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Abstract 

Development of decommissioning plans by the potash mine sites in 

Saskatchewan require the assessment of long-term brine impact to the 

environment and to the aquifer systems in the vicinity of potash tailings 

management areas (TMA). Three-dimensional numerical simulations provide the 

only means of providing credible predictions of groundwater flow and 

contaminant transport for TMAs. 

The objective of this study was to use a 3D groundwater flow and transport 

model to match the operational history of a selected mine site and estimate the 

extent of long-term brine migration from the TMA within the groundwater flow 

system. Geological, hydrogeological, and physiographic data were collected, 

compiled, and simplified to formulate a conceptual model of the site. This 

conceptual model was used to construct a 3D mesh that incorporated this 

information and could be used to simulate groundwater and contaminant 

transport. 

Conceptualization of the groundwater flow system and brine migration from the 

site necessitated the utilization of a 3D saturated-unsaturated, variable-density, 

flow and transport code. FEMWATER, a finite element method code, developed 

for the U.S. Environmental Protection Agency (EPA) and maintained by U.S. 

Army Engineer Waterways Experiment Station (WES), was selected to simulate 

groundwater flow and contaminant transport. 

The steady-state model was developed using data that pre-dated mining activity 

and quantifies the natural flow system in the modeled area. Three aquifers are 

important in the natural system at the selected mine site: 1) a surficial sand 

aquifer; 2) the Floral lntertill Aquifer; and, 3) the Hatfield Valley Aquifer. The 

surficial sand aquifer is an important shallow aquifer in the immediate vicinity of 

the TMA, receiving an estimated 1,200 m3/d recharge from natural infiltration 

over the entire model region. Most of the flow in this shallow system discharges 

locally to surface streams and sloughs. The Floral lntertill Aquifer is a confined 
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local aquifer at considerable depth (>50 m) below the TMA with a relatively low 

natural inflow/outflow estimated at 300 m3/d (for the modelled area). The aquifer 

heads are near ground surface in the Floral lntertill Aquifer. Wells in this unit can 

be flowing artesian, particularly to the south of the TMA. The Hatfield Valley 

Aquifer is a major regional aquifer and is located 10 to 20 m below the Floral 

lntertill Aquifer beneath the TMA. The Hatfield Valley Aquifer has much larger 

inflow/outflows than the other aquifers in the modelled region, estimated at 

3,300 m3/d. Flow directions in the deep aquifers are generally to the south and 

southeast. There is a predominantly upward gradient from the deep aquifers 

over most of the modelled domain. 

History matching and predictive results must be regarded as first or second 

estimates rather than "fits" or calibrated transient solutions. A major factor 

considered at the TMA was porewater pressure, generated by the loading 

applied to the system by the tailings pile. The transient calibration process is 

ongoing and future improvements are expected, nevertheless the preliminary 

results are in reasonable agreement with observational data and the model is 

regarded as an effective tool for comparative evaluation of alternatives. 

Brine migration depends primarily on the advective velocity field in the more 

permeable aquifer units. In the thick tills beneath the site, porewater pressure 

responses to loading by the tailings pile are large, but density effects and 

diffusion (rather than advection) are likely the controlling factors on brine 

migration. Overall, lateral gradients generated by porewater pressure dissipation 

in the aquifers appear to have more influence on directing brine migration than 

the larger excess porewater pressures in the aquitards. 

In the history-match and predictive simulations, brine advances laterally in the 

surficial sands as a shallow advective plume and predictions suggest that the 

slurry wall and drainage ditch containment systems are effective in intercepting 

such movements. The thick till sequence inhibits downward movement of brine 

and the deeper aquifers are unaffected by brine in the 1 00-year model

timeframe. 
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Large changes in the natural flow system have been induced by the mining 

operation as a result of pile loading and freshwater pumping from the Hatfield 

Valley Aquifer. In respect to groundwater flow, the impacts of the mine site 

extend from the surficial sediments to the deep aquifers and aquitards. Despite 

these large and widespread changes in flow patterns, contaminant migration 

impacts approximately 380 hectares outside the footprint of the TMA to an 

approximate depth of 20m after 100 years. 
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1.0 Introduction 

Development of mine decommissioning plans by the potash mine sites in 

Saskatchewan require the assessment of long-term brine impact to the environment 

and to the aquifer systems in the vicinity of potash tailings management areas (TMA's). 

Development of the TMA over the potash mine site's operational history has influenced 

the groundwater flow system and brine migration in the vicinity of the pile and 

containment ponds. To effectively model solute transport from the site, the 

development and operation of the TMA with time was required as an input for 

numerical simulation of brine migration. 

1.1 Background 

Prediction of long-term brine impact is required for the creation of a reclamation and 

decommissioning plan pursuant of the Mineral Industry Environmental Protection 

Regulations (R.R.S. c. E-10.2 reg.7). Field monitoring systems can be designed to 

quantify the extent of vertical and lateral brine migration but cannot make long-term 

predictions. Numerical or analytical simulation of groundwater flow and transport 

mechanisms provide the only quantitative tools to estimate the long-term impact of 

brine. As a result of the complex 30, saturated-unsaturated, density-dependant nature 

of the groundwater flow system, 3D numerical simulation provides the only means of 

providing credible predictions of groundwater flow and contaminant transport for the 

TMA. 

Previous work relating to the numerical simulation of brine migration at the mine site 

was as follows: 
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1) Clifton Associates Ltd. (Clifton) were contracted to perform phase 1 of the regional 

groundwater flow modelling for mine decommissioning. Results of this study are 

given in the report dated May 1996; 

2) AGRA Earth and Environmental Ltd. (AGRA) interpreted the regional geological 

and hydrogeological framework and compiled a geological database for the mine 

site in January 1996; and, 

3) Golder Associates Ltd. (Golder) completed a density-dependent groundwater flow 

and solute transport model as part of the staged approach to assessing brine 

migration at the TMA (report submitted February 1997). 

1.2 General Setting 

1.2.1 Present Tailings Management Area 

The mine site is located approximately 10 km east of Lanigan, Saskatchewan. 

Highlighted features within the TMA (Figure 1.1) include: 1) perimeter-drain collection 

system; 2) monitored sloughs; 3) deep pumping well location; and 4) slurry wall. 

Figure 1.2 illustrates the location of the TMA with respect to focal topography and 

surficial features. 

Brine impact has been observed in surficial sediments beneath the TMA and to the 

south of the site. It is suspected that brine released during early stages of 

development was responsible for the impact south of the site. Control systems were 

implemented by the owner to recover brine ... impacted groundwater and prevent further 

migration. In 1984, a perimeter-drain collection system was installed, surrounding the 

TMA from the northeast to southwest boundary of the site (Figure 1.1 ). Sloughs inside 

this collection system are intermittently drained and included in the water budget for the 

TMA (PCS, 1990). In 2000, a slurry wall was installed to further limit lateral brine 

migration at the southeastern corner of the TMA (Figure 1.1 ). The history of the TMA 

is provided in Appendix A. 
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1.2.2 Topography and Drainage 

The potash mine site (PMS) is located in the Assiniboine River Plain, a central lowland 

between the Allan Hills Upland to the southwest, and the Touchwood Hills Upland to 

the southeast. The original ground level in the vicinity of the TMA is approximately 530 

metres above sea level (masl). Gently undulating to rolling topography characterizes 

the area, with an average surface gradient estimated at 0.2% toward the south (PCS, 

1990). 

Drainage around the mine site is relatively poor with no well-defined channels. Surface 

water runoff occurs in a southerly direction toward the Waterloo-Hunter Creek 

{approximately 2.5 km south of the TMA). The Waterloo-Hunter Creek subsequently 

drains through the Dellwood Brook to Lanigan Creek (Figure 1.2) which discharges into 

Last Mountain Lake and the Qu'Appelle River. 

Shallow depressions throughout the region form intermittent sloughs. Recharge is 

likely depression-focused through the many small surface water bodies in the area. 

Infiltration through surficial sands also contributes significant recharge into the 

groundwater flow system in the study area. The sloughs south of the site appear to be 

in a groundwater discharge zone. Flowing-artesian conditions occur within some of 

wells completed in the Floral Formation and Hatfield Valley Aquifers in this area. 

1.2.3 Climate 

The total annual precipitation for Watrous and Wynyard are 394.9 mm and 406.3 mm 

respectively (Clifton, 1996). Maathuis and Schreiner (1982) report annual precipitation 

in the vicinity of the site to be 380 mm. Low groundwater infiltration rates are inferred 

from the high rate of evapotranspiration(> 700 mm/y) and upward hydraulic gradients 

that characterize much of the area. 
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1.3 Study Objectives 

The objective of this study was to use a 30 groundwater flow and transport model to 

match the operational history of the mine site and estimate the extent of long-term 

brine migration from the TMA within the groundwater flow system. The scope of work 

required to meet this objective includes: 

1.3.1 Development of a 30 Hydrogeological Model 

The development of a conceptual model involves the characterization of the 

dynamics and properties of the groundwater flow system, as well as the 

contaminant transport processes. The conceptual model required: 

• The collection, compilation, and rationalization of geological and 

hydrogeological data; 

• Construction of a 30 hydrostratigraphic modet based on a synthesis of 

available information; 

• Assessment of aquifer characteristics and material properties controlling solute 

transport for all hydrostratigraphic units present in the model domain; 

• Determination of appropriate boundary conditions and initial conditions; 

• Determination of a model domain appropriate for the required predictions. 

1.3.2 Steady-State Model Generation and Calibration 

Calibration of a steady-state simulation of the pre-mining conditions within the 

model domain involved the trial-and-error adjustment of material properties, 

boundary conditions, and initial conditions (within constraints imposed by the 

available data) to match simulated values to field observations within specified 

statistical targets. 
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1.3.3 Operational History Compilation 

Critical factors involved in the operational history compilation included the full 

documentation of the chronological development of the TMA. TMA history includes 

all changes in site layout, pond locations and brine levels, pile configurations, 

installation of drains, trenches, wells and other control features. Time series for 

potentiometric head data, porewater chloride concentrations and geophysical data 

(particularly electromagnetic (EM) surveys and vertical resistivity logs) were 

compiled during this phase. This data was subsequently used to calibrate the 

operational history-matching model. 

1.3.4 Operational History Matching Simulation 

The operational history matching simulation attempted to match the conditions that 

occurred over the life of the TMA operation, that have resulted in the existing head 

and contaminant distributions at the site. Hydraulic head and contaminant 

distribution matches depend upon the available information for input parameters. 

Information incorporated into the operational history-matching model includes the 

TMA's operational history, conceptual hydrostratigraphy, boundary conditions and 

material property data. Transient porewater pressure changes (variations in time) 

were taken into account during this stage of modelling. The history-matching 

model was calibrated to available piezometer data, surface and borehole EM 

surveys, and observed concentrations of total dissolved solids (TDS) from 

monitoring wells. The period "matched" for the mine site was from 1968 to 2002 

(the period in which the TMA had been in operation). 

1.3.5 Predictive Simulations 

Predictive transient analysis was completed from 2002 to 2068. The simulation 

included porewater pressure effects due to anticipated changes in TMA 

configuration and pile geometry. Two predictive scenarios were modelled; one 

scenario continued operations as is and the alternative scenario incorporated a 

slurry wall around the north, west and eastern boundary of the site. 
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1.4 Limitations and Expectations of Modelling Exercise 

Available data is a limiting factor in the three dimensional representation of a complex 

system. Revision of the 30 model may be necessary following the collection and 

interpretation of future data. Characteristics of a hydrogeological system may also 

change over time, especially near surface. Erosion, subsidence and construction are 

several things that could alter a hydrogeological system. In other words, due to 

limitations of the data and one's understanding of the physical system, numerical 

modelling is intended as a framework for checking the consistency of an interpretation 

of the hydrogeologic system, and as a comparative tool in the evaluation of alternative 

environmental control strategies. The numerical model is not "intended to provide 

definitive predictions" concerning contaminant concentration, distribution, or flow rate, 

nor to "demonstrate regulatory compliance" (MDH, 2001 ). 

This modelling exercise was expected to: 

1. Identify the most critical potential brine migration problems; 

2. Identify data deficiencies and anomalies; 

3. Determine the limitations of the model with respect to the numerical simulation 

of operational history and subsequent predictive modelling; and, 

4. Provide recommended improvements to better the history match and predictive 

simulations should subsequent modelling be completed. 
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2.0 Conceptual Model 

The geology and hydrogeology of the area were synthesized. This synthesis, together 

with inferred boundary conditions and a set of controlling processes, comprise the 30 

conceptual framework for the numerical model. The processes incorporated in the flow 

model include porewater pressures generated by pile loading and density effects. 

Advection and hydrodynamic dispersion (mechanical dispersion and diffusion) of brine 

was simulated. These model transport parameters are discussed in Chapter 4. 

2.1 Geological Framework Overview 

The geology and hydrogeology of the modelled area were compiled from previous 

consulting reports, drilling programs, Saskatchewan Water Corporation (SWC) 

groundwater data records, Saskatchewan Research Council (SRC) reports, 

geophysical logs, and oil and potash exploration reports/logs. The detailed regional 

geology and hydrostratigraphy in the vicinity of the mine site is presented in an AGRA 

Earth and Environmental Ltd. (AGRA) report dated January 1996. An overview of the 

geological framework utilized in the modelling process is provided herein. 

Figure 2.1 shows a stratigraphic column and the associated lithology for the Lanigan 

area. The location and extent of hydrostratigraphic units involves varying levels of 

uncertainty. Geological and hydrostratigraphic data is well defined close to the TMA 

area but becomes increasingly sparse with distance from the mine site. Figure 2.2 

shows the north-south and west-east geological cross-sections for the model area. 

9 



Surficial Stralllled 
Daposlta 

~I Battl8ford Fannallon 
Til 7b 

~I c a. 
>-~ 8 ~~ ~ s Upper Unit Til 8c 

i I e II d 

f Til 8b 
..1! 

IL 

II 
LowerUrit 

j Sand .e l..oww Flcnl ~ 6a 

= 
c 

II 
Ill 
15 
lii Undllrarentillted Til 

i 
Tertlaly J If Sand, gi'IMII, alit, clay 4 

WC) 
(Hatflald Valley Aqulfar) 

Bearpaw Fonnatiolt Sit and Clay s 

ia. Judith RIYw Formation Sand, Slit, Clay 2 
LaiB 

Crulaoeoua ~& Sit and Clay Lea Park Formation 1 

(1) modified after Christiansen, 1992 

Figure 2.1 Stratigraphy and lithology in the modelled domain. 

Bedrock geology includes, in ascending order (oldest first}, the Lea Park Formation, 

Judith River Formation and the Bearpaw Formation. The Judith River Formation and 

the Bearpaw Formation only occur in the southwestern portion of the study region, 

underlying the Dellwood Brook south of the Dellwood Reservoir. In ascending order 

pre-glacial, glacial and interglacial deposits of the Quaternary (and possibly the late 

Tertiary) that are overlying bedrock in the area are comprised by the Empress Group, 

Sutherland Group, and Saskatoon Group. The most recent post-glacial sediments are 

referred to as the surficial stratified deposits (SSD). 
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Figure 2.2 Geological cross-sections for the model area. 

2.1 .1 Upper Cretaceous Bedrock 

Upper Cretaceous bedrock units in the area include the Lea Park Formation, Judith 

River Formation and Bearpaw Formation. Bedrock elevation in the vicinity of the site 

ranges from approximately 31 0 to 460 masl and is unconformable to the overlying 

Tertiary and Quaternary deposits. The north-south trending Hatfield Valley dominates 

the bedrock surface topography. This valley is believed to have formed by fluvial 

erosion during the first advance of the continental glaciers. 
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The Upper Cretaceous Lea Park Formation of the Upper Colorado Group consists of 

gray, highly plastic marine silt and clay with bentonite beds. The upper portion is non

calcareous, while the lower portion is comprised by calcareous, white-speckled shales 

(AGRA, 1996). The Second White-Speckled Shale represents a regional marker 

horizon at the base of the Upper Colorado Group. Within the study region, the top of 

the Lea Park Formation ranges from approximately 350 to 425 masl, forming the base 

of the numerical model. 

Overlying the Lea Park Formation, the Judith River Formation is comprised of 

dominantly non-marine, interbedded very fine to medium-grained sand, silt and clay. 

Carbonaceous and concretionary zones also characterize this unit. This formation is 

found southwest of the study area at elevations exceeding approximately 415 masl and 

reaching a maximum thickness of about 30 m. 

The Bearpaw Formation overlies the Judith River Formation on the shoulders of the 

Hatfield Valley. The unit is comprised of non-calcareous, high plasticity, over

consolidated, marine silt and clay similar to that of the Lea Park Formation. The 

Bearpaw Formation is approximately 15 m thick southwest of the study area and is 

limited in areal extent. 

2.1.1.1 Bedrock Collapse Structures 

Structural depressions caused by the dissolution of the Prairie Evaporite Formation 

and subsequent collapse of overlying units has been identified at various locations in 

Saskatchewan. A structural low, interpreted as a dissolution collapse, has been 

inferred from the elevation of the Second White-Speckled Shale marker-bed 

(AGRA, 1996), to the east of the TMA. Collapse structures are outside of the model 

boundaries and therefore do not influence the model design. 
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2.1.2 Tertiary and Quaternary Deposits 

The successive advance and retreat of continental glaciers deposited the till that 

characterize the present regional overburden stratigraphy. This stratigraphy consists 

of, in ascending order, the Empress Group, the Sutherland Group and the Saskatoon 

Group. In the vicinity of the study area these sediments range in thickness from 

approximately 60 to 200 m. 

2.1.2.1 Empress Group 

Pre-glacial (Quaternary and possibly Tertiary) sediments of the Empress Group lie 

between the bedrock surface and the oldest till unit (Sutherland Group) where 

differentiated. Stratified sands, silts and clays of the Empress Group infill the Hatfield 

Valley within the study area. These sediments are found throughout the region except 

where a bedrock structural high defines the western edge of the Hatfield Valley. The 

Empress Group typically ranges from 60 to 80 m in thickness, with a maximum

recorded thickness of 110m (AGRA, 1996). 

2.1.2.2 Sutherland Group 

The Sutherland Group lies between the Empress Group and Saskatoon Group, varying 

in thickness from 16m to 92 m (AGRA, 1996). Generally, tills of the Sutherland Group 

are harder, more massive, have a higher clay content, lower permeability and exhibit a 

lower electrical resistivity response compared to those of the Saskatoon Group. The 

tills are usually identified on the basis of carbonate content, their geophysical 

signatures, the presence or absence of shale clasts, and by a subsurface weathering 

zone that sometimes occurs at the interface between these two till groups. 

Till and stratified drift is often sub-divided into three formations in the Sutherland 

Group: 1) the Mennon Formation: 2) the Dundum Formation; and, 3) the Warman 

Formation. The Mennon Formation and the Warman Formation are generally less 

calcareous, higher in clay content, harder, and less electrically resistive than the tills of 

the Dundum Formation. Sutherland intertill sand units that are limited in lateral extent 

are found in the southern section of the study area. 
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2.1.2.3 Saskatoon Group 

The Saskatoon Group comprises all sediments lying between the Sutherland Group 

and the ground surface. Typically, this group ranges in thickness from approximately 

40 to 80 m, with a maximum-recorded thickness of 101 m (AGRA, 1996). The 

Saskatoon Group is divided into the Floral (older) and Battleford (younger) formations. 

The Floral Formation is comprised of till with intertill sand and gravel units and is sub

divided into an upper and lower till unit. The upper till unit of the Floral Formation is 

overconsolidated, often jointed with iron and manganese staining on the joint faces, 

while oxidized Battleford Formation tills are generally highly iron stained but are not 

jointed. Visible fractures in the Floral Formation till are typically found only in the top 

few metres of the formation probably as a result of sub-aerial weathering or shearing 

from an overriding glacier. 

Sandy till at the Sutherland-Saskatoon Group contact is believed to be part of the 

Lower Floral Formation. Sand and occasional silt and gravel units are interbedded 

within this sandy unit and have been called the Floral lntertill Aquifer. The Floral 

lntertill Aquifer varies in vertical thickness, and is interpreted (based on borehole logs) 

as being laterally discontinuous across the modelled domain~ 

Fluvial sand and gravel, and lacustrine silt and clay deposits characterize the post

Battleford Formation surficial geology. Surficial stratified sediments in the immediate 

vicinity of the mine site are characterized as fluvial and lacustrine sands, silts and 

clays. The shallow surficial sand unit underlying the southern portion of the brine pond 

to the south and east of the TMA is of greatest concern with respect to lateral brine 

migration. 

2.2 Groundwater Flow System 

In ascending order, the hydrostratigraphy of the study area consists of the: 1) Empress 

Group (Hatfield Valley Aquifer); 2) Sutherland Formation tills (aquitards) and Unnamed 

lntertill Aquifer; 3) Floral lntertill Aquifer; 4) Floral Formation till and Battleford 

Formation till (aquitards); and, 5) stratified surficial deposits including a shallow surficial 

sand aquifer. The 30 mesh showing the hydrostratigraphy in the vicinity of the mine 

site is given in Figure 2.3. 
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Figure 2.3 Block diagram showing regional hydrostratigraphy. 

2.2.1 Aquifers 

The following principal aquifers have been identified, in ascending order: 

1) Judith River Aquifer (Judith River Formation); 

2) Hatfield Valley Aquifer (Empress Group); 

3) Unnamed lntertill Aquifer (within Sutherland Group); 

4) Florallntertill Aquifer (Sutherland/Saskatoon Group contact); and, 

5) Surficial Sand Aquifer. 

The areas occupied by the aquifers within the model boundaries are shown in 

Figure 2.4, starting with the lowest Hatfield Valley aquifer and successively overlaying 
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the shallower units. The grid represents the UTM coordinates in metres; each segment 

is 1 km in length. The solid colour represents the lateral extent of specified aquifers. 
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Figure 2.4 Aquifers in the modelled region on UTM grid. 
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2.2.1.1 Judith River Aquifer 

The Judith River Formation is considered an important aquifer in southwestern 

Saskatchewan; however, this unit is of little or no significance with respect to brine 

migration due to its distance from the footprint of the TMA and its limited areal extent in 

the southwestern section of the modelled domain. 

2.2.1.2 Hatfield Valley Aquifer 

Sands and gravels of the Empress Group form the most important regional aquifer in 

the modelled area, representing part of the extensive Hatfield Valley Aquifer System. 

The Hatfield Valley is a major buried valley in Saskatchewan, crossing the entire 

province in a northwest to southeast direction. The Hatfield Valley Aquifer is recharged 

by downward flow through overlying strata and lateral flow from interconnected 

bedrock aquifers, including the Judith River Aquifer. The Hatfield Valley Aquifer 

underlies the entire footprint of the TMA. The valley is at least 30 km wide and typically 

greater than 100m thick in this part of Saskatchewan (AGRA, 1996). 

Flow in the Hatfield Valley Aquifer is typically southerly in direction, discharging in the 

Qu'Appelle and Assiniboine River valleys {Maathuis and Schreiner, 1982). Vertical 

flow between this aquifer and adjacent formations is significantly less than lateral 

groundwater flow within the unit due to the thickness of low permeability tills of the 

Sutherland Group and underlying shales that effectively confine the Empress Group 

sands and gravels. 

Existing piezometric and water level data indicate that the hydraulic head in the 

Hatfield Valley Aquifer is at or slightly above the ground surface in the vicinity of the 

mine site. The relatively high hydraulic head gradient, approximately 538 masl north of 

the site and 523 masl south of the site, may be due to the Hatfield Valley Aquifer 

"pinching-out," due to a local bedrock high (Maathuis and Schreiner, 1982) along the 

southeastern boundary of the modelled domain. This impediment to lateral 

groundwater flow, coupled with southerly dipping surface topography, is thought to 

generate an upward hydraulic gradient (discharging conditions) south of the site. 
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Hydraulic conductivity data collected from site-specific pump tests, slug tests, regional 

data and existing literature indicate that the hydraulic conductivity is in the range 104 to 

1 o-e m/s. Hydrographs from SRC monitoring wells Bruno and Nokomis indicate that 

annual fluctuations in hydraulic head are less than 1 m (Clifton, 1996). 

2.2.1.3 Unnamed lntertill Aquifer 

lntertill sand found in the Sutherland Group forms a localized aquifer at considerable 

depth in the vicinity of the sloughs that occupy the southernmost part of the study area. 

Generally the aquifer can be found at depths between 60 and 1 00 metres below 

ground surface (mbgs), and it is up to 17m thick (AGRA, 1996) in the study area. The 

aquifer is considered minor with respect to brine migration because of its considerable 

depth, limited thickness, and its location more than 8 km to the south of the TMA. 

2.2.1.4 Florallntertill Aquifer 

Interbedded sand and gravel units within the sandy till at the base of the lower Floral till 

forms a local aquifer in the study area. The aquifer is generally found at 40 to 80 mbgs 

and varies in thickness from 0 to a maximum of 27 m. This aquifer is discontinuous in 

the study area. The aquifer is absent in a small patch beneath the northern tailings pile 

and pinches out immediately northwest of the TMA along an edge trending NE-SW 

turning approximately N-8 about 2 km to the west of the TMA. Approximately 6 km 

south of the TMA the aquifer pinches out along an edge trending NW-SE. 

Typically heads in the aquifer are at or above the ground surface. Hydraulic head 

ranges from approximately 537 masl north of the site to 517 masl southeast of the site. 

The hydraulic conductivity of the Florallntertilt Aquifer is in the range 10-4 to 1 o.a m/s. 

Clifton Associates (1996) interpreted the Floral Aquifer as a buried valfey aquifer south 

east of the TMA in the vicinity of the Waterloo-Hunter Creek. Such valleys form as a 

result of deep erosion by meltwater, either beneath or in front of the slowly retreating 

continental ice sheet. The orientation and depth of this feature is unknown based on 

existing data and there is no surface expression of the inferred buried valley. The 

geological interpretation presented by AGRA (1996) does not include a valley feature. 

The groundwater flow model follows the interpretation provided in AGRA ( 1996). 
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2.2.1.5 Surficial Aquifer 

The sands of surficial stratified deposits are considered an important unconfined 

aquifer with respect to shallow brine migration in the vicinity of the mine site. 

Specifically, the thin surficial sand unit underlying the southern portion of the TMA has 

been identified as a potential shallow brine migration pathway. The aquifer is 

widespread but discontinuous, with four to six patches that may or may not be isolated 

from one another. The largest patch appears to extend in a tongue, north to south 

along the western side of the TMA. 

2.2.2 Aquitards 

The principal aquitards controlling vertical brine migration are the tills of the Battleford 

Formation and Floral Formation <~ 60 m thick) that overlie the Floral lntertill Aquifer. 

This intertill aquifer is separated from the Hatfield Valley Aquifer by approximately 70 m 

of Sutherland Group till in the vicinity of the mine site. Tills in the Sutherland Group 

and Saskatoon Group impede vertical groundwater flow to and from the Hatfield Valley 

and Floral aquifers. 

Typical hydraulic conductivity values for Saskatchewan tills are summarized in a report 

prepared for the Saskatchewan Potash Producers Association (SPPA) by Maathuis 

and van der Kamp (1994a). Thick, unfractured tills in the Saskatoon and Sutherland 

Groups generally have hydraulic conductivities of 10-10 to 10-11 m/s. Shallow, 

unoxidized and fractured tills have hydraulic conductivities of 1 o-s to 1 o-9 m/s. 

Hydraulic conductivities of 10·7 to 10-a m/s are typical for shallow, oxidized and 

fractured tills within the Floral Formation (Clifton, 1996). 

The top part of the Floral Formation till tends to be oxidized and fractured but the depth 

of this is not well defined. However, the oxidized and fractured till does not appear to 

occupy more than 1 0% of the interval between the surface and the Floral lntertill 

Aquifer in the vicinity of the TMA. 
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2.3 Natural Hydrologic Boundaries 

The Dellwood Brook and Lanigan Creek are the most prominent surface streams in the 

study area. Surface water runoff in the vicinity of the mine site occurs in a southerly 

direction toward the Waterloo-Hunter Creek (approximately 2.5 km south of the TMA). 

The Waterloo-Hunter Creek subsequently drains through the Dellwood Brook to 

Lanigan Creek, which discharges into Last Mountain Lake and ultimately the 

Qu'Appelle River. Dellwood Brook and Lanigan Creek are assumed to act as hydraulic 

constant-head boundaries in the near-surface deposits. 

The TMA is remote from any major rivers and it is not possible to identify natural 

boundaries in the deeper aquifers. It is generally assumed that regional groundwater 

flow is from north to south, although the measured head differences are small beneath 

the mine site. 

2.4 Hydraulic Properties 

Definition of the hydraulic properties (hydraulic conductivity, porosity, compressibility, 

and specific storage) of the deposits and their spatial distribution and connectivity, is 

essential for the successful numerical simulation of groundwater flow and solute 

transport. It is also necessary to quantify the properties of the fluids: "natural" 

groundwaters and mine-produced brines. These properties are combined with the 

stratigraphy of the study area to describe the three-dimensional framework of aquifers 

and aquitards, and to formulate the 3D numerical representation of the natural system. 

2.4.1 Hydraulic Conductivity 

Gravels and sands represent high hydraulic conductivity units (aquifers) in the study 

area. Tills, clays, and silts comprise the low hydraulic conductivity units (aquitards). 

Table 2.1 shows the range of hydraulic conductivities for individual hydrostratigraphic 

units in the vicinity of the TMA. The methods used to determine these hydraulic 

conductivities are typically described in the referenced sources. 

Much of the tabulated data is site-specific but hydraulic properties for both aquifers and 

aquitards are generally consistent regionally and provincially over southern 

20 



Saskatchewan. Local differences of importance at the mine site include a persistent 

oxidized zone in the upper till unit of the Floral Formation and a tendency for thin "sand 

stringers" to occur within the tills. In terms of modelling, these features can be 

incorporated into the conceptual model as anisotropy and enhanced hydraulic 

conductivity for the specific units. 

Table 2.1 Hydraulic conductivities for hydrostratigraphic units. 

Hydrostratigraphic Units Hydraulic Conductivity 

Upper limit Lower limit 

(m/s) (m/s) 

Surficial Stratified Deposits sand >1x1o-7 <1> 

sand 5x10-4 2x1 o·7 <4> m 

silt 1x104 4x10..s <
2> 

clay 2x10~ 1 x1 o-11 (1) (4) 

Battleford Till oxidized 4x10..s 1 x1 0-a <1> m <S> 

Floral Tills oxidized 4x10..s 1x10-a <1>m<a> 

unoxidized 2x10..a 5x10-1o (1)(2)(7) <e> 

Florallntertill Aquifer 4x10-4 3.5x1 o..S (B) 

6x10-3 2x1o-7 <4> 

Sutherland Till 1x10-10 1x1o·11 <1> <3> 

Hatfield Valley Aquifer 6x10-3 2x1o·7 (4> 

1x104 1x10..s <5> 

lea Park Shale 1x10-10 1x10-12 <9> 

Maathuis and van der Kamp (1994a) '* 

2 Yellowhead (1982)-

3 Keller et al. (1988) and Keller et al. (1989) • 

4 Domenico and Schwartz (1998) 

5 Maathuis and Schreiner (1982) ** 

6 Maathuis et al. (1994) '* 

7 Ho and Barbour (1987) * 

8 Golder ( 1997) * 

9 Freeze and Cherry (1979) 

measurements performed on same hydrostratigraphic unit elsewhere in Saskatchewan 
site-specific measurements 
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There is limited site-specific information on the hydraulic properties of the bedrock 

aquitards (Lea Park Formation and Bearpaw Formation shales). These units have low 

hydraulic conductivities and show no evidence of severe weathering or glacial 

disturbance. Shales in the area were assumed to possess low conductivities 

(<1 x 10-10 m/s). 

2.4.2 Storage Properties 

2.4.2.1 Porosity 

The porosities of the hydrostratigraphic units were not directly measured in the study 

area. Unlike hydraulic conductivity (where values range over many orders of 

magnitude) porosities tend to lie in a range from 5 to 50%. Porosity was therefore 

estimated based on typical ranges for different lithologies as cited in the literature 

(Table 2.2). 

Table 2.2 Storage properties for hydrostratigraphic units. 

Soil Compressibility Porosity Specific Storage 

Hydrostratigraphic Unit 
(m21N) (%) (m-1) 

Upper Lower Upper Lower Upper Lower 

Limit Limit Limit Limit Limit Limit 

Surficial Stratified sand 1.5x10-s 1.5x10-7 50 25 (3) 1.9x10-a 6.9x10-4 

Deposits silt 1.2x10-s 1.2x10-7 50 35 (3) 1.9x10*3 7.4x10-4 

clay 1.5x10.s 1.5x10-s 50 40 (1),(2) 2.7x10-3 9.5x10_. 

Battleford Till 6.9x10-7 1.3x10-9 40 20 (1),(4) 1.3x10-4 2.8x10..s 

Floral Tills 6.9x10-7 1.3x10-9 45 20 (1),(4) 1.3x104 2.8x10.s 

Florallntertill Aquifer 1.5x10.s 1.5x10-7 30 25 (3) 3.8x10-4 1.7x104 

Sutherland Tills 1.2x10-7 1.2x10·9 40 30 (2) 2.7x104 5.9x10-7 

Hatfield Valley .A_quifer 1.5x10.s 5.5x10-7 35 20 (1) 1.0x104 3.8x10-s 

Lea Park Shale 1.0x10-s 1.0x10-10 15 5 (3) 1.0x10.s 1.0x10-s 

Notes:- compressibility of water at 25°C is 4.8 x 10-10 m2/N 

-soil compressibility values estimated from Domenico and Schwartz (1990) and Canmet (1986) 

1 Maathuis and van der Kamp (1994b) 

2 Therrien and Sudicky (1996) 

3 Estimation based on Freeze and Cherry (1979) 

4 Kelln, C.J. et al. (2001)- site specific 
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Porosity is a key parameter in contaminant migration and fractured material can exhibit 

what is called "dual porosity". Clay tills can have matrix porosities up to 50% with a 

superimposed fracture porosity less than 5%. Using the matrix porosity rather than the 

fracture porosity in contaminant transport calculations leads to an initial underestimate 

of the rate of movement since transport takes place rapidly through the fracture 

network and displaces the matrix pore fluids more slowly. FEMWATER does not have 

the capability to model "dual porosity" materials. 

Fractured tills make up a minor part (approximately 5 to 15%) of the vertical pathway to 

the deeper aquifers at the site and the enhanced hydraulic conductivity of the fractured, 

oxidized till has been incorporated into the model. Failure to model the variable 

storage characteristics of a thin zone of till is not expected to critically influence 

comparative predictions or long-term behaviour given the application of this enhanced 

hydraulic conductivity. 

2.4.2.2 Compressibility and Specific Storage 

Porosity accounts for changes in storage in unconfined aquifers but for confined 

aquifers where the pore-space is fully saturated, changes in porewater pressures and 

surface loads result in an elastic response in both the porous medium and the pore 

fluid. 

Specific storage is the volume of water released from a unit volume of confined media 

per unit decline in hydraulic head per unit thickness. Porosity, and compressibility of 

both water and porous medium are related to specific storage as follows: 

Ss = (a.+ nJ3) 'Yw 

where: Ss = specific storage 

a. = compressibility of the soil matrix 

J3 = compressibility of water 

n =porosity 

'Yw = specific weight of water 

[L-1] 

[F-1L2] 

[F-1L 2] 

(2.1) 

For unconsolidated sediments, the compressibility of the soil is much greater than that 

of water so the specific storage is controlled by the compression of the pore skeleton. 

For rigid bedrock aquifers, the opposite is true and the specific storage is controlled by 
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the compressibility of the pore fluid. A reduction in head or porewater pressure results 

in a release of fluid from storage and a reduction in the storage volume as the skeleton 

collapses. An increase in head or porewater pressure corresponds to an expansion of 

the storage volume as the skeleton is forced to dilate. In both cases the volume 

change is temporary. 

An increase in porewater pressure, as a result of surface loading by a tailings pile, is 

equivalent to an expansion of the volume of stored fluid and can be treated in a 

groundwater flow and transport model as a volumetric source term. This is the method 

used to approximate the effects of pile loading within the finite element code 

FEMWATER, which was used to perform the numerical simulation of groundwater flow 

and brine migration herein. Reeves et al. (2000) used a similar method with the 20 

SUTRA code, another finite element modelling code used to simulate groundwater flow 

and contaminant transport. The implicit assumption is that the effective stress remains 

relatively constant and soil deformation is not considered. This is not strictly true for 

pile loading but most of the materials are overconsolidated so it is argued the 

neglected deformations will be small. The modifications made to both SUTRA and 

FEMWATER are valid for fully saturated conditions (assuming constant effective 

stress). 

2.4.2.3 Moisture Content and Unsaturated Hydraulic Conductivity 

The hydraulic conductivity of soils in the unsaturated zone is lower than the same soil 

under saturated conditions (below the water table). The reduced moisture contents in 

the unsaturated zone result in less of the pore-network being available for flow. 

Suction pressures (negative pressure heads) are preset in the unsaturated zone, the 

water table marking the interface between saturated and unsaturated conditions. 

Hydraulic conductivity is highly dependent on suction pressure when a soil is 

unsaturated and sands and gravels in the unsaturated state can be barriers to flow. 

Typical pressure head versus relative hydraulic conductivity (K(9)1Ksat), degree of 

saturation (9/n), and moisture content (9) curves for a surficial sand and the unfractured 

Floral till are provided in Figure 2.5 (a) and (b), respectively. SWCC curves utilized in 

the modelling for all materials are provided in Appendix B. 
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The sand is easily drained showing a rapid change in saturation for a small suction 

head and a rapid drop in the relative hydraulic conductivity. The till remains almost 

fully saturated even at large suction heads and only a modest change in relative 

hydraulic conductivity is associated with drainage. 

The curves were developed using Van Genuchten parameters based on fitting the 

results of laboratory tests on similar materials. The program SoiiVision (SoiiVision 

Systems Ltd., 1997) and its associated database were used to assist in this process. 

Van Genuchten ( 1980) developed an empirical formula relating hydraulic conductivity 

and moisture content with negative pressure head: 

e = a, + < 81 - Or > 
[ 1 + I a. 'VI" J m 

where 9 = volumetric moisture content 

Or = residual moisture content 

Os = saturated moisture content 

a.= van Genuchten curve-fitting parameter [L.1] 

\II = matric potential or suction pressure [L] 

n = van Genuchten curve-fitting parameter 

m = 1- 1/n 

(2.2) 

Van Genuchten's function was developed from Mualem's (1978} relationship, used to 

predict the hydraulic conductivity from moisture retention data: 

se 
K(Se) = KsatSe L [f(Se) If (1 >f where f (Se) = I 1 I w(x) dx 

0 
(2.3} 

where Se = (0 - Or )/(9s - Or) is the degree of saturation, and 

L is a pore-conductivity parameter or tortuosity factor 

Using Mualem's (1978) model van Genuchten (1980) derived a closed-form analytical 

solution to predict the relative hydraulic conductivity (Kr) at a given volumetric water

content: 
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(2.4) 

where Se can also be written as [1 + 1 awl "] m 

The confined storage characteristics of the hydrostratigraphic units in the study area 

were determined by multiplying specific storage by the thickness. On the water 

capacity against depth curves the specific storage corresponds to the gradient at the 

water table. 

2.5 Sources and Sinks 

Injection and pumping wells represent sources or sinks in the area. No reliable 

information was available concerning pumping wells or rates from farms in the vicinity 

of the mine site. Withdrawals from the Hatfield Valley Aquifer and the Floral lntertill 

Aquifer are assumed to be relatively small prior to the development of the TMA. After 

1994, mine withdrawals from the Hatfield Valley Aquifer have exceeded 1 ,000 m3/d and 

reached 4,000 m3/d in the year 2000. 

2.6 Water Budget 

2.6.1 Natural Flow System 

The volume of material in the 30 model domain is about 44 km3 (roughly an area of 

236 km2 and an average thickness of 185 metres). Porosities range from 0.25 to 0.42 

(with an average close to 0.35) so the total volume of groundwater stored in the model 

is about 15 km3 or 1.5 x 1010 m3
• Much of this volume is represented by "immobile" 

storage in aquitards and the aquifer storage is estimated to be around one third of the 

total or about 5.0 x 109 m3
, mostly in the Hatfield Valley Aquifer. 

Natural inflow to the groundwater system includes inflow from the Hatfield Valley 

Aquifer to the north of the site that is about 3,200 m3/d, based on observed gradients 

and thicknesses. Most of this inflow is assumed to pass through the model domain 

and exit to the south. 

A similar estimate for the Floral lntertill Aquifer suggests a flux of 200 to 500 m3/d 

flowing from the north to the southeast. The (unnamed) Sutherland lntertill Aquifer 
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present in the south of the study area likely has a low flux moving from north to south 

but no quantitative estimate has been made. 

The surficial sand aquifer is fairly extensive and discontinuous over the study area. It 

is also present within the TMA. Surficial sands occupy an approximately 45 to 50-km2 

area. The surficial aquifer receives direct recharge from regional infiltration with an 

estimated influx of 1,200 m3/d. Much of the inflow to the surficial aquifer is discharged 

locally in streams, drains and sloughs and tends to flow in a predominantly southerly 

direction towards the edges of the sand patches. 

The total inflows and outflows to the natural groundwater system for the Hatfield Valley, 

Floral and surficial aquifers are estimated to be of the order of 4,750 m3/d. The deeper 

aquifer systems are under flowing artesian conditions and there is believed to be a net 

upward flux from these systems. Using estimates of vertical gradients and aquitard 

properties suggests that this flux may be of the order of 25 to 100 m3/d discharging 

from the Floral and Hatfield Valley Aquifers. A block diagram summarizing the water 

balance interpretation for the natural flow system is given in Figure 2.6. 

1275 +-- '-1 __ s_u_rf_ic_ia_I_S_a.,-n_d_A_q_u_if_e_r _ _JI +--50 

i 25 

325+-- Floral lntertill Aquifer +--300 

1 50 

3150+-- Hatfield Valley Aquifer +--3200 

Figure 2.6 Block diagram of natural flow system water balance in m3/d. 
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The numbers in Figure 2.6 represent net flux. While the dominant vertical flow 

direction is shown in this figure, upward and downward vertical gradients exist 

depending on the special and temporal location in the modelled domain. 

For the calibrated steady-state solution, the inflow through constant head (Dirichlet} 

boundaries (ponds, sloughs representing depression focused recharge) was 125 m3/d 

and the total inflow through flux (Cauchy/Neuman) boundaries {mainly inflows to the 

deep aquifers plus recharge at the surface) was 4,589 m3/d. By default, FEMWATER 

computes the net inflows and outflows grouped by boundary type (Dirichlet I Cauchy I 

Neuman) rather than by flow unit. The deep aquifers account for all the Neumann 

boundaries so the model mass balance can conveniently be used to monitor the 

surficial (Cauchy fluxes) and deep aquifers (Neumann fluxes). Numerical errors in the 

mass balance for the steady-state model were reduced to less than 5% by adjusting 

the head convergence tolerance. 
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3.0 Code Selection 

Conceptualization of the groundwater flow system and brine transport necessitates the 

utilization of a 3D saturated-unsaturated, variable-density, groundwater flow and 

transport code. Due to the physio-chemical properties of brine, a density-dependent 

flow model is required to adequately estimate brine migration at the site. These 

requirements reduce the number of qualifying codes to the following: FEMWATER 

(Yeh, 1987; Lin et al., 1996), FEFLOW (Diersch, 1992,1996), SUTRA-3D (Voss, 1984), 

and 3D-FEMFAT (Yeh et al., 1994). 

FEMWATER (Yeh, 1987, Lin et al., 1996), a code developed for the U.S. 

Environmental Protection Agency (EPA) and maintained by U.S. Army Engineer 

Waterways Experiment Station (WES), was selected to simulated groundwater flow 

and transport because of source code availability. Furthermore, the program can be 

integrated with the Department of Defense Groundwater Modeling System (GMS), a 

graphical interface designed to make mesh creation and analysis more efficient. 

FEMWATER was used to assess flow and transport at the mine site for the following 

reasons: 

1) FEMWATER simulates flow and transport in three-dimensions; 

2) FEMWATER incorporates variable-density flow; 

3) FEMWATER models saturated-unsaturated flow; 

4) FEMWATER is fully supported by the GMS interface; and, 

5) FEMWATER source code is available. 

Appendix C provides a description of the source code and information regarding 

modifications made to the code for numerical simulation of pile loading. 
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4.0 Model Construction 

4.1 Numerical Solution Considerations 

The numerical solution of advection-dominated solute transport remains a difficult 

problem because of the contradictory needs to suppress numerical dispersion, avoid 

artificial oscillation and conserve mass (Kovarik, 2000). 

In the groundwater modelling community, most solution techniques that have been 

implemented in transport simulators fall into three categories: 

1) standard finite-difference or finite-element (Eulerian) methods; 

2) particle-based random walk (Lagrangian) methods; and, 

3) mixed Eulerian-Lagrangian methods combining particle tracking for advection 

and finite-difference or finite-element method for dispersion/diffusion terms. 

Most of the standard finite-difference and finite-element methods are mass 

conservative and handle dispersion/diffusion terms effectively. However, for advection

dominated problems that are often encountered in subsurface contaminant transport 

modelling, it is well known that the standard finite-difference and finite-element 

methods are susceptible to excessive numerical dispersion and/or artificial oscillation; 

prohibitively small grid spacing may be required to overcome these problems (Bear 

and Verruijt, 1987; lstok, 1989; Anderson and Woessner, 1995; Kovarik, 2000). 

Despite these difficulties, the finite-difference and finite-element methods are still 

commonly used in practical, field-scale applications, because of their simplicity and 

mass conservation property. The small grid-size constraint may not be satisfied in the 

model with increasing distance from the site. Any numerical dispersion errors that may 

have occurred were not quantified and were largely ignored. 
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The Lagrangian approach became popular when the first "random walk" code was 

developed (Prickett et al., 1981). In the Lagrangian approach, the solute mass is 

represented by a large number of moving particles. Keeping track of the particle 

movements solves advection and dispersion/diffusion equations, and chemical 

reactions are accounted for by adjusting the mass carried by each particle. The 

Lagrangian framework provides an efficient solution to advection-dominated problems 

virtually free of numerical dispersion (Bear and Verruijt, 1987). However, without a 

fixed grid or coordinate system, a Lagrangian method can lead to numerical instability 

and computational difficulties in non-uniform media with multiple sinks/sources and 

complex boundary conditions (Yeh, 1990). Velocity interpolation needed in particle 

tracking can also lead to local mass balance errors. 

The mixed Eulerian-Lagrangian approach attempts to combine the advantages of both 

the Eulerian and the Lagrangian approaches by solving the advection term within the 

Lagrangian framework through particle tracking, and the dispersion and reaction terms 

with a standard finite difference or finite element method (Lin et al, 1996). The mixed 

Eulerian-Lagrangian approach is conceptually attractive, and the simulators based on 

this approach have been widely applied in subsurface contaminant modelling (Wang 

and Anderson, 1995). However, some commonly used Eulerian-Lagrangian 

procedures, such as the method of characteristics (MOC3D), do not guarantee mass 

conservation. Since particle tracking is required, mixed Eulerian-Lagrangian methods 

also suffer from some of the same numerical difficulties that plague the Lagrangian 

methods. In addition, the mixed Eulerian-Lagrangian methods may not be as 

computationally efficient as either the standard Eulerian or the purely Lagrangian 

methods (www.engr.usask.ca/classes/CE/872/notes/CE872-06.ppt). 

The flow module of FEMWATER is a conventional Eulerian finite-element model and 

provides three iteration methods for solving the linearized matrix equations: 

(a) successive point iteration method, 

(b) polynomial preconditioned conjugate gradient method, and 

(c) incomplete Cholesky preconditioned conjugate gradient method. 
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The flow module for FEMWATER also contains numerical schemes for handling the 

mass matrix resulting from the storage term and approximating the time derivatives. 

The transport module for FEMWATER includes the above options and sorption options 

as well. While the conventional Galerkin finite-element method is used in the steady

state module, the transient transport model provides: 

1) a Galerkin (Eulerian) finite-element option, 

2) an upstream weighting Eulerian finite-element option, and 

3) a hybrid Lagrangian-Eulerian option. 

The upstream weighting method has advantages over the Galerkin method when the 

advection terms in the governing transport equation become equally important to the 

dispersion terms (lin et al., 1996). This is accomplished by applying weighting 

functions that differ from the base functions used in the Galerkin method. The hybrid 

Lagrangian-Eulerian option is most-suited to advection-dominated systems. The 

Galerkin method was used for both the flow and transport equations because it is the 

most commonly used method in finite element modelling. The hybrid approach is 

utilized in FEMWA TER when the sorption options are used. 

The Galerkin method is a weighted residual method in which the weighting function is 

identical to the nodal interpolation function (base function). The initial values for the 

boundaries or the nodal points are specified and input into the governing partial 

differential equation. The system of linear equations then calculates the error or 

residual that occurs at every nodal point in the problem domain. The weighted average 

of these residuals are forced to approach zero. 

For transport simulations, in each time step, the advective transport step is calculated 

first and thereafter a dispersive transport step is calculated. A major advantage of this 

scheme is that numerical accuracy and stability can be obtained by adjusting time step 

to grid size for the individual parts of the equation. Numerical dispersion is minimized 

by always having the following relationship between time and distance discretization: 

(~t)A > ~/v (4.1) 
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where, for an advective velocity v, (~t)A is the time step for advective transport, and Me: 

is the cell length. This constraint is called the Courant condition and the Courant 

number, v~t /Me:, should be less than 1 (www.engr.usask.ca/classes/CE/872/notes/CE8 

72-06.ppt). 

The Peclet constraint for the grid size requires that: 

(4.2) 

where DL and a.L are respectively the lateral dispersion coefficient and dispersivity. 

This requires that the mesh size is less than 2 x the dispersivity 

(www.engr.usask.ca/classes/CE/872/notes/CE872-06.ppt). Tien-Chang Lee {1999) 

further states the numerical oscillations may be tolerable if the Peclet number is less 

than 10. 

Generally, numerical dispersion is negligible when Me: ~ a.L, because physical 

dispersive transport is then equally or more important than advective transport. 

Unfortunately, when a fine grid is used to reduce numerical dispersion, the time step 

for dispersive transport calculations may become smaller than the ideal time step for 

advective calculations. 

Spatial and temporal discretization of the model domain must be designed carefully to 

represent a natural system and avoid artifacts created by the numerical dispersion and 

oscillations in the calculations (lstok, 1989). Artificial "mixing" or numerical dispersion 

is the most serious problem encountered in dispersive/diffusive transport modelling of 

brine transport problems (Uwiera, 1998). 

Numerical dispersion is an artifact of the mesh and time stepping used to obtain a 

model solution. The smallest distance that the contaminant can travel in one time-step 

is the distance between adjacent mesh nodes; if the time-step or mesh spacing is too 

large, numerical dispersion can become the dominant mixing process. Small time 

steps and detailed spatial resolution are therefore required to avoid excessive 

"artificial" mixing. The potential for numerical dispersion is greatest where imposed 

concentration gradients are high, the hydrostratigraphy is complex, or where the 
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stresses imposed on the flow system due to the TMA or containment structures change 

abruptly. 

4.2 Model Mesh 

FEMWATER mesh construction is a two-step process that involves creating a 2D mesh 

in the horizontal (x-y) plane that is extruded to form a multi-layer 3D mesh. 

4.2.1 2D Surface Mesh 

The 2D mesh constructed for numerical simulation of flow and transport at the mine 

site comprise 3,977 nodes and 7,855 triangular elements. The boundary of the mesh 

corresponds to the Dellwood Brook and Reservoir, Lanigan Creek, and interpreted flow 

lines in the Hatfield Valley Aquifer. The northern boundary corresponds roughly to a 

local topographic high. The eastern boundary was selected as a flow-line to limit the 

lateral extent of the model, since there is no nearby natural feature to select as a 

hydrologic boundary. Earlier modelling by Clifton (1996) and Golder (1997) used a 

similar boundary condition, based on flow nets constructed for the Floral and Hatfield 

Valley Aquifers. The flow nets indicate that deep groundwater flow is approximately 

parallel to this boundary; in other words, the N-S flow-line approximates a no flow 

boundary with groundwater flow predominately in a southerly direction. 

Perennial surface water bodies including lakes, ponds and sloughs are defined in the 

2D model since they are the source of depression-focused recharge. In the 3D mesh 

standing bodies of surface water on the topographic surface are treated as constant 

head or flux boundaries. 

The 2D mesh is coarse along the outer boundary and refined toward the TMA 

(Figure 4.1 ). The refinement allows for detailed resolution of the TMA (Figure 4.2). A 

moderate bias of 0.75 (size reduction factor for adjacent elements) was chosen so the 

number of elements could be minimized without compromising numerical accuracy and 

efficiency. The aspect ratio (the ratio of maximum to minimum element dimensions) 

must be relatively small so that computed flow directions are not subject to large errors. 

The aspect ratio used was no greater than 5: 1 , corresponding to modelling protocol 

outlined by Anderson and Woessner (1992) and lstok (1989). 
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Figure 4.1 Potash mine site model - complete 20 mesh. 

Figure 4.2 Refined mesh around the TMA. 
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4.2.2 3D Element Mesh 

The construction of the conceptual model involved simplification of the natural system, 

while retaining the overall attributes of the groundwater flow system. Reproducible 

field conditions validate this simplification. Reducing the number of nodes used in the 

three-dimensional mesh is part of simplifying the natural system. However, the number 

of nodes in the mesh determines both the computational efficiency and accuracy of the 

model. A fine mesh is generally more accurate than a coarse mesh but requires more 

computational effort and expense (lstok, 1989). 

4.2.2.1 Construction of 3D Mesh 

The 3D finite element mesh was constructed by projecting the 2D mesh into three

dimensions using borehole data to define hydrostratigraphic layers. The method of 

constructing the 3D mesh uses the layers defined by the boreholes, creating two sets 

of 20-mesh surfaces representing the upper and lower contact of each 

hydrostratigraphic unit, and additional intermediate surfaces to create the desired 

number of layers between the unit contacts. Nodal elevations are interpolated from the 

boreholes for all points on the 2D mesh. A set of nodal elevations representing a 

formation contact is referred to as a Triangular Irregular Network (TIN). A specified 

number of element layers are then created between each TIN, thereby generating a 3D 

mesh. The vertical resolution of the mesh is increased in regions where the water 

table or high hydraulic head or concentration gradients are expected. This method of 

generating a 30 finite element mesh is time effective as the layers can be extruded in a 

relatively quickly given uniform geology. 

The model layers that represent the hydrostratigraphy of the study area are, in 

ascending order: the Lea Park Formation shale, Empress Group (Hatfield Valley 

Aquifer), Sutherland Group tills and Unnamed lntertill Aquifer, Floral Aquifer, Floral 

Formation till, Battleford Formation till, stratified surficial deposits and surficial sand. 

The 3D mesh showing the hydrostratigraphy in the vicinity of the TMA is provided in 

Figure 2.3. 
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The Unnamed lntertill Aquifer, Florallntertill Aquifer, and surficial sand aquifer were the 

only discontinuous units in the study area. Hydrostratigraphic units that are not 

continuous or pinch out across the study area are not directly represented by a TIN 

surface. Zero thickness formations cannot be used to construct a 30 mesh. To get 

around this problem, a "dummy" thickness of <1 m is used where a particular unit is not 

present. The material property of individual "dummy" elements where the layer was 

discontinuous are assigned the material properties of the overlying or underlying units. 

Figure 4.3 illustrates the modelling of discontinuous features in GMS. 

The 30 mesh has an average vertical thickness of about 200 m between approximately 

320 masl and 540 masl. The model mesh consists of 3,977 x 39 = 151,103 nodes, 

with 7,855 x 38 = 298,490 prism elements, with 38 layers and 39 surfaces. Individual 

layer thicknesses range from less than 1 metre to over 25 metres. 
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Figure 4.3 Model representation of pinchout. 
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4.3 Flow Model Parameters 

After the 30 mesh was constructed and boundary conditions were specified, initial 

conditions, hydraulic properties and fluid properties were input into FEMWA TER. All 

parameters were converted to day, kilogram-metre-day units. Ranges in hydraulic 

properties are provided in Tables 2.1 to 2.3 in more familiar kilogram-metre-second 

units. The hydraulic conductivities used to obtain the calibrated steady-state solution 

are summarized in Table 4.1, together with the storage parameters, porosity, and 

compressibility. 

Table 4.1 Model hydraulic conductivity and storage properties. 

Hydrostratigraphic Unit Porosity Compressibility Hydraulic Conductivity 

(m2/N) (m/s) 

Surficial Sand Aquifer 0.25 5.95 X 10-8 1.75 X 104 

Surficial Silt 0.38 6.94 X 10-8 1.00 X 10-5 

Surficial Clay 0.45 5.97 X 10-7 1.00 X 10-6 

Battleford Till 0.38 3.73 X 10-8 1.00 X 10-8 

Floral Tills Oxidized 0.42 1.87 X 10-8 1.00 X 10-7 

Unoxidized 0.40 1.87 X 10-8 1.00 X 10-9 

Florallntertill Aquifer 0.30 1.79 X 10-8 1.17 X 104 

Sutherland Tills 0.36 9.70 X 10-8 1.00 X 10-10 

Unnamed lntertill Aquifer 0.30 1.79 X 10-8 1.17x 104 

Hatfield Valley Aquifer 0.25 1.79 X 10-8 1.16 X 104 

Lea Park Shale 0.08 2.69 X 10-10 1.00 X 10-11 

Slurry Wall 0.50 2.98 X 10-7 1.00 X 10-10 

The entire model was saturated to the surface to create the initial pressure head file 

used to obtain a steady-state solution. The topographic surface was used as an initial 

estimate of total head at all depths. The pressure head was calculated from the 

assumed water table at surface by subtracting the elevation head data set from the 

total head data set. Pressure head is the required input data to run a numerical 

simulation using FEMWATER. 
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4.4 Transport Model Parameters 

4.4.1 Advection Parameters 

The quantity of solute being transported by advection is a function of its concentration 

in the groundwater and the magnitude of groundwater flow. Advection is considered 

independent of chemical reactions and density affects. Porosity, compressibility, and 

hydraulic conductivity are the parameters that affect advective transport, since 

advection is the transportation of solute with groundwater flow. 

4.4.2 Dispersion Parameters 

Dispersivity is a property characteristic of a porous medium that characterizes 

mechanical mixing in a flow field. Longitudinal dispersivity (aL) quantifies mixing in the 

direction of flow and transverse dispersivity (aT) characterizes mixing normal to the 

mean flow direction. In common with hydraulic conductivity, dispersivity varies with the 

scale of measurement. A reasonable rule of thumb is that macroscopic (field scale) 

dispersion is several orders of magnitude greater than microscopic (lab scale) 

dispersion (Fitts, 2000; Fetter, 1993). At the lab column scale, longitudinal dispersivity 

is typically between 0.01 and 1.0 em. In field experiments, values from 0.1 to 2.0 mare 

observed over short distances in well-controlled experiments. Longitudinal dispersivity 

values >10m are reported over longer distances, but data is very sparse on the back

analysis of documented plumes (Fetter, 1993). The famous Borden experiment 

(Sudickey, 1986; Mackay et al., 1986), on a medium-grained, fine-grained, and silty 

fine-grained sand, gave a field dispersivity value of 0.45 mover a travel distance 58 m. 

Transverse dispersivity is generally at least an order of magnitude smaller than 

longitudinal dispersivity. Table 4.2 summarizes the information used to estimate 

dispersivities. 
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Table 4.2 Ranges of longitudinal dispersivity values for aquifer materials. 

Value Ran e (m) 

10-2 to 10-0 

It is well established that the apparent dispersivity, used to compute the dispersion 

coefficient in the advection-dispersion equation, exhibit scale effects. The apparent 

dispersivity grows with the plume size until the size of the plume reaches 1 0-15 times 

the size of the largest scale of heterogeneity (Howington et al., 1997). For typical sand 

aquifers in Saskatchewan, interpreting the largest heterogeneity as lenticular bodies 

with a length scale of 2-5m, an appropriate choice for dispersivity would seem to be 

about 20 to 50 m. 

However, this philosophy of selecting dispersivity based on heterogeneity of plume

size scale has several flaws. First, the dispersivity (theoretically a constant) must be 

adjusted as the plume grows. This is difficult in numerical simulations. Second, the 

scale-dependence in apparent dispersivity was derived from data on pulse sources. 

For a plume emanating from a nearly constant source (like the source a brine pond), 

the inadequacy of this pulse-source Fickian model for dispersion is apparent. Fickian 

transport is based on the mixing of solute due to random molecular motion, where ions 

diffuse from areas of higher to lower concentrations. 

Contaminant particles that enter the flow field early experience a broad spectrum of 

flow velocities {high initially but falling rapidly with time) and may behave much like a 

Fickian pulse-source plume. But, those contaminant particles entering the flow field at 

later times will travel through the flow field with fairly constant steady-state velocities. 

Thus, the apparent dispersivity should be larger for the leading edge of the plume than 

that nearer the source after some time. Consequently, selecting a large value of 

dispersivity represents the leading edge well, but is likely to significantly over predict 

spreading of the plume near the source. However, this will be conservative in terms of 

contaminant transport. 
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This problem can be handled to some extent with the inclusion of geostatistical 

simulation within the flow prediction, thereby explicitly capturing as much differential 

advection as possible. But, practical models cannot afford to represent all scales of 

advection contributing to the spreading of contaminants at the field scale. Models 

already requiring hundreds of hours to run would require orders of magnitude more 

time to treat aquifer parameters such as hydraulic conductivity as stochastic variables 

and generate multiple realizations. 

The constant nature of the source for the TMA and the discussion above suggests that 

a value of 50 m based on heterogeneity-scale is too large although such a value would 

eliminate most concerns over numerical dispersion. A more realistic lower value is 

used with the realization that "leading edge" phenomena and short-term (site start-up 

response) plume behaviour will be poorly modelled in order to better represent 

conditions closer to the steady state. The longitudinal and transverse dispersivities 

used in the transient model were 5 m and 0.5 m, respectively, based largely on 

previous experience (Uwiera, 1998) and engineering judgement. It is recognized that 

dispersivity is not a well-constrained parameter, the choice of a constant value of 5 m 

for a.L and 0.5 m for a.T was a compromise to try to capture long-term plume properties 

while avoiding excessive numerical dispersion in the immediate vicinity of the TMA. 

The mesh spacing around the site is designed to avoid serious numerical dispersion, 

but at greater distances and longer model times, numerical dispersion takes over and 

the plume advance is likely overestimated. 

The problems in assigning dispersivities are fundamental and lead to the conclusion 

that the traditional advection-dispersion equation formulation for groundwater transport 

models is inadequate for real geologic media. The failure is tied to its assumption that 

advective velocity has a single representative value. The correct view of advection

driven transport, clearly shows that dispersion is controlled by spatial correlations in the 

velocity field that are not represented by the Fickian dispersion model on which the 

advection-dispersion equation is based. The problem of devising an alternative model 

that is practical in its implementation and calibration is beyond the scope of this study. 
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4.4.3 Diffusion Parameters 

For regional flow problems and macroscopic field behaviour, diffusion is usually 

considered to be a negligible transport process relative to dispersion. A nominal 

molecular diffusion coefficient of 1.44 x 1 04 m2/d was used in the model. 

Although diffusion is not considered an important process on the regional scale for 

transport in aquifers, the model includes and makes considerable use of diffusion 

parameters. In the steady state, advective velocities in the aquitards are expected to 

be small and diffusion will dominate. The rate of movement of the brine plume in the 

aquitards is probably controlled by this value. Self-diffusion coefficients of major ions 

(Dd) in water range from 1 x 1 o-9 to 2 x 1 o-9 m2/s. The effective diffusion coefficient in a 

porous medium is smaller than this value because diffusion through the mineral solids 

is negligible compared with diffusion through the pore fluids. The factor that multiplies 

the self-diffusion coefficient to obtain the effective diffusion coefficient is a 

dimensionless number between zero and one called the tortuosity. Fetter (1993) 

indicates that porosity may be a reasonable estimate of tortuosity. 

Tortuosity is a measure of the complexity of flow paths. A tortuosity of unity indicates a 

straight flow path, a tortuosity of 0.25 indicates to distance traveled by a particle is four 

times the straight-line distance. Bear and Veruijt (1987) suggest values range from 0.1 

for clays to 0.7 for sands. De Marsily (1986) defines tortuosity as 1/Fn where n is 

porosity and F is an empirical electrical formation factor. Freeze and Cherry (1979) 

give a range of typical values for tortuosity between 0.01 and 0.5. 

The effective diffusion coefficients used in the model (calculated as De = tDd where t is 

tortuosity) ranged about 1 x 10-9 m2/s for sands to 3.0 X 10-10 m2/s for clays. The 

tortuosities used are consistent with the ranges suggested by Freeze and Cherry 

(1979) and Bear and Veruijt (1987) and consistent with the range for self-diffusion of 

major ions in groundwater (1 x 10-9 to 2 x 10-9 m2/s) provided by Fetter (1993). The 

assigned diffusion coefficients for the tills and clays are similar to those for chloride 

reported by Maathuis and van der Kamp (1995), 1 x 10-10 and 5 x 10-10 m2/s, for 

measurements in thick clayey units. The values are listed in Table 4.3. 
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A relative large value is used for the slurry wall material and a significantly lower value 

for the shale. For sands a value higher than the porosity is used for tortuosity and for 

clays a value lower than the porosity is used. 

Table 4.3 Transport-related properties used in simulations. 

Hydrotratigraphic Units Bulk Dry Porosity Tortuosity Effective 

Density Diffusion 

Coefficient 

(kg/m3
) (m2/s) 

Surficial Sand Aquifer 1,600 0.25 0.50 8.3 X 10-10 

Surficial Silt 1,775 0.38 0.45 7.5 X 10-10 

Surficial Clay 1,825 0.45 0.23 3.6 X 10-10 

Battleford Till 2,100 0.42 0.19 3.1 X 10-10 

Floral Tills Oxidized 2,100 0.40 0.21 3.5 X 10-10 

Unoxidized 2,100 0.40 0.20 3.3 X 10-10 

Floral lntertill Aquifer 1,750 0.30 0.60 1.0 X 10-9 

Sutherland Tills 2,150 0.36 0.18 3.0 X 10-10 

Unnamed lntertill Aquifer 1,750 0.30 0.60 1.0 X 10-9 

Hatfield Valley Aquifer 1,850 0.25 0.50 8.3 X 10-10 

Lea Park Shale 2,300 0.08 0.04 6.7 X 10-11 

Slurry Wall 1,500 0.50 0.50 8.3 X 10-10 

4.4.4 Chemical and Biological Processes 

No attempt has been made to model adsorption, ion exchange, microbial activity, or 

other attenuation processes. It is assumed that the very high Na concentrations in 

saturated brine will rapidly replace and release other ions so that a Ca/Mg plume may 

be advanced ahead of the brine front but the modelling of such phenomena is beyond 

the scope of this study. Barbour (1990) provides a review of clay - brine interaction 

and the impact of salt on the geotechnical properties of clay. 
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4.4.5 Brine Properties 

Brine produced from the potash mine site has a density of approximately 1 ,280 kg/m3 

and total dissolved solids (TDS) concentration of 300,000 mg/L at 0°C. This 

concentration is equivalent to a 5.3 M solution (Braitsch, 1971). The density and TDS 

of shallow groundwater is approximately 1 ,000 kg/m3 and 1 ,000 mg/L, respectively. 

The high concentrations of dissolved ions are predominantly sodium chloride (NaCI). 

FEMWATER relates density and viscosity to concentration using polynomial cubic 

functions. The polynomial coefficients are slightly pressure dependent and more 

strongly temperature dependent. FEMWATER can model variable density flow and 

transport of a single species in solution. The polynomial functions relating density and 

viscosity to concentration in the model were developed for TDS concentration. 

Numerical simulations of density-dependent groundwater systems are highly non-linear 

and complex. Variable density flow and transport simulations are non-linear because 

both velocity and concentration are dependent on density, which in turn is a function of 

velocity and concentration. In other words, density contrasts affect the flow dynamics 

of a groundwater system that determines the density and concentration distribution. 

The governing FEMWATER equations (including the density and viscosity polynomial 

functions) for saturated-unsaturated, variable density flow and transport are given in 

Appendix C. 

4.5 Flow Model Boundary Conditions 

Following the construction of the 3D mesh representing the hydrostratigraphy of the 

mine site, boundary conditions were applied. Specified head (Dirichlet) together with 

specified flux (Cauchy/Neuman) boundary conditions were used to obtain an initial 

steady-state solution. The number of Dirichlet boundary conditions was minimized and 

almost entirely restricted to bodies of standing water at the surface including the brine 

ponds. 
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4.5.1 Dirichlet Boundaries 

Three Dirichlet nodes were specified in the Hatfield Valley Aquifer, corresponding to 

measured piezometric heads. All three nodes lie on the eastern edge of the model 

domain. The specified heads range from 523.0 to 534.0 masl (Table 4.4). A similar 

small number of constant head nodes were specified in the Florallntertill Aquifer, again 

along the eastern edge of the model domain with values ranging from 520.0 to 

534.2 masl. 

Table 4.4 Constant hydraulic heads applied in the model. 

Various Sloughs 518.90 m- 536.23 m 

Dellwood Reservoir 527.01 m 

Dellwood Brook 518.80 m- 536.23 m 

Lanigan Creek 518.80 m - 523.00 m 

Waterloo-Hunter Creek 528.02 m - 532.99 m 

Floral lntertill Aquifer 520.00 m - 534.20 m 

Hatfield Valley Aquifer 523.00 m - 534.00 m 

The hydraulic heads coupled with constant flux boundaries generate predominantly 

southward groundwater flow. Figure 4.4 illustrates the location of Dirichlet conditions 

applied at the boundaries of the Floral lntertill and Hatfield Valley Aquifers. No Dirichlet 

boundary conditions were applied to the Unnamed lntertill Aquifer. This is a small 

isolated sand pocket unconnected to the other relatively deep aquifers. The constant 

heads corresponds to hydraulic head measurements taken in the field. The Dirichlet 

boundaries essentially "pin" the head at these locations. 

Additional constant head conditions were applied to the brine pond, sloughs, and 

tailings pile within the TMA. Figure 4.5 illustrates the Dirichlet boundaries applied at 

the surface of the model. Table 4.4 summarizes the ranges of specified heads used in 

the model. 
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Figure 4.4 Boundary conditions applied to deep aquifers . 
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Figure 4.5 Boundary conditions applied on the topographic surface. 
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Constant head boundaries were also applied to nodes on the topographic surface layer 

coinciding with surface water features including Dellwood Brook, Dellwood Reservoir, 

Lanigan Creek, Waterloo-Hunter Creek, and sloughs (mainly in he southern portion of 

the study area). The hydraulic head values assigned to these nodes correspond to 

topographic elevations that were established from previous investigations and 

topographic maps. The constant head boundary conditions utilized at the surface 

varied between 518.8 m and 536.2 m. The use of surface watercourses to delineate 

the lateral extent of the model is common practice in 3D numerical modelling. 

4.5.2 Cauchy/Neuman Boundaries 

Cauchy and Neumann boundaries allow the specification of fluid fluxes. The Cauchy 

flux condition is identical to the Neumann condition differing only in the nonlinear 

nature of the hydraulic conductivity. Thus Cauchy boundaries can be used to simulate 

both infiltration and fluxes in and out of unconfined aquifers; but Neumann boundaries 

should be restricted to saturated aquifer inflows and outflows. 

Constant flux boundaries were applied to those topographic surface elements not 

surrounded by Dirichlet conditions, to represent recharge to the flow system by 

precipitation. Rates from 2.74 x 10-7 m/d (~0.1 mm/y) to 2.74 x 10-5 m/d (~10 mm/y) 

were applied to surficial stratified deposits to represent annual infiltration into the 

system. The reasoning for the application of these relatively low fluxes was to take 

account of the high rate of evapotranspiration (typically more than twice the average 

annual precipitation). Very little infiltration is anticipated in the region given the low 

permeability of the near-surface Battleford till, local topography, relative dryness of the 

region, regional climatic conditions and groundwater discharge conditions over much of 

the study area. The values used are consistent with measurements from ring 

infiltrometers and the Ksat values of the surface soils. Infiltration rates through 

individual sloughs often range up to 30 mm/y (Hayashi and Rosenberry, 2001), but 

these depression-focused recharge features were specified as Dirichlet conditions. All 

infiltration was given a nominal TDS concentration of 1 g/L. 

Neumann boundaries were also applied to the southeastern and northern edges of the 

Hatfield Valley Aquifer and the Floral Formation Aquifer to simulate groundwater inflow 
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and outflow from these formations. Figure 4.4 illustrates the locations of constant flux 

conditions applied to these formations. 

"Side" faces in silts, clays, tills, and shales were assumed to be no-flow boundaries. 

This assumption seems reasonable based on the hydrostratigraphy, inferred 

groundwater flow directions, and low hydraulic conductivities of these units. 

4.6 Transport Model Boundary Conditions 

4.6.1 Dirichlet Boundaries 

The brine ponds were assigned as constant head and constant concentration 

boundaries with a concentration of 300 g/L corresponding to saturation at the average 

ambient temperature of 0°C with a density of about 1 ,280 kg/m3
. Ponds and sloughs 

were not assigned constant concentrations and default to the model base value of 

1 g/L (not zero). Using 1 g/L as the base concentration avoids having to specify a 

large number of Dirichlet and Cauchy concentration boundaries. 

4.6.2 Cauchy Boundaries 

The basal tailings material recovered from cores resembles intact salt rock and 

laboratory tests indicate low hydraulic conductivities. This material is referred to as 

"sengenite" by the potash industry in Saskatchewan. Additional generic modelling 

performed by Malcolm Reeves suggests that the tailings piles with basal sengenite 

layers will drain to the brine ponds and these ponds are the dominant source of brine 

influx to the shallow subsurface. Assigning a flux corresponding to the native material 

underlying the TMA was considered a conservative design assumption and reduces 

numerical instability. The inflow beneath the tailings piles was assumed to have a TDS 

concentration of 300 g/L. 
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5.0 Calibration 

5.1 Specification of Calibration Targets 

Calibration targets were pre-determined based on generally accepted criteria and 

based on the 30 groundwater flow and transport specifications for potash industry 

projects (MDH, 2001). Both qualitative and quantitative calibration criteria were utilized 

in the calibration process; section 5.1.1 and 5.1.2 provide description of the calibrated 

criteria. 

5.1.1 Quantitative Criteria 

The convergence target is <0.01 m head in both steady-state and transient simulations. 

Convergence was set at <0.001 m head for the linear steady-state model. The mass 

balance targets for inflow and outflow alone (excluding considerations for 

concentration) are less than 1 o/o. 

Calibration targets for matching observed head distributions are less than 1 % for 

mean residual error and a standard deviation of less than 5 % of the modelled range in 

heads for the steady-state solution. 

The total mass balance error targets are less than 1 0 % of the cumulative mass flux. 

Mass balance targets are less than 25 % total mass for all times and all aquifers. 

History matching of concentration data will be within an order of magnitude difference 

at given times and locations. Full discussion will be provided if targets are not 

achieved. 

Standardized protocol for evaluating the calibration of numerical groundwater 

simulation does not exist; however, the average error calculations commonly used 

include (Anderson and Woessner, 1992): 
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1. Mean Error 

The mean error, ME, is the average difference between measured I observed (hm) 

and simulated heads (hs) where n is the number of calibration points. 

n 

ME = 1 I n L (hm - hs)l (5.1) 
i=1 

Mean error alone is not recommended to evaluate calibration because it sums both 

positive and negative values. Summation of positive and negative values can 

cancel out the overall error when individual points do not indicate a calibrated 

solution (Anderson and Woessner, 1992). A positive ME indicates lower simulated 

than observed hydraulic heads. A negative ME indicates higher simulated than 

observed hydraulic heads. 

2. Mean Absolute Error 

The mean absolute error (MAE) is the mean of the absolute value of the difference 

between measured and observed hydraulic heads. 

n 

MAE = 1 I n L l(hm - hs)il (5.2) 
i=1 

The mean absolute error provides a better indication of the difference between 

simulated and observed values. A reduced MAE is a reliable indicator of improved 

calibration. 

3. Root Mean Square Error 

The root mean square, RMS, error is the square root of the sum of the squared 

differences from the mean for measured and simulated heads. 

n 

RMS = [ 1 I n L (hm - hs)i2] % 
i=1 

(5.3) 

The root mean square error is regarded as the best estimate of "closeness" 

assuming that the errors are normally distributed (Anderson and Woessner, 1992). 
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5.1.2 Qualitative Criteria 

The following list constitutes a set of qualitative targets that will attempt to be satisfied 

by the model: 

• Plume shape and extent estimates based on 1 0 g/L contour; . 

• Observed downward movement of brine front using 10 g/L contour; 

• Observed hydraulic gradients and flow directions; 

• Spatial distribution of groundwater highs and lows; and, 

• Estimated fluid fluxes in all aquifers. 

5.2 Mass Balance Errors 

Reducing the convergence criteria for head concentration can usually decrease the 

mass balance error in a model simulation. Other factors that may affect the mass 

balance are mesh spacing and time step size. Reducing these values should also lead 

to an improved mass balance. The model is extremely large (almost 300,000 

elements) and mesh-size reduction is not feasible. Reducing time-steps is also difficult 

since simulating 100 years required several hundred hours of CPU time on 2GHz 

Pentium processors with 1.5GB of available RAM. 

There are situations when a relatively large mass balance error may not be indicative 

of solution error. Changing constant head boundary or initial conditions to simulate 

changes in site configuration may produce large mass balance errors. The model sees 

this as an instantaneous change in head and accompanying this head change will be 

an instantaneous change in fluid stored within an element. Since this increase (or 

decrease) in storage was not accounted for in the previous time step the model treats it 

as a discrepancy in the total mass balance. 

A common occurrence of this apparent discrepancy is on the very first time step of a 

simulation when there is an inconsistency between change in initial and/or boundary 

conditions. Such an occurrence is manifested by a large mass balance error for the 

first time step. 

52 



5.3 Residual Analysis 

Residual analysis is designed to identify any correlations between residuals or errors in 

matched heads and the heads them self. Spatial or temporal correlation among 

residuals can indicate systematic trends or bias in the model (ASTM D 5490, 1993). 

The plot of residuals against head values should have a zero slope and the regression 

coefficient should be close to zero. 

5.4 Steady-State Model Calibration 

Calibration of the steady-state groundwater flow model was completed through a trial 

and error process. Once boundary conditions and other input parameters were 

assigned to the model, the simulation was executed. The solution was imported and 

compared to set calibration targets. If the simulated hydraulic heads were within the 

acceptable error of observed hydraulic head targets, the model was considered 

calibrated. If the error was unacceptable, the initial condition, boundary conditions or 

hydraulic conductivities were adjusted and the model was run again. The above 

process was continued until an acceptable solution (simulated and observed head 

matched adequately) was obtained. The procedure is represented in Figure 5.1. 

The process of matching simulated and measured heads to calibrate a model is often 

referred to as the inverse problem. Solving the inverse problem through trial and error 

manipulation of hydraulic properties and boundary conditions does not assess the 

uncertainty in parameter selection nor yield the statistically best solution (Anderson and 

Woessner, 1992; lstok, 1989). 

Any solution obtained is typically not unique. Different combinations of input 

parameters have been shown to produce essentially the same hydraulic head 

distribution and I or several calibrated solutions (Wang and Anderson, 1995; Anderson 

and Woessner, 1992; Spitz and Moreno, 1996). lstok (1989) suggests that only a 

portion of the available head data be used to calibrate a model so that the remaining 

data can be used to evaluate the inherent uncertainty in the uniqueness of the solution 

and input parameters. Unfortunately, when data is relatively sparse, it is not practical 

to eliminate points from the calibration dataset. 
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Figure 5.1 Trial and error calibration process (Anderson and Woessner, 1992). 

Both qualitative and quantitative evaluation was undertaken for the steady-state flow 

model solution. The qualitative evaluation involved the visual spatial comparison of 

differences in hydraulic head distribution between simulated and observed flow 

patterns. Observed flow patterns were formulated from Golder (1997), AGRA (1996) 

and Clifton (1996). The visual comparison of results show that flow patterns are 

reasonably well correlated to observed field conditions. Flow directions and gradients 

also appear to be reasonable. 

The water budget calculation performed for the steady-state solution was found to 

balance within 3% for (Table 5.1 ). This balance was outside the stated specifications 

but was considered reasonable given the complexity of the multiple aquifer systems 

included in the model and the relatively small absolute magnitude of the flows in the 

natural system. 
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Table 5.1 Steady-state flow solution mass balance. 

Bounday Type Inflow Outflow Net Inflow 

(m3/d) (m3/d) (m3/d) 

Dirichlet Boundaries 125 11 114 

Cauchy Boundaries 1224 164 1060 

Neumann Boundaries 2960 3815 -855 

Unspecified Boundaries 279 489 -209 

Net Boundary Flow 4589 4479 109 

Artificial Sources 0 0 0 

Change in Storage 0 0 0 
0k Mass Balance Error 2.4% 

The difficulty in obtaining a mass balance arises from the vertical fluxes between the 

surface and the flowing artesian deep aquifers. Over an area of several hundred 

square kilometers in the model, these fluxes are comparable in magnitude to the 

aquifer through-flow. The head tolerance used in the flow model was 5 x 10-5 m 

although better mass balance was obtained with a lower tolerance. 

The net boundary flow in Table 5.1 is the computed flux rate through all boundary 

faces in the model. Unspecified boundary flows in FEMWATER are the difference 

between the net boundary flux total and the total for specified (Dirichlet, Cauchy, 

Neuman, etc.) boundary fluxes and is an accumulated numerical integration error. 

Ideally these errors should be small and canceling. Typically they occur when 

contradictory boundary conditions are specified, such as a Cauchy flux boundary 

where constant heads imply a contradictory gradient. 

The Neuman boundaries are exclusively associated with the two deep aquifers where 

the flux in the Hatfield Valley Aquifer is the dominant component. The Cauchy 

boundaries represent infiltration in the steady-state model. Negative fluxes are 

computed in areas where the predicted steady state heads are above ground level. 

These areas are mostly associated with clays and indicate that a variable boundary 

condition should be applied switching between a Cauchy and Dirichlet boundary when 
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the predicted head is above ground elevation. Another way to address this problem is 

to reduce the infiltration flux to prevent excess heads. 

Quantitatively, simulated hydraulic heads were evaluated with respect to observed 

hydraulic heads by calculating average errors in the calibration. Table 5.2 lists the 

wells and boreholes used and respective observed hydraulic heads. The data was 

compiled from Golder (1997), AGRA (1996), and Clifton (1996). 

The statistical process used to calibrate the steady-state model is often referred to as 

the analysis of residuals. Residual errors were quantified at calibration points 

corresponding to piezometers, monitoring wells, and boreholes with available 

potentiometric data. Generally, the mean residual is reduced to zero and the standard 

deviation in residual error is minimized. 

Table 5.2 Observation wells and boreholes. 

WeiiiD UTM UTM Completion Observed Date 
Easting Northing Interval (m) Head (m) 

1 488750 5742440 520.88 527.28 1989 
2 486600 5747350 481.25 534.88 1969 
5 485204 5741922 498.00 526.70 1996 
6 488215 5743290 500.00 526.50 1996 
13 493298 5737698 440.00 516.60 1984 
15 483600 5739700 463.40 529.80 1964 
16 488435 5742630 450.00 529.20 1980 
17 489100 5746850 484.00 536.77 1989 
18 491200 5748000 477.01 533.75 1990 
21 484100 5739200 454.00 526.97 1964 
22 485100 5741305 465.00 529.00 1996 
26 489650 5738750 430.77 526.06 1961 
28 488750 5742450 432.29 528.80 1980 
32 488150 5742150 450.00 529.00 1996 
35 485500 5744000 395.00 533.67 1965 
36 486300 5744900 400.00 534.89 1966 
41 486681 5745134 375.00 533.00 1996 
44 493120 5744557 434.00 531.05 1974 
48 485875 5734575 417.00 526.10 1994 
49 488370 5733675 405.00 525.81 1975 
50 485775 5744725 354.00 532.50 1992 
51 485300 5744650 390.00 534.85 1962 
p10 486727 5744590 462.00 532.80 1985 
p12 486720 5744595 452.00 533.00 1985 
p14 486727 5744590 428.00 532.60 1985 
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5.5 Steady-State Flow Model Calibration Results 

Approximately 500 trial and error simulations were performed before obtaining a 

satisfactory calibrated steady-state solution. Figure 5.2 illustrates the match between 

observed and predicted hydraulic head values. The data indicates that the solution 

was reasonably well calibrated with several points close to matching (represented by 

the solid line) and a majority of points within the predetermined calibration target range 

(± 5 %, ± 1.05 m), represented with dashed lines. 
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, 

-E 535 +-----+----+--~~~..-c---------~ -

, 
y = 0.8456x + 81.792 

R2 = 0.928 
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520 525 530 535 540 
Observed Head (m) 

Figure 5.2 Computed vs. observed hydraulic head for steady-state solution. 

The points outside of the range were not considered successfully calibrated. However, 

these points were generally close to the calibration target. The linear regression line 

had a slope close to unity and passed close to the local origin with an R-squared value 

(correlation coefficients) >0.90, demonstrating that the steady-state solution was 

reasonably calibrated. Table 5.3 shows the calibration errors for the steady-state flow 

model: mean error (ME); mean absolute error (MAE) and root mean square error 

(RMS). 
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Table 5.3 Average errors for the steady-state solution. 

Hydrostratigraphic Unit #Points ME(m) MAE(m) RMS(m) 

Surficial Deposits I Saskatoon Tills 4 0.62 0.62 0.70 

Floral lntertill Aquifer 5 -0.27 1.18 1.33 

Sutherland Tills 4 0.35 0.75 0.95 

Hatfield Valley Aquifer 6 -0.73 0.88 1.01 

All Units 19 -0.10 0.87 1.04 

The average errors indicate an acceptably calibrated solution. The overall mean error 

(ME) was close to zero although the relatively high mean errors with opposite signs for 

the surficial deposits and the Hatfield Valley Aquifer suggest that the solution could be 

improved, although the magnitude of the ME was small. The mean absolute error 

gives a better indication of model accuracy. The MAE was considered sufficiently low 

(this was especially true when considering the negligible ME) to accept the solution. 

The RMS of the entire model gives the best estimate of global error in the "match" 

between observed and computed heads. The steady-state solution was considered 

reasonably calibrated despite an RMS error that approached the limits of the target 

range. The 1.04 m RMS error was mainly attributed to wells located in the Hatfield 

Valley Aquifer. Table 5.4 lists the data points outside the calibration target. The well 

identification numbers were those used in the Golder ( 1997) report on the site geology 

and hydrostratigraphy. 

Table 5.4 Unmatched observation points. 

Hydrostratigraphic Unit WeiiiD ME(m) 

Florallntertill Aquifer 17 -2.13 

Florallntertill Aquifer 18 1.62 

Sutherland Tills 21 1.73 

Hatfield Valley Aquifer 35 -0.72 

Hatfield Valley Aquifer 36 -1.45 

Hatfield Valley Aquifer 51 -1.60 
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Figure 5.3 shows the location of the data points lying outside of the calibration target 

(represented by red dots) on a site map. Calibrating Hatfield Valley Aquifer head data 

in the vicinity of the TMA was difficult due to a wide range of observed values, a range 

of 4 metres, over a relatively small lateral distance. This was responsible for the high 

RMS error for this unit. Matching the five points in the vicinity of the TMA was not 

possible and likely indicated a problem with the observed data. There were a large 

number of "unknowns" for some of the earliest observations that can no longer be 

resolved. 

11 
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e UNMATCHED OBSERVATION 
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e MATCHED OBSERVATION 
POINTS 

Figure 5.3 Site map showing location of unmatched observation points. 

Some of the potential sources of error include: 

1) Annual fluctuations of 1-2 m creating a problem with non-synchronous data; 

2) Suspected inaccurate topographic elevation for well-tops cannot be re

surveyed; 

3) Inaccurate or changed top-of-well reference points cannot be checked; 
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4) Missing information about pumping effects or recovery after drilling; and, 

5) Operator or instrumental errors in making the observations cannot be checked. 

The unmatched points in the Floral lntertill Aquifer must also match a head difference 

of 4 metres over a short lateral distance and one of the two contradictory observations 

was probably in error. Again a large number of possibilities exist that account for such 

errors but for early (pre-mine) data there was no way to resolve the issue. 

Figure 5.4 shows the observed hydraulic heads plotted against the residual errors. 

The plot is designed to identify any correlations between residuals and the heads. A 

zero slope and a low R-squared value indicate lack of correlation. For the calibration 

dataset, the slopes were low and the R-squared values were small. 
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Figure 5.4 Observed hydraulic head vs. residual error. 

540 

Wells 35, 36 and 51, were predicted to be significantly lower than the observed value 

(up to 1.60 m). Pumping effects can usually be used to explain systematic changes 

but such effects would tend to increase the mismatch trending toward lower head at 

later times. At a depth of > 70 m below surface, recharge from mining activity does not 

seem to be a feasible explanation. A surface loading effect, however, would tend to 

show the observed pattern of higher head at later times. Given limitations of the pre

mining dataset, it was difficult to reject the quality-data collected over an 11-year period 

and base calibration on three observations of unknown reliability made almost 40 years 

in the past. 
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Well 21, in the Floral lntertill Aquifer yielded a higher simulated value than the 

observed value. This well was located adjacent to observation well 15 (completed in 

the same unit). Observation points 15 and 21 were located in a groundwater discharge 

zone and were artesian. The measurement of artesian heads is difficult because 

drilling into these formations results in an immediate reduction of the pressure as water 

flows out of the aquifer. These changing pressures often result in imprecise 

measurement or estimation of hydraulic head. With only a single available 

measurement in time, seasonal fluctuations in groundwater levels could account for 

1-2m uncertainty. The head difference between observation points 15 and 21 was 

approximately 3 m over a vertical distance of less than 10 m. Calibrating both of these 

points was virtually impossible. Hence, it was believed that a measurement error could 

be associated with the disparity between wells 15 and 21. 

The simulated hydraulic head at well 17 was lower than observed while the computed 

head at 18 was higher than observed. These calibration points were relatively close to 

each other and both were artesian. The computed hydraulic head distribution indicated 

that these points should be between 535 and 536 m. Applying the same argument 

used earlier, a measurement error could be associated with artesian heads. 

The qualitatively good head distribution generated by the model, matching 

observations in aquifers and aquitards over a broad geographic area and wide range of 

depths, was considered an adequate starting point for history matching and 

comparative evaluation of brine migration as a result of different operational strategies. 

5.6 Steady-State Groundwater Flow Model Results 

The steady-state groundwater flow model solution was regarded as a reasonable 

approximation of the groundwater flow system prior to the commencement of mining 

activity. The hydraulic conductivities used to obtain the solution are provided in 

Table 4.3. These values were within the expected range constrained by site-specific 

data and by published information on similar materials. The solution does not 

represent a unique solution. The calibration method could produce innumerable 

equally well-matched solutions. Numerous steady-state solutions were achieved 
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during the progress of this study through utilizing different meshes, boundary 

conditions, and material properties. 

Figure 5.5 shows a color-fill block diagram illustrating the distribution of hydraulic 

heads in three dimensions; reds and yellows and lower heads represent higher 

hydraulic heads by greens and blues. The total hydraulic head ranges from 

approximately 516.0 m to 538.0 m across the region studied. 

Hydraulic Heads (m) 

538.0 
536.0 
534.0 
532.0 
530.0 
528.0 
526.0 
524.0 
522.0 
520.0 
518.0 
516.0 

Okm 
20 x Vertical Exaggeration 

Figure 5.5 Hydraulic head distribution for steady-state flow model. 

Figure 5.6 shows the magnitude of simulated groundwater flow velocities. The green 

and blue areas represent velocities between 5 x 104 and 1 x 10·8 m/y. These areas 

typically correspond to the clay, till and shale units. The red and yellow regions 

correspond to high groundwater flow velocities ranging from 5 x 104 to 2.5 x 101 m/y. 

These higher flow velocities occur in the Surficial Sand, Floral lntertill, and Hatfield 

Valley Aquifers. The highest velocities are observed in the surficial sand deposits due 

to higher hydraulic conductivities. 
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Figure 5.6 Flow velocity for steady-state flow model. 

5.6.1 Floral lntertill Aquifer 

Figure 5. 7 shows the distribution of hydraulic head in the Floral lntertill Aquifer, from 

537 m north of the TMA to approximately 517 m on the southeast boundary of the 

modelled region. The low hydraulic gradient computed in the northwest finger of the 

Floral lntertill Aquifer was likely due to its relative isolation from the rest of the aquifer. 

Low gradients were expected along the edges of the aquifer due to a reduction in 

hydraulic conductivity from sand to till that effectively forced flow vertically upward or 

downward depending on location. The highest hydraulic gradient occurred northeast of 

the TMA where the Florallntertill Aquifer thins to a thickness of 1 to 3m. 

Groundwater flow was predominately south-southeast through the study area as 

illustrated by the flow vectors in Figure 5.8. Simulated groundwater flow velocities in 

the Floral lntertill Aquifer ranged from approximately 8 x 10-2 to 14 m/y. The average 

groundwater flow velocity was approximately 2.5 m/y. The velocity decreased in areas 

where the aquifer pinches out west and south of the site, in vicinity of the TMA, and 

along the north-west boundaries; flow velocities were typically 4 x 10-2 to 0.5 m/y as 

indicated by the yellow to light orange regions in Figure 5.8. The small area beneath 

the northern portion of the TMA likely had slower flow velocities due to its proximity to 

the "hole" or pinch-out feature within the aquifer. 
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Figure 5.7 Hydraulic head distribution in the Florallntertill Aquifer. 
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Figure 5.8 Flow velocity in the Florallntertill Aquifer. 
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5.6.2 Hatfield Valley Aquifer 

Figure 5. 9 and 5.1 0 illustrate the direction and magnitude of groundwater flow in the 

Hatfield Valley Aquifer. Hydraulic head in the Hatfield Valley Aquifer ranged from 

523.0 to 535.5 m, as shown in Figure 5.9. 
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Figure 5.9 Hydraulic head distribution in the Hatfield Valley Aquifer. 

Figure 5.10 shows the distribution of groundwater velocities for this unit. The average 

groundwater flow velocity was approximately 2 m/y. A relatively uniform hydraulic 

gradient (::::; 5.7 x 104 ), flow rate and N-S flow direction was predicted for the Hatfield 

Valley Aquifer. The flow rate ranged from approximately 8.5 x 1 o·2 to 3.5 m/y. 
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Figure 5.10 Flow velocity in the Hatfield Valley Aquifer. 

The flow rate decreased to 8.5 x 10-2 m/yon the southwest boundary of the study area 

where the Hatfield Valley Aquifer cuts into the Lea Park shale. The bedrock valley wall 

influenced simulated groundwater flow in this area where an abrupt change in hydraulic 

conductivity occurred between the Hatfield Valley Aquifer and Lea Park shale. This 

feature caused groundwater to flow upward into the Sutherland till. The simulated flow 

velocity was approximately 3 m/y along the eastern edge of the bedrock high where the 

flow rate increased as it groundwater flowed around the north edge of the obstruction. 

5.6.3 Surficial Stratified Deposits 

Figure 5.11 and Figure 5.12 show the distribution hydraulic head and the flow 

velocities, respectively, in the stratified surficial deposits. The average groundwater 

flow velocity ranged from approximately 5 x 10-2 to 25 m/y. Generally, higher flow 

velocities were predicted in the sand units relative to the silts and clays. However, the 

surficial sand units often exhibited lower groundwater flow velocities because they 

were not fully saturated. 
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Figure 5.11 Hydraulic head distribution in surficial stratified deposits. 

The distribution of the hydraulic head in surficial materials was significantly affected by 

the topography of the region, as evidenced by greater variability in the distribution of 

head compared to the Floral lntertill and Hatfield Valley aquifers. Large hydraulic 

gradients and greater variability in flow rates in the surficial deposits were generally 

simulated adjacent to contacts between low and high hydraulic conductivity units and 

close to surface water bodies (represented as Dirichlet boundaries). Groundwater 

typically flowed toward surface sloughs, lakes, and streams. 

The north section of the study area indicated flow toward the Waterloo-Hunter Creek 

and the Dellwood Brook with a predominately southward component. The vertical 

component of groundwater flow was predominantly downward in the north of the TMA. 

The flow velocity in the sand unit north of the TMA ranged from approximately 0.1 to 

10 m/y. 
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Figure 5.12 Flow velocity in the surficial stratified deposits. 

The vertical component of flow in the southern section of the study area was mainly 

upward. Again, there was flow toward the sloughs and streams in this region. 

Figure 5.11 shows the dominant effect of topography, surface water sloughs and 

streams on simulated groundwater flow south of the TMA. Groundwater discharge to 

the sloughs was predicted in a depression in the central part of the southern area. To 

the southwest, groundwater flow was toward the Dellwood Brook and southeast into 

the Lanigan Creek. 
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6.0 History Matching 

6.1 History Matching Introduction 

More than 500 short simulations were run in the trial-and-error process to generate an 

acceptable initial condition. This led to many non-unique solutions within parameter 

constraints and with an acceptable "fit" to observational data. With run times for a 

single history match in excess of 11 days it was not practical to adopt a trial and error 

approach. While it was not feasible to conduct systematic sensitivity analysis for the 

history match period due to time constraints, Appendix D provides a limited analysis of 

several uncertain parameters for preliminary transient simulations. 

6.1.1 Pumping for Fresh Water 

The first difficulty for the history-match model was the significant withdrawals from the 

Hatfield Valley Aquifer {performed by the mine site), reaching rates in excess of the 

estimated annual inflow applied as a flux boundary condition in the steady-state model. 

Major pumping did not occur until the final two time-segments of the history match. 

The concern was that the pumping drawdowns would invalidate the assumed steady

state constant-flux boundary condition. The problem is that a constant flux boundary 

will lead to overestimates of head decline and the alternative constant head boundary 

to underestimates. Figure 6.1 shows the expected drawdown effects using constant 

flux boundaries for a pumping condition. The water extracted from the pumped well 

comes entirely from storage in the aquifer and induced vertical inflow. 
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Figure 6.1 Pumping well with constant flux aquifer boundary conditions. 

Figure 6.2 shows the drawdown effects using constant head boundaries with the 

pumping condition. The water extracted from the well comes not only from storage and 

induced vertical inflow but also from changes in boundary fluxes. Since the head 

change due to pumping tends to increase downward gradients, the conservative 

assumption was to maintain the flux condition. 
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Figure 6.2 Pumping well with constant head aquifer boundary conditions. 

Due to the potential effects of pumping on water levels, a contingency plan for an 

adaptive time-dependent Neumann flux boundary on the aquifer inflow (upstream 

boundary) was developed. Essentially this was a compromise between a constant 

head and/or constant concentration (Dirichlet) and flux gradient (Neumann) boundary 

where both head and flux on the boundary could vary. Based on initial results, the final 

decision for the history match and predictive simulations was to use the conservative 

constant flux boundary assumption. 
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6.1.2 Tailings Pile Base Boundary Condition 

A constant flux (Cauchy) boundary was attempted to simulate a modest rate of 

seepage through the basal "sengenite" layer. The surface flux boundary induced 

severe oscillations in the numerical solution. Reducing the model time-steps, as a 

means of suppressing numerical oscillation, resulted in more than an order of 

magnitude increase in computer time requirements. The Cauchy boundary was 

abandoned, after several weeks of modelling, and replaced by a more-conservative 

Dirichlet boundary to obtain a practical solution in a reasonable timeframe. 

6.1.3 Pile Loading Effects 

Simulation of pore-pressures as a result of pile loading was the most difficult portion of 

the history matching modelling. Head distributions in the vicinity of the tailings pile 

depend on many transient factors, including rate of pile construction, the rate of pore

water pressure increase and dissipation, consolidation of the sediments, brine 

migration, loading effects, and pumping. Plots of total head response to pile height 

over time at pneumatic piezometers show increasing hydraulic head with increasing 

pile height and dissipation of excess head when the pile height was not being 

increased (Sauer, 1999). Data taken at different elevations for two locations, over a 

15-year period from 1985-2000, indicate that the response varies systematically with 

depth and lithology. The smallest response (approximately ± 2-3 m) was observed 

near ground surface and within the Floral lntertill Aquifer. The largest cumulative 

pressure response (about 17m) was measured in the centre of the Floral tills. 

The first attempts at simulating pile-loads involved applying periodic updates to initial 

conditions adding pore-pressure increments. This method had the advantage of not 

requiring code modifications to FEMWATER and was capable of producing 

qualitatively reasonable results. The major disadvantages were that the models time

segments had to be reduced to 3 to 6 months increasing the number of runs from 12 x 

23 hrs per history-match to 70-140 x 3-4 hrs. The need for very frequent intervention 

reduced CPU utilization(% in-use) from 80-90% to 40-50% and effectively doubles the 

total elapsed time for a model history-match. 
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As a result of these practical difficulties, the FEMWATER code was modified by Dr. 

Reeves to include pile loading as a source-term. Fortunately, the method adopted for 

FEMWATER proved to be identical to that subsequently published for 2D-SUTRA by 

Reeves et al. (2000). The sections of revised code and their theoretical justification are 

provided in Appendix C. 

6.1.4 History Matching Methodology 

History matching modelling required the stopping and restarting of the model 

periodically to apply changes to the TMA and pile loading effects. Development of the 

TMA and pore-water pressure increase calculated for each year as a result of pile 

construction are given in Appendix A. The history match period was from 1968 to 

2002. The runs (extended to one hundred years, 1968- 2068) were simulated for two 

alternative operational scenarios. In transient groundwater flow and transport models, 

hydraulic head and concentration vary as a function of time. 

The history matching process is an attempt to match a sequence of observational data 

for aquifer head, aquitard pore pressures, lateral spreading of contaminant and 

contaminant vertical profiles. Like the steady-state calibration procedure, history 

matching is an iterative process. Given the very long history match period (34 years) 

and the long run times to complete the simulations, only the third history matching 

iteration was represented. Where matching was poor, an indication of how 

improvements could be made was given. Mismatches were discussed in terms of their 

likely influence on the future history matching attempts. 

6.2 History Matching Run Segments 

The history match was split into 12 run segments over the period 1968-2002 listed in 

Table 6.1. At the end of each segment the model was halted and changes were made 

to the boundary conditions, material properties and/or initial conditions to simulate 

various aspects of site construction and changes in pile configuration and height. The 

model was then restarted and run for the next time segment. Because of the changes 

made between runs, it proved extremely difficult to maintain mass-balance records. 
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The total CPU time needed for the 12-segment history match was almost 272 hours 

(between 11 and 12 days). Run times depend on the magnitude of the changes made 

at the end of the segment. Larger changes result in longer runs. The fastest parts of 

the simulation ran a model year in about 1.5 hours of CPU time; the slowest parts 

required about 15 hours of CPU time per model year. The average CPU time per 

model year over the 34-year history match was almost exactly 8 CPU hours. Table 6.1 

provides the run times for each segment of the history matching simulations. 

T bl 61 M d If a e . o e amesegmen ts d an f run ames. 

Segment Time Period Run Time (mins) Run Time (hrs) 

1 1968-1969 1046 17.43 

2 1969-1972 241 4.01 

3 1972-1973 1878 31.31 

4 1973-1978 950 15.84 

5 1978-1981 1217 20.29 

6 1981-1984 1451 24.18 

7 1984-1986 2408 40.13 

8 1986-1993 2876 47.94 

9 1993-1997 1434 23.89 

10 1997-2000 1047 17.44 

11 2000-2001 478 7.97 

12 2001-2002 1269 21.15 

The entire site history is provided in detail in Appendix A. 

6.3 Presentation of History Matching Results 

A map and usually a cross-section showing the general progress of the plume and the 

surface head distribution are presented at the end of 1968, 1986, and 2002. Vertical 

profiles of head and concentration are given for selected monitoring points at the end 

of the time segment. The locations of the selected well and profile locations are shown 

on the site plan in Figure 6.3 and the UTM coordinates are given in Table 6.2. 

73 



Hydrographs showing changes in aquifer head with time for the 34-year history match 

period are provided for selected wells. In addition, the model-computed flux leaving 

the deep aquifers and the net inflow through the surface of the modelled region will be 

plotted as a function of time. This data can be used to monitor the regional influence of 

the TMA on the groundwater flow system. 

Figure 6.3 Model history-monitoring locations. 

T bl 6 2 UTM a e . d' t f d I h' t 't . f coor ma es o mo e 1s ory-mom ormg oca 1ons. 

Monitoring Model UTM UTM Location Description 

Point Node easting northing 

MMP1 3460 486 668 5 744 464 Tailings pile near P14 piezometer nest 

MMP2 1430 488 066 5 744 354 NE of slough near well TH R2 

MMP3 2742 485 041 5 742 876 SW corner of 2002 brine pond 

MMP4 3953 485 927 5 743 473 N edge of brine pond 

MMP5 2201 485 672 5 742406 S edge of TMA just inside perimeter drain 

MMP6 2230 486 713 5 742 557 E edge of TMA just outside slurry wall 
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6.3.1 Presentation of Transport Results 

All plan views presented in this section of the report show an outline of some of the 

main features of the present day TMA (in white) and the surficial geology with sands in 

yellow and silts/clays in blue. In Figure 6.3, the blue line represents the perimeter drain 

(installed in 1984) and the red line the slurry wall (installed in 2000). 

The model results and text figures provided in the following sections use the 

logarithmic value of concentration to better resolve the detail of the brine plume both 

spatially and temporally. Table 6.3 provides a reference for interpreting logarithmic 

contours concentrations. Half the concentration range is above 17 g/L (reds and 

yellows in the figures) and half below 17 g/L (greens and blues in the figures). The 

logarithmic scale spreads concentrations out so that the leading edge of the plume can 

be easily located. The light blue-green interface in the colour-fill maps of the plume 

corresponds to about 5 g/L. The yellow-orange colour transition is roughly 80 g/L. The 

colour bar next to the table is only approximately aligned and the solid black horizontal 

lines represent logarithmic divisions with an interval of 0.5 (or a factor of ...J10). 

Table 6.3 Logarithmic concentrations. 

Concentration (g/L) Log (C/Co) 

300 2.48 

200 2.30 

100 2.00 

50 1.70 

20 1.30 

17 1.24 

10 1.00 

5 0.70 

2 0.30 

1 0.00 

The TDS concentration of brine applied to the TMA was approximately 300 g/L or 

300 kg/m3, which corresponds to a logarithmic concentration of 2.4771 that is 

300=1 02.4771 . The concentration of native groundwater used in the model was 

1 ,000 mg/L or 1 kg/m3, correspondin~ to a logarithmic concentration of 0.0 because 

1 =1 0°. Concentrations are given in g/L unless stated otherwise. 
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6.3.2 Start-up Configuration 

Figure 6.4 shows the surface head for the TMA area predicted by the model prior to 

site construction (calibrated steady-state solution). The flow was generally from north 

to south with higher gradients corresponding to the silts and clays of the stratified 

surficial deposits. Head ranged from more than 533 m to a little less than 527 m. The 

contour closure to the east of the TMA is a small slough to the NE of a larger slough 

known as "S-45". The model predicts natural discharge in the vicinity of slough "S-63" 

to the immediate south of the present-day brine pond. These sloughs are clearly 

visible in Figure 6.3. 

Figure 6.4 Initial surface head around TMA. 

The position of the 530 m contour is a useful indicator to track from one head-map to 

another. For the initial condition, this contour runs roughly from east to west across the 

TMA beneath the middle part of the 2002 footprint of the tailings pile located in the 

northern part of the TMA. The thin white line in the figure shows the 2002 features of 

the TMA including the pile, brine pond, perimeter drain, slurry wall and a number of 

dykes. 
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Figure 6.5 shows the initial head profiles for the six model monitoring points. The 

stratigraphy for Figure 6.5 and all subsequent profile plots is shown in Figure 2.2. The 

sequence is surficial deposits, Battleford till, fractured Floral till, unfractured Floral till, 

Floral lntertill Aquifer, Sutherland Till, Hatfield Valley Aquifer, and Lea Park shale. The 

total hydraulic head on the profile figures are plotted on the x-axis and range from 525 

to 550 masl. The y-axis shows the elevations at which the head are predicted, ranging 

from 325 m to 535 masl. The ground surface at the TMA is around 532 masl. The 

head profile plots thus have a horizontal exaggeration of about 5. 
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Figure 6.5 Initial head profiles for model monitoring points. 

Where head increases with depth, the flow is upward and where head decrease with 

depth the flow is downward. Where the profiles are parallel to the y-axis (elevation 
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axis) there is no vertical flow (typically found in aquifers). Blue colours indicate surficial 

clays and deeper shales; green is used for tills; yellows and orange colours correspond 

to aquifers. At the mine site there is generally an upward gradient from the Floral 

lntertill and Hatfield Valley aquifers. The surficial aquifer is present at MMP3 and 

MMP5 (very thin) and MMP6. The lntertill aquifer is thickest at MMP2 (at the western 

extremity of the TMA) and shallowest at MMP3 (on the southeast edge of the TMA). 

The Hatfield Valley Aquifer (orange) is relatively uniform in thickness but thinnest at 

MMP3. 

All initial concentration profiles are uniformly 1 g/L and so are not plotted. 

Concentrations are plotted on a logarithmic scale from 1 g/L to 1 000 g/L. The 

maximum concentration plotted is the assumed source concentration of 300 g/L. 

6.3.3 History Match for 1969 (after 1 year) 

At this time, the brine pond occupied a relatively small area and had been active for 

only 12 months. Figure 6.6 shows the head distribution after 1 year. 

Figure 6.6 Head for 1969 around TMA. 

The contour closure over the site represented the head applied by the brine pond after 

a year. The 530 m contour was shifted south from its initial position and wrapped 
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around the pond. The "natural" regional contours shown in Figure 6.3 were largely 

preserved despite the high gradients surrounding the pond. A thin dark line at the 

north end of the pond outlined the small tailings pile. 

Figure 6. 7 shows the head profiles for the model monitoring points after 1 year. 
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Figure 6. 7 Head profiles for model monitoring points after 1 year. 

Vertical head profiles were relatively unchanged except for MMP4 where the gradient 

was reversed (to downward) in the surficial clays, Battleford till and the upper fractured 

zone of the Floral till as a result of flow from the brine pond. MMP4, on the perimeter 

of the inner pond, showed a profile typical of a point where ponded-brine or surface 

water was infiltrating. All other mod~l-monitoring points were remote from the early 

pond and show no response. 
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Figure 6.8 shows the surface extent of the brine plume after 1 year. The highest 

concentrations predicted at this time occurred beneath the pond/pile footprint. A plume 

started to develop in the sandy surficial deposits from the southeast corner of the 

(inner) brine pond. The much larger outer brine pond subsequently engulfed this 

plume. The original inner pond was founded on silts and clays and the plume 

originates from the corner of the pond where surficial sands were interpreted to be 

present. The extensive areas of sandy surficial deposits to the north, south and west 

of the TMA had a profound influence on the form and extent of the brine plume 

predicted by the model. Experience with brine transport simulations has shown that 

small changes in the extent and continuity of surficial sand deposits significantly affect 

geometry and plume migration. 

Figure 6.8 Lateral brine plume extent for 1969 around TMA. 

Figure 6.9 shows the TDS concentration profiles after 1 year. The light blue-green 

contact represents about 5 g/L and the yellow-orange contact about 80 g/L MMP4 

was the only model monitoring point affected at this time. The peak predicted 

concentration at MMP4 was about 42 g/L at a depth of about 2 m. This point was 

located on the south perimeter of the inner brine pond. Immediate brine penetration at 

this point was not unexpected due the presence of surficial silts and clays present at 

the surface. The rate of brine infiltration at this point was attributed predominately to 
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the coarse vertical discretization of the mesh. Brine essentially penetrated the first 

layer immediately, so brine infiltrated one-third of the surficial deposits at the first time 

step because three layers represented the surficial deposits. The relatively high 

hydraulic conductivity assigned to the clay may also contribute to faster than expected 

vertical infiltration of brine. 
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Figure 6.9 Concentration profile~ for model monitoring points after 1 year. 
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6.3.4 History Match for 1986 (after 18 years) 

At this time the pile had been under construction for 18 years with a peak height a little 

over 22 m. A major change to the TMA configuration that may affect brine distribution 

at this time was the installation of the perimeter drain in 1984. The outer brine pond 

area (developed in 1972) slowly decreased due to tailings pile encroachment to the 

east and south. The rapid growth of the tailings pile area necessitated additional space 

for the tailings pile to the north. The northern tailings pile dykes were constructed 

between 1984 and 1986. Tailings were deposited in the new area after 1986. 

Figure 6.1 0 shows the head distribution after 18 years. The contour closure over the 

site represented the head applied to the outer brine pond. 

Figure 6.10 Head for 1986 around TMA. 

The regional contours were significantly different to those shown in Figure 6.6 because 

of the expanded pond area. The outer pond created a hydraulic barrier that effectively 

cutoff the natural flow in the surficial sands around the east side of the TMA. The 530 

m contour was now much further so1..1th and surrounded the TMA area. The regional 

contours also show a simulated decrease in water levels in the vicinity of the perimeter 

drain, with the most significant change seen along the south-southeast region of the 

drain. The drain construction and sirnulated operation resulted in the drainage of near 
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surface moisture between the pile I pond and the drain. This suggests that the 

modelled drain generally performed its intended function. 

Figure 6.11 shows the head profiles for the model monitoring points after 18 years. No 

discernible change was observed at MMP2 after 18 years. 
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Figure 6.11 Head profiles for model monitoring points after 18 years. 

MMP1 and MMP4 show an increase in porewater pressure in the Floral tills. 

Downward vertical gradients were simulated through the Battleford and Floral tills at 

MMP1 and MMP4. The profile for MMP1 (beneath the pile) shows the beginning of a 

characteristic pore pressure "bulge" in the Sutherland till (deepest green layer), as a 

result of pile loading. MMP2, MMP3, MMP5 and MMP6 maintained an upward 
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gradient from the Hatfield Valley and Floral lntertill Aquifers. The pore pressure effects 

in the upper tills were likely masked by the head increase due to the brine pond. 

Installation of the perimeter drain created the most prominent change at MMP5 and 

MMP6 (model monitoring points closest to the new drain). The gradient toward the 

drain resulted in a sharp decrease in water levels in the surficial materials. The 

decrease in water levels at MMP5 and MMP6 affected the hydraulic head profile to an 

approximate depth of 30 m. The pore pressure "bulge", developing in the Sutherland 

tills at MMP1, does not appear to be influenced by the installation of the perimeter 

drain. 

The Floral lntertill and Hatfield Valley Aquifers may be acting as deep drains to 

dissipate the pore pressures generated by pile loading. MMP1, MMP3, MMP4, MMP5 

and MMP6 show pressure reduction in the Floral lntertill Aquifer, which may suggest 

that the aquifer acted like a drain to dissipate excess pore pressures. 

Figure 6.12 shows the surface extent of the brine plume. 

Figure 6.12 Lateral brine plume extent for 1986 around TMA. 
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The highest concentrations occurred beneath the pile and pond footprint where TDS 

levels were at the nominal source concentration of 300 g/L. The outer region of the 

surficial plume was spreading to the south and east of the pond into the sandy surficial 

sediments with concentrations close to 300 g/L reaching the perimeter drain. The 

outer region of the surficial plume also expanded to the west (at the southwest corner 

of the TMA) and to the north (on the northeast edge of the TMA). Despite the 

simulated advance of the plume immediately outside the brine pond and tailings pile, 

and just outside the region enclosed by the perimeter drain, there was a decrease in 

TDS concentration in the surficial deposits in the vicinity of the drain. 

Figure 6.13 shows the vertical extent of the plume after 18 years. 

NE sw 

20 X Vertical Exaggeration 
1 km 

Figure 6.13 Vertical brine plume extent for 1986 around TMA. 

The plume was established in the upper part of the Floral till beneath the brine pond. 

The simulated plume reached a maximum depth of approximately 16m (along the line 

of section) toward the southwest edge of the outer brine pond. Brine impact was 

simulated to about 16 m depth beneath the southern edge of the inner brine pond as 

well. The southwest leading edge of the plume remained about 500 m beyond the S-

63 dyke where there was significant lateral expansion. The length of the plume along 

the line of section was approximately 3 km in 1986. 

Figure 6.14 shows the 18-year concentration profiles for the six selected monitoring 

points. A TDS concentration of 300 g/L was simulated at surface at MMP4 (under the 
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brine pond) with brine impact to a depth of 10m; MMP3 had a surface peak of 210 g/L 

and a penetration of 11 m. MMP5 had a peak TDS concentration of 107 g/L at surface, 

with the leading edge of the plume reaching a depth of 6 m. A maximum concentration 

of 30 g/L at 6 m depth was simulated at MMP6, with the plume extending to a depth of 

9 m. The TDS concentration was decreased at this location relative to results from 

1984. The decrease in concentration at MMP6 was attributed to the perimeter drain 

reducing the supply of brine. Maximum TDS concentration at MMP1 was 300 g/L at 

surface with plume penetration to a depth of 6 m. MMP2 remained "pristine" showing 

no brine at surface or at depth. 
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Figure 6.14 Concentration profiles for model monitoring points after 18 years. 
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6.3.5 History Match for 2002 (after 34 years) 

The pile was under construction for 33 years by 2002, with a peak height of 

approximately 33 m. Pumping of fresh water from the Hatfield Valley Aquifer began in 

1994 at about 1,000 m3/d. Pumping rates from the Hatfield Valley Aquifer increased to 

almost 4,000 m3/d by 2002. The slurry wall was completed in 2001, and the filling of 

the slime cells commenced in 2002. 

Figure 6.15 shows the head distribution after 34 years. The regional contours show 

similar head to those generated after 18 years, with lower head east of the TMA. 

Figure 6.15 Head for 2002 around TMA. 

The various contour closures between the perimeter drain and the slurry wall were 

associated with uneven topography and the filling of the slimes cell. 

Figure 6.16 shows the head profiles for the model monitoring points after 34 years. 

The monitoring points did not appear to be greatly affected by the introduction of the 

slurry wall and slime cells. All the monitoring points show a reduction in head in the 

Hatfield Valley Aquifer as a result of large-scale pumping (pumping increased from 

about 1,000 to approximately 4,000 m3/day over 8 years). Simulated head losses in 

87 



the lower Floral and Sutherland tills were also apparent due to pumping from the 

Hatfield Aquifer. 
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Figure 6.16 Head profiles for model monitoring points after 34 years. 

The pore-water pressure increased in both the Floral and Sutherland tills at MMP1 due 

to pile loading affects. The pore-pressure "bulge" may reduce downward brine 

migration by effectively behaving as a hydraulic barrier to vertical groundwater flow. 

However, alteration of the spiggoting location or preventing pile growth would likely 

result in pore-water pressure dissipati9n and thereby a reduction in the effectiveness of 

this hydraulic barrier. MMP3 and MMP4 show small pressure bulges in low hydraulic 

conductivity materials that were attributed to pile loading. 
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All monitoring points appear to show excess head in the basal shale draining to the 

Hatfield Valley Aquifer. This was likely caused by the pressure reduction in the Hatfield 

Valley Aquifer as a result of pumping rather than pile loading effects. 

Figure 6.17 shows the surface extent of the brine plume. The highest concentrations 

occur beneath the pile and pond footprint where TDS levels were at the nominal source 

concentration of 300 g/L. 

Figure 6.17 Lateral brine plume extent for 2002 around TMA. 

The peripheral surficial plume was no longer expanding to the northeast and southwest 

through the surficial sands and was effectively static for almost 1 0 years because of 

the effectiveness of the simulated perimeter drain coupled with a decreasing 

concentration gradient. TDS concentrations east of the perimeter drain increased due 

to the deposition of slimes in the borrow pits. Concentrations outside the footprint of 

the tailings pile and brine pond seem to be effectively controlled by the perimeter drain. 
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Figure 6.18 shows the vertical extent of the plume after 34 years. Since 1986, vertical 

penetration increased under the tailings pile and brine pond but appeared to be 

isolated to the Battleford and upper Floral tills. The southwest leading edge of the 

plume moved slightly such that the total length of the plume along the line of section 

was 3. 7 km. The increase in length was predominately due to the development of the 

north tailings pile area. 
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Figure 6.18 Vertical brine plume extent for 2002 around TMA. 

Figure 6.19 shows the 34-year concentration profiles for the six selected monitoring 

points. MMP4 (under the brine pond) produced a 300 g/L surficial peak with an 

approximate plume penetration depth of 11 m; MMP3 had a surface peak of 258 g/L 

and a penetration of 12 m. A TDS concentration of 185 g/L was simulated at the 

surface, with boundary of the plume reaching a depth of 7 m at MMP5. MMP6 shows a 

maximum concentration of 12 g/L at a depth of 8 m, with the base of the plume 

reaching a depth of approximately 9 m. The maximum TDS concentration at MMP1 

was 300 g/L at surface with plume penetration to a depth of approximately 9 m. MMP2 

was "pristine" showing no brine at surface or at depth over the entire 34 years of TMA 

history. 
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Figure 6.19 Concentration profiles for model monitoring points after 34 years. 

6.4 History Match Overview 

6.4.1 History Match Time Series for Model Monitoring Points 

For the five (of six) model monitoring points where vertical brine migration was found 

(MMP2 was not affected), the average rate of downward movement between 1968 and 

2002 was 0.21 to 0.31 m/y. The current rate of movement is predicted to be much 

lower (0.01 to 0.12 m/y), based on the rates between 1997 and 2002. This "apparent 

slowing" was attributed to the initial rapid downward movement through the sandy 

surficial deposits and the expected reduction in penetration rate as the plume 

approached an equilibrium condition. 
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The lower rates of movement are characteristic of the Battleford and Floral tills where 

diffusion or density contrasts (rather than advection) may be the significant process 

controlling brine migration. Previous modelling indicates that brine migration from a 

similar site had a tendency to move predominantly downward as a coherent plume 

(Uwiera and Reeves, 1999) despite advective or diffusive processes. The large 

density and concentration contrast between indigenous groundwater and brine results 

in an unbalanced flow and transport system where density contrasts may also affect 

brine migration. 

This density contrast from high to low concentration increases the hydraulic head that 

drives the fluid flow, resulting in predominantly downward and radially outward 

migration. These effects increase the advective flow beneath the descending plume as 

native groundwater pushes upward and outward around the dense fluid in a radial 

pattern. Furthermore, dispersion and advection generated by the sinking plume, 

coupled with natural groundwater flow gradients results in the spreading of the brine 

plume in the vicinity of the TMA (Uwiera, 1998). The presence of vertical fractures in 

tills may also encourage downward movement of brine. Conversely, the increased 

stress due to the loading of TMA may induce an upward flow gradient and possibly 

impede the downward transportation of brine (Maathuis and van der Kamp, 1994). 

Brine migration continues in a groundwater flow system until equilibrium is achieved. 

Simulated hydrographs for each hydrostratigraphic unit over the 34 year period for the 

six model monitoring points (see Figure 6.3 for locations) are plotted in Figures 6.20 to 

6.27. 
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Figure 6.20 shows the hydraulic head change in the surficial deposits for MMP1 to 

MMP6 over 34 years from 1968 to 2002. MMP1 indicated a change in head after the 

outer brine pond was constructed in 1973. Head in the surficial sediments at this 

location continued to increase gradually to 1981 as the tailings area expanded. After 

1981 the head remained stable as a constant head condition was applied at the 

surface. MMP2 showed no change up to 2002 but was significantly impacted by the 

construction of the slimes cell that year. MMP3 responded to the expansion of the 

outer brine pond in 1973 and the construction of the perimeter drain in 1984. 
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Figure 6.20 Hydrographs for the stratified surficial deposits over 34 years. 

Head change at MMP4 was in response to the construction of the inner brine pond 

(1968) and the outer pond expansion (1973) after which it remained stable as a result 

of the constant head condition for the pond applied at the surface. MMP5 was very 

close to the perimeter drain and was strongly affected by operation of the collection 

system in 1984. This monitoring point also showed a head rise as a result of the outer 

pond expansion in 1973. MMP6 (near the perimeter drain) indicated a similar 

response to MMP5 except hydraulic head continued to decrease between 1985 and 

2001. 

93 



Over the 34 year period MMP1 (+3.5 m), MMP3 (+2.0 m), and MMP4 (+4.0 m) show 

increased head in the surficial deposits, MMP2 was unchanged and MMP5 (-1.0 m) 

and MMP6 (-0.5) show small head reductions. 

The hydraulic head change in the Battleford till for MMP1 to MMP6 over 34 years from 

1968 to 2002 was shown in Figure 6.21. Overall, the pattern of response was similar 

to those in the surficial deposits, with slightly smaller head change. MMP1 simulated a 

slight head increase after 1981 , which was attributed to loading effects. 
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Figure 6.21 Hydrographs for the Battleford till over 34 years. 
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Figure 6.22 shows the hydraulic head change in the fractured zone of the Floral till for 

MMP1 to MMP6 over 34 years from 1968 to 2002. Overall, the pattern of responses 

was similar to those in the surficial deposits and Battleford till, with slightly smaller 

change in head. MMP1 showed a slightly greater tendency to increase after 1981 than 

the overlying Battleford till. Head increase at this point was likely due to the greater 

pore-water pressure increase in the upper Floral till coupled with decreased dissipation 

of this excess pressure. From 1978 to 1984, the tailings pile footprint was expanded 

east-southeast such that loading began to affect MMP1 (immediately north of the 

loaded area). 
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Figure 6.22 Hydrographs for the fractured Floral till over 34 years. 
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Figure 6.23 shows the hydraulic head change in the unfractured Floral till for MMP1 to 

MMP6 over 34 years from 1968 to 2002. The pattern of response was distinct from 

those in the surficial deposits, Battleford till and fractured Floral till. The hydraulic 

response suggested that TMA development, with the exception of pile loading, has little 

to no influence on hydraulic head at depth. Hydraulic head at MMP1 increased 

significantly after 1978 in response to pile loading effects, with a maximum rate of 

change between 1988 and 1993 corresponding to the fastest period of pile building. 

The simulated head at MMP3 and MMP4 also appeared to respond to pile loading and 

subsequent pore-water pressure build-up. 
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Figure 6.23 Hydrographs for the unfractured Floral till over 34 years. 
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Figure 6.24 shows the hydraulic head change in the Floral lntertill Aquifer for MMP1 to 

MMP6 over 34 years from 1968 to 2002. The pattern of response was distinct from 

those in the overlying aquitards. Head at all monitoring points show almost constant 

values with a very slight decline of less than 20 em over 34 years. The impact of pile 

loading and TMA operations did not appear to significantly affect the Floral lntertill 

Aquifer. 

540 

538 

536 ...... 
a; 
C'CI 

.§.534 
"C 
C'CI 

:! 532 
-~ 
3 
I! 530 
"C 
>o 
J: 

528 

526 

524 

outer pond 
expansion 

(1973) 

! 
~ 

perimeter pumping 
drain begins 
(1984) (1994) 

! ! 
c~ ~ ·= == ~~-..- ~~=~~, 

1968 1972 1976 1980 1984 1988 1992 1996 2000 

Time (years) 

- MMP1 
MMP2 

- MMP3 
- MMP4 
- MMP5 
- MMP6 

Figure 6.24 Hydrographs for the Florallntertill aquifer over 34 years. 
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Figure 6.25 shows the hydraulic head change in the Sutherland tills for MMP1 to 

MMP6 over 34 years from 1968 to 2002. Head in these tills at MMP1 show a tendency 

to increase after 1978. The maximum rate of change occurred between 1988 and 

1993 corresponding to the fastest period of pile building. Overall, the pore-water 

pressure response in the Sutherland tills was more subdued than that in the Floral tills. 

The model simulated more dissipation of the built-up pore-water pressures from the 

Sutherland tills because the drainage path was typically shorter than that of the Floral 

tills beneath the TMA. 
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Figure 6.25 Hydrographs for the Sutherland till over 34 years. 
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Whereas model monitoring points in the unfractured Floral till show a tendency to 

increase, most monitoring points (except at MMP1) show a slight decrease in hydraulic 

head over the history matching period. The lower than expected response in the 

Sutherland tills may be a function of the estimated hydraulic properties (hydraulic 

conductivity, specific storage, and c9mpressibility). Adjustment of these properties 

may produce an improved simulated response. 
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Figure 6.26 shows the hydraulic head changes in the Hatfield Valley Aquifer for MMP1 

to MMP6 over 34 years from 1968 to 2002. The hydraulic head response over time 

was distinct from those in the overlying aquitards. Head at all monitoring points show 

almost constant values with a very slight decline until 1994. After 1994, the hydraulic 

head decreased with simulated pumping from the aquifer. All the monitoring points 

were some distance away from the pumped well but a head reduction of 1-2 m was 

apparent. 
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Figure 6.26 Hydrographs for the Hatfield Valley Aquifer over 34 years. 
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Figure 6.27 shows the hydraulic head change in the Lea Park shale for MMP1 to 

MMP6 over 34 years from 1968 to 2002. The pattern of response was similar to that of 

the unfractured Floral and Sutherland tills. MMP1 indicates the same tendency for 

increased hydraulic head after 1978 which was attributed to pore-water pressure 

increase due to pile loading. Again the maximum rate of change occurred between 

1988 and 1993 corresponding to the fastest period of pile building. The response in 

the bedrock shale was more subdued than that in the Floral till but a little more 

pronounced than the Sutherland till. The difference in the pressure head response for 

these locations was a function of the drainage path, hydraulic conductivity, storage 

coefficients, and compressibility. The effect of pumping from the Hatfield Valley 

Aquifer resulted in leveling-off and eventually a small decline in head after 1994. 
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Figure 6.27 Hydrographs for the bedrock shale over 34 years. 
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Simulated concentration changes for the uppermost hydrostratigraphic units over the 

34-year period for the six model monitoring points were plotted in Figures 6.28 and 

6.29. 

Figure 6.28 shows the change in TDS concentrations in the surficial deposits with time 

over 34 years at model monitoring points MMP1 to MMP6. At MMP4 concentration 

increased rapidly and by 1978 was close to the brine pond source concentration. 

MMP3 showed a slower rise but was approaching the source concentration by 2002. 

Similar "breakthrough-curve" responses were also simulated at MMP1 and MMP5. 

MMP6 indicated a similar response up to 1984. The concentration in the surficial 

sediments at this location was reduced by flow to the perimeter collection system after 

1984. 
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Figure 6.28 TDS concentrations for the stratified surficial deposits over 34 years. 
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Figure 6.29 shows the change in TDS concentrations in the Battleford till with time over 

34 years at model monitoring points MMP1 to MMP6. TDS concentration increased 

rapidly at MMP4. In 2002, the levels at this location were less than 25% of source 

concentration (about 75 g/L). MMP3 indicated a slower rise and had not reached 

20 g/L by 2002. MMP5 and MMP6 also yielded similar "breakthrough-curve" 

responses for the Battleford till , with maximum concentrations of approximately 20 g/L 

and < 5 g/L, respectively. MMP1 shows a rise after 1986 but had reached only 5 g/L 

by 2002. This was largely due to tailings deposition beginning at this location in 1986. 

Hydraulic gradients toward the brine pond coupled with the low hydraulic conductivity 

of the surficial silts and clays may also affect the low concentration observed below the 

northern tailings pile 
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Figure 6.29 TDS concentrations for the Battleford till over 34 years. 

The upper fractured part of the Floral till and all underlying formations show no change 

from initial concentrations at any of the model monitoring points. There were some 

areas beneath the TMA (under the southern edge of the brine pond) where brine 

penetration to the top of the unfractured Floral till was predicted after 34 years. 
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6.4.2 History Match Brine Inflow Estimates 

Figure 6.30 shows the simulated change in brine flux over 34 years as a result of brine 

inflow. This was based on integrating the TDS mass between contours of 

concentration in the FEMWATER model. This calculation had large associated errors 

and was provided as a general guide only. Estimates vary widely over short time 

intervals (for example the computed brine flux at 30 years was almost zero). The 

general pattern of predicted fluxes and the reduction in rates by an order of magnitude 

over 34 years were considered reasonable. 
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Figure 6.30 Mass flux into modelled region from TMA over 34 years 

Dramatic increases in fluxes occurred when major changes were made to the TMA, 

such as the addition of the outer brine pond and slimes cell. The total flux was 

equivalent to about 2,000 m3/d of saturated brine after 34 years, which is a significant 

fraction of the brine injection rate for the disposal wells at the potash mine site but was 

relatively small compared to the total volume of tailings (42,500 m3/d) and brine 

(21 ,900m3/d) produced (estimated at 64,000 m3/d). This number was an upper bound 

constraint on excessive loss rates that might otherwise be predicted. 
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6.4.3 History Match Calibration 

The model attempted to capture four responses observed around the TMA: 

1. Changes in local and regional hydraulic head as a result of infiltrating brine. 

2. Changes in groundwater TDS concentrations as a result of infiltrating brine. 

3. Changes in aquitard porewater pressures as a result of pile loading. 

4. Changes in aquifer head as a result of freshwater extraction from the Hatfield 

Valley Aquifer. 

The model was considered to have successfully predicted all the listed responses in a 

qualitative sense. Most of the predictions were also considered reasonable in a 

quantitative sense, although several adjustments are recommended to significantly 

improve the quantitative predictions. 

TMA development predominately affects hydraulic head in the vicinity of the tailings 

pile and brine pond, while regional head were largely unchanged from simulated pre

mining conditions. Total predicted head changes as a result of the brine ponds and 

other sources within the TMA were less than 4 m. Simulated head change due to 

tailings pile expansion, perimeter drain installation and the filling of brine and slimes 

ponds, appeared to influence only the near surface formations (surficial stratified 

deposits, Battleford till, and fractured Floral till) as evidenced by Figures 6.20 to 6.27. 

Loading of the tailings pile appeared to be the dominant influence on the unfractured 

Floral till, Sutherland till and Lea P~rk Shale. The Floral lntertill Aquifer remained 

largely unaffected, showing only a small decrease in hydraulic head over the history

matching period. Pumping from the Hatfield Valley Aquifer was the only simulated 

influence on hydraulic head in this hydrostratigraphic unit. 
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Figure 6.31 illustrates the match between observed and predicted hydraulic head in 

1996. This was the most complete set of data made available by the mine site. The 

data indicates that the solution was still reasonably well calibrated and similar to the 

steady-state solution (Figure 5.3). The linear regression line had a slope close to unity 

and passes close to the local origin with an R-squared value (correlation coefficient) 

> 0.90, indicative of a reasonably well calibrated history match. Table 6.4 shows the 

calibration errors for the history match at 28 years of simulation. 
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Figure 6.31 Observed vs. Computed Hydraulic Head (~1996). 

Table 6.4 Average errors for the history match simulation (~1996). 

Hydrostratigraphic Unit #Points ME(m) MAE (m) RMS (m) 

Surficial Deposits I Saskatoon Tills 4 0.58 0.58 0.69 

Floral lntertill Aquifer 6 -0.15 1.25 1.45 

Sutherland Tills 5 0.21 0.73 0.87 

Hatfield Valley Aquifer 3 0.11 0.27 0.35 

All Units 18 0.16 0.76 0.97 

The calibration target (±1.05 m) was ~atisfied for all but the Florallntertill Aquifer. This 

was thought to be attributable to unc~rtainty in the observed data due to drawdown in 

the Hatfield Valley Aquifer and unknown pumping rates from farm wells completed in 

the Floral lntertill Aquifer. 
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Unsuccessfully matched head are given in Table 6.5 and correspond to steady state 

calibration points outside of the calibration target. 

Table 6.5 Unmatched observation points (~1996). 

Hydrostratigraphic Unit Steady-state 28 y Solution 

WeiiiD # ME(m) WeiiiD# ME(m) 

Florallntertill Aquifer 15 -0.98 15 -2.13 

Florallntertill Aquifer 17 -2.13 17 -2.58 

Florallntertill Aquifer 18 1.62 18 1.38 

Sutherland Till 21 1.73 21 1.57 

Figure 6.32 shows the observed hydraulic head plotted against the residual errors. 

The plot is designed to identify any correlations between residuals and the head. A 

zero slope and a low R-squared value indicate lack of correlation. For the calibration 

dataset, the slopes were low and R-squared values were small. 
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Figure 6.32 Observed Hydraulic Head vs. Residual Error (~1996). 

The simulated drawdown as a result of freshwater pumping from the Hatfield Valley 

Aquifer ranged from 2.52 m at the well to about 0.5 m within the TMA area 

(Figure 6.33). Measured drawdown at the pump well was approximately 12.5 m when 

the pump was running in 2000. The simulated drawdown at the pump well was 

underestimated because the model rnesh spacing was much greater than the well 

radius. The predicted simulated drawdown corresponds to between 12.7 and 14.2 m 

for a large diameter well (~ 0.610 m including frac sand}, using the following equation 

to correct for grid spacing: 
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Swen = In [~rid I r wen] Sgnd (6.1) 

where Swen = corrected simulated drawdown at pumping well 

Sgnd = simulated drawdown at pumping well 

dgnd = model mesh spacing at pumping well (46.5- 87.0 m) 

rwen = radius of pumping well and sand pack <~ 0.305 m) 

The observed drawdown at well BHL04-95, approximately 100 m west of the pumping 

well, was approximately 1.0 to 2.1 m between 1999 and 2002. The simulated 

drawdown at this location was approximately 2.0 m by 2000. Observed drawdown at 

well BHL02-92 was between 1.3 m and 3.1 m by 2000. The simulated drawdown at 

the corresponding position was approximately 0.7 m by 2000. At BHL01-92, the 

observed drawdown was between 1.3 m and 2.8 m by 2000. The simulated drawdown 

was approximately 0.25 m in 2000 at BHL01-92, located about 4 km northeast of the 

pump well. 

Given measured fluctuations in pumping rate and response at adjacent wells in the 

Hatfield Valley Aquifer, the simulated averaged pumping rate appeared to yield 

reasonable results but was underestimating the drawdowns in outlying wells. The 

discrepancy between simulated and measured drawdowns may be due to the 

following: 

1. Actual pumping rates were variable, while simulated pumping was averaged 

over a one-year period for each modelled year. The measured drawdown used 

for correlation was taken over a 35-day period in 2000 (Figure A27). The 

difference between the hydraulic head during pumping and when the pumped 

well was allowed to recover was a small amount corresponding to the far-field 

drawdown. The simulated drawdown accounts for the total drawdown since the 

onset of pumping. Figure 6.33 shows the drawdown in the Hatfield Valley 

Aquifer predicted by the model for 2000. 

2. The hydraulic conductivity value assigned to the Hatfield Valley Aquifer may be 

greater than actual field conditions. A generic value was used for the entire 

aquifer and no adjustments were made to "calibrate" the pumping response. 
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Higher modelled hydraulic conductivity would tend to underestimate drawdown 

in the aquifer system. 

3. The simulated drawdown was affected by variable grid spacing in the vicinity of 

the well. The large grid:well diameter ratio (152 to 285) was used to correct the 

simulated drawdown at the well. Ideally the mesh should be refined in the 

vicinity of the well to more accurately represent the well completion details. 
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Figure 6.33 Simulated drawdown in the Hatfield Valley Aquifer at 32 years (2000). 

The pumping well does not appear to significantly affect hydraulic head in formations 

between surface and the Floral lntertill Aquifer. Observed head in the Floral lntertill 

Aquifer appear to have declined by approximately 0.5 m. The model predicted a head 

decrease of approximately 0.2 m. Hydrographs for the Battleford till , fractured Floral 

till, and lower Floral till follow the same trends simulated since 1986. These trends 

suggest that pumping from the Hatfield Valley Aquifer had yet to affect radial advective 

gradients in these upper formations. Similarly, TDS profiles for the surficial stratified 

deposits and Battleford till (Figure 6.28 and 6.29) show unvarying trends despite the 

onset of pumping. Hydrographs and TDS profiles suggest that vertical brine migration 
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was largely unaffected by pumping from the Hatfield Valley Aquifer over the period of 

the history matching simulations. 

The simulated porewater pressure response underestimated the observed porewater 

pressure increase due to pile loading. The increase in simulated (red) and observed 

(black) hydraulic head values at pneumatic piezometer 1 on the tailings pile was shown 

in Figure 6.34. Simulated conditions indicate an increase in porewater pressure of 

approximately 4.7 m, while the measured response was approximately 14m due to pile 

loading. The simulated condition was about a third of the measured increase in head 

due to pile loading. The discrepancy in response was a function of estimated hydraulic 

parameters (specific storage and hydraulic conductivity), estimated loading rates, and 

the location of the comparative profiles at slightly different positions and depths. 

Nevertheless, the simulated response approximated the observed hydraulic head 

qualitatively and yields a similar profile shape. 
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Figure 6.34 Hydraulic head increase at the pneumatic piezometer nest. 
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Adjustment to the hydraulic parameters is expected to yield a closer match with respect 

to pile loading. The specific storage properties could be changed independently of the 

hydraulic conductivity to increase the magnitude of the response. Both the pore 

pressure response measured by the piezometer nest and the response of the Hatfield 

Valley Aquifer to pumping would be improved by using a lower hydraulic conductivity 

for the aquifer material in the model and adjusting the aquitard properties. The 

potential effects on modelling results are discussed in the summary and conclusion. 

Figure 6.35 illustrates the increase in simulated and observed hydraulic head at 

pneumatic piezometer P1 0 in nest 1. The measured response due to pile loading was 

greatest at this location (roughly in the middle of the aquitards between the surface and 

the Floral lntertill Aquifer) at a depth of approximately 489 masl. The observed head 

increase was taken at an elevation approximately 4 m higher than that of the simulated 

head. The "averaged head" displayed on the figure was an estimate of the measured 

head given a continuous uniform loading rate at the same spiggoting point. 

Comparison of this estimated increase in head with respect to the simulated response 

may provide a more realistic basis of comparison. 
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Figure 6.351ncrease in hydraulic head at pneumatic piezometer P10. 
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Despite the difference between the observed and simulated hydraulic response to pile 

loading and pumping, modelled brine migration appeared to correlate well with 

geophysical and TDS concentration measurements. Porewater pressure simulation 

could be improved but was not expected to dramatically change the solute transport 

model predictions. Reducing aquifer hydraulic conductivity and increasing specific 

storage parameters for aquitards was likely to reduce rather then increase the 

predicted vertical penetration rate of brine. 

Figures 6.36 and 6.37 display the approximate extent of known brine impact from 

EM34 data and simulated brine concentrations, respectively. Figures 6.36 and 6.37 

represent brine impact in the Battleford till at approximately 1 0 m depth. 

sw 

Figure 6.36 Approximate extent of brine impact at 33 years (EM34, 2001 ). 
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sw 

Figure 6.37 Simulated brine impact at 33 years (2001 ). 

The simulated brine plume qualitatively matched the EM34 data at approximately 10 m 

depth in 2001 (Figure A29, Appendix A). The 100 g/L concentration contour was 

especially well correlated. At concentrations lower than 100 g/L there were apparent 

differences between the observed EM34 response and simulated concentrations. 

Simulated brine migration west of the brine pond beyond the northern 300 m section of 

perimeter drain was the most obvious departure from the measured brine impact. 

While the modelled lateral brine impact typically departs from the approximate extent of 

impact measured by EM34 for lower concentrations (0-80 g/L), the match was 

considered adequate for simulation of solute transport. The discrepancy between the 

simulated and measured brine plume was likely because of the following: 

1) The near surface deposits were interpreted as laterally continuous in the vicinity 

of the site. This was considered a conservative modelling assumption. The 

bulk material and hydraulic properties assigned to the modelled 

hydrostratigraphic units (HSUs) estimate solute transport since the HSUs are 

assumed to be laterally continuous. The actual geology was likely 

discontinuous, interbedded, or gradational with lenses and stringers of sands, 

silts and clays. Greater heterogeneity was evidenced by increased dispersion 

112 



in EM34 apparent conductivity data (Figure A29). Allowance for this kind of 

heterogeneity was subsumed in the dispersivity assigned to the materials. 

Increased heterogeneity corresponds to higher dispersivity in the model. 

2) Measured field hydraulic conductivities may vary by several orders of 

magnitude within a single formation compared to the single hydraulic 

conductivity value assigned to each modelled HSU. The model hydraulic 

conductivity may be greater than field measured values. Higher hydraulic 

conductivities were typically used in the simulations. This was considered a 

conservative modelling assumption, as they tend to lead to overestimate brine 

migration by lateral advection. 

3) Measurements of brine migration rates were likely affected by small-scale 

heterogeneities, inhomogeneities, and corresponding changes in material and 

hydraulic properties that effectively reduce lateral migration in near surface 

deposits. Surficial geology and near surface till units were probably extremely 

complex compared to the simplified geology used in the model. 

Predicted TDS concentrations were at a maximum beneath the pond. After 34 years, 

the maximum concentration in the Battleford till was approaching 300 g/L beneath the 

surficial sands and 120 g/L beneath the surficial silts and clays. 

The area of the Floral till impacted by the brine was a few hectares immediately 

beneath the brine pond and the southern tailings pile as shown in Figure 6.38. The 

values were highest beneath the berm between the pile and the brine pond. 

Concentrations in the fractured part of the Floral till were no more than 18 g/L. The 

maximum depth of brine penetration was approximately 17 m. A TDS concentration of 

1 to 2 g/L was beyond the footprint of the brine pond for the fractured Floral till. Overall 

the predicted brine plume did not significantly impact the subsurface beyond the 

fractured Floral till. 
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Figure 6.38 TDS Concentration at the surface of the fractured Floral till in 2002. 

Figure 6.39 illustrates the simulated and measured vertical brine impact to the 

subsurface at well 92-03 (MMP4). 
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Figure 6.39 Simulated concentration and EM-39 profile at MMP4. 
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Modelled rates of brine penetration are 0.2 to 0.3 m/y initially, reducing to an average 

of less than 1 0 cm/y by 2002. These rates are consistent with TDS concentration 

measurements and EM-39 estimates of the rate of vertical movement. EM-39 results 

at well 92-03 indicate downward migration at an approximate rate of 12 cm/y. The 

simulated concentration profile matches well with EM-39 results at the same position, 

indicating a good calibration of vertical movement. 

6.5 Parameter Uncertainty 

No systematic transient sensitivity analysis was performed on the history-matching 

model at this stage. The very large number of parameters involved in the model, with 

more than 15 materials and up to 1 0 saturated-unsaturated flow and transport 

properties, in addition to infiltration and deep aquifer boundary fluxes, makes 

systematic analysis a very large undertaking. A transient history match requires 

several weeks of available CPU time and systematic parameter sensitivity analysis of 

the transient model response was considered beyond the scope of this thesis. The 

results of a limited sensitivity analysis performed on the steady-state model and 

preliminary transient runs are discussed in Appendix D. 

6.6 Summary 

Matching TMA operations for hydraulic head, pumping drawdowns, TDS 

concentrations and excess pore pressures due to pile loading indicated general 

agreement with observed data. The model assumptions were generally conservative 

with respect to brine migration so that improvements in calibration were unlikely to 

significantly increase either the lateral or vertical extent of the predicted plume. 
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7.0 Predictive Simulations 

7.1 Predictive Simulations Introduction 

Predictive modelling was completed to evaluate two alternative scenarios from 2002 to 

2068. Scenario A predicted groundwater flow and transport assuming no further 

changes in the operation of the TMA between 2002-2068. Scenario B incorporated a 

slurry wall around the north, west and eastern boundary of the site installed in 2003, as 

shown in Figure 7.1. Pile loading, pumping rates, and time stepping were identical for 

each scenario. 

Figure 7.1 Monitoring locations for predictive simulations. 
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Pile loading from 2002 to 2068 was anticipated to reach a maximum height of 

approximately 65 m above ground level in 2068. Porewater pressures were simulated 

assuming the pile reaches this maximum height in 2068. Figure A 18 (Appendix A) 

shows the anticipated pile geometry. The pile was expected to grow at approximately 

0.6 m/y between 2005 and 2025 (PCS, 1997). Loading rates could decrease during 

the predictive period due to increased dissolution of tailings for deep well disposal or 

increase as a result of additional production. Appendix A gives details of the loading 

rates and extrapolated information used for predictive modelling. The pumping rate 

(approximately 3,400 m3/d) from the Hatfield Valley Aquifer between 2001 and 2002 

was maintained for the predictive simulations. 

Because no changes were made to the modelled TMA after 2003, an increased model 

time step of 2.5 days was used for the predictive modelling. Increasing the time step 

from the maximum of 1.5 days in the history match period allowed for greater efficiency 

in completing the simulations. A larger time step may reduce the accuracy of the 

results, however, the rate of change with respect to the final year of the history match 

was anticipated to be small. Increasing the time step decreased run times from an 

average of 8 hours to approximately 3.1 hours per simulated year. 

7 .1.1 Predictive Simulation Run Segments 

The predictive simulations were split into 8 run segments listed in Table 7 .1. While 

changes were not made to the TMA after 2003, pile loading was altered slightly in 2016 

to the configuration described in Appendix A. Run segments were chosen for the 

predictive modelling phase to facilitate data management and eliminate the possibility 

of memory allocation problems associated with large numbers of time steps per run. 

The total CPU time needed for the 8 segment predictive modelling was almost 290 

hours (a little over 13 days). 
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Table 7.1 Predictive model time segments and run times. 

Segment Time Period Scenario A Scenario B 

Run Time Run Time Run Time Run Time 

(mins) (hrs) (mins) (hrs) 

1 2002-2008 5100 85 4920 82 

2 2008-2016 3150 53 3080 51 

3 2016-2018 640 11 380 6 

4 2018-2028 1860 31 1720 29 

5 2028-2038 1860 31 1870 31 

6 2038-2048 1860 31 1860 31 

7 2048-2058 1850 31 1870 31 

8 2058-2068 1650 28 1660 28 

7 .1.2 Presentation of Predictive Simulation Results 

Predictive simulation results were presented at 1 00 years (2068) of simulated time. 

Scenario A and 8 appear to be very similar with respect to brine migration and 

groundwater flow. While differences between the scenarios were discussed, figures for 

both scenarios were typically not shown to avoid redundancy. A map and a cross

section showing the general position of the plume and the surface head distribution 

were presented. Vertical profiles of head and concentration were also given for the 

selected model monitoring points. Figure 7.1 shows the locations of the model 

monitoring points on the site plan. The UTM coordinates of the model monitoring 

points were given in Table 6.3. 

7 .1.2.1 Brine Head 

The boundary condition applied for ponds and slime cells was based on a constant 

fluid level in the ponds. The contour closures in the borrow pits for a constant fluid 

level occurred because FEMWATER reports the head at ground surface. The brine 

density effectively increases the pressure head for fluid above the surface by a factor 

of approximately 1.175, corresponding to a concentration of 300 g/L. 
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7.1.3 Start-up Configuration 

Figure 6.15 shows the surface head distribution for the TMA area predicted by the 

model at the end of 2001. The flow was generally from north to south with higher 

gradients corresponding to the silts and clays of the stratified surficial deposits. The 

brine pond fluid level was at 531.5 m, the tailings pile head was at 533.0 m and the 

slimes cell had an applied fluid level of 529.4 m. 

7.1.4 Predictive Simulations for 2068 (after 100 years) 

Figure 7.2 shows predicted hydraulic head in the surficial deposits for scenario A after 

100 years of simulation. 

Figure 7.2 Head for 2068 around TMA (Scenario A). 

There was a steady increase in hydraulic head in the slimes area, as a result of slimes 

placement and consistent with the applied brine levels in the cell. There was also an 

increase in hydraulic head values in the surficial sand, north of the mine site as a result 

of the "backing up" of flow by the brine head in the slimes cell. To the east of the TMA, 

flow was forced to travel around the 2000 slurry wall in less sandy surficial materials. 

The general trend simulated during the predictive runs was increased hydraulic head 

within the surficial sands to the north and northeast of the mine site. The elevated 
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head in the slimes cell effectively block natural groundwater flow from north of the site 

down the east side of the TMA through the surficial sands. The 530 m contour follows 

the perimeter of the 2000 slurry wall (obscured by the white line indicating the slurry 

wall position). 

Figure 7.3 shows the simulated hydraulic head predicted after 100 simulation years of 

scenario B. 

Figure 7.3 Head for 2068 around TMA (Scenario B). 

Hydraulic head generated under scenario B shows a decrease in values in the surficial 

sands immediately west and south of the 2003 slurry wall. There also appeared to be 

a change in hydraulic head northwest of the tailings pile as a result of the contour being 

displaced by the 2003 slurry wall. The contours to the northeast and south of the TMA 

were distinctly different relative to scenario A but represent small changes in predicted 

head. 

Figure 7.4 shows the predicted hydraulic profiles for scenario A after 1 00 years of 

simulation (66 years of forward prediction). Head profiles show a reducing rate of 

change with time as the system approached a pseudo-equilibrium state consistent with 

the uniform rates of pumping and pile loading assumed for the simulation. 
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Figure 7.4 Head profiles for model monitoring points for 2068 (Scenario A). 

Underneath the tailings pile, at MMP1, both the Floral lntertill and Hatfield Valley 

Aquifers continue to act as drains, allowing for porewater pressures to dissipate from 

the Lea Park shale, Floral and Sutherland tills. Pore pressure bulges as a result of pile 

loading were clearly visible for MMP1 in the low hydraulic conductivity materials (Floral 

and Sutherland tills, and Lea Park shale. In the southern part of the mine site, MMP3, 

MMPS and MMP6 continue to show predominantly upward gradients through the 

glacial tills, with the exception of the downward gradient in the lower portion of the 

Sutherland till at MMP3. MMP3 and MMP6 show small increases in hydraulic head in 

the Battleford and Floral tills, possibly associated with the slimes cell. MMP2 and 

MMP4 show an upward gradient in the surficial deposits and Battleford till followed by a 
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downward gradient through the unfractured Floral till. MMP2 shows reducing hydraulic 

head in the Hatfield Valley Aquifer, allowing porewater pressures to dissipate more 

readily from the Lea Park shale and Sutherland till, while maintaining an upward 

gradient through the Sutherland till. Hydraulic head in the fractured Floral till increased 

as a result of the applied head at the slimes cell. MMP4 shows slowly decreasing head 

in the Hatfield Valley Aquifer with a corresponding loss of head in the Sutherland till 

and Lea Park shale. 

The hydraulic profiles generated for scenario B after 1 00 years of simulation were 

similar to the 1 00 year profiles generated for scenario A. Only minor differences were 

identified in one of the profiles. MMP6 had a lower hydraulic head in the surficial 

deposits and Battleford till under scenario B because the perimeter drain was draining 

an area constrained by these two slurry walls. Near surface groundwater flow was 

cutoff by these brine control features, which allow for increased drainage to the 

perimeter drain. 

Figure 7.5 shows the extent of the predicted lateral migration of brine around the 

potash mine site for scenario A. 

Figure 7.5 Lateral brine plume extent for 2068 around TMA (Scenario A). 

122 



The highest concentrations were seen beneath the tailings pile, brine pond and 2002 

slimes pond where simulated TDS values were at source concentrations of 300 g/L. 

Results from the 1 00-year simulation indicate that brine continued to migrate laterally 

through the surficial sands predominately in a southerly and southwesterly direction. 

Lateral migration to the northeast shows a concentration increase in the previously 

defined plume with slow expansion of the plume at the fringes. 

Results from the scenario B 100 year simulation show similar results to those predicted 

for scenario A. The primary difference between the two data sets was that less mass 

had migrated from the TMA under scenario B. This was particularly visible to the east 

of the TMA and to the northeast where the 2003 slurry wall was most effective. Figure 

7.6 shows the difference in TDS concentration within the surficial sands. 

Figure 7.6 Lateral differences in brine concentration between Scenario A and B 

(after 100 years). 

Scenario B shows less movement of brine across the line of the 2003 slurry wall, 

particularly in the surficial sands. This was simulated primarily in the west, southwest 

and northeast of the mine site, with maximum concentration differences in the order of 
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200 g/L. Minimal concentration differences were simulated southwest of the 2000 

slurry wall, and northwest of the brine pond and the tailings pile. 

Figure 7.7 shows the predicted vertical extent of the plume after 100 years of 

simulation for scenario A. 
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Figure 7. 7 Vertical brine plume extent for 2068 around TMA (Scenario A). 

Only a minimal increase in vertical migration was simulated under the tailings pile and 

brine pond. Over the initial 25 years of the predictive simulation (from 2003 to 2028}, 

there was an accelerated rate of vertical migration beneath the slimes cell. The rate of 

vertical migration decreased as the leading edge of the plume reached the tills 

between 2028 and 2038. Vertical migration under the slimes pond shows a similar low 

rate of vertical migration after 66 years of operation. The maximum penetration rate 

simulated between 2028 and 2068 was estimated at approximately 10 cm/y. The 

overall lateral extent of the plume was 4.07 km (along the line of section) after 100 

years for scenario A. 

There appeared to be little difference between scenario A and scenario 8 in terms of 

vertical migration of brine along the line of section, with perhaps a slightly greater 

plume depth to the southwest for scenario B. The lateral extent of the plume along the 

line of section was about 3.86 km for scenario 8 after 100 years (about 200 m less 

than that of scenario A). The 2003 sh,Jrry wall to the northeast was the most significant 
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factor in controlling the lateral spread of the plume in this respect. Figure 7.8 shows 

the predicted vertical extent of the plume in 2068 after 1 00 years for scenario B. 

NE sw 

20 X Vertical Exaggeration 
1 km 

Figure 7.8 Vertical brine plume extent for 2068 around TMA (Scenario B). 

Figure 7.9 shows the concentration profiles for the six model monitoring points under 

scenario A after 100 years. Monitoring points MMP1, MMP3, MMP4 and MMP5 show 

minimal additional vertical migration through the Battleford and Floral tills. The 

maximum rate of brine penetration at these points was in the order of 2 to 3 cm/y by 

the end of the predictive period. Concentration profiles at MMP1, MMP3, MMP4 and 

MMP5 show peak concentrations at surface either at or near the source concentration 

of 300 g/L. Penetration rates at MMP2 reduced to 4 cm/y as the brine front 

encountered the unfractured Floral till. The rate at MMP2 was comparable to that 

beneath the pile and brine pond. Vertical migration rates at MMP6 were high 

(19 cm/y), as the leading edge of the plume moved through the fractured upper part of 

the Floral till. Vertical brine migration should slow once the plume reaches the 

unfractured Floral till. 

The profiles shown in Figure 7.9 were generally similar to those generated for 

scenario B, with the exception of the profiles for MMP5 and MMP6? MMP5 had a 

higher surface concentration in scenario B and the plume boundary extends an 

additional 0.9 m deeper relative to scenario A. The 2003 slurry wall impeded lateral 

migration and forced brine downward along this feature. The peak concentration at 
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MMP6 was also higher for scenario B, but the depth of penetration was similar. The 

remaining monitoring points show similar concentration profiles for scenarios A and B. 
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Figure 7.9 Concentration profiles for model monitoring points after 100 years 

(Scenario A). 

Monitoring point MMP6 had the highest predicted depth of brine penetration (about 

18 m or an average downward rate of 18 cm/y) for both scenarios after 1 00 years. 

This is a result of the local hydrostratigraphy with a thick surficial sand over silty 

Battleford till and fractured Floral till. 
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7.2 Predictive Simulations Overview 

7 .2.1 Predictive Simulation Time Series for Model Monitoring Points 

Several "events" were seen in the hydrograph responses, including the flooding of the 

outer brine pond in 1973, the construction of the perimeter drain in 1984, the start of 

pumping from the Hatfield Valley Aquifer in 1994, construction of the first slurry wall in 

2000, the second (hypothetical) slurry wall and flooding of the slimes cell in 2002, and 

the change in pile loading configuration in 2018. 

Figure 7.1 0 shows the hydrographs for the surficial stratified deposits. 
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Figure 7.10 Hydrographs for the stratified surficial deposits over 100 years 

(Scenario A). 

There is little or no change in surficial head at the model monitoring points after 2018. 

MMP1, MMP3, MMP4, and MMPS show little or no change in hydraulic head over the 

entire predictive period from 2002 to 2068. With the development of the slimes cell in 

2003, the head at MMP2 increased by about 4 m over the fifteen-year period to 2018. 

MMP6 (located just outside the 2000 slurry wall south of the slimes cell) shows a 

reduction in head after the installation of the slurry wall that continued to fall until about 
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2008 after which the head remained relatively constant. The head change in the 

surficial deposits was about 0. 7 m at MMP6. 

Figure 7.11 shows the hydrographs for the Battleford till. There was little or no change 

in the Battleford till head at the model monitoring points after 2018. 
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Figure 7.11 Hydrographs for the Battleford till over 100 years (Scenario A). 

The hydrographs were very similar to those for the surficial deposits. MMP1 , MMP3, 

MMP4, and MMP5 show little or no change in hydraulic head over the entire predictive 

period from 2002 to 2068. With the development of the slimes cell in 2002, the head at 

MMP2 increased by about 4 m over a fifteen-year period to 2018. The simulated 

hydraulic head decreased at MMP6 after the installation of the slurry wall. The head 

continued to fall until about 2008 after which the head increased at a low but consistent 

rate in response to the backed-up head in the slimes cell inside the 2000 slurry wall. 
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Figure 7.12 shows the hydrographs for the fractured upper part of the Floral till. There 

is little or no change in head in the fractured Floral till at the model monitoring points 

after 2018. 

Figure 7.12 Hydrographs for the fractured Floral till over 100 years (Scenario A). 

The hydrographs are very similar to those for the surficial deposits and Battleford till. 

MMP1, MMP3, MMP4, and MMP5 show little or no change in hydraulic head over the 

entire predictive period from 2002 to 2068. With the development of the slimes cell in 

2002, the head at MMP2 increase by about 4 m over a fifteen-year period to 2018. 

MMP6 shows a reduction in head after the installation of the slurry wall followed by a 

low but consistent increase (greater than in the overlying Battleford till) in hydraulic 

head after 2008. 

129 



Figure 7.13 shows the hydrographs for the unfractured lower part of the Floral till. 

There was little or no change in hydraulic head in the unfractured Floral till at the model 

monitoring points after 2018. 
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Figure 7.13 Hydrographs for the unfractured Floral till over 100 years 

(Scenario A). 

MMP3, MMP4, and MMP5 show little or no change in hydraulic head over the entire 

predictive period from 2002 to 2068. With the development of the slimes cell in 2002, 

the head at MMP2 increased by about 2 m over a 25 to 30 year period. Simulated 

hydraulic head at MMP6 decreased until about 2008, after which the head increased at 

a slow but consistent rate. The greatest change in head occurred at MMP1. A 

simulated decrease in excess pore pressure (predominantly in the unfractured Floral 

till) at MMP1 was attributed to changes in the pile-loading rate. The pile-loading rate 

was reduced to accommodate the assumed maximum pile growth by the end of the 

predictive period. As discussed in the history match (section 6), the model 

underestimates the magnitude of excess pore pressures by a factor of about two. It 

was thought that this arises from an overestimate of hydraulic conductivity in the 

aquifers and an underestimate of the specific storage in the aquitards and aquifers. 
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There was little or no change in Floral lntertill Aquifer head at the model monitoring 

points. Head decreased at a low rate, largely as a result of pumping from the 

underlying Hatfield Valley Aquifer after 1994. The initial fall in head in the history 

match period was attributed to the large stress introduced to the system by 

instantaneously adding the outer pond, which was at a slightly lower elevation than the 

inner pond. 

Figure 7.14 shows the hydrographs for the Sutherland tills. There was little or no 

change in head in the Sutherland tills at the model monitoring points after 2018. 
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Figure 7.14 Hydrographs for the Sutherland tills over 100 years (Scenario A). 

At MMP1, the reduction in excess pore pressure in the Sutherland tills after 2002 was 

attributed to changes in the pile-loading rate, assumed to be stable after 2018. Head in 

the Sutherland tills show a steady decline that may be associated with pumping from 

the Hatfield Valley Aquifer and head losses in the overlying Florallntertill Aquifer. 

131 



All model-monitoring points show similar head in the Hatfield Valley Aquifer as a result 

of the widespread flat cone of depression created by pumping the confined aquifer. 

Model predictions of head losses in the Hatfield Valley Aquifer were somewhat 

underestimated due to a large grid to well radius ratio (152 - 285). The corrected 

drawdown at the well ranged from 21 .3 to 24.0 m by 2068. The estimated hydraulic 

conductivity value may be too high, thereby underestimating drawdown in the Hatfield 

Valley Aquifer. 

Figure 7.15 shows the predicted drawdowns in the Hatfield Valley Aquifer in the vicinity 

of the TMA after 100 years of simulation (74 years of pumping). It is clear that the 

cone of depression was influenced by the northwest boundary of the model, which was 

specified as a constant flux. The model boundary flux was barely sufficient to support 

the simulated pumping rate, hence the relatively large drawdowns on the boundary. 

Figure 7.15 Drawdown in the Hatfield Valley Aquifer for 2068. 
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Figure 7.16 shows the hydrographs for the uppermost part of the Lea Park shale. 

There is little or no change in head in the shale at the model monitoring points after 

2018. At MMP1 , the reduction in excess pore pressures in the Lea Park shale after 

2002 can be attributed to changes in the pile-loading rate, assumed to be stable after 

2018. Head in the shale show a steady decline that may be associated with pumping 

from the Hatfield Valley Aquifer. Excess pore pressures predicted for the upper part of 

the shale were generally larger than for the "doubly-drained" Sutherland tills, but lower 

than for the thick Floral tills. 
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Figure 7.16 Hydrographs for the Lea Park shale over 100 years (Scenario A). 

TDS concentration changes for the uppermost hydrostratigraphic units over the 1 00-

year simulation period for the six model monitoring points were plotted in Figures 7.17 

to 7 .18. The plots are provided for scenario A only because scenario 8 responses 

were generally similar in character. The profiles at the model monitoring points (MMP1 

to MMP6) do not show significant TDS concentrations beneath the Battleford till. 
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Figure 7.17 shows the changes in TDS concentrations in the surficial deposits with 

time, over 100 years at MMP1 to MMP6. 
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Figure 7.17 TDS concentrations for the stratified surficial deposits over 

100 years (Scenario A). 

At MMP4, the concentration increased rapidly and by 1978 was close to the brine pond 

source concentration of 300 g/L. A slower rise was simulated at MMP3 but also 

approached source concentration by the beginning of the predictive simulation in 2002. 

MMP1 , MMP2 and MMPS also show simple "breakthrough-curve" responses. In the 

case of MMP2, the rapid rise in concentration corresponded to the flooding of the 

slimes cell. MMP6 shows the most interesting TDS concentration response, rising 

steadily to 1984, falling with the construction and operation of the perimeter drain, and 

then rising again as a result of the flooding of the slimes cell. 

MMP1 , MMP2, MMPS and MMP6 did not reach source concentration in the surficial 

deposits as a result of the attenuation of concentration with depth, particularly in the 

surficial silt and clay materials. 
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Figure 7.18 shows the changes in TDS concentrations in the Battleford till with time 

over 100 years at MMP1 to MMP6. 
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Figure 7.18 TDS concentrations for the Battleford till over 100 years (Scenario A). 

The highest TDS concentration for the Battleford till was predicted at MMP4. Even 

after 1 00 years, the predicted peak concentration was only slightly over 125 g/L. The 

differences in peak concentrations were largely a function of the depth of the Battleford 

till at the six model monitoring points. All points, with the exception of MMP6, show 

similar sigmoidal curves with continuing positive gradients (still rising) after 100 years. 

TDS concentrations after 100 years (excluding MMP4) ranged from 25 to 72 g/L. Both 

MMP2 and MMP6 show an increased rate of concentration change corresponding to 

the flooding of the slimes cell. 

TDS concentrations in the fractured Floral till at the six model monitoring points ranged 

from 1 g/L to just over 8 g/L after 1 00 year. The highest TDS concentration for the 

fractured Floral till unit was predicted at MMP6. Even after 1 00 years, the predicted 

peak concentration was only slightly over 8 g/L at this location. 
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Figure 7.19 shows a plan view of predicted concentrations at the top of the Battleford 

till aquitard in 2068 after 1 00 years of simulation time. 

Figure 7.19 TDS concentrations at the surface of the Battleford till in 2068 

(Scenario A). 

The values were highest beneath the brine pond, the eastern part of the pile, and most 

of the slimes cell. The areas of lower concentration beneath the western part of the 

pile and the extreme east edge of the slimes cell correspond to areas overlain by 

surficial silts and clays. Overall the extensive plume in the Battleford till was similar to 

that predicted at the surface. 
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Figure 7.20 shows a plan view of predicted concentrations at the top of the fractured 

Floral till after 1 00 years of simulation time in 2068. 

Figure 7.20 TDS concentrations at the surface of the fractured Floral till in 2068 

(Scenario A). 

The values were highest beneath the berm between the pile and brine pond, beneath a 

borrow pit in the north part of the slimes cell, and the south corner of the slimes cell. 

The plume in the fractured Floral till (after 100 years) was patchy and confined to a few 

local spots where the depth to the top of the unit was a minimal. TDS concentrations 

were low beyond the perimeter collection system and the 2000 slurry wall in the 

fractured Floral till. The maximum value at the top of the fractured Floral till for the 

model monitoring points was 22 g/L at MMP4 (on the berm). 
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Figure 7.21 shows a plan view of predicted concentrations at the top of the unfractured 

Floral till after 100 years of simulation time in 2068. 

Figure 7.21 TDS concentrations at the surface of the unfractured Floral till in 

2068 (Scenario A). 

The plume in the unfractured Floral till (after 100 years) was confined to a single patch 

at the southern end of the slimes cell where the depth to the top of the unit was 

minimal. The predicted TDS concentrations that penetrated below the fractured 

overlying till after 1 00 years were less than 3 g/L. 

7.2.2 Predictive Simulation Brine Inflow Estimates 

Figure 7.22 shows the estimated change in brine flux over the simulation period for 

scenario A. Dramatic changes in predicted fluxes occur when major changes were 

made to the TMA (such as the addition of the outer brine pond or the flooding of the 

slimes cell). The predicted annual influx rates (corrected for surface pond storage) 

range from less than 50 m3/d to 9,000 m3/d. The "surface pond" correction was 

necessary because the software-computed volumes include this static storage volume 

as an increment for the first time-period it was added. The estimated volumes of the 
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brine pond and slimes cell were subtracted to give the amount infiltrating beneath the 

surface. Only two of the plotted values (at 5 and 34 years) were adjusted in this way. 
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Figure 7.22 Mass flux into model from TMA over 100 years. 

The mass fluxes were computed by multiplying the predicted concentrations by the 

volume between successive iso-surfaces (30 contour shells) to give a mass. This 

mass was then converted to an equivalent volume of brine at the source concentration 

of 300 g/L. Masses for successive time steps were subtracted to give the incremental 

influxes. There was a large amount of uncertainty associated with this calculation and 

was intended only as an approximation. 

The figure shows that initial inflows were very high but decrease rapidly after the 

construction of a new surface pond. The maximum possible influx was constrained by 

the sum of brine and tailings production at the mine. In 1998, this upper bound was 

estimated at 64,000 m3/d (equivalent volume at 300 g/L). In 1968, when TMA 

operations began, this number was likely much lower. A second constraint was the 

volume of brine injected into disposal wells. This number ranged from 1,000 to 4,000 

m3/d. Between 1976 and 1994, the total injected volume was 13.2 Mm3 or an average 

of 1,650 m3/d. 
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Figure 7.22 suggest annual losses reducing from 9,000 m3/d to less than 1,000 m3/d 

over the history match period. With the construction of the slimes cell, the model 

predicts an increased influx of more than 2,000 m3/d, reducing to an average of around 

300 m3/d by 2068. These rates were beneath the upper bound and in the same range 

as the rates injected into disposal formations. It appears that the reduction in flux 

occurred as the system approaches a psuedo-equilibrium state as a result of reducing 

lateral head gradients and reduced vertical and lateral migration in the low hydraulic 

conductivity unfractured till. 

7.3 Summary 

A continued spreading of the surface plume was simulated, constrained by the slurry 

walls and perimeter drain, with only a small amount of downward movement over most 

of the TMA. The region under the slimes cell shows relatively rapid penetration of 

brine through the surficial deposits, slowing as the leading edge of the plume 

encounters the tills. Pile loading from 2002 to 2068 was assumed to reach a maximum 

height of approximately 65 m above ground level in 2068. Porewater pressure (as a 

result of pile loading) continued to grow but at a lower rate as a result of this 

assumption. 

Hydraulic head changes as a result of TMA operations (with the exception of those 

generated by loading) were predicted to be relatively small and the overall impact of 

the TMA on regional flow was limited. 

1) Local near surface head increased by a maximum of 4 to 5 m as a result of 

brine ponds, slimes cells and pile loading effects. 

2) Local pore-water pressures in thick aquitards were significantly elevated but 

appear to have a negligible influence on contaminant migration, at least on the 

1 00 year time scale investigated with the model. 

3) The effects of pumping from the Hatfield Valley Aquifer include some reduction 

of pore pressures and fairly extensive regional drawdowns at distances of 

several kilometers from the mine site. Since simulated pumping predominately 
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affect head in modelled formations beneath the Florallntertill Aquifer, pumping 

rates were not anticipated to significantly influence solute transport in the near 

surface hydrostratigraphy. 

Brine migrates both laterally and vertically away from the ponds and pile but predicted 

impacts were restricted to the immediate vicinity of the TMA. 

1) Shallow lateral movement of brine was strongly influenced by the surficial 

geology but was constrained by both engineered drains and slurry walls. The 

maximum predicted area impacted, outside the footprint of the TMA, after 

1 00 years was less than 400 ha, mostly to the south and east of the brine pond 

and north and east of the slimes cell. 

2) The maximum depth of penetration of brine predicted by the model after 

1 00 years was about 20 m and nowhere was the brine predicted to be beneath 

the base of the fractured upper zone of the Floral till. 

3) The 1 00-year simulations generally show only minor differences between 

scenario A (continue current operations) and scenario 8 (add a deeper second 

slurry wall). 

4) Scenario 8 predicts marginally greater depths of brine penetration beneath the 

brine pond and slimes cell. This occurred because the containment system 

"backs up" the head by preventing lateral drainage, thereby enhancing vertical 

migration. 

5) Scenario A predicted a marginally larger lateral impact area outside the TMA 

footprint. The 65 ha difference in lateral impact was predominantly in the sand 

unit southwest of the brine pond. This occurred because the plume was less 

constrained to the northeast, southwest and south of the TMA. 

6) The scenario 8 slurry wall is ineffective over much of its length to the east and 

north of the site, where it is largely in surficial silts and clays. 
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8.0 Conclusions and Recommendations 

8.1 History Match Conclusions 

The history match for TDS concentrations, hydraulic head, excess pore pressures due 

to pile loading, and pumping drawdowns indicated general agreement with observed 

data. 

1. TDS concentrations indicate a reasonably well-calibrated solution with respect to 

observed conditions. Both the lateral and vertical extent of the predicted plume 

were consistent with shallow geophysical surveys, EM39 logs and borehole 

observations of concentration. 

2. The simulated hydraulic head in the surficial deposits and near-surface glacial 

deposits were reasonably well calibrated (after the 34 year history match) with 

similar RMS statistics to the steady-state solution. 

3. The computed drawdown in the Hatfield Valley Aquifer, as a result of pumping from 

1994 to 2002, underestimate the magnitude of the observed drawdowns in outlying 

wells but qualitatively match the pattern of the cone of depression. Simulated 

drawdown at the pump well compared reasonably well to observed head conditions 

when corrected for the large grid:well radius ratio. The simulated versus observed 

response at wells in the vicinity of the pumping well were also satisfactorily 

matched. Solute transport appeared to be essentially unaffected by pumping from 

the Hatfield Valley Aquifer. The pumping rate was not anticipated to significantly 

affect brine migration. 
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4. The computed porewater pressure increase, due to loading by the tailings pile, 

underestimates the magnitude of the observed responses. Nevertheless the 

simulated pore pressure distribution approximated the pattern of observed head 

change with time and the observed vertical head profiles. Solute transport 

appeared to be largely unaffected by alteration of the hydraulic gradient due to pile 

loading. 

8.2 Predictive Simulations Conclusions 

Predictive simulations generally indicate a continued spreading of the surface plume 

(constrained by the slurry walls and perimeter drain) with low and generally reducing 

rates of downward movement over most of the TMA. The relatively rapid penetration 

of brine through the surficial deposits beneath the slimes cell slowed as the leading 

edge of the plume encountered the tills. Porewater pressures as a result of pile 

loading continue to grow but at a reduced rate as a result of the assumptions made for 

future TMA management. 

Hydraulic head changes as a result of TMA operations (with the exception of those 

generated by loading) were predicted to be relatively small and the overall impact of 

the TMA on simulated regional flow was limited. Brine ponds, slimes cells, and pile 

loading effects increased the modelled hydraulic head by 4 to 5 m at most. Local pore 

pressures in thick aquitards were significantly elevated but appear to have a negligible 

influence on contaminant migration on the 100-year time scale investigated with the 

model. Pumping from the Hatfield Valley Aquifer appeared to reduce pore pressures 

and was predicted to generate extensive regional drawdowns at distances of several 

kilometers from the mine site. The model underestimated the magnitude of these 

drawdowns. 

Brine migrates both laterally and vertically away from the ponds and pile but predicted 

impacts were restricted to the immediate vicinity of the TMA. Shallow lateral 

movement of brine was strongly influenced by the surficial geology but was constrained 

by both the engineered drains and slurry walls. The maximum predicted area impacted 

outside the footprint of the TMA (after 100 years) was less than 400 ha. This area was 

mostly to the south and east of the brine pond and north and east of the slimes cell. 
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The maximum depth of penetration of brine predicted by the model after 100 years was 

approximately 20 m. The brine front was predicted to have reached the top of the 

unfractured Floral till in a few isolated areas after 1 00 years. 

The 1 00-year simulations generally show only minor differences between scenario A 

(continue current operations) and scenario 8 (add a deeper second slurry wall). 

Scenario A predicted a marginally larger lateral impact area (approximately 65 ha) 

outside the TMA footprint. This occurred because the plume was less constrained to 

the northeast, southwest and south of the TMA. Conversely, scenario 8 predicted 

marginally greater depths of brine penetration beneath the brine pond and slimes cell. 

This occurred because the containment system "backs up" the head by preventing 

lateral drainage. The scenario 8 slurry wall was ineffective over much of its length to 

the east and north of the site, where it was largely in surficial silts and clays. 

8.3 Recommendations 

The history matching simulations generally show reasonable calibration and effectively 

simulate many of the processes known to affect groundwater flow and brine migration. 

The conceptual model includes: advection, diffusion/dispersion, density effects and pile 

loading effects. These were judged to be the major processes controlling flow and 

transport of brine. Advection and dispersion appear to be the dominant process in the 

migration of brine in the surficial silt and sand deposits, while diffusion and density 

affects likely control migration through low hydraulic conductivity tills beneath the site. 

Fractured horizons were not treated explicitly but were represented by enhanced bulk 

hydraulic conductivities. Changes in hydraulic conductivities as a result of brine-clay 

interactions are conceptually possible to include but have not been considered in the 

3D model. Data to support more complex treatment of these items was not available 

and their absence reflects an addition source of uncertainty in model predictions. 

Several modifications are recommended to improve the calibration of the history

matching model. These changes address the tendency of the model to underestimate 

pumping drawdowns in the aquifers, underestimate pore pressures generated by 

loading and overestimate lateral spreading of the plume. 

144 



1. Drawdown responses simulated due to pumping from the Hatfield Valley Aquifer 

were in reasonable agreement with observations, however, improved calibration is 

possible with the modification of hydraulic conductivities and boundary fluxes. 

Calibration of drawdowns could be improved by reducing the hydraulic conductivity 

of the Floral lntertill and Hatfield Valley Aquifers. Lower hydraulic conductivity in 

these units would lead to increased drawdowns. To compensate for the K

reduction in the calibrated steady-state solution, it may be necessary to reduce the 

applied boundary fluxes for the Hatfield Valley and Floral lntertill Aquifers. The 

aquifers were all much deeper than the predicted maximum depth of brine 

penetration after 100 years, and the suggested changes are unlikely to significantly 

increase either the lateral or vertical extent of the predicted plume on this 

timescale. 

2. Lower hydraulic conductivity in the aquifer units was expected to decrease 

drainage from the aquitards thereby increasing simulated excess porewater 

pressures due to loading in the till and shale units. Additionally, increasing the 

specific storage and possibly decreasing the hydraulic conductivity assigned to the 

aquitards (particularly the unfractured Floral till) will tend to force pore pressures to 

dissipate more slowly. The coefficient of consolidation (Cv), the ratio of hydraulic 

conductivity, and specific storage, are the factors that control the rate of dissipation. 

Satisfactory adjustment to these parameters may be possible without a significant 

change in the aquitard K-values. Adjustments to aquitard properties are intended 

to increase predicted loading-induced pore pressures by limiting their rate of 

dissipation. The suggested changes are unlikely to significantly increase the 

vertical extent of the predicted plume, but could lead to an increase in lateral 

spreading already somewhat overestimated by the model. Reduction in the 

hydraulic conductivity of the surficial sands may be necessary to compensate for 

such a potential increase. 
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3. Better delineation of the surficial geology could improve the match of the simulated 

brine plume at surface. Brine migration west of the brine pond was probably 

overestimated due to a conservative approximation of the extent of the surficial 

sand. The hydraulic conductivity assigned to the surficial sand unit in the 

simulation may also be overestimated. Decreased hydraulic conductivity for the 

sands and more accurate delineation of surficial deposits may improve the model 

calibration for the simulated near-surface brine plume. 

A post audit is recommended to evaluate the overall performance and accuracy of the 

predictive simulations, assess the nature and magnitude of forecasting errors, and 

provide insights into future model improvements and enhancements. A detailed post 

audit I model update and review strat~gy was beyond the scope of this study. 
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APPENDIX A 

TMA SITE CONSTRUCTION 

HISTORY 



A.O Site History Compilation 

Site history data were compiled by reviewing existing reports, air photo surveys and 

interviewing mine staff with long-term experience of site operations. All drains, ditches, 

dykes, slurry walls, pump wells and other containment features are included or should 

be included in the history provided in Table A1. The information provided in Table A1 

was a compilation of all provided data. Changes in pile height, pile configuration and 

source footprints were collected and interpolated based on available data. 

Assumptions have been made where data deficiencies were encountered. It was 

assumed that the pile would continue to grow at a constant rate from 2002 to 2068 to a 

maximum height of 65 meters above ground level. Figures A 1 through A 18 illustrate 

the geometry and features of the tailings management area (TMA) over time. 

Figure A19 illustrates the averaged pumping rate from the Hatfield Valley Aquifer. The 

pump rate per day was input to the transient model. The average pumping rate per 

year is given in Table A2. PW-04 was commissioned in October 1998. After October 

1998, PW-03 was used only as a monitoring well or backup for PW-04. Well locations 

and drawdown responses are given in Figures A20 to A25. 

Water levels and hydraulic heads measured at piezometers, monitoring wells, and 

surface water are provided in PCS Lanigan Environmental Report (1998). Data used 

to calibrate the steady-state solution and history match at 1996 were provided in the 

main body of this document. Pneumatic piezometer data measuring porewater 

response due to pile loading is given in Sauer (1999). 

The brine migration simulation was calibrated with respect to electromagnetic surveys 

(EM34 and EM39) and TDS concentration measurements. Surface and borehole 

electromagnetic (EM) surveys are provided in Figures A26 to A32. TDS concentration 

values at monitoring wells and sloughs were documented in the 1998 environmental 

report. 
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Table A1 TMA Site Construction and Operational History. 
Year Height Height PWP Mass Comments Reference 

NorthTMA 
(m) (m) (m/day) (M tonnes) 

1968 0.0 0.00632 0.00 Potash mining and the surface storage of salt tailings and brine begins. Original TMA is approximately 77 ha. Figure A1 
Assume pile loading begins January 1 

1969 1.5 0.00632 0.77 

1970 3.1 0.00632 1.55 

1971 4.6 0.00632 2.33 Construction of outer dyke to increase the TMA storage capacity to cover approximately 227 ha. Figure A2 
(based on air photo) 

1972 6.2 0.00632 3.25 Tailings and brine being deposited in newly constructed storage area. 

1973 7.7 0.00632 4.16 Figure A3 
(based on air photo) 

1974 9.2 0.00632 5.13 

1975 10.8 0.00632 6.13 Outer pond filled with brine and tailings deposited east of original TMA. Injection well # 1 installed. Figure A4 
(based on air hoto) 

1976 12.3 0.00632 7.06 

1977 13.8 0.00632 7.98 

1978 15.4 0.00632 8.90 Tailings deposition continues eastward. Figure A5 
(based on air photo) 

1979 16.9 0.00632 10.27 

1980 17.7 0.00632 12.00 

1981 18.5 0.00632 13.79 Height of brine pond dyke increased from 532.39 mast to 532.94 mast. Figure A6 
Second shaft increases production capacity from 0.9 M to 1.134 M tonnes/year. 

(based on air photo) 

1982 20.0 0.00632 14.63 (142 ha tailings; 198 ha brine) 

1983 20.6 0.00247 15.47 

1984 21 .2 0.0 0.00247 17.11 Phase II in progress: waste management area expanded 38 ha to north (158 ha tailings; 182 brine). Figure A7 
-east dyke extended to enclose new tailings area 
- perimeter drain constructed to prevent lateral migration of brine in near surface sediments 

1985 22.0 0.0 0.00329 18.32 Slough containment dyke constructed around slough# 63 and west dyke extended around new tailings area. Figure AS 
!J96 ha tailin2s; 144 brine1 

1986 22.0 1.0 0.00411 18.46 Spiggoting of salt tailings predominanty in new tailings area. Figure A9 

1987 22.0 2.0 0.00411 19.70 

1988 22.0 7.0 0.02055 22.41 Phase II completed; production capacity increased to 3.434 M tonnes/year. 

1989 22.0 11 .0 0.01644 25.21 Earth decant wall constructed between tailings pile and pond to preserve open area of outer pond. Figure A10 
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Year 

1992 

1993 

1994 

1995 

1996 

1997 

1998 

1999 

2000 

2001 

2002 

2005 

2015 

2025 

Height 

(m) 

22.0 

22.0 

Height 
NorthTMA 

(m) 

18.0 

22.0 

23.0 

25.0 

26.5 

28.0 

30.0 

31 .0 

32.0 

32.6 

33.2 

35.0 

41.2 

47.6 

2068 --- 65.0 

PWP 

(m/day) 

0.00822 

0.01644 

0.00411 

0.00822 

0.00616 

0.00616 

0.00822 

0.00411 

0.00411 

0.00247 

0.00247 

0.00247 

0.00255 

0.00263 

0.00032 

Table A1 (cont.) TMA Site Construction and Operational History. 

Mass 

(M tonnea) 

27.27 

29.17 

32.35 

35.52 

38.70 

41.40 

44.10 

46.80 

49.50 

51.80 

54.10 

80.90 

Comments 

Salts and slimes spigotted separately. 

Tailings deposited in inner pond. 

(235 ha tailings; 100 ha brine) 

Pile geometry and features based on 1997 decommissioning report (PCS, 1997). 

(240 ha tailings; 100 ha brine) 

Slimes cell expansion project initiated; the project includes: surfce runoff system, soil-bentonite 
slurry wall, containment dyke, overflow hydraulic structure, dyke toe drain, and lift station. 

Slurry wall completed. 

Slimes cell expansion complete and slimes discharged to this area in the fall . 
(240 ha tailings; 100 ha brine; 140 ha slimes cell) 

Assumptions: maximum pile height and mass (unless otherwise stated) 
I I denotes values obtained or calculated from report 

Pile geometry is based on air photo survey data and actual geometry given in MDH, 2001 

PCS, 1997. Decommissioning and Reclaimation Plan for Potash Corporation of Saskatchewan Inc. Lanigan Division 
MDH, 2001 . Slimes Cell Expansion Construction Report. M990-070499. 
Sauer, E.K .• 1999. Assessment of Piezometer Data Tailings Pile PCS Lanigan Division 

Hydraulic head, pumping well and electromagnetic survey data was obtained from the head office of PotashCorp 
PWP pore water pressure 
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Reference 

Figure A11 
(based on air photo) 

Figure A12 

Figure A13 
(from MDH 2001) 

Figure A14 
(from MDH 2001) 

Figure A15 
(from MDH 2001) 

Figure A16 

FigureA17 

FigureA18 



INITIAL TAILINGS 

4---- MANAGEMENT AREA 

DYKE 

Figure A1 TMA Configuration -1968. 
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Figure A2 TMA Configuration - 1971. 
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BRINE AND TAILINGS 

~+---- DEPOSITED IN NEWLY 

CONSTRUCTED DYKE 

SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A3 TMA Configuration - 1973. 
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TAILINGS DEPOSITION 

BRINE POND FILLED 

SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A4 TMA Configuration - 1975. 
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TAILINGS DEPOSITION CONTINUES 

EAST OF ORIGINAL PILE 

SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A5 TMA Configuration - 1978. 
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INNER POND 

SPIGOITING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure AS TMA Configuration - 1981. 
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EAST DYKE 

PERIMETER DRAIN 

Figure A7 TMA Configuration - 1984. 
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WEST DYKE -----t.,y 

NORTH TAILINGS AREA -----7"~ 

CONTAINMENT DYKE 

(SLOUGH # 63) 

• 
SPIGOTTING LINE (ASSUMED) 

POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure AS TMA Configuration - 1985. 
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TAILINGS DEPOSITION 

PREDOMINATELY IN NORTH 
--___,£.,~ 

TAILINGS AREA 

SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A9 TMA Configuration -1986. 
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Figure A10 TMA Configuration -1989. 

Large decant ponds are present on the pile beginning in 1989. Decant ponds are 

assumed to behave similar to a perched system. These ponds were not incorporated 

into the model because the hydraulic conditions within the pile are largely unknown. 

Therefore, the decant ponds are not shown in Figures A 10 to A 18. 
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APPROXIMATE 

LOCATION OF 

PRODUCTION 

WELL (1994) 

TAILINGS 

IN INNER 

POND (1993) 

SPIGOTIING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

MAXIMUM HEIGHT OF 

NEW TAILINGS AREA 

EQUALS MAXIMUM 

HEIGHT OF ORIGINAL 

LINGS AREA (1993) 

Figure A11 TMA Configuration -1994. 
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SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A12 TMA Configuration -1997. 
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SLIMES CELL 
...All--

EXPANSION PROJECT 

INITIATED 
SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A13 TMA Configuration -1999. 
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SLURRY WALL 
/4--

COMPLETED 

SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A14 TMA Configuration- 2000. 
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BRINE AND SLIMES 

SLIMES CELL 

EXPANSION PROJECT 

NEARLY COMPLETE 

Figure A15 TMA Configuration- Early 2001. 
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SLIMES DISCHARGED TO 

NEW AREA IN FALL 2002 

• 
SPIGOTTING LINE (ASSUMED) 
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BRINE AND SLIMES 

SURFACE RUNOFF 

SYSTEM 

Figure A16 TMA Configuration- Fall2001. 
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NEW SLIMES AREA FILLED 

BY THE END OF 2002 

(ASSUMED) 

SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 

TAILINGS PILE 

BRINE AND SLIMES 

Figure A17 TMA Configuration- 2002-2010. 
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SPIGOTTING LINE (ASSUMED) 

e POINT OF MAXIMUM PILE HEIGHT 
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BRINE AND SLIMES 

Figure A18 TMA Configuration- 2010-2068. 
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Figure A19 Average pumping rate from PW-03 and PW-04. 

Table A2 Average pumping rate per year from PW-03 and PW-04. 

Year PW-03 PW-04 
(m3/y) (m3/y) 

1994 390,067 ----
1995 526,001 ----
1996 417,318 ----
1997 619,620 ----
1998 553,666 136,973 

1999 ---- 1,219,822 

2000 ---- 1,370,541 

2001 ---- 1,236,488 
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Figure A20 Locations of Pumping and Observation Wells. 
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Figure A21 Hydraulic Head Drawdown at BHL01-92. 
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Figure A22 Hydraulic Head Drawdown at BHL02-92. 
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Figure A23 Hydraulic Head Drawdown at BHL04-95. 
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Figure A24 Hydraulic Head Drawdown at INT2-96. 
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Figure A25 Hydraulic Head Drawdown at INTS-98. 
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Figure A26 Hydraulic Head Drawdown at INTS-96. 
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Figure A27 Hydraulic Head Drawdown at PW04-97. 
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Figure A29 2001 EM34 Apparent Conductivity (1 0 m data). 
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Figure A30 Difference between 2000 and 2001 - EM34 Apparent Conductivity 

(10m data). 
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Figure A31 2001 EM34 Apparent Conductivity (20 m data). 
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Figure A32 Difference between 2000 and 2001 - EM34 Apparent Conductivity 

(20m data). 
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Figure 81 Surficial sand soil water characteristic curves. 
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Figure 82 Surficial silt soil water characteristic curves. 
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Figure 83 Surficial clay soil water characteristic curves. 

1.E+OO 

1.E-01 

:g 
§. 

1.E-02 
~ ·; 
+I u 1.E-03 :I 
"CC 

) 

I v 

\ 
\ 
' "'- -

1: 
0 
0 

1.E-04 ,g 
'5 
I! 

"CC 1.E-05 >-
J: 
CD 
> 
+I 1.E-06 ns 
'i 
Q: 

1.E-07 

I v 
I 

I 
I 

1.E-08 

92 94 96 98 100 90 92 94 96 98 100 

Saturation (%) Saturation(%) 
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Figure 88 Sutherland Till soil water characteristic curves. 
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APPENDIXC 

FEMWATER CODE 

DESCRIPTION AND 

MODIFICATIONS 



C.O FEMWATER Code Description 

FEMWATER is a 3D finite element code that is capable of simulating variable-density, 

saturated-unsaturated groundwater flow and solute transport. The code is a 

combination of 3DFEMWATER (flow) and 3DLEWASTE (transport), and was 

developed jointly by the U.S. Environmental Protection Agency (EPA) and U.S. Army 

Engineer Waterways Experiment Station (WES). 

C.1 Governing Equations for Flow1 

The starting mass balance equation used to derive the governing flow equation was: 

v[~ •(Vp+ pgVz)]-v•(pn.SV.)+ p*q = a(n:p) 

where p = fluid density 

k = intrinsic permeability tensor 

p = dynamic viscosity of the fluid 

p = fluid pressure 

g =acceleration of gravity 

z = potential head 

ne == effective porosity 

S = degree of saturation 

V s = velocity of deformable surface due to consolidation 

p* = density of the injected fluid 

q = internal source I sink 

t =time 

V ==gradient (scalar product) 

V• ==divergence (dot product) 

this section was taken almost directly from Lin et al. (1996) 

C1 

(C.1.1) 



Expanding the right hand side of equation C.1.1: 

a{neSp) =Sne 8p + pS Bne +nep as 
at at at at 

and expanding by the chain rule: 

a(neSp) = Sne op 8p + Sne op OC + pS Bne + nep as 
at ap at ac at at at 

(C.1.2) 

where C = chemical concentration 

Rearranging such that the first and second terms represent the storativity term, the 

third is the density-concentration coupling term, and the fourth term is the unsaturated 

term: 

Sne_ap_ap + pS-an_e +Sne_ap_ac +nep_as = _a{.:..__ne_Sp--'-) 
ap at at ac at at at 

and then substituting the resulting equation into C.1.1: 

ap 8p ap ac as Bne ( ) Sne--+Sne--+nep-+ pS-+ pSV•neVs+neVs•V Sp 
ap at ac at at at 

= "\{~ •(Vp+ pgVz)] + p·q 
(C.1.3) 

Assuming the second order term can be neglected, 

ne Vs • V{Sp )------)>0 

we have: 

ap 8p ap ac as Bne 
Sne--+Sne--+nep-+pS-+pSV•neVs 

ap at ac at at at 

[

pk •{Vp+ pgVz)] * 
=V Jl +pq 

(C.1.4) 

C2 



The compressibility of the fluid (/J) and moisture content ( fl) can be described as: 

P =_!__ ap 
P 8p (C.1.5) and 0= Sne (C.1.6) 

substituting C.1.5 and C.1.6 into equation C.1.4: 

ap op ac as [ane ( )J Ofip-+0--+nep-+ pS -+ V • neVs 
at ac at at at 

= v[~ •(Y'p+ pgVz)]+ p"q 
(C.1.7) 

The continuity statement (C.1.1) assumes that the solids were incompressible but a 

compressible skeleton can be expressed as: 

o(l-ne) + V •(1-ne)Vs = 0 
at 

substituting C.7 into C.6 gives: 

rearranging, 
One 
-+V•neVs=V•Vs 
at 

(C.1.8) 

Ofipap +OopOC +nepoS +pSV•Vs=V[pk •(Vp+pgVz)l+p*q (C.1.9) 
at ac at at f.l 'j 

Yeh states that the flux of the solid velocity is the divergence of V s: 

Op 
V•Vs=a-

at 
(C.1.10) 

where a = coefficient of consolidation for the material. 

Such that C.8 becomes: 

p(op +aS)ap +0 op ac +nep as= v[pk •(Vp+ pgVz)]+ p*q 
at ac at at f.l 

(C.1.11) 

Recalling, rearranging and substituting in C.5 yields: 

p(Ofi+a!!_)f)p +0°P OC +nep
0
S =V[pk •(Vp+pgV'z)tp•q 

ne at ac at at f.l 'j 
(C.1.12) 
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Since degree of saturation is a function of pressure, p: 

S=S(p) 

equation C.1.12 becomes: 

p(op +a!!_) 8p + (} Bp ac +nep dS ap = v[tX • (Vp + pgVz)J + p*q (C.1.13) 
ne at ac at dh at Jl 

Next, Lin et al. ( 1996) defines the reference pressure head as: 

h=_L 
pog 

where Po = reference water density 

h = reference pressure head 

substituting the reference pressure head into C.1.13: 

( 
o ) & ap ac dS ah p BP+a- pog-+B--+nep--
ne at ac at dh at 

= v[~ •{pogV'h + pgVz)]+ p·q 

dividing equation C.1.15 by Po and rearranging yields: 

p ( o ) ah o ap ac p dS & - pogBfi+poga- -+-----+ne---
po ne at po ac at po dh at 

= v[pkg •(Vh+_e_Vz)]+ p* q 
Jl po po 

(C.1.14) 

(C.1.15) 

(C.1.16) 

Lin et at. ( 1996) defines the modified compressibilities of the media, d, and water, p ', 
as: 

P'= fipog (C.1.17) and a'=apog (C.1.18) 

(note: the compressibility of the media, a., and the compressibility of water, ~, are 

assumed to be constant by relating these terms to the reference density multiplied 

by gravity, g) 

C4 



substituting these modified compressibilities into C.1.16 and rearranging yields: 

p ( I I B dS) ah B ap ac [ pkg ( p )] p * - BP+a-+ne- -+-----=V -• Vh+-Vz +-q (C.1.19) 
po fie dh at po ac at jl po po 

Defining the storage coefficient, F, as: 

F af.ll I(} as =up+a -+ne-
lle ah 

(C.1.20) 

and substituting F as the storage coefficient into C.18 and by neglecting the second 

term on the left hand side (following Frind (1982)) of C.18 gives: 

(C.1.21) 

Defining the relationship: 

pgk 
K=- (C.1.22) 

Jl 

where K is the hydraulic conductivity tensor. Substituting C.1.22 into C.1.21 and 

rearranging gives the density-dependent flow equation: 

(C.1.23) 

Numerical simulations of density-dependent groundwater systems are highly non-linear 

and complex. Variable density flow and transport simulations are non-linear because 

both head, velocity and concentration are dependent on density, which in turn is a 

function of head, velocity and concentration. In other words, density contrasts affect 

the flow dynamics of a groundwater system that determines the density and 

concentration distribution. 

The governing equation for density-dependent flow in FEMWATER can be rearranged 

to give the Darcy flux, V, for density-dependent flow as follows: 

C5 



From Darcy's law: 

V = _ _!_ pk • (Vp + pgVz) 
P/1 

Substituting equation C.1.14 into C.1.24 yields: 

V = _ _!_ pk • (pogVh + pgVz) 
P/1 

And rearranging gives: 

(C.1.24) 

(C.1.25) 

Substituting equation C.1.22 into C.1.25, the Darcy Flux for density-dependent flow is: 

(C.1.26) 

FEMWATER relates density and concentration empirically using the polynomial 

function: 

..Q_ = a1 + a2C + a3C2 + a4C3 

Po 

and dynamic viscosity and concentration using the polynomial function: 

J:L = as + asC + a1C2 + a8C
3 

f.lo 

where: C = chemical concentration of fluid 

(C.1.27) 

(C.1.28) 

a1, a2, ... a8 = parameters required to define concentration dependence of 
water density and dynamic viscosity 

p = fluid density at a given chemical concentration 

Po = referenced fluid density at zero chemical concentration 
(freshwater) 

J! = dynamic viscosity at a given chemical concentration 

f.lo = referenced dynamic viscosity at zero chemical concentration 

Table C1 gives the parameters used to determine the relationship of brine 

concentration to density and dynamic (absolute) viscosity. 
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Table C1 Polynomial coefficients for density and viscosity of brine 

Density Coefficients Value 

a1 1.0006 

a2 6.9787x1 04 

a3 -4.2801x10-7 

a4 1.4352x1 o-10 

Viscosity Coefficients Value 

as 1.0002 

as 0.0013 

a1 3.3092x1 0-6 

a a 1.8854x1 o-9 

The coefficients a1 to a8 are slightly pressure dependent and quite strongly temperature 

dependent. A constant pressure of S MPa and temperature of S°C were used to 

interpolate values for these coefficients from data documented in Rowe and Chou 

(1970). The mean annual temperature in the Saskatoon region is slightly greater than 

S°C, and native groundwater in the shallow subsurface is usually less than 8°C. The 

temperature used in the model is within the expected range of pressure and 

temperature for the area. Small changes in the assumptions for pressure and 

temperature do not change the coefficients or the predicted densities and viscosities by 

more than a few percent. 

The initial conditions for flow equations are stated as: 

h = hi(x,z) in R 

where R is the region of interest and hi is the prescribed initial condition for 

hydraulic head. The hydraulic head term presented for describing initial and 

boundary conditions should not be confused with the reference pressure head (h) 

presented in the proceeding discussion of governing flow equations. 

C7 



Four types of boundary conditions can be specified for the flow equations depending 

on the physical location of the boundaries; these are stated as: 

Dirichlet Boundary Conditions, Bd 

Neumann Boundary Conditions, Bn 

Cauchy Boundary Conditions, Be 

-n•~; Vh+ Vz) = qc(Xb,)'b,Zl>, t) on Be 

Variable Boundary Conditions, Bv - During Precipitation Period 

h = hp(xb,yh,Zb, t) on Bv 

or 

Variable Boundary Conditions, Bv - During Non-Precipitation Period 

h = hm(Xb, yb,Zb, t) on Bv 

or 

h = he(Xb, Yb, Zb, t) on Bv 

or 

CB 



River Boundary Conditions, BR 

where n = outward unit vector normal to the boundary 

(Xt>,yb,zb) = spatial coordinate on the boundary 

hp = allowed ponding depth 

qp = infiltration rate of precipitation 

hm = allowed minimum pressure on the variable boundary 

qe = allowed maximum evaporation rate 

KR = hydraulic conductivity of river bottom sediments 

~ = thickness of river bottom sediments 

hR = depth of river 

C.2 Governing Equations for Transport2 

The governing equations describing mass transport through a groundwater flow system 

are derived based on the laws of continuity of mass and flux. The major contaminant 

transport processes that are modeled by FEMWATER are advection, dispersion, 

diffusion, decay, adsorption, biodegradation through both liquid and solid phases, the 

compressibility of the media, as well as sources I sinks. Let C as the dissolved 

concentration and S as the adsorbed concentration. The governing equation of the 

spacial and temporal distribution of dissolved concentration can be obtained by 

applying the principle of mass balance presented below in integral form: 

~ {(OC+ p,S)lv = -fn •(OC)Vrsdf' -fn •Jdf'- {(lKwC+ p,KsS)lv

f.t(t:KwC+ ~KsS}iv+ Jmdv 

2 this section was taken almost directly from Lin et al. (1996) 

C9 
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where v = material volume containing constant amount of media 

C = dissolved concentration 

S = adsorbed concentration 

Ph = bulk density of medium 

r = surface enclosing material volume 

n = outward unit vector normal to the surface G 

V fs = fluid velocity relative to the solid 

J =surface flux with respect to fluid velocity, Vrs 

Kw = first order biodegradation rate constant through dissolved phase 

Ks = first order biodegradation rate constant through adsorbed phase 

'A = decay constant 

m = external sink/source rate per medium volume 

By the Reynolds transport theorem, equation C.2.1 can be written as: 

f3
(0C; p.S)dv+ Jn • (OC + p.S}vsdr + Jn • (OC)Vr.dr = 

- Jn•Jdr- £(lKwC+ p,KsS}lv- fA-(OC+ p,S}lv+ fmdv 

where Vs =velocity of the solid. 

(C.2.2) 

The fluid velocity relative to the solid, Vrs, and Darcy velocity, V are related by: 

v = e vfs (C.2.3) 

Applying the Gaussian divergence theorem to equation C.2.2 and using the fact that v 

is arbitrary, one obtains the following continuity equation in differential form: 

a(ec +pbS)+ v • [vs(ec +pbs)]+ v • (vc) = 
at 

- V •J -(8KwC+pbKsS)-A.(8C+pbS)+m 

The second term can be expressed as: 

V • [Vs(OC + ,P>S)] = V(OC + p,S)• Vs + (te + p,S)V • Vs 

C10 
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The first term on the right hand side of equation C.2.5 is the product of two small 

vectors and will be neglected. Assuming displacement of the medium is essentially 

vertical, the solid velocity becomes: 

ap 
V•Vs=a.-

at 
(C.2.6) 

The surface flux, J, has been postulated to be proportional to the gradient of C (Nguyen 

et al., 1982): 

en = a.TIVIB + (a.L- a.T )vv !lVI + a.m9't8 

where lVI =the magnitude of the Darcy velocity, V 

aT = transverse dispersivity 

a.L = longnitudinal dispersivity 

o = Kronecker delta tensor 

am = molecular diffusion coefficient 

't = tortuosity 

Substituting C.2.5 to C.2.8 into equation C.2.4 gives: 

a(ec +pbs)+ v. (vc)-v. (en. vc) = 
at 

-(a: +A )ec+pt.S)-(OKwC+pbKsS)+m 

(C.2.7) 

(C.2.8) 

(C.2.9) 

The above equation represents the mass balance over a differential volume. The first 

term is the rate of mass accumulation, the second term is the net rate of mass flux due 

to advection, the third term is the net mass flux due to dispersion and diffusion, the 

forth term is the rate of mass production and reduction due to consolidation and 

radioactive decay, the fifth term is the degradation rate due to microbial transformation 

through aqueous and adsorbed phases, and the last term is a source/sink term 

corresponding to artificial withdrawal or injection. 
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Equation C.2.9 is considered conservative and the advective form of the above 

equation may be more appropriate for an advection-dominated system. An advective 

form of the transport equation allows one to use a mixed Lagrangian-Eulerian 

approach that better solves an advection-dominated transport problem. The water flow 

equation can be rewritten as: 

p ( )Oh ( p ) p* p ( p) p* - F -=-V• -V +-q=--V•V-V•V- +-q 
po at po po po po po 

{C.2.10) 

which is conservation of fluid mass. Substituting C.2.1 0 into C.2.9 and manipulating 

the formula yields: 

ac as 
9-+pb-+ V •VC-V•(9D•VC)= 

at at 

-( a.•: +A. )(eC+pt>S)-(eKwC+ptol(sS)+m {C.2.11) 

--qC+ F-+-V•V- -- C p * ( Bh po ( p ) ae) 
po at p po at 

Equation C.2.11 involves two unknowns C and S, so constitutive relationships must be 

made. These relationships are as follows for FEMWATER: 

S = SmaxKC 
l+KC 

for linear isotherm 

for Langmuir isotherm 

for Freundlich isotherm 

where Kci = the distribution coefficient 

Smax = maximum permitted concentration 

n = power index 

C12 
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To use the Lagrangian-Eulerian approach, equation C.2.11 is rewritten as: 

D C ( Bh ) (S+pbl<d) ~ =V•(SD•VC)- a'at+A. (SC+pbS) 

{, ) p* ( 8h po ( p) 00) -\SKwC+pbKsS +m--qC+ F-+-V•V- -- C 
po at p po at 

(C.2.15) 

V*- v 
d-

8+pbl<d 
(C.2.16) 

for the linear isotherm model and; 

DC dSOC (oh) 8-vr-+pb--=V•(SD•VC)- a'-+A. (SC+pbS) 
Dt dC at at 

{, ) p * ( ah po ( p ) 00) -\SKwC+pbKsS +m--qC+ F-+-V•V- -- C 
po at p po at 

(C.2.17) 

V *- v 
f - e 

(C.2.18) 

for the Langmuir and Freundlich models. 

and D vr ( ) denote the derivatives of ( ) with respect to time in 
Dt 

reference to the retarded velocity, V d, and the fluid velocity, V r, respectively. 

It is assumed that the dissolved concentrations are known throughout the region of 

interest, that is, 

where Ci is the initial concentration and R is the region of interest. 

The boundary conditions imposed on any segment of the boundary are taken to be 

either Dirichlet, Cauchy, Neumann, or variable, Bd, Be, Bn or Bv, respectively. The 

conditions imposed on the three types of boundaries are given as: 

C13 



Prescribed Concentration (Dirichlet) Boundary Conditions, Bd 

Neumann Boundary Conditions, Bn 

Cauchy Boundary Conditions, Be 

n • (VC-en • VC) = qc(Xb, yb, Zb, t) on Be 

where n = outward unit vector normal to the boundary 

(xt>,Yb,Zb) = spatial coordinate on the boundary 

qn = prescribed gradient flux through Neumann boundary 

qc = prescribed total flux through Cauchy boundary 

cd = prescribed concentration on Dirichlet boundary 

Variable Boundary Conditions 

The variable type boundary (usually the air-soil interface or soil-water interface) is 

either a Neumann boundary with zero flux gradient or a Cauchy boundary with given 

total flux. The former is specified when water flow is directed out of the region from the 

far away boundary, whereas the latter is specified when the water flow is directed into 

the region. A variable boundary normally occurs at flow through boundaries and is 

given by: 

n • {VC- en • VC) = n • VCv(xb,yt>,Zb, t) on Bv if n • V :5:0 

n•(-9D• VC)= 0 on Bv if n• V > 0 
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C.3 Modifications of Governing Flow Equation to Incorporate Total Stress 

The continuity or mass balance equation in Reeves et al. (2000) is as follows: 

(C.3.1) 

where krw is the relative permeability and Op is a source term. 

The right hand side of this mass balance equation (C.1.1) was expanded to yield: 

Sne ap 8p + Sne ap ac + pS &le fu' + nep as = a(neSp) 
ap at ac at aa' at at at 

(C.3.2) 

where a' is the effective stress acting on the aquifer matrix. 

Effective stress is defined as 

cr'= cr -p 

where a is the total stress acting on a system. 

It seems that density-dependent groundwater modelling codes typically assume that 

total stress is a constant, such that matrix compressibility can substituted and used to 

simplify the mass balance equation. When total stress is constant the change in 

effective stress can be expressed in terms of porewater pressure change 

dcr'= -dp 

Reeves et al. (2000) expressed the time rate of change for effective stress, given 

possible total stress change with time, as 

dcr' dcr dp 
=---

dt dt dt 
(C.3.3) 

Substituting this expression into the expanded mass-balance equation (C.1.4) to 

account for the variation of total stress in time yields 

ap ap ap ac as ane[aa ap] Sne--+Sne--+nep-+pS- --- +pSV•neVs 
ap at ac at at aa' at at 

= ._'[P: •(Vp+pgVz)]+p*q 
(C.3.4) 
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Given the compressibility of the fluid (/1) and moisture content (fl), and recalling that 

matrix compressibility can be expressed as 

1 dne 
a.=-----

1-ne dcr' 
(C.3.5) 

and that the flux of solid velocity is the divergence of V, V • V, =a: , 
Substituting fluid and matrix compressibility, moisture content and the solid velocity flux 

term into equation C.3.4 yields 

ap ap ac as ap 
9~p-+ 9--+ nep-+ pSa.(1-ne)-+ pSV • neVs 

at ac at at at 

= v[P: •(Vp+pgVz)]+ p*q + pSa(l-n.): 

which can be rearranged to give 

p(8~-a.S) Bp +9 Bp ac +nep as= v[pk •(Vp+pgVz)l+p*q 
at ac at at J.L 'j (C.3.6) 

00 
+ pSa.(1- ne)-

at 

Equation C.3.6 uses a different form of specific pressure storativity, 

than the more widely accepted Jacob form of specific pressure storativity, Sop, 

Using the Jacob form of specific pressure storativity, equation C.3.6 becomes: 

ap ap ac as [pk ( )J . p(Bp-aS)-+0--+nep-=V -• Vp+pgVz +p q 
at ac at at f..l 

a a 
+pSa

at 
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Equation C.3. 7 is approximately the same as the mass-balance equation used by 

FEMWATER, except the last term on the right hand of the equation acts as a source 

term to account for changes in total stress imposed on the 30 mesh materials. Hence, 

this source term can be incorporated into the numerical model. 

The stress approximation used in the FEMWATER code required modification of the 

*.3bc input file. The total stress increase due to pile loading was applied as a source 

similar to a well. The change in pile height over time was used to compute total stress 

in the materials underlying the loaded area. 

C.3.1 FEMWATER Code Modifications to Incorporate Stress Induced by Pile Loading 

The stress due to pile loading calculation performed by the model requires modification 

of the *.3bc input file. The change in total stress with time corresponding to pile 

development in specified areas are input as a PS3 card. PS3s are brought into the 

FEWMATER code via subroutine RINPUT (called by the FILES subroutine) that reads 

in the materials properties, boundary conditions, iteration parameters, and other input 

data. RINPUT introduces the applied stress per time source term as NWNPS. The 

modifications made to FEMWATER and RINPUT to incorporate total stress are 

presented below. 

Subroutine FEMWATER 

232 C MJR UOFS Common Block for Total Stress 
c 

COMMON /SPS/ NWNPS,NWPRS,NWDPS(MXWPRS) 
COMMON /BLKPSS/ WSSS(MXWPRS),WSSFS(MXWDPS,MXWPRS), 
1 TWSSFS(MXWDPS,MXWPRS),IWTYPS(MXWPRS), 

2 NPWS(MXWPRS),JWTYPS(MXWPRS) 

Subroutine RINPUT 

5638 C MJR UOFS Common Block for Total Stress 
c 

COMMON /SPS/ NWNPS,NWPRS,NWDPS(MXWPRS) 
COMMON /BLKPSS/ WSSS(MXWPRS),WSSFS(MXWDPS,MXWPRS), 
1 TWSSFS(MXWDPS,MXWPRS),IWTYPS(MXWPRS), 

NPWS(MXWPRS),JWTYPS(MXWPRS) 
6289 C MJR UOFS Additional Control Cards for Total Stress 

c 
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C . . . Control parameters - PS3 CARD {PS3 TYPE) 
c 

ELSEIF {IC3. EQ. '3') THEN 
CALL CRACKI {11 ,JJ,KNT,'INTEGER ') 
WRITE(24, 15) IC1 ,IC3,{KNT{I),I=1 ,2) 
NC111=NC111+1 
IF {NC111.GT.MXWPRS) THEN 

WRITE{*,7030) NC111,MXWPRS 
7030 FORMAT(10X,'PS3 card, MAX. NUMBER OF TOTAL STRESS ELEMENTS=',I6, 

1 I> MXWPRS=',I5) 
STOP 'PS3CARD' 

ENDIF 
NPWS(NC111) = KNT(1) 
IWTYPS{NC111) = KNT(2) 

END IF 

6618 C MJR UOFS Additional Parameter for Total Stress Source 
c 

NWNPS=NC111 

6680 C MJR UOFS Additional Total Stress Source/Sink 
c 

IF (NC111.NE.O) THEN 
CALL TSCONV(NWNPS,IWTYPS,MXWNPS,NTXY,NXY,MXXYS,NTY,N1) 
NWPRS=N1 
IF (NWPRS.GT.MXWPRS) THEN 

WRITE{*,9015) NWPRS,MXWPRS 
STOP 'NC111' 

9015 FORMAT(5X,'NWPRS=',I5,5X,'MXWPRS=',I5) 
ENDIF 

C WRITE(16,8015) NWPRS 
8015 FORMAT(5X, 'NWPRS:' ,18) 

DO K=1,NWPRS 
I=NTY(K) 
NTY13(K)=NXY(I) 
NWDPS(K)=NPOINT(I) 

C WRITE(16,8016) K,NWDPS(K),NTY13(K) 
8016 FORMAT(5X,'K=',I5,5X,'NWDPS:',I5,5X,'NTY13:',15) 

NPXY=NPOINT(I) 
IF (NPXY.GT.MXWDPS) THEN 

WRITE{*,9915) NPXY 
9915 FORMAT{5X,'points in xy1 series:',l5,' > MXWDPS:',I5) 

STOP 'npxy' 
ENDIF 

c 
DO J=1,NPXY 

C WRITE(16,8025) J,TS(J,I),TVALUE(J,I) 
8025 FORMAT(10X,'J=',I5,5X,2(E12.6,2X)) 

TWSSFS{J, K)= TS(J, I) 
WSSFS{ J, K)= TV ALUE( J, I) 

END DO 
END DO 

END IF 
c 
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The FTSDAT, CHKBC, and GWM3D subroutines are also called by FEMWATER and 

required code modification to incorporate total stress as a source. The lines of code 

added to these subroutines to incorporate total stress are . provided after a brief 

discussion. 

Subroutine FTSDAT(IE) 

FTSDAT reads sources and sinks from an input file into the FEMWATER code. 

FTSDAT has added sections of code to account for stresses induced by pile loading, 

which converts the total stress source elements to nodal sources. These nodal 

sources are then used to compute the change in water stored due to the additional 

stress sources with the assistance of subroutines Q468TH and FSFLOW. The output 

from this subroutine is then used in the main flow and transport calculations performed 

inGMW3D. 

4016 C -----TO READ AND PRINT SOURCE/SINK 
c 

c 

c 

c 

IMPLICIT REAL*8 (A-H,O-Z) 

INCLUDE 'gwpara.inc' 

COMMON /FREAU TOLAF,TOLBF,WF,OMEF,OMIF,GRAV,RHO,VISC,CNSTKR, 
1 BETAP,AGRAV 
COMMON /CELEM/IJNOD(MAXELK),NIK(MAXELK),NFACE(MAXELK), 
1 NEDGE(MAXELK) 
COMMON /BLKFL 1/ H(MAXNPK),HP(MAXNPK),HW(MAXNPK),HT(MAXNPK) 
COMMON /BLKFL2/ V(MAXNPK,3),TH(8,MAXELK),DTH(8,MAXELK), 
1 AKHC(7,8,MAXELK) 
COMMON /BLKFL3/ BFLXF(MXBNPK,2), RSVAB(MXVNPH,4), 
1 PROPF(MXPROPF,MXMATK),RHOMU(MXRMPK) 
COMMON /FPS/ NWNPF,NWPRF,NWDPF(MXWPRH) 
COMMON /BLKPSF/ WSSF(MXWPRH),WSSFF(MXWDPH,MXWPRH), 
1 TWSSFF(MXWDPH,MXWPRH),IWTYPF(MXWNPH), 
2 NPWF(MXWNPH),JWTYPF(MXWNPH) 
COMMON /TPS/ NWNPT,NWPRT,NWDPT(MXWPRC) 
COMMON /BLKPST/ WSST(MXWPRC),WSSFT(MXWDPC,MXWPRC), 
1 TWSSFT(MXWDPC,MXWPRC),IWTYPT(MXWNPC), 
2 NPWT(MXWNPC),JWTYPT(MXWNPC) 

C MJR UOFS Common Block for Total Stress 
c 

COMMON /SPS/ NWNPS,NWPRS,NWDPS(MXWPRS) 
COMMON /BLKPSS/ WSSS(MXWPRS),WSSFS(MXWDPS,MXWPRS), 
1 TWSSFS(MXWDPS,MXWPRS),IWTYPS(MXWPRS), 
2 NPWS(MXWPRS),JWTYPS(MXWPRS) 
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COMMON /TCONV/NTY1 (MXXYS), NTY2(MXXYS),NTY3(MXXYS),NTY 4(MXXYS), 
1 NTY5(MXXYS),NTY6(MXXYS), NTY7(MXXYS),NTY8(MXXYS), 
2 NTY9(MXXYS),NTY10(MXXYS),NTY11(MXXYS),NTY12(MXXYS), 
3 NTY13(MXXYS) 

c 
DIMENSION IE(MAXELK,9) 
DIMENSION DHQ(8),THG(8),RHOQ(8) 

c 
C MJR UOFS Handle regular Source/Sink nodes 
c 

IF (NWNPF.GT.O) THEN 
DO 1=1,NWNPF 

JWTYPF(I) = 0 
DO K=1,NWPRF 

IF (IWTYPF(I).EQ.NTY1(K)) THEN 
JWTYPF(I)=K 

ENDIF 
END DO 

END DO 
END IF 
IF (NWNPT.GT.O) THEN 

DO 1=1,NWNPT 
JWTYPT(I) = 0 
DO K=1,NWPRT 

IF (IWTYPT(I).EQ.NTY2(K)) THEN 
JWTYPT(I)=K 

ENDIF 
END DO 

C WRITE(*,'(316)') I,JWTYPT(I),IWTYPT(I) 
END DO 

ENDIF 
c 
C MJR UOFS Convert Total Stress Source Elements to Nodal Sources 
c 

IF (NWNPS.GT.O) THEN 
DO 1=1,NWNPS 

JWTYPS(I) = 0 
DO K=1,NWPRS 

IF (IWTYPS(I).EQ.NTY13(K)) THEN 
JWTYPS(I)=K 

ENDIF 
END DO 

END DO 
ENDIF 
ITYPK=IWTYPS(NWNPS) 
IITYP=ITYPK 
INWPRF=NWPRF 
INWNPF=NWNPF 
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DO 1=1,NWNPS 

c 

M=NPWS(I) 
ITYP=JWTYPS(I) 
NODE=IJNOD(M) 
MTYP=IE(M,9) 
ALP=PROPF(7 ,MTYP) 
POR=PROPF(8,MTYP) 
DTHTS=POR*WSSFS(1,1TYP) 

C Assume reference concentration is 1.0 rather than zero 
c 

c 

CC=1.0DO 
RHO=RHOMU( 1 )+CC*(RHOMU(2)+CC*(RHOMU(3)+RHOMU( 4 )*CC)) 
DO IQ=1,NODE 

NP=IE(M,IQ) 
DHQ(IQ)=1.0DO 

C Can't use TH or we have to recompute every step - use POR 
C Can't use RHO based on current chemistry for same reason 
c 
c 
c 

RHOQ(IQ)=AKHC(7 ,IQ,M) 
DTHTS=TH(IQ,M)*DTHTS/POR 
RHOQ(IQ)=RHO 
THG(IQ)=(ALP/POR+BETAP)*DTHTS 

C WRITE (*,'(216,5E15.6)') IQ,NP,RHOQ(IQ),THG(IQ) 
C 1 ,ALP,POR,BETAP 

c 
c 

ENDDO 
CALL Q468TH (QTHM,DHQ,THG,RHOQ,NODE,M) 
WRITE (*,'(316,2E15.6)') I,M,ITYP,DHTS,QTHM 

C Apply stress rate as a source term over an element to nodes 
c 

c 

DO IQ=1,NODE 
WSSK=QTHM/NODE 
TSSK=O.ODO 
NP=IE(M,IQ) 

C Check for node in list 
c 

c 

NWP=O 
DO J=1,1NWNPF 

IF (NPWF(J).EQ.NP) THEN 
NWP=J 

ENDIF 
ENDDO 
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C Add NEW node to list of wells 
c 

IF {NWP.EQ.O) THEN 
INWNPF=INWNPF+1 
NWP=INWNPF 
NPWF{NWP)=NP 
IITYP=IITYP+ 1 
IWTYPF{NWP)=IITYP 
INWPRF=INWPRF+1 

C JWTYPF{NWP)=IITYP-ITYPK 
JWTYPF{NWP)=INWPRF 
WRITE{*,'(416)') NWP,IITYP ,JWTYPF{NWP),IWTYPF{NWP) 

ELSE 
c 
C Make new XY series for OLD node 
c 

MXY=JWTYPF{NWP) 
WSSK=WSSK+WSSFF{1,MXY) 

C IWTYPF{NWP)=ITYPK+MXY 
IWTYPF{NWP)=ITYPK+MXY-1 
WRITE{*,'{316)') NWP,JWTYPF(NWP),IWTYPF{NWP) 

ENDIF 
JTYP=JWTYPF(NWP) 
WSSFF{1,JTYP)= WSSK 
TWSSFF{1,JTYP)=TSSK 

END DO 
END DO 

C MJR fix up 
C DO I=NWNPF+1,1NWNPF 
C WRITE (*,'{A,2X,216)') 'PS1',NPWF(I),IWTYPF(I) 
C ENDDO 
C DO I=NWPRF+1,1NWPRF 
C WRITE (*,'{16,2F15.6)') I+ITYPK-1,TWSSFF(1,1),WSSFF(1,1) 
C ENDDO 

NWPRF=INWPRF 
C WRITE(*,'{216)') NWNPF,INWNPF 
C DO 1=1,NWNPF 
C WRITE{*,'(316)') I,JWTYPF{I),IWTYPF{I) 
C ENDDO 

DO I=NWNPF+1,1NWNPF 
NWDPF(I)=1 
NTY1 (JWTYPF(I))=IWTYPF(I) 

C WRITE{*,'(316)') I,JWTYPF{I),IWTYPF{I) 
END DO 
NWNPF=INWNPF 
NC1=NWNPF 
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4210 C MJR UOFS Additional Code to Print Total Stress Sources 
c 

c 

IF (NWNPS.NE.O) THEN 
WRITE(16,2305) NWNPS,NWPRS 
DO 1=1,NWPRS 

WRITE(16,2315) NTY13(1) 
DO J=1, NWDPS(I) 

WRITE(16,2320) TWSSFS(J,I),WSSFS(J,I) 
END DO 

END DO 

C ------ Print global element numbers and profile type 
c 

c 

WRITE(16,2325) 
DO 1=1,NWNPS,4 

J1=1 
J2=MINO(I+3, NWNPS) 
DO J=J1,J2 

WRITE(16,2360) J,NPWS(J),IWTYPS(J) 
END DO 

END DO 
END IF 

4264 2305 FORMAT(//5X,' ***TOTAL STRESS SOURCE/SINK ***'//5X, 
1 'NO. OF WELL-SOURCE/SINK ELEMENTS, NWNPS ....... .',15/SX, 
2 'NO. OF SOURCE/SINK XY SERIES, NWPRS ........ .',15/) 

2315 FORMAT(/5X,'TOTAL STRESS SOURCE/SINK:', 
1 //,5X,'XY SERIES NUMBER :',14, 
2 //,5X,'TIME HEAD INCREMENT I /1X, 4X,'---- ---- I) 

2325 FORMAT(//10X,'ELEM NUM FORTS SOURCE AND XY SERIES OF 
BOUNDARY', 

1' TYPE'//1X,' I NPW XV-SERIES I /1X, 
2 I -------- ------- -------- I ) 

Subroutine CHKBC 

CHKBC performs an additional check on total stress sources. This has to be 

completed due to the nodal source re-numbering scheme utilized in FTSDAT. The 

altered index for applied stress conditions can cause potential problems with PS1 and 

PS2 cards, representing well flow rates and concentrations. 

840 C MJR UOFS Common Block for Total Stress 
c 

COMMON /SPS/ NWNPS,NWPRS,NWDPS(MXWPRS) 
COMMON /BLKPSS/ WSSS(MXWPRS),WSSFS(MXWDPS,MXWPRS), 
1 TWSSFS(MXWDPS,MXWPRS),IWTYPS(MXWPRS), 

NPWS(MXWPRS),JWTYPS(MXWPRS) 
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1067 C MJR UOFS Additional Check for Total Stress Sources 
c 

IF (NWNPS.GT.O) THEN 
DO 1=1,NWNPS 

JWTYPS(I) = 0 
DO K=1,NWPRS 

IF (IWTYPS(I).EQ.NTY13(K)) THEN 
JWTYPS(I)=K 

ENDIF 
ENDDO 

C WRITE(16,9001) I,JWTYPS(I),IWTYPS(I) 
END DO 
DO 1=1 ,NWNPS 

IF (JWTYPS(I).EQ.O) THEN 
WRITE(*,9030) I,NPWS(I),IWTYPS(I) 

9030 FORMAT(5X,'I=',I5,5X,218,5X,'IWTYPS did not match with NTY13') 
STOP 'chkbc' 

ENDIF 
END DO 

ENDIF 

Subroutine GWM3D 

GWM30 controls the computational operations of FEMWATER and includes additional 

code necessary to prepare total stress sources. This subroutine determines the type of 

simulation (flow and I or transport; steady-state or transient), prepares initial variables, 

applies initial conditions, computes variables that were not provided as input files (i.e., 

relative hydraulic conductivity, water capacity, and moisture contents from pressure 

head), and reads, stores or outputs information pertaining to the model. GWM3D 

performs, or calls other subroutines to perform, all aspects pertaining to saturated

unsaturated, density dependent flow and transport calculations. The common block 

and additional code for total stress added to GMW30 uses the existing flow and 

transport calculations this subroutine. 
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1184 C MJR UOFS Common Block for Total Stress 
c 

COMMON /SPS/ NWNPS,NWPRS,NWDPS(MXWPRS) 
COMMON /BLKPSS/ WSSS(MXWPRS), WSSFS(MXWDPS, MXWPRS), 
1 TWSSFS(MXWDPS,MXWPRS),IWTYPS(MXWPRS), 
2 NPWS(MXWPRS),JWTYPS(MXWPRS) 

c 

1346 C MJR UOFS Additional Code to Prepare Total Stress Source 
c 

IF (NWNPS.NE.O) 
CALL LINEAR (WSSS,TWSSFS,WSSFS,STIME, 

1 MXWPRS,MXWDPS,NWPRS,NWDPS) 
ENDIF 

c 

1739 C MJR UOFS Additional Code to Prepare Total Stress Source 
c 

IF (NWNPS.NE.O) THEN 
CALL LINEAR (WSSS,TWSSFS,WSSFS,STIME, 

1 MXWPRS,MXWDPS,NWPRS,NWDPS) 
ENDIF 

c 

1778 C MJR UOFS Additional Code to Prepare Total Stress Source 
c 

IF (NWNPS.NE.O) 
CALL LINEAR (WSSS,TWSSFS,WSSFS,STIME, 

1 MXWPRS,MXWDPS,NWPRS,NWDPS) 

ENDIF 
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0.1 Steady-State Sensitivity Analysis 

A sensitivity study quantifies the variability of uncertain input parameters. Uncertain 

and variable input parameters include material properties (hydraulic conductivity, soil 

water characteristic curves, storativity, porosity, etc.), boundary conditions (infiltration, 

applied flux conditions, and specified head), heterogeneity, and aquifer boundaries. 

Interaction of a number of processes that vary significantly temporally and spatially add 

to the complexity of a hydrogeological system. Laboratory and field data was obtained 

from point sources, subject to interpretation and simplification, and used to 

characterize a large area. Generally, the complexity and variability of the natural 

system precludes precise representation as a model. Uncertainty should be evaluated 

to verify that the calibrated solution was accurate enough to reproduce this variability 

and thereby impart confidence to predictive results. 

A sensitivity analysis shows that the model produces sufficiently accurate results when 

stressed differently from the calibrated solution (Anderson and Woessner, 1992). 

Simulated response to variable parameters quantifies the model's ability to accurately 

emulate present conditions, illustrates the non-uniqueness of the calibrated solution, 

and suggests the level of accuracy that can be expected when predicting future 

conditions. Model sensitivity to variation of input parameters are as follows: 

Type I Sensitivity 

Type II Sensitivity 

Variation of an input causes insignificant changes in calibration 

residuals and model conclusions. 

Variation of an input causes significant change in calibration 

residuals but insignificant change in model conclusions. 

Type Ill Sensitivity Variation of an input causes significant change in both the 

calibration residuals and model conclusions. 
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Type IV Sensitivity Variation of an input causes no significant change in calibration 

residuals but significantly changes model conclusions. 

(ASTM D 5611 - 94, 1994) 

Types I and II sensitivities are of no concern and considered good because modelling 

conclusions are not affected. Type Ill sensitivity is also of no concern since the 

calibration process eliminates errant parameters from consideration. Type IV 

sensitivity can invalidate a model since model conclusions are variable within the range 

of input that the model is considered calibrated (ASTM D 5611-94, 1994). 

The sensitivity of the steady-state model was evaluated after obtaining a calibrated 

solution. Evaluating the response of a system to variable conditions involves the 

systematic modification of calibrated input parameters within their respective ranges. 

Infiltration, hydraulic conductivity and porosity were varied to evaluate the sensitivity of 

the steady-state calibrated solution. The porosity had the least effect while hydraulic 

conductivity had the greatest effect with respect to the steady-state solution. 

0.1.1 Hydraulic Conductivity 

Hydraulic conductivity was varied between 1/4 and 4 times the hydraulic conductivity of 

the calibrated solution. Table 01 summarizes the mean error (ME), mean absolute 

error (MAE) and root mean square error (RMS) associated with each run. Sensitivity 

runs evaluating the effect of hydraulic conductivity typically exceed the standard 

deviation (RMS) of ±1.05 m. The calibration and model output were not significantly 

affected by the hydraulic conductivity multiplied by 0.75 and 0.90. Applying half the 

hydraulic conductivity relative to the calibrated solution produces a lower RMS error. 

Decreasing or increasing the hydraulic conductivity of the base (calibrated) case by a 

multiple of less than 0.5 or greater than 1, respectively, produces solutions outside of 

the calibration target. Therefore, the model was considered sensitive to hydraulic 

conductivity. 
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Table 01 Average error for sensitivity runs evaluating hydraulic conductivity. 

Simulation Reference K* ME(m) MAE (m) RMS(m) 

160SS02_k1_ 4 0.25 0.44 1.23 1.46 

160SS02_k1_2 0.50 -0.07 0.80 0.97 

160SS02_k3_ 4 0.75 -0.12 0.89 1.05 

160SS02_k0.9 0.90 -0.11 0.88 1.05 

160SS02_k1 .1 1.1 -0.1 2 0.90 1.07 

160SS02_k1.3 1.3 -0.16 0.94 1.11 

160SS02_k2.0 2.0 -0.21 1.01 1.21 

160SS02_k4.0 4.0 -0.28 1.10 1.33 

Figure 01 illustrates the absolute value of the residual, mean absolute and root mean 

squared error versus percent change in hydraulic conductivity. 

1.50 -r--~----r--------r------,-------, 

---MAE 

_.... RMS 

0.00 +------f-------+------+------i 
0 1 2 3 4 

Hydraulic Conductivity of Calibrated Solution Multiplied by "x" 

Figure 01 Absolute error value versus change in hydraulic conductivity. 
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Figure D1 indicates that increasing hydraulic conductivity produces solutions outside of 

the calibration target. Since many of the materials were already at the upper limit for 

hydraulic conductivities, a slightly larger hydraulic conductivity exceeded the respective 

range for three formations. Five or more formations were outside of their respective K 

range when hydraulic conductivities were changed by a factor of 4. Decreasing the 

hydraulic conductivity by a factor of 2 reduced the RMS error while further reduction in 

hydraulic conductivity increased the error by a significant amount. One formation was 

at the lower K limit while another exceeded it when the hydraulic conductivity was 

reduced by half. The model was therefore sensitive to uncertainty in hydraulic 

conductivity but appeared adequate within the specified range. 

Figure D2 illustrates the deviation in hydraulic head values from the calibrated data set. 

4 .0~------~------~------~------~----~-------.-------. 

• 
2 . 0 +-------+---~--r-------~------~-----n~ -------~------~ . - . -- ---- -l ~-·-----.--- --- ---- ---------.- --- ------ -

t · ..... .1 • 
-- -- --- ---- ----------- cf __ -- -- --- --~ -tt----- -- -- -

-2.0 . ~ . 
~.0 +-------r-------~------~----~~----~------_,------~ 

524 526 528 530 532 534 536 538 
Observed Hydraulic Head (m) 

• 160SS02_ik1_ 4 • 160SS02_k1_2 + 160SS02_k3_ 4 A 160SS02_k0.9 X 160SS02_3q 

¢ 160SS02_k1 .1 t:,. 160SS02_k1.3 0 160SS02_k2.0 D160SS02_k4.0 

Figure 02 Deviation of hydraulic head from the calibrated solution with respect 

to variation of hydraulic conductivity. 

Decreasing the hydraulic conductivity by a multiple lower than 0.50 produced the 

largest residual errors. Reduced hydraulic conductivity predominately affected the 

Hatfield Valley Aquifer, yielding positive residual errors outside of the calibration target 
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for all monitoring wells in the vicinity of the mine site. Simulated hydraulic head at 

monitoring wells completed in other formations do not indicate a large departure from 

the calibrated solution. The Hatfield Valley Aquifer was the main drainage conduit for 

the modelled hydrostratigraphy. Decreasing the hydraulic conductivity prevents 

drainage to and from this system, causing a significant increase in the hydraulic head 

of this aquifer. 

Figure D2 shows that increased hydraulic conductivity typically resulted in a reduction 

in hydraulic head. The Hatfield Valley Aquifer shows the greatest change in hydraulic 

head (-1.1 0 m), while other hydrostratigraphic units show less than a ±0.20 m change 

from the calibrated solution. The hydraulic head in the Hatfield Valley Aquifer was 

approaching the lower limit of the calibration target for the steady-state solution. 

Increasing the hydraulic conductivity produced a large negative residual error for the 

Hatfield Valley Aquifer thereby surpassing the ±1.05 m RMS error for this formation 

and the model. 

Varying the hydraulic conductivity indicates a Type II/ Type Ill sensitivity. Deviation 

from the hydraulic conductivity of the calibrated solution beyond the range of K for 

respective formations tends to produce solutions that exceed the calibration target of 

±1.05 m. This indicates good control on the hydraulic conductivity parameter used in 

the model and Type II sensitivity. Altering hydraulic conductivity predominately 

affected the Hatfield Valley Aquifer, being the main aquifer system for the near surface 

hydrostratigraphy modelled. Variation of hydraulic conductivity significantly affected 

the calibration residuals and model conclusions for this aquifer. Variation in hydraulic 

conductivity was anticipated to significantly change transient model conclusions and 

residuals indicating Type Ill sensitivity. 

Sensitivity to this parameter suggests model validity within the specified range of 

hydraulic conductivities for respective hydrostratigraphic units. Sensitivity analysis with 

respect to hydraulic conductivity confirmed that the calibrated solution used in the 

modelling of groundwater flow and brine migration at the potash mine site was 

reasonable and considered adequate. 
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0.1.2 Infiltration 

Infiltration was varied between 1/4 and 4 times the infiltration used in the calibrated 

solution. Table 02 summarizes the ME, MAE and RMS associated with each run. 

Figure 03 illustrates the absolute value of the residual, mean absolute and root mean 

squared error versus change in infiltration. The figure depicts the relatively slow 

increase in error for both increased and decreased infiltration. 

Table 02 Average error for sensitivity runs evaluating infiltration. 

Simulation Reference I* ME(m) MAE (m) RMS(m) 

160SS02_i1_ 4 0.25 -0.16 0.93 1.10 

160SS02_i1_2 0.50 -0.13 0.90 1.07 

160SS02_i3_ 4 0.75 -0.11 0.88 1.05 

160SS02_i0.9 0.90 -0.11 0.88 1.05 

160SS02_i1.1 1.1 -0.11 0.88 1.05 

160SS02_i1.3 1.3 -0.11 0.88 1.05 

160SS02_i2.0 2.0 -0.19 0.97 1.15 

160SS02_i4.0 4.0 -0.20 1.03 1.22 

Variation of infiltration by a multiple of 0. 75 to 1.30 produced calibrated solutions that 

were similar to the steady-state solution used for subsequent history matching and 

predictive simulations. When the infiltration of the steady-state solution was varied 

beyond this range the RMS error of ±1.05 m was exceeded. Higher infiltration rates may 

exceed the surficial materials ability to store and transmit water, thereby causing 

excessive pending and runoff. Lower infiltration rates were likely insufficient to recharge 

the near surface materials causing an overall reduction in hydraulic head. 
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Figure 03 Absolute error value versus change in infiltration. 

Figure 04 shows the deviation in hydraulic head values from the calibrated data set 

with respect to change in infiltration. Multiplying the infiltration by 4 produced a 

non-convergent solution suggesting that the rate of infiltration exceeded ability of the 

surficial material to store and transmit water. The upper boundary for infiltration, given 

the applied hydraulic conductivity and storativity, was approximately 1.5 mm/yr. 

Infiltration was expected to be strongly dependent on sampling location and highly 

variable across the modelled area. The flux at surface was the most uncertain 

parameter used in this study because it was not measured and expected to be largely 

variability both spatially and temporally. 
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Figure 04 Deviation of hydraulic head from the calibrated solution with respect 

to variation of infiltration. 

The largest simulated difference (> ±0.20 m) from the calibrated solution occurred at 

wells 35, 36, 42 and 51. These calibration points were completed in the Hatfield Valley 

Aquifer and indicate higher negative residuals for both increased and decreased 

infiltration in the vicinity of the mine site. Reduced infiltration produced a maximum 

deviation of -0.27 m from the calibrated solution (well 42), while increased infiltration 

resulted in maximum deviation of -0.42 mat the same location. 

The steady-state groundwater flow model was sensitive to variation of infiltration. More 

than an approximately ±30 % change in the infiltration rate resulted in solutions that 

exceed the calibration limit. The model shows Type Ill sensitivity with respect to 

infiltration since calibration residuals and model conclusions were significantly different. 

08 



Perturbations of model inputs in strongly non-linear flow models such as FEMWATER 

can produce significantly different solutions with strong Type Ill sensitivity 

(MDH, 2001). 

Sensitivity to infiltration was considered Type Ill because significant changes were 

observed in both calibration residuals and model conclusions. Upper and lower limits 

of infiltration may be established by the sensitivity of the model to this parameter. It 

appears that the average infiltration of meteoric water to the subsurface should be less 

than 1.5 mm/year. Precipitation, evaporation, and the amount of infiltration are variable 

both spatially and temporally and dependent on numerous factors. The infiltration input 

to the model was an estimation based on the average evapotranspiration and 

precipitation. The amount of infiltration was the greatest unknown because direct 

measurements at the site were not completed. Even if measurements were made, 

infiltration is highly dependent on the climatic conditions, which tend to vary 

significantly with time. The properties of the surficial material (such as porosity, 

storativity, compressibility, grain size distribution, residual moisture content, mineral 

content, specific storage and yield), topography, vegetation and weather all affect the 

flux into or out of the system at surface. While an extensive field program could 

potentially address this data deficiency, the large expense and expected variability in 

results precludes a detailed field investigation. The interdependence of fore mentioned 

variables and potentially large variations over small distances suggests not only 

complexity but also considerable differences in infiltration rates across the study area. 

Given the inherent uncertainties with this parameter and the relatively well-matched 

transient and steady-state predictions, the infiltration rate used appeared to adequately 

simulate the groundwater flow system. 
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D .1.3 Porosity 

Variation of porosities within the respective ranges for each hydrostratigraphic unit had 

an insignificant affect on steady-state model results and calibration residuals. 

Table 03 shows the ME, MAE, and RMS error for the upper and lower limits of 

porosity. 

Table 03 Average error for sensitivity runs evaluating porosity. 

Simulation Reference ME(m) MAE(m) RMS(m) 

upper limit of porosity -0.11 0.88 1.05 

lower limit of porosity -0.11 0.88 1.05 

The average errors associated with the simulations examining sensitivity to porosity 

indicate a Type I sensitivity. Variation of porosity within the range for respective 

hydrostratigraphic units caused insignificant change with respect to the steady-state 

model conclusions and calibration residuals. While variation of this parameter was 

expected to have a slight affect on the increase and dissipation of porewater pressure 

for the transient results, porosity was not anticipated to significantly affect the migration 

of brine from the mine site. Porosity was not considered a critical input parameter 

since it had an inconsequential effect with respect to the calibrated solution. 
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0.2 Transient Sensitivity Analysis 

Transient input evaluation was conducted on preliminary modelling efforts as part of 

this ongoing academic exercise. Transient sensitivity analysis was not conducted on 

the model presented in the main body of this document and was considered beyond 

the scope of this study. Transient sensitivity analyses are typically not conducted due 

to the time and effort required. Such an evaluation on the presented model would 

require approximately one month of computer time per transient run on a 2GHz 

Pentium IV CPU with almost 2 GB of free memory. A minimum of one year would be 

required to adequately simulate, assess and discuss the results in the form of a report. 

Vertical discretization, concentration, and hydraulic conductivity were evaluated during 

preliminary transient simulations. These preliminary efforts do not have the same level 

of detail with respect to the operational history-matching and predictive model 

presented herein. The following aspects of the preliminary transient models were 

considered insufficient relative to the operational history-matching and predictive 

simulations: 

1. The lateral discretization of the mesh; 

2. The detail of environmental control features in the vicinity of the TMA; 

3. Input and simulation of the operational history of the TMA; 

4. Detailed pumping information for simulation of drawdown in the Hatfield Valley 

Aquifer; 

5. Input of pile loading effects; and, 

6. Matching of operational history using geophysical and TDS concentration data. 

The transient sensitivity analysis presented herein should be viewed as a general 

evaluation of parameter variability with respect to solute transport. It does not directly 

relate to the operational history-matching model or predictive simulations presented in 

the main body of this document. 
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0.2.1 Presentation of Preliminary Modelling Results 

A map and a cross-section showing the general progress of the plume and the brine 

distribution were presented at the end of 1968, 1984, 2000, 2068, 2218, and 2468. 

Breakthrough profiles were presented for the unfractured Floral till and the Floral 

lntertill Aquifer and analysis points AP1 and AP2. AP1 showed the earliest brine 

impact in the Floral lntertill Aquifer simulated by the preliminary models. Analysis point 

A2 was located on the tailings pile in the vicinity of the pile loading study area 

(Sauer, 1999). Simulated brine migration appeared to be affected by the vertical 

discretization at this location. The locations of these points and the cross-section are 

shown on the site plan in Figure 05. 

Figure 05 Cross-section and analysis locations. 

All plan views presented in this section of the report show an outline of some of the 

main features of the present day TMA (in white) and the surficial geology with sands in 
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yellow and silts/clays in blue. In Figure 05, the blue line represents the perimeter drain 

(installed in 1984) and the red line the slurry wall (installed in 2000). 

The model results and text figures provided in the following sections use the 

logarithmic value of concentration to better resolve the detail of the brine plume both 

spatially and temporally. Table 04 provides a reference for interpreting logarithmic 

concentration contours. Half the concentration range is above 17 g/L (reds and 

yellows in the figures) and half below 17 g/L (greens and blues in the figures). The 

logarithmic scale spreads concentrations out so that the leading edge of the plume can 

be easily located. The light blue-green interface in the colour-fill maps of the plume 

corresponds to about 5 g/L. The yellow-orange colour transition is roughly 80 g/L. The 

colour bar next to the table is only approximately aligned and the solid black horizontal 

lines represent logarithmic divisions with an interval of 0.5 (or a factor of ...J10). 

Table 04 Logarithmic concentrations. 

Concentration (g/L) Log (C/Co) 

250 2.40 

175 2.24 

100 2.00 

50 1.70 

20 1.30 

17 1.24 

10 1.00 

5 0.70 

2 0.30 

1 0.00 

The TOS concentration of brine applied to the TMA was approximately 250 g/L or 

250 kg/m3, which corresponds to a logarithmic concentration of 2.398 that is 

250=102·398. The concentration of native groundwater used in the model was 1 g/L or 1 

kg/m3, corresponding to a logarithmic concentration of 0.0 because 1=10°. 

Concentrations are given in g/L unless stated otherwise. 
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0.2.2 Simulated Brine Migration for the Coarse Mesh (Base Case) 

Simulated Lateral Brine Migration in the Base Case Mesh 

Figure 06 illustrates the distribution of brine at the end of 1968, 1984, 2000, 2068, 

2218, and 2468. The highest concentrations occurred beneath the pile and pond 

footprint where TOS levels were at the applied source concentration of 250 g/L. Figure 

06 shows the rapid lateral spreading of the brine plume due to the coarse lateral mesh. 

Mesh effects (with respect to brine migration) were evident after 1 year, indicating the 

need for improvement in the lateral discretization for these preliminary transient 

simulations. 

In 1984 (Figure 06 (b)) the brine plume had migrated a maximum of approximately 

150 m beyond the southern section of the perimeter drain (250 m to 400 m beyond the 

brine pond dykes). A majority of the simulated brine plume was in the surficial sand 

unit that underlies the southern portion of the brine pond. Brine impact appeared to be 

largely confined to the surficial sand deposit. The furthermost extent of impact 

occurred south of the brine pond, in the vicinity of the newly constructed perimeter 

drain. Brine migrated less than 40 m to about 150m and 70 m to approximately 365m 

northeast and southeast of the tailings pile, respectively. Brine impact was simulated 

to almost 225m beyond the brine pond dyke southwest along the line of section NE

SW. Simulated brine distribution in the surficial deposits appeared to correspond to the 

surficial hydrostratigraphy. Numerical dispersion, as evidenced by the coarse mesh 

effects, may also contribute to early simulated lateral brine migration in near surface 

sediments. 

Figure 06 (c) shows the brine distribution simulated in 2000 for the base case 

preliminary transient model. The brine front reached 255 m beyond the brine pond 

dyke to the southwest along the line of section. The brine migrated at a rate of 

approximately 2 m/y in the surficial sand aquifer, which roughly corresponded to the 

rate of groundwater flow southwest of the brine pond. This indicates that contaminant 

transport in the surficial sand predominantly occurred due to advection during the initial 

portion of the base case transient simulation. 
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(a) 1968 (b) 1984 

(c) 2000 (d) 2068 

(e) 2218 (f) 2468 

Figure 06 Lateral brine plume extent around the TMA for the base case 

(transient sensitivity analysis). 
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The perimeter drain appeared to reduce the modelled impact south of the perimeter 

collection system immediately south of the brine pond. The modelled impact extended 

about 125 m beyond this brine control feature, a simulated reduction of 25 m since 

1984. This indicated that the perimeter collection system was successful at mitigating 

brine impact over the previous 16 years of simulated time. Brine had impacted the 

region between the perimeter drain and the tailings I brine pond dykes over much of its 

length by 2000. The simulated brine distribution extended beyond the drain to the 

southwest, south and southeast. 

By 2068, the peripheral surficial plume was no longer expanding to the south through 

the surficial sands and was effectively static because of the effectiveness of the 

simulated perimeter drain coupled with a decreasing concentration gradient. The 

impact was further reduced by 5 m to the south of the southernmost portion of the 

perimeter collection system. Southwest of the brine pond, contaminant migration 

extended approximately 270 m beyond the brine pond dyke ( 1 00 m past the perimeter 

drain). Some sections of drain may not be as effective as the southern section 

because the southern section of the drain was the deepest and thereby was more 

successful at intercepting contaminated groundwater. Simulated brine migration was 

simulated slightly beyond one location along the northeastern section of the perimeter 

collection system. This overestimation was thought to be associated with the 

coarseness of the lateral mesh at this location. Brine also impacted the area 

approximately 1 00 m to the southeast of the southeastern section of the perimeter 

drain in the vicinity of slough S-45. 

By 1 00 years of simulated time it was evident that brine migration from the northern 

corner of the tailings pile was occurring. This northwestward leading edge of this 

plume was simulated to approximately 225 m and 325 m by 250 years and 500 years 

of simulated time, respectively. 

By 2468, the leading edges of the plume had migrated about 140m, 140m, and 180m 

to the southwest, south, and southeast of the perimeter drain, respectively. The 

northeast migrating plume appeared to be effectively static, extending as far as the 

northeastern section of the perimeter drain. Simulated lateral brine impact in the 
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surficial stratified drift was mitigated by the perimeter collection system for the base 

case. 

Simulated Vertical Brine Migration in the Base Case Mesh 

Figure D7 shows the vertical extent of the plume after 1969, 1984, 2000, 2068, 2218, 

and 2468. 

Figure 07 Vertical brine plume extent for the base case 

(transient sensitivity analysis). 

The cross-section shows rapid brine migration vertically downward with little lateral 

migration after 1 year. The maximum depth of brine infiltration was approximately 16 
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m after 1 year (beneath southwest brine pond dyke). The rapid penetration was 

predominately due to the coarse discretization of the mesh utilized in the base case 

preliminary transient simulation. 

The simulated plume reached a maximum depth of approximately 20m (along the line 

of section) toward the southwest edge of the outer brine pond by 1984. The plume 

was established in the upper part of the Floral tills beneath the brine pond. Brine 

impact was simulated to an average of 12 m depth beneath the TMA. Vertical 

migration of brine occurred at about 0.80 to 1.4 m/y over the 16 years of simulated 

time. The length of the plume along the line of section was approximately 2.8 km in 

1984. 

By 2000, lower TOS concentrations ( < 1 00 g/L) were simulated in the unfractured 

Floral till while higher concentrated brine {> 1 00 g/L) began to impact the fractured 

Floral till. The maximum depth of brine infiltration (20.8 m) was simulated beneath the 

southwest brine pond dyke (corresponding to AP1). Brine impact at AP2 extended to a 

depth of approximately 15m. Brine migrated vertically downward at a maximum rate 

of 0.12 m/y between 1984 and 2000 at AP2, slightly below the expected range of 0.2 to 

0.5 m/y. 

Figure 07 (e) shows the vertical distribution of brine along the line of section in 2218. 

The leading edge of the brine front descended to an approximate depth of 37 m (AP1 ). 

Brine penetrated to about 26 mbgs beneath the northern corner of the tailings pile. 

Vertical brine impact extended to approximately 19 m depth at AP2. After 250 years of 

simulated time, the base case transient model began to develop lobes of dense solute 

that descended at greater rates than the surrounding low TOS concentration 

groundwater. Brine plumes typically sink at the edge of constant concentration 

boundaries due to the large density variation between this boundary and the adjacent 

cell. The resultant lobes of dense solute that descended at the edges of the dykes 

were characteristic of simulations with large density contrasts (Oldenburg and Pruess, 

1995; Voss and Souza, 1987; Kolditz et al., 1998; Elder, 1967; and Uwiera, 1998). 

Figure 07 (f) shows that the vertical brine distribution began to influence concentration 

in the Florallntertill Aquifer by 2468 (500 years of simulated time). The simulated TOS 
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concentration was less than 1 0 g/L in this aquifer at the end of preliminary predictive 

modelling. At AP1, brine impacted to a depth of 49.8 m in 2468. The descending 

plume (along the line of section) reached approximate depths of 33 m and 22 m 

beneath the north corner of the tailings pile dyke and at AP2, respectively. The 

secondary lobe that was evident beneath the brine pond after 250 years of simulated 

time was more pronounced in 2468. The average rate of vertical brine infiltration 

varied between 0.04 and 0.10 m/y over the predictive period. This variation in brine 

infiltration rate was attributed to density effects coupled with dispersion and diffusion 

processes within the unfractured Floral till. The decreasing rate of vertical brine 

migration may be due to the model approaching an equilibrium state. The length of the 

plume along the line of section was approximately 3.2 km by 2468. 

D.2.3 Effect of Vertical Discretization on Brine Distribution 

The construction of a conceptual model involves simplification of the natural system, 

while retaining the overall attributes of the groundwater flow system. Reproducible 

field conditions validate this simplification. Reducing the number of nodes used in the 

three-dimensional mesh was part of simplifying the natural system. However, the 

number of nodes in the mesh determines the computational efficiency and accuracy of 

the model. A fine mesh is generally more accurate than a coarse mesh but requires 

more computational effort and expense (lstok, 1989). 

Vertical discretization of a problem domain may be one of the largest influences on the 

output of a coupled flow and transport model that incorporates density effects and 

saturated I unsaturated flow. The preliminary transient simulations (coarse mesh -

160TR01001-3a, medium mesh- 160TR02004-6a, and fine mesh - 160TR03001-3a) 

contained the same number of nodes in each layer, while the number of layers was 

varied to examine the effect of vertical discretization on brine distribution. The 

corresponding number of layers, nodes and elements comprising each 3D mesh for the 

simulations evaluating sensitivity to vertical discretization was given in Table D5. 
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Table 05 Number of layers for hydrostratigraphic units used to evaluate the 

effect of vertical discretization. 

Hydrostratigraphic Coarse Mesh Medium Mesh Fine Mesh 

Unit (Base Case) 

Surficial Deposits 1 1 1 

Battleford Till 2 3 3 

Floral Tills 12 17 20 

Florallntertill Aquifer 1 2 2 

Sutherland Group Tills 7 9 11 

Unnamed lntertill Aquifer 1 1 1 

Hatfield Valley Aquifer 6 8 10 

Total 27 36 45 

Nodes 57,036 77,406 91,665 

Elements 107,568 147,408 175,296 

Simulated Lateral Brine Migration in the Medium Mesh 

Figure 08 shows the lateral brine plume extent in surficial stratified deposits in 1968, 

1984, 2000, 2068, 2218, and 2468. The highest concentrations occurred beneath the 

pile and pond footprint where TDS levels were at the source concentration of 250 g/L. 

Brine impact south of the brine pond was evident after 1 year of simulated transport. 

There was also a slight increase in concentration along the northeast dyke of the 

tailings pile. Comparison with the base case shows that the simulated brine 

distribution was approximately the same after 1 year. 

By 1984 (Figure 08 (b)) the brine plume geometries were similar for each mesh. Brine 

migrated a slightly greater distance <~ 75 m) to the southwest and northeast of the 

TMA and slightly less to the south and southwest relative to the coarse mesh. Brine 

distribution extended to the south-southeast sections of the perimeter drain in 1984 (a 

maximum difference of 150m less than the simulated transport in the base case). The 

discrepancy between the meshes after 16 years of numerical modelling may be 

associated with numerical dispersion or some numerical artifact associated with the 

steady-state solution. Figure 08 suggests that lateral mesh effects have a larger 

influence on the medium mesh relative to the base case. 
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(a) 1968 (b) 1984 

(c) 2000 (d) 2068 

(e) 2218 (f) 2468 

Figure 08 Lateral brine plume extent around the TMA for the medium mesh 

(transient sensitivity analysis). 
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In 2000, the brine distribution in the surficial stratified deposits appeared approximately 

the same as that of the base case with only slight visible differences. The southwest 

leading edge of the plume reached approximately 70 m beyond the perimeter collection 

system. While the maximum extent of the comparable brine plume was about the 

same in the base case, the edge of the plume in the medium mesh appeared more 

uniform. Brine impact south of the brine pond was simulated to the south section of the 

perimeter drain for the medium mesh. The distribution of brine to the northeast, east 

and southeast of the TMA appeared to be approximately equivalent to that of the 

coarse mesh. 

The edge of the advancing brine plume appeared increasingly "smooth" by 2068 

relative to the base case. Closer inspection of the file containing analysis options, 

material properties, boundary conditions and other FEMWATER inputs revealed that 

the perimeter collection system was not added to the medium mesh simulation. The 

"smoothing" of the brine front with time was attributed to the unbounded (no 

constructed brine control features) lateral migration of brine due to advection, 

dispersion and diffusion. 

Figure 08 (e) and (f) show the lateral extent of brine impact in 2218 and 2468, 

respectively. The lateral distribution of brine north, northeast and east of the tailings 

pile was significantly greater than the coarse mesh. The plume geometry was similar 

to that of the base case but overall the lateral impact was greater for the medium 

mesh. By 2468, the leading edges of the lateral brine plume had reached 

approximately 190 m, 115 m, and 160 m southwest, south and southeast of the 

perimeter drain, respectively. The northeast and northwestward migrating brine plume 

was approximately 100 m greater than that of the base case. Generally, the medium 

mesh indicated that the absence of a perimeter drain resulted in greater lateral brine 

impact radially around the mine site. 

Simulated Vertical Brine Migration in the Medium Mesh 

Figure 09 illustrates the vertical brine impact in 1969, 1984, 2000, 2068, 2218 and 

2468 for the medium mesh. The plume geometries of each simulation were similar 

after 1 year. Generally the brine front migrated vertically downward at a slower rate in 

the medium mesh compared to the base case. Increased lateral spreading of brine 
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due to the lack of a perimeter drain may have resulted in a decrease in vertical brine 

migration. Figure 09 (e) and (f) shows the vertical distribution of brine in 2218 and 

2468. While the plume geometries were similar, high concentration brine descended 

further beneath the southern brine pond dyke in the coarse mesh relative to the 

medium mesh along the line of section. 

NE 

•• 

(a) 1968 (b) 1984 

(c) 2000 (d) 2068 

(e) 2218 (f) 2468 

Figure 09 Vertical brine plume extent for the medium mesh 

(transient sensitivity analysis). 

sw 
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Brine impact was simulated to a maximum depth of 47 m beneath the southwest brine 

pond dyke (approximately 3 m less than the base case). Vertical brine migration was 

simulated to about 20 mbgs at AP2. The length of the plume along the line of section 

was approximately 3.5 km by 2468. 
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Simulated Lateral Brine Migration in the Fine Mesh 

Figure 010 shows the lateral brine plume extent around the TMA for the fine mesh in 

1968, 1984, 2000, 2068, 2218, and 2468. The highest TOS concentrations were 

simulated beneath the pile and pond footprint and had the applied source 

concentration of 250 g/L. Brine impact in surficial stratified deposits appeared to be 

equivalent to slightly greater than that of the base case after 1 year. The brine 

distribution in 1984 (Figure 010 (b)) compared reasonably well between the coarse 

mesh and the fine mesh. The fine mesh indicated slightly greater lateral brine 

migration relative to the base case after 16 years of simulated time. A difference in 

plume extent of 50 m and 70 m was evident to the southwest and directly south of the 

brine pond, respectively. While the plume geometry was almost identical between 

these runs, the greater lateral migration at several locations in the fine mesh may be a 

function of the vertical discretization. 

Figure 010 (c) indicates that the simulated brine plume that developed in the fine mesh 

impacted a slightly greater area than the base case by 2000. The leading edge of the 

brine plume migrating southwest and south of the brine pond was 28m and 37 m, 

respectively, greater than the base case. The leading edge of the plume was typically 

2 m to 40 m greater in the surficial sand unit and 1 to 1 0 m greater in surficial silts and 

clays with respect to the coarse mesh. Given an approximately equivalent advective 

transport rate in the surficial aquifer, the same applied boundary conditions and model 

inputs, the differences between the fine mesh and the base case were attributed to the 

improved vertical resolution of the fine mesh. The fine mesh represented the Battleford 

and Floral tills with 9 more layers than the base case. The increased number of layers 

in the underlying Saskatoon Group tills impeded downward migration of brine through 

the finer mesh to a greater extent than the coarse mesh. This reduction in the 

downward migration of brine may, in turn, promote lateral transport in the near surface 

materials overlying the low hydraulic conductivity tills. 
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(a) 1968 (b) 1984 

(c) 2000 (d) 2068 

(e) 2218 (f) 2468 

Figure 010 Lateral brine plume extent around the TMA for the fine mesh 

(transient sensitivity analysis). 
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The lateral brine plume geometry was approximately the same as that of the base case 

by 2468, as shown in Figure 010 (f). The difference in near surface lateral brine 

impact was about 25 hectares (ha) between the fine mesh and the base case after 500 

years of simulated time. While brine impacted a slightly greater area in the fine mesh 

relative to the coarse mesh, the overall lateral impact was similar. The apparent 

differences were simulated in the northwest migrating plume and southeast of the 

tailings pile toward slough S-63. The model predicted a majority of the greater lateral 

migration in the low hydraulic conductivity materials. 

Increased vertical discretization may result in increased lateral spreading of the brine 

plume. Higher hydraulic conductivity materials (surficial stratified sand) overlying low 

hydraulic conductivity materials (Battleford and Floral tills) may promote lateral 

migration of brine by decreasing the ability of the contaminant to descend through the 

underlying units. Increasing the vertical discretization likely resulted in improved 

simulation of the vertical brine distribution and contributed to "smoothing" of the brine 

plume geometry. 

Simulated Vertical Brine Migration in the Fine Mesh 

Figure 011 illustrates the vertical brine plume extent in the fine mesh in 1968, 1984, 

2000, 2068, 2218, and 2468. The vertical distribution of brine along the line of section 

for the fine mesh was typically less than the base case after 1 year. Brine extended to 

the fractured floral till horizon beneath the entire TMA for the coarse mesh, while the 

fine mesh shows brine infiltration to this unit in isolated patches beneath the TMA. The 

maximum extent of vertical brine penetration was 11.5 m for the fine mesh (about 4.5 

m less than the coarse mesh). The simulated vertical brine plume extent appeared 

sensitive to the vertical discretization used in the initial stages of modelling. 

By 1984, the extent of the vertical brine plume was 3 to 5 m less than that of the base 

case. The coarse mesh simulated lobes of higher concentration brine (> 1 00 g/L) in 

the fractured Floral till, whereas the high concentration brine was still confined to the 

Battleford till in the fine mesh. The discrepancy in values was attributed to the 

increased vertical resolution of the Battleford and Floral tills. Additional layers of low 

hydraulic conductivity near surface may be more effective at impeding the vertical 

migration of brine in the fine mesh. 

026 



NE 

NE 

.... 

(a) 1968 (b) 1984 

(c) 2000 (d) 2068 

(e) 2218 (f) 2468 

Figure 011 Vertical brine plume extent for the fine mesh 

(transient sensitivity analysis). 
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The coarse mesh may initially overestimate the vertical migration of brine due to the 

high concentration I density gradient coupled with coarse discretization of near surface 

deposits (surficial stratified drift and Battleford till). This was evidenced by the rapid 

infiltration of brine in these preliminary transient runs relative to the history-matching 

model. Maximum brine penetration rates were approximately 0.9 m/y (averaged over 

the first 16 years) for the history-matching simulation. The preliminary runs averaged 

vertical infiltration rates of 1.0 to 1.5 m over the same duration. The more rapid 

penetration of brine in preliminary transient simulations was attributed to the coarse 

vertical discretization of the surficial and Battleford till (1 to 3 layers) compared to the 
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history-matching model (6 layers). The improved vertical and lateral discretization of 

the history-matching model, coupled with the input of TMA changes at the applicable 

time, produced more accurate simulation of brine migration from the mine site relative 

to the preliminary models. 

Typically large stresses added to a transient model may generate numerical oscillation 

due to the instantaneous change in boundary conditions or material properties. While 

the Peclet number was generally satisfied for both lateral and vertical flow in the vicinity 

of the TMA, increased vertical resolution should reduce slight numerical oscillations in 

a finer mesh, thereby improving the simulation of vertical transport with depth. The 

same holds true for lateral discretization. 

Figure 011 (c) shows the vertical distribution of brine along the line of section in 2000. 

The extent of the vertical brine plume continued to be 3 to 5 m less than that of the 

base case. Overall, the vertical brine plume geometry was approximately the same 

with lobes of dense fluid descending faster at the edges of the applied mass where the 

density I concentration gradient was the greatest. In 2000, a secondary brine plume 

had started to develop beneath the brine pond, similar to the simulated response in the 

coarse mesh. 

The average rate of downward movement for the history-matching model was 0.2 to 

0.3 m/y between 1968 and 2002. The preliminary model runs indicated an average 

vertical infiltration rate of 0.4 to 0. 7 m/y between 1968 and 2002. The preliminary 

simulations typically overestimated the expected downward migration rate of (0.2 to 

0.5 m/y). The coarse mesh had the fastest rate of brine penetration while the history

matching model showed the slowest rate of vertical migration. The initially rapid 

downward migration of brine appeared largely dependent on the vertical resolution of 

the mesh. This sensitivity to discretization should be considered when attempting to 

capture the initial response to loading of waste materials at surface and performing 

short-term(< 70 years) predictive simulations. 

The rate of vertical movement was predicted to be much lower (0.01 to 0.12 m/y) 

between 1997 and 2002 for the history-matching model. The maximum rate of 0.12 

m/y predicted by the preliminary runs for the equivalent period compared to this rate. 
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The "apparent slowing" was attributed to the initial rapid downward movement through 

the surficial deposits and the expected reduction in penetration rate as the plume 

migrated through low hydraulic conductivity materials and approached an equilibrium 

condition. 

By 2068, the vertical brine plume extent was predominantly in the fractured Floral till for 

the fine mesh and the unfractured Floral till for the base case. Table 06 shows the 

approximate depth of the brine front for the modelled meshes. The table indicates that 

predicted brine impact was sensitive to vertical resolution of the mesh. Refinement of 

the mesh appeared to reduce the vertical migration of brine. 

Table 06 Approximate depth of vertical brine penetration for 1 00-year simulation. 

Analysis Point Coarse Mesh Fine Mesh History-Matching 
(Base Case) Mesh 

AP1 21m 18m 11m 
AP2 15m 11m 9m 

Given the overestimation of vertical brine penetration between 1968 and 2000 

generated by the preliminary models, the predictive results for these runs were 

considered suspect. The brine distribution and TOS concentration were relatively well 

matched for the history-matching model, suggesting that increased vertical 

discretization was required to yield realistic rates of vertical brine infiltration. The 

resultant calibrated transient solution and subsequent predictive scenarios could then 

be regarded as reasonable estimates of future conditions. 

Figure 011 (f) shows the vertical brine plume extent in 2468 along the line of section. 

The simulated TOS concentration was less than 5 g/L in the Floral lntertill Aquifer for 

the fine mesh. Predicted brine impact reached a maximum depth of 47 m and 24m at 

AP1 and AP2, respectively. The lobe beneath the north tailings pile dyke descended to 

a maximum depth of 31 m. The fine mesh generally indicated a negative difference of 

1 to 5 m in vertical brine penetration with respect to the base case. The fine mesh 

predicted an approximately 2 m greater depth of brine impact at AP2. The slightly 

higher rate of penetration at this location after 500 years of simulated time may be a 

function of the discretization. 
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Increased discretization may increase the accuracy of solute transport by representing 

materials at a smaller scale. Greater vertical or horizontal discretization likely results in 

a more evenly distributed brine plume due to reduced mesh effects, numerical 

oscillation and dispersion, coupled with more realistic representation of dispersion and 

diffusion (considering these transport processes typically occur on smaller scales than 

represented by a relatively coarse 30 model). 

Figure 012 shows the concentration profiles with time for the top of the unfractured 

Floral till at AP1 and AP2. The base case breakthrough curve showed a more rapid 

increase in concentration relative to the finer meshes at AP1. After approximately 

235 years of simulated brine transport, the simulated TDS concentration in the fine 

mesh exceeded the predicted concentrations in the coarser meshes at AP2. The 

breakthrough profile for the fine mesh appeared more realistic than the almost linear 

profiles predicted by the coarser meshes at this location. The breakthrough profile is 

characteristic of dispersion, diffusion or density processes affecting the distribution of a 

solute. Brine likely descended more slowly at AP2 because of the thick sequence of 

underlying till. Diffusion and density contrasts were considered the dominant 

influences on brine transport in the tills. Increased vertical resolution may better 

estimate diffusion and density-dependent transport because these processes occur on 

a smaller scale (that may be better represented by a fine mesh). Increased vertical 

discretization may better approximate diffusion, thereby increasing the simulated 

"spreading" of solute over time. 

An increased number of layers appeared to be more effective at impeding the 

downward migration of brine while promoting the mixing of solute in all directions. 

Since higher concentration brine continued to push downward from the source, brine 

was likely driven radially outward. This density-driven flow may enhance the lateral 

and vertical migration of solute through the model. The plume appeared more uniform 

in the fine mesh relative to the coarse mesh. Increased vertical resolution was more 

accurate at simulating transport processes that affect brine migration than coarser 

vertical resolution. 
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Figure 012 unfractured Floral till breakthrough profiles at AP1 (a) and AP2 (b). 
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Increased vertical resolution may also promote dispersion, diffusion, and density 

dependent transport processes by better approximating reality with smaller elements. 

The natural system was comprised of small-scale variations that were represented by 

relatively large cells. Increasing the number of layers or elements can result in a more 

accurate numerical portrayal of the natural system. 

Simulated brine migration was sensitive to vertical discretization. Greater vertical 

discretization seemed to predominately affect the rate of downward migration through 

the uppermost layers during initial time stepping of the simulation. Increased vertical 

discretization improved the vertical extent of the brine plume and geometry, the 

estimated TDS concentration, and produced more realistic concentration profiles with 

time. Sufficient vertical discretization was required for the acceptable prediction of 

brine migration, especially over the history-matching period. 

0.2.4 Effect of Applied TDS Concentration on Brine Distribution 

The sensitivity of the solution to concentration was evaluated since density-dependent 

flow is a function of the density and concentration gradient. The TDS concentration of 

brine was increased from 250 g/L to 300 g/L. Increased brine concentration should 

increase the effect of density and diffusion on solute migration, producing slightly 

greater downward and lateral migration. 

It should be noted that the 250 g/L TDS concentration was assumed for preliminary 

modelling runs since information was not made readily available to the author; 

subsequent numerical modelling and compilation of site history data at this site (and 

other similar sites) indicated that a TDS concentration of 300 g/L was a much better 

representation of the source term. The assumed concentration of 250 g/L was 

recognized as a deficiency in the preliminary transient simulations. 

Multiple runs to evaluate the sensitivity of TDS concentration on transient model output 

was not performed due to time constraints. 

032 



Simulated Lateral Brine Migration with Increased Concentration 

Increased brine concentration results in slightly greater lateral migration due to the 

increased concentration/density gradient. Figure 013 (d) shows the extent of lateral 

brine migration for 2068 (after 100 years simulation). Greater lateral migration was 

simulated in almost all directions radially outward from the TMA. The plume extended 

a maximum of 30m further to the southwest, south, or southeast of the southern 

section of the perimeter drain. Higher TDS concentrations were predicted in the 

vicinity of this section of the perimeter drain with the 200 g/L contour as much as 220 m 

downgradient of the equivalent base case contour. 

Brine impact was also predicted beyond the perimeter drain to the northeast, north and 

west of the TMA. The northeast section of the drainage system effectively confined the 

brine plume for the base case, while the plume reached a maximum distance of 1 00 m 

beyond the containment feature for the increased concentration scenario. The extent 

of brine impact due to the northwestward migrating plume was about 365m beyond the 

north corner of the tailings pile (approximately 110 m more than the base case). The 

westward migrating plume extended approximately 70 m further than the base case. 

The southwest, south and southeast leading edges of the brine plume migrated about 

140m, 140 m and 180 m, respectively, beyond the perimeter drain by 2468. This 

predictive result was equivalent to that simulated by the base case. The plumes 

migrating northeast and northwesterly in direction also appeared to correspond with 

that of the base case. The long-time frame of the predictive simulations coupled with 

the increasing coarseness of the mesh laterally may yield increasingly suspect results. 
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(a) 1968 (b) 1984 

(c) 2000 (d) 2068 

(e) 2218 (f) 2468 

Figure 013 Lateral brine plume extent around the TMA for 300 g/L scenario 

(transient sensitivity analysis). 
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Simulated Vertical Brine Migration with Increased Concentration 

Figure 014 illustrates the vertical brine plume extent in 1968, 1984, 2000, 2068, 2218, 

and 2468 under the increased TDS concentration scenario. The coarse vertical 

discretization allows for rapid downward penetration of brine after 32 years of 

simulation. It has previously been noted that this is one of the deficiencies afflicting 

these preliminary models. 

By 2000, the brine reached a maximum depth of approximately 23.6 m (beneath the 

southwest brine pond dyke). While the plume geometry was approximately the same 

along the line section after 32 years of simulation, the depth of vertical brine impact 

was up to 2.8 m greater in the 300 g/L scenario. The increased TDS concentration 

results in greater concentration and density gradients that drive the plume vertically 

downward at an increased rate relative to the base case. Diffusion and density effects 

were expected to be more pronounced as the downward migrating plume encountered 

lower hydraulic conductivity materials (Floral tills). 

The increased TDS concentration scenario predicted greater vertical brine migration 

relative to the base case by 2068. The largest lobe (right) penetrated approximately 

2.0 m further downward with respect to the base case and reached a depth of 30.8 m. 

Brine penetration exceeded that of the base case by 0.5 to 2.1 m along the line of 

section indicating slightly greater vertical contaminant transport. 

After 250 years and 500 years of predictive modelling the maximum depth of brine 

impact was 39.8 m and 54.8 m, respectively. This was approximately 3.0 and 5.0 m 

greater than that simulated by the base case model at the same location (AP1). 

Similar to the base case scenario, the 300 g/L run predicted that the descending brine 

plume may be influencing the Floral lntertill Aquifer but had not exceeded the 10 g/L 

threshold after 500 years. The increased concentration simulation generally simulated 

the vertical extent of brine to be 2.0 to 5.0 m greater relative to the coarse mesh. The 

average rate of brine penetration (5 to 11 cm/y) was only slightly greater than the base 

case (4 to 10 cm/y) over the modelled period. While the results are not significantly 

different, a 50 g/L increase in source concentration appeared to increase vertical brine 

migration. 
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Figure 014 Vertical brine plume extent beneath the TMA for 300 g/L scenario 

(transient sensitivity analysis). 

Brine migrated downward at a slightly greater rate given an increased source 

concentration. Figure 015 shows the breakthrough profile for increased solute 

concentration at the fractured Floral till I unfractured Floral till contact at model 

monitoring point AP1 . The increased concentration simulation shows a greater rate of 

TDS concentration increase relative to the base case. While this higher rate was 

evident over the entire profile, the initial 100 years of simulation show the most 

pronounced difference in rate of concentration increase. 
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Figure 015 unfractured Floral till breakthrough profile at AP1 for 300g/L 

scenario. 

Figure 016 shows the TOS concentration increase with time for the Floral lntertill 

Aquifer at model monitoring point AP1 . After 500 years, the predicted TOS 

concentration in this aquifer was still within the concentration threshold (1 0 g/L). Figure 

016 indicates that the simulation of increased brine concentration influenced the TOS 

concentration of groundwater in the Floral lntertill Aquifer approximately 100 years 

earlier than the base case. 

The numerical simulation of brine migration was sensitive to the applied source term. 

Generally, the higher the concentration (and thereby density) of the source term, the 

greater the vertical extent of brine impact. While the plume geometry and apparent 

gradation of concentrations appeared similar to that of the base case, the vertical and, 

to a lesser extent, the lateral brine plume impact was slightly greater. Hence, 

numerical simulation of brine migration was considered sensitive to changes in source 

concentration. Although it did not appreciably affect the extent of impact as defined in 

this model, accurate representation of source terms should be regarded as essential 

for the transient calibration of TOS concentration. 
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Figure 016 Floral lntertill Aquifer breakthrough profile at AP1 for 300g/L 

scenario. 

0 .2.5 Effect of Hydraulic Conductivity on Brine Distribution 

The sensitivity of the transient solution to hydraulic conductivity (K) was evaluated 

because hydraulic conductivity was often considered the most important parameter 

with respect to contaminant transport. The hydraulic conductivity for all materials was 

increased by six times. While it was recognized that the modelled materials were 

outside of their respective hydraulic conductivity ranges given the dramatic increase in 

K, multiplying the K by six was expected to yield significantly different and unrealistic 

results with respect to the base case. Hydraulic conductivities may vary by several 

orders of magnitude within a single formation and establishing better control on 

hydraulic conductivities was recommended for subsequent modelling exercises. Only 

one transient run was performed to evaluate the sensitivity of the solution to hydraulic 

conductivity. This was considered adequate given time constraints and the fact that 

the transient sensitivity analysis was regarded as purely academic. 
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Simulated Lateral Brine Migration with Increased Hydraulic Conductivity 

Figure 017 shows the lateral brine plume extent in surficial stratified deposits with 

increased hydraulic conductivity in 1968, 1984, 2000, 2068, 2218, and 2468. Brine 

impact was evident beyond the brine pond and tailings pile dykes after 1 year of 

simulation (1968). Comparison with the preliminary base case and the history

matching model indicates more extensive lateral brine impact in the surficial deposits. 

The highest concentrations occurred beneath the pile and pond footprint where TDS 

levels were at the applied source concentration of 250 g/L. 

By 2000, the lateral extent of brine impact was significantly greater than the base case 

after 32 years of simulation. Brine appeared to be migrating radially outward from the 

TMA. Generally, high TDS concentrations (> 100 g/L) reached or surpassed the 

perimeter drain collection system. Mesh effects and numerical dispersion may be 

more prevalent for the increased concentration case. Multiplying the hydraulic 

conductivities of all materials by six over-predicts the lateral migration of brine. The 

southernmost section of the modelled perimeter drain was more effective at impeding 

lateral brine migration relative to the base case. 

The brine plume geometry, TDS concentrations, and simulated extent of brine impact 

differentiates the increased concentration case from the base case and other transient 

solutions. The radial migration of brine from the TMA coupled with greater TDS 

concentration at a further distance from respective sources shows increased lateral 

brine impact with respect to the base case. The estimated extent of brine migration 

was distictly different from the base case at the end of the predictive period. 

The southwest, south and southeast leading edges of the brine plume migrated about 

210m, 160m and 200m, respectively, beyond the perimeter drain by 2468. Increased 

hydraulic conductivity predicted 20 m to 70 m further lateral migration (with respect to 

the base case) in surficial sand aquifer south of the site after 500 years. While 

increasing the concentration slightly increased the lateral impact in the surficial aquifer, 

the most apparent differences were simulated in the low hydraulic conductivity 

materials (Battleford till, surficial silt and clay). 
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Figure 017 Lateral brine plume extent around the TMA for K x 6 scenario 

(transient sensitivity analysis). 
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After 500 years of simulation, brine impact due to the northwestward migrating plume 

was about 565 m beyond the north corner of the tailings pile (approximately 310m to 

500 m more than the base case scenario). The difference between the increased K 

simulation and the base case was that the northwestward migrating plume extended 

outward along the entire length of the northwest tailings pile and brine pond dykes. 

The northeast migrating plume did not show an appreciable difference in lateral 

migration but the TDS concentration was approximately 125 g/L with respect to the 

base case. The higher applied hydraulic conductivity allows brine to spread radially 

from the source whereas before it was somewhat confined by lower hydraulic 

conductivity materials. Again the increasing coarseness of the mesh laterally may yield 

increasingly suspect results at distance from the TMA. 

Simulated Vertical Brine Migration with Increased Hydraulic Conductivity 

Figure 014 shows the vertical brine plume extent in 1968, 1984, 2000, 2068, 2218, and 

2468 under the increased K scenario. The increased hydraulic conductivity produced 

improbable brine infiltration rates that considerably exceeded both simulated and 

measured response. The hydraulic conductivities applied in this scenario were 

typically greater than the K range for respective materials. 

After 32 years of simulation (2000) the maximum depth of brine infiltration was 

approximately 42.8 m (beneath the southwest brine pond dyke). The plume spread 

vertically downward at a faster rate relative to the base case. The extent of vertical 

brine impact varied from 3.5 m to 22.0 m greater than the base case for 2000. The 

smallest difference (3.5 m) in vertical extent was beneath the central portion of the 

tailings pile. The descending brine plume may be forcing natural groundwater flow 

outward and upward around these lobes of high TDS solute (evident along the edges 

of the brine pond and tailings pile dyke). Brine descended 11 cm/y to 69 cm/y faster 

(with respect to the base case) for the increased hydraulic conductivity scenario. 

It is interesting to note that the plume shape was similar to that of the base case. The 

stepped solute front with faster descending lobes at the edges and the secondary lobe 

beneath the brine pond were present in all preliminary scenarios. Increased hydraulic 

conductivity seemed to blend some of these features over time. This may be indicative 
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of excessive numerical dispersion due to the coarseness of the mesh and increased 

hydraulic conductivity. 
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Figure 018 Vertical brine plume extent beneath TMA for K x 6 scenario 

(transient sensitivity analysis). 

After only 250 years, brine impact in the Floral Aquifer was widespread beneath the 

site and migrated laterally outward from the footprint of the TMA. The TDS 

concentration exceeds the background level (1 0 g/L) in the Floral lntertill Aquifer after 

85 years of simulation for the 6 x K scenario. The Floral lntertill Aquifer I Sutherland till 

contact was somewhat effective at impeding downward solute migration, forcing brine 

to move outward along this contact. The rapid vertical migration due to higher 

042 



hydraulic conductivities increased the driving force exerted by the descending plume. 

When applied to a relatively impermeable Sutherland tills, the weight of the overlying 

plume pushed solute radially outward along the contact. Figure 019 shows this 

phenomena as the simulated brine plume advanced into the Floral lntertill Aquifer. 

By 2468, the vertical distribution of brine was significantly different than the base case. 

The maximum depth of vertical brine migration was 96.8 m (47 m greater than the base 

case). Brine migration was simulated in the Sutherland till and pushed outward in a 

radially pattern within the Floral lntertill Aquifer. Lateral spreading of the plume in the 

Floral lntertill Aquifer extended a maximum distance of about 1,100 m to the southwest 

of the brine pond I tailings pile footprint. 
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Figure 019 Lateral brine plume extent beneath the TMA in the Floral lntertill 

Aquifer after 500 years (6 x K scenario). 

Figure 019 shows the distribution of brine in the Floral lntertill Aquifer at 500 years of 

simulation for the 6 x K scenario. The spreading of brine in all directions away from the 

highly concentrated plume directly beneath the pile suggests density-driven flow. 

When the brine reached the base of the aquifer it was effectively confined by the low 
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hydraulic conductivity Sutherland tills. The solute was forced to migrate laterally along 

this contact because of advection, dispersion and the driving force of the dense brine 

plume above. The descending plume may create its own advective gradient driving 

brine laterally in all directions. Hydraulic conductivity significantly affects the 

groundwater flow system and solute transport. 

The TDS concentration increased at a much greater rate in materials underlying the 

TMA for the 6 x K scenario. Figure 020 shows the breakthrough profile for the 

unfractured Floral till at model monitoring point AP1 . Increased hydraulic conductivity 

caused a significantly higher rate of brine penetration relative to the base case. The 

breakthrough profile approximates plug flow, typically indicative of advective transport. 

The initial density contrast coupled with increased hydraulic conductivity may 

effectively create a driving force like a piston; the brine in the TMA pushed solute 

downward, which was accommodated by the increased hydraulic conductivity of the 

underlying formations. The increased rate of vertical brine migration likely affected the 

natural groundwater flow system, inducing radially outward flow at a greater rate than 

the base case. 
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Figure 020 unfractured Floral till breakthrough profile at AP1 for K x 6 scenario. 
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Figure 021 shows the TDS concentration increase with time for the Floral lntertill 

Aquifer at model monitoring point AP1 . Simulated breakthrough into the Floral Aquifer 

occurred at approximately 85 years for the increased hydraulic conductivity scenario. 

Simulated vertical brine migration through tills of the Saskatoon Group had maximum 

rate of 0.7 m/y, which exceeded the expected rate of 0.2 to 0.5 m/year through thick till 

units. Hence, the rate of downward solute transport was too high and six times the 

hydraulic conductivity of the base case produces unrealistic results. The average rate 

of vertical brine infiltration for this scenario varied between 0.09 and 0.19 m/y over the 

predictive period. 

250 

200 

::i 
s 150 
c 
0 
;:; 
I! c 
CD 

g 100 
0 
0 

50 

0 
0 

............ ~ 

-+- bas e case (coarsE mesh) 

~v 
......-

....... ax hydraulic cond uctivity 

/ 
I v 

_/r-
-

100 200 300 400 500 
Time (Years) 

Figure 021 Floral lntertill Aquifer breakthrough profile at AP1 for K x 6 scenario. 

The influence of hydraulic conductivity on the lateral and vertical migration of solute in 

a groundwater flow system was considerable. Type Ill sensitivity is exhibited by the 

variation of hydraulic conductivity since significant changes in both the calibration 

residuals and model conclusions were simulated. 
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