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ABSTRACT

This thesis describes numerical modelling studies conducted to quantify the

regional groundwater flow system of a 3400 km2 region between the North and

South Saskatchewan rivers, west of Saskatoon, Canada. Two potash mines and

their associated waste management areas (WMAs) are present within this

region. The primary objectives involved in this task were the development of a

regional scale 3-D flow model of the area, and subsequent prediction of

advective solute migration using a particle tracking transport model.

The hydrostratigraphy of the area consists of the preglacial, glacial, and post

glacial sediments deposited since the Late Upper Cretaceous Period.

Specifically, three aquifer and three aquitard units were identified from borehole

information (over 300 boreholes). In descending order these units are: 1) the

surficial stratified sediments(aquifer); 2) the Saskatoon Group till (aquitard); 3)

the Floral Formation sand (Dalmeny Aquifer/channel aquifers); 4) the Sutherland

Group/Bearpaw Formation (aquitard); 5) the Tyner Valley Aquifer System

(aquifer); and 6) the Lea Park Formation (aquitard).

Using borehole information, a complex, five layer, finite difference model with

over 60000 nodes was developed using the USGS modelling code MODFLOW.

"Trial and error" simulations were conducted using a variety of aquifer

parameters and aquifer configurations. A calibrated model was obtained using a

calibration target of ± 5 m (mean absolute error) between the observed and

calculated heads at a number of well locations (approximately 100 data points).

Hydraulic head distributions and flow velocities were estimated for the identified

aquifers.

Using the calibrated hydraulic head distribution and estimates of flow, a particle
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tracking simulation was performed using the USGS particle tracking code

MODPATH. Tracking was completed for "best" and llworst case" scenarios for

fractured and unfractured Saskatoon Group till and for different initial conditions

(particle locations). The model predictions suggest that there is limited potential

for far-field advective brine migration from the WMAs within a 100 year time

period.

The study has highlighted a number of data discrepancies, and the limited

amount of information available to construct a conceptual hydrostratigraphic

model. It also identified a number of areas in which further research could be

conducted, including site-specific studies to investigate the effects of dispersion,

density, and degree of fracturing on solute migration.
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CHAPTER 1

INTRODUCTION

Potash mines in Saskatchewan have been operating continuously since 1962

(Tallin et al., 1990). The potash ore extracted is obtained from the upper 70 m of

the Prairie Evaporite Formation, located at a depth of approximately 1000 -

2500 m. The potash ore is composed primarily of halite (NaCI) and sylvite (KCI),

and in some places carnallite (KMgCI306H20) (Fuzesy, 1982). For every tonne of

KCI that is refined, 2 tonnes of waste NaCI are produced along with 1-2 m3 of

highly concentrated brine (Tallin et al., 1990). Potash production over the past

35 years has resulted in large volumes of brine and solid waste NaCI to be

stored on the ground surface in large dyked disposal ponds and tailings piles

located adjacent to mine compounds. These waste management areas (WMAs)

are not only large (e.g., PCS Cory Division WMA currently covers approximately

250 ha) but ore reserves are substantial (in excess of 100 years production),

thus these areas are not only aesthetically displeasing, but leakage of brine from

the containment facilities poses a potential threat to the local environment

(Meneley, 1989).

Saskatchewan's potash mining companies are developing decommissioning

plans for their potash mines. At present, one of the waste disposal options being

pursued involves long term deep well injection of brine into geological formations

beneath the mine sites. Due to the long time period needed to dissipate the

extensive tailings and brine accumulations present in these WMAs, research into

the migration potential of the brine is required. This thesis quantifies the

potential extent of regional brine migration from the Potash Corporation of

Saskatchewan Inc. Cory Division (Cory) WMA, and Agrium Inc. Vanscoy

(Vanscoy) WMA.
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1.1 PROJECT OBJECTIVES

The primary objective of the project was to quantify the regional groundwater

flow regime of the area west of Saskatoon between the North and South

Saskatchewan rivers, and to evaluate the potential extent of brine seepage from

the PCS Cory WMA, and the Agrium Vanscoy Inc. WMA. That is, the objective

was to study the potential environmental impact of brine migrating from the

containment facilities. The primary objective was investigated through the

application of 3-D numerical flow and transport modelling.

More specifically the objectives were the:

1. Development of a 3-D geological interpretation of the Quaternary,

Tertiary, and Upper Cretaceous stratigraphy;

2. Development of a 3-D groundwater conceptual model of the

hydrostratigraphy;

3. Development of a calibrated regional groundwater flow model;

4. Prediction of particle pathways for advection of a conservative tracer from

the WMA; and

5. Application of a sensitivity analysis to quantify the limitations of the

models.

The U.S. Department of Defense Groundwater Modelling System (GMS) (EGCL

Bringham Young University, 1996) was used as the interface environment for

3-D stratigraphic modelling, and groundwater flow and particle tracking

simulations. GMS is a comprehensive graphical user environment for performing

groundwater simulations. GMS supports several well-known numerical flow and

contaminant transport models (MODFLOW, MT3D, MODPATH, FEMWATER),

and provides tools for characterization of stratigraphic units, model

conceptualization, mesh and grid generation, geostatistics, and post-processing.
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The GMS interface was developed in a joint venture between the U.S. Army

Engineers Waterways Experiment Station (WES) and the Engineering Computer

Graphics Laboratory (ECGL) of Brigham Young University.

1.2 LOCATION

The study region is located in south central Saskatchewan, Canada, within the

cold semiarid region of the Great Plains of North America. The study area

covers approximately 3400 km2 and consists of the region enclosed by the

waterways of the North Saskatchewan River, South Saskatchewan River, Eagle

Creek (Figure 1), and the approximate UTM coordinates: 344000EI 5753500N,

379000E/5752000N, 371000E/5822500N, and 409000E/5811 OOON (Map 1).

This covers all or parts of Range 3 Townships 39-40, Range 4 Townships 37-40,

Range 5 Townships 36-40, Ranges 6 and 7 Townships 34-41, RangeS8-10

Townships 34-39, west of the third meridian.

Within the study region are two potash mines, PCS Cory Division and Agrium

Inc. Vanscoy (Figure 1, Map 1). The PCS Cory Division (Cory) mine is situated

approximately 10 km west of Saskatoon (Map 1). The Cory mine property is

enclosed by the approximate UTM coordinates 370600E/5769900N,

370600E/5774300N, 373350E/5774300N and 373350E/5769900N. This area

covers all or parts of Range 6, Township 36, Sections 7,18, and 19 and Range 7,

Township 36, Sections 11,12,13,14,23, and 24, west of the third meridian.

The Agrium Inc. Vanscoy (Vanscoy) mine is situated, approximately 28 km

southwest of Saskatoon (Map 1). The mine property is enclosed by the

approximate UTM coordinates 358500E/5762800N, 358500E/5765000N,

356700E/5762800N and 356700E/5765000N. This area covers all or parts of

Range 8, Township 35, Sections 9,10,15,16,17,21 and 22, west of the third

meridian.
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1.3 REGIONAL PHYSIOGRAPHY

Over the last 2 million years, Saskatchewan has undergone several periods of

glaciation, with the final deglaciation occurring between approximately 17000

and 10000 years ago (Christiansen, 1979a). During these periods of glaciation,

vast ice sheets eroded rocks of the Pre-Cambrian shield and the overlying

sedimentary cover. These eroded materials were redeposited as thick

sequences of glacial tills, and stratified glaciofluvial and glaciolacustrine

deposits. The physiography of the study area reflects this glacial activity and

subsequent erosion from meltwaters and meteoric waters during and following

the retreat of the last glacier.

The study area exhibits approximately 120 m of topographic relief (Figure 2).

The lowest elevations (approximately 440 m) occur at the northern limit of the

North Saskatchewan River valley and the topographic highs (approximately

560 m) are formed by the hills located in the southwest portion of the study area.

More detailed topographic contours are provided on Map 1.

The physiography of the study area is characterized by a relatively gently

undulating terrain with little relief. Because of this undulating terrain, surface

runoff is small relative to the annual precipitation, and most of the surface runoff

occurs over a short period during the spring. A number of permanent and

seasonal bodies of water exist within the region varying in size from meters to

kilometers in diameter.

There are a number of prominent physiographical features that influence surface

drainage in the region. These features are the valleys of the North

Saskatchewan River, the South Saskatchewan River, Eagle Creek and Rice

Lake and its tributaries. Water flow in the North and South Saskatchewan Rivers

is from southwest to northeast, while surface water in Eagle Creek flows from
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south to north, eventually draining into the North Saskatchewan River. Surface

water within the catchment surrounding Rice Lake flows into the lake, from which

no outflow occurs. The direction of surface drainage is governed by the

topography of the region, with water divides located along the center of

topographic highs. Five general surface drainage directions exist within the

modelling region and are illustrated in Figure 2.

The most prominent drainage feature in the vicinity of the Cory WMA is the

broad shallow depression outlined by the 500 m contour line (Figure 3). This

depression appears to the north of the site and extends to the southeast

towards, Moon Lake. This depression acted as a conduit for meltwaters during

the recession of the final glacial period in the Upper Pleistocene Period

(Christiansen, 1994). Two smaller channels exist to the northeast of the Cory

WMA, and it is assumed that these channels have a similar origin. There is a

visible amount of surface water present within these channels. This water flows

in a southeastern direction, eventually ending up in the South Saskatchewan

River.
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CHAPTER 2

GEOLOGY

The stratigraphy and lithologies in the study area consists of all the sediments

deposited since the Late Cretaceous (Figure 4). In ascending order these

deposits consist of:

1 Upper Cretaceous consolidated sands, silts and shales;

2 Proglacial and preglacial valley fill stratified deposits;

3 Glacial drift composed of glacial till, glaciofluvial and glaciolacustrine

deposits; and

4 Post-glacial, surficial stratified deposits.

The stratigraphy formed by the above lithologies is discussed in detail below.

2.1 BEDROCK STRATIGRAPHY

The Upper Cretaceous bedrock stratigraphic units of interest represent materials

deposited over a 18 Ma period between approximately 84 Ma and 66 Ma. In

ascending order these deposits form:

1. The Lea Park Formation;

2. The Judith River Formation; and

3. The Bearpaw Formation.

The formations are differentiated in boreholes within the study area on the basis

of their relative stratigraphic position, lithological descriptions and on their

geophysical signatures (gamma-ray, spontaneous potential and point resistance

logs). Borehole logs showing typical geophysical traces and lithological
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descriptions of the bedrock formations are shown in Figures 5 and 6.

The bedrock surface in the region varies between approximately 365 to

490 m as!. The bedrock topography has been affected by a number of post

depositional events including salt dissolution collapse, and pre-glacial, glacial

and glacio-fluvial erosion (Christiansen, 1970).

2.1.1 LEA PARK FORMATION

The Lea Park Formation consists of primarily overconsolidated, non-calcareous

marine silts and clays. The unit is approximately 250 m thick in the area of the

Cory site and is over 275 m thick in the vicinity of the Vanscoy WMA (Maathuis

and van der Kamp, 1994). The formation is laterally continuous over the entire

study area, and has been subjected to substantial post-depositional erosion.

2.1.2 JUDITH RIVER FORMATION

The Judith River Formation consists of marine and non-marine deltaic silts and

sands containing concretionary and carbonaceous zones. The thickness of the

formation is highly variable due to large amounts of post-depositional erosion,

and reaches accumulations of approximately 60 m.

2.1.3 BEARPAW FORMATION

The Bearpaw Formation, the youngest bedrock unit in the region, consists of

non-calcareous, overconsolidated, marine silts and clays. The thickness of the

Bearpaw Formation may reach over 80 m in the area and appears mainly in salt

collapse structures or as erosional remnants (Maathuis et a/., 1994).
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2.2 QUATERNARY STRATIGRAPHY

The Quaternary deposits in the Saskatoon area have been investigated

intermittently, and a number of papers on the Quaternary stratigraphy of the

region have been published (e.g.: Christiansen, 1968a; Christiansen, 1968b;

Christiansen, 1970; Whitaker and Christiansen, 1972; Christiansen, 1992;

Christiansen and Sauer, 1994). The Quaternary deposits represent preglacial,

glacial, and postglacial sediments deposited since approximately 1.5 Ma. These

deposits are divided into the Empress Group, the Sutherland Group and the

Saskatoon Group (Figure 4). The Empress Group is differentiated in boreholes

from the underlying bedrock units based on lithological description and

geophysical signature. The Sutherland Group and Saskatoon Group are

differentiated on the basis of the carbonate content of the tills, the stratigraphic

relationship between the till and inter-till deposits, the presence of oxidized

zones, and their electric-log signatures. Both the Sutherland Group and the

Saskatoon Group have been subdivided into formations. Each formation is

defined primarily on the basis of carbonate content, the relative stratigraphic

position of till and inter-till deposits, electric-log signatures, and pre

consolidation pressures. The formations are also commonly bounded by

weathered zones and non-glacial sediments. Locally, all or part of any formation

may be missing as a result of non-deposition or erosion. The Saskatoon Group

is subdivided into the Floral Formation and the Battleford Formation (Figure 4).

Typical lithological, stratigraphic and geophysical logs for the Pleistocene

deposits in the study area are located in Figures 5,6,7, and 8.

2.2.1 EMPRESS GROUP

The Empress Group has been described in detail throughout Saskatchewan
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as stratified gravel, sand, silt and clay of Late Tertiary to Quaternary age

(Whitaker and Christiansen, 1972). The Empress Group includes a wide variety

of lithologies, which were lain down as fluvial, lacustrine, and colluvial deposits

on the bedrock surface prior to and during glaciation. The thickness of the

Empress Group varies between approximately 0 and 90 m in the study area.

The lower contact of the Empress Group is probably preglacial, indicated by the

presence of inter-bedded chert and quartzite gravel that occurs as an erosional

unconformity (Christiansen, 1992). The basal contact of the Empress Group is

generally distinct, with the sediments showing highly variable spontaneous

potential and electric-log signatures compared to the underlying uniform bedrock

values (Figure 8). The sands of the Empress Group are generally friable and are

thus easily distinguished from the more consolidated Judith River Formation.

The upper contact of the Empress Group is usually identified as the contact

between the lower stratified gravels, silts, sands and clays, and the overlying

glacial tills.

2.2.2 SUTHERLAND GROUP

The Sutherland Group is defined as the glacial drift that occurs between the

Empress Group and the Saskatoon Group (Christiansen, 1968a). The

Sutherland Group consists predominantly of glacial till, but stratified deposits of

sand, silt, gravel and clay are not uncommon. The Sutherland Group reaches

thicknesses of over 80 m in the study area.

The Sutherland Group is subdivided into the Mennon Formation, the Dundurn

Formation, and the Warman Formation. These divisions are made primarily on

the basis of carbonate content, clay content, and the presence of weathered

zones. In this investigation the tills of the Sutherland Group were not

differentiated due to lack of carbonate content information.
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The Sutherland Group may be distinguished from the Saskatoon Group on the

basis of E-Iog signature and carbonate content, with the tills of the Saskatoon

Group yielding higher values of both with respect to the tills of the Sutherland

Group (Figure 5).

The majority of the lower contact of the Sutherland Group usually represents an

unconformity due to non-deposition or erosion, but in places it shows a

conformable contact where the Mennon Formation underlies the proglacial

deposits of the Upper Empress Group. The upper contact of the Sutherland

Group is unconformable with the Saskatoon Group and often shows a zone of

weathering.

2.2.3 SASKATOON GROUP

The Saskatoon Group was first proposed by Christiansen (1968a) as the portion

of drift lying between the Sutherland Group and the topographic surface. The

Saskatoon Group is subdivided into the Floral Formation, the Battleford

Formation, and the overlying surficial stratified deposits.

2.2.3.1 FLORAL FORMATION

The Floral Formation was proposed by Christiansen (1968a) as the till lying

between the Sutherland Group and the Battleford Formation. The Floral

Formation tills are informally subdivided into a lower unit and an upper unit,

which show similar lithologic and geophysical characteristics, and are separated

by the sand and gravel Riddell Member. The sediments of the Floral Formation

reach a thickness of over 65 m in the study area.

The till of the Floral Formation is composed primarily of high carbonate, pale

olive to pale yellow, silty/sandy clays, which are easily distinguished from those
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of the Battleford due to the oxidation staining of the joints in the upper till

member, color contrast, and on the basis of preconsolidation pressures (Sauer

et al., 1993). The Riddell Member consists of sand and gravel containing

fossilized bone, wood and shells.

2.2.3.2 BATTLEFORD FORMATION

The Battleford Formation was originally defined by Christiansen (1968b) as the

glacial deposits between the Floral Formation and the postglacial surficial

stratified deposits. The thickness of the Battleford Formation varies between

approximately 0 and 15 m.

The tills of the Battleford Formation are grey to light olive grey, massive, soft and

unstained. The base of the Battleford Formation is unconformable with the

underlying glacial sediments and is often marked by a soled and striated boulder

pavement (Christiansen, 1992).

2.2.3.3 SURFICIAL STRATIFIED DEPOSITS

Surficial stratified deposits is an unofficial name for the sediment of deglacial and

postglacial origin deposited between the Battleford Formation and present land

surface. The surficial stratified sediments in the region reach thicknesses of over

85 m, but generally occur in accumulations less than 20 m.

If these surficial stratified sediments are of glaciolacustrine origin, then the

contact between the Battleford Formation and the surficial deposits appears to

be conformable and gradational (Christiansen, 1992). Recent work by

Christiansen (1994) has subdivided the surficial deposits, but the subdivisions

were not used in this investigation.
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CHAPTER 3
HYDROGEOLOGY

The first step in development of a numerical flow model is the development of a

hydrogeological conceptual model, which is a simplified representation of the

flow system. A valid hydrogeological conceptual model of the flow system is a

necessary prerequisite to constructing a reasonable numerical model. To

proceed with a numerical computer model, it is crucial to properly identify the

following:

1. A region large enough to minimize boundary artifacts in areas of interest;

2. Aquifer and aquitard units and their geometric configuration;

3. Appropriate hydraulic properties of the aquifers and aquitards including

hydraulic conductivities and porosities;

4. Appropriate hydrogeological boundary conditions for the groundwater flow

system; and

5. Estimates of the magnitude of recharge and the areal extent of recharge

areas.

3.1 HYDROSTRATIGRAPHIC MODELLING

3.1.1 HYDRAULIC PROPERTIES

The first step in the development of a hydrostratigraphical model is to assign

hydraulic properties to those material properties which control fluid flow. These

spatial variations in hydraulic conductivity playa critical role in controlling

contaminant transport processes in groundwater flow systems.

Prior to the development of the hydrostratigraphical model, it was necessary to
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predict the potential range of the hydraulic conductivity, and porosity values for

each of the stratigraphic units. A literature survey was completed to obtain

hydraulic conductivity ranges for the individual stratigraphic units in the study

area. The results are outlined below and summarized in Table 3.1.

3.1.1.1 LOW HYDRAULIC CONDUCTIVITY UNITS

The major sedimentary units in the area with low hydraulic conductivities are the

sequences of Quaternary tills and the Upper Cretaceous silts and clays (Figure

4). The hydraulic conductivity of these stratigraphic units varies over several

orders of magnitude depending on the presence of fractures. Maathuis and van

der Kamp (1994) carried out an extensive literature review of site investigations

conducted in Quaternary tills throughout Saskatchewan in recent years. They

described three forms of till present within the study region:

1. Till that is oxidized and highly fractured, showing visible oxidation staining

along joint surfaces, generally occurring at less than 10m below ground

elevation. The hydraulic conductivity of this type of till ranges between

1x1 0-8 to 1x1 0-7 m/s. Till of this type is usually present as the upper till

unit in the Floral Formation.

2. Till that is unoxidized and is less fractured, generally occurring at depths

less than 30 m. This type of till occurs as the unoxidized till of the Floral

Formation, and studies have shown bulk hydraulic conductivities in the

range of 1x1 0-9 to 1x1 0-8 m/s.

3. Till that is unoxidized and is unfractured, occurs at depths greater than

10m and is over 30 m thick. This till occurs in the thick accumulations of

the Sutherland Group. Since no secondary porosity is present, these tills

have bulk hydraulic conductivities of 1x1 0-11 to 1x1 0-10 m/s.
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Table 3.1 - Potential Range of Porosity and Hydraulic Conductivity for the
Stratigraphic Sediments in the Study Region

Stratigraphic Unit Porosity Hydraulic Conductivity

Surficial Stratified Drift 40 - 500/0 (2) 1x1 0-7 to 8x10-4m/s (3)

25 - 500/0 (3) >1x1 0-7 m/s (1)

Floral Formation Till 20 - 300/0 (2) 1x1 0-9 to 3x10-9 m/s (1)

nf > 0.0002(4) 1x1 0-9 to 1x1 0-7 m/s (2)

5x10-9 m/s (5)

Floral Formation Sand, 25 - 500/0 (3) 3.5x10-5 to 4x10-4m/s (1)

Silt and Gravel

Sutherland Group Till 30 - 35°10 (2) 1x1 0-11 to 1x1 0-10 m/s (2)

Bearpaw Formation o- 10°10 (3) 1x1 0-12 to 1x1 0-10 m/s (3)

Judith River Formation 5 - 300/0 (3) 6x10-6 to 1x1 0-5 m/s (1)

1x1 0-7 to 5x10-6 m/s (3)

Empress Group 25 - 50°/0 (3) 1X1 0-7 to 8x10-4m/s (3)

Lea Park Formation o-100/0 (3) 1x1 0-12 to 1x1 0-10 m/s (3)

(1) Maathuis et al., 1994
(2) Maathuis and van der Kamp, 1994
(3) Estimate based on Freeze and Cherry, 1979
(4) Grisak, 1975
(5) Keller et al., 1986

nf =Fracture porosity
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Pump tests conducted at the Cory mine site indicated that the bulk hydraulic

conductivity of the Floral Formation till is in the range of 1x1 0-9 to 3x10-9 m/s

(Maathuis et al., 1994), and slug tests conducted have yielded horizontal

hydraulic conductivities of about 5x10-9 m/s (Keller st al., 1986).

Porosity values for the till units have been calculated by Maathuis and van der

Kamp (1994) from water content values of samples taken from various mine

sites in Saskatchewan. They estimated the bulk porosity of the tills to be

between 20-30% and 30-35% for the Floral Formation till and the Sutherland

Group till respectively.

There is very sparse information available on the distribution of the fractures

within the Floral Formation till. Keller (1986) reported that the Floral Formation

till contains both vertical and horizontal fractures at a spacing of approximately

10 mm. These fractures are important when considering the transport of ions

through the till because the fractures are the effective pathways. Grisak (1975)

conducted tests using two independent methods and found the fracture porosity

to be greater than approximately 0.0002.

The Upper Cretaceous sediments are shales composed of silts and clays. The

hydraulic conductivity values of these deposits typically vary within the range of

1x1 0-12 to 1x1 0-10 mis, with porosity values less than 10% (Freeze and Cherry,

1979).

3.1.1.2 HIGH HYDRAULIC CONDUCTIVITY UNITS

The high hydraulic conductivity sediments in the region are formed by the

partially consolidated silts and sands of the Upper Cretaceous bedrock, and the

Tertiary and Quaternary sands and gravels (Figure 4). The properties of these
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sediments vary depending on grain size, grain size distribution and amount of

consolidation.

The Judith River Formation is composed of partially consolidated silt and fine

grained sand. The hydraulic conductivity of sandstone generally varies between

approximately 1x1 0-10 and 5x10-6 m/s and the hydraulic conductivity of silty sand

varies between approximately 1x1 0-7 m/s and 8x10-4m/s (Freeze and Cherry,

1979). The Judith River Formation is composed of a combination of these types

of sediments, and based on this observation, the hydraulic conductivity of the

formation is probably between 1x1 0-7 to 5x10-6 m/s. Maathuis et at. (1994)

estimated the hydraulic conductivity of the Judith River Formation to be between

6x10-6 and 1.2x1 0-5 m/s. The porosity of this unit likely falls within the range of 5

to 30%, which is the range of porosities reported for unconsolidated sandstone

by Freeze and Cherry (1979).

The Empress Group is composed of stratified sand, silt and clay. Because of the

complexity of this aquifer unit, the hydraulic properties of this unit are poorly

known. The hydraulic conductivity of this unit is estimated to be between 1x1 0-7

and 8x10-4m/s, which is the range of values of hydraulic conductivity reported for

silty sand by Freeze and Cherry (1979). The porosity for Empress Group will

likely fall between 25 and 50%. This is the range of porosity values reported for

sands and silts by Freeze and Cherry (1979).

The intertill deposits of the Floral Formation contain sediments ranging from

medium grained sand to gravel. The hydraulic conductivity of the Floral

Formation sand beneath the Cory mi ne has been predicted to range from

3.5x10-5 to 4x1 0-4 m/s (Maathuis et a/., 1994). It is estimated that the porosity

for the Floral Formation sand is between 25 and 50 %, which is the typical range

reported for sands by Freeze and Cherry (1979).
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The surficial stratified sediments are composed of a complex arrangement of

stratified sands, silts, and clays, and thus the hydraulic conductivity may vary

significantly depending on location. Because of the lithologic variability of this

unit, the hydraulic properties may vary significantly with location. The bulk

hydraulic conductivity of the surficial stratified drift will be dominated by the

coarser fraction of the matrix. The hydraulic conductivity of silty sand ranges

between 1x1 0-7 m/s and 8x10-4 m/s (Freeze and Cherry, 1979), therefore it is

likely that the average bulk hydraulic conductivity of the surficial sediments will

fall within this range. Maathuis et a/. (1994) estimated the hydraulic conductivity

of the surficial aquifer to be greater than 1x1 0-7 m/s. The porosity of this unit

may vary substantially due to its complex nature, and will likely fall between 25%

and 50%, which is the range for sediments of this type reported by Freeze and

Cherry (1979). Reported values of porosity for samples of surficial stratified

sediments taken from the Vanscoy site are between 40 and 50% (Maathuis and

van der Kamp, 1994).

3.1.2 2-D HYDROSTRATIGRAPHIC MODELLING

The second step in the creation of a 3-D hydrostratigraphical model was the

development of a 2-D hydrostratigraphical model. Due to the complicated

stratigraphy of the area, prior to the development of a 3-D hydrostratigraphical

model, a simple 2-D hydrostratigraphical conceptual model was constructed to

identify the aquifer and aquitard units from the hydraulic conductivity data, and to

describe their approxi mate geometric arrangements. The basis of this model

was derived from reports on the geology and hydrogeology of the area ( eg:

Christiansen, 1968a; Christiansen, 1970; Christiansen, 1992; Christiansen and

Sauer, 1994; Fortin et a/., 1989; Maathuis and van der Kamp, 1994; Maathuis et

a/., 1994; Meneley, 1970; Whitaker and Christiansen, 1972). A schematic

representation of the 2-D conceptual model is shown in Figure 9.
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This model identified the significant aquifers and aquitards in the region

appropriate to the scale of this hydrogeological investigation. The aquifers are

formed by the sediments with high hydraulic conductivities deposited above the

sediments of the Lea Park Formation. The Lea Park Formation was chosen as

the base aquitard for this hydrogeological investigation due to its very low

hydraulic conductivity and because it is present in thick accumulations over the

entire study area. The aquifers of interest in ascending order are therefore the

bedrock aquifer, the glacial aquifers, and the post-glacial surficial aquifers. The

intervening tills and shales are identified as aquitards.

3.1.3 HYDROSTRATIGRAPHY

The arrangement of the aquifer and aquitard sequences identified in the 2-D

hydrostratigraphic model are shown in Figure 10, and are outli ned below.

3.1.3.1 JUDITH RIVER AQUIFER (BEDROCK AQUIFER)

The Judith River Aquifer is the only bedrock aquifer included in this

hydrogeological investigation. The Judith River Aquifer is composed of up to

60 m of partially consolidated fine-grained silts and sands of the Judith River

Formation. It is bounded by the overlying Sutherland Group aquitard, Floral

Formation aquitard, and Bearpaw Formation aquitard, and by the underlying Lea

Park Formation aquitard (Figure 9, Figure 10).

The continuity of the aquifer in the Saskatoon area is affected by collapse

structures and post-depositional erosion. It is present over the entire region

except along the Tyner Valley and its tributaries (Map 2) , where it has been

eroded by channels infilled with the Empress Group and Sutherland Group

sediments of the Tyner Valley Aquifer. Figure 11 shows the approximate areal

extent of the Judith River Aquifer.
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3.1.3.2 TYNER VALLEY AQUIFER

Prior to the periods of glaciation in the Pleistocene, the Western Glaciated Plains

were mature and well integrated and a number of valleys had been incised into

the Upper Cretaceous bedrock sediments (Lennox, 1988). Subsequent valleys

produced during interglacial periods were intermixed with preglacial valleys. The

alluvial deposits that were deposited during preglacial and interglacial periods in

the valleys were covered by glacial tills during the final stages of glaciation,

forming deep buried valley aquifers. The Tyner Valley Aquifer is the major

buried valley aquifer in the immediate vicinity of both the Cory and Vanscoy

mines.

The Tyner Valley Aquifer is the most extensive, and potentially the most

productive aquifer in the Saskatoon area (Meneley, 1970). The approximate

areal extent of the Tyner Valley Aquifer is shown in Figure 11 and on Map 2.

The Tyner Valley Aquifer reaches a thickness of over 90 m including alluvial

deposits, and glaciofluvial silt and sand of the Empress and Sutherland Group

sediments, present along the length of the Tyner Valley (Map 2) and its

tributaries. It is bounded by the overlying Sutherland Group aquitard and the

underlying Lea Park Formation aquitard (Figure 9, Figure 10).

The aquifer is in the vicinity of the Vanscoy site, and is located to the immediate

west of the Cory site (Figure 11).

The Tyner Valley Aquifer is generally composed of coarse grained material, but a

zone of finer grained sediment with low hydraulic conductivity has been identified

by Christiansen (1970) in the Grandora area. It is suspected that this low

hydraulic conductivity zone is a result of collapse of the Sutherland Group

aquitard into the Tyner Valley Aquifer as a result of salt dissolution at depth.
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3.1.3.3 TYNER VALLEY AQUIFER SYSTEM

The Tyner Valley Aquifer System has been described by (Meneley, 1970) as the

permeable units represented by the Tyner Valley Aquifer, the Judith River

Aquifer, in which it is incised along the Tyner Valley and its tributaries, and the

Battleford Valley between the North and South Saskatchewan Rivers. This

grouping is made because the sands of the Judith River Aquifer are contiguous

with those of the Tyner Valley Aquifer, and thus the aquifers function as a single

hydrological unit (Figure 9). The tills of the Sutherland Group aquitard and Floral

Formation aquitard form the overlying confining units of the aquifer system. The

silty clay of the Lea Park Formation aquitard form the basal confining unit of the

system. The Tyner Valley Aquifer System is the largest aquifer in the study area

and, with exception of a limited number of small patches where the Floral

Formation aquitard directly overlies the Lea Park Formation aquitard, it is

laterally continuous over the entire region.

3.1.3.4 FLORAL FORMATION INTERTILL AQUIFERS

The Floral Formation intertill aquifers are composed of glaciofluvial sands and

gravels that occur as extensive blanket bodies or as channel aquifers in buried

valleys. They are confined by glacial aquitards which are composed of low

hydraulic conductivity tills.

3.1.3.4.1 THE DALMENY AQUIFER

Meneley (1970) first described the Dalmeny Aquifer as an intertill aquifer which is

at the interface between the Saskatoon Group and Sutherland Group aquitards.

The sediments which now form the Dalmeny Aquifer originated as a large glacial

outwash area. These sediments were likely formed during the Sangamonian

(Skwarawoolf, 1981) ( the interglacial period between the Illinoian and
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Wisconsinan glaciations). The aquifer is composed of up to 33 m of sand and

gravel that is generally sub-rounded and well sorted (Meneley, 1970). The

aquifer is laterally conti nuous, but over much of the area, a till layer separates

the aquifer into an upper and lower unit. It is bounded by the overlying Floral

Formation and Battleford Formation aquitards, and basally by the till of the

Sutherland Group and Floral Formation aquitards. This basal aquitard unit

separates the Dalmeny Aquifer from the underlying Tyner Valley Aquifer. The

areal extent of the aquifer, and location with respect to the mine sites is shown in

Figure 11, and Map 2.

3.1.3.4.2 FLORAL FORMATION CHANNEL AQUIFERS

The most significant hydrostratigraphical feature in the Cory mine region is the

presence of glacial channel aquifers. The possible presence of subsurface

channel aquifers are suggested by the drill hole data, and by the surface

topography of the area. The topography of the Cory site is dominated by the

broad shallow depression characterized by the 500 m contour line (Figure 3,

Map 1) which appears to the north of the site and extends to the southeast

towards, Moon Lake. According to Christiansen (1994), this depression acted as

a conduit for meltwaters during r~cession of the final glacier in the Upper

Pleistocene. Maathuis et al (1994) suggested that the channel aquifers are

likely a reflection of the depression at depth. This is probably due to subglacial

drainage of meltwater released at the base of the ice following pre-existing

channels on the ground surface. Eventually, these subglacial channels eroded

the overlying ice and became exposed. This cycle would have been repeated

during mUltiple glaciations, forming stacked channels. The extent and orientation

of the channels is speculative due to lack of sufficient drill hole data or seismic

surveys in the area.
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The channel aquifers in the vicinity of the Cory site likely formed as water

draining off the outwash plain, (which now forms the sediments of the Dalmeny

Aquifer) incised a series of channels. Over time these channels infilled with

alluvial sediments, and were covered with till during subsequent glaciations. The

channel aquifers present within the Floral Formation can be divided into an upper

and lower sand unit, separated in some areas by a thin till layer. The combined

thickness of these sands form an aquifer which varies from 0-22 m in thickness

in the vicinity of the Cory site.

3.1.3.5 SURFICIAL AQUIFERS

The surficial aquifers in the research area comprise the sands in the complex

stratified sand, silt and clay sequence. Subdivision of these deposits was

beyond the scope of this regional modelling project, but the aquifer unit is

assumed to be horizontally continuous over both the Cory WMA, and the

Vanscoy WMA.

3.1.4 3-D HYDROSTRATIGRAPHIC MODEL

The 3-D interpretation of the hydrostratigraphy of the region extended the 2-D

hydrostratigraphic model over the entire area. The 3-D model of the region was

based on the analysis of available drill hole data and on the synthesis of

expected channel geometry of the glacial aquifers. Stratigraphical data was

compiled from a number of sources. The data for development of the 3-D

hydrostratigraphical model was extracted and synthesized from:

1. Preliminary studies of the hydrogeology of the region surrounding the

Cory WMA conducted by Maathuis et al (1994);

2. A geological data base of the immediate area surrounding the Cory WMA
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provided by AGRA Earth and Environmental Limited (1996);

3. A number of drill logs provided by the Saskatchewan Research Council

(SRC); and

4. A recent reinterpretation of the Floral Formation channel origin by Dr. E.

A. Christiansen.

A combined database of over 300 drill holes was compiled and used in the 3-D

stratigraphic interpretation. The names and locations of the drill holes used in

the development of the 3-D model are shown on Map 2.

Stratigraphic modelling was completed using GMS. GMS allows for easy

construction of 3-D stratigraphic models from borehole data, and cross sections

are readily prepared for any line in the modelled region. Completed solid models

in GMS may be rotated to provide a comprehensive understanding of the 3-D

geometry and inter-relationships of the hydrostratigraphic units in the area. GMS

is also fully AutoCAD compatible and allows for importing of digitized maps to

use as overlays.

Modelling of stratigraphy in GMS is a three step process. In the first step, a set

of boreholes is entered as a series of "tops". In the next step, a set of surface

TINs (Triangulated Irregular Networks) is constructed which represents the

interfaces between the stratigraphic units. The general approach used in this

investigation was to develop TINs of the major hydrostratigraphical divisions for

the model region shown in Figures 9 and 10, assuming lateral continuity of the

deposits unless data showed otherwise. Compilation of the TINs was based

primarily on the created drill hole database, but additional "dummy drill hole"

vertices were added to develop a more realistic 3-D surface in cases where the

amount of drill data was not sufficient to delineate the channel aquifers. An

example of one of the developed TINs (Topographic Surface) is shown in

Figure 12.
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TINs were created for six stratigraphic horizons in the model. These horizons

delineate the primary aquifer and aquitard units in the area (Figure 9,10),

allowing for integration of the developed isopach maps into the numerical flow

model. The TINs created in the development of the 3-D hydrostratigraphical

model are outli ned below:

i. Top of the Lea Park Formation Aquitard

A TIN was created for the top of the Lea Park Formation aquitard because it was

chosen as the base "impermeable unit" for the groundwater study. Because of

the insufficient drill hole data available to properly delineate the Tyner Valley and

its tributaries (Map 2), bedrock contour maps constructed and interpreted by

Christiansen (1967; 1971) were used to develop a realistic bedrock surface.

The Lea Park Formation aquitard was chosen as the base unit for the

groundwater flow model because the silts and clays of the formation are thick

and present over the entire study area.

ii. Top of the Tyner Valley Aquifer System

The combined top of the Judith River Aquifer and the Tyner Valley Aquifer was

chosen as the next TIN horizon. These two aquifers are distinct geological units

but, due to their hydraulic continuity over the area, were incorporated into a

single aquifer unit (Tyner Valley Aquifer System).

iii. Top of the Sutherland Group Aquitard

The top of the Sutherland Group aquitard was chosen as the next

hydrostratigraphic horizon. The Sutherland Group aquitard is a complex unit

composed of alternating till and sand layers. During development of the

3-D hydrostratigraphical model, the sand and till layers of the Sutherland Group
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were chosen to act as a single aquitard unit. This choice was based on:

1. The sporadic nature of the intertill sand zones;

2. The large thickness of the till units with respect to the substantially thinner

intertill units; and

3. Lack of data on the location and extent of the intertill zones.

The Bearpaw Formation aquitard was included as part of the Sutherland Group

aquitard unit. The Bearpaw Formation aquitard is present only in collapse

structures and as erosional remnants (Section 2.1.3), and therefore is not a

significant hydrostratigraphical unit in the region. Because of the similar physical

and hydraulic characteristics of the Bearpaw Formation aquitard to the

Sutherland Group aquitard, combining the Bearpaw Formation aquitard with the

Sutherland Group aquitard into a single aquitard is justified.

iv. Top of the Floral Formation Aquifers (the Dalmeny Aquifer and the Floral

Formation Channel Aquifers)

The sands of the Floral Formation form a major aquifer unit in the region. A TIN

was made of the top of this sand unit to distinguish the aquifer units of the Floral

Formation (the Dalmeny Aquifer and the Floral Formation channel aquifers) from

the overlying Floral Formation and Battleford Formation aquitard units.

The inferred locations of the Floral Formation channel aquifers are shown in

Figure 13. The locations of the Floral Formation channels were based on drill

hole analysis, topographical analysis (after Maathuis et al., 1994), and a recent

geological interpretation on the origin of the channels by Dr. E. A. Christiansen.

The large channel beneath the Cory mine site is well delineated based on

drill hole data. Less data exists for the southern extent of the channel, and the

northern extension of the channel is mainly speculative and is based on
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interpretation on the channels origin as drainage conduits from the Dalmeny

sand body by Dr. E. A. Christiansen. Limited drill hole information exists to

delineate the two smaller northern channels (Figure 13), and their location is

based almost entirely on topographic analysis of the surface channels.

iv. Top of the Floral Formation Aquitard / Battleford Formation Aquitard

A TIN of the top of the combined Floral Formation aquitard and Battleford

Formation aquitard was developed to separate this combined aquitard unit from

the overlying surficial drift aquifer. The combined top of the Floral Formation

aquitard and the Battleford Formation aquitard was chosen due to their similar

properties, and because of the thin sporadic distribution of the Battleford

Formation aquitard over the study area.

v. Topographic Surface

A TIN representing the topographic surface was approximated using the tops of

drill holes and topographic maps. The TIN of the topography was needed to

generate isopachs of the upper layers of the hydrostratigraphic model, to build

the 3-D solid model, and to define the upper limits of groundwater flow.

In the third step, the TINs were used to construct a geological solid model of the

region, and isopachs of the hydrostratigraphic units. Isopachs of the surficial

stratified aquifer, the combined Battleford Formation aquitard and Floral

Formation aquitard, the Floral Formation aquifer (the combined Dalmeny Aquifer

and Floral Formation channel aquifers), the combined Sutherland Group aquitard

and Bearpaw Formation aquitard, and the Tyner Valley Aquifer System are

provided in Appendix-A. A 3-D stratigraphical model of the region is shown in

Figure 14, and example sections are provided in Figure 15.

39



NORTH SASKATCHEWAN

RIVER

SOUTH SASKATCHEWAN
RIVER

D

••
SURFICIAL DRIFT AQUIFER

COMBINED FLORAL FORMATION AQUIFER
AND AQUITARD
SUTHERLAND GROUPI
BEARPAW FORMATION AQUITARD

••
JUDITH RIVER AQUIFERI
TYNER VALLEY AQUIFER

LEA PARK FORMATION AQUITARD

Figure 14 - 3-D Hydro-Stratigraphic Model For the Study Region



SECTION A-AI

B
SECTION 8-BI

D SURFICIAL DRIFT AQUIFER

II FLORAL FORMATION (AQUIFER AND AQUITARD)

SUTHERLAND GROUPI BEAR PAW FORMATION
AQUITARO

II COMBINED JUDITH RIVER AQUIFER
AND TYNER VALLEY AQUIER

LEA PARK FORMATION AQUITARD

Figure 15 - Example Hydro-Stratigraphic Cross Sections



3.2 GROUNDWATER FLOW AND RECHARGE

The concept of regional groundwater flow in the prairies has been documented

since the early 1960's ( eg: T6th, 1962; T6th, 1963). The general groundwater

flow direction occurs from topographic highs to topographic lows, with the highs

representing recharge zones and the lows discharge zones. In the discharge

zones, groundwater usually exits the flow system via seeps and springs.

Evapotranspiration exceeds precipitation in the semi-arid region of the Great

Central Plains (Fortin et al., 1989). Recharge can only take place if water

infiltrates into the ground before it is lost to evapotranspiration. Such recharge

occurs beneath the depressions which dot the hummocky terrain of the area.

This type of depression-focused recharge has been documented in numerous

papers (eg: Meyboom, 1966; Lissey, 1971; Rehm et al., 1982; Keller et al.,

1988), and is the primary mode of recharge in the area.

The amount of recharge an aquifer receives may vary substantially, and a

number of estimates have been made. Recharge to aquifers overlain by thick

accumulations of low hydraulic conductivity sediment will be in the order of a few

tenths of millimeters to a few millimeters per year.

3.2.1 FLOW IN THE TYNER VALLEY AQUIFER SYSTEM

The Tyner Valley Aquifer System comprises the largest aquifer in the area, but

despite its extent, has only been briefly described in a few publications (eg:

Meneley, 1970; Meneley, 1972). Water enters the Tyner Valley Aquifer System

by vertical infiltration downward through the glacial deposits to both the Judith

River Aquifer and the Tyner Valley Aquifer. The thick sediment accumulations

along the Tyner Valley (Map 2) and its tributaries, act as a buried sand drain.

This results in focusing of groundwater flowing downward towards the Tyner
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Valley Aquifer, and groundwater moving laterally through the Judith River

Aquifer. Meneley (1970) described the flow in the Tyner Valley Aquifer and

reported that approximately 90% of the water in the Tyner Valley Aquifer entered

by horizontal flow from the Judith River Aquifer. Once in the Tyner Valley

Aquifer, water flows in a northeastern direction until it reaches the Battleford

Valley arm, where the water flow pattern becomes uncertain, but is possibly

diverted in a western direction until it discharges to the North Saskatchewan

River. Water flow in the Tyner Valley Aquifer has been estimated at over 18,000

m3/day (Meneley, 1970). The approximate groundwater flow directions in the

Tyner Valley Aquifer System are shown in Figure 16.

An increase in the hydraulic gradient occurs in the Tyner Valley Aquifer in the

Grandora area, and is a result of a hydraulic conductivity barrier likely due to

dissolution collapse (Section - 3.1.3.2). Meneley (1970) suggested that this

blockage of flux results in the hydraulic head in the aquifer north of Grandora

being governed by the elevation of the North Saskatchewan River, and the

hydraulic head south of the blockage to be elevated. Groundwater heads south

of this barrier are such that flowing artesian wells in the Tyner Valley Aquifer

System are possible.

Flowing artesian wells in the Judith River Aquifer in the vicinity of the Cory mine

are expected, and several wells completed in the aquifer have been flowing ever

since their construction dates. It is likely that the artesian heads of the Judith

River Aquifer are a direct result of the blockage in the Tyner Valley Aquifer west

of the mine site.

3.2.2 FLOW IN THE DALMENY AQUIFER

The Dalmeny Aquifer is the most reliable source of water for rural communities

north and west of Saskatoon. The aquifer supplies water to the towns of
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Figure 16 - Approximate Horizontal Flow Directions in the Tyner Valley Aquifer
System (after Meneley, 1970).
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Dalmeny, and Langham. Despite its importance as a water resource, few papers

have been published on the flow characteristics of the aquifer (eg: Fortin ef al.,

1989; Meneley, 1970). The Dalmeny Aquifer is recharged by depression-focused

recharge through the overlying aquitards, primarily above the topographically

high region located above the northern part of the aquifer. The rate of recharge

has been estimated to be 5 mm/year, which is 1.4 % of the annual precipitation

(Fortin et al., 1989) .

Groundwater flow in the Dalmeny Aquifer occurs primarily towards springs

along the banks of the North Saskatchewan River. The total discharge through

these springs has been estimated from 40 I/s (Fortin et al., 1989) up to 220 I/s

(Meneley, 1970). Smaller amounts of water flow to the south where the aquifer

discharges to saline sloughs and creates zones of saline soil. Discharge also

occurs to the South Saskatchewan River through a few springs each yielding

less than 1 Us (Fortin ef al., 1989). A small portion of the groundwater

discharges through the underlying Floral Formation and Sutherland Formation

aquitards into the Tyner Valley Aquifer. This loss of water could account for 10

to 20% of the total recharge to the Dalmeny Aquifer (Fortin ef al., 1989). The

primary directions of groundwater flow in the Dalmeny Aquifer are shown in

Figure 17.

3.2.3 FLOW IN THE FLORAL FORMATION CHANNEL AQUIFERS

Very little is known on the location of the intertill channel aquifers, and thus little

is known on the flow within these units. The buried channels probably act as

sand drains, focusing groundwater from the till and directing it in a southeastern

direction towards the South Saskatchewan River. Groundwater flow in the main

channel beneath the Cory site probably discharges into the South Saskatchewan

River, or into Moon Lake. The two northern channels would probably also be

truncated by the South Saskatchewan River. The inferred directions of
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Figure 17 - Approximate Horizontal Flow Directions in the Dalmeny Aquifer (after
Fortin et al., 1989).
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groundwater flow in the Floral Formation channels are shown in Figure 18.

3.2.4 SURFICIAL AQUIFER

The groundwater in the surficial aquifers will likely discharge to topographic lows,

seasonal sloughs, and streams throughout the area. Some water in the

topographically high zones in the western portion of the study area will flow into

the underlying deposits. Due to the location of the mine sites in groundwater

discharge zones, and the large amount of evapotranspiration in the region, very

little recharge is expected to occur in the vicinity of the mine sites.
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CHAPTER 4

SIMULATION OF GROUNDWATER FLOW SYSTEM

Simulation of a groundwater flow system refers to the construction and operation

of a model for which the behavior assumes the appearance of the actual aquifer

behavior. A numerical model is simply a set of equations (usually partial

differential for all equations) which, subject to certain assumptions, describes the

physical processes active in the aquifer. The governing partial differential

equations for the flow or transport system can be formulated by one of the

standard approximation methods ( finite difference, finite element, or boundary

element). These methods replace continuous variables with discrete variables

that are defined for grid points (nodes) or grid blocks (elements). Thus, the

continuous partial differential equation defining hydraulic head everywhere in an

aquifer is replaced by a finite number of algebraic equations that defines

hydraulic head at specific points. This system of algebraic equations is solved

using numerical techniques.

4.1 NUMERICAL MODELLING TECHNIQUE

Numerical models are very general tools for the qualitative analysis of

groundwater flow and transport, and the use of these models closely follows the

development of high-speed digital computers. Each type of model has both

advantages and disadvantages. Consequently, no single approach should be

considered superior to others for all applications. The selection of a particular

approach should be based on the specific problem to be addressed. The two

most common numerical techniques which have been developed to predict the

head distribution in subsurface fluids and the mass transport associated with this

fluid flow are:
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1) The finite difference method (FDM); and

2) The finite element method (FEM).

Finite difference methods form a large subclass of differential methods where a

discrete approximation is made of the governing differential equation for fluid

heads. Finite element methods are also an important subclass of differential

methods. In this case, the discrete approximation involves the way in which

subdomains of the region of interest (elements) are connected together. Both of

these numerical methods allow algebraic equations to be formulated for any

spatial distribution of aquifer properties and virtually any geometric and time

varying boundary conditions. Thus, both methods can provide accurate

estimates of a 3-D groundwater flow regime.

Natural groundwater flow regimes usually involve complex spatial variation in

material properties. The FEM has an advantage over the FDM when

incorporating these complex material and domain boundaries. Once the

boundaries and geometry of the conceptual model are determined, it is

necessary to subdivide it into a grid. The FDM discretizes the flow domain into a

series of rectangular nodes, and the FEM divides it into a finite number of

polygonal divisions. Thus, if complex boundary geometries exist in the flow

system, the conceptual model will be more easily realized by the increased

flexibility of the polygonal grid associated with the FEM mesh. In the FDM,

material properties and elevations are assigned to the nodal points, which will

not coincide with these curved boundaries exactly, and thus errors in

approximating the heads may occur.

The FDM was chosen in this investigation as the numerical method for

estimating groundwater flow in this investigation. There were a number of

factors which influenced this decision:
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1. Hydrostratigraphic boundaries are rarely known accurately for regional

flow regimes and the FEM advantage in representing such features

accurately is lost in these circumstances;

2. The numerical code for FDM is easier to develop and more directly related

to the partial differential equations;

3. The computations algorithms in the FDM are more mature and can be

faster than those used in the FEM, resulting in shorter turn-around times

during calibration of models; and

4. FDM have been around longer than the FEM, and FDM modelling

packages have been thorough Iy tested and are relatively "bug" free.

4.2 MODFLOW

Following a brief review of available numerical modelling packages, the program

which was chosen for flow modelling in the project was the USGS three

dimensional groundwater flow code MODFLOW (McDonald and Harbaugh,

1988). MODFLOW has been recognized as the standard for general purpose

groundwater flow modelling. MODFLOW is a 3-D, block-centered, finite

difference, saturated flow code developed by the United States Geological

Survey. The MODFLOW model is supported by the GMS interface, thus pre

processing and post-processing of data and results was uncomplicated.

MODFLOW allows for a variety of input and boundary condition options, and is

widely used and accepted in the groundwater industry and regulators as a

"standard".

MODFLOW does not allow the modelling of density-driven gravity flows or solute

transport. The package can however be used to compute advective velocities,

the rate at which a conservative (non-reactive) tracer moves through an aquifer.

Although the high TDS brine tailings water has a density which is greater than

that of the regional groundwater, no attempt has been made to model the effects
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of gravity-driven flow in the present study. Modelling of the density effects of the

brine beneath the tailings piles is being undertaken in a parallel study.

4.3 FLOW MODEL DEVELOPMENT

To convert the hydrogeological conceptual model into a form acceptable as input

to the USGS code MODFLOW, there were a number of steps which had to

completed.

4.3.1 DISCRETIZATION

The first step in the development of a flow model is to discretize the flow domain

into a series of distinct hydraulic units defined as a gridded matrix of cells. Each

of these cells describes a small portion of the flow domain. For any numerical

model, a decision must be made on how to discretize the region of interest. In

general, the larger the number of grid cells, the more accurate the flow model

approximation. The resolution of the model grid is limited by the available

computational resources, in particular CPU-speed, memory, and disk space.

The ratio of physical size of the modelled region to the size of the grid cells is

usually set as large as possible, consistent with providing adequate resolution

along geological boundaries and engineering control structures.

In numerical flow models, there are usually areas of "special" interest (the vicinity

of both mine sites). In these zones, an increased density of grid cells is desired

to obtain higher resolution of output parameters such as heads or contaminant

concentrations. This results in having grid cells of various sizes so care must be

taken to avoid blocks with high aspect ratios. High aspect ratios can lead to

problems in the representation of gradients in differential methods such as the

FDM (Anderson and Woessner, 1992).
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Grid cell sizes in the vicinity of the mine sites were set at 100 m x 100 m and

expanded out to a maximum of 1000 m x 1000 m using an expansion factor of

1.2 for successive cells. To cover the flow domain, a 5 layer model with 92 rows

(northwest to southeast) by 132 columns (southwest to northeast) was needed.

The total number of grid cells used to discretize the flow domain was therefore

60720.

MODFLOW models vertical flow as a "leakage" between layers. The aquitards

were modelled as independent layers in the current investigation and "leakage"

was used to represent vertical flow between successive aquifers and aquitard

layers.

The number of layers modelled is dependent on the hydrogeological conceptual

model, with the aim of using the minimum number of layers sufficient to

effectively approximate the flow conditions at the site. Five layers were used to

approximate the flow behavior of the five principle aquifers in the study area

(Figure 19). The layers correspond to the hydrostratigraphic divisions created as

the TINS outlined previously (Chapter 3). The vertices of the TINs were

converted to scatter point sets and subsequently linearly interpolated to the grid,

providing thickness data at each of the model grid nodes.

The MODFLOW code does not allow zero thickness layers in models, thus a

simple script was developed to substitute values of 1 m in areas where the

interpolated thickness data indicated the unit was absent. For example, areas

exist in layer 2 where neither the Floral Formation or the Battleford Formation tills

are present. Since MODFLOW will not allow entering of 0 m for the thickness

values in these sections, it was necessary to include a thin portion of the

underlying Sutherland Group aquitard. An arbitrary value of 1 m was used in all

cases where this substitution was essential.
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In numerical problems involving prediction of contaminant transport, it is

important to design the grid discretization so that errors resulting from "numerical

dispersion" are minimized. To avoid these errors, it is important to try to orient

the gridded matrix so that the orthogonal grid directions approximately coincide

with the primary advective directions. To accomplish this, the grid was rotated

28 degrees west of north. This resulted in the grid being oriented so that the

orthogonal direction of the gridded matrix approximately coincided with the

principal flow direction in the Floral Formation channel beneath the Cory mine

site (Figure 18), and in the approximate flow direction of contaminant in the

vicinity of the Vanscoy mine site(towards Rice Lake).

4.3.2 BOUNDARY CONDITIONS

The second step in the development of a flow model is to identify the boundary

conditions for the model domain. Boundary conditions are defined based on the

physical conditions in the study area. There are four types of boundary

conditions which may occur in a groundwater model (Anderson and Woessner,

1992) :

1. No flow boundaries;

2. Constant flow boundaries;

3. Constant head boundaries; and

4. Head-dependent flow boundaries.

In development of the regional flow model, a large enough region was selected

so that boundary effects in the model area of greatest interest (the mine sites)

was reduced. Although applying boundary conditions at large distances from the

areas of interest substantially reduces their influence on the modelling results,

boundaries and boundary conditions must be defined specifically. Wherever

possible, natural hydrostratigraphical and hydrological boundaries (such as rivers
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or aquifer edges) were used. Where these natural boundaries were not

available, a boundary condition was applied at a distance of over 15 km from the

mine sites to reduce boundary effects in the mine areas.

The limits of the flow domain were considered to be the hydrological boundaries

formed by the waterways of the North Saskatchewan River, the South

Saskatchewan River, and Eagle Creek forming the northwestern, eastern and

western boundaries respectively. Since no other physical boundaries exist to

subdivide the extensive regional groundwater flow system, it was necessary to

impose artificial boundaries to limit the areal extent of the models. The northern

limit of the model domain was chosen as the hydrostratigraphical boundary

formed by the northern extent of either the Dalmeny Aquifer or the Tyner Valley

Aquifer System depending on location. Due to lack of a hydrostratigraphical

boundary, the southern model boundary was chosen as a "pseudo-groundwater

divide" which corresponds to a topographic high in this region. All grid cells

outside of this flow region were "turned off" (not included in the model), resulting

in the final grid as shown in Figure 20. A larger, more detailed illustration

showing grid discretization is shown on Map 3.

Both the South and North Saskatchewan Rivers are incised into the stratigraphy

of the area, and thus the stratigraphic layers will "daylight" into the river valleys.

To accommodate this in the model, data sets were interpolated to the grid from

TINS representing the tops of the hydrostratigraphical units outlined in

Chapter 3. The data set for each of the "tops" was then subtracted from the

topographic elevation data set. The resulting data set was then processed

through a simple script developed to turn off the grid cells wherever the resulting

value was negative (representing areas where the layer would not be present

due to truncation by the river valley).
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Grid cells were assigned as constant heads at locations of rivers, creeks, lakes

and perennial water bodies in the area. The head value in all bodies of water

was considered to be constant over the surface area of the water body, and the

head in all rivers and creeks was assumed to drop linearly in the direction of

flow. The head values for each of the water bodies was inferred from the

topography in the area (Map 1). The constant head values applied to North

Saskatchewan River, South Saskatchewan River, Moon Lake, Rice Lake, and

Pike Lake are shown on Map 3. The constant head values applied to the

perennial creeks and sloughs were their approximate topographic elevation as

interpolated from the topographic TIN. The head value was applied to the layer

for which the elevation coincided with water elevation at the location of interest.

Constant head cells were also applied to the Dalmeny Aquifer, the Tyner Valley

Aquifer and the Floral Formation channel aquifers at the locations where they

cross model boundaries. The Dalmeny Aquifer was assigned a constant head at

the grid cells where the aquifer "daylights" into the valleys of the North and South

Saskatchewan Rivers. The head value assigned to these cells was the

approximate elevation of the spring formed by the truncation of the aquifer layer

by the valley. Constant heads were applied to the Tyner Valley Aquifer System at

the southern limit of the model and the northeastern limit of the model. A

constant head was also applied at river level in the Tyner Valley Aquifer System

where it discharges in the North Saskatchewan River. Constant head nodes

were placed along the South Saskatchewan River, where the Floral Formation

channel aquifer beneath the Cory site is truncated. The remaining boundary

around the perimeter of the model was assigned as a no-flow boundary.

Figures showing grid discretization, and the location of constant head cells for

each of the 5 layers in the numerical model, are located in Appendix-B. The

values and locations of the applied constant heads for aquifer boundaries and

major water bodies are shown on Map 3, and are summarized in Table 4.1.
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Table 4.1 Summary of Constant Heads Applied to the Model

LOCATION HEAD (m)

North Saskatchewan River 447 m - 439 m (west to east)

South Saskatchewan River 479 m - 458 m (south to north)

Eagle Creek 540 m - 447 m (south to north)

Rice Lake 498 m

Pike Lake 480 m

Moon Lake 480m

Tyner Valley Aquifer System 439 m (northwestern)

444 m (northeastern)

510 m (southern)

Dalmeny Aquifer 467 m (southeastern boundary)

475.4 m - 483.20 m (northeastern

boundary - south to north)

Floral Formation channel aquifer 475 m

4.3.3 HYDRAULIC PARAMETERS

The third step in the development of a flow model is to enter initial

approximations for the hydraulic parameters for each of the model cells. In all

cases, both the aquifer and aquitard units were considered to be homogeneous.

Properties assigned included vertical and horizontal hydraulic conductivities, top

and bottom elevations, transmissivities and vertical leakance values. Initial

hydraulic conductivity values were estimated using the ranges discussed in

Chapter 3 and summarized in Table 3.1. These values were subsequently
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modified in the calibration process discussed in Chapter 5. Using the thickness

data developed in the 3-D hydrostratigraphical conceptual model, the

transmissivity and leakance values were calculated from hydraulic conductivity

as illustrated in Figure 21.

MODFLOW requires input of the layer-type code to be used for each layer of the

model. The code used is specific on whether the layer in question is confined or

unconfined. Since Layer 1 (surficial drift aquifer) is at the surface, the layer is

automatically unconfined and a transmissivity was calculated by MODFLOW for

each iteration during computation based on the saturated thickness of the layer.

Layer 2 (Floral Formation aquitard and Battleford Formation aquitard) is at the

surface in the northern portion of the model (Figure 14), and is below layer 1

(surficial drift aquifer) in the southern region (Figure 14). Thus the layer was

considered to be unconfined/confined, and a transmissivity was calculated by

MODFLOW for every iteration. Layers 3-5 were all assumed to remain strictly

confined and the transmissivity was assumed to be constant through the

simulation.
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CHAPTER 5

FLOW MODEL CALIBRATION AND RESULTS

After discretization of the flow domain and assigning of appropriate boundary

conditions and hydraulic parameters, a steady-state solution model was

computed using MODFLOW. A steady-state solution was used to approximate

the spatial distribution of hydraulic head. A steady-state model operates on the

assumption that the flow into the system is equal to flow out of the system and

provides a reasonable estimate of groundwater flow over long periods of time,

where seasonal variations and long-term climatic changes are not important.

The steady-state case was also chosen because of the increased ease of data

management over the more complicated transient solution.

5.1 CALIBRATION OF THE FLOW MODEL

Calibration of the flow model is the process of adjusting the grid size, boundary

conditions, hydraulic parameters, and initial conditions so that the values

calculated by the numerical model match observed data in the area. Calibration

of the numerical model is important because it demonstrates the model is

capable of producing heads and flows which are similar to field measured

values.

The steady-state flow model was calibrated by comparison with the following

hydrogeological characteristics of the flow system:

1. Estimates of total regional flow volumes in the aquifers;

2. Observed regional hydraulic heads in the aquifers;

3. Observed regional flow directions in the aquifers; and

4. Estimated regional groundwater recharge.
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The major problem in calibration of a flow model occurs because of a lack of

information about the naturally occurring head distribution. It should be noted

that calibration of the numerical model was based on a limited and often

contradictory data set. Heads, flows, and aquifer properties are not well

constrained and a considerable amount of interpretation and judgement was

used in building the model. The calibration of the flow model was further

complicated because of uncertain channel aquifer configurations in the region.

5.1.1 ERRORS ASSOCIATED WITH MODEL CALIBRATION

All field data will have some error associated with its value. The measured head

value, and its associated error, form the calibration target. Because of inherent

errors, it is necessary to derive the calibration target before starting the

calibration process. There are a number of potential sources of error which may

affect the calibration target (or the closeness with which the observed heads are

to be matched):

1. Errors associated with transient effects

Errors may be introduced into the data because of transient effects. The

observed head distribution represents transient conditions and is subject to

seasonal and long-term year-to-year fluctuations. The majority of head values

compiled for calibration of the numerical flow model in this investigation were

gathered from Saskatchewan Water Corporation (SWC) well records. Each of

these measurements were taken at different times of the year, spanning over a

period of over 20 years. Since seasonal and long-term year-to-year variations in

head may account for several metres in head change (eg :van der Kamp and

Maathuis, 1990), these errors will contribute to the size of the calibration target.
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2. Errors due to surveying of hole location

Errors may occur due to surveying of the individual drill hole locations. The

majority of the SWC drill holes were located by township and range coordinates

provided on the drill records, and no accurate measurement of location has been

made. In most cases, the hole location was based on a compass bearing

coordinate for a quarter section. Since no formal survey of the drill holes has

been completed, it is likely that well elevations are based on estimations from

regional topographic maps, introducing potentially large errors (several meters).

3. Screen length

Anderson and Woessner (1992) described errors which may be introduced into

the model by head data obtained in wells with long screens. Since numerical

models require point data, head values obtained in wells with long screens may

not be representative of data that is calculated by 3-D numerical simulations and

thus may result in variations between observed and calculated heads.

4. Measurement errors

Measurement of field data may also have errors introduced through instrument

inaccuracy and from operator error. In the majority of cases, these types of

errors will be minimal, but could introduce large random errors in some rare

circumstances.

5. Scale effects

Anderson and Woessner (1992) discussed errors which may be introduced in

calibration of the numerical model associated with scale effects. Hydraulic

properties assigned to grid cells are assumed values which are meant to
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represent the average properties of the flow domain within the cell. Field

measured heads may be a function of heterogeneities which are not represented

in the assumed average properties applied to the grid cells. The consequence is

numerical results which do not match observed data.

6. Interpolation errors

Other errors are introduced into the calibration process because of interpolation

errors. The numerical simulation calculates head at the nodal points, but field

measured data will probably be made at some distance away from this point,

introducing errors resulting from interpolation to the point. Interpolation errors

may be several meters in regional models (Anderson and Woessner, 1992).

Interpolation errors will increase with increasing grid spacing.

The decision of "acceptable error" used as the calibration target (the fit between

field-measured data and numerically calculated head data) was based on an

analysis of the combined potential effect of the errors listed above, and from

calibration targets presented in the literature. Calibration targets used for

numerical models vary substantially depending on the scale of the investigation.

Reeves and Lamb (1995) calibrated a large scale model (covering 409600 km2
)

to within 50 m of observed heads. Thomas et a/. (1989) calibrated the simulated

heads of a much smaller model (approximately 800 km2
) to within approximately

3 m of the observed values. It was decided that the calibration target in this

investigation would be set at ±5 m on average. This calibration value was

chosen slightly higher than that used by Thomas et a/. (1989) because of the

larger scale of this investigation (approximately 3400 km2
). This calibration target

also corresponds to 5% of the total observed head drop in the region.
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5.1.2 CALIBRATION DATABASE

The observed data used in calibration was compiled from the AGRA Earth and

Environmental database (AGRA and SRC, 1996), and from Saskatchewan

Water Corporation (SWC) water well records which were obtained from the

Saskatchewan Research Council (SRC). A database of 100 head

measurements within the model region was developed (Table C1, Appendix C).

Locations and hydraulic heads for the calibration data set are shown on Map 4.

All field data will have some error associated with its value, but the reliability of

every data point is not the same, and thus it is necessary to assess the field

data. Out of the 100 head measurements compiled in the database, 10 were

removed because the head values were deemed "suspect". Removal of the

points from the calibration data was based on a visual inspection of head data in

relation to values in neighboring wells. For example, the hydraulic head taken

from the Bill Reimer well (Table C1, Appendix-C) had a value of 432 m. This

value is 30 m lower than the head value in the nearby South Saskatchewan

River, 8 m lower than the lowest head in the North Saskatchewan River, and

over 28 m lower than the head measurement taken from the Abe Reimer well

located only 2.5 km away. For these reasons, head data from the Bill Reimer

well was removed from the calibration data set.

All well data removed from the calibration data are highlighted in Table C1,

Appendix-C. Locations of the removed wells are presented on Map 2.

5.1.3 CALIBRATION PROCESS

Calibration of the flow model was accomplished through "trial and error". In this

calibration method, initial values are assigned to the grid nodes, and these initial

guesses are subsequently modified during additional model runs to try to reach
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the calibration target. This process is subjective, labour intensive, and for most

models, numerous runs are needed to achieve acceptable calibration. The

calibration process is illustrated in the flow chart in Figure 22.

In most cases, calibration adjustments involved altering material properties and

recharge, although minor adjustments were made to the boundary conditions

(constant heads in the aquifers) to improve the match between the head values

computed by the flow model and the measured head values. The hydraulic

parameters available for the "trial and error" process were constrained by the

discussion of values outlined in Section 3.1.1 and summarized in Table 3.1.

Because of the subjective nature of the calibration process, it is difficult to decide

when the model is calibrated. Assessment of error is based on both a qualitative

and quantitative analysis of the numerical results.

Qualitative analysis of the model involves a visual spatial comparison of the

heads in the model. The groundwater flow patterns generated by the

MODFLOW model were compared to the assumed and known flow directions in

all the aquifers as described in Section 3.2, and in all cases, the flow directions

were consistent with the conceptual model.

Calibration based on a visual analysis does not provide a numerical estimate of

degree of calibration (how well the calibration target is met), so it is necessary to

find a quantitative measurement. This is often accomplished through applying

some sort of averaging function to the measured and simulated values.
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The following measures of calibration were used for the regional groundwater

flow model:

1. Mean Error (ME)

The mean error is the mean of the differences in simulated (hs) and measured

(hrn) hydraulic heads. Because the ME includes values above and below the

target values, averaging includes both positive and negative errors which tend to

cancel each other out, and thus is not a good measurement of model calibration.

The mean head difference does however provide the modeller with an indication

of whether the model is computing values which are too high or too low on

average. The mean error is calculated as (Anderson and Woessner, 1992):

1 n
ME=-L (h -h).n 1 m S I

2. The Mean Absolute Error (MAE)

5.1

The mean absolute error is the mean of the absolute value of the differences in

simulated (hs) and measured (hrn) hydraulic heads. Since the absolute value of

the residual heads is taken before averaging, it provides a measurement on the

average amount the simulated values are off the measured values. The mean

absolute error is calculated as (Anderson and Woessner, 1992):

1 n
MAE=-"I(h -h)l·

n~ m S I
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3. Root Mean Squared Error (RMSE)

The Root Mean Squared Error is another measurement of the average error in

the measured heads (hm) from simulated heads (hs)' The RMS error is thought

to be the best measure of calibration, and if the ratio of RMS error to the total

head loss in the system is small, the errors are only a small part of the overall

model response (Anderson and Woessner, 1992). The RMS error is calculated

as (Anderson and Woessner, 1992):

5.3

4. Water Balance

The water balance within the model is the total groundwater input minus the total

groundwater output. This value should be minimized to achieve a properly

calibrated numerical model, and values of less than 1% error are usually

acceptable (Anderson and Woessner, 1992). Water balance errors can occur as

a result of incomplete convergence in numerical models. In most cases, these

errors can be controlled by the choice of convergence criteria.

The previously discussed methods of quantifying errors in the model do not give

any information on the distribution of the errors amongst the calibration points,

and may result in bias by hiding of poorly calibrated points. This problem is

revealed by the representation of both the measured and simulated data as

scatter poi nt sets. These scatter poi nt sets may be shown as plots of observed

verses simulated values. The error in the residuals should be evenly distributed

over the grid, and will be evident by scattering of data points above and below a

line at 45 degrees, which represents perfect calibration.
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A second problem is that the calibration process does not necessarily ensure

that errors are evenly distributed spatially. The qualitative analysis discussed

earlier is important in avoiding such problems

5.1.4 CALIBRATION RESULTS (FINAL MODEL)

Over 30 "trial and error" calibration runs were completed before the model was

deemed calibrated. As a measure of the calibration, Table C2 in Appendix-C

provides a quantitative comparison of observed versus computed hydraulic head

values at each of the calibration points.

To ensure that there was no bias in the calibration, and to visualize the

distribution of the error, 9 scatter point plots were prepared of observed versus

calculated hydraulic heads. Individual plots were developed for layers 1-4

(surficial stratified aquifer, Floral Formation/Battleford Formation aquitard, Floral

Formation aquifers (Dalmeny Aquifer and Floral Formation channel aquifers),

and the Sutherland Group aquitard), and because of a large number of points,

layer 5 was separated into data from the Judith River Aquifer and data from the

Tyner Valley Aquifer. In addition to these diagrams, plots were also prepared for

all the calibration data, and for values in the vicinity of the Cory site. The SRC

has installed and operated a network of continuously, and periodically recorded

observation wells in the area. The calibration data from these locations, and the

data obtained from the Cory site were considered to have a greater than average

reliability. Because of the increased reliability of these data points, a separate

calibration plot was prepared for these calibration points. Plots of observed

versus calculated head for the full calibration data set (Figure 23), the data with

higher reliability (Figure 24), and data in the vicinity of the Cory site (Figure 25)

are shown. Plots showing individual layer calibration data are provided in

Appendix-C.
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In all cases the numerical results produced values that are scattered

approximately equally around a 45 degree line. This indicates that there is not a

strong bias in the simulated heads above or below the field-measured data. In

all of the plots, lines have been drawn at 10m above and below the 45 degree

line to help identify points which have excessively large errors associated with

them.

A summary of the calibration errors for the final model is given in Table 5.1.

Table 5.1 - Summary of the Average Errors in the Calibrated Model

CALIBRATION DATA SET ME MAE RMSE

Layer 1 - Surficial Drift Aquifer 4.18 4.18 7.75

Layer 2 - Floral Formation and Battleford 1.45 1.51 2.09
Formation Aquitard

Layer 3 - Dalmeny Aquifer and Floral -0.63 3.51 4.47
Formation Channel Aquifers

Layer 4 - Sutherland Group Aquitard -1.27 2.69 3.06

Layer 5 - Judith River Aquifer 0.09 5.49 6.47

Layer 5 - Tyner Valley Aquifer -1.83 5.55 6.53

Cory Site Calibration Data -0.69 3.44 5.05

Reliable Calibration Data -0.15 3.06 4.13

All Calibration Data -0.64 4.37 5.60

The ME of -0.64 m, for all the calibration points (Figure 23) showed that the

observed heads were slightly lower than the calculated heads, and had a MAE of

4.37 m. The ratio of RMS error to the total head loss in the system was 0.05.

The average error is slightly increased by a small number of points which

produced very large errors. The calibration data set which was considered to

have a higher reliability (Figure 24) had an average error of slightly over 3 m on
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average, and the error of the data in the vicinity of the Cory site (Figure 25) was

less than 3.5 m. These results are considered to be acceptably calibrated, for

the scale of the investigation, and they are within the calibration target of ±5 m

(Section 5.1.1). For all simulations, the water balance showed errors of less

than 1%, and in most cases flow in - flow out had an error of 0 %.

Ten calibration data point errors were excessively large (Figure 23), and were

not considered successfully matched with the field observations. These wells

are located in Layers 1,3 and 5. The simulated and observed data for these

points is shown in Table 5.2

Table 5.2 - Unsuccessfully Matched Calibration Data

HOLE NAME LAYER ZONE ERROR

SRC Moon Lake (2) 1 surficial aquifer 17.18 m below measured

Ewan Donald 5 Judith River Aquifer 11.87 m above measured

Halstei ns Abick 5 Judith River Aquifer 10.36 m below measured

Warman 84-07 5 Tyner Valley Aquifer 12.05 m below measured

Reimer John 5 Tyner Valley Aquifer 10.61 m above measured

Mousseau Denis 5 Tyner Valley Aquifer 10.29 m above measured

Wenninger John 5 Tyner Valley Aquifer 12.16 m above measured

Martens Harry 5 Tyner Valley Aquifer 11.09 m above measured

Dirkson Jake 3 Dalmeny Aquifer 10.43 m below measured

Shultz Reg 3 Dal meny Aquifer 10.13 m below measured

Water levels computed for the calibration well SRC Moon Lake (2) was 17.18 m

lower than the measured field data. The well is located on a topographic high on

the northern side of the broad surface depression in the region of the Cory site

and is completed in the complex surficial stratified drift. Because of the complex
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nature of this hydrostratigraphical unit, it is possible that the well is completed in

a sand and gravel lithology. The combination of coarse grained material and

relatively high topographic relief may result in a local zone of increased recharge

and a locally perched aquifer on a scale too small for the model to resolve. The

error is large enough that there may also be an error in measurement, or in

survey data on the location and/or elevation of the well. The numerical model

has drawn attention to data anomalies that should be checked in the field. Such

checking is beyond the scope of the present project and many historical

measurements may be "uncheckable". In some cases the wells may be

abandoned.

Values at seven of the field measured data point in Layer 5 were not matched by

the numerical flow model. Both the Judith River Aquifer and the Tyner Valley

Aquifer are geologically complex deposits consisting of zones of varying

hydraulic properties. The discrepancies observed in these data points may be

due to scale effects discussed in section 5.1.1. These scale effects would result

infield data poi nts showi ng a greater heterogeneity than is represented by the

averaged properties assigned to the numerical flow model, which could

significantly effect numerical results. Errors in water level and/or surveying

errors could also be present in these wells.

The unsuccessfully calibrated points in the Dalmeny Aquifer were both

calculated over 10m below the measured heads. The data points surrounding

these two points were all calibrated to an acceptable level, leading to the belief

that local heterogeneity exists that is not accounted for in the numerical model,

and possibly a zone where a strong hydraulic connection to the underlying Tyner

Valley Aquifer System may be present. Such "local" factors could be introduced

into the conceptual model to improve the "match", or water-level measurement

errors and/or surveyi ng errors could cause the observed discrepancies.
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5.2 CALIBRATED STEADY STATE FLOW MODEL

The objective of the "trial and error" process of model calibration is to provide a

model which can reproduce the hydraulic heads that exist in the field. This

section describes the steady-state numerical flow model which was developed

using the "trial and error" calibration process outlined in Section 5.1 It should be

noted that because a numerical model has been calibrated satisfactorily, it is ~

valid approximation of the flow system, but is not necessarily the correct

approximation of the regional flow system. The "trial and error" process does not

provide a unique solution, and there is some considerable ambiguity in the

calibrated model.

5.2.1 CALIBRATED MODEL PARAMETERS

The hydraulic parameters for the calibrated model are summarized in Table 5.3.

Table 5.3 - Summary of Calibrated Hydraulic Parameters

MATERIAL Kh (mls) Kh (mid) Kv Kv (mid)

Surficial Drift Aquifer 3.00x10-6 0.26 0.2 Kh 5.18x10-2

Floral Formation and 3.00x10-9 2.60x10-4 1.0 Kh 2.59x10-4

Battleford Formation Aquitard

Dalmeny Aquifer and Floral 5.00x10-5 4.32 0.3 Kh 1.44
Formation Channel Aquifers

Sutherland Group Aquitard 7.00x10-11 6.05x10-6 0.1 Kh 6.05x10-7

Judith River Aquifer 5.00x10-7 4.32x10-2 0.3 Kh 1.44x10-2

Tyner Valley Aquifer - High K 6.00x10-6 0.52 0.3 Kh 0.17

Tyner Valley Aquifer - Low K 7.00x10-11 6.05x10-6 0.1 Kh 6.05x10-7

The calibrated values are considered to be reasonable estimates of the hydraulic
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parameters of the aquifer and aquitard sequences on a regional scale, and are

within the limits reported in the literature ( summarized in Section 3.1.1). Plots of

transmissivity for layer 1 (surficial drift aquifer, Figure 26), layer 3 (Dalmeny

Aquifer and Floral Formation channel aquifers, Figure 27), and layer 5 (Tyner

Valley Aquifer System, Figure 28), are shown for the regional aquifers.

A number of different recharge rates were tested during the calibration process.

The zones of recharge and the relative recharge rates which were applied to the

calibrated flow model are shown in Figure 29. The zone of highest recharge lies

above the sediments comprising the Dalmeny Aquifer in the northwest region of

the flow model. A value of 1 mm/year was applied to the elevated terrain

between the 520 m and the 530 m contour Ii nes and 7 mm/year to the area

above the 530 m contour line. A value of 1.5 mm/year was applied to the

southern regions of the model which were above the 520 m contour Ii ne. The

variability in the values of recharge applied to the calibrated flow model account

for not only differences in topographic relief, but also sediment lithology, and the

distribution of perennial water bodies. A recharge rate of less than 1 mm/year

was applied over the remaining model region. This value is very low and reflects

the high evapotranspiration of the area and the distribution of regional discharge

zones.

5.2.2 STEADY-STATE FLOW MODEL PREDICTIONS

Steady-state groundwater flow and head distribution was simulated for the study

area. Calculated head distributions in the study area have a range of 113 m,

with high and low limits of 552 m and 439 m. Simulated hydraulic head contours

for all five layers of the numerical flow model are shown in Appendix-D.

It should be noted that because of the regional scale of this numerical

investigation, the simulated hydraulic head distribution was calculated without
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the influence of the Cory and Vanscoy WMA tailings piles or tailings ponds.

Local variations in the head distribution will occur in the vicinity of the WMAs with

the inclusion of an excess head of brine at the mine sites. The probable excess

heads are 2-3 m, which lie within the calibration target for this study. Adding

these heads does not significantly affect the calibration and the regional

flow field. These effects are being investigated in detail in a parallel local-scale

numerical model of the WMAs and are addressed in the discussion of sensitivity

analysis in this report.

In order to estimate the average linear velocity of the aquifers from the numerical

model, porosity estimates were made. The porosity estimates were within the

values reported in the literature (Section 3.1.1), and are shown in Table 5.4

Table 5.4 - Porosity Values Used in the Average Linear Velocity Estimations

PRIMARY HYDROSTRATIGRAPHIC UNIT POROSITY

Surficial Aquifer (Layer 1) 0.35

Battleford Formation Aquitard and Floral 0.30

Formation Aquitard (Layer 2)
0.003 =Fracture porosity (ne)

Dalmeny Aquifer and Floral Formation 0.25

Channel Aquifers (Layer 3)

Sutherland Group Aquitard (Layer 4) 0.30

Judith River Aquifer (Layer 5) 0.15

Tyner Valley Aquifer (Layer 5) 0.30

5.2.2.1 DALMENY AQUIFER

The computed steady-state hydraulic head distribution in the Dalmeny Aquifer is

shown in Figure 30. Water enters the Dalmeny Aquifer as recharge from the

overlying Floral Formation aquitard. Hydraulic heads in the aquifer vary between
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approximately 470 m and 525 m (Figure 30), with lower heads existing for the

discharge areas (North and South Saskatchewan Rivers) and higher heads in

the topographically high region in the northeastern portion of the aquifer (Figure

30). A groundwater divide occurs in the middle of the aquifer along a line

approximately coinciding with the towns of Langham and Dalmeny (Figure 30).

North of this line groundwater flows in a northwestern direction towards the North

Saskatchewan River valley. South of this line, groundwater flows southeast

towards the channel aquifers and the South Saskatchewan River valley. The

hydraulic head gradient is high in the proximity of both the discharge zones to

the North and South Saskatchewan Rivers mirroring the rapidly changing

topographic elevation in these areas.

Because of the varying hydraulic gradients, thicknesses and spatial geometry in

the Dalmeny Aquifer (Figure 30), the flow velocity will vary depending on

location. The average linear velocity at various locations, and the volumetric flow

rates at the discharge points of the aquifer were calculated (Table 5.5).

Table 5.5 - Estimated Velocities and Flow Rates for the Dalmeny Aquifer.

Location Average Linear Groundwater Velocity
(mid) (m/y)

A 1.8x10-2 6.4

B 3.9x10-2 14.4

C 6.7x10-2 24.4

D 4.4x10-4 0.16

E 1.3x10-1 46.8

North Saskatchewan River Valley discharge rate Q z6900 m3/day z 80 lis

South Saskatchewan River Valley discharge rate Q z2600 m3/day z 30 I/s

Flow rates were estimated by summing the flow for the MODFLOW cells in the

Dalmeny Aquifer (layer 3) that "daylight" into the North and South Saskatchewan
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River valleys. Locations for the estimates of the average linear groundwater

velocity are shown on Figure 31.

5.2.2.2 FLORAL FORMATION CHANNELS

The computed steady-state head distribution in the Floral Formation channel

aquifers is shown in Figure 32. The channel aquifers are recharged from the

overlying Floral Formation till and from groundwater originating in the Dalmeny

Aquifer. Flow in the two southern channels occurs in a southeasterly direction

with the head distribution varying between above 505 m, where the channels

merge with the Dalmeny Aquifer, to below 475 m in the discharge zones of the

South Saskatchewan River. Flow in the northern channel is in a southerly

direction. Heads in the northern channel vary between approximately 480 m in

the north, to river elevation of less than 470 m in the south.

Estimates of the average linear velocity at various locations, and volumetric flow

rates taken across a section of the channel in the vicinity of the Cory site

southeast of the WMA are provided in Table 5.6. The locations of the

measurements are shown in Figure 33.

I A ·fChFI IFd FI Ra e - Imu ate ow ates for the ora ormation anne ~qui ers.

Location Average Linear Groundwater Velocity
(mid) (m/y)

A 5.9x10-2 21.6

B 1.2x10-2 4.4

C 4.8x10-2 17.6

0 1.6x10-2 6.0

E 2.2x10-2 8.0

SECTION A-A' FLOW RATE = 135 m3/day

T bl 56 S·
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5.2.2.3 TYNER VALLEY AQUIFER

The steady-state distribution of the computed hydraulic heads for the Tyner

Valley Aquifer is shown in Figure 34. The Tyner Valley Aquifer is recharged by

inflow from the Judith River Aquifer and from the overlying Sutherland Group

aquitard.

The total simulated head loss in the system is approximately 73 m, from 513 m

at the southern limit of the aquifer, to less than 440 m in the discharge zone at

the North Saskatchewan River. Flow in the southern portion of the Tyner Valley

Aquifer occurs down the channel until it reaches the permeability barrier

northwest of the Cory site (Figure 16). In this area, groundwater flows around

both sides of the barrier, temporarily into the adjacent Judith River Aquifer. This

water sUbsequently flows back into the Tyner Valley Aquifer, north of the barrier.

Without this hydraulic conductivity barrier, it was not possible to produce the

increased hydraulic gradient in the channel in this area or the flowing artesian

wells in the Judith River Aquifer locally in the model.

The simulated flow in the northern portion of the aquifer is in a northeasterly

direction towards the 460 m head contour line northeast of Dalmeny and

Martensville, where the groundwater flow is divided. Flow continues to the

northeast towards Osler and to the west towards the discharge zone at the North

Saskatchewan River. It should be noted that constant head values had to be

applied to the northeastern boundary of the Tyner Valley Aquifer (Section 4.3.2)

to achieve acceptable head calibration. These low constant heads attract flow to

the northeast. This flow is entirely a result of the boundary heads that were

imposed to improve the model calibration.

The average linear velocity and volumetric rates at various locations in the Tyner

Valley Aquifer System are provided in Table 5.7. The locations of the simulated
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average linear velocity estimates are located in Figure 35.

Table 5.7 - Simulated Flow Rates and Flow Volumes for the Tyner Valley Aquifer

Location Average Linear Groundwater Velocity
(mid) (m/y)

A 2.5x10-4 0.09

8 1.9x10-4 0.07

C 1.2x10-3 0.43

D 2.8x10-3 1.0

E 5.6x10-3 2.0

Section 8-8' Flow Rate z 300 m3/day

North Saskatchewan River Discharge z 320 m3/d

5.2.2.4 SURFICIAL DRIFT AQUIFER IN THE ·VICINITY OF THE MINES

Figure 36 shows the computed water table in the surficial drift aquifer within the

vicinity of both the Cory and Vanscoy mines. A number of dotted zones are

shown representing areas where the aquifer is not present, or where the

computed water table is below the base of the surficial drift aquifer unit, indicated

by dry cells in the numerical simulation. A large dry zone exists to the west and

to the southeast of the Cory site. In these zones the dry cells are a result of a

combination of thin drift, high topographic elevation, and low recharge.

Groundwater flow in the area of the Cory site occurs primarily in a southerly

direction along the trend of the surficial channel (Figure 3) towards Moon Lake

and the South Saskatchewan River valley. The hydraulic head in this area

ranges from approximately 500 m to less than 475 m. To the southwest of the

93



DISCHARGE TO NORTH J:
SASKATCHEWAN RIVER
318 ,.,'d

[JOSL£R

(JIIARHAN

D'HART£NSVILL£

I FLUX VECTORS
• NoTEI VECTORS ARE

EXAGERATED 2X
AREAL EXTENT OF TYNER

.....-- VALLEY AQU IFER SYSTEM

o ,., 10060 ,.,
SCALE

Figure 35 - Positions of the Simulated Average Linear Velocity Estimates for the
Tyner Valley Aquifer

94



<0
(Jl

"T1<5.
c.,
CD
W
(J)

~

:r
CD

<o·
::J

-<
o-

~~~,\:;t-/~-I--7L..---f--J1r\\\---'I~~~~~D ZONES WHERE SURFICIA
~ SEDIMENTS ARE DRY OR

DO NOT EXIST
/

APPROXIMATE LOCATION
OF SURFACE CHANNEL

/
APPROXIMATE LOCATION
OF GROUNDWATER DIVID,

o PI 2500 PI



Cory mine there is a groundwater divide resulting from a topographic high. The

majority of the groundwater along this divide will either flow east towards the

surficial channel in the Cory mine area, or west towards Rice Lake. A smaller

amount of water recharging at this topographic high will travel north to the 500 m

contour line (Figure 36), and subsequently to the North Saskatchewan River

Valley. As a result of the more rapid change in elevation to the east of the

divide, the head gradient in this area is significantly larger than to the west of the

divide.

Groundwater in the area of the Vanscoy mine flows from the topographic high

south of the mine, in a northwesterly direction, towards Rice Lake. West of Rice

Lake the hydraulic gradient is larger, mirroring an increase in the topographic

gradient.

The average linear velocity and volumetric rates at various locations in the

surficial drift aquifer, in the vicinity of the mine sites, are provided in Table 5.8.

The locations of the simulated average linear velocity estimates are shown in

Figure 37.

Table 5.8 - Estimated Velocities for the Surficial Drift Aquifer.

Location Average Linear Velocity

(mid) (m/y)

A 2.7x10·3 1.0

B 1.4x10·2 5.1

C 3.6x10·3 1.3

D 1.3x10·3 0.5

E 1.6x10·4 0.1

F 2.0x10·3 0.7

G 3.8 x10-3 1.4
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5.2.2.5 TYNER VALLEY AQUIFER SYSTEM IN THE VICINITY OF THE
WMAs

The steady-state distribution of computed hydraulic heads is shown in Figure 38.

The flow in the Judith River Aquifer in the area of the Vanscoy site is in an

eastern direction towards the main channel of the Tyner Valley Aquifer which is

very close to the WMA.

The blockage in the Tyner Valley Aquifer in the Grandora area results in the

groundwater flow direction in the Judith River Aquifer near the Cory site to be

easterly, away from the Tyner Valley Aquifer. The heads in the Judith River

Aquifer beneath the Cory site are elevated as a result of the lateral inflow from

the Tyner Valley Aquifer. This results in heads which are above ground

elevation near the Cory site and indicate an upward flow from the Tyner Valley

Aquifer System. This excess head is indicated by the artesian conditions in the

wells completed in the Judith River Aquifer at the Cory mine site.

The average linear velocity and volumetric rates at various locations in the Tyner

Valley Aquifer System are provided in Table 5.9. The locations of the simulated

average linear velocity estimates are presented in Figure 39.

Table 5.9 - Estimated Velocities for the Tyner Valley Aquifer System.

Location Average Linear Velocity
(mid) (m/y)

A 2.5x10-4 0.09

B 1.9x10-4 0.07

C 7.1 x1 0-4 0.26

D 9.0x10-4 0.33

E 5.2x10-4 0.19

F 2.2x10-3 0.80

G 6.3x10-4 0.23
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CHAPTER 6

ASSESSMENT OF BRINE MIGRATION

Once the regional flow model is developed an advective transport simulation,

often called a particle tracking simulation, may be used to trace out the flow path

of imaginary particles placed at strategic locations in the numerical flow model.

Particle tracking simulations use the cell-by-cell flow vectors, representing the

flow field computed by the numerical flow model, to calculate the velocity

distribution needed to trace out the migration of the contaminant in the form of

particle pathways.

In the assessment of contaminant transport using particle tracking simulations,

the contaminants are transported in the groundwater by advection only (the

average linear flow velocity). The results of a particle tracking simulation give an

idea of the advective pathways and positions. An advective position herein is

described as the position of an individual particle of a non-reactive tracer of the

contaminant which has migrated by advection only, and is not effected by

processes such as diffusion or mechanical dispersion, or the effects of density

flow or chemical reactions. The application of hydrodynamic dispersion and

chemical reactions to the contaminant transport process involves input of

parameters which are difficult to estimate on a large scale, and are not

completely understood (Anderson and Woessner, 1992). Particle tracking is an

alternative to solute transport modelling because it allows for the prediction of

contaminant pathways, discharge zones and average travel times. Since

ch loride is relatively free from the effects of exchange, adsorption and biological

activity (Davis and De Wiest, 1966), and over short periods of time the dispersive

potential is small, particle tracking simulations were used to estimate the average

travel times, discharge areas and potential zones of contamination for this study.

A more detailed "site specific" investigation, which will take into account the
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effects of dispersion on the potential extent of brine migration, is being

developed in a parallel study.

6.1 MODPATH

After a brief review of the available particle tracking simulations, the United

States Geological Survey modular three-dimensional tracking code MODPATH

(Pollock, 1989), was chosen as the particle tracking code. MODPATH was

chosen for particle tracking because it uses data directly from MODFLOW, and

thus the cell-by-cell flow distribution computed by MODFLOW may be used.

MODPATH is also supported in both the pre-processing and post-processing of

data by GMS.

6.2 IMPORTANT FACTORS

In order for MODPATH to calculate the advective velocity from the flow field an

estimate of porosity is required. The porosity values used in the development of

the MODPATH simulation were the porosity values presented in Table 5.4.

Two major factors had to be addressed during the particle tracking simulations in

order to try to exhaustively predict the potential routes for contaminant migration

at the mines sites:

1. Fracture flow in the Floral Formation aquitard

The presence of fractures within the Floral Formation aquitard results in an

increased velocity of advective transport. This increased transport velocity

results from a higher rate of advection through the secondary porosity, formed by

a network of fractures, than through the primary inter-granular porosity alone.
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2. Fracture Flow Due to Clay-Brine Interactions

The behavior of clay soils are influenced by physicochemical interactions and

thus will react strongly to concentrated solutions. Volume changes, associated

with osmotic effects resulting from increases in pore fluid concentration are

known (eg: Barbour, 1993; Barbour, 1989). Because of their clay content, a

large potential for osmotic consolidation exists for the Western Canadian glacial

tills. This consolidation may account for volume changes of approximately 1.5

2.4% (Barbour, 1990). These large changes in volume may result in the

development of fissures and cracks, changing the effective porosity of the

already fractured till beneath each WMA, and increasing the rate of contaminant

transport. The zones of high permeability will be dependant on the confining

stresses throughout the profile, with 10 to 15 m of saturated soil required to

prevent significant increases (Barbour, 1990). Thus, permeability values in the

areas directly below the tailing piles will not be affected to the same degree as

those beneath the brine pond and adjacent to the WMAs.

Because of these two factors, there is a possibility of enhanced contaminant

transport due to fracture flow underneath the Cory and Vanscoy WMAs. To

numerically simulate flow through a fractured material, the hydraulic parameters

(primary and secondary porosity and hydraulic conductivity distributions) may be

replaced by an equivalent porous medium (EPM). ThisEPM is given bulk

hydraulic parameters so that it will approximate the flow through the fractured

material. Steady-state simulation of contaminant transport using this type of

model requires input of an effective porosity (ne). When the effective porosity is

combined with the hydraulic conductivity estimate for fractured till, the resulting

EPM can be used to simulate the flow pattern in the fractured till.

Particle tracking simulations were carried out for both the Vanscoy and the Cory

sites. At present, the efficiency of the waste containment facilities is unknown.
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For modelling purposes, the perimeter of each of the WMAs, and the first

hydrogeological unit immediately underlying the WMAs (surficial drift aquifer),

was specified as a source boundary condition. One particle was initiated at the

outermost grid cells along the corners of the perimeter of each of the WMAs.

Flow vectors used to develop the groundwater flow field were those computed by

the calibrated MODFLOW model.

To simulate the potential "worst" and "best case" scenarios for fracture flow in the

Floral Formation aquitard, simulations were conducted for varying levels of

fracturing in the Floral Formation aquitard. A porosity of 300/0, representing

unfractured aquitard (unfractured herein implies transport through the bulk of the

aquitard and not only through the fracture porosity) and a porosity of 0.30/0,

representing highly fractured aquitard (where transport through the aquitard

occurs primarily from fracture flow), were tested.

The advective pathways of the contaminant are different depending on the

starting positions of the particles. For this reason, two different starting locations

for the particle tracking simulations were investigated:

1. Top of the surficial drift aquifer; and

2. Bottom of the surficial drift aquifer.

The effect of starting position on the advective pathway of the contaminant is

illustrated schematically in Figure 40.

Particle tracking simulations from both of the WMAs showed very little advection

over short-time intervals (25, 50, and 100). Because of the slow advective

velocities, particle tracking simulations were conducted over long durations.
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6.3 ASSESSMENT OF BRINE MIGRATION - CORY SITE

Particle tracking simulations were conducted to estimate the extent of advective

transport for the brine leaking from the Cory site.

6.3.1 STARTING POSITION - TOP OF SURFICIAL DRIFT AQUIFER

Particle tracking simulations to estimate the advective pathways at 500 years

(Figure 41), 2000 years (Figure 42), and 10000 years (Figure 43) were

conducted for the Cory site using a tracer starting at the top of the surficial drift

aquifer.

Advective chloride migration occurs approximately in a southeastern direction

towards Moon Lake and the South Saskatchewan River. The advective

pathways for both levels of Floral Formation aquitard porosity (0.30/0 and 30%) at

times of 500 years and 2000 years do not show any significant differences. This

is because the particles have not moved into the Floral Formation aquitard, and

thus, there is no effect of fractures on the transport. At 500 years, the majority of

the contaminant plume has not advected off the footprint of the Cory WMA

(Figure 41), and the particle on the southeast corner of the WMA has advected

approximately 100 m from the edge of the WMA. By 2000 years the maximum

extent of advective migration is 285 m (Figure 42).

By 10000 years the effects of varying the fracturing in the Floral Formation

aquitard are shown in the advective positions of the particles. For the case of

the unfractured aquitard (30% porosity), the maximum extent of advective

migration is 1400 m from the WMA, and has not entered the Floral Formation

channel aquifer. For the case of the high degree of fracturing (0.3% porosity),
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the maximum extent of advective migration is located in the Floral Formation

channel aquifer at a distance of approxi mately 7300 m down gradient of the site

(Figure 43).

Advective discharge occurs into the South Saskatchewan River valley in the

vicinity of Moon Lake at a time of 40000 years for the unfractured aquitard (30%

porosity), and 15000 years for the highly fractured aquitard (0.3% porosity)

(Figure 44).

6.3.2 STARTING POSITION - BOTTOM OF SURFICIAL DRIFT AQUIFER

Particle tracking simulations to estimate the advective particle positions at 500

years (Figure 45), 1000 years (Figure 46), 2000 years (Figure 47) were

conducted for the Cory site using a contaminant starting at the bottom of the

surficial drift aquifer.

Chloride migration occurs approximately in a southeastern direction towards

Moon Lake and the South Saskatchewan River. Because the starting location of

the particle tracking simulation is the bottom of the surficial drift aquifer, there is

a significant difference in the maximum extent of advective migration for the two

levels of Floral Formation aquitard porosity (0.3% and 30%).

The maximum extent of advective migration at 500 years (Figure 45), for the

case of 30% aquitard porosity, has not left the footpri nt of the WMA. This is

because the advective pathway is primarily downwards at a very slow rate

through the Floral Formation aquitard. The maximum extent of advective

migration for the case of 0.3% aquitard porosity, has reached the Floral

Formation channel aquifer, and is located 1600 m down gradient of the mine.
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By 1000 years (Figure 46) the advective position for the northernmost particle, in

the 30% porosity case, has reached the Floral Formation channel aquifer, but is

still within the boundary of the WMA. For the case of 0.30/0 porosity aquitard, the

particles for all five starting locations have reached the Floral Formation channel

aquifer, and the maximum extent of advective migration is 4900 m down gradient

of the WMA.

By 2000 years (Figure 47) the northernmost particle, for the 30% porosity case,

is located a distance of approximately 4200 m from the Cory WMA. In the case

of the 0.3% porosity aquitard, the advective pathways for the majority of the

particles are approaching the discharge area of the South Saskatchewan River

valley, and are at a maximum of 8400 m down gradient of the WMA.

Figure 48 shows the tracer discharges into the South Saskatchewan River valley

in the vicinity of Moon Lake at a time of 3000 years for the case of unfractured

aquitard (30% porosity), and 2300 years for the case of highly fractured aquitard

(0.3% porosity). For the 30% porosity case, only the particle released from the

northernmost corner of the WMA has reached the discharge area. The

remaining four particles are still in the Floral Formation aquitard beneath the

Cory WMA. It takes 10000 years for a second particle track to reach the South

Saskatchewan River valley. By 10000 years, the advective positions for all 5

particles are in the discharge area of the South Saskatchewan River valley for

the case of highly fractured Floral Formation aquitard (0.30/0 porosity).

6.4 ASSESSMENT OF BRINE MIGRATION AT THE VANSCOY SITE

Particle tracking simulations were conducted to estimate the extent of advective

transport for the brine leaking from the Vanscoy site.
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6.4.1 STARTING POSITION - TOP OF SURFICIAL DRIFT AQUIFER

Particle tracking simulations to estimate the advective chloride migration at 500

years (Figure 49), 1000 years (Figure 50), and 2000 years (Figure 51) were

conducted for the Vanscoy site using a contaminant starting at the top of the

surficial drift aquifer.

Advective transport occurs approximately in a northern direction towards an

unnamed tributary creek of Rice Lake. At 500 years, the maximum extent of

advective migration at a distance of 620 m down gradient from the WMA

(Figure 49). By 1000 years the plume has advanced to maximum of 1300 m

(Figure 50). By 2000 years the position of the particle tracked from the most

northern portion of the WMA (Figure 51) has discharged into the unnamed

tributary of Rice Lake. It should be noted that the northwest particle appears to

travel around the body of the water north of the mine because of dry cells which

occur in the simulation.

At times of 500, 1000 and 2000 years, there is no change in the particle

positions for unfractured or fractured Floral Formation aquitard (30% porosity or

0.3% porosity). This is because of the starting location of the contaminant

(Figure 40), and the path through the surficial drift aquifer. Because of the small

downward gradient in the area, the trace remains in the surficial drift aquifer until

it discharges into the unnamed tributary of Rice Lake.

6.4.2 STARTING POSITION· BOTTOM OF SURFICIAL DRIFT AQUIFER

A second trail was initiated using a starting location for the particles at the bottom

of the surficial drift aquifer. Because there are no known channel aquifers in the
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6.1

vicinity of the Vanscoy site, the contaminant migrates vertically downwards and

does not leave the footprint of the WMA.

6.5 DISPERSIVE POTENTIAL

The concentration of a contaminant added at a point will change as a function of

time with advective transport down a flow system, and after a short period of time

the concentration profile becomes normally distributed (Domenico and Schwartz,

1990). These changes are due to processes of mechanical dispersion and

molecular diffusion. The particle tracking simulation provides the advective

position of the contaminant (or the 50% concentration location). The variance

(02
), provides information on the extent of longitudinal dispersion. The ratio of

variance to time (2t) is termed the hydrodynamic dispersion coefficient

(Domenico and Schwartz, 1990):

0 2
0=-

L 2t

At a distance 10 (1 standard deviation) ahead of the mean concentration, the

concentration will be 16% of the source concentration. At a distance 20 (2

standard deviations) from the mean concentration, the concentration will be

small (Figure 52).

The hydrodynamic dispersion coefficient can also given by (Fetter,1992):

where: Dd = Diffusion Coefficient (m2/s)
w = Is a coefficient relating to tortuosity
aL = Longitudinal dynamic dispersivity (m)
Vi = Average linear advective velocity (m/s)
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The diffusion coefficient ranges from 1x1 0-9 to 2x10-9 m2/s (Fetter, 1992), and w

varies between 0.5 to 0.01 (Freeze and Cherry, 1979).

A relationship between the apparent longitudinal dynamic dispersivity and the

flow length has been developed (Neuman, 1990). For flow paths less than

3500m in length, the following relationship relates the dispersivity to the length

(Neuman, 1990):

where:

a
L
=0.0175L 1.46

=Longitudinal dynamic dispersivity (m)
=Average linear advective velocity (m/s)

6.3

The standard deviation of the contaminant plume ( a ) was estimated a time of

500 years for both the Vanscoy mine and the Cory mine using equations 6.1,

6.2 and 6.3, and using average values for Dd (1.5X1 0-9 m2/s) and w (0.255). The

results are presented in Table 6.1.

Table 6.1 - Approximate Dispersion Estimations at 500 Years

Mine Starting Location Floral Mean 0 20
Formation Till (m) (m) (m)

Porosity

Cory Top of Surficial 0.3% 100 54 108

Stratified Aquifer

Cory Bottom of Surficial 0.3% 1600 1633 3266

Stratified Aquifer

Vanscoy Top of Surficial 0.3% 620 509 1018

Stratified Aquifer
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After 500 years, for a contaminant tracer placed at the top of the surficial drift

aquifer at the Cory site (Figure 42), the contaminant will be at low concentrations

108 m down gradient from the maximum advective particle position, or at a

maximum of 208 m from the WMA.

After 500 years, for a contaminant tracer placed at the bottom of the surficial drift

aquifer at the Cory site, traveling through a highly fractured Floral Formation

aquitard (Figure 45), the contaminant will be at a low concentration 3266 m from

the maximum advective particle position, or a maximum of 4866 m down

gradient of the WMA.

After 500 years, for a contaminant tracer placed at the top of the surficial drift at

the Vanscoy site, the contaminant will be at a low concentration 1018 m from the

maximum advective particle position, or a maximum of 1638 m down gradient of

the WMA.
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CHAPTER 7

SENSITIVITY ANALYSIS

The objective of calibration is to provide a model which can reproduce the actual

conditions that exist in the field. The final calibrated model provides the best

estimate of flow on a regional scale. Because of uncertainties inherent in the

data used to construct the model (lithology, aquifer properties, hydrostratigraphy,

boundary conditions, etc.), and because the numerical model does not provide a

unique solution (two models using different combinations of aquifer properties

can provide the same solution), it is necessary to assess the changes in the

predictions of the flow model when the data assumptions are varied. The

purpose of this type of sensitivity analysis is to attempt to quantify the ambiguity

in the numerical simulation through identification of the key parameters

determining model predictions. The sensitivity analysis is completed through the

systematic substitution of calibrated values of recharge, hydraulic properties, and

hydrostratigraphic configurations. The outcome of sensitivity runs are compared

with those of the "best estimate", calibrated model. The magnitude of the

differences observed between the two solutions provides a quantitative

measurement of the sensitivity of the numerical solution to the altered

parameter.

Important aspects of the conceptual model which were expected to control the

potential extent of the transport of contaminants in the vicinity of the WMAs were

investigated in the flow model sensitivity runs. The primary parameters which

were investigated in the sensitivity analysis were:

1. The Floral Formation channel aquifer configurations;

2. The areal distribution of recharge;

3. The hydraulic conductivity of the Floral Formation aquitard;
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4. The hydraulic conductivity of the Floral Formation aquifers (Dalmeny

Aquifer and Floral Formation channel aquifers);

5. The hydraulic head perturbation in the vicinity of the mine sites as a result

of the WMAs.

6. The boundary conditions in the Tyner Valley Aquifer System

The altered parameters and the resulting change in the mean error (ME), the

mean absolute error (MAE), and the root-mean-squared error (RMSE) for the

sensitivity runs from those of the calibrated model are discussed here and

presented in Appendix F.

7.1 CHANGES IN FLORAL FORMATION CHANNEL AQUIFER GEOMETRY

Because of the uncertainty in the configuration of the Floral Formation channel

aquifers, two sensitivity runs were completed to check the assumed

configurations, and to quantify the impact of changes in this configuration on the

predictions of the flow model. Since there is very little field evidence to support

the existence of the two northern channels (Figure 13), the first run involved

removal of these two inferred channels to identify the impact on the numerical

model. The second sensitivity run removed the connection between the

Dalmeny Aquifer and the Floral Formation channel aquifer beneath the Cory site.

Transmissivity plots showing changes in the configuration of the Floral Formation

sands are shown in Figures 53 and 54 for sensitivity runs 1 and 2 respectively.

In both cases, the head configurations provide a good match between the

measured and simulated values and the head contours in the major aquifers do

not vary from the base case on a regional scale. Sensitivity runs 1 and 2 have

an ME of 0.15 m and 0.09 m higher respectively than the base case calibrated

model. The MAE and RMSE statistics show very small changes (Appendix-F).

Alteration of the channel configuration did not change the direction of
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groundwater flow in either the Dalmeny Aquifer, or the Floral Channel beneath

the Cory site. The "reliable" data and the data in the vicinity of the Cory site

actually show MAEs of 0.13 m and 0.12 m lower than that of the calibrated

model, indicating that the local calibration is slightly improved as a result of the

removal of the connection of the Floral Formation channel aquifer beneath the

Cory site to the Dalmeny Aquifer.

Because all three channel configurations provide a reasonable match between

the simulated and the observed head measurements at the Cory site, it appears

that the detailed configurations are not critical to the local or regional flow

patterns based on this analysis. The groundwater flow directions in the channels

do not alter with changes in the channel aquifer patterns. The base model is the

most conservative design assumption in terms of advective transport in the

channel beneath the Cory site since it assumes increased flow, and hence

advective transport, with more water originating from the Dalmeny Aquifer.

7.2 ALTERATION OF RECHARGE RATES

In the calibrated model, recharge was applied to topographically high regions

and was not applied to topographically low areas. In an attempt to quantify the

impact of varying recharge, two sensitivity runs were completed. The first run

(sensitivity run 3) involved doubling the calibrated applied recharge to the model

and applying a value of 0.25 mm/year recharge to areas where there was no

areal recharge applied in the calibrated base model. In the second run

(sensitivity run 4), the areal recharge of the model was set at half that applied for

the calibrated base case.

A large increase in recharge (run 3) to the base case resulted in a pronounced

increase in the MAE of 2.37 m above that of the calibrated base case. It also

resulted in bias towards high values with a ME of 4.97 m higher than calibrated
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values. The general groundwater flow directions in the aquifers were not

substantially changed, but hydraulic heads (particularly in the Floral Formation

aquifers) were consistently high compared to the base case (3.4 m on average).

The resulting water table in the surficial sediments was also elevated and was

predicted above ground surface in some places. Many of the dry areas present

in the surficial drift aquifer (Figure 36) in the calibrated model disappeared.

By halving the recharge to the calibrated model, the MAE of the model averaged

0.4 m lower than that of the calibrated model. The difference in ME between the

base case and sensitivity run 4 was 1.33 m, indicating a bias towards low values.

The decreased areal recharge to the northern limits of the model was mirrored in

a decrease in the predicted heads of the Dalmeny Aquifer (Layer 3), resulting in

a bias toward low values (1.68 m low on average). Although the change in

recharge resulted in suppression of head values, the potential brine migration

pathways did not change. Decreasing the areal recharge resulted in an increase

in the size of some of the dry zones compared to the base case (Figure 36),

reflecting a depressed water table.

7.3 ALTERATION OF HYDRAULIC CONDUCTIVITY OF THE FLORAL
FORMATION AQUITARD

Because of the uncertainty in the hydraulic conductivity of the Floral Formation

aquitard, two sensitivity runs were completed to check the effect of altering this

parameter on the predictions of the flow model. To measure the effect of the

model to these parameter, two runs were undertaken. The first run (sensitivity

run 5) decreased the hydraulic conductivity of the Floral Formation aquitard by

one order of magnitude. The second run (sensitivity run 6) increased the

hydraulic conductivity of the Floral Formation aquitard by one order of

magnitude.
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Decreasing the hydraulic conductivity of the Floral Formation by one order of

magnitude resulted in a large increase in the MAE for all the points ( 2.74 m

higher on average than the calibrated base case for all the points). The

simulated heads in the Floral Formation aquifers (Layer 3) showed a large bias

towards low values, with the head values being 9.49 m Iowan average and

having an MAE of 7.02 m higher than that of the base model. This significant

difference is a result of a lack of recharge entering the aquifer from the overlying

Floral Formation aquitard, and as a result, in areas the water level is above the

topographic surface.

Increasing the hydraulic conductivity of the Floral Formation aquitard by one

order of magnitude resulted in a smaller change in the MAE than that found by

decreasing the magnitude of the Floral Formation aquitard by one order of

magnitude. The MAE was 0.59 m higher on average than the calibrated base

case for all the points. The simulated heads in the Floral Formation aquifers

(Layer 3) show a bias towards high values with the average head being 3.83 m

high on average and having an MAE of 0.87 m higher than that of the base

model. This difference is due to an increased rate of recharge through the Floral

Formation aquitard.

Despite the changes in the hydraulic conductivity in the Floral Formation

aquitard, the general groundwater flow pattern is not affected by these changes.

The effect of the hydraulic conductivity change on the head distribution in the

Tyner Valley Aquifer system is significantly less than for the Floral Formation

aquifers. This indicates that the lower layers of the model are relatively

insensitive to these changes.
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7.4 ALTERATION OF THE HYDRAULIC CONDUCTIVITY OF THE
DALMENY AQUIFER AND THE FLORAL FORMATION CHANNEL
AQUIFERS

Because of the uncertainty in the hydraulic conductivity of the Floral Formation

aquifers, two sensitivity runs were completed to check the effect of varying the

properties of the Floral Formation aquifers on the flow model. The first run

(sensitivity run 7) doubled the hydraulic conductivity of the Floral Formation

aquifers. The second run (sensitivity run 8) halved the hydraulic conductivity of

the Floral Formation aquifers.

Doubling the hydraulic conductivity of the Floral Formation aquifers resulted in an

increase in the MAE for all the points (1.33 m higher on average than the

calibrated base case for all the points). The majority of the error was a result of

decreases in the heads of the Dalmeny Aquifer. The heads in layer 3 had an

MAE of 2.88 m higher than that of the calibrated base case, and were 5.17 m

Iowan average. These suppressed heads were due to increased drainage from

the aquifer to the North and South Saskatchewan Rivers as a direct result of the

increased hydraulic conductivity.

Halving the hydraulic conductivity of the Floral Formation aquifers resulted in a

change in the MAE for all the calibration points ( 0.33 m higher on average than

that of the base case). There was no change in bias (either high or low) from that

of the base calibrated model. In general, the statistics show only very small

changes, and alteration of the hydraulic conductivity did not affect flow directions

in any of the aquifers.

The effect of altering the hydraulic conductivity of the Floral Formation aquifers

showed little influence on the calibration of the underlying Tyner Valley Aquifer

System.
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7.5 IMPLEMENTATION OF ELEVATED HEADS IN THE WMA

Both the Cory and the Vanscoy WMAs are located on the transition/discharge

portion of an intermediate or regional flow system. In this hydrologic setting

there is a potential for downward and lateral migration of brine solution into the

subsurface aquifers. In the area of the WMAs, this potential is increased due to

an excess head present due to brine levels in the tailings pond and density

contrasts between the high TDS brine and the relatively low TDS waters of the

aquifers. This elevated head allows for both shallow lateral brine migration in the

surficial sediments and vertical brine migration into the underlying aquitard and

aquifer (Figure 55).

The amount of brine which may migrate through the till is dependent on the

thickness and the vertical hydraulic conductivity of the unit. Upon reaching the

lower aquifers, predominantly horizontal flow through the highly permeable layers

can occur, with brine being transported down gradient of the WMA. Loading due

to pressures exerted on the underlying sediments may result in the formation of

a temporary hydraulic barrier in the aquitard, which may result in both upward

and downward flow from the center of the aquitard (Figure 55). This effect may

be neglected in long term predictions of brine transport due to dissipation of

hydraulic head as the loading ceases (Maathuis and van der Kamp, 1994).

Because of the elevated heads in the tailings piles at both of the WMAs, a run

was completed to check the sensitivity of the flow prediction to this parameter.

A sensitivity run was completed that applied a constant head of approximately 3

m above topographic elevation to the WMAs to simulate this increased potential.

This simulation showed a MAE of 0.37 m higher than that of the calibrated base

case. The calibration for the head data at the Cory site actually improved,

showing an MAE of 0.36 m better on average than that of the calibrated base.
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< Direction of Groundwater Flow and Brine Migration Pathways

Figure 55 - Potential Brine Migration Pathways (After Maathuis et a/., 1994)
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This increase in calibration may be an indication of the effect of the WMA on the

field data.

The head distribution in the immediate vicinity of the sites was slightly affected

with the implementation of the excess head in the WMAs. Because of this

excess head, the advective pathways of the brine should be radially away from

the WMAs (Figure 55). To investigate the effect that this radial flow may have on

potential contaminant transport from the site, additional particle tracking

simulations were completed. A comparison of the advective paths at the Cory

WMA, for the case with and without the applied excess head, are provided for

times of 500 (Figure 56), 2000 (Figure 57), and 10000 years (Figure 58).

Because of the relatively flat topography at the Cory WMA, the effect of the

excess head is more significant in this region than at the Vanscoy WMA where

the topographic gradients are steeper. The changes in flow patterns due to the

application of the excess head were not significant at the Vanscoy WMA, and

showed only a minor increase in head.

From these simulations it can be seen that the excess head above the Cory

WMA results in a reversal of flow in the northern portion of the WMA, and

advection occurs in a northwestern direction instead of southeast towards the

South Saskatchewan River valley. The particles tracked from the three

northernmost corners of the WMA eventually reach a stagnation point within the

Floral Formation channel aquifer beneath the Cory WMA. Because of an

increased gradient, the particles tracked from the two southern points reach the

discharge location in a shorter time (Figure 58).

7.6 BOUNDARY CONDITIONS IN THE TYNER VALLEY AQUIFER SYSTEM

Because of the uncertainty in the boundary conditions in the Tyner Valley Aquifer

System, an additional model was run with the addition of inflow along the
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Figure 56 - Comparison of the Advective Pathways at 500 Years with the
Addition of 3 metres of Elevated Head (Starting Position Top of
the Surficial Drift Aquifer, Porosity of the Floral Formation
Aquitard = 30%)
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Figure 57 - Comparison of the Advective Pathways at 2000 Years with the
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western boundary of the Judith River Aquifer. The addition of inflow results in

insignificant changes to the calibration of the model, with a maximum MAE of

1.33 m on average for the Judith River Aquifer.

The change in flow direction due to the constant head boundary applied to the

western edge of the Judith River Aquifer results in a slightly larger inflow of water

to the Tyner Valley Aquifer System. The resulting flow in the Tyner Valley

Aquifer is approximately 20 m3/day larger than that of the base case.
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CHAPTERS

DISCUSSION AND CONCLUSIONS

Numerical flow and particle tracking simulations of a study area west of

Saskatoon, Saskatchewan have been presented. Numerical simulations were

used to predict the potential environmental impact of brine migration from two

potash mine waste management areas (WMAs). The following is a discussion of

the work completed and the conclusions drawn from this investigation.

8.1 GEOLOGY AND HYDROSTRATIGRAPHY

Eight major stratigraphic units, ranging in age from Upper Cretaceous to

Quaternary, were identified using lithological and geophysical data from over 300

boreholes in the region (Chapter 2).

The stratigraphic data was combined into three major aquifer units and three

major aquitard units (Chapter 3). The aquifers and aquitards identified in

descending order are:

1. Surficial drift aquifer;

2. Floral Formation/Battleford Formation aquitard;

3. Floral Formation aquifers (Dalmeny and channel aquifers);

4. Sutherland Group/Bearpaw Formation aquitard;

5. Tyner Valley Aquifer System (Judith River and Tyner Valley Aquifers); and

6. Lea Park Formation aquitard.

A key assumption in the deveJopment of the conceptual model was the presence

of channel aquifers within the Floral Formation till. The presence of these

channels is indicated by a number of drill holes in the vicinity of the Cory site,
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and in two wells situated between the WMA and Moon Lake. The inferred

location of the channels was based on a topographic interpretation (after

Maathuis et al., 1994), and a sedimentological interpretation based on the origin

of the deposits (rivers and streams draining from the Dalmeny sand body).

8.2 REGIONAL FLOW MODEL

The USGS package MODFLOW was used to model the regional flow system. A

5 layer, 60720 cell finite-difference numerical flow model was developed.

8.2.1 CALIBRATION

The numerical model was calibrated using approximately 100 well data points.

Over 30 "trial and error" simulations were completed before the ± 5 m calibration

target was satisfied (Chapter 5). The calibrated model showed simulated head

values with a mean error (ME) of -0.64 m, a mean absolute error (MAE) of 4.37

m, and a root mean squared error (RMSE) of 5.6 m.

Calibration of the surficial drift aquifer was good, showing a MAE of 4.18 m, but

was based on very few observation points. The calibration of the Floral

Formation aquifers (Dalmeny Aquifer and Floral Formation channel aquifers) was

good, showing a MAE of 3.51 m. The calibration for the Tyner Valley Aquifer

System showed a MAE of approximately 5.5 m.

8.2.2 HYDRAULIC PROPERTIES

The hydraulic parameters consistent with the successful flow model calibration

are presented in Table 8.1. These properties are by no means a unique set, but

represent an acceptable approximation, consistent with the constraints imposed

by lithology and local field measurements (Chapter 3).
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Table 8.1 - Summary of Calibrated Hydraulic Parameters

MATERIAL Kh (mls) Kh (mid) Kv Kv (mid)

Surficial Drift Aquifer 3.00x10·s 0.260 0.2 Kh 5.18x10-2

Floral Formation and 3.00x10-9 2.60x10-4 1.0 Kh 2.60x10-4

Battleford Formation Aquitard

Dalmeny Aquifer and Floral 5.00x10-s 4.32 0.3 Kh 1.44
Formation Channel Aquifers

Sutherland Group Aquitard 7.00x10-11 6.05x10-s 0.1 Kh 6.05x10-7

Judith River Aquifer 5.00x10-7 4.32x10-2 0.3 Kh 1.44x10-2

Tyner Valley Aquifer - High K 6.00x10-s 0.52 0.3 Kh 0.17

Tyner Valley Aquifer - Low K 7.00x10-11 6.05x10-s 0.1 Kh 6.05x10-7

8.2.3 GROUNDWATE~;~ FLOW

The average linear groLndwater velocities for each of the aquifers were inferred

from the calibrated flow model at a number of locations (Chapter 5). The

following are the ranges of flow which were estimated from the numerical data at

these locations:

1. Surficial drift aquifer - 1.6x1 0-4
- 1.4x1 0-2 mid (0.1 - 5.1 m/y)

2. Floral Formation channel aquifers - 1.2x1 0-2
- 5.9x10-2 mid (4.4-21.6 m/y)

3. Dalmeny Aquifer - 4.4x10-4
- 6.7x10-2 mId (0.16 - 24.4 m/y)

4. Tyner Valley Aquifer - 1.9x1 0-4
- 5.6x1 0-3 mid (0.07 - 2.0 m/y)

5. Judith River Aquifer - 5.2x10-4
- 2.2x10-3 mid (0.19 - 0.8 m/y)

Discharge from the Dalmeny Aquifer was computed to be 6900 m3/day to the

North Saskatchewan River and 2600 m3/day to the South Saskatchewan River.
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The discharge to the North Saskatchewan River is within estimates reported in

the literature. The discharge to the South Saskatchewan River is somewhat

higher than estimates given in the literature, but is not an extreme or

unreasonable rate of discharge. Field values estimated by collecting flow from

springs do not take into account more diffuse seepage which could contribute to

an underestimate in the field. It is also possible that there is less connection

between the main portion of the Dalmeny Aquifer and the eastern lobe than was

simulated in this study (Chapter 4). A flow rate of 135 m3/day was calculated for

the Floral Formation channel beneath the Cory site, for which there is no

comparison available in the literature.

Flow through the Tyner Valley Aquifer was computed north of the PCS Cory site

at approximately 300 m3/day. The discharge into the North Saskatchewan River

valley was computed to be 320 m3/day. Meneley (1970) estimated a flow of

approximately 18000 m3/day, 60 times larger than that predicted by the model. It

is not known what method Meneley (1970) used to estimate the flow through the

Tyner Valley Aquifer. The Tyner Valley Aquifer System is an extremely complex

deposit of stratified silts and sands, and therefore it is very difficult to assign bulk

hydraulic parameters to the unit. There is also little information on the

connectivity of the aquifer system to the North and South Saskatchewan Rivers,

from which an increased inflow may occur. The observed head data for the

Tyner Valley Aquifer is highly variable and often contradictory. The computed

head distribution reasonably matches the observed data for the aquifer system,

and thus flow predictions presented here are considered to be reasonable

estimates of groundwater flow within the aquifer.

In order to achieve the amount of flow estimated by Meneley (1970) there would

have to be an increase in boundary inflow along the southern edge of the model

and significant increases in the hydraulic conductivities of both the Judith River

Aquifer and the Tyner Valley Aquifer. These changes would make it extremely
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difficult to calibrate the flow model within the constraints of the known data.

The model strongly suggests that flow in the Tyner Valley Aquifer is substantially

less than that estimated by Meneley (1970). Local recharge is limited by the low

hydraulic conductivity value assumed for the Sutherland Group tills (Chapter 3).

This assumption is consistent with results reported by Maathuis and van der

Kamp (1994).

The "blockage" of the Tyner Valley in the vicinity of Grandora is supported by the

model calibration. The model also predicts flow in the Tyner Valley Aquifer

northwards from the northeast corner of the study area. A constant head

boundary was necessary to simulate observed heads in this region. This

conclusion is highly speculative and is unsupported by field evidence at the time

of writing.

From the sensitivity analysis it is possible to conclude:

1. The flow model was relatively insensitive to changes in recharge and

hydraulic parameters. Changes in the model did not result in significant

changes in the groundwater flow patterns.

2. It was not possible to either confirm or refute the assumed configuration of

the Floral Formation channel aquifers. Changes in the connections of the

channels had little effect on the regional or local flow patterns.

3. Dramatic changes from those presented in the conceptual model would

be needed to change the groundwater flow patterns significantly.

8.3 IMPLICATIONS FOR BRINE MIGRATION

The USGS particle tracking code MODPATH was used employing the cell-by-cell

flow vectors computed by the calibrated MODFLOW flow model (Chapter 6).
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The transport simulation assumed a non-reactive tracer and did not consider

processes such as diffusion and mechanical dispersion, or the effects of density

flow in the predictions. Because of the scale of the study, the effects of these

factors were not investigated, but are being addressed in a parallel study

involving a site specific model.

The prediction for the Cory WMA in this study is dependent on the presence of a

channel aquifer beneath the site. If the lateral continuity of this aquifer is found

to be substantially different from the "assumed" configurations presented in this

investigation, the long term predictions of transport will change.

In the vicinity of the Vanscoy WMA, predictions were based on a small number

of boreholes obtained from the Saskatchewan Research Council. The

predictions for the Vanscoy site may vary substantially if channel aquifers, or

other zones of high hydraulic conductivity, are found in this area.

From particle tracking simulations it is possible to conclude that:

1. There is limited short term (under 100 years) risk of contamination outside

the WMAs.

2. The small downward gradients beneath the WMAs results in the starting

position of the contaminant (either top or bottom of the surficial drift

aquifer) having a strong influence on the extent of advective particle

migration.

3. If the starting position is the top of the surficial drift aquifer, fractures in the

Floral Formation aquitard are not important for short term predictions

because the vertical migration time through the surficial drift aquifer is

considerable.

4. If the starting position is at the bottom of the surficial drift aquifer, fractures

in the Floral Formation aquitard are very important for short term
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predictions. This is the most reasonable scenario for dense brines.

5. In 500 years, the advective front for chloride from the Cory WMA (in the

"worst case") is predicted to be in the Floral Formation channel aquifer,

1600 m southeast of the WMA.

6. In 500 years, the advective front for the chloride from the Vanscoy WMA

(in the "worst case") is predicted to be within the surficial drift aquifer,

approximately 620 m to the north of the WMA.

7. Chlorides from the Vanscoy WMA will eventually discharge into an

unnamed tributary of Rice Lake.

8. Chlorides from the Cory WMA will eventually discharge into the South

Saskatchewan River valley.

From the sensitivity analysis it is possible to conclude:

1. Changes in the configuration of the channel aquifer beneath the Cory site

do not alter the groundwater flow directions, advective pathways or

discharge areas.

2. The calibrated model provides the most conservative case ("worst case")

for chloride transport within the Floral Formation channel aquifer beneath

the Cory WMA.

8.4 FUTURE RECOMMENDATIONS

There are a number of areas where additional research could be conducted.

8.4.1 VERIFICATION OF DATA AND CONCEPTUAL MODEL

1. Verification and improvement of hydraulic head data:

a. A survey of the location and elevation of the well data should be

conducted to confirm the well information.
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b. Hydraulic head data should be remeasured over a short-time

interval so the effects of seasonal and long-term fluctuations in

head can be eliminated.

2. Further studies to measure the vertical hydraulic conductivity of the Upper

Saskatoon Group tills should be conducted. The vertical hydraulic

conductivity of this till group is the primary factor controlling advective

brine migration to the underlying Floral Formation channel aquifers.

3. Drilling or geophysical surveys to resolve the lateral extent of the Floral

Formation chan nel aquifers should be conducted at the Cory site. Efforts

should be concentrated to the southeast of the WMA (down gradient)

because the eastern extent of the aquifer will control the potential of

advective migration away from the WMA. Similar studies could be

conducted in the vicinity of the Vanscoy WMA to investigate the possibility

of similar channels in the region.

4. Because of the strong influence that fractures in the Floral Formation

aquitard have on transport rates, additional studies could be undertaken

to further quantify this phenomena.

5. Further studies to quantify amounts of recharge received by the aquifers

are necessary. Regional recharge rates are very poorly constrained by

the available data.

8.4.2 NUMERICAL MODELLING

1. A numerical simulation of brine transport taking into account density

dependent flow should be conducted since gravity will have a major

influence on the migration of the brine in a virtually static flow field.
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2. Additional numerical models could be conducted to investigate the effects

of heterogeneity on the calibration of the model, and on contaminant

migration. Such models could incorporate scale dependent dispersivities.

Since the flow field appears to be relatively static, dispersion may not be

very important.

3. A detailed site-specific numerical transport simulation, with increased grid

resolution in the vicinity of the WMAs, should be completed to investigate

the effects of soil barriers and/or pumping containment technologies on

the potential extent of brine migration.

4. There are a number of factors which will probably have little effect on

brine transport at the WMAs, but may be of interest to other

investigations:

a. Additional runs of the model using various levels of hydraulic

connection between the main portion of the Dalmeny Aquifer and

the eastern lobe of the Dalmeny Aquifer could be completed to see

the effect on the discharge to the South Saskatchewan River.

b. Additional runs of the numerical model, adjusting boundary

conditions and hydraulic properties of the Tyner Valley Aquifer

System, could be completed to try to achieve better calibration and

a better match to the higher flow estimates of Meneley (1970).

5. As more data is accumulated through field investigations, the "best fit"

numerical model should be updated and if necessary re-calibrated. The

present study represents only a first step in the quantitative understanding

of the flow system.
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ISOPACH OF THE SURFICIAL DRIFT AQUIFER
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ISOPACH OF THE FLORAL FORMATION AND BATILEFORD FORMATION TILL AQUITARD
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ISOPACH OF THE FLORAL FORMATION AQUIFERS
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ISOPACH OF THE SUTHERLAND GROUP AND BEAR PAW FORMATION AQUITARD
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ISOPACH OF THE TYNER VALLEY AQUIFER SYSTEM

~EXTENT OFTHE TYNER
,.r VALLEY AQUIFER
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MODEL DISCRETIZATION - LAYER 1

SOUTH SASKATCHEWAN
RIVER

10 kmo

• CONSTANT HEAD NODE
- MODFLOW MODEL BOUNDARY
• MINE SITE

~



MODEL DISCRETIZATION - LAYER 2

NORTH SASKATCHEWAN RIV~EiRji~lillll;IIII;II~~r

· CONSTANT HEAD NODE
- MODFLOW MODEL BOUNDARY

t • MOiNE SITE
<$> 10 km



MODEL DISCRETIZATION - LAYER 3

• CONSTANT HEAD NODE

- MODFLOW MODEL BOUNDARY

~
- AREAL EXTENT OF FLORAL

FORMATION AQUIFERS
• MINE SITE

o 10 km



MODEL DISCRETIZATION - LAYER 4

......
(J)
w

NORTH SASKATCHEWAN RIVER

• CONSTANT HEAD NODE
MODFLOW MODEL BOUNDARY

• MINE SITE

o 10 km



MODEL DISCRETIZATION - LAYER 5

SOUTH SASKATCHEWAN
RIVER

CONSTANT HEAD NODE
- MODFLOW MODEL BOUNDARY

~
- AERIAL EXTENT OF TYNER

VALLEY AQUIFER SYSTEM
MINE SITE

o 10 km
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TABLE C1 - WATER LEVEL DATA USED IN CALIBRATION

HOLE NAME MEASUREMENT !SOURCE !APPROXIMATE APt"HuAIMATE .MODFLOW iMEASURED
ZONE ~ !EASTING NORTHING LAYER HEAD(m)

~!.E3ill ,upper floral 1, 'dWC Well records i 349236 5756816 2 538.9
~.Q~.g~~~Qn.Q!¥~Yl______._ .~.Q2~~_E!ora.L___J.§Y:{g~~U:~cord~__1___ 34~.1.?~. 5771382 2 ___ 524.:_~-------'--"---
Kielo Dale Sutherland Group iSWC Well records! 347521 5760917 4 533.4
Exner Edwin ~!.h.erla_r:!S!.Groue_.t.§'~9 W~!L~.ecords L 361369 5754435 4 517.2._-----_._------_..._--
Delisle Sutherland Group !SWC Well records I 352023 5754700 4 516.6
~mour Georoe Sutherland Group !SWC Well records I 346387 5777151 4 514.5
.~!~!~R~~~!~t_.__._.___ .~.~.!h~rla~~§r~p..l.§~~-W~l!.!!~rd~--j___.•..__.34~4?~ ___.~759?.19. 4 512.1._---- _~~_~~_~~_r.

Gordon Wilfred *m Sutherland Group !From AGRA data! 367500 5768750 4 506.6
Birdsall Peter .~.~~.~.~.r..!.~n~...qr..~.~.P ..!..~W.~ ..~~!.!...~~~.Q.r~.~ .......1.............................~.??4J.~. ........................???.4.1.~Q. 4 499.0........................................................................................ ........................................... .........................................
86-101 *m,r . Sutherland Groue..jfrom AG~A data -l........ 372272 5773577 4 497.1
Richter Howard §.!:!.!!:!erland GrQ!J..P._l.~VY.Q.'yvell !ecor.Q~__t~____~.533~~ 5776940 4 __.~95.5......._--_._....__._-_._._-_._._-

~._--- _._---
'S.~~!..I!.~~!~.Y.........................._..................... .§~.!~.~.f.!5!!!~LQ.~9.':!E ....) ..§'!!..g...'!:!~!! ..~~~9!~·~· ....·...I··.........................~~§.~.~~. 5783735 4 495.0··..·..·..··_..5i7'1·777 .~_ ...._.--.._..._..._..-..-. -_...........-....._.__.._.....
86-106 *m,r Sutherland Group iFrom AGRA data! 372055 4 493.4
.t!5!!J],~...Q.~.Q!.9.~ ....._ ....._..___ .§~.!h~~lar:!.Q..Q!.Q~2m...f·§.yy..g..'!Y.!3.!!.!~qQ!:.Q~ __.I...._......__..,,11_f!?~.?. 5787201 4 _.__,,_..191.:..~.........--"...._-~ ...~.---~ -_..._-----
Griffith Bruce Sutherland Group! SWC Well records ! 353696 5789485 4 463.9
Gessel Brent Surfici~1 Strat Drif~ !S'!JC Well records-+-- 349600 5?~ 1 536.1
Sum.!!lach ..Manley--=-'_

---- --527.3Surficial Strat Drift L§WC Well records i 347843 5771432 1
SRC MOON LAKE(2:) *m,r Surficial Strat Drift i From AGRA data! 375650 5767500 1 503.9
Ozeroff M. Surficial Strat Drift ISWC Well records t 359075 5792973 1 __._496.2
SRC"MOOI,TLAKlr-;m:r:'-'-' ·su-rlTciaf"Strat·D·rift·..lFr..om'7i.GRA(j'ata.._·~r ..---37s60O·

--...._.._-.............;. ------
5764500 1 486.7

.Q.~~!.Q2..P..~.~!.. ................................................. Lower Floral . rswc Well records! 364147 5754359 3 525.1Lowe·r..i=iorai.......·......·....··TSWC""\iV"e·ji""re·cords·.........I"........ ..··..····....···..36·2271" .................................................... .......................................... ........................................
Anderson Mike 5758052 3 517.9
Doerksen L5!!!Y.. Lower Floral \SWC Well records! 362661 5757638 3 517.6

L~~er FIQral_-==J:Eiom~[3RA data _-1__ 36Q~
_.

.Y_~~.r:!,,~5!!jQ~y.~.~ __..... 5777144 3 500.2_.__.._--_.
81-17 *m,r Lower Floral !From AGRA data! 371410 5774168 3 493.3
Q.1.~!...~'!Y..!.~....~.~.l!_ ...........__.. Lower Floral !From AGRA data I 372073 5771158 _._--_.._--~. .___1~!.&

LowerFioral"'-"·--"·-n=rom AGRAdata..-·--r---·----372806· ----_.--_..._-
77-805 *m,r 5770828 3 490.8
Jadeske Ed Judith River !SWC Well records ! 348177 5782349 5 490.4._--_...-._.---_..-

Judith-River------Ts·wc Well recordS-I--Stack Clinton 338533 5786316 5 518.2
McNiven Elmer Judith River iSWC Well records I 349478 5751536 5 510.2
Manseler Richard Judith River !SWC Well records! 351635 ,....._ 5774959 5 506.3
CaU"eIJohn---'---"-- ----·---·..--·-t·-·----·--·--------..---·......;.;;;..;;;..

Judith River SWC Well records I 343781 5784516 5 504.1

!j.~.~.!~y. ..E!.Qy.q................................................ Judith River IFrom AGRA data i 359400 5780000 ......................................?. 501.1Jlj'ciitfi..Rlve·r....·......···........·Ti=·rom..AG·RA..(j·ata··........·..r·..·......·....··..··..··361·S·2S· .................................................... ..............._..........._...........
Miller Daryl *m 5778717 5 499.9
Johannson Eric Judith River ISWC Well records I 344323 5788967 5 499.3



TABLE C1 - WATER LEVEL DATA USED IN CALIBRATION

IHOLE NAME MEASURE-MENT is-OURCE !APPROXIMATE APPROXIMATE MODFLOW iMEASURED
ZONE 1 !EASTING NORTHING LAYER HEAD (m)

86-103 *m,r iJudlth~lver iFrom AGRA data I 370861 5773368 5 497.8
~.~.:..lQ~":.~l.~ ..~ ....~._..~__....~..~__...._ ~.!!~.!!h..R~Y~!~~~._.~ ..~..j..E!Q.!!l...A9BA_~~~_ .......J ..... ..._...9.?321~. _....__.E.ZI.?Z§Q _~__.._._.._~. .._ ....._._1Q:!:.~ ..
Wianes Martin Judith River !SWC Well records! 347034 5784416 5 497.7
.~wC!f.l_QQ..~~!.9 ..... . d.l!9ml..!3~~_.J.§.'!Y.f...Yt.~!! ..E~£ord~~! .__. 3579Q~ 5780853.. §.f-_~1&

~lIen G~'!!"ile Judith River ISWC Well records I 349792 5781897 5 495.0
Unrah Ron Judith River !SWC Well records! 348226 5783977 5 491.3
Kaval Ria Judith River--'lSWC Well records! 376581 5778342 5 490.7................_ - " ·,,··_,,·..·-,,· ·..-·· ·· ··~· ··.. ·f··· ·· ···.. · + __..".._ -.-_ __ -._ _ - __..__ _---_ _..~._- - - .
Halsteins Abick Judith River i SWC Well records I 348537 5780326 5 512.0

~.Q!.L~~9.~.~.~~.._ _ ~.~.P.~~.~~ I..$.w..g W~!.! ..r.~!?.Q!~.~ 1 ~~.1..Q.~?~=: ?~.Q?.?.~.~ ? 1?.?.:.?..
Pattison Mary Empress 1swc Well records i 356449 5752944 5 513.6.

~~~~~~~~~~!:~~~===.~=~~=~=~~~ ~~~~~~=~~~~:==~.~~~:=J~.~~.~:A~~~~:i~~==+==::~~=~~~~l~. ·~===~~~~ft.~~.~~~ .======~: ==~~f;l
Gittins Fred *m Empress iFrom AGRA data! 361650 5772200 5 506.6
§.Q~'!!~.~!!..~Qh! _ _ __ ~~p..~!!~~ ..__._ __l.§.'!'C '!!.~!!!~!?Q!.~~ J ~~~I~.Q __ 2~i.Q~28 _~ __ _§..Q~t~1.:
Chapple George Empress !From AGRA data! 357800 5772640 5 502.0
.'!!.~be.f.ete!......_ ........._..__...__....!;~E!ess ........L~'!!.~ ..~~.~!.!!!£Q.I'...~~..J ..__......~~!~1.r ._._..._..~!!.1.Q39~ 5 ~.~9.~_
2efl Nahathe~sky'" *m Empress lfrom AGBA datC!.--L 363925 5775000 5 498.9
Ottma!1n~_... Emeress ~~YVC ~eU records ! 384640 .__ 57~.190? 5 490.1
!S.~~L~~.!!?.9!l_.:.!!!. _ ~!n.p.r.~.~§. ~ !.EE(Lrn..~§BA g.?!?!._ 1 ~~?.1..Q.Q _.w §.??~?QQ __ _ ? _..~§.~:.?.
Keet David *m __ Empress IFrom AG~A data! 364300 5771700 5 503.9

~.~.Q.~.~.~...!~~.~.~ ~.~p.r..~~~ ~.~'!.!..~ V!..~I.! ~~~Qr~~ I ~.~.?~~.~ ?~Q.~.~?? ? ~.?~.:?..
Warman 84-07 *r Empress i SRC Data ! 396300 5794600 5 470.4

~~~~~~~~~~r=.=~~~.=.=.~~~:~:~~=:=.~~ ..~~~i:~~~==~~~~~=.~ ...·i~.~[~~{tl~~~·i~~=J~~~~===~~l~.~]~~~:. ~=.==~~~~~~~~II ...~~=-=-==1 ~:~==~~~~l~~~~.
Neuhorst Empress.1S"'!.C Well records I 392759 5806293 5 459.6
~q!~~~..'5.~._ _ _ _ _ §!D.Q.!:~.~~ _ _ ~_....I.§.~f..~~!!..r.~~.9.rds -_L__. ~Q??.Z~ _._.__ §~Q~~~?_ ~ __~.?-~.1..
Bueckert Frank Empress !SWC Well records i 393556 5805874 5 458.4
.~runen pan_.__._.._ ~!!!Pres~ _.._ i.§~Q..Y.Y.~.lL~.9_~r£~ _L _..__ ~.~~~.?. ..__..__ §Z~4 !.1?. ._.....2.._ _457.8
Reddekopp Henery Empress ISWC Well,[ecords I 385713 5802410 5 455.i
Reimer Jake Empress !SWC Well records! 398461 5806174 5 455.4
g~~~~er!.Er~lJ!s..t?.L .._.._.__..._~l!!pre~__.....__.J§~Q~~!L!.~9.Q~9~_.L 393582 58070~1..f_____--- 5 45~·1
SRC Warman *r Empress ISRC Data i 386099 5800772 5 452.0

~~!~!~~~~~:---------!-~1~:!--------j!~g~:!!;:~~:--I----.----!~!!--------~!~~!---------! ------::!i



TABLE C1 - WATER LEVEL DATA USED IN CALIBRATION

HOLE NAME MEASUREMENT !SOURCE !APPROXIMATE APPROXIMATE MODFLOW IMEASURED
ZONE i !EASTING NORTHING LAYER HEAD (m)

....L

(J)
CO

Wenninger John i Empress --iSWC Well records 391186 5794192 5 448.1
!::!§!~!!}.~Qh!l.... .._.__. EDJ.PL~.~~ _ __.._ __J§,W.g..~~lLr.~£9!Q~._ L_..___ ~~.Q.~Z~. .__._§"~..Q.~~~§ .__.__. ?.. _.._ _-.11~.:.1..
Klassen Isaac Empress ISWC Well records! 397639 5805387 5 448.1
!S~§§.~!:!.~l!!:l__._..._._.. ~.~~~.~~....__...._....__...--l§~9 W~!L~ec2.!:QL1 __...._...~§.?1!~. _.__§805i~Q.__.. ..~. ..._ .._j4,!:~.
~artens Harry' Empress iSWC Well records! 396006 5805421 5 442.0
Reimer Bill Empress!SWC Well records ! 401657 5802668 5 432.7
t:!!~.~.~!!.P.~!~L__ _._ .~.~.!!!!.~!!.y. ..1 _~~.~ ~!!L~~2!~~ J._..__..__~.~1!J.~ _. ~Z97~~.f...._.__._ _~ 2!.~~~.
Dirkson Jake Dalmeny lSWC Well records 1 391141 5792162 3 499.~

?.~.~!.!:?; B.~.g._ _._ _ _. p.~.I.!!.).~.~y. _ _._ .I..$.'!!..g_yJ..~.!.I...r.~~Q.~.g.~ ! __ 9.!..~.~.~9. _ _._ _..?.~.9.Z.1.~J. .. __..__ ~ __.._..__ ?1.!t?...
$ch~ltz A!vin .._~~ __--1.§.Y'{<2.'t"eILrecords i 375178 5805502 3. 516.3
!=_'!'py...!:-i!.~!.en9..~. .._ .Q~!!!.!~Dy...__.._ _l§~SL~~l!..i:~~!'Q.~...._L.._._ _..~§65~.§ _. ~80~~ 9.. __~2.7
~_~pp..Q~Dn!.~ :E_ _._._.__._ P.~!!!.)~ny. _ _._ !.§.'!!.g..'!J..f3..!!J~~Q!.~~_.J _.._ _._ ~?~_4§? _.._._ ~?~§~Z~ c-._-_ _ __._.~ .__.§.1.!:~.
Schuler Cliff Dalmeny!SWC Well records! 383904 5795565 3 511.1
.Y.?.~.~~Q.~~~!J~9.. __ _._ __ _ .Q§!!!!}~D.y. _ _ j.§yy"g W.~!!..!.~QQ~9.~_.J .._ ~~.1.§!Q.Q __§Z~.§.1.:!.?. .._.._. _ ~ _ ..__~!0 .~_
Lukev Larry Dalmeny --l§.WC Well records ~ 377865 5797727 3 510.2
§..~~~~_~~r.!:l..-:I. ._.._._.__ Dalr.!:l_~D.y. __.._.__..__..J~Y.Yf...yy~.~ ..!ecord~ .._L_.__.._._~95:?_,! f- 5_7997~..! ....._..~ ... ~.9.:.£
!::i~§.~dorfer Everard Dal!1lenY .. LSWC We!1 recQ!ds! 379839 5794859 3 509.6
Coldwell Ed Dalmeny lSWC Well records! 381461 5794819 3 509.6
Q.Q~.t?~~9.h!!_~_ _ _ _ .Q.~.l..r:nenY.~ _ _L§.W.Q~~.!!..~~£2!'Q~__.i._ _ _~!..f!..?~4. _.._ _~79~~.!Z _.__. ..__.~ ._..__...?09.q.
Sim_mental Lane DalmenL-__l§.'!!.C W~reco~ 3~2350 5798444 3 506.0
.Qy~*..eb.!.I.!p p.~.!.~~.Dy i.?.YY..g '!!..~.I.!..r~.~Q~9.§ ..l. ~.§.?!..§.? ?!..~.Q.~.?4 9. ?Q.?.:.1.-
Cates Don Dalmen~ jSWC Well records i 382509 5788315 3 504.4

~J.~~l~:§.!~.y.i=~=--=:=:.=·.· :·§~1~~~~~.~~~~·~·~~·.~~~=~~=1~.~~·~~:lJ~.·i~.~~~:~:.=.+~~~=::.~~=.~~~..=~j~~~~ ~.~~-====1fl~i[ ..-.-====~~~.~~~~ ~~.=.~.~~~:~~J.~~~~~
Wipf Sam Dalmeny!SWC Well records! 367062 5787883 3 499.9

·~~~~L~~~~(·1)T(Yu1r··1Pr..·g~~·~~~·_·..·....·····..··......_-_·t~~t~~l!·E~£9.!.Q~· .......·t·..·..· :._·..·-~~1·~·~t ._.__..__.~~.~~..~~_..._.._...__......~. '''-'-1~f~''
Q~!!}£nY..~ae!9 ..§.!.~.....J" D~lme!:l.Y ...__..__.._._~~,.gJ!.ata .. J._ __...~Z3272 581.0599 3 ._.-- 499·Z.
Sera 1 *r Dalmenv ISRC data \ 379452 5800416 3 511.0
Enns Sam (Enns1) *r Dalmenv !SRC data I 377503 5799395 3 513.3
~h!~..LlL:.!: .. Dalmel).Y_..__...._....lSRC d~t~ ..__......J........ 386381 5790702 3 500.9

*m - holes in the viscinity of Cory mine site
*r - hole of increased reliability
Suspect data



TABLE C2 - CALIBRATED HEAD VALES

.. :=. ,=. ..-I=-''' )lEAD (m) HEAD (m) m)t1UL~ NA~.~ HEAD (m) ;HEAD(m) ifni)

J~~f.ij~~~]ja·r!YL~=~=~::. ;=j;=~=j~~l ~~=~..-..~~~~ =:: :~~g~ lR;;~·~~~al1·*·;;;······················-····· -.-..g···-·············~g~~~·I········..······~g~J~·I···· ..·..·"';~
Kielo Dale 4 533.4 529.18 4.22 warman 84-07 'r 5 470.41 458.38 1 12.05
Exner Edwin 4 517.2 519.76 -2.52 Guenther Darrel 5 460.91 452.37! 8.49
Delisle 4 51~~_?20.28 __-3.65ReimerAbe 5 460.61 451.93j 8.62

~l;i{:~~![~·~~ii!::::::::::::::::::::· :::::::::::::::::1 ::::::::::::::::::!i~~:1' ·:::::::::~::!gi~~i: ::::::::::::tii i~:t~l~~:~~::::::::::::::::::~::~:::~:: :::~:::~:::::i: ~~:::::::::::::~il~!:t::~:::::::::::1n;~U~::::~:::::J~~:
Richter Howard 4 495.5 501.34 -5.84 Brunen Dan 5 457.8' 459.851 ..2.04
KeetTimothv 4 495.0 495.62 -0.63 Reddekopp Henery 5 455.71 459.151 ..3.47
86·1.Q!.~ .__..if---.__1.~:i .__ 495~1 __--.:.?~ ~el!!!!rJaks 5 455.41 451.31 i 4.06
I~m Georoe ~ ~!.lJ:f3. ~.~1J.~ :.?:?. 1:l.1!!.l:.~!r.:t.fI.~r.!.~..l~L. .§. 1.!?~:..1..!. _ 1.!?~:.~!.l.L. Q:.?.~
Gessel Brent 1 536.1 534.36 1.78 SRC Warman 'r 5 452.0! 459.48\ -7.48

~~~~Jg~~~~~~~~·~==+~===~H ==~=~f~4~ -:~:~1~~~ ~~hr~J~~g~==:=== ===~ =~~~~===~:1~~~~r~~
Ozeroff M. 1 496.2 494.98 1.23 Mousseau Dennis 5 448.71 458.971 -10.29
SR~MOONLAKE_'m!r -f---J 486.7 486.1~~;3r.venningerJOhn 5 448.11 460.22! -12.16

1I~===i~3:m=:I=I~=~:=i=~
81-17 'mr 3 493.3 497.15 -3.85 DirksonJake 3 499.31 488.821 10.43
D131MW1!! *m,r_____ 3 491.8,-..~~.g -2.86 ShultzRe9.... 3 518.5~ 508.331 10.13
77-805 *mr 3 490.8 494.28 -3.48 Schultz Alvin 3 516.31 510.521 5.81
J.!~~i~~::gt·::::::::::::::~:::::::::::::::::: .::::::::::::::::~ .. ::::::::~:::::::1.!&.:~: :::::::::::::::~:~~::~~ ::::::::::::::?;:i:~ g:i!!P.i.:~~:iiiir.~:ii:~~::::::::::::::::::~::::~:::: ::::::~:::::~~: :::=::::::::::::~I?}J::::::::::::::§IQ;t.~:[::::::::::j~:~1
~;~~~1~~~~:rd"-'---"-'~----~ ---....._~~~~~ ..-_._-~~ --:~~ ~~~ia1~-!------- -i --tH*-{~----3i~
Cattel John 5 504.1 494.96 9.17 Yakubowski Ed 3 510.51 509.41 1.14
!:!.!!~Floyd .. ~ .. ~Q.Ll __i97'!~'r--' 3.61 LukevLarrv.._ _ 3 510.21 510.731 -0.49
l\IIil.!!.r...Q!!!Y.L~.If.I................................? ........1~~:.~ 4.~!..:?!.l ?:~J.. !3.~.!1.!.l.r..~~.'l:! ~r... ~.._ ?J.Q:?L ?J.!.:?~L :.L~§.
Johannson Eric 5 499.3 491.32 7.94 Hessdorfer Everard 3 509.6! 508.831 0.8
86~103"'*m"r'"'''''''''''''''''''''''''''''''''''''' ···..·..·....··..5 ····..·....·..··..4·97:·8 ..·..······........4fi'ifs· ··....·····....:·i··:7· Coldwe·ifE<j"'·..·..·........·..····..........··..·.. ··..··........ 3· ··......·....·..··5·o9:6'I ..--·..·..·508:00r..··....··..(:i':!i6
86:-io'g"-;;:n",:---'''-'------5"-"--'494:'8 '--494.02 f---·"'D.78 GeielZJOiln -3' ,..-509:01·--(';'IT171---=2.1·5
Wilmes Martin 5 497.7 496.18 1.55 Simmental Lane 3 506.0' 510.821 ..4.85

c*~~~ii.~:~:::::: ..~::~::::::::::::~::::::::: :::::::::::::::::i :::::::::::~::::::i~:;~:::::::::::::ii.i~ii :::::::::1If: i;~··:::::::::::::::::::::::~::~::::::::::: :::::::::~::::i :::::::~::~::::i.~:.U::::::~::::::i.~::i~J::::::~:::: ..~~~:i
~val RiL._..._.._. .. ~. ~ 490.7. _._....._~~ __.§J..ll ~':!.!!..Jl!C....!L~!!':!.!............_ .__~ 502.5: 5Q8.72! _....:&:.1g
HalsleinsAbick 5 512.0 501.64 10.36 iofSam 3 499.9' 502.461 -2.59
Bolt Leonard 5 455.7 457.1 -1.42 Staffel Marten 3 495.6 499.771 ..4.17
Pattison Mary 5 513.6 511.51 2.08 SRC Langalll.l!)(Quir 1) * 3 487.31 489.891 -2.63

~~~~;W::~~!i':~~::::=::::::::::::~:::::::::::~:::::~ ::::::::::::::::::~~i~~ ::::::::~::::::~~t.:}~ :::::=::::~~~~~: ~~ij=~r.=:==::~::=::::~.::::::::::::::::~:: :::::::::::::::~: ::::::::::~:li:i;§.!::::::~:::J:i~;~~t~=::.L~~:
~!!tins Fred...:!!L__. 5 __ 506& . ......§Q2n _~Q ~!l!!!!..§.~JE!l!:1.!!l.:_r__ 3 513.3 ._...2!!:~L......~.
rhaoole Gsoroe 5 502.0 507.15 -5.15 NUN"fiT *r 3 500.9 496.02T 4.84
Dan Nahalhewskv *m 5 498.9 505.18 ..6.28 I

, m - Holes in viscinity of Cory mine site
, r .. Holes of increased reliabilitv



CALIBRATION PLOT
TYNER VALLEY AQUIFER (LAYER 5)
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CALIBRATION PLOT
JUDITH RIVER AQUIFER (LAYER 5)
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CALIBRATION PLOT
SUTHERLAND GROUP AQUITARD (LAYER 4)
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CALIBRATION PLOT
FLORAL FORMATION AQUIFERS (LAYER 3)
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CALIBRATION PLOT
FLORAL FORMATION AQUITARD (LAYER 2)
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CALIBRATION PLOT
SURFICIAL DRIFT AQUIFER (LAYER 1)
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APPENDIX· D

SIMULATED HEADS

176



HYDRAULIC HEAD LAYER 1 - CALIBRATED MODEL
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HYDRAULIC HEAD L Y R 2 - CALIBRATED MODEL
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HYDRAULIC HEAD LAYER 3 - CALIBRATED MODEL
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HYDRAULIC HEAD LAYER 4 - CALIBRATED MODEL
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HYDRAULIC HEAD LAYER 5 - CALIBRATED MODEL
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PARTICLE TRACKING

182



till E Startmg Porosity of the Distance Time TIme Ave Vel D- dlsperSlvlty Hydrodynamic standard Two standard
Location Floral Formation (m) (y) (s) (m1s) (m2ls) (m) Disperion Deviation Deviations

Till Coefficient (m) (m)

Cory Top surficial seds 0.3 100 500 1.58E+10 6.34E-09 3.83E-10 14.56 9.27E-08 54.07 108.13
Cory Bottom surficial seds 0.3 1600 500 1.58E+10 1.01E-07 3.83E-10 833.78 8.46E-05 1633.44 3266.88

AQrium Top surficial seds 0.3 620 500 1.58E+10 3.93E-08 3.83E-10 208.90 8.21E-06 508.96 1017.93



APPENDIX· F

SENSITIVITY ANALYSIS
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CALIBRATED MODEL

LAYER ME MAE RMS
Layer 1 4.18 4.18 7.75
Layer 2 1.45 1.51 2.09
Layer 3 -0.63 3.51 4.47
Layer 4 -1.27 2.69 3.06
Layer 5 - JR 0.09 5.49 6.47
Layer 5 - TY -1.83 5.55 6.53
Cory Site -0.69 3.44 5.05
Reliable -0.15 3.06 4.13
All -0.64 4.37 5.6

SENSITIVITY RUN 1 - REMOVAL OF TWO NORTHERN FLORAL
FORMATION CHANNELS

ILAYER IME IDIFF IMAE IOIFF IRMS IDIFF I
Layer 1 3.92 -0.26 3.92 -0.26 7.2 -0.55
Layer 2 1.45 0 1.51 0 2.09 0
Layer 3 -0.92 -0.29 3.68 0.17 4.66 0.19
Layer 4 -1.31 -0.04 2.69 0 3.07 0.01
Layer 5 - JR 0 -0.09 5.54 0.05 6.47 0
Layer 5 - TV -1.89 -0.06 5.56 0.01 6.55 0.02
Cory Site -0.83 -0.14 3.38 -0.06 4.84 -0.21
Reliable -0.29 -0.14 3.05 -0.01 4.13 0
All -0.79 -0.15 4.41 0.04 5.61 0.01

SENSITIVITY RUN 2 - REMOVAL OF CORY CHANNEL FROM THE
DALMENY AQUIFER

LAYER ME DIFF MAE DIFF RMS DIFF
Layer 1 3.95 -0.23 3.95 -0.23 7.24 -0.51
Layer 2 1.45 0 1.51 0 2.09 0
Layer 3 -0.93 -0.3 3.67 0.16 4.71 0.24
Layer 4 -1.19 0.08 2.69 0 3.06 0
Layer 5 - JR 0.12 0.03 5.48 -0.01 6.45 -0.02
Layer 5 - TY -1.77 0.06 5.56 0.01 6.53 0
Cory Site -0.54 0.15 3.32 -0.12 4.81 -0.24
Reliable -0.05 0.1 2.93 -0.13 4.03 -0.1
All -0.73 -0.09 4.42 0.05 5.62 0.02
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SENSITIVITY RUN 3 - DOUBLE RECHARGE AND ADD
0.25 mmlyear EVERYWHERE

LAYER ME DIFF MAE DIFF RMS DIFF
Layer 1 0.12 -4.06 6.08 1.9 8.08 0.33
Layer 2 -2.21 -3.66 2.21 0.7 2.22 0.13
Layer 3 -6.34 -5.71 6.93 3.42 5.56 1.09
Layer 4 -4.9 -3.63 5.32 2.63 5.78 2.72
Layer 5 - JR -4.5 -4.59 5.88 0.39 7.52 1.05
Layer 5 - TY -6.93 -5.1 7.93 2.38 9.66 3.13
Cory Site -3.88 -3.19 5.43 1.99 6.57 1.52
Reliable -5.46 -5.31 6 2.94 6.8 2.67
All -5.61 -4.97 6.74 2.37 8.06 2.46

SENSITIVITY RUN 4 - HALF RECHARGE

LAYER ME DIFF MAE DIFF RMS DIFF
Layer 1 5.46 1.28 5.46 1.28 8.12 0.37
Layer 2 3.39 1.94 3.39 1.88 4.02 1.93
Layer 3 1.68 2.31 4.5 0.99 5.51 1.04
Layer 4 -0.37 0.9 2.6 -0.09 3.09 0.03
Layer 5 - JR 1.26 1.17 5.53 0.04 6.7 0.23
Layer 5 - TY -1.38 0.45 5.39 -0.16 6.38 -0.15
Cory Site -0.83 -0.14 3.4 -0.04 5.03 -0.02
Reliable 1.25 1.4 3.68 0.62 4.68 0.55
All 0.69 1.33 4.77 0.4 5.95 0.35

SENSITIVITY RUN 5 - DECREASE HYDRAULIC CONDUCTIVITY
OF THE FLORAL FORMATION TILL BY ONE ORDER OF MAGNITUDE

ILAYER IME IDIFF IMAE IDIFF IRMS IDIFF I
Layer 1 7.52 3.34 7.92 3.74 10.37 2.62
Layer 2 5.85 4.4 5.85 4.34 6.67 4.58
Layer 3 9.49 10.12 10.53 7.02 12.2 7.73
Layer 4 1.75 3.02 3.55 0.86 4.49 1.43
Layer 5 - JR 3.47 3.38 5.99 0.5 7.6 1.13
Layer 5 - TV -0.11 1.72 5.13 -0.42 6.19 -0.34
Cory Site 1.21 1.9 3.49 0.05 5.52 0.47
Reliable 6.1 6.25 6.79 3.73 8.95 4.82
All 4.5 5.14 7.11 2.74 9.02 3.42
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SENSITIVITY RUN 6 • INCREASE HYDRAULIC CONDUCTIVITY
OF THE FLORAL FORMATION TILL BY ONE ORDER OF MAGNITUDE

'ER ME DIFF MAE DIFF RMS DIFF
Layer 1 5.31 1.13 5.73 1.55 7.97 0.22
Layer 2 5.8 4.35 5.8 4.29 6.63 4.54
Layer 3 -3.83 -3.2 4.38 0.87 5.01 0.54
Layer 4 0.29 1.56 2.97 0.28 4.14 1.08
Layer 5 - JR 2 1.91 5.48 -0.01 7.08 0.61
Layer 5 - TY -2.88 -1.05 5.81 0.26 7.02 0.49
Cory Site -1.26 -0.57 3.32 -0.12 4.67 -0.38
Reliable -2.94 -2.79 4.21 1.15 5.08 0.95
All -1.41 -0.77 4.96 0.59 6.2 0.6

SENSITIVITY RUN 7· DOUBLE HYDRAULIC CONDUCTIVITY
OF THE FLORAL FORMATION SAND

ILAYER IME IDIFF lMAE IDIFF IRMS IDIFF I
Layer 1 8.02 3.84 8.02 3.84 10.38 2.63
Layer 2 5.81 4.36 5.81 4.3 6.64 4.55
Layer 3 5.17 5.8 6.39 2.88 7.89 3.42
Layer 4 1.68 2.95 3.47 0.78 4.43 1.37
Layer 5 - JR 3.27 3.18 5.9 0.41 7.55 1.08
Layer 5 - TY -0.71 1.12 5.19 -0.36 6.24 -0.29
Cory Site 1.3 1.99 3.45 0.01 5.5 0.45
Reliable 4.43 4.58 5.13 2.07 6.4 2.27
All 2.83 3.47 5.7 1.33 7.19 1.59

SENSITIVITY RUN 8· HALVE HYDRAULIC CONDUCTIVITY
OF THE FLORAL FORMATION SAND

ILAYER IME IDIFF IMAE IDIFF IRMS IDIFF I
Layer 1 5.77 1.59 5.9 1.72 8.24 0.49
Layer 2 5.81 4.36 5.81 4.3 6.64 4.55
Layer 3 -2.57 -1.94 3.72 0.21 4.51 0.04
Layer 4 0.36 1.63 3.08 0.39 4.23 1.17
Layer 5 - JR 2.38 2.29 5.61 0.12 7.24 0.77
Layer 5 - TY -2.09 -0.26 5.56 0.01 6.63 0.1
Cory Site -1.31 -0.62 3.52 0.08 4.93 -0.12
Reliable -2.35 -2.2 4.03 0.97 5.1 0.97
All -0.64 0 4.7 0.33 5.99 0.39
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SENSITIVITY RUN 9 - ADD EXCESS HEAD TO WMA DUE TO
ELEVATED HEAD DUE TO TAILINGS PILES AND BRINE LEVELS

LAYER ME DIFF MAE DIFF RMS DIFF II
Layer 1 6.89 2.71 6.89 2.71 9.39 1.64
Layer 2 5.81 4.36 5.81 4.3 6.64 4.55
Layer 3 1.08 1.71 3.83 0.32 4.8 0.33
Layer 4 0.95 2.22 3.01 0.32 4.09 1.03
Layer 5 - JR 2.71 2.62 5.69 0.2 7.35 0.88
Layer 5 - TV -1.41 0.42 5.37 -0.18 6.39 -0.14
Cory Site -0.11 0.58 3.08 -0.36 4.91 -0.14
Reliable 0.84 0.99 3.03 -0.03 4.21 0.08
All 0.99 1.63 4.74 0.37 6.09 0.49

SENSITIVITY RUN 10· ALTER BOUNDARY CONDITIONS
ALONG THE WESTERN EDGE OF JUDITH RIVER AQUIFER

ILAYER IME IOIFF IMAE IOIFF IRMS IDIFF I
Layer 1 4.2 0.02 4.42 0.24 7.89 0.14
Layer 2 1.54 0.09 1.54 0.03 2.16 0.07
Layer 3 -0.59 0.04 3.38 -0.13 4.37 -0.1
Layer 4 -2.01 -0.74 3.38 0.69 4.06 1
Layer 5 - JR -4.95 -5.04 6.82 1.33 8.3 1.83
Layer 5 - TV -1.82 0.01 5.52 -0.03 6.53 0
Cory Site -0.38 0.31 3.05 -0.39 4.91 -0.14
Reliable -0.03 0.12 2.76 -0.3 3.96 -0.17
All -1.53 -0.89 4.61 0.24 6.03 0.43
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