrodynamic dispersion results from both 
concentration gradients (transport from areas of higher to lower concentrations) and mechanical 
mixing as the water travels through the tortuous pathways along interconnected fractures 
(fractured sandstone and basement rocks), or through variably-sized pore spaces between soil 
grains (i.e., within the Desilicified Zone and overburden).  Note that the high concentrations 
persist within the Paleoweathered Basement Aquitard for much longer than within the Lower 
Sandstone Aquifer due to the relatively low hydraulic conductivity (5x10-9 m/s) simulated within 
the Paleoweathered Basement. As noted earlier, this low hydraulic conductivity is supported by 
both site-specific testing as well as the geochemical nature of the water found within this unit. 
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4.6.3 Advection, Dispersion, and Geochemical Reactions 
There are several types of chemical reactions that can affect the concentrations of 
COPCs along the groundwater flow path. Chemical reactions that can act to retard the 
velocity of groundwater plumes relative to the average linear velocity of groundwater 
(i.e., advection) and/or attenuate COPC concentrations in groundwater include 
precipitation as a mineral phase, sorption, and redox transformation (and subsequent 
precipitation and/or sorption). Other processes, like radioactive decay and ingrowth can 
affect concentrations of radiological constituents along the groundwater flow path but 
were not included in the simulations.  

Many of the geochemical constituents simulated as part of the restored solution (Table 3-5) 
experience geochemical reactions along the travel pathway in addition to advection and 
dispersion. Geochemical reactions have the effect of reducing the mass of a constituent within 
the dissolved phase and distributing a portion of that mass onto sorbed or solid phases. Sorbed 
or solid phases of the constituent becomes immobile until conditions change, and desorption or 
re-dissolution occur. When concentrations within the dissolved phase significantly reduce, 
desorption or re-dissolution can occur, re-mobilizing the sorbed mass. The rate of sorption and 
desorption depends upon the affinity of the constituent to be in solution verses sorbed in the 
conditions being simulated at a point in space and time within the sub-surface. The ratio of 
sorbed to dissolved mass depends on the overall composition of the water, including the ionic 
strength, pH, redox conditions, competing ions, ligands in solution, and the availability of 
sorption sites.  

At all times, an equilibrium between the dissolved mass and the sorbed mass was maintained. 
The slow advection rate facilitates ample time for water-rock interactions to occur.  The 
availability of sorption sites was calculated from mineral analyses completed for extracted core 
samples, as described in Section 3.5.6.2. Sorption was simulated to occur to clay, quartz, and 
goethite minerals.  The percentage of available sorption sites were varied in the simulations to 
reflect the potential that in situ mineral surface conditions (i.e., number of reactive sites; particle 
size, available surface area) may differ from those assumed from available literature sources.  

As an example of the effect of sorption reactions taking place throughout the simulation, Figure 
4-7a and 4.7b illustrate the transport of dissolved selenium (left column) and its partitioning 
onto clay minerals contained within the host rock (right column). The image sequence illustrates 
the changes in dissolved and sorbed concentration distribution over time as the dissolved phase 
migrates from the source location. At early time (i.e., 50-years post-decommissioning), the 
mineral phase initially forms at the up- and down-gradient edges of the source zone (see Figure 
4-1 for location). As the dissolved plume migrates into areas where there are additional available 
sorption sites (note: only sorption to clay minerals is shown in Figure 4-7a) mass in solution is 
sorbed onto the sorption site, reducing the concentrations in the dissolved phase. This slows the 
velocity of the dissolved plume relative to the average linear groundwater velocity (i.e., 
advection); this process is referred to as plume retardation. As time progresses, in areas where 
the concentration within the dissolved phase decreases, the mass of selenium sorbed onto the 
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clay surfaces is reduced as it desorbs back into solution. Selenium shows a low affinity for the 
solid phase and thus migration to Whitefish Lake is retarded to a limited extent in comparison 
to chloride, which is a conservative constituent.  

In addition to the sorption of mass and retardation of the dissolved plume, dispersion processes 
around the perimeter of the dissolved plume reduce the concentrations below the plotted 
threshold; in this case, the threshold illustrated is the groundwater evaluation criterion for 
selenium. The combination of sorption and dispersion processes act to limit the plume 
migration distance from the source. This concept is known as reaching a steady-state plume 
(Cherry, personal conversation) which is a term used to illustrate that the limits of a plume, at a 
concentration above a threshold, will not migrate as far as the associated groundwater.  As 
noted with chloride, the plume source persists within the paleoweathered Basement Aquitard 
due to the low hydraulic conductivity of that unit. 

Figures 4-8a and 4-8b illustrate similar trends in the dissolved and sorbed mass for cadmium, 
but over a much longer period of time (50,000 years) than for selenium (2,500 years).  Similar to 
that observed with selenium, dispersion and sorption processes act to restrict the migration of 
dissolved cadmium, at concentrations above the groundwater quality screening criteria (GQSC).  
Most of the dissolved constituents experience similar transport conditions that act to limit the 
migration toward Whitefish Lake. 

4.6.3.1 Uranium Fate and Transport 
Figures 4-9a and 4.9b illustrate the dissolved and sorbed uranium mass over a 50,000-year time-
period. Uranium is very strongly sorbed to the mineral phases present within the Athabasca 
Group sandstone units and underlying paleoweathered bedrock. Because of this, migration is 
very strongly retarded and uranium in the dissolved phase is not predicted to reach Whitefish 
Lake in 50,000 years or beyond. Like cadmium, the distance that the uranium plume (i.e., 
concentrations above the GQSC) migrates is limited by the sorption reactions and dispersion. 
The uranium plume is simulated to grow modestly over the first 5,000 years of the simulation, 
but then start to retract (i.e., shrink) for later times as the source concentrations are depleted. 
Depletion of the source concentration occurs as background water carrying lower constituent 
concentrations flows through the source area.  Concentrations above the GQSC  remain longest 
within the paleoweathered zone due to the lower hydraulic conductivity of, and the lower flow 
rates through, that unit. 

Figure 4-10 illustrates the distribution of uranium mass within the model between the dissolved 
and various sorbed phases (i.e., sorbed to clay, goethite, quartz, and lake-bottom sediments).  As 
illustrated, the dissolved uranium is simulated to decrease as time progresses. Dissolved mass is 
transferred to available sorption sites on clay, quartz, and goethite minerals; mass sorbed to clay 
is approximately one order of magnitude greater than that sorbed to quartz or goethite. The 
mass adsorbed to clay is the dominant form and is the majority of all uranium mass in the 
model (i.e., total uranium mass). 
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Figure 4-11 illustrates the 3D extent of uranium plume 5,000 years post-decommissioning.  The 
plume iso-surface illustrated is for the GQSC of 0.015 mg/L.  These figures illustrate that the 
uranium mass above the GQSC is simulated to remain at depth in the area surrounding, and 
down-gradient of the ore zone.  Lateral spreading is predicted to be limited as well due to the 
relatively low groundwater velocities. 
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4.6.4 Matrix Diffusion 
An additional process that is expected to occur in the natural system, but is not simulated in the 
results presented, is matrix diffusion.  Matrix diffusion is expected to occur within the fractured 
rock portions of the sub-surface and will act to further retard the migration of dissolved-phase 
constituents.  It is interpreted to be most prevalent within the Paleoweathered Basement 
Aquitard, but it can also likely occur within fractured media surrounding and within the ore zone.  
Without matrix diffusion, which is a physical process, the model is conservatively overpredicting 
the migration of all constituents. 

4.6.5 Constituents Reaching Whitefish Lake 
The groundwater model simulates the potential flow of groundwater and transport of 
constituents toward multiple downstream surface water bodies, including Whitefish Lake, 
McGowan Lake, LA-2, and Russell Lake. Whitefish Lake was found to be the most likely receiving 
water body based on proximity to the Phoenix ore zone, and observed water level data, and 
model simulation results further support that Whitefish Lake is the primary receiving water body. 
Other receptors located further away, including Russell Lake, are predicted to experience no 
measurable effects as a result of their increased distance from the Phoenix site, and additional 
dispersion that would occur along the potential transport pathways. Consequently, the 
groundwater quality reaching the base of Whitefish Lake is the focus of the discussion in the 
following sections.  Figures 4-12 and 4-13 illustrate results from the base simulation. 

Figure 4-12 illustrates concentrations of select COPCs reaching Whitefish Lake over the first 2,000 
years post-decommissioning (i.e., future centuries).  Primary and secondary vertical axes are used 
to plot constituents with higher and smaller mass flux on the same figure. Note that COPCs and 
other constituents that did not have a measurable change in concentration throughout the first 
2000 years of the simulation are not included in this figure. As shown on Figure 4-12, 
concentrations for contaminants of potential concern are simulated to not vary appreciably from 
initial, baseline, conditions; changes are gradual and will result in an evolution of the groundwater 
quality reaching Whitefish Lake.  Of note are the elongated peaks for vanadium and selenium; 
these peaks are stretched due to storage of mass within the lake bottom sediments. 

The maximum concentrations for COPCs, over the entire 60,000-year period simulated, are also 
presented in Table 4-2.  The constituent concentrations are for groundwater seeping into the 
base of the lake and do not reflect the mixing that will occur within the lake.  Beyond these 
groundwater simulations, environmental effects within Whitefish Lake were also assessed, as 
described in Section 4.9. All constituents, with exception of iron (Fe), manganese (Mn) and pH, 
were simulated to have concentrations that remain below the GQSC throughout the period of 
simulation (60,000 years post-decommissioning).  Both iron and manganese are naturally 
observed to have elevated concentrations in groundwater, with background iron concentrations 
observed to be above the GQSC (See Table 3-4). The simulated pH is very marginally below the 
lower value of the GWSC (pH 6.5), and all simulated pH values were within the range of natural 
groundwater pH values in the Local Groundwater System (overburden and Upper Sandstone 
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Aquifer). Background conditions are also discussed in detail in the Baseline Report (Ecometrix, 
2022a). 

As evident on Figure 4-12 (and documented on Table 4-3), more conservative constituents 
(chloride, iron, sulphate) are simulated to reach their peak concentrations in groundwater at the 
lake in approximately 400-years; this is consistent with the early arrival particle traces illustrated 
on Figure 4-4.  Other constituents that react to a greater degree with the mineral surfaces (e.g., 
selenium) reach their peak concentrations much later, and highly reactive constituents (e.g., 
arsenic, uranium) reach their peak concentration after tens-of-thousands of years, or never reach 
the Lake at noticeable concentration levels.  Conservative transport was experienced for 
strontium (Sr), chloride (Cl), iron III (Fe), sulphate (S04), and vanadium (V) with peak 
concentrations occurring within 400-500 years. Other constituents experienced very little change 
during the first 2000-years of post-decommissioning (e.g., uranium, cobalt, cadmium, Thorium-
230 and Radium-226); these are interpreted to remain at background concentrations 
throughout this period.  Minor fluctuations in all concentrations were simulated at early time 
(e.g., less than 100 years) as the model approached a continuous, smooth equilibrium from the 
piece-wise constant node groups used to apply initial concentrations. 

Table 4-3 documents the mass flux of constituents reaching Whitefish Lake, while Figure 4-13 
illustrates this mass flux over the first 2000 years (i.e., future centuries).  This evaluation of mass 
flux over time provides an indication of how much conditions will change within Whitefish Lake 
over the future centuries period post-decommissioning. Primary and secondary vertical axes are 
used to plot constituents with higher and smaller mass flux on the same figure.  As Figure 4-13 
illustrates, the simulated change in mass flux for all constituents is relatively small.  Sulphate is 
shown to experience the largest change in mass flux (14%), however most of the constituent’s 
experience less than 5% change in mass flux.  The predictions of mass flux to Whitefish Lake, 
summarized in Table 4-4, are further used within a subsequent effects assessment (Section 4.9), 
to understand the implication of changes in COPC mass flux to Whitefish Lake. 

The 60,000-year simulation time was chosen because by that time the source concentration for 
uranium is reduced to 1/100th the initial conditions, and as such, the potential for a plume from 
the source is all but eliminated as conditions have returned to background. 
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Table 4-3: Peak Concentrations in Groundwater Reaching Whitefish Lake Base Case 

Element 
Groundwater 

Quality 
Screening 

Criteria 

Concentration 
(mg/L) 

Peak Time 
(Yr) Comment 

Al 0.05 0.040 9000 Background, naturally near threshold 
As 0.005 8x10-4 47075 Background  
Ba* -- 0.039 50 Background 
Ca --  7.01 370 Conservative transport from Ore Zone 
Cd 4.0x10-5 1.1x10-5 510 Background  
Cl 120 10.0 420 Conservative transport 
Co 7.8x10-4 4.2x10-4 400 Background 
Cr* 8.9x10-3 5.3x10-4 400 Background 
Cu* 2.0x10-3 9.0x10-4 100 Background  
F* -- 0.06 8720 Background  
Fe 0.3 1.94 410 Conservative transport, naturally 

above threshold 
K -- 3.05 20 Background  
Mg -- 2.76 75 Background  

Mn* 0.23 0.28 500 Conservative transport, naturally near 
threshold 

Mo* 31 3.1x10-3 400 Background  
Na --  5.1 380 Conservative transport 
Ni 2.5x10-2 1.9x10-3 400 Conservative transport 
P* -- 0.074 1250 Background  
Pb 1.0x10-3 1.2x10-4 50 Background  
pH 6.5-9 6.45 400 Reactive transport, naturally below 

threshold 
SO4 128  12.6 410 Conservative transport 
Se 2.0x10-3 1.2x10-3 700 Reactive transport  
Sr* 2.5 0.12 400 Conservative transport 
Ra* 3.0x10-9 2.3x10-9 8720 Reactive transport 
Th* 1.24x10-4 3.2x10-8 8720 Reactive transport 
U 0.015 8.1x10-4 60000 Reactive transport 
V* 0.12 6.6x10-3 430 Conservative transport 
Zn* 0.011 4.7x10-3 8720 Reactive transport 

* Simulation limited to 8720 years for full suite of constituents. BOLD = Exceedance 
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Table 4-4: Mass Flux to Whitefish Lake: Base Case 
  Mass Flux to Whitefish Lake (g/d) 
Time  Al  As  Ba  C  Ca  Cd  Cl  Co  Cr  Cu  F  Fe  K  Mg  Mn  Mo  Na  Ni  P  Pb  Ra  S  Se  Si  Sr  Th  U  V  Zn 

50  4.79E+1  4.95E‐1  1.85E+1  1.25E+4  5.23E+3  1.63E‐2  1.09E+4  6.52E‐1  8.18E‐1  1.00E+0  7.52E+1  7.27E+2  4.36E+3  3.00E+3  2.47E+2  1.15E+0  5.23E+3  2.95E+0  6.77E+1  1.68E‐1  2.69E‐6  1.18E+3  1.31E+0  1.91E+4  4.03E+1  4.24E‐5  8.19E‐1  1.64E‐1  7.18E+0 

75  4.80E+1  4.95E‐1  1.78E+1  1.24E+4  5.07E+3  1.63E‐2  1.09E+4  6.51E‐1  8.18E‐1  9.99E‐1  8.03E+1  7.20E+2  4.36E+3  3.03E+3  2.45E+2  1.15E+0  5.20E+3  2.95E+0  6.64E+1  1.68E‐1  2.69E‐6  1.17E+3  1.31E+0  1.91E+4  3.86E+1  4.25E‐5  8.18E‐1  1.64E‐1  7.18E+0 

100  4.81E+1  4.95E‐1  1.72E+1  1.23E+4  5.04E+3  1.63E‐2  1.09E+4  6.51E‐1  8.17E‐1  9.98E‐1  8.27E+1  7.15E+2  4.33E+3  3.00E+3  2.47E+2  1.15E+0  5.17E+3  2.95E+0  6.71E+1  1.67E‐1  2.69E‐6  1.16E+3  1.31E+0  1.91E+4  3.73E+1  4.25E‐5  8.18E‐1  1.63E‐1  7.17E+0 

200  4.82E+1  4.95E‐1  1.53E+1  1.19E+4  5.10E+3  1.63E‐2  1.09E+4  6.49E‐1  8.17E‐1  9.93E‐1  8.62E+1  7.21E+2  4.22E+3  2.89E+3  2.57E+2  1.16E+0  5.08E+3  2.94E+0  7.07E+1  1.66E‐1  2.70E‐6  1.18E+3  1.31E+0  1.92E+4  3.45E+1  4.26E‐5  8.19E‐1  1.63E‐1  7.17E+0 

300  4.82E+1  4.95E‐1  1.37E+1  1.16E+4  5.10E+3  1.63E‐2  1.11E+4  6.48E‐1  8.16E‐1  9.91E‐1  8.82E+1  7.67E+2  4.20E+3  2.86E+3  2.58E+2  1.16E+0  5.04E+3  2.94E+0  7.15E+1  1.66E‐1  2.70E‐6  1.29E+3  1.31E+0  1.92E+4  3.42E+1  4.28E‐5  8.18E‐1  1.64E‐1  7.17E+0 

400  4.83E+1  4.95E‐1  1.25E+1  1.13E+4  5.09E+3  1.63E‐2  1.12E+4  6.47E‐1  8.16E‐1  9.88E‐1  8.98E+1  7.92E+2  4.18E+3  2.84E+3  2.59E+2  1.16E+0  5.01E+3  2.94E+0  7.20E+1  1.65E‐1  2.70E‐6  1.35E+3  1.31E+0  1.92E+4  3.37E+1  4.29E‐5  8.18E‐1  1.64E‐1  7.17E+0 

500  4.83E+1  4.95E‐1  1.17E+1  1.11E+4  5.03E+3  1.63E‐2  1.12E+4  6.46E‐1  8.15E‐1  9.86E‐1  9.09E+1  7.83E+2  4.16E+3  2.81E+3  2.59E+2  1.17E+0  4.98E+3  2.94E+0  7.23E+1  1.65E‐1  2.71E‐6  1.33E+3  1.31E+0  1.92E+4  3.21E+1  4.29E‐5  8.17E‐1  1.64E‐1  7.17E+0 

600  4.83E+1  4.95E‐1  1.11E+1  1.10E+4  4.96E+3  1.63E‐2  1.11E+4  6.44E‐1  8.14E‐1  9.84E‐1  9.18E+1  7.60E+2  4.15E+3  2.77E+3  2.58E+2  1.17E+0  4.95E+3  2.93E+0  7.25E+1  1.64E‐1  2.71E‐6  1.28E+3  1.31E+0  1.92E+4  3.01E+1  4.30E‐5  8.17E‐1  1.65E‐1  7.16E+0 

700  4.83E+1  4.95E‐1  1.07E+1  1.09E+4  4.91E+3  1.63E‐2  1.11E+4  6.43E‐1  8.14E‐1  9.83E‐1  9.24E+1  7.39E+2  4.14E+3  2.74E+3  2.57E+2  1.17E+0  4.93E+3  2.93E+0  7.26E+1  1.64E‐1  2.71E‐6  1.23E+3  1.31E+0  1.92E+4  2.85E+1  4.30E‐5  8.17E‐1  1.65E‐1  7.16E+0 

800  4.83E+1  4.95E‐1  1.04E+1  1.08E+4  4.87E+3  1.63E‐2  1.11E+4  6.42E‐1  8.13E‐1  9.82E‐1  9.28E+1  7.25E+2  4.13E+3  2.72E+3  2.56E+2  1.17E+0  4.92E+3  2.93E+0  7.27E+1  1.64E‐1  2.71E‐6  1.20E+3  1.31E+0  1.92E+4  2.73E+1  4.30E‐5  8.16E‐1  1.65E‐1  7.15E+0 

900  4.83E+1  4.95E‐1  1.01E+1  1.08E+4  4.84E+3  1.63E‐2  1.11E+4  6.40E‐1  8.12E‐1  9.81E‐1  9.31E+1  7.13E+2  4.13E+3  2.70E+3  2.56E+2  1.17E+0  4.91E+3  2.92E+0  7.27E+1  1.64E‐1  2.71E‐6  1.17E+3  1.31E+0  1.93E+4  2.64E+1  4.31E‐5  8.16E‐1  1.65E‐1  7.15E+0 

1000  4.83E+1  4.96E‐1  9.96E+0  1.07E+4  4.82E+3  1.63E‐2  1.11E+4  6.39E‐1  8.12E‐1  9.81E‐1  9.33E+1  7.03E+2  4.13E+3  2.69E+3  2.55E+2  1.17E+0  4.90E+3  2.92E+0  7.27E+1  1.64E‐1  2.71E‐6  1.15E+3  1.31E+0  1.93E+4  2.58E+1  4.31E‐5  8.16E‐1  1.66E‐1  7.15E+0 

1250  4.83E+1  4.96E‐1  9.74E+0  1.07E+4  4.78E+3  1.63E‐2  1.11E+4  6.37E‐1  8.11E‐1  9.81E‐1  9.37E+1  6.78E+2  4.14E+3  2.67E+3  2.53E+2  1.17E+0  4.89E+3  2.92E+0  7.26E+1  1.63E‐1  2.72E‐6  1.09E+3  1.30E+0  1.93E+4  2.46E+1  4.31E‐5  8.16E‐1  1.66E‐1  7.15E+0 

1500  4.83E+1  4.96E‐1  9.65E+0  1.07E+4  4.76E+3  1.63E‐2  1.10E+4  6.34E‐1  8.09E‐1  9.80E‐1  9.40E+1  6.61E+2  4.14E+3  2.65E+3  2.52E+2  1.17E+0  4.87E+3  2.91E+0  7.25E+1  1.63E‐1  2.72E‐6  1.05E+3  1.30E+0  1.93E+4  2.38E+1  4.32E‐5  8.16E‐1  1.66E‐1  7.15E+0 

1750  4.83E+1  4.96E‐1  9.58E+0  1.07E+4  4.75E+3  1.63E‐2  1.10E+4  6.32E‐1  8.08E‐1  9.81E‐1  9.43E+1  6.52E+2  4.15E+3  2.64E+3  2.50E+2  1.17E+0  4.86E+3  2.91E+0  7.23E+1  1.63E‐1  2.73E‐6  1.03E+3  1.30E+0  1.93E+4  2.33E+1  4.32E‐5  8.15E‐1  1.66E‐1  7.15E+0 

2000  4.83E+1  4.96E‐1  9.50E+0  1.07E+4  4.75E+3  1.63E‐2  1.10E+4  6.30E‐1  8.08E‐1  9.81E‐1  9.44E+1  6.48E+2  4.16E+3  2.63E+3  2.49E+2  1.17E+0  4.85E+3  2.91E+0  7.21E+1  1.63E‐1  2.73E‐6  1.02E+3  1.30E+0  1.93E+4  2.31E+1  4.32E‐5  8.15E‐1  1.66E‐1  7.15E+0 

2250  4.83E+1  4.96E‐1  9.43E+0  1.06E+4  4.75E+3  1.63E‐2  1.10E+4  6.28E‐1  8.07E‐1  9.81E‐1  9.45E+1  6.46E+2  4.16E+3  2.63E+3  2.48E+2  1.17E+0  4.84E+3  2.90E+0  7.19E+1  1.63E‐1  2.74E‐6  1.02E+3  1.30E+0  1.93E+4  2.30E+1  4.32E‐5  8.15E‐1  1.66E‐1  7.15E+0 

2500  4.83E+1  4.97E‐1  9.39E+0  1.06E+4  4.75E+3  1.63E‐2  1.10E+4  6.26E‐1  8.06E‐1  9.81E‐1  9.46E+1  6.45E+2  4.17E+3  2.63E+3  2.47E+2  1.17E+0  4.83E+3  2.90E+0  7.17E+1  1.63E‐1  2.74E‐6  1.02E+3  1.30E+0  1.93E+4  2.29E+1  4.33E‐5  8.15E‐1  1.66E‐1  7.16E+0 

2750  4.83E+1  4.97E‐1  9.36E+0  1.06E+4  4.75E+3  1.63E‐2  1.10E+4  6.24E‐1  8.05E‐1  9.82E‐1  9.47E+1  6.44E+2  4.18E+3  2.62E+3  2.46E+2  1.17E+0  4.83E+3  2.90E+0  7.15E+1  1.63E‐1  2.75E‐6  1.02E+3  1.30E+0  1.93E+4  2.28E+1  4.33E‐5  8.15E‐1  1.66E‐1  7.16E+0 

3000  4.83E+1  4.97E‐1  9.34E+0  1.06E+4  4.75E+3  1.62E‐2  1.10E+4  6.22E‐1  8.04E‐1  9.82E‐1  9.47E+1  6.44E+2  4.18E+3  2.62E+3  2.44E+2  1.17E+0  4.82E+3  2.90E+0  7.13E+1  1.63E‐1  2.76E‐6  1.01E+3  1.30E+0  1.93E+4  2.26E+1  4.33E‐5  8.14E‐1  1.66E‐1  7.16E+0 

3250  4.83E+1  4.97E‐1  9.33E+0  1.06E+4  4.75E+3  1.62E‐2  1.10E+4  6.21E‐1  8.03E‐1  9.82E‐1  9.48E+1  6.44E+2  4.19E+3  2.62E+3  2.43E+2  1.17E+0  4.81E+3  2.89E+0  7.11E+1  1.63E‐1  2.76E‐6  1.01E+3  1.30E+0  1.93E+4  2.25E+1  4.33E‐5  8.14E‐1  1.66E‐1  7.16E+0 

3500  4.83E+1  4.97E‐1  9.32E+0  1.06E+4  4.75E+3  1.62E‐2  1.10E+4  6.19E‐1  8.02E‐1  9.82E‐1  9.48E+1  6.43E+2  4.19E+3  2.61E+3  2.42E+2  1.17E+0  4.81E+3  2.89E+0  7.10E+1  1.63E‐1  2.77E‐6  1.01E+3  1.30E+0  1.93E+4  2.24E+1  4.34E‐5  8.14E‐1  1.66E‐1  7.17E+0 

3750  4.83E+1  4.97E‐1  9.31E+0  1.06E+4  4.74E+3  1.62E‐2  1.10E+4  6.17E‐1  8.01E‐1  9.83E‐1  9.48E+1  6.43E+2  4.19E+3  2.61E+3  2.41E+2  1.17E+0  4.80E+3  2.89E+0  7.08E+1  1.63E‐1  2.77E‐6  1.01E+3  1.30E+0  1.93E+4  2.22E+1  4.34E‐5  8.14E‐1  1.66E‐1  7.17E+0 

4000  4.83E+1  4.97E‐1  9.31E+0  1.06E+4  4.74E+3  1.62E‐2  1.10E+4  6.15E‐1  8.00E‐1  9.83E‐1  9.49E+1  6.43E+2  4.20E+3  2.61E+3  2.40E+2  1.17E+0  4.80E+3  2.89E+0  7.06E+1  1.63E‐1  2.78E‐6  1.01E+3  1.30E+0  1.93E+4  2.21E+1  4.34E‐5  8.14E‐1  1.66E‐1  7.17E+0 

4250  4.83E+1  4.98E‐1  9.30E+0  1.06E+4  4.74E+3  1.62E‐2  1.10E+4  6.14E‐1  7.99E‐1  9.83E‐1  9.49E+1  6.43E+2  4.20E+3  2.61E+3  2.39E+2  1.17E+0  4.79E+3  2.88E+0  7.04E+1  1.63E‐1  2.78E‐6  1.01E+3  1.30E+0  1.93E+4  2.20E+1  4.34E‐5  8.13E‐1  1.66E‐1  7.18E+0 

4500  4.83E+1  4.98E‐1  9.30E+0  1.06E+4  4.73E+3  1.62E‐2  1.10E+4  6.12E‐1  7.99E‐1  9.83E‐1  9.49E+1  6.43E+2  4.21E+3  2.61E+3  2.38E+2  1.17E+0  4.79E+3  2.88E+0  7.02E+1  1.63E‐1  2.79E‐6  1.01E+3  1.30E+0  1.93E+4  2.19E+1  4.34E‐5  8.13E‐1  1.66E‐1  7.18E+0 

4750  4.83E+1  4.98E‐1  9.30E+0  1.06E+4  4.73E+3  1.62E‐2  1.10E+4  6.10E‐1  7.98E‐1  9.84E‐1  9.49E+1  6.43E+2  4.21E+3  2.61E+3  2.37E+2  1.17E+0  4.79E+3  2.88E+0  7.01E+1  1.63E‐1  2.79E‐6  1.01E+3  1.30E+0  1.93E+4  2.18E+1  4.34E‐5  8.13E‐1  1.66E‐1  7.18E+0 

5000  4.83E+1  4.98E‐1  9.30E+0  1.06E+4  4.73E+3  1.62E‐2  1.10E+4  6.09E‐1  7.97E‐1  9.84E‐1  9.49E+1  6.43E+2  4.21E+3  2.61E+3  2.36E+2  1.17E+0  4.78E+3  2.88E+0  6.99E+1  1.63E‐1  2.80E‐6  1.01E+3  1.30E+0  1.93E+4  2.17E+1  4.35E‐5  8.13E‐1  1.66E‐1  7.18E+0 

6000  4.82E+1  4.98E‐1  9.29E+0  1.06E+4  4.71E+3  1.62E‐2  1.09E+4  6.03E‐1  7.93E‐1  9.85E‐1  9.50E+1  6.42E+2  4.23E+3  2.60E+3  2.33E+2  1.16E+0  4.77E+3  2.86E+0  6.92E+1  1.63E‐1  2.82E‐6  1.01E+3  1.30E+0  1.93E+4  2.13E+1  4.35E‐5  8.12E‐1  1.66E‐1  7.20E+0 

7000  4.82E+1  4.99E‐1  9.29E+0  1.06E+4  4.70E+3  1.62E‐2  1.09E+4  5.97E‐1  7.90E‐1  9.85E‐1  9.51E+1  6.42E+2  4.24E+3  2.60E+3  2.31E+2  1.16E+0  4.76E+3  2.85E+0  6.86E+1  1.63E‐1  2.83E‐6  1.01E+3  1.30E+0  1.93E+4  2.11E+1  4.36E‐5  8.11E‐1  1.66E‐1  7.21E+0 

8000  4.82E+1  4.99E‐1  9.29E+0  1.06E+4  4.69E+3  1.62E‐2  1.09E+4  5.93E‐1  7.87E‐1  9.86E‐1  9.51E+1  6.42E+2  4.25E+3  2.60E+3  2.29E+2  1.16E+0  4.76E+3  2.84E+0  6.81E+1  1.63E‐1  2.85E‐6  1.01E+3  1.30E+0  1.93E+4  2.08E+1  4.36E‐5  8.10E‐1  1.66E‐1  7.22E+0 
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4.6.6 Summary of Base Case Transport Analysis 
The base-case simulations indicated that post-decommissioning conditions would not generate 
any exceedances at Whitefish Lake for the future centuries period, apart from those that reflect 
natural conditions.  The only exceedances noted in the base case simulation were iron, 
manganese and pH, but concentrations/values of these parameters are naturally above or near 
the guideline criteria for freshwater aquatic life.  

Simulations illustrate that the geochemical reactive transport conditions interpreted for the site 
would sorb and retain most of the restored groundwater concentrations in the vicinity of the ore 
zone (Figures 4-9 to 4-10), such that only minor changes from background would occur at 
Whitefish Lake throughout the future centuries period.  Simulation of key constituents such as 
uranium, indicate that the mass will be removed from the dissolved solution and sorbed onto 
available sorption sites of clay, iron, and goethite contained throughout the Athabasca Group 
sandstone units.  This process, coupled with dispersion in three-dimensions, acts to limit the 
maximum extent of the dissolved plume at concentrations above the groundwater quality 
screening criteria.   

The simulations presented are considered conservative, as they do not consider all potential 
attenuating processes.  Matrix diffusion is expected to further constrain transport of dissolved 
constituents, particularly based on the long travel times.      

 Prediction Uncertainty Analysis 
The understanding of the geochemistry and important processes evolved throughout the 
geochemical simulation progress.  Initial simulations were performed using a subset of 
constituents (19 constituents solved using multi-species transport).  Results were reviewed and 
parameters, or geochemical conditions were varied to test hypotheses and uncertainties in 
parameter assumptions.  Areas of simulation evolution and testing regarding parameter 
uncertainty included the following: 
 

- suite of COPC necessary to be simulated,  
- characteristics of the paleoweathered zone,  
- characteristics of lake-bottom sediments and their capacity for sorption and attenuation, 
- importance of incorporating spatially variable porosity in computing solids fractions,  
- variability in clay content within and surrounding the ore zone related to post-

decommissioning migration and reactive transport,  
- availability of iron within different hydrostratigraphic units, and  
- availability of potential sorption sites along the transport pathway. 

As part of the uncertainty scenarios, the period of simulation was varied. The 3D geochemical 
reactive transport model simulations were run for thousands, to tens-of-thousands of years after 
thawing of the freeze wall (i.e., post-decommissioning and beyond). Simulations of up to 
100,000 years were performed to ensure that desorption, ion exchange and other processes had 
reached a stable equilibrium and would not yield additional mass available for transport. 
However, through the base case simulation, the following key time periods were observed: 
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- the dissolved uranium mass was reduced by 90% within the first 5,000 years,  
- a steady-state uranium plume was achieved within the first 10,000 years,  
- by 25,000 years, the dissolved uranium mass was reduced to 1% of the decommissioning 

restored solution mass with the majority of the dissolved mass remaining within the low 
conductivity paleoweathered bedrock.  

- By 60,000 years, maximum dissolved concentrations for uranium were reduced to 1% the 
initial conditions with the highest concentrations persistent within the low conductivity 
paleoweathered bedrock.   

- Beyond 60,000 years when peak concentrations are predicted to be 1% of the source 
concentrations, the potential for a continued groundwater plume from the ISR mining 
area is all but eliminated and conditions have returned to baseline conditions.  

Through these findings, the most important period for simulation was considered to be the first 
10,000 years; this period is generally considered sufficient time to understand geochemical 
processes. Simulation of conditions beyond 50,000 to 60,000 years was generally found to 
produce very little change from background conditions.  

Table 4-5 outlines a suite of additional simulations that were performed to explore uncertainty 
regarding the source condition, hydrogeologic parameters, and the geochemical transport 
processes that can affect predicted concentrations reaching Whitefish Lake.  The scenarios were 
designed to evaluate the potential uncertainties associated with peak concentrations that may 
reach Whitefish Lake. Each scenario provide insight into the potential changes in predictions if 
the model parameters differ from those applied in the base case model simulations.  

Uncertainties with respect to the source conditions included a) the suite of constituents within 
the source zone and transported to Whitefish Lake (Base+ scenario), b) the spatial extent of the 
source zone, and c) the temporal extent of the source zone. The Base+ scenario evaluates the 
fate and transport of the full suite of characterized COPCs, including Barium, Chromium, Copper, 
Floride, Potassium, Magnesium, Manganese, Molybdenum, Phosphorous, Radium, Strontium, 
Thorium, Vanadium, and Zinc. In addition to the Base+ scenario, uncertainty scenarios (Table 
4-5) are further described as follows: 

1. Scenario 1: To evaluate the spatial extent, the flare zone overlying the restored solution 
(Figure 4-1) was considered to have the same solution strength as the area immediately 
surrounding the ore zone.  This extends the source zone vertically; the lateral extent is 
physically constrained by the freeze walls.  This scenario effectively simulates an increase 
in the dissolved mass of the source. 

2. Scenario 2: To evaluate the temporal extent of the source, clay content and proton 
sorption to clays within the source zone were tested.  Simulation of proton desorption 
from clay can result in a plume of lower pH for a longer period.  This lower pH plume can 
affect the sorption behaviour of COPCs.  
 

Uncertainty with respect to transport conditions between the ore zone and Whitefish Lake was 
evaluated by extending the simulated time period for transport, varying hydraulic conductivity 
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of materials along the flow path (6 scenarios), reducing the number of available reaction sites 
along the flow path (3 scenarios), reducing the dispersion that tends to reduce concentrations in 
three dimensions in groundwater, enhancing the iron oxidation and ferric iron precipitation such 
that lower pH conditions may be present within the shallower zones, and evaluating the effect of 
dissolved U(VI) with pyrite in the desilicified sediments (Redox scenario, Section 3.5.6.3). In 
Scenarios 3, 4 and 5, the values for increased hydraulic conductivities in the Lower Sandstone 
Aquifer and desilicified zone of the Intermediate Sandstone Aquifer were developed using a 
robust uncertainty analysis (Section 2.8).  This approach was used in recognition that model 
calibration is non-unique and that a range of parameter combinations should be evaluated to 
understand potential environmental predictions. 

These scenarios are further described as follows: 

3. Scenario 3: The transport simulation time was extended to 100,000 years following 
cessation of mining to evaluate the potential that desorption, ion exchange and other 
processes could yield additional mass available for transport. 

4. Scenario 4: A set of higher hydraulic conductivity values selected from the groundwater 
flow uncertainty assessment (Section 2.8.3). Realization 3, from the parameter 
uncertainty assessment, contains a higher hydraulic conductivity for the Lower 
Sandstone Aquifer (above Phoenix mining phases 1-4, 5, and 6) as well as within the 
altered (desilicified) portion of the Intermediate Sandstone Aquitard (Figure 2-21). 

5. Scenario 5: A set of higher hydraulic conductivity values selected from the groundwater 
flow uncertainty assessment (Section 2.8.3). Realization 7, from the parameter 
uncertainty assessment, contains the highest hydraulic conductivity for the combination 
of the Lower Sandstone Aquifer (above Phoenix phase 5) as well as within the altered 
(desilicified) portion of the Intermediate Sandstone Aquitard (Figure 2-21). 

6. Scenario 6: A set of higher hydraulic conductivity values selected from the groundwater 
flow uncertainty assessment (Section 2.8.3). Realization 27, from the parameter 
uncertainty assessment, contains the highest hydraulic conductivity for the Lower 
Sandstone Aquifer (above Phoenix phase 5) of any of the 50 calibrated realizations. 

7. Scenario 7: Higher hydraulic conductivity within the ore zone, representing the potential 
that the ore zone may have enhanced flow through rate, and thus create a greater mass 
flux leaving the ore zone. 
 

8. Scenario 8: Higher hydraulic conductivity along the WS Shear, within the paleo-
weathered zone. The WS Shear is interpreted to have an enhanced fracture zone 
(damaged zone) surrounding the fault plane, with the frequency and apertures of 
fractures decreasing exponentially away from the fault plane (i.e., typical interpretation 
for fracturing surrounding a fault).  The enhanced fracturing along the WS shear is only 
expected to be relevant within the paleoweathered portion of the sub-surface as the 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Post-Decommissioning Reactive Transport Modelling 

 
 

Ref. 19-2649
17 OCTOBER 20224.39 

overlying sediments have been desilicified, and thus are expected to behave more like 
porous media than fractured media. 
 

9. Scenario 9: The hydraulic conductivity was enhanced along exploration coreholes where 
grout was only placed in the 15 m above the ore zone.  The overlying coreholes were 
simulated to have enhanced hydraulic conductivity through the Intermediate Sandstone 
Aquitard (Figure 2-6). 
 

10. Scenario 10: The number of available reaction sites at mineral surfaces was reduced to 
10% (‘1 in 10 solids’) assumed in the base case to reflect the potential that site densities 
and other mineral properties (e.g., surface area) from the literature may not accurately 
reflect those found in situ. This was evaluated in the 1D model in Section 3.5.6.2.5. 
Consequently, the potential for dissolved mass to adsorb (and thus have transport 
retarded) was reduced. 
 

11. Scenario 11: The number of available reaction sites at the mineral surfaces was reduced 
10% (as above, #10), but with the full suite of constituents. 
 

12. Scenario 12: Reduction in the number of available reaction sites within the Lower 
Sandstone Aquifer. The Lower Sandstone Aquifer naturally has relatively low clay and 
iron concentrations. These minerals were removed altogether from this zone to evaluate 
the influence on the COPC migration.  
 

13. Scenario 13: The longitudinal and transverse dispersivity were reduced by a factor of 2 to 
reduce the potential dispersion of the plume along the flow path to values of 5 m and 
2.5 m respectively.  This has the effect of increasing the maximum concentrations along 
the dominant flow paths. 
 

14. Scenario 14: Oxygenated conditions may be encountered in the upper flow zone. 
Oxidation of ferrous iron from the mining area to ferric iron and subsequent 
precipitation of the ferric hydroxide to goethite was simulated, and the effect on pH and 
COPC behaviour evaluated.   
 

15. Scenario 15: Alternative REDOX conditions were considered for the transformation of 
uranium and other COPCs. The groundwater is largely anoxic and pyrite is present in the 
zone of thermal alteration in the Lower Sandstone Aquifer. The potential for U(VI) 
reduction to (U(IV) linked to pyrite oxidation was explored. In this scenario, no sorption 
was assumed in the Lower Sandstone Aquifer for U(VI) or other COPCs.  
 

Each of these uncertainty scenarios provides a means to evaluate the variation in the predicted 
outcomes (i.e., concentrations) reaching Whitefish Lake. 
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Table 4-5: Predictive Uncertainty Simulations 

# Description 
Key Changes 

Number of 
Constituents Source Transport Objective 

Base  Base Case   19  RS1  Reactive along entire flow path    Best estimate of expected transport including geochemical reactions. 
Base+  Base Case with Additional Constituents  31  RS1++  Base  Potential for other constituents to reach Whitefish Lake. 
1 

Expanded Source into Overlying Flare  19 
Flare @ 100% 
Restored 
Solution 

Base  Conservative source extent and total mass 

2  Elongated Source due to Slow Release of 
sorbed Constituents  19  RS1+sorbed 

mass 
Base  Conservative source timing and total mass 

3  Extended Transport time  19  RS1  Base  Potential for any longer‐range changes  
4  Higher hydraulic conductivity (Realization 3)  19  RS1 

Base Transport Processes, but with enhanced 
hydraulic conductivity 
 

Potential for earlier breakthrough of constituents and less time for constituents 
to react along the flow path. 

5  Higher hydraulic conductivity (Realization 7)  19  RS1 

6  Higher hydraulic conductivity (Realization 27)  19  RS1 
7  Higher hydraulic conductivity in ore zone  19  RS1  Ore zone does not collapse, leaving higher conductivity in source area 
8  Higher hydraulic conductivity along the WS 

Shear within the paleo‐weathered zone  
19  RS1  Potential for enhanced fracturing along WS Shear 

9  Higher hydraulic conductivity along 
exploration coreholes 

19  RS1  Potential for exploration coreholes to be preferential transport pathways 

10  Fewer Reaction Sites  19  RS1  Reaction sites limited to 1 in 10 of base case  Conservative number of reaction sites 
11  Fewer Reaction Sites, full suite of constituents   31  RS1  Reaction sites limited to 1 in 10 of base case   Conservative number of reaction sites, full suite of constituents 
12  Minimal Sorption within Lower Sandstone 

Aquifer  31  RS1  Iron sorption sites omitted within the Lower 
Sandstone Aquifer  Lower potential for sorption, potentially higher peak breakthrough  

13  Lower Dispersivity  19  RS1  Less dispersion  Potential for less dispersion 
14  Iron Oxidation Causing low pH  19  RS1  Reduced pH due to iron oxidation  Lower potential for sorption  
15  Alternative REDOX conditions  31  RS1  Reduced potential transformation of uranium  Less potential for uranium transport to be retarded due to REDOX 

transformations. 
*Effects assessment completed using the results from the Base+ scenario, which contained the complete set of constituents.
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4.7.1 Prediction Uncertainty Results 
Table 4-5 presents a summary of the predicted concentrations reaching Whitefish Lake under 
each of the evaluated uncertainty scenarios. The constituent concentrations are for groundwater 
seeping into the base of the lake and do not reflect the mixing that will occur within the lake.  
Exceedances of the groundwater quality screening criteria (GQSC) are shown as using a bold, 
red font.   

Exceendances of the GQSC for iron (Fe3+), manganese (Mn) and pH were found in most 
simulations.  Exceedances of for iron are not surprising as initial conditions for iron were 
observed to be above criteria throughout the Athabasca Group sandstone units and even in 
surface water samples (Table 3-4).  Similarly, exceedances of the GQSC for manganese were 
anticipated as Mn was observed to have concentrations above the GQSC in the Lower 
Sandstone Aquifer, the Intermediate Sandstone Aquitard, as well as surface water (Table 3-4). 
These GQSC exceedances are not caused by mining activities, rather they are naturally occurring 
within the Athabasca Group sandstone units. pH values were also marginally lower than the 
GWSC but varied to a very limited extent and were within the range of pH values measured in 
the overburden and Upper Sandstone Aquifer (Table 3-4 and Appendix D). 

Modest exceedances of the GQSC for cobalt (Co) and selenium (Se) were also simulated for the 
scenario where a lower dispersivity value was applied.  Figure 4-14 illustrates that a minor 
portion area of the groundwater below the lake would be subjected to concentrations greater 
than the GQSC for selenium, while Figure 4-15 illustrates a similar occurrence for cobalt.  The 
timing of the exceedance is dependent upon the reactive nature of each constituent, and so the 
exceedance for cobalt is not predicted to occur until 30,000 years post-decommissioning, while 
the exceedance for selenium is predicted to occur 500 years post-decommissioning.  The area of 
the lake experiencing concentrations above the GQSC in the underlying groundwater is small, 
and the mass flux entering the lake would not change appreciably. The predicted concentrations 
in the groundwater entering the base of Whitefish Lake would be further readily reduced during 
mixing within the lake, as evaluated through the Effects Assessment (Section 4.9). 

The uncertainty scenario that yielded the most change was the reduction of the longitudinal 
dispersivity value from 10 to 5 m (Scenario 13).  Over the length of the plume (i.e., 1 km), and 
recognizing the potential tortuosity associated with flow paths through fractured rock horizons, 
the 10 m dispersivity value (i.e., base case) is considered the most appropriate value, while the 
uncertainty value (i.e., longitudinal dispersivity of 5 m; transverse dispersivity of 2.5 m) is 
considered conservative. 

These uncertainty scenarios provide a measure of the potential range of concentrations that 
may be observed in groundwater beneath Whitefish Lake via groundwater transport. The 
consistency of the scenario results illustrates the ability of the natural conditions to attenuate 
restored mining solutions such that elevated concentrations will remain at depth, and 
concentrations that reach Whitefish Lake will be similar to existing, background conditions. In 
addition, the consistency of the uncertainty results with the base case affirms that the base case 
simulation is appropriate for decision-making.
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Table 4-6: Uncertainty Results: Groundwater Concentrations at Whitefish Lake 

 

Scenario MaxTime pH Al As C Ca Cd Cl Co Fe K Mg Na Ni Pb SO4 Se Si U Ba Cr Cu F Mn Mo P Ra Sr Th V Zn

Base 60000 6.45 4.00E‐2 7.82E‐4 1.34E+1 7.01E+0 1.07E‐5 9.98E+0 4.23E‐4 1.94E+0 3.05E+0 2.76E+0 5.12E+0 1.92E‐3 1.18E‐4 1.26E+1 8.35E‐4 1.22E+1 5.50E‐4
Base+*

8720 6.47 2.98E‐2 3.22E‐4 1.34E+1 7.02E+0 1.07E‐5 9.88E+0 4.22E‐4 1.95E+0 3.05E+0 2.78E+0 5.13E+0 1.92E‐3 1.19E‐4 1.27E+1 8.36E‐4 1.22E+1 5.45E‐4 3.94E‐2 5.25E‐4 7.00E‐4 6.14E‐2 2.79E‐1 3.09E‐3 7.43E‐2 2.28E‐9 1.19E‐1 3.16E‐8 6.64E‐3 4.71E‐3
1

50000 6.43 4.01E‐2 4.19E‐4 1.34E+1 8.36E+0 1.10E‐5 1.17E+1 4.33E‐4 2.85E+0 3.05E+0 2.87E+0 5.58E+0 1.96E‐3 1.18E‐4 1.89E+1 8.48E‐4 1.22E+1 5.50E‐4
2

50870 6.42 4.20E‐2 4.11E‐4 1.34E+1 7.06E+0 1.07E‐5 1.00E+1 4.24E‐4 1.95E+0 3.05E+0 2.78E+0 5.14E+0 1.92E‐3 1.18E‐4 1.26E+1 8.35E‐4 1.22E+1 5.51E‐4
3

100000 6.45 3.98E‐2 1.40E‐3 1.34E+1 5.83E+0 1.43E‐5 1.03E+1 4.85E‐4 2.10E+0 3.42E+0 3.08E+0 6.17E+0 1.90E‐3 1.17E‐4 1.37E+1 1.37E‐3 1.22E+1 8.71E‐4
4

35000 6.45 4.01E‐2 1.03E‐3 1.47E+1 5.03E+0 1.30E‐5 1.05E+1 4.19E‐4 8.55E‐1 3.26E+0 3.20E+0 5.87E+0 1.91E‐3 1.21E‐4 5.03E+0 1.38E‐3 1.22E+1 1.70E‐3
5

25450 6.45 4.02E‐2 9.82E‐4 1.47E+1 5.01E+0 1.42E‐5 9.87E+0 4.19E‐4 8.13E‐1 3.23E+0 3.19E+0 5.47E+0 1.91E‐3 1.21E‐4 4.74E+0 1.28E‐3 1.22E+1 1.54E‐3
6

25075 6.45 4.01E‐2 1.10E‐3 1.46E+1 5.02E+0 1.38E‐5 1.10E+1 4.19E‐4 1.06E+0 3.28E+0 3.18E+0 6.32E+0 1.91E‐3 1.21E‐4 6.46E+0 1.44E‐3 1.22E+1 1.81E‐3
7

10000 6.44 4.02E‐2 1.58E‐3 1.34E+1 6.10E+0 2.27E‐5 1.00E+1 4.16E‐4 1.95E+0 3.17E+0 2.94E+0 6.59E+0 1.89E‐3 1.18E‐4 1.27E+1 1.47E‐3 1.22E+1 7.69E‐4
8

10000 6.44 4.02E‐2 2.00E‐3 1.34E+1 6.18E+0 2.59E‐5 1.05E+1 4.16E‐4 2.02E+0 3.17E+0 2.95E+0 6.92E+0 1.89E‐3 1.18E‐4 1.31E+1 1.57E‐3 1.22E+1 7.69E‐4
9

10000 6.45 4.00E‐2 3.21E‐4 1.34E+1 7.01E+0 1.07E‐5 9.95E+0 4.23E‐4 1.94E+0 3.05E+0 2.76E+0 5.12E+0 1.92E‐3 1.18E‐4 1.26E+1 8.35E‐4 1.22E+1 5.50E‐4
10

50000 6.44 4.02E‐2 4.68E‐4 1.34E+1 6.61E+0 1.14E‐5 9.95E+0 6.33E‐4 1.95E+0 2.95E+0 2.71E+0 6.98E+0 1.92E‐3 1.18E‐4 1.26E+1 8.35E‐4 1.22E+1 1.40E‐3
11

11175 6.46 4.69E‐2 3.33E‐4 1.34E+1 6.68E+0 1.18E‐5 9.86E+0 4.48E‐4 1.95E+0 2.95E+0 2.72E+0 6.66E+0 1.92E‐3 1.19E‐4 1.27E+1 8.36E‐4 1.22E+1 1.37E‐3 3.93E‐2 5.27E‐4 7.86E‐4 6.17E‐2 2.82E‐1 9.14E‐4 9.41E‐2 2.52E‐9 1.20E‐1 3.80E‐8 1.30E‐4 4.93E‐3
12

8540 6.47 2.98E‐2 3.25E‐4 1.34E+1 6.95E+0 1.07E‐5 9.89E+0 4.22E‐4 1.95E+0 3.05E+0 2.78E+0 5.29E+0 1.92E‐3 1.19E‐4 1.27E+1 8.36E‐4 1.22E+1 5.45E‐4 3.94E‐2 5.25E‐4 6.99E‐4 6.14E‐2 2.79E‐1 9.12E‐4 7.46E‐2 2.26E‐9 1.20E‐1 3.15E‐8 1.30E‐4 4.70E‐3
13

35000 6.43 4.15E‐2 1.93E‐3 1.49E+1 7.48E+0 3.96E‐5 1.20E+1 9.10E‐4 2.91E+0 3.27E+0 3.21E+0 8.38E+0 1.92E‐3 1.21E‐4 1.93E+1 2.19E‐3 1.22E+1 9.58E‐3
14

50000 6.38 4.21E‐2 1.49E‐3 1.34E+1 6.14E+0 2.22E‐5 1.00E+1 6.62E‐4 6.48E‐3 3.17E+0 2.94E+0 6.62E+0 1.90E‐3 1.17E‐4 1.26E+1 1.40E‐3 1.22E+1 3.15E‐3
15

15000 6.39 3.83E‐2 6.97E‐4 1.34E+1 6.96E+0 1.07E‐5 9.89E+0 4.22E‐4 2.00E+0 3.05E+0 2.78E+0 5.30E+0 1.91E‐3 1.18E‐4 1.26E+1 8.34E‐4 1.22E+1 5.34E‐4 3.94E‐2 5.14E‐4 6.17E‐2 2.89E‐1 9.12E‐4 7.74E‐2 2.61E‐9 1.20E‐1 3.41E‐8 1.30E‐4 5.00E‐3

6.5‐9 5.00E‐2 5.00E‐3 4.00E‐5 1.20E+2 7.80E‐4 3.00E‐1 2.50E‐2 1.00E‐3 1.28E+2 2.00E‐3 1.50E‐2 8.90E‐3 2.00E‐3 2.30E‐1 3.10E+1 3.00E‐9 2.50E+0 1.24E‐4 1.20E‐1 1.10E‐2
Notes:
* Base+ Scenario used to evaluate effects within Whitefish Lake in the E

Groundwater Quality 
Screening Criteria

Exceedances of Groundwater Quality Screening Criteria are shown in red 
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 Summary of Reactive Transport Results 
Transport of dissolved constituents was simulated using a 3D groundwater flow modelling 
approach with coupled geochemical reactive transport wherein the chemical reactions were 
computed using PHREEQC and the transport was computed using FEFLOW.  In this manner, 
dissolved constituents were allowed to interact with the geologic media through which they are 
migrating, allowing realistic sorption reactions to be incorporated into the transport calculations.  
Simulations extended post-decommissioning for thousands of years to evaluate potential effects 
throughout the future-centuries period. 
Transport of dissolved constituents generally follows the predicted flow paths (Figure 4-4), with 
additional spreading and mixing related to dispersion.  Dispersion reduces the concentrations as 
time progresses and the dissolved plume migrates (Figure 4-6), and results in much lower 
concentrations reaching Whitefish Lake than those that are simulated post-decommissioning 
within the mining horizon (see Section 4.1 for source conditions). In addition to the dispersion, 
constituent’s experience geochemical reactions along the flow path including sorption reactions. 
Dissolved groundwater constituents sorb to available reaction sites on minerals within the host 
material (i.e., quartz, goethite, and clay) as the dissolved constituents reach these sites. Sorption 
and precipitation reactions have the effect of taking mass out of the dissolved phase and making 
it stationary in the sub-surface until conditions are appropriate for desorption or re-dissolution. 
These reactions effectively retard the dissolved mass available to be transported toward Whitefish 
Lake (Figures 4-7 a, b to 4-9 a, b). The transformation of mass from the dissolved to a sorbed state 
is illustrated in Figure 4-10 for uranium. Similar mass distributions occurs for all reactive 
constituents. Sorption occurs to different extents for each constituent, and there can be 
competition for sorption sites by multiple constituents in solution.  All constituents are, therefore, 
simultaneously transported and allowed to react within the simulations to appropriately evaluate 
the transport and fate of the suite of constituents.  
By accounting for the reactions included in the model, the simulated plumes of dissolved COPCs 
migrating from the mining area are found to reach a maximum extent within the Lower Sandstone 
Aquifer and the deeper part of the Desilicified Zone (Figure 4-11) after about 5,000 to 10,000 
years, depending on the constituent. Consequently, the conditions at Whitefish Lake are predicted 
to experience modest variations from background/baseline conditions. For example, a maximum 
change of 14% for the mass flux of sulphate, a chemically conservative constituent in the 
groundwater was predicted from background conditions, as shown in Figures 4-12 and Figure 4-
13).  Under the base case scenario, there are only minor exceedances of GQSC for constituents 
(e.g., iron, manganese) which are naturally found at elevated levels within the Athabasca Group 
sandstones, and pH is marginally below the GWSC but within baseline range. Consequently, these 
GQSC exceedances are attributed to natural processes, not the mine post-decommissioning. 
Assessment of parameter and geochemical uncertainty suggested there may be a low probability 
for modest GQSC exceedances for cobalt and selenium in groundwater below the lake. The 
portion of Whitefish Lake predicted to experience such potential exceedances is relatively small 
(see Figure 4-14 and 4-15) such that the mass flux to Whitefish Lake is not expected to be 
appreciably altered.  Similarly, the concentrations within Whitefish Lake, which will be subject to 
considerable mixing (see Section 2.6.4), are not expected to be measurably altered.  
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 Output for Effects Assessment at Whitefish Lake 
Predictions of mass flux to Whitefish Lake (Section 4.6.5) were further incorporated within a 
subsequent effects assessment, to understand the implication of such changes in mass flux to 
Whitefish Lake.  Such effects are documented under separate cover (Ecometrix, 2022b) with a 
summary contained within the EIS (Section 10). 

To evaluate the effect of predicted dissolved concentrations seeping into the base of Whitefish 
Lake, predicted concentration and mass flux changes from the 3D groundwater flow and 
reactive transport model were further assessed using the IMPACT model (Ecometrix, 2022b).  
IMPACT is used to assess the potential risks to in the environment, including humans, from 
exposure to COPCs. 

.Concentration data (Table 4-3) and mass flux data (Table 4-4; Figure 4-13), from the Base+ 
scenario were used within IMPACT; the Base+ was used as that scenario represents the best 
estimate of concentrations and mass loading to Whitefish Lake, for the full suite of constituents.  
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 Summary and Conclusions 
Groundwater flow and reactive transport modelling tools were constructed to simulate 
conditions in the Phoenix area. The models reflect the conceptual hydrogeologic understanding 
developed over 16 years of data collection and interpretation by Denison.   

The groundwater flow model was calibrated to observed water level and stream baseflow data. 
The calibrated groundwater flow patterns were also found to be consistent with natural 
geochemical trends in groundwater chemistry in the region associated with the Phoenix ore 
deposit. Groundwater flow within the calibrated groundwater model is dominated by lateral flow 
within the overburden and Upper Sandstone aquifers, but also includes some flow through the 
deeper, Lower Sandstone Aquifer. Deep groundwater flow travels eastward within the Lower 
Sandstone Aquifer before moving upward through the remaining Athabasca Sandstone and 
overburden deposits toward Whitefish Lake. This flow path is largely influenced by the interpreted 
Desilicified Zone, which is better described as a porous media rather than a fractured rock and 
that facilitates the connection between the Upper Sandstone Aquifer and Lower Sandstone 
Aquifer flow systems. From a water budget perspective, the calibrated groundwater flow model 
was used to identify that groundwater discharge to Whitefish Lake is primarily through the local 
groundwater flow system (i.e., Overburden and Upper Sandstone Aquifer), with a lesser 
component flowing from the Lower Sandstone Aquifer, through the Desilicified Zone, into the 
base of Whitefish Lake near its eastern shore.  
Transport of dissolved constituents was simulated for post-decommissioning using a 3D 
geochemical reactive transport approach wherein the chemical reactions were computed using 
PHREEQC and the transport was computed using FEFLOW. In this manner, dissolved 
constituents were allowed to interact with the geologic media through which they are migrating, 
allowing physically-based adsorption, precipitation, redox and ion exchange reactions to be 
incorporated into the transport calculations.  Transport of dissolved constituents generally 
followed predicted groundwater flow paths, with additional spreading due to dispersion.  
Dispersion reduces concentrations as time progresses and the dissolved plume migrates. In 
addition to the dispersion, geochemical reactions (e.g., sorption to reaction sites on minerals 
such as quartz, goethite, and clay) act to retard and spread the plume as the dissolved 
constituents interact with available sites.    

By accounting for these transport and fate processes, the simulated plumes of dissolved 
constituents emanating from the ore zone were assessed throughout the future centuries 
period; they were found to reach maximum spatial extents within the Lower Sandstone Aquifer 
unit and the deeper part of the Desilicified Zone within 5,000 to 10,000 years, with elevated 
concentrations generally remaining within these deep hydrogeologic units.  Consequently, the 
conditions at Whitefish Lake are simulated to represent modest variations from the background 
conditions.   

A suite of parameter and process uncertainty scenarios were performed to evaluate the 
potential for COPC concentrations in groundwater to reach Whitefish Lake at levels 
above/outside of GQSC. Fifteen additional scenarios are presented; all scenarios indicated that 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Summary and Conclusions 

 
 

Ref. 19-2649
17 OCTOBER 20225.2 

concentrations of most constituents would not exceed GQSC in groundwater at the lake.  The 
exceptions include: 

- constituents consistently simulated to be outside of GQSC because they are naturally 
elevated (iron and manganese) or are naturally below the GQSC range (pH); and  

- A scenario with conservative dispersivity values wherein selenium and cobalt 
concentrations were simulated to exceed the GQSC. 

The 3D geochemical reactive transport model is considered conservative as not all potential 
attenuating processes are simulated, such as matrix diffusion. The geochemical reactions are 
site-specific and are well-founded on available literature and site-specific data.  Transport 
analysis incorporates background conditions that were derived from groundwater quality 
observations throughout the site, geochemical reactions sites based on solid phase constituent 
concentrations and mineralogical assemblages from core analyses, and source conditions 
consistent with those observed during lab core leaching and flushing experiments. 

5.1.1 Understanding of Post-Decommissioning Fate and Transport 
Based on the detailed numerical modelling completed, the restored solution remaining within and 
surrounding the mining area following remediation in Decommissioning was predicted to result 
in no adverse conditions to the surface environment.  Constituents dissolved and mobilized as 
part of the mining process are interpreted and simulated to react with, and sorb to mineral (quartz, 
clay, goethite) surfaces as they are transported away from the ore zone. The result is that most of 
the dissolved mass for constituents of concern is sorbed onto available sites on mineral surfaces 
eliminating the potential for transport to Whitefish Lake. 
Less reactive constituents such as chloride, sulphate and selenium are simulated to exhibit small 
increases in concentrations in groundwater reaching Whitefish Lake. Concentrations of all COPCs, 
with the exception of iron, manganese and pH are simulated to remain below GWSC, and ranges 
in concentrations/values of these parameters range are outside of the GWQC under baseline 
conditions.  
The validity of the simulation results was tested by performing a suite of over 16 process and 
parameter uncertainty scenarios.  All scenarios produced similar results, providing enhanced 
confidence that the future predicted conditions at Whitefish Lake under the base case scenario 
represent the likely outcome. The consistency of the scenario results illustrates the capacity of 
the natural setting to attenuate restored mining solutions such that elevated concentrations will 
remain at depth, and concentrations that reach Whitefish Lake will be similar to existing, 
background conditions. 

 Limitations 
5.2.1 Simplifications 
As with any numerical model, the groundwater flow model developed for Denison’s Phoenix 
deposit is a simplification of the real hydrogeologic setting. The development of the model follows 
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Occam’s Razor which can be paraphrased as “the simplest solution is most likely the right one” 
and is similar to Einstein’s teachings that hypotheses “should be made as simple as it can be [to 
explain observed conditions], but not simpler.” With respect to numerical modelling of 
groundwater flow and transport, the adoption of these principles infers that the model should 
only incorporate conceptual features, boundary conditions and parameter heterogeneity that are 
important to explain primary variations in observed data; where practical, generalized parameter 
distributions should be applied. In the context of groundwater modelling this is referred to as 
applying the “principle of parsimony” (Hill and Tiedeman, 2007). 
Following this approach, simplifications contained within the calibrated numerical model include: 

 Structure of the model layers is generalized to the interpreted hydrostratigraphic units for 
the Phoenix site. 

 Hydrogeologic property values are applied uniformly for: 

 Sandy and till regions of the overburden,  
 Upper Sandstone Aquifer, 
 Intermediate Sandstone Aquitard, outside of the Desilicified Zone,  
 Desilicified Zone; 
 Lower Sandstone Aquifer beyond the immediate area of desilicified materials, 
 Paleoweathered bedrock zone, and 
 Basement aquitard  

 Boundary conditions were applied only where surface water was mapped, or to allow 
regional groundwater inflow and outflow, where such flow was evident. No specified head 
or concentration boundary conditions exist within the numerical model footprint; they are 
only located at the model perimeter. 

 Groundwater recharge was applied in two generalized zones, representing upland 
recharge (tills) and lowland recharge (sandy zones). 

While natural variability of parameters is expected, the level of generalization applied replicates 
the observed groundwater flow conditions and produces an acceptable degree of calibration. As 
such, additional heterogeneity and complexity was not warranted. 
In addition to the groundwater flow conceptualization, simplifications were also incorporated 
within the transport simulation approach applied as follows:   

 Parameters such as dispersivity, and diffusion were applied uniformly throughout the 
model. 

 Transport properties were assigned uniformly within hydrostratigraphic units that have the 
same effective porosity values. 
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 Reactive transport boundary conditions were applied uniformly within the shallow aquifer 
zones, and deep aquifer zones to represent average “background conditions” for areas of 
inflowing water. 

 Reactive transport initial conditions were assigned uniformly within hydrostratigraphic 
units with the same effective porosity values. 

 Geochemical reactions were assigned uniformly within hydrostratigraphic units with the 
same effective porosity values.  

5.2.2 Assumptions 
Assumptions that are inherent in the simulation results presented are outlined in the following 
section. These assumptions are consistent with the conceptual understanding, and would equally 
impact each scenario, so would not affect the comparison of results in each scenario. 

 The regional groundwater system is assumed to have groundwater levels and gradients 
that are stationary and reflect a groundwater flow system that is in equilibrium. Observed 
water levels from monitoring wells are assumed to represent long-term average 
conditions. Thus, a steady-state groundwater flow simulation approach is appropriate. 

 Groundwater recharge, pumping, and other hydraulic conditions were simulated to remain 
constant during the simulation period (i.e., 100,000 years into the future). 

 Hydraulic conductivities values measured and interpreted through on-site fieldwork 
investigations are representative of conditions throughout the model footprint. 

 Exploration coreholes that lie within the Desilicified zone are interpreted to have collapsed 
and thus are interpreted to not act as preferential pathways. 

 Surface water boundary conditions are assumed to be constant elevations in time, which 
allows groundwater discharge to be naturally simulated.  

 The Desilicified Zone was delineated based on available geotechnical parameters collected 
within exploration coreholes including fracture frequency, friability, RQD, and similar data.   

 Adsorption reactions occur throughout the model domain.  Reaction sites are assumed to 
be uniformly available throughout the sub-surface parameter zones.  

 Mineral distribution, and associated reaction sites are assumed to be uniformly distributed 
throughout each hydrogeologic unit. Samples collected by Denison are assumed to 
provide representative information regarding mineral content and availability. 

At the time of this report, all these assumptions are believed to be reasonable and appropriate. In 
many cases (e.g., reaction site availability) even more conservative assumptions are applied in the 
prediction uncertainty assessment (Section 4.7). 
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5.2.3 Limitations 
This report has been prepared for the exclusive use of Denison. Information, interpretations, and 
summary comments contained herein are provided for the purpose stated in the scope of 
modelling (Section 1.0). Under no circumstance may this information be used for purposes other 
than those specified unless formal authorization is provided.  
This report must be read in its entirety as some sections could be falsely interpreted when taken 
individually or out-of-context. Further, the contents and findings of this document reference and 
rely on the contents of the baseline hydrogeology report (EcoMetrix, 2022a) and should not be 
interpreted independently. The final version of this report and its content supersedes any other 
text, opinion or preliminary version produced by EcoMetrix Incorporated. 
Groundwater systems are naturally complex at a level that cannot be explicitly replicated, and 
conditions must be interpolated between observation and measurement points; as such, 
groundwater models are a simplification of nature. The validity and accuracy of the model 
depends on the amount and quality of data available for characterization and model calibration 
relative to the degree of complexity of the geologic setting, as well as the complexity of the 
groundwater flow and transport processes. For this assessment, the breadth of data collected 
provides confidence in the characterization as well as the numerical model calibration.  
The groundwater modelling described in this report was conducted in a manner exceeding the 
level of care and skill typically exercised by engineering and science professionals currently 
practising under similar conditions. The developed model was used to refine understanding of the 
conceptualization by determining conceptual hypotheses that can successfully replicate observed 
conditions, and conversely those that cannot (i.e., model calibration). Typically, more than one 
conceptualization can replicate observed conditions and prediction uncertainty analyses were 
completed which incorporate multiple levels of conservatism.  
The groundwater flow and reactive transport assessment provided in this report presents the 
understanding gained through completing the detailed model development, calibration, and 
predictive uncertainty assessments, and as such this work follows recognized professional 
approaches for numerical modelling (e.g., Anderson et al., 2015).  
Despite the level of care employed, no warranty, express or implied, is made regarding individual 
modelling predictions. The insights gained through the breadth of modelling scenarios evaluated, 
in which multiple levels of conservatism were explored, should be used to guide decisions; 
decision confidence is strengthened because of the detailed approach followed and the bracketed 
outcome analysis provided. 
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Appendix A Creation of Numerical Model Surfaces 
Hydrostratigraphic Model Layers  
The following sections outline the methodology and data sets used to create the 
hydrostratigraphic model layers represented in the regional scale groundwater flow model. The 
layers are discussed stratigraphically from ground surface to the bottom of the competent 
basement rock.  

Ground Surface / Top of Overburden 
The ground surface represented in the FEFLOW model is illustrated on Figure B1. The surface 
was provided by Denison at the onset of the project and was derived by stitching together two 
digital elevation model surfaces that joined on a west-east line at the Phoenix deposit. Some 
ground surface anomalies were noted at the interface between the two surface and these 
anomalies were smoothed in the FEFLOW model.  

As illustrated on Figure B1 the ground surface elevation is highest on the drumlin ridges and 
lowest along the surface water features including Whitefish Lake (approximately 500 m asl) and 
McGowan Lake (494 m asl).  

Top of Upper Sandstone Aquifer/ Bottom of Overburden 
The surface representing the top of the Upper Sandstone Aquifer unit was the bottom of 
overburden surface that was created and provided by Denison in April 2020 
(“overburden_Wheeler_bottom.grd”).  

The top surface of the unit is highest (510 m asl) in the southwest and declines in a northeasterly 
direction towards the western portion of Whitefish Lake where there is an interpreted deepening 
of the bedrock surface in an interpreted glacially scoured bedrock trough that is incised 
approximately 50 m into the surrounding topographic surface (Figure B2). The bedrock the 
centre of this trough has an elevation of approximately 400 m asl.  

Top of Intermediate Sandstone Aquitard / Bottom of Upper Sandstone Aquifer  
The surface representing the top of the Intermediate Sandstone Aquitard was created by the 
Ecometrix team by generating and interpreting cross-sections using normative clay values 
reported at each exploration borehole in the study area. The contact between the two was 
identified at the interface between the Upper Sandstone Aquifer that has normative clay content 
generally less than 4%, and the underlying Intermediate Sandstone Aquitard that has normative 
clay content greater than 4 to 6%.  The contact was picked at each borehole where data was 
available and the elevations at the points were interpolated in FEFLOW to generate the 
continuous surface.  

The top surface of the intermediate sandstone aquitard is highest (430 m asl) in the area 
southeast of the Phoenix deposit and declines to an elevation of approximately (390 m asl) in 
the area west of Phoenix near the Gryphon deposit (Figure B3).    

Top of Lower Sandstone Aquifer / Bottom of Intermediate Sandstone Aquitard 
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Like the overlying surface, the top of the Lower Sandstone Aquifer was created by the Ecometrix 
project team by interpreting cross-sections using normative clay values reported at each 
exploration borehole in the study area. The contact between these two units in each borehole 
was picked at the elevation where normative clay was higher than 4% in the overlying aquifer, 
and less normative clay values in the underlying aquifer unit.  

The top surface of the Lower Sandstone Aquifer varies from a high of 320 m asl at the highest 
point on the quartzite ridge (where the unit is absent) to a low of approximately 120 m asl in the 
western reaches of the study area near Kratchkowsky Lake (Figure B4).  

Top of Clay Cap/ Bottom of Lower Sandstone Aquifer 
The exact position of the clay cap overlying the ore zone was not defined by Petrotek or 
Denison, so was assumed to have a uniform thickness of 2 m overlying the ore zone. This 
surface was continuous only along the ore zone itself so the surface representing the 
unconformity was assigned in the areas of the model that lie outside the ore zone 
(“Unconformity_Detailed_Explicit_10m” provided in Feb 2021). As noted in the modelling report, 
the hydraulic conductivity values of the units above were assigned where the paleoweathered 
portion of the basement is interpreted to be absent, and the layer is minimally thin. 

Top of Ore Zone / Bottom of Upper and Lower Barrier Zones 
The surface representing the top of the ore was provided by Denison in April 2020 
(“Mineralization_Phoenix_top”). This surface was continuous only along the ore zone itself so the 
surface representing the unconformity (minus one metre) was assigned in the areas of the 
model that lie outside the ore zone (“Unconformity_Detailed_Explicit_10m” provided in Feb 
2021). As noted in the modelling report, the hydraulic conductivity values of the units above 
were assigned where the weathered basement aquitard is interpreted to be absent, and the 
layer has a minimal thickness. 

Top of Paleoweathered Basement Aquitard / Bottom of Ore Zone 
The surface representing the top of the weathered basement aquitard and the base of the ore 
zone was provided by Denison in April 2020 (“Mineralization_Phoenix_Bottom”). This surface was 
continuous only along the ore zone itself so the surface representing the unconformity (minus 
three metres) was assigned in the areas of the model that lie outside the ore zone 
(“Unconformity_Detailed_Explicit_10m” provided in Feb 2021). As noted in the modelling report, 
the hydraulic conductivity values of the units above were assigned where the basement aquifer 
is interpreted to be absent, and the layer has a minimal thickness.  

Top of Competent Basement Aquitard/ Bottom of Weathered Basement  
The surface representing the top of the Competent Basement Aquitard (and the base of the 
Weathered Basement Aquitard) was developed by Denison and provided to the Ecometrix team 
in February 2021(“Baseofpaleoweatheredzone”).  

Bottom of Model 
The bottom of the model was arbitrarily set at sea level
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Appendix B Calibrated Hydraulic Conductivity Distributions 
by Model Layer 
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Appendix C Model Layer Elevations 
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Appendix D Groundwater Chemistry 
Hydrochemistry results for five (5) groundwater wells (GWR-038 through GWR-042) is included 
in the groundwater chemistry summary tables presented in this Appendix, but these wells do 
not appear in Table Table 3-4 or in the hydrochemistry discussion in Section 3.2.2. The 
groundwater quality results for those wells have been included herein for completeness, and 
borehole logs are provided for those wells in the Baseline Geology and Hydrogeology Report 
(Ecometrix, 2022a). However, water quality in those wells was compromised by inadvertent 
introduction of KCl. Groundwater quality associated with these wells was thus not used in 
modelling or in the calculation of summary statistics.  
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Table D-1: Existing, Pre-Mining, Groundwater Chemistry 
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TableD-2: Existing, Pre-Mining, Groundwater Chemistry 
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Table D-3: Existing, Pre-Mining, Groundwater Chemistry 
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Table D-4: Existing, Pre-Mining, Groundwater Chemistry 
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Appendix E 1D Model Supporting Information 
Elemental Concentrations in Rock for the Project 

Table E-1: Solid Phase Elemental Concentrations 

 
 

Surface Complexation Binding Constants 

The sources of binding constants for uranium, metals and radionuclides to adsorbing phases, 
including goethite, illite and quartz are provided in Table E-2. As is shown in Table E-2, binding 
constants for all elements/constituents could not always be associated with adsorbing phases.   
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Table E-2: Summary of Compiled Surface Complexation Constants 
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Adsorption Behaviour – Supporting Information 

In Figure E1, a sorption isotherm for uranium to the solid assemblage conceptualized for the 
Desilicified Zone is shown (at pH 6.4; pH value used the model for this hydrostratigraphic unit). 
At the high end of dissolved uranium concentrations shown, the sorption is non-linear with 
lower relative ratios of concentrations in the solids to those in the water.  This behaviour of 
lower apparent Kd values at higher concentrations in water is common to many chemical 
constituents. The figure shows that at higher uranium concentrations, similar to those that are 
being modelled in association with the Recovered solutions, the sorptive capacity of the solid 
becomes depleted. This is an important reason rationalizing the use of a more complex 
geochemical approach versus applying Kd values for this work.  

At lower uranium concentrations, the sorption isotherm is linear, and the Kd (slope of the line) in 
this linear region is approximately 1.07x102 L/kg as shown in the insert/enlargement area and 
(very closely) corresponds to that shown in Table 3-11 (1.04x102 L/kg). 
 
Figures E2 through E8 demonstrate that the sorption behavior of constituents to the different 
sorbing phases (quartz, illite and goethite) in the Desilicified Zone and Paleoweathered Zone 
(illite) is aligned with the studies from which the binding constants were taken as well as with 
results from other literature studies. In E2 through E8 there are two “panels” in each figure. Panel 
“a)” shows the sorption behaviour predicted in this in the geochemical model developed in this 
assessment and Panel “b)” shows the sorption behaviour in the literature. The following in 
shown: 

 Figure E2: Sorption behaviour of U to quartz follows literature behaviour. 
 Figure E3 and E4: Sorption behaviour of U to illite in the absence and presence of 

aqueous carbonate species, respectively, follows literature behaviour. 
 Figure E5: Sorption behaviour of U to goethite in the presence of aqueous carbonate 

species, follows literature behaviour. 
 Figure E6: Sorption behaviour of Cd to goethite shows a good alignment with literature 

behaviour but may overestimate sorption at low pH. 
 Figure E7: Vanadium sorption to goethite does not follow literature behaviour; sorption 

in the literature is stronger and occurs over a broader pH range (compare the Kd values 
shown on both panels a) and b)). The difference is that the thermodynamic database 
developed for this project contains several vanadium complexes, shown in Figure E8, that 
limit the sorption, as the surface complexation constant is for the species VO4-3. The high 
Kd values observed in Table 3-11 for vanadium, suggest that some of these complexes 
may not be valid. In any case, the approach used in this work was conservative, in that 
vanadium sorption is underestimated. 
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Radioactive Decay of 226Radium and 230Thorium and Production of Daughter Products 

Radioactive decay was implemented in the 1D reactive transport model to account for decay 
and production of daughter products. The following radioactive decay chain was included in the 
model, following the work of Pique et al. (2013). 
 
                     Th-230             Ra-226               Rn-222  
                                        α                             α 
               t1/2 77,000 yr         t1/2 1,600 yr             t1/2 3.82 d 
 
The 1D reactive transport model used was the ‘Desilicified Zone Pathway’ model (Figure 3-6b of 
the main text) and the low solids scenario was evaluated. The low solids scenario was evaluated 
because this is conservative for 226Ra, as it will migrate more quickly along the groundwater flow 
path (i.e., less time for radioactive decay). Radioactive decay of 230Th, resulting production of 
226Ra-226, and decay of 226Ra was implanted in PHREEQC using the RATES and KINETICS 
keywords. The elements Th and Ra were used to represent 230Th and 226Ra, because the 
groundwater chemistry data collection for Th and Ra was limited to the radioactivity of these 
isotopes. This allowed for the modelling to be done without the need to specifically define these 
isotopes in PHREEQC. The decay rates for 230Th and 226Ra were calculated in the model as 
follows: 
 
               ∂C/∂t = -λ ∙ C 
 
               λ = ln(2) / t1/2 
 
where C is the concentration of 230Th and 226Ra (mol/L), λ is the decay constant (seconds-1), and 
t1/2 is the half-life (seconds). Decay of 230Th was modelled to produce 226Ra with stoichiometry of 
1:1, and Ra-226 was modelled to produce 222Rn with stoichiometry of 1:1. The production of 
226Rn from the decay of 230Th was modelled at each time step (3.9 years) in PHREEQC using this 
stoichiometry, such that the rate expression for 226Rn did not need to account for this 
production.    
 
Results of modelling radioactive decay are shown in groundwater at the point of discharge to 
Whitefish Lake for 226Ra and 230Th in Figures E9 and E10, respectively. Accounting for radioactive 
decay results in modest decrease in the maximum 226Ra concentration in groundwater (3.9x10-7 
mg/L with decay versus 4.8x10-7 mg/L without decay), which was modelled to occur after 
approximately 3,200 years due to sorption and de-sorption processes. Decay of 230Th results in 
negligible loss of 230Th and production of 226Ra due to the slow decay rate evident in its long 
half-life (77,000 years). Due to the long half-life of 230Th decay and similarity of initial 230Th and 
226Ra concentrations (within an order of magnitude), radioactive decay results in decreases in 
226Ra rather than increases from the 230Th decay.  
 
To provide a check on the model calculations for the radioactive decay, an arbitrary high 
concentration of 226Ra (1.29 mol/L) was input to the model as the initial concentration, and the 



 
NUMERICAL MODELLING: POST-DECOMMISSIONING EVALUATION 

Appendices 

 
 

Ref. 19-2649
17 OCTOBER 2022E.13 

model was evaluated at the discharge location, 1,000 m downgradient of the ore zone. In this 
model simulation, the concentration of 226Ra decreased exponentially for 460 years, when the 
concentration then decreased rapidly due to the flushing out of the initial waters by the 
infiltrating fresh water. The rate of decrease of 226Ra during the initial 460 years was forecast out 
to 1,600 years, which is the half-life of 226Ra (Figure E-11). The 226Ra concentration forecasted 
using the initial decay rate was equal to half of the initial 226Ra concentration. This check 
demonstrates that the radioactive decay was modelled correctly. 
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Example PHREEQC and PiChem Input Files 

#PHREEQC Input File_Transport_PWZ_DSZ and Sediments2_Chlorite2.phr 

DATABASE C:\PHREEQC OLD COMPUTER\phreeqc\database\Enhanced 
PHREEQC4_Unified_May2022_Chlorite.dat 
 
TITLE water quality evolution at Pheonix during gw restoration 
# Authors: Elizabeth Haack; ehaack@ecometrix.ca 
# Reactive Transport Model_Remediated Groundawater from Mining Area to below Lake  
# Paleoweathered, Desilicified zones and Lake Bottom Sediments 
# Natural groundwater from upgradient  
 
EXCHANGE_MASTER_SPECIES 
 
Y Y-   # X- = Illite Exchange Site 
 
SURFACE_MASTER_SPECIES 
Hfo_ Hfo_OH # Goethite surface reactive site 
Hao_s Hao_sOH #Illite surface reactive sites   
Hao_w Hao_wOH 
Hao_ww Hao_wwOH 
Q QOH # Quartz surface reactive sites 
Hco_ Hco_OH  # chlorite 
 
Linear Linear 
 
SURFACE_SPECIES 
Linear = Linear 
Linear + H2AsO4- = LinearH2AsO4- 
      -log_k -96.02 
Linear + Cd+2 = LinearCd+2 
 -log_k -96.82 
Linear + Co+2 = LinearCo+2 
      -log_k -97.60          
Linear + Cr(OH)+2 = LinearCr(OH)+2 
      -log_k -96.94   
Linear + Cu+2 = LinearCu+2 
     -log_k -97.52          
Linear + MoO4-2 = LinearMoO4-2 
      -log_k -97.50 
Linear + Ni+2 = LinearNi+2 
      -log_k -97.05         
Linear + Pb+2 = LinearPb+2 
      -log_k -95.92         
Linear + Ra+2 = LinearRa+2 
      -log_k -96.92         
Linear + SeO4-2 = LinearSeO4-2 
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      -log_k -96.70 
Linear + Th(OH)3(CO3)- = LinearTh(OH)3(CO3)- 
      -log_k -97.64    
Linear + Th(OH)2(CO3) = LinearTh(OH)2(CO3) 
      -log_k -97.64    
Linear + UO2CO3 = LinearUO2CO3 
      -log_k -96.70     
Linear + H2VO4- = LinearH2VO4- 
      -log_k -96.40    
Linear + Zn+2 = LinearZn+2 
      -log_k -96.82   
 
####################################################### 
 
SOLUTION 0 #Groundwater Sweep; Put in the Pre-Equilibrated solution like I passed to Paul 
units mg/L  
pH 6.467 charge 
pe 15.535 
Temperature 7 
Al 5.20E-02 
As 1.30E-03 
Ba 5.40E-02 
C(4) 8.66E+01 
Ca 9.78E+00 
Cd 1.00E-05 
Cl 7.20E+00 
Co 1.00E-04 
Cr 5.00E-04 
Cu 1.80E-03 
F 1.80E-01 
Fe 8.60E-01 
K 8.60E-01 
Mg 2.00E+00 
Mn 3.60E-01 
Mo 4.20E-03 
Na 6.10E+00 
Ni 1.00E-04 
Pb 1.00E-04 
S(6) 4.70E+00 
Se 1.00E-04 
Si 2.41E+01 
Sr 1.20E-01 
Zn 1.20E-02 
P 1.00E-01 
U 7.00E-04 
V 1.00E-04 
Ra 1.37E-08 
Th 1.30E-07 
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END 
 
SOLUTION 1-45 #EA Solution #1 
units mg/L 
pH 4.3 charge 
pe 14 
Temp 7 
Al 7 
As 0.06 
Ba 0.05 
C(4) 58 
Ca 110 
Cd 0.015 
Cl 200 
Co 2 
Cr 0.05 
Cu 0.17 
#F  
Fe 100 
K 9 
Mg 6 
Mn 3.4 
Mo 0.1 
Na 190 
Ni 9.7 
Pb 3.1 
S(6) 703 
Se 0.08 
Si 40 
Sr 4.4 
Zn 1.4 
P 4 
U 100 
V 0.51 
Ra 5.47E-06 
Th 3.93E-06 
 
END 
 
SOLUTION 46-55 #PWZ 
units mg/L  
pH 6.7 charge 
pe 14 
temp 7 
Al 0.034 
As 0.05 
Ba 0.036 
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C(4) 154 
Ca 6.76 
Cd 0.00001 
Cl 86.5 
Co 0.01 
Cr 0.0045 
Cu 0.005 
F 0.53 
Fe 0.49 
K 5.6 
Mg 3.09 
Mn 0.7 
Mo 0.0128 
Na 76.1 
Ni 0.015 
Pb 0.0001 
S(6) 4.55 
Se 0.0001 
Si 9.18 
Sr 1.17 
Zn 0.00425 
P 0.01 
U 0.01239 
V 0.0001 
Ra 5.47E-09 
Th 1.00E-06 
 
END 
 
SOLUTION 56-145 #DSZ 
units mg/L  
pH 6.46 charge 
pe 14 
Temperature 7 
Al 0.052 
As 0.0013 
Ba 0.054 
C(4) 86.6 
Ca 9.78 
Cd 0.00001 
Cl 7.2 
Co 0.0001 
Cr 0.0005 
Cu 0.0018 
F 0.18 
Fe 0.86 
K 2 
Mg 1.6 
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Mn 0.36 
Mo 0.0042 
Na 6.10 
Ni 0.0001 
Pb 1.00E-04 
S(6) 4.7 
Se 1.00E-04 
Si 24.1 
Sr 0.12 
Zn 0.012 
P 0.1 
U 0.0007 
V 0.0001 
Ra 1.37E-08 
Th 1.31E-07 
 
END 
 
solution 146 # Lake Bottom Sediments 
units mg/L  
pH 6.45 
pe 14 
Temp 7 
Al 0.037 
As 0.0003 
Ba 0.0057 
C(4) 33.9 
Ca 2.7 
Cd 0.00001 
Cl 6.86 
Co 0.0004 
Cr 0.0005 
Cu 0.0006 
F 0.06 
Fe 0.405 
K 2.8 
Mg 1.8 
Mn 0.14 
Mo 0.0007 
Na 2.9 
Ni 0.0018 
Pb 0.0001 
S(6) 1.9 
Se 0.0008 
Si 26.2 
Sr 0.012 
Zn 0.0044 
P 0.04 
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U 0.0005 
V 0.0001 
Ra 1.64117E-09 
Th 2.61966E-08 
 
Surface 1-45 #Chlorite in the mining area 
-equilibrate with solution 1-45 
Hco_ 2.10E-02 0.5 795  
-no_edl 
 
EXCHANGE 46-55 #Illite in the paleoweathered zone 
-equilibrate with solution 46-95 
Y  0.483    
 
EXCHANGE 56-145 #Illite in the desilicified zone 
-equilibrate with solution 96-145 
Y  0.093015  
 
Surface 46-55 #Mineral Assemblage, reactive sites, paleoweathered zone 
-equilibrate with solution 46-95 
Hao_s 0.004293 97 2147 
Hao_w 0.08586   
Hao_ww 0.08586   
-no_edl 
 
QOH 7.06E-03 0.31 5963     
-no_edl 
              
Surface 56-145 #Mineral Assemblage, reactive sites, Desilicified zone 
-equilibrate with solution 96-145 
Hfo_ 0.00693 60 34.2 
-no_edl 
 
Hao_s 0.0008268 97 413.4 
Hao_w 0.0165   
Hao_ww 0.0165  
-no_edl 
 
QOH 0.0119 0.31 10017     
-no_edl 
 
SURFACE 146 #Reactive sites, Lake bottom sediments 
-equilibrate 146 
     Linear 1e100 1 1 
-no_edl 
 
EQUILIBRIUM_PHASES 1-45 #Mining Area 
O2(g) -0.68 
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Gibbsite 1.2 0 
Gypsum 0 0 
 
EQUILIBRIUM_PHASES 46-146 #Paleoweathered, Desilicified zones and Lake Bottom Sediments 
O2(g) -0.68 
Gibbsite 1.2 0  
 
SOLID_SOLUTIONS 46-146 ##Paleoweathered, Desilicified zones and Lake Bottom Sediments 
Ba(x)Ra(1-x)SO4 
-comp1 Barite 0 
-comp2 Ra(SO4)(s) 0 
 
PRINT 
-reset false 
 
KNOBS 
 -diagonal_scale 
 -step 10 
 -pe   5 
 -iterations 200 
 -tolerance 1e-15 
 -convergence_tolerance  1e-8 
 
SELECTED_OUTPUT  
-file Full Solids_Chlorite Cell 146.sel 
-reset false  
-solution true 
-distance true 
-time true 
-pH true 
-pe true 
-alkalinity true 
-solid_solutions Barite Ra(SO4)(s) 
totals U Al As Cu Cd Co Cr Ni Pb Mo Se Sr Zn V Ra Th S P Ba Mn Fe(2) Cl Ca Mg Na K Fe Br Si C(4) Se(4) 
Se(6) As(3) As(5) 
-equilibrium_phases Gibbsite 
-molalities Hfo_O- Hfo_OH Hfo_OH2+ QO- QOH QOH2+ Hao_sO- Hao_sOH Hao_sOH2+ Hao_wO- 
Hao_wOH Hao_wOH2+ Hao_wwO- Hao_wwOH Hao_wwOH2+ YH CaY2 MgY2 YNa KY RaY2 
USER_PUNCH  
-head U_G U_Q U_C Al_G Al_Q Al_C As_G As_Q As_C Cu_G Cu_Q Cu_C Cd_G Cd_Q Cd_C Co_G Co_Q Co_C 
Cr_G Cr_Q Cr_C Ni_G Ni_Q Ni_C Pb_G Pb_Q Pb_C Mo_G Mo_Q Mo_C Se_G Se_Q Se_C Sr_G Sr_Q Sr_C Zn_G 
Zn_Q Zn_C V_G V_Q V_C Ra_G Ra_Q Ra_C Th_G Th_Q Th_C SO4_G SO4_Q SO4_C Phos_G Phos_Q Phos_C 
Ba_G Ba_Q Ba_C Mn_G Mn_Q Mn_C Fe(II)_G Fe(II)_Q Fe(II)_C SO4_ppm U_ppm porevolumes years 
mol_U(VI) Soln_density ULinear AsLinear CuLinear CdLinear CoLinear CrLinear NiLinear PbLinear MoLinear 
SeLinear ZnLinear VLinear RaLinear ThLinear  
50 PUNCH SURF("U(6)","Hfo") 
51 PUNCH SURF("U(6)","Q") 
52 PUNCH SURF("U(6)","Hao") 
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60 PUNCH  SURF("Al","Hfo") 
61 PUNCH  SURF("Al","Q") 
62 PUNCH SURF("Al","Hao") 
70 PUNCH  SURF("As","Hfo") 
71 PUNCH  SURF("As","Q") 
72 PUNCH  SURF("As","Hao") 
80 PUNCH  SURF("Cu","Hfo") 
81 PUNCH  SURF("Cu","Q") 
82 PUNCH SURF("Cu","Hao") 
90 PUNCH  SURF("Cd","Hfo") 
91 PUNCH  SURF("Cd","Q") 
92 PUNCH  SURF("Cd","Hao") 
95 PUNCH  SURF("Co","Hfo") 
96 PUNCH  SURF("Co","Q") 
97 PUNCH  SURF("Co","Hao") 
100 PUNCH  SURF("Cr","Hfo") 
101 PUNCH  SURF("Cr","Q") 
102 PUNCH  SURF("Cr","Hao") 
110 PUNCH  SURF("Ni","Hfo") 
111 PUNCH  SURF("Ni","Q") 
112 PUNCH  SURF("Ni","Hao") 
120 PUNCH  SURF("Pb","Hfo") 
121 PUNCH  SURF("Pb","Q") 
122 PUNCH  SURF("Pb","Hao") 
130 PUNCH  SURF("Mo","Hfo") 
131 PUNCH  SURF("Mo","Q") 
132 PUNCH  SURF("Mo","Hao") 
140 PUNCH  SURF("Se","Hfo") 
141 PUNCH  SURF("Se","Q") 
142 PUNCH  SURF("Se","Hao") 
145 PUNCH  SURF("Sr","Hfo") 
146 PUNCH  SURF("Sr","Q") 
147 PUNCH  SURF("Sr","Hao") 
150 PUNCH  SURF("Zn","Hfo") 
151 PUNCH  SURF("Zn","Q") 
152 PUNCH  SURF("Zn","Hao") 
155 PUNCH SURF("V","Hfo") 
156 PUNCH  SURF("V","Q") 
157 PUNCH SURF("V","Hao") 
160 PUNCH  SURF("Ra","Hfo") 
161 PUNCH  SURF("Ra","Q") 
162 PUNCH  SURF("Ra","Hao") 
165 PUNCH  SURF("Th","Hfo") 
166 PUNCH  SURF("Th","Q") 
167 PUNCH  SURF("Th","Hao") 
170 PUNCH  SURF("S","Hfo") 
171 Punch SURF("S","Q") 
172 PUNCH  SURF("S","Hao") 
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175 PUNCH  SURF("P","Hfo") 
176 Punch SURF("P","Q") 
177 PUNCH  SURF("P","Hao") 
180 PUNCH  SURF("Ba","Hfo") 
181 Punch SURF("Ba","Q") 
182 PUNCH  SURF("Ba","Hao") 
185 PUNCH  SURF("Mn","Hfo") 
186 Punch SURF("Mn","Q") 
187 PUNCH  SURF("Mn","Hao") 
190 PUNCH  SURF("Fe(2)","Hfo") 
191 Punch SURF("Fe(2)","Q") 
192 PUNCH  SURF("Fe(2)","Hao") 
200 SO4_ppm = TOT("S(6)")*96.066* 1000   
201 PUNCH  SO4_ppm 
205 U_ppm = TOT("U")*238.02891*1000 
206 PUNCH U_ppm 
210 PUNCH (STEP_NO + .5) / 100 
215 PUNCH  (total_time/365/24/60/60) 
220 PUNCH  TOT("U(6)") 
225 PUNCH  RHO 
300 PUNCH  SURF("U","Linear") 
301 PUNCH  SURF("As","Linear") 
302 PUNCH SURF("Cu","Linear") 
303 PUNCH  SURF("Cd","Linear") 
304 PUNCH  SURF("Co","Linear") 
305 PUNCH  SURF("Cr","Linear") 
306 PUNCH  SURF("Ni","Linear") 
307 PUNCH  SURF("Pb","Linear") 
308 PUNCH  SURF("Mo","Linear") 
309 PUNCH  SURF("Se","Linear") 
310 PUNCH  SURF("Zn","Linear") 
311 PUNCH SURF("V","Linear") 
312 PUNCH  SURF("Ra","Linear") 
313 PUNCH  SURF("Th","Linear") 
 
 
TRANSPORT 
-cells 146 
-shifts 1500 
-lengths 45*3.6 10*10 90*3.6 1*0.36 
-time_step 3.46E+8 
-boundary_conditions 3 3 
-diffc 0.0e-9 
-disp 45*1.79 10*5 90*1.79 1*0.179 #5 
-correct_disp true 
-punch_cells 146 
-punch_frequency 1 
-dump dump.file 
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-dump_frequency 10 
 
 
USER_GRAPH 1 
        -headings  mol_U(VI) Fe pH 
        -chart_title "Uranium with years" 
        -axis_scale x_axis 0 5000 auto 
        -axis_scale y_axis 1e-8 1e-3 auto auto log 
 -axis_scale sy_axis 4 7 auto auto  
        -axis_titles "Years", "Concentration U(VI)", "pH" 
        -initial_solutions false 
  -start 
 10 x = (total_time/365/24/60/60)     
 20 PLOT_XY x, TOT("U(6)"), color = Red, symbol = Square, symbol_size = 6, y-axis = 1 
 30 PLOT_XY x, TOT("Fe(2)"), color = Blue, symbol = Square, symbol_size = 6, y-axis = 1 
 40 PLOT_XY x, -LA("H+"), color = Green, symbol = Square, symbol_size = 6, y-axis = 2 
  -end  
   
USER_GRAPH 2 
        -headings  YH YNa CaY2 MgY2 KY RaY2 
        -chart_title "Exchange Species" 
        -axis_scale x_axis 0 5000 auto 
        -axis_scale y_axis 1e-10 1e-2 auto auto log  
 -axis_scale sy_axis 1e-17 1e-10 auto auto log  
 #-axis_scale sy_axis 4 7 auto auto  
        -axis_titles "Years", "Equivalents of Exchangers" 
        -initial_solutions false 
  -start 
 10 x = (total_time/365/24/60/60)     
 20 PLOT_XY x, MOL("YH"), color = Red, symbol = Square, symbol_size = 6, y-axis = 1 
 30 PLOT_XY x, MOL("YNa"), color = Green, symbol = Square, symbol_size = 6, y-axis = 1 
 40 PLOT_XY x, MOL("CaY2"), color = Blue, symbol = Square, symbol_size = 6, y-axis = 1 
 50 PLOT_XY x, MOL("MgY2"), color = Yellow, symbol = Square, symbol_size = 6, y-axis = 1 
 60 PLOT_XY x, MOL("KY"), color = Black, symbol = Square, symbol_size = 6, y-axis = 1 
 70 PLOT_XY x, MOL("RaY2"), color = Brown, symbol = Square, symbol_size = 6, y-axis = 2 
  -end  
 
USER_GRAPH 3 
        -headings  Goethite Gibbsite Barite Ra(SO4)(s) UonGoethite UonQuartz
 UonClay  
        -chart_title "Solid Phases and Sorbed species" 
        -axis_scale x_axis 0 5000 auto 
        -axis_scale y_axis 1e-10 1e-1 auto auto log  
 -axis_scale sy_axis 1e-10 1e-3 auto auto log  
        -axis_titles "Years", "Moles Solid Phases" "Moles Sorbed Species" 
        -initial_solutions false 
  -start 
 10 x = (total_time/365/24/60/60)     
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 20 PLOT_XY x, EQUI("Goethite"), color = Brown, symbol = Square, symbol_size = 6, y-axis = 1 
 30 PLOT_XY x, EQUI("Gibbsite"), color = Red, symbol = Square, symbol_size = 6, y-axis = 1 
 40 PLOT_XY x, S_S("Barite"), color = orange, symbol = Square, symbol_size = 6, y-axis = 1 
 50 PLOT_XY x, S_S("Ra(SO4)(s)"), color = Black, symbol = Square, symbol_size = 6, y-axis = 1 
 60 PLOT_XY x, SURF("U(6)","Hfo"), color = Green, symbol = Square, symbol_size = 6, y-axis = 2 
 70 PLOT_XY x, SURF("U(6)","Q"), color = Blue, symbol = Square, symbol_size = 6, y-axis = 2 
 80 PLOT_XY x, SURF("U(6)","Hao"), color = Yellow, symbol = Square, symbol_size = 6, y-axis = 2 
  -end 
 
   
USER_GRAPH 4 
        -headings  mol_Cu mol_Co mol_Pb mol_Ra mol_SO4 mol_Th mol_Cd 
        -chart_title "COPCs with years" 
        -axis_scale x_axis 0 5000 auto 
        -axis_scale y_axis 1e-8 1e-3 auto auto log 
 -axis_scale sy_axis 1e-8 1e-3 auto auto log  
        -axis_titles "Years", "Concentration COPCs", "Concentration Ra and Th" 
        -initial_solutions false 
  -start 
 10 x = (total_time/365/24/60/60)     
 20 PLOT_XY x, TOT("Cu"), color = Red, symbol = Square, symbol_size = 6, y-axis = 1 
 30 PLOT_XY x, TOT("Co"), color = Yellow, symbol = Square, symbol_size = 6, y-axis = 1 
 40 PLOT_XY x, TOT("Pb"), color = Blue, symbol = Square, symbol_size = 6, y-axis = 1 
 50 PLOT_XY x, TOT("Ra"), color = Black, symbol = Square, symbol_size = 6, y-axis = 2 
 60 PLOT_XY x, TOT("S(6)"), color = Green, symbol = Square, symbol_size = 6, y-axis = 1 
 70 PLOT_XY x, TOT("Th"), color = Orange, symbol = Square, symbol_size = 6, y-axis = 2 
 80 PLOT_XY x, TOT("Cd"), color = Brown, symbol = Square, symbol_size = 6, y-axis = 1 
  -end  
   
USER_GRAPH 5 
        -headings  mol_Se mol_As mol_Se(4) mol_Se(6) mol_As(3) mol_As(5) 
        -chart_title "COPCs with years" 
        -axis_scale x_axis 0 5000 auto 
        -axis_scale y_axis 1e-10 1e-1 auto auto log  
        -axis_titles "Years", "Concentrations Se and As"  
        -initial_solutions false 
  -start 
10 x = (total_time/365/24/60/60)     
 20 PLOT_XY x, TOT("Se"), color = Red, symbol = Square, symbol_size = 6, y-axis = 1 
 30 PLOT_XY x, TOT("As"), color = Yellow, symbol = Square, symbol_size = 6, y-axis = 1 
 40 PLOT_XY x, TOT("Se(4)"), color = Blue, symbol = Square, symbol_size = 6, y-axis = 1 
 50 PLOT_XY x, TOT("Se(6)"), color = Black, symbol = Square, symbol_size = 6, y-axis = 1 
 60 PLOT_XY x, TOT("As(3)"), color = Green, symbol = Square, symbol_size = 6, y-axis = 1 
 70 PLOT_XY x, TOT("As(5)"), color = Orange, symbol = Square, symbol_size = 6, y-axis = 1 
   -end  
 
USER_GRAPH 6 
        -headings  mol_Mo mol_Se mol_V Mo_onSediment Se_onSediment V_onSediment 
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        -chart_title "Species on Sediment" 
        -axis_scale x_axis 0 5000 auto 
        -axis_scale y_axis 1e-10 1e-1 auto auto log  
 -axis_scale sy_axis 1e-10 1e-1 auto auto log 
        -axis_titles  "Years", "Concentrations Species", "Concentrations Sorbed on Sediment"  
        -initial_solutions false 
  -start 
10 x = (total_time/365/24/60/60)     
 20 PLOT_XY x, TOT("Mo"), color = Red, symbol = Square, symbol_size = 6, y-axis = 1 
 30 PLOT_XY x, TOT("Se"), color = Orange, symbol = Square, symbol_size = 6, y-axis = 1 
 40 PLOT_XY x, TOT("V"), color = Blue, symbol = Square, symbol_size = 6, y-axis = 1 
 50 PLOT_XY x, SURF("Mo","Linear"), color = Green, symbol = Square, symbol_size = 6, y-axis = 2 
 60 PLOT_XY x, SURF("Se","Linear"), color = Black, symbol = Square, symbol_size = 6, y-axis = 2 
 70 PLOT_XY x, SURF("V","Linear"), color = Brown, symbol = Square, symbol_size = 6, y-axis = 2 
   -end    
    
END   
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#Restored Solution 1_Minimal__ClayProtons_PWZonly_071922.phr 

PRINT 
-reset false 
 
KNOBS 
 -diagonal_scale 
 -step 10 
 -pe   5 
 -iterations 200 
 -tolerance 1e-15 
 -convergence_tolerance  1e-8 
 
SELECTED_OUTPUT 
    -high_precision       true 
    -time                 true 
    -ionic_strength       true 
    -percent_error        true 
-pH  true 
-pe true 
-alkalinity true 
-totals U Al As Cd Co Ni Pb Se S(6) Fe(2) Cl Ca Mg Na K Fe C(4) Charge_Dummy 
-equilibrium_phases Gibbsite Gypsum 
-molalities YH CaY2 MgY2 YNa KY Hco_OH Hco_OH2+ Hco_O- 
     
USER_PUNCH 
-head U_G U_Q U_C Al_G Al_Q Al_C As_G As_Q As_C Cd_G Cd_Q Cd_C Co_G Co_Q Co_C Ni_G Ni_Q Ni_C 
Pb_G Pb_Q Pb_C Se_G Se_Q Se_C SO4_G SO4_Q SO4_C Fe(II)_G Fe(II)_Q Fe(II)_C SO4_ppm U_ppm 
porevolumes years mol_U(VI) Soln_density ULinear AsLinear CdLinear CoLinear NiLinear PbLinear SeLinear 
50 PUNCH SURF("U(6)","Hfo") 
51 PUNCH SURF("U(6)","Q") 
52 PUNCH SURF("U(6)","Hao") 
60 PUNCH  SURF("Al","Hfo") 
61 PUNCH  SURF("Al","Q") 
62 PUNCH SURF("Al","Hao") 
70 PUNCH  SURF("As","Hfo") 
71 PUNCH  SURF("As","Q") 
72 PUNCH  SURF("As","Hao") 
90 PUNCH  SURF("Cd","Hfo") 
91 PUNCH  SURF("Cd","Q") 
92 PUNCH  SURF("Cd","Hao") 
95 PUNCH  SURF("Co","Hfo") 
96 PUNCH  SURF("Co","Q") 
97 PUNCH  SURF("Co","Hao") 
110 PUNCH  SURF("Ni","Hfo") 
111 PUNCH  SURF("Ni","Q") 
112 PUNCH  SURF("Ni","Hao") 
120 PUNCH  SURF("Pb","Hfo") 
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121 PUNCH  SURF("Pb","Q") 
122 PUNCH  SURF("Pb","Hao") 
140 PUNCH  SURF("Se","Hfo") 
141 PUNCH  SURF("Se","Q") 
142 PUNCH  SURF("Se","Hao") 
170 PUNCH  SURF("S(6)","Hfo") 
171 Punch SURF("S(6)","Q") 
172 PUNCH  SURF("S(6)","Hao") 
190 PUNCH  SURF("Fe(2)","Hfo") 
191 Punch SURF("Fe(2)","Q") 
192 PUNCH  SURF("Fe(2)","Hao") 
200 SO4_ppm = TOT("S(6)")*96.066* 1000   
201 PUNCH  SO4_ppm 
205 U_ppm = TOT("U")*238.02891*1000 
206 PUNCH U_ppm 
210 PUNCH (STEP_NO + .5) / 100 
215 PUNCH  (total_time/365/24/60/60) 
220 PUNCH  TOT("U(6)") 
225 PUNCH  RHO 
300 PUNCH  SURF("U","Linear") 
301 PUNCH  SURF("As","Linear") 
303 PUNCH  SURF("Cd","Linear") 
304 PUNCH  SURF("Co","Linear") 
306 PUNCH  SURF("Ni","Linear") 
307 PUNCH  SURF("Pb","Linear") 
309 PUNCH  SURF("Se","Linear") 
 
SOLUTION 1 #Restored EA Solution 1 
units mg/L 
pH 4.3 charge  
pe 14 
temperature 7 
Al 7 
As 0.06 
C(4) 58 
Ca 110.0 
Cd 0.0150 
Co 2 
Cl 200.0 
Fe 100.0 
K 9.0 
Mg 6.0 
Na 190.0 
Ni 9.7 
Pb 3.1 
S(6) 696 
Se 0.08 
Si 40.0 
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U 100.0 
 
surface 
-equilibrate 1 
Hco_ 0.0197 0.5 882 
-no_edl 
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0 
Gypsum 0 0 
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#Restored Solution 1_Minimal__ClayProtonsOreZone_071922.phr 

PRINT 
-reset false 
 
KNOBS 
 -diagonal_scale 
 -step 10 
 -pe   5 
 -iterations 200 
 -tolerance 1e-15 
 -convergence_tolerance  1e-8 
 
SELECTED_OUTPUT 
    -high_precision       true 
    -time                 true 
    -ionic_strength       true 
    -percent_error        true 
-pH  true 
-pe true 
-alkalinity true 
-totals U Al As Cd Co Ni Pb Se S(6) Fe(2) Cl Ca Mg Na K Fe C(4) Charge_Dummy 
-equilibrium_phases Gibbsite Gypsum 
-molalities YH CaY2 MgY2 YNa KY Hco_OH Hco_OH2+ Hco_O- 
     
USER_PUNCH 
-head U_G U_Q U_C Al_G Al_Q Al_C As_G As_Q As_C Cd_G Cd_Q Cd_C Co_G Co_Q Co_C Ni_G Ni_Q Ni_C 
Pb_G Pb_Q Pb_C Se_G Se_Q Se_C SO4_G SO4_Q SO4_C Fe(II)_G Fe(II)_Q Fe(II)_C SO4_ppm U_ppm 
porevolumes years mol_U(VI) Soln_density ULinear AsLinear CdLinear CoLinear NiLinear PbLinear SeLinear 
50 PUNCH SURF("U(6)","Hfo") 
51 PUNCH SURF("U(6)","Q") 
52 PUNCH SURF("U(6)","Hao") 
60 PUNCH  SURF("Al","Hfo") 
61 PUNCH  SURF("Al","Q") 
62 PUNCH SURF("Al","Hao") 
70 PUNCH  SURF("As","Hfo") 
71 PUNCH  SURF("As","Q") 
72 PUNCH  SURF("As","Hao") 
90 PUNCH  SURF("Cd","Hfo") 
91 PUNCH  SURF("Cd","Q") 
92 PUNCH  SURF("Cd","Hao") 
95 PUNCH  SURF("Co","Hfo") 
96 PUNCH  SURF("Co","Q") 
97 PUNCH  SURF("Co","Hao") 
110 PUNCH  SURF("Ni","Hfo") 
111 PUNCH  SURF("Ni","Q") 
112 PUNCH  SURF("Ni","Hao") 
120 PUNCH  SURF("Pb","Hfo") 
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121 PUNCH  SURF("Pb","Q") 
122 PUNCH  SURF("Pb","Hao") 
140 PUNCH  SURF("Se","Hfo") 
141 PUNCH  SURF("Se","Q") 
142 PUNCH  SURF("Se","Hao") 
170 PUNCH  SURF("S(6)","Hfo") 
171 Punch SURF("S(6)","Q") 
172 PUNCH  SURF("S(6)","Hao") 
190 PUNCH  SURF("Fe(2)","Hfo") 
191 Punch SURF("Fe(2)","Q") 
192 PUNCH  SURF("Fe(2)","Hao") 
200 SO4_ppm = TOT("S(6)")*96.066* 1000   
201 PUNCH  SO4_ppm 
205 U_ppm = TOT("U")*238.02891*1000 
206 PUNCH U_ppm 
210 PUNCH (STEP_NO + .5) / 100 
215 PUNCH  (total_time/365/24/60/60) 
220 PUNCH  TOT("U(6)") 
225 PUNCH  RHO 
300 PUNCH  SURF("U","Linear") 
301 PUNCH  SURF("As","Linear") 
303 PUNCH  SURF("Cd","Linear") 
304 PUNCH  SURF("Co","Linear") 
306 PUNCH  SURF("Ni","Linear") 
307 PUNCH  SURF("Pb","Linear") 
309 PUNCH  SURF("Se","Linear") 
 
SOLUTION 1 #Restored EA Solution 1 
units mg/L 
pH 4.3 charge  
pe 14 
temperature 7 
Al 7 
As 0.06 
C(4) 58 
Ca 110.0 
Cd 0.0150 
Co 2 
Cl 200.0 
Fe 100.0 
K 9.0 
Mg 6.0 
Na 190.0 
Ni 9.7 
Pb 3.1 
S(6) 696 
Se 0.08 
Si 40.0 
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U 100.0 
 
surface 
-equilibrate 1 
Hco_ 0.00355 0.5 159 
-no_edl 
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0 
Gypsum 0 0 
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#50% Restored Solution 1_Minimal_ClayProtons_071922.phr 

PRINT 
-reset false 
 
KNOBS 
 -diagonal_scale 
 -step 10 
 -pe   5 
 -iterations 200 
 -tolerance 1e-15 
 -convergence_tolerance  1e-8 
 
SELECTED_OUTPUT 
    -high_precision       true 
    -time                 true 
    -ionic_strength       true 
    -percent_error        true 
-pH  true 
-pe true 
-alkalinity true 
-totals U Al As Cd Co Ni Pb Se S(6) Fe(2) Cl Ca Mg Na K Fe C(4) Charge_Dummy 
-equilibrium_phases Gibbsite Gypsum 
-molalities YH CaY2 MgY2 YNa KY Hco_OH Hco_OH2+ Hco_O- 
     
USER_PUNCH 
-head U_G U_Q U_C Al_G Al_Q Al_C As_G As_Q As_C Cd_G Cd_Q Cd_C Co_G Co_Q Co_C Ni_G Ni_Q Ni_C 
Pb_G Pb_Q Pb_C Se_G Se_Q Se_C SO4_G SO4_Q SO4_C Fe(II)_G Fe(II)_Q Fe(II)_C SO4_ppm U_ppm 
porevolumes years mol_U(VI) Soln_density ULinear AsLinear CdLinear CoLinear NiLinear PbLinear SeLinear 
50 PUNCH SURF("U(6)","Hfo") 
51 PUNCH SURF("U(6)","Q") 
52 PUNCH SURF("U(6)","Hao") 
60 PUNCH  SURF("Al","Hfo") 
61 PUNCH  SURF("Al","Q") 
62 PUNCH SURF("Al","Hao") 
70 PUNCH  SURF("As","Hfo") 
71 PUNCH  SURF("As","Q") 
72 PUNCH  SURF("As","Hao") 
90 PUNCH  SURF("Cd","Hfo") 
91 PUNCH  SURF("Cd","Q") 
92 PUNCH  SURF("Cd","Hao") 
95 PUNCH  SURF("Co","Hfo") 
96 PUNCH  SURF("Co","Q") 
97 PUNCH  SURF("Co","Hao") 
110 PUNCH  SURF("Ni","Hfo") 
111 PUNCH  SURF("Ni","Q") 
112 PUNCH  SURF("Ni","Hao") 
120 PUNCH  SURF("Pb","Hfo") 
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121 PUNCH  SURF("Pb","Q") 
122 PUNCH  SURF("Pb","Hao") 
140 PUNCH  SURF("Se","Hfo") 
141 PUNCH  SURF("Se","Q") 
142 PUNCH  SURF("Se","Hao") 
170 PUNCH  SURF("S(6)","Hfo") 
171 Punch SURF("S(6)","Q") 
172 PUNCH  SURF("S(6)","Hao") 
190 PUNCH  SURF("Fe(2)","Hfo") 
191 Punch SURF("Fe(2)","Q") 
192 PUNCH  SURF("Fe(2)","Hao") 
200 SO4_ppm = TOT("S(6)")*96.066* 1000   
201 PUNCH  SO4_ppm 
205 U_ppm = TOT("U")*238.02891*1000 
206 PUNCH U_ppm 
210 PUNCH (STEP_NO + .5) / 100 
215 PUNCH  (total_time/365/24/60/60) 
220 PUNCH  TOT("U(6)") 
225 PUNCH  RHO 
300 PUNCH  SURF("U","Linear") 
301 PUNCH  SURF("As","Linear") 
303 PUNCH  SURF("Cd","Linear") 
304 PUNCH  SURF("Co","Linear") 
306 PUNCH  SURF("Ni","Linear") 
307 PUNCH  SURF("Pb","Linear") 
309 PUNCH  SURF("Se","Linear") 
 
SOLUTION 1 #50% of Restored Solution #1 and GRW-011 
units mg/L  
pH 5.1 charge 
pe 1.40E+01 
temperature 7.00E+00 
Al 3.53E+00 
As 3.07E-02 
C(4) 7.23E+01 
Ca 6.01E+01 
Cd 7.52E-03 
Co 1.00E+00 
Cl 1.04E+02 
Fe 5.05E+01 
K 5.51E+00 
Mg 3.80E+00 
Na 9.82E+01 
Ni 4.86E+00 
Pb 1.55E+00 
S(6) 3.51E+02 
Se 4.01E-02 
Si 3.21E+01 
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U 5.01E+01 
 
surface 
-equilibrate 1 
Hco_ 0.00355 0.5 159 
-no_edl 
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0 
Gypsum 0 0 
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#BackgroundGroundwater_USS_OB_bnd_071922.phr 
PRINT 
-reset false 
 
KNOBS 
 -diagonal_scale 
 -step 10 
 -pe   5 
 -iterations 200 
 -tolerance 1e-15 
 -convergence_tolerance  1e-8 
 
SELECTED_OUTPUT 
    -high_precision       true 
    -time                 true 
    -ionic_strength       true 
    -percent_error        true 
-pH  true 
-pe true 
-alkalinity true 
-totals U Al As Cd Co Ni Pb Se S(6) Fe(2) Cl Ca Mg Na K Fe C(4) Charge_Dummy 
-equilibrium_phases Gibbsite Gypsum 
-molalities YH CaY2 MgY2 YNa KY Hco_OH Hco_OH2+ Hco_O- 
     
USER_PUNCH 
-head U_G U_Q U_C Al_G Al_Q Al_C As_G As_Q As_C Cd_G Cd_Q Cd_C Co_G Co_Q Co_C Ni_G Ni_Q Ni_C 
Pb_G Pb_Q Pb_C Se_G Se_Q Se_C SO4_G SO4_Q SO4_C Fe(II)_G Fe(II)_Q Fe(II)_C SO4_ppm U_ppm 
porevolumes years mol_U(VI) Soln_density ULinear AsLinear CdLinear CoLinear NiLinear PbLinear SeLinear 
50 PUNCH SURF("U(6)","Hfo") 
51 PUNCH SURF("U(6)","Q") 
52 PUNCH SURF("U(6)","Hao") 
60 PUNCH  SURF("Al","Hfo") 
61 PUNCH  SURF("Al","Q") 
62 PUNCH SURF("Al","Hao") 
70 PUNCH  SURF("As","Hfo") 
71 PUNCH  SURF("As","Q") 
72 PUNCH  SURF("As","Hao") 
90 PUNCH  SURF("Cd","Hfo") 
91 PUNCH  SURF("Cd","Q") 
92 PUNCH  SURF("Cd","Hao") 
95 PUNCH  SURF("Co","Hfo") 
96 PUNCH  SURF("Co","Q") 
97 PUNCH  SURF("Co","Hao") 
110 PUNCH  SURF("Ni","Hfo") 
111 PUNCH  SURF("Ni","Q") 
112 PUNCH  SURF("Ni","Hao") 
120 PUNCH  SURF("Pb","Hfo") 
121 PUNCH  SURF("Pb","Q") 
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122 PUNCH  SURF("Pb","Hao") 
140 PUNCH  SURF("Se","Hfo") 
141 PUNCH  SURF("Se","Q") 
142 PUNCH  SURF("Se","Hao") 
170 PUNCH  SURF("S(6)","Hfo") 
171 Punch SURF("S(6)","Q") 
172 PUNCH  SURF("S(6)","Hao") 
190 PUNCH  SURF("Fe(2)","Hfo") 
191 Punch SURF("Fe(2)","Q") 
192 PUNCH  SURF("Fe(2)","Hao") 
200 SO4_ppm = TOT("S(6)")*96.066* 1000   
201 PUNCH  SO4_ppm 
205 U_ppm = TOT("U")*238.02891*1000 
206 PUNCH U_ppm 
210 PUNCH (STEP_NO + .5) / 100 
215 PUNCH  (total_time/365/24/60/60) 
220 PUNCH  TOT("U(6)") 
225 PUNCH  RHO 
300 PUNCH  SURF("U","Linear") 
301 PUNCH  SURF("As","Linear") 
303 PUNCH  SURF("Cd","Linear") 
304 PUNCH  SURF("Co","Linear") 
306 PUNCH  SURF("Ni","Linear") 
307 PUNCH  SURF("Pb","Linear") 
309 PUNCH  SURF("Se","Linear") 
 
SOLUTION 1 
units mg/L  
pH 6.45 charge 
pe 15.5481 
temperature 7 
Al 3.70E-02 
As 3.00E-04 
C(4) 33.9 
Ca 2.70E+00 
Cd 1.00E-05 
Co 4.00E-04 
Cl 7.08E+00 
Fe 4.05E-01 
K 2.80E+00 
Mg 1.80E+00 
Na 2.90 
Ni 1.80E-03 
Pb 1.00E-04 
S(6) 1.90E+00 
Se 8.00E-04 
Si 2.62E+01 
U 5.00E-04 
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# BackgroundGroundwater_LSS_bnd_071922.phr 
PRINT 
-reset false 
 
KNOBS 
 -diagonal_scale 
 -step 10 
 -pe   5 
 -iterations 200 
 -tolerance 1e-15 
 -convergence_tolerance  1e-8 
 
SELECTED_OUTPUT 
    -high_precision       true 
    -time                 true 
    -ionic_strength       true 
    -percent_error        true 
-pH  true 
-pe true 
-alkalinity true 
-totals U Al As Cd Co Ni Pb Se S(6) Fe(2) Cl Ca Mg Na K Fe C(4) Charge_Dummy 
-equilibrium_phases Gibbsite Gypsum 
-molalities YH CaY2 MgY2 YNa KY Hco_OH Hco_OH2+ Hco_O- 
     
USER_PUNCH 
-head U_G U_Q U_C Al_G Al_Q Al_C As_G As_Q As_C Cd_G Cd_Q Cd_C Co_G Co_Q Co_C Ni_G Ni_Q Ni_C 
Pb_G Pb_Q Pb_C Se_G Se_Q Se_C SO4_G SO4_Q SO4_C Fe(II)_G Fe(II)_Q Fe(II)_C SO4_ppm U_ppm 
porevolumes years mol_U(VI) Soln_density ULinear AsLinear CdLinear CoLinear NiLinear PbLinear SeLinear 
50 PUNCH SURF("U(6)","Hfo") 
51 PUNCH SURF("U(6)","Q") 
52 PUNCH SURF("U(6)","Hao") 
60 PUNCH  SURF("Al","Hfo") 
61 PUNCH  SURF("Al","Q") 
62 PUNCH SURF("Al","Hao") 
70 PUNCH  SURF("As","Hfo") 
71 PUNCH  SURF("As","Q") 
72 PUNCH  SURF("As","Hao") 
90 PUNCH  SURF("Cd","Hfo") 
91 PUNCH  SURF("Cd","Q") 
92 PUNCH  SURF("Cd","Hao") 
95 PUNCH  SURF("Co","Hfo") 
96 PUNCH  SURF("Co","Q") 
97 PUNCH  SURF("Co","Hao") 
110 PUNCH  SURF("Ni","Hfo") 
111 PUNCH  SURF("Ni","Q") 
112 PUNCH  SURF("Ni","Hao") 
120 PUNCH  SURF("Pb","Hfo") 
121 PUNCH  SURF("Pb","Q") 
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122 PUNCH  SURF("Pb","Hao") 
140 PUNCH  SURF("Se","Hfo") 
141 PUNCH  SURF("Se","Q") 
142 PUNCH  SURF("Se","Hao") 
170 PUNCH  SURF("S(6)","Hfo") 
171 Punch SURF("S(6)","Q") 
172 PUNCH  SURF("S(6)","Hao") 
190 PUNCH  SURF("Fe(2)","Hfo") 
191 Punch SURF("Fe(2)","Q") 
192 PUNCH  SURF("Fe(2)","Hao") 
200 SO4_ppm = TOT("S(6)")*96.066* 1000   
201 PUNCH  SO4_ppm 
205 U_ppm = TOT("U")*238.02891*1000 
206 PUNCH U_ppm 
210 PUNCH (STEP_NO + .5) / 100 
215 PUNCH  (total_time/365/24/60/60) 
220 PUNCH  TOT("U(6)") 
225 PUNCH  RHO 
300 PUNCH  SURF("U","Linear") 
301 PUNCH  SURF("As","Linear") 
303 PUNCH  SURF("Cd","Linear") 
304 PUNCH  SURF("Co","Linear") 
306 PUNCH  SURF("Ni","Linear") 
307 PUNCH  SURF("Pb","Linear") 
309 PUNCH  SURF("Se","Linear") 
 
SOLUTION 1 
units mg/L  
pH 6.45926 charge 
pe 15.5388 
temperature 7 
Al 4.60E-02 
As 1.30E-03 
C(4) 8.66E+01 
Ca 9.82E+00 
Cd 9.89E-06 
Co 9.75E-05 
Cl 7.20E+00 
Fe 8.60E-01 
K 2.00E+00 
Mg 1.59E+00 
Na 6.10E+00 
Ni 9.99E-05 
Pb 9.91E-05 
S(6) 4.70E+00 
Se 9.98E-05 
Si 2.41E+01 
U 6.95E-04 
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#Lake Bottom Sediments_071922.phr 
SOLUTION_MASTER_SPECIES 
Charge_dummy Charge_dummy- 0 Charge_dummy- 1 
 
SOLUTION_SPECIES 
Charge_dummy- = Charge_dummy- 
log_k 0 
 
SURFACE_MASTER_SPECIES 
Linear Linear 
 
SURFACE_SPECIES 
Linear = Linear 
Linear + H2AsO4- = LinearH2AsO4- 
      -log_k -96.02 
Linear + Cd+2 = LinearCd+2 
 -log_k -96.82 
Linear + Co+2 = LinearCo+2 
      -log_k -97.60          
Linear + Ni+2 = LinearNi+2 
      -log_k -97.05         
Linear + Pb+2 = LinearPb+2 
      -log_k -95.92         
Linear + SeO4-2 = LinearSeO4-2 
      -log_k -96.70 
Linear + UO2CO3 = LinearUO2CO3 
      -log_k -96.70     
 
solution 
units mg/L  
pH 6.45 
pe 14 
temp 7 
Al 0.037 
As 0.0003 
C(4) 33.9 
Ca 2.7 
Cd 0.00001 
Co 0.0004 
Cl 6.86 
Fe 0.405 
K 2.8 
Mg 1.8 
Na 2.9 
Ni 0.0018 
Pb 0.0001 
S(6) 1.9 
Se 0.0008 
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Si 26.2 
U 0.0005 
Charge_dummy 1000 charge 
 
SURFACE  
-equilibrate 1 
     Linear 1e100 1 1 
-no_edl 
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0  
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#OB_Porosity 0.18_Minimal_071922.phr 
solution 
units mg/L  
pH 6.45 charge 
pe 14 
temp 7 
Al 0.037 
As 0.0003 
C(4) 33.9 
Ca 2.7 
Cd 0.00001 
Co 0.0004 
Cl 6.86 
Fe 0.405 
K 2.8 
Mg 1.8 
Na 2.9 
Ni 0.0018 
Pb 0.0001 
S(6) 1.9 
Se 0.0008 
Si 26.2 
U 0.0005 
 
exchange 
Y 0.0190 
-equilibrate 1 
 
surface 
-equilibrate 1 
Hfo_  0.00142 60 7.01  
-no_edl   
 
Hao_s 0.000169 97 84.7 
Hao_w 0.00339   
Hao_ww 0.00339  
-no_edl 
 
QOH 0.00243  0.31 2053   
-no_edl   
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0  
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#OB_Porosity 0.22_Minimal_071922.phr 
solution 
units mg/L  
pH 6.45 charge 
pe 14 
temp 7 
Al 0.037 
As 0.0003 
C(4) 33.9 
Ca 2.7 
Cd 0.00001 
Co 0.0004 
Cl 6.86 
Fe 0.405 
K 2.8 
Mg 1.8 
Na 2.9 
Ni 0.0018 
Pb 0.0001 
S(6) 1.9 
Se 0.0008 
Si 26.2 
U 0.0005 
 
exchange 
Y 0.0181 
-equilibrate 1 
 
surface 
-equilibrate 1 
Hfo_  0.00135 60 6.67  
-no_edl   
 
Hao_s 0.000161 97 80.6 
Hao_w 0.00322   
Hao_ww 0.00322  
-no_edl 
 
QOH 0.00231  0.31 1953   
-no_edl   
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0  
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#OB_Porosity 0.25_Minimal_071922.phr 
solution 
units mg/L  
pH 6.45 charge 
pe 14 
temp 7 
Al 0.037 
As 0.0003 
C(4) 33.9 
Ca 2.7 
Cd 0.00001 
Co 0.0004 
Cl 6.86 
Fe 0.405 
K 2.8 
Mg 1.8 
Na 2.9 
Ni 0.0018 
Pb 0.0001 
S(6) 1.9 
Se 0.0008 
Si 26.2 
U 0.0005 
 
exchange 
Y 0.0174 
-equilibrate 1 
 
surface 
-equilibrate 1 
Hfo_  0.00130 60 6.41  
-no_edl   
 
Hao_s 0.000155 97 77.5 
Hao_w 0.00310   
Hao_ww 0.00310  
-no_edl 
 
QOH 0.00222  0.31 1878   
-no_edl   
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0  
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#USS_Porosity 0.02_Minimal_042522.phr 
solution 
units mg/L  
pH 6.45 charge 
pe 14 
temp 7 
Al 0.037 
As 0.0003 
C(4) 33.9 
Ca 2.7 
Cd 0.00001 
Co 0.0004 
Cl 6.86 
Fe 0.405 
K 2.8 
Mg 1.8 
Na 2.9 
Ni 0.0018 
Pb 0.0001 
S(6) 1.9 
Se 0.0008 
Si 26.2 
U 0.0005 
 
exchange 
Y 0.00160 
-equilibrate 1 
 
surface 
-equilibrate 1 
Hfo_  0.000119 60 0.59  
-no_edl   
 
Hao_s 0.0000142 97 7.09 
Hao_w 0.000284   
Hao_ww 0.000284   
-no_edl 
 
QOH 0.000203  0.31 172   
-no_edl   
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0  
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#DSZ_Porosity0.2_Minimal_071922.phr 
solution 
units mg/L  
pH 6.46 charge 
pe 14 
temperature 7 
Al 0.052 
As 0.0013 
C(4) 86.6 
Ca 9.82 
Cd 0.00001 
Co 0.0001 
Cl 7.2 
Fe 0.86 
K 2 
Mg 1.6 
Na 6.10 
Ni 0.0001 
Pb 1.00E-04 
S(6) 4.7 
Se 1.00E-04 
Si 24.1 
U 7.00E-04 
 
exchange 
Y 0.0186 
-equilibrate 1 
 
surface 
-equilibrate 1 
Hfo_  0.00138 60 6.84  
-no_edl   
 
Hao_s 0.000165 97 82.68 
Hao_w 0.0033   
Hao_ww 0.0033   
-no_edl 
 
QOH 0.00237  0.31 2003   
-no_edl   
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0 
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#LSS and ISS_Porosity0.01_Minimal_071922.phr 
solution 
units mg/L  
pH 6.46 charge 
pe 14 
temperature 7 
Al 0.052 
As 0.0013 
C(4) 86.6 
Ca 9.82 
Cd 0.00001 
Co 0.0001 
Cl 7.2 
Fe 0.86 
K 2 
Mg 1.6 
Na 6.10 
Ni 0.0001 
Pb 1.00E-04 
S(6) 4.7 
Se 1.00E-04 
Si 24.1 
U 7.00E-04 
 
exchange 
Y 0.000806 
-equilibrate 1 
 
surface 
-equilibrate 1 
Hfo_  0.0000600 60 0.296  
-no_edl   
 
Hao_s 0.00000716 97 3.58 
Hao_w 0.000143   
Hao_ww 0.000143  
-no_edl 
 
QOH 0.000103  0.31 86.8   
-no_edl   
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0 
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#Paleoweathered_NewAq_Minimal_071922.phr 
solution 
units mg/L  
pH 6.7 charge 
pe 14 
temperature 7 
Al 0.034 
As 0.05 
C(4) 154 
Ca 6.76 
Cd 0.00001 
Co 0.01 
Cl 86.5 
Fe 0.49 
K 5.6 
Mg 3.09 
Na 76.1 
Ni 0.015 
Pb 0.0001 
S(6) 4.55 
Se 0.0001 
Si 9.18 
U 0.01239 
 
exchange 
Y 0.0483 
-equilibrate 1 
 
surface 
-equilibrate 1 
 
Hao_s 0.0004293 97 215 
Hao_w 0.0086   
Hao_ww 0.0086   
-no_edl  
 
QOH 7.06E-04 0.31 596 
-no_edl  
 
EQUILIBRIUM_PHASES  
O2(g) -0.68 
Gibbsite 1.2 0 
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