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Abstract 

A Deep Geologic Repository is proposed for a site on the eastern margin of the Michigan 

Basin at a depth of 680 metres in the Cobourg Formation. A study of the paleo-

hydrogeolgical conditions for the area was conducted using numerical simulation of the 

distribution of natural tracers and the observed hydraulic head. To conduct the study, 

simulations of the groundwater flow systems were developed for hydraulic head 

generated from glacial loading cycles to study its effects on advective solute transport. 

The hydro-mechanical loading during the glacial cycles is assessed using numerical 

analysis of coupled stress and porewater pressure. The effect of density-dependent flow 

was assessed in a second study to estimate the degree of penetration of glacially-derived 

water driven into the basin during periods of glacial loading. Numerical simulations were 

used to explore the potential freshwater invasion pathways under a variety of conditions. 

Finally, profiles of 
18

O and 
2
H measured in porewater were combined with our 

understanding of the paleo-hydrogeological conditions derived from the studies above to 

test the hypothesis that solute transport was diffusion-dominated in this setting.  A series 

of pure diffusion and advection-diffusion models were developed and the results were 

compared with profiles of natural water isotopes obtained from the study area. 

The results of the hydro-mechanical study of glacial impact show the development of 

significant underpressure during the interstadial periods, especially in the lowest 

permeability formations. The results also show that the formations have not reached 

hydrostatic conditions at the present time. These results were verified by comparison to 

measured environmental heads obtained from the study site. The density-dependent 
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modeling showed that freshwater is capable of reaching the location of the study site 

through several permeable features. The transport simulations showed that the evolution 

time starting from a uniform initial condition, and using boundary conditions that are 

defined by freshwater invasion at several depths agrees with the hydro-geological history 

of this part of the Basin. The results also show the importance of advection on solute 

transport from the upper and lower boundaries even in rock of extremely low 

permeability.  
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Chapter 1 

Introduction 

Since the discovery of radioactivity at the end of the 19th century, the application of 

radioactive isotopes has become a part of our daily life in many different fields. Many of 

these activities produce radioactive wastes, which emit ionizing radiation that is 

potentially harmful to health and the environment. The protection of living beings from 

radioactive waste is achieved fundamentally by incorporating suitable barriers between 

the source and potential receptors (ENRESA, 2006).  

The deep subsurface has inherently favorable features for nuclear waste disposal, and is 

the most extensively studied disposal option presently considered around the world. 

There is widespread consensus about the merits of this option (Kari, 2006). Geological 

disposal is considered an effective way to isolate nuclear waste from the human 

environment using current technologies and without requiring any long-term active 

control. This is internationally accepted and forms the backbone for nuclear waste 

management programs in most countries (NUMO, 2002a).  

The basic concept behind geological disposal is to select an area with a stable geological 

setting for sitting of the repository so as to isolate the nuclear wastes using both 

engineered and natural barriers (NUMO, 2002a). This is possible in environments where 

the movement of deep groundwater is very slow, and the environment is chemically 

stable.  
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The rate of deep groundwater movement can be determined from the age of deep 

groundwater calculated from the concentrations of natural isotopes. In many locations, 

the water may be tens of thousands to millions of years old. The stable chemical 

conditions result from the interaction of only small volumes of water with large volumes 

of rock over very long times without major disturbance (NUMO, 2002b). 

The long-term performance of an underground repository for radioactive waste is largely 

determined by transport properties of radionuclides released occasionally through the 

engineered barriers into the surrounding geological formation (Mell et al., 2006). 

Migration of contaminants from the disposal site to the far field mainly depends on the 

physical condition of the host rock and interaction of the rock mass with the aqueous 

phase containing contaminants (Golubev and Garibyants, 1971). Mechanisms which 

control the contaminant migration through the rock mass are advection, dispersion, 

diffusion and/ retardation (IAEA, 1994). In low permeability geological formations, 

solute transport through fluid-filled fractures is likely to be very rapid compared to that in 

the solid rock where molecular diffusion is probably the major mass transport process 

within the continuous pores in the rock (Peck, 1967).  

Different concentrations of the transported species directly influence the fluid density, 

thus producing a flow pattern that occurs under gravity forces. This phenomenon is called 

density driven flow, or buoyancy induced flow (Frolkovic, 2000). Even for relatively low 

density contrasts, the effects of density driven flow are usually not negligible (Johannsen 

et al., 2002). In potential host rock settings, total dissolved solids concentrations can be 

very large, as much as 300 g/L or greater (Bottomley et al.,  2005; McIntosh et al., 2011) 
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The invasion of fresh water during glacial cycles will be impacted by the high brine 

densities found in these settings (Bense and Person, 2008; Park et. al., 2009). 

The site studied in this research is located in the eastern margin of the Michigan Basin. 

The site (referred to hereafter as the Bruce site) has been proposed to host a deep 

geological repository (DGR) for low- and intermediate-level nuclear waste (Raven et al., 

2011).  The Paleozoic sedimentary rocks at this location have a thickness of 860 m, and 

are divided into 38 layers in a sequence of dolostones, limestones and shale (Raven et al., 

2011). The study area was influenced by glaciation and deglaciation over multiple-cycles 

of approximately 100,000-yr per cycle (Peltier, 2011). The measured hydraulic heads at 

the study site shows that the formations have not reached hydrostatic conditions at the 

present time after the most recent glacial loading cycle that ended around 12000 yrs ago. 

The unfractured, intact host bedrock is considered to be of very low permeability and low 

porosity where groundwater movement is usually assumed to be negligible (Raven et al., 

2011). 

Several previous studies have been conducted to investigate diffusion-dominant solute 

transport in low-permeability formations (Gimmi et al., 2007; Savoye et al., 2008; 

Mazurek et al., 2011; Hendry et al., 2013). These studies have been conducted using 

numerical simulation methods. Most of these studies have concluded that solute transport 

is limited to diffusion with no to minor effects due to advection. Other previous studies in 

similar settings have been conducted using numerical analysis to investigate the 

development of anomalous hydraulic heads (Hoaglund et al., 2004; Lemieux et al., 

2008a; Bense and Person, 2008; Nasir et al., 2011; McIntosh et al., 2011; Normani and 
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Sykes, 2012), glacial invasion (McIntosh et al., 2011, Lemieux et al., 2008a,b), and 

diffusion-dominated transport (Sykes et al., 2011).  

Organization and Objectives 

The overall objective of this research is to use numerical modeling to develop further 

understanding of the main solute transport process and factors affecting groundwater 

flow in the Paleozoic formations of the eastern side of the Michigan Basin for nuclear 

waste disposal. In particular the effects of glaciation on hydraulic head and solute 

transport were explored at the study site. Also, the potential movement of fluids and 

solutes were investigated within the stratigraphic column under conditions of both 

advection (due primarily to glaciation) and diffusion. Finally, the possibility that solute 

transport parameters measured at the local scale may be used to assist in determining the 

hydrogeological history was investigated at the study site. 

This was accomplished through the development of hydromechanical numerical models 

for glacial loading to study its effects on groundwater flow systems (Chapter 2), and 

developing density dependent flow models for the study of freshwater invasion during 

glacial cycles (Chapter 3), and developing diffusion dominant and advection and 

diffusion numerical models to study the evolution of natural isotope profiles at the study 

site (Chapter 4). Lastly, Chapter 5 and 6 provide a discussion, summary of conclusions, 

and recommendations pertinent to the research presented. 

The following provides a brief overview of the scope and objectives of each chapter, 

which are stand-alone manuscripts (each includes an introduction with review of 

pertinent literature, methodology, results, discussion, conclusion, and reference list): 
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 Chapter 2 assesses the effects of Pleistocene glacial loading and unloading cycles 

on groundwater systems and the development of anomalous hydraulic heads in 

the Michigan Basin. The relation between the development of underpressure and 

surface rebound during de-glaciation is also investigated. The role of the 

Cambrian aquifer in the development of these anomalous pressure heads is 

explored, and the possibility of groundwater flow in the Cambrian aquifer to the 

deeper parts of the Michigan basin is studied. Finally, the effects of topographic 

heads and density driven flow on the development of overpressures were studied. 

 In Chapter 3 the effects of density driven flow on fresh water invasion in the 

permeable layers of the Paleozoic formations of the Michigan Basin were 

investigated during glacial loading. Also, the preferable path of fresh water 

invasion through these formations, and the approximate timing at which these 

invasions reached the eastern side of Michigan Basin were defined. Finally, the 

results are linked to what is observed in the stable isotope record. 

 In Chapter 4 natural tracer profiles at the Bruce site were assessed and modeled in 

order to evaluate the main transport processes, and to evaluate the upscaling 

process and estimate the veracity of using a lab or field measured parameters over 

the time scales relevant for the migration of radioactive contaminants. This 

includes development of accurate large-scale models based on paleogeological 

characteristics, and the use of accurate numerical models to simulate measured 

profiles of isotope concentrations. The effect of freshwater invasion, 

heterogeneity, and advection due to the effects of the glaciation are also 

considered. 
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The thesis also includes twelve appendices, the content of these appendices are 

summarized as follows: 

Appendix A presents a comparison between the numerical models HydroGeoSphere 

(HGS) and SIGMA/W as applied to the hydro-mechanical simulation of one dimension 

glacial loading that is limited to vertical deformation or multidimensional deformation. 

Appendix B includes reviewing of the proposed modeling software for the study. 

Appendix C includes an example of SIGMA/W input parameters. In Appendix D the 

effects of vertical and horizontal fractures and faults in the vicinity of the study site on 

the developed anomalous heads are examined. Appendix E includes a 2-D Model 

comparison between density driven flow simulated using HGS versus that simulated 

using CTRAN/W and SEEP/W. Appendix F includes a calculation of hydraulic head 

distribution along a freshwater invasion plume. Appendix G includes raw data for the 

natural isotopes measured in deep boreholes at the study site. Appendix H presents 

validation of the HGS model for solute transport in low permeability formations by 

comparing with results from other studies such as that conducted at Benken 

(Switzerland), and Tournemere (France).  Appendices I and J focus on the development 

of an analytical solution for diffusion limited solute transport in three dimensions that can 

be used to assist in the discretization of the numerical models. This solution can be used 

to simulate concentrations in homogenous rock formations, with different diffusion 

coefficients perpendicular and parallel to the bedding and using different boundary 

conditions which simulate various internal and external sources. The purpose of the 
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analytical model is as a screening tool for the investigation of diffusion and retardation 

effects and for assisting in the discretization of numerical models that are limited to finite 

domains. Appendix K includes a FORTRAN code built on the analytical model and a 

sample of the model results. Appendix L includes examples of HydroGeoSphere input 

files. 
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Chapter 2 

Impacts of Pleistocene Glacial Loading on Abnormal Porewater 

Pressure in the Eastern Michigan Basin 

2.1 Introduction 

Abnormal fluid pressures occur in low permeability formations where the ability to gain 

or drain water is less than changes that have occurred in the fluid or pore volumes. The 

causes of this phenomenon might be physical, chemical or both (Chilingar et al., 2002) 

and they may be unique for every sedimentary basin (Matusevich et al., 1997). Defining 

the causes of abnormal pressure and its progress with time is important in defining 

groundwater movement and solute transport over a long time scale especially for nuclear 

waste disposal. Abnormal fluid pressures have been observed in the eastern side of the 

Michigan basin, where six deep boreholes, including two which are inclined, were drilled 

through formations ranging from the Queenston (upper Ordovician) to the Precambrian 

(Raven et al., 2011). Multi-level monitoring systems were installed in these boreholes to 

observe pressure heads in the rock formations and to obtain groundwater samples (Jensen 

et al., 2009). The results show several formations experience significant underpressure 

and some exhibit overpressure. Similar fluid pressure patterns have been observed in 

other sedimentary basins in North America and Europe (Corbet and Bethke, 1992; Neuzil, 

1993; Vinard et al., 2001; Michael and Bachu, 2011) and have been attributed to 

mechanical unloading due to erosion and/or the loading and unloading of glacial cycles.  

The hydromechanical loading forces exerted by ice sheets on the earth’s crust during the 

Last Glacial Maximum (LGM) caused large surface depression (Peltier, 2011). In 
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addition, the significant over-pressurization of pore water fluids caused by surface 

loading has influenced the dynamics of groundwater flow systems in the underlying 

sedimentary basins (Lemieux et al., 2008a). Pleistocene glaciations have occurred over 

cyclic periods of about 100 ka as a result of climatic variations (Imbrie et al., 1993) that 

occur due to changes in the Sun’s effective intensity with the change in the geometry of 

Earth’s orbit (Hays et al., 1976). These cycles are believed to have occurred over the last 

2.4 to 2.6 Ma (Joyce et al., 1993; Ehlers and Gibbard, 2007; Balco and Rovey, 2010). A 

minimum of 20 cyclic periods are estimated to have occurred during this time, where the 

most extensive occurred in the last 0.9 Ma, as ice sheets grew covering North America up 

to the northern portion of the United States (Ehlers and Gibbard, 2007). The Michigan 

Basin was entirely overrun by ice sheets during this period, and ice thickness may have 

exceeded 2.5 km over Southern Ontario during the LGM (Peltier, 2011). Ice sheet 

thickness, permafrost and generated melt water for the eastern Michigan basin have been 

extensively simulated using the University of Toronto Glacial Systems Model (U of T 

GSM) developed by Peltier (2011) in support of the background characterization required 

for a nuclear waste facility proposed for that area. 

Several studies have been conducted to explain anomalous pressure heads and explore 

groundwater flow systems in sedimentary basins during loading and unloading events 

(Hoaglund et al., 2004; Lemieux et al., 2008a; Bense and Person, 2008; Nasir et al., 

2011; McIntosh et al., 2011; Normani and Sykes, 2012). The effects of hydromechanical 

loading resulting from glacial cycles on the generation of anomalous pressure heads in 

the rock formations of sedimentary basins were explored in detail using coupled 

numerical models by Bense and Person (2008) and Nasir et al. (2011). Nasir et al. (2011) 
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developed one- and two-dimensional hydromechanical models for the Michigan basin, 

where glacial loadings were applied on land surface. The model results however did not 

capture all the features of the measured head profiles, particularly the degree of 

underpressure, and the cross section used for the model did not include an outcrop for the 

Cambrian aquifer, thus eliminating flow down that feature. Bense and Person (2008) 

developed a two-dimensional numerical model for intracratonic sedimentary basins to 

assess the effects of mechanical ice sheet loading and unloading, permafrost formation 

and thawing, variable density fluids, and lithospheric flexure during glaciation on solute 

and isotope transport, groundwater residence times, and transient hydraulic head 

distributions. The domain in the study however can only be considered in a generic sense 

for intercratonic sedimentary basins and comparisons to specific pressure data were not 

conducted. In addition a degree of underpressure was not observed to persist in their 

simulations as has been observed in the Michigan Basin (e.g. Al et al., 2011). A three-

dimensional numerical model that includes Canada and most of northern United States 

was developed by Lemieux et al. (2008a). The model incorporated groundwater flow and 

glaciation modeling, density driven flow (DDF), hydromechanical loading, subglacial 

infiltration, isostasy, and permafrost. However the coarse discretization used in the model 

made it impossible to evaluate the impacts of glaciation on individual Michigan basin 

layers, as the Basin was represented as only one hydrogeologic unit. 

Alternatively, in a study using a transient model of the northern half of the Michigan 

Basin (McIntosh et al., 2011) no significant underpressuring in the low-permeability 

formations was observed. The models by McIntosh et al. (2011) and Hoaglund et al. 

(2004) however did not have a surface mechanical loading component; instead hydraulic 
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head was used to account for the mechanical loads generated by the ice. Normani and 

Sykes (2012) developed a hydrogeological model of the eastern margin of the Michigan 

Basin that included a mechanical loading component. The results from the 

paleohydrogeologic scenarios investigated suggested that it is unlikely that the 

under/overpressures measured in the boreholes described in the Al et al. (2011) report are 

related to glacial loading or unloading. Another 2-D model developed by Sykes et al. 

(2011) suggested that overpressure in the Michigan basin is due to density driven flow. 

In this study, coupled hydromechanical numerical modeling of the Michigan basin is 

used to provide insight into the impacts of Pleistocene glaciation on the development of 

anomalous pressure heads in the stratigraphic sequence. Specifically, we test the 

hypotheses that: (i) underpressure can be related to surface rebound due to glacial 

unloading; (ii) the Cambrian aquifer may play a significant role in the development of 

anomalous pressure heads; (iii) groundwater flow occurs through the Cambrian aquifer to 

the deeper parts of the Michigan basin; and (iv) topographic heads, density driven flow, 

lithosphere flexure, and glacial advance directions may have influence on anomalous 

pressure heads.  

2.2 Hydrogeology of Michigan basin 

The Michigan Basin (Figure 2-1) is a nearly-circular, deep intracratonic basin with minor 

structural disruption, where the diameter and depth are approximately 700 km and 5 km, 

respectively (Howell et al., 1999). The basin characteristics are well known as a result of 

extensive hydrocarbon exploration (McIntosh et al., 2011). The basement of the 

Michigan basin is the Precambrian crystalline rocks that vary in age from 2690 to 990 Ma 
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and were deformed and metamorphosed during the Grenville Orogeny (Percival et al., 

2007). The Paleozoic sedimentary rocks are divided into a total of approximately 27 

formations, ranging from the Cambrian sandstones at the bottom to the Devonian 

dolostones at the top in the eastern Michigan Basin (Sykes et al., 2011). A summary of 

the characteristics of the main formations is shown in Table 2-1. 

Armstrong and Carter (2006) summarized the Paleozoic rocks for the portion of the basin 

in southern Ontario. The Cambrian units consist of quartzose sandstones with dolomitic 

quartz sandstones and sandy dolostones with higher permeability than adjacent layers. 

The Ordovician rocks overlay the Cambrian rocks at eastern margin of Michigan basin 

towards the Algonquin Arch directly overlay the Precambrian basement rocks, and are 

divided into several groups. The lower group is composed of argillaceous 

sandstones/dolostones, overlain with fine grained limestone that includes the Cobourg 

formation. This formation is proposed as a host formation for nuclear waste disposal (Al 

et al., 2011). The upper group consists of non-calcareous shale with minor limestone. The 

Silurian rocks overlay the Ordovician and consist of layers of dolostones/limestones, and 

argillaceous dolostones/limestones. The upper Devonian rocks consist of layers of 

dolostones/limestones. The Paleozoic formations are covered by glacial drift deposits of a 

thickness up to approximately 300 m forming most of the modern surface topography 

(Vugrinovich, 1989). 

Hydrogeologically, the Michigan Basin consists of three groups of regional aquifers 

separated by low permeability confining formations (Sykes et al., 2011). The deep 

groundwater zone ranges from the regional aquifer of the Mount Simon Sandstone to the 

Prairie du Chien Group and are covered by confining Ordovician Shale and limestone 
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formations. The intermediate regional aquifers, including the Bass Island to Dundee 

formations are covered by the regional confining unit consisting of the Coldwater Shale. 

The shallow regional aquifer of the Marshall Sandstone is covered by the regional 

confining unit consisting of the Michigan formation (Vugrinovich, 1986; Swezey, 2008). 

Water salinity in these formations increases asymptotically with depth from fresh water 

near the surface to brines with high total dissolved solid of up to 400 g/L in the 

intermediate and deep zones (Hanor, 1979). 

Based on the study conducted at the proposed nuclear waste site, underpressures were 

observed in the Ordovician shale and limestone units (at depths of 450-750 meters Below 

Ground Surface, mBGS) where the current measured environmental heads are 100 to 

300m less than hydrostatic pressure.  Overpressures of 75m were also observed in the 

Black River limestone (depth of 400 mBGS) and of 165m in the Cambrian sandstone at 

depths of 800-860 mBGS (Al et al., 2011) as shown in Figure 2-2. Environmental heads 

are estimated from measured pressure heads using a column of water that is identical in 

fluid density to the water surrounding the well (Sykes et al., 2011). The degree of 

underpressure observed at this location is about half that measured at the Wellenberg site, 

Switzerland (Vinard et al., 1993) which are likely the lowest observed in any low 

permeability setting. 

Overpressures have also been observed in the Cambrian aquifer in other parts of the 

Michigan Basin. For example an overpressure of about 150m has been measured in the 

Saginaw Bay area in the Prairie du Chien group and the St. Peter Sandstone (Bahr et al., 

1994). Similarly, anomalously high pressures heads were observed along the southern 
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edge of the Michigan Basin, although these were largely attributed to the presence of 

natural gas (Novakowski and Lapcevic, 1988; Raven et al., 1992). 

2.3 Processes Impacting the formation of Abnormal Pressure Heads 

The Paleozoic formations of the eastern margin of the Michigan basin are characterized 

by underpressures in low permeability formations and overpressures in the relatively 

higher permeability formations as shown in Figure 2-2. Overpressures are commonly 

attributed to density driven flow, topographic effects, compaction from sedimentation, 

and tectonic stress (Gonçalvès et al., 2004; Sykes et al., 2011). Underpressures 

conversely are commonly attributed to the presence of a non-wetting gas phase, osmosis, 

and glaciation unloading and erosion (Vinard, 1998; Neuzil, 2003; Sykes et al., 2011). 

However, glaciation is a considerably faster unloading and loading process than 

sedimentation and erosion (Bense and Person, 2008). Osmosis is not the case here where 

underpressures are located in the higher salinity zones. Gas phase might have effects but 

will not be incorporated because of the model capabilities and complexity. 

 Here we will discuss factors that were taken into consideration in our model scenarios. 

2.3.1 Glacial loading/Unloading 

Modeling of glacial effects on groundwater systems in previous studies ranges from using 

equivalent heads with no mechanical component, partially coupled (widely used), to fully 

coupled flow and deformation equations. The difference between applying mechanical 

loading and using hydrologically driven pressures are stated by Neuzil (2012), who found 

that boundary stress (mechanical loading) will propagate instantaneously throughout the 

subsurface and will alter pore pressures in the least permeable units, contrary to 
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hydrologically driven flow that will propagate in the most permeable units. For partial-

coupling, a modified version of the groundwater flow equation is used to model glacial 

hydromechanical effects which will limit the model to vertical deformations, whereas 

fully coupling the groundwater flow equation with a stress/deformation equation will 

account for multidimensional deformation (Neuzil, 2012). The partial-coupling does not 

account for full feedback mechanisms between the geomechanics fields and fluid flow 

(Lee, 2008). Furthermore, the resulting pore-water pressures from glacial loading and 

unloading in the deepest formations will vary from overpressures to underpressures 

depending on how glacial loading was applied. Fully-coupled analysis by Vinard et al. 

(2001) shows that mechanical unloading is capable of producing the observed 

underpressures at the Wellenberg, while Nasir et al. (2011) shows the development of 

underpressures but not enough alone to capture the measured values. Partially-coupled 

analysis shows different model results ranging from underpressues that are not enough to 

capture the observed heads at the eastern Michigan basin (Normani and Sykes, 2012) to 

overpressures (Lemieux et al., 2008b; Normani and Sykes, 2012). 

2.3.2 Lithosphere Flexure 

The lithosphere (earth’s rigid crust) is floating on the denser viscoelastic Mantle. Under 

glacial weight the lithosphere will depress increasing lateral stresses (Johnston et al., 

1998).  During the last glacial maximum (LGM) crustal depression may have reached 

values in excess of 500 m relative to equilibrium based on modeling results (Peltier, 

2011). Adding the effects of lateral strains from crustal flexure resulted in a stress 

increment that can be as much as six times the vertical stresses (Johnston et al., 1998).  
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Neuzil (2012) argues the importance of considering the effects of lithosphere flexure 

under glacial loading, as flexural loading will cause substantial fluid pressure changes 

which influence groundwater systems, with only minor fluid or solute mass migration. 

2.3.3 Density Driven Flow 

Groundwater salinity has a direct relationship with the fluid density, where brines can 

reach a density up to 1.3 kg/L. The spatial distribution of salinity (density) differences in 

the domain will cause density driven flow systems. The increase of fluid density with 

depth will cause overpressures. The Cambrian aquifer is a relatively highly permeable 

layer connected to the deep center of the basin, and is bounded by the low permeability 

layers that are required for preserving abnormal pressure heads (Neuzil, 1995). 

2.4 Methods 

In this study we used a finite element model that is commercially available, known as 

SIGMA/W (Geo-Slope International, 2007). A comparison between fully and partially 

coupled models for limited vertical deformation and multidimensional deformation can 

be found in Appendix A. The SIGMA/W model is capable of performing fully-coupled 

analysis under external loads, where equations for stress-deformation and porewater 

seepage are solved simultaneously. The model also is capable of incorporating 

multidimensional deformation rather than the common models limited to vertical 

deformation. The SIGMA/W code can only accommodate two-dimensional and 

axisymmetric domains. The two-dimensional domain however allows us to use a 

relatively refined grid to represent the Michigan Basin in detail. A comparison between 

different available software can be found in Appendix B. The results given by the two-
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dimensional model will be more conservative than the results of the three-dimensional 

model (Ke et al., 2011) assuming that the specified properties for the two-dimensional 

domain will be similar to a three-dimensional model. Permafrost, density driven flow and 

thermal effects were not considered in the hydromechanical analysis in order to reduce 

the level of complexity of the model and give a good first approximation to the 

understanding of hydromechanical loading due to glaciation on a large spatial and time 

scale.  

The incremental stress, strain relationship for a 2-D saturated soil medium in SIGMA/W 

is given by (Fredlund and Rahardjo, 1993): 
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In Eqn 1,   is the shear strain,  is the normal strain,   is the shear stress,   is the 

normal stress, E  is the elastic modulus for soil structure, and   is Poisson’s ratio. The 

two-dimensional flow of pore-water through an elemental volume of rock is given by 

combination of mass balance relation and Darcy’s equation: 
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water, and w  is the volumetric water content. At full saturation, assuming the soil 

particles are incompressible, the change in volumetric water content, w  is equal to the 

change in volumetric strain v (Dakshanamurthy et al., 1984). The effects of density 

driven flow were studied in a separate analyses using the commercially available finite 

element models SEEP/W and CTRAN/W (Geo-Slope International, 2007). The 

groundwater flow equation is solved simultaneously with the contaminant transport 

equation at each time step, as the groundwater flow velocities are dependent on the fluid 

densities, which in turn are dependent on the TDS concentrations. The governing 

equations for these models are presented below. 

CTRAN/W assumes that density varies linearly with concentration: 

(1 )o r                   (3) 

Where   is the density at a relative TDS concentration = c , o  is freshwater density, and 

r  is the relative density.  

r c          (4) 

Where   is a factor derived from maximum density max : 

max 1
o
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For solute transport equation (Freeze and Cherry, 1979) 
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Where ijD  is the dispersion tensor, and iV  is the fluid velocity.  

For groundwater flow equation: 



23 

 

[ ( )] Sij r j s

i j

K
x x t

 
 

  
 

  
    (7) 

Where ijK  is the hydraulic conductivity tensor,   is the equivalent freshwater head, Ss  

is the specific storage, and j  is given a value of 1 for vertical direction and zero for 

horizontal direction. 

To accommodate density-dependent flow analyses, Equations (6) and (7) are coupled 

through the concentration and velocity Frind (1982).  

2.4.1 Model geometry 

Three 2-D models were developed for the Michigan Basin, two hydromechanical models 

using SIGMA/W, and one for density driven flow using SEEP/W and CTRAN/W. A 

cross section of the Michigan Basin was modeled from the south west (SW) towards the 

north east (NE) and was modified from Frizzell et al., (2008) as shown in Figure 2-1. 

For the first hydromechanical model, the finite element mesh for the basin (Paleozoic 

formations) includes 51186 nodes and 50337 elements with dimensions of 250×250 m or 

smaller to fit layer thicknesses as small as 20 m (Figure 2-3). The area around the 

proposed deep geological repository (DGR) site was refined by 5X the magnitude in 

some simulations during verification of model results using the measured data. Linear 

time step intervals of 40 years were used. The basin was set on a top of a Precambrian 

layer with a thickness of 10 km from the center of the Basin. The element dimensions in 

the Precambrian were set equal to 1000×1000 m. The grid size and time step were chosen 

to minimize numerical errors and computational time, and were defined by performing 

many preliminary model runs. During the preliminary runs, sequential model outputs 
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were compared until no significant changes occurred in the resulted heads with refined 

discretization (i.e. changes of <1-2%). The values for the parameters used in each layer 

including compressibility, Poisson’s ratio, hydraulic conductivity, and porosity were 

compiled from Mazurek (2004), Sykes et al., (2011), and Al et al. (2011) and are 

reported in Table 2-1. The uniaxial compression test was used to classifying rock, 

determines the rock strength, and provides modulus of elasticity (E) and Poisson’s ratio 

(Raven et al., 2011). The values of horizontal hydraulic conductivity range between 

1×10
-5

 m/s to 1×10
-14

 m/s.  

The material properties for the model layers were set for purely linear elastic conditions 

so the response of the aquifer compressibility will be the same during ice advance or 

retreat (Eden and Eyles, 2001; Nasir et al., 2011). The domain was assumed to be fully 

saturated with water, and isotropic elasticity was assumed for all layers. In the base case, 

the model was first run with the submerged rock weight to establish the initial in-situ 

stress conditions prior to application of the glacial loading. The advantage of using the 

rock weight is the ability to calculate the appropriate values of effective stress for the 

model layers. In the rest of the simulations, rock weight was ignored. The initial water 

pressure was set to hydrostatic (Bense and Person, 2008; Nasir et al., 2011), and was 

obtained by assigning an initial water table at the ground surface. 

In general, the ice sheets advanced from north to south across the basin. In the modeling, 

the specific direction of glacial advance was varied from the north east as suggested by 

Peltier (2011) or the north west as suggested by Piotrowski (1987). These resulted in two 

different loading cases for the model, where the glacial loading advance direction is 

parallel or perpendicular to the direction of the 2-D section of the model.  
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Two glaciation scenarios for the Late Pleistocene Laurentide Ice sheet are used as the 

hydromechanical loads in the model. These glacial events were developed by Peltier 

(2011). The two scenarios (model runs nn9921 and nn9930 using Peltier’s nomenclature) 

began approximately 120,000 years ago as shown in Figure 2-4. The ice sheets developed 

in the Arctic regions and advanced to cover the Michigan Basin, with a maximum 

thickness that reached 3.6 km during the last glacial maximum (Peltier, 2011). The 

normal stresses at the proposed nuclear waste site (Al et al., 2011) for that time period are 

shown in Figure 2-4. The potential occurrence of permafrost and the basal surface 

elevation at the proposed site are also shown in Figure 2-4. The permafrost ranges from 

20 -50 m at the NE edge of the cross section and decreases to the SW. The effects of 

permafrost were neglected in the model scenarios due to the small thickness of 

permafrost formed in the study area and it disappears under glacial cover.  

For the second hydromechanical model, the basin from the first model, with the same 

discretization, was set on the top of the Lithosphere having approximately 100 km 

thickness. Another layer of 4 km thickness was set at the bottom of the Lithosphere to act 

as the Mantle. The dimensions of the elements used for the Precambrian and the new 

layers were set equal to 3000×3000 m.  To capture the effects of lithosphere flexure, a 

simple method is introduced by adding a new layer to the bottom of the model 

(lithosphere). This layer was fixed from vertical movement at the bottom boundary, while 

the top boundary allowed the lithosphere to move vertically under loading. This layer 

acted as a transition volume from a fixed boundary (bottom) to a boundary of rigid 

springs (top). The aim is to capture the response of the Mantle, where the modulus of 

elasticity, hydraulic conductivity, and the thickness of the new layer were adjusted to 
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mimic the surface depression by Peltier (2011). The lithosphere was treated as a thick 

elastic plate (100 km) over a viscoelastic Mantle (Johnston et al., 1998). The model is 

considered a simplification of the problem as it does not capture several aspects that 

control flexural stress components, the size and shape of ice sheets, and lithosphere 

structure and thickness compared to ice sheet extent. 

For the density-driven flow model, the same 2-D basin cross section used for the 

hydromechanical model was employed. The layer characteristics are as shown in Table 

2-1. The model was developed using SEEP/W and CTRAN/W. The Precambrian layer 

was not incorporated in the model and smaller grid size of 50×50 m and time step of 0.1 

year were used to overcome convergence issues and computational errors. The maximum 

groundwater density was calculated from total dissolved solids concentrations using the 

relation developed by Lampe (2009) from collected data where groundwater density was 

reported. Other densities vary linearly with concentration from fresh water density to the 

maximum density.  

2.4.2 Initial and Boundary conditions 

For the first hydromechanical model, Initial water pressure was set to hydrostatic 

conditions. The water table was set equal to the land surface. The model was then run 

until steady conditions under topography-driven flow were achieved. Boundary 

conditions then were set to the values described below. 

The northeast and southwest sides of the model correspond to present-day hydrologic 

divides and were set as no flow boundaries (Bense and Person, 2008; Nasir et al., 2011; 

Sykes et al., 2011). The lower boundary was set also as a no flow boundary and the 
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thickness of the Precambrian was set to a thickness of 10 km below the center of the 

Cambrian layer in order to eliminate the effects of the lower boundary on the model 

results for the Basin. The thickness of the Precambrian required was determined by 

repeatedly increasing the depth to the lower boundary until no impacts on the hydraulic 

head in the Cambrian were observed (i.e. the hydraulic head stopped changing from grid-

to-grid). Hydraulic head was set on the top boundary equal to the glacial height 

multiplied by a factor ranging between (0.0 - 0.8). Wet-based ice sheet conditions were 

assumed in most of the simulations where direct hydraulic connection existed between 

the glacier layer and land surface (Lemieux et al., 2008). The hydraulic heads during wet 

based scenarios were set equal to 0.8 of the glacial height and were defined at the top 

boundary. The dry-base case was used in a single scenario, where hydraulic heads at the 

top boundaries were set equal to land surface. 

For the stress/strain component of the model, the north east and south west sides of the 

model domain were fixed from moving in the horizontal direction and allowed to move in 

the vertical direction. The lower boundary is fixed from moving in both horizontal and 

vertical directions, and the upper boundary was free in both directions. Glacial loadings 

are applied on the upper boundary as a time series of stresses. These time series are given 

by Peltier (2011), where two of the developed loading scenarios were used (nn9921 and 

nn9930) as shown in Figure 2-5. The number of glacial cycles applied varied between 

model runs from one to ten cycles. The glacial loading was also varied with distance in 

the case of parallel glacial advance on the 2-D section, where the glacial loads were set to 

decrease towards the south. 
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For the lithosphere flexure model, the newly-introduced layer extended along the bottom 

of the Precambrian was given a hydraulic conductivity of 3.5×10
-8

 m/s, and a modulus of 

elasticity of 77 MPa.  The performance of the new layer under loading and unloading 

cycles was governed by the following: 1) the layer is fully saturated, 2) pore water in the 

layer will dissipate proportional to the loading intensity to allow for settlement, and to 

achieve that, a hydraulic head must be assigned along the horizontal boundary of the new 

layer, and 3) the layer will not compress without applying surface loading, thus, the 

assigned hydraulic head must equal land surface. The initial and boundary conditions 

therefore remain the same as the previous model except a hydraulic head equal to land 

surface was set at the lower boundary of the new layer to allow for compression and 

expansion under glacial loading, and the south west boundary was fixed from moving 

vertically and horizontally. A sample of the input parameters for the hydro-mechanical 

model is shown in Appendix C. 

For the density-dependent flow model, the initial concentration was set as given by Hanor 

(1979). Initial hydraulic heads were set to hydrostatic pressure. The side and lower 

boundaries were set as no flow boundaries and the water table was set to the ground 

surface. The upper boundary was set to a fresh water concentration equal to 0 kg/L. No 

surface loading was added to the model. The dispersivity values were given as 1000 m in 

the longitudinal (x) direction and 10 m in the transverse (z) direction. The model was run 

until steady conditions were achieved. No significant differences in concentrations were 

observed between initial and steady conditions.  

As previously discussed, we considered six model scenarios using the fully coupled stress 

and pore water pressure model as summarized in Table 2-2. In the base case scenario, the 
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model was loaded for one glacial cycle. The domain was assumed fully saturated with 

constant fluid density and a wet base-case was assumed for the rock-glacier interface. 

The glacial advance was assumed from a north western direction which is perpendicular 

to the cross section. The model was used to test the effects of these glacial loads on the 

development of anomalous pressure heads that can exist until the present time. The 

number of glacial cycles was increased from 1 to 10 in the second scenario. All other 

factors remain unchanged from the base case. The purpose was to determine whether the 

anomalous pressures will increase with more cycles or whether maximum values are 

reached. The Cambrian layer outcrop from the south western edge of the model was 

removed in the third scenario, whereby the Cambrian formations were eliminated 100 km 

from the SW end of the basin. The importance of the Cambrian layer as a lower boundary 

for flow in the Michigan basin and its effects on developing underpressure were tested in 

this case. In the fourth scenario, the direction of glacial advance was changed from the 

north west to the north east. The loading in this case was varied with distance over the top 

boundary. The purpose was to compare the change in developed heads with the base case. 

Another case with this scenario was developed which included adding a new layer to the 

bottom of the model to simulate the effects of lithosphere flexure on the generated heads.  

In the fifth scenario, mechanical loads with a dry base, and hydraulic heads resulting 

from wet-based ice equivalent to glacial loadings with no mechanical component, were 

tested individually. For the mechanical loading case, a dry base case was assumed at the 

rock-glacial interface. For the case with hydraulic head, the mechanical loads were set to 

zero and water heads equivalent to the glacial loads divided by fresh water density were 

applied on the top boundary. In the last scenario, the elevation of the Cambrian 
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formations at the SW end was raised to 400 m. This model was used to test the 

topographic effects on the overpressure measured in the Cambrian formations and to 

simulate basin tilt. The model was loaded using only one glacial cycle. The rest of the 

factors remain unchanged from the first scenario. A second case with this scenario was 

used to investigate the possible effects density-driven flow on the formation of 

overpressure in the Cambrian aquifer. Finally, adding vertical faults to the hydro-

mechanical model is shown in Appendix D. 

2.5 Results  

In the following we discuss the results interpreted from the simulations conducted for 

each scenario and case shown in Table 2-2. The results are given in the order presented in 

the Table.  

2.5.1 Base Case 

Three snapshots of the total transient head distributed across the domain for the glacial 

loading cases nn9921 and nn9930 are shown in Figure 2-5 and Figure 2-6, respectively. 

The first point in time represents the peak loading point during the LGM. The second 

point is just after the end of the LGM and the third point is at the present time.  

During the LGM, pore water pressure is raised in the entire domain. The Cambrian 

formations, having a relatively higher hydraulic conductivity, were increased by about 

10% of the increase in the low hydraulic conductivity formations (e.g. the Silurian 

formations) as shown in Figure 2-7. Just after the LGM, underpressures were formed in 

the Precambrian, upper Ordovician and lower Silurian formations. Underpressures were 

extended to the upper Silurian formations toward the edges of the Basin. The values of 
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underpressure increase from the center toward the Basin edges. The results at the present 

time show that underpressures in the low permeability formations remain existent, but are 

returning towards hydrostatic with time. Note that the present results at the Basin margin 

in Figure 2-5 and Figure 2-6 show underpressure heads of zero m for the loading case 

nn9930, and -200 to -400 m for the loading case nn9921 in the Ordovician formations, 

which is within the range observed in the instrumented boreholes. The results also show 

that the observed overpressures in the Cambrian formations were not captured by the 

model. 

At early stages during the loading periods, porewater pressure increases as it carries most 

of the applied surface load. During this transient state pressurized porewater is dissipated 

according to the generated hydraulic gradients, transferring the load to the rock matrix. 

Since the Michigan Basin is formed of regional aquifers separated by regional confining 

layers, and the pressure formed in the low permeability formations are orders of 

magnitude larger than the pressure developed in the permeable formations as shown in 

Figure 2-6, draining pathways are formed from the low permeability formations to the 

aquifers bounding the top and bottom surfaces. Also at the Basin edges, layer thicknesses 

decrease creating shorter seepage pathways that result in more easily-drained formations 

under loading. 

The results also show a change in groundwater flow directions in the Cambrian 

formations during loading and unloading periods as illustrated in Figure 2-8. The results 

show a flow from the NE direction to the SW direction (towards the Cambrian outcrop) 

during loading periods, and an opposite flow direction during unloading periods. These 
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results show the importance of the Cambrian aquifer as a seepage boundary from the low 

permeability formations.   

2.5.2 Multiple cycles 

For scenario 2, the results for 10 glacial cycles of 120 ka each show an increase in the 

underpressure developed in the Precambrian rock with successive cycles, while the 

underpressure values in the Paleozoic formations shows only a small increase. The results 

show no overpressure developed in the Cambrian formations as illustrated in Figure 2-9. 

The maximum underpressures developed at the end of each glacial cycle in the low 

permeability Paleozoic formations reached a constant value after the first four cycles as 

illustrated in Figure 2-10.  

As the low permeability formations didn’t return to hydrostatic pressure by the end of the 

first glacial cycle, the additional underpressure generated during later cycles will 

decrease. During later cycles, the generated overpressures in the low permeable 

formations are less than the values from the first cycle. This will cause a decrease in the 

generated hydraulic gradients that will decrease porewater drainage. This defines the 

slight increase in underpressures generated in the low permeability formations during 

each cycle until a constant value is reached. Once the constant underpressure was 

attained, the formations reached a state where porewater outflow from the rock 

formations during loading periods equaled the inflow during unloading periods for each 

loading cycle. 
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2.5.3 Extent of the Cambrian Aquifer 

The importance of the Cambrian aquifer as a lower seepage boundary for the low 

permeability formations is tested in this simulation. The Cambrian layer was cut-off in 

the south west direction (Figure 2-11). The Mt. Simon aquifer and the Prairie du Chien 

group (Cambrian-Ordovician aquifer) were discontinued about 100 km from the south 

west end of the basin edge. The other bounding layers from the top and bottom are 

characterized by low hydraulic conductivities.  Other initial and boundary conditions 

remain unchanged from the Base Case. The model was run for one loading cycle 

(nn9921). The results show that the underpressures were formed with smaller values at 

the edges of the Michigan basin and almost disappeared from the middle portion of the 

Paleozoic and the Precambrian formations. This clearly shows that a drainage route for 

porewater from the low permeability formations is required through the Cambrian 

aquifer.  

2.5.4 Direction of Glacial Advance and Lithosphere flexure 

In this simulation, the direction of glacial advance was changed from the North West to 

the north east. In this case, the glacial loading advances in a direction parallel to the 2-D 

section.  The ice load distribution was interpolated from Peltier (2011). Glacial loading 

values are as given in Figure 2-4 at the north east side (at the proposed nuclear waste 

site), and around 0.4 of these values at the south west side of the given section interpreted 

from Peltier (2011). Other initial and boundary conditions remain unchanged from the 

Base Case. The results under present conditions show similar values to the 

underpressures at the NE side, and a decrease in the SW side compared to the base case 
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as shown in Figure 2-12. The results show that the underpressures developed are 

proportional to the loading applied on the surface.  

A second model was used to capture the effects of lithosphere flexure on the anomalous 

hydraulic heads. The results show that the model captured land depression caused by 

glacial loading as estimated by Peltier (2011) as shown in Figure 2-13. The model 

response also captured the lag between ice loading and crustal flexure. The surface 

depression at the proposed nuclear waste site increased from 1.5 m in the early ice 

advance to a maximum of around 700 m. During maximum loading, areas of 

compression and tension are formed below surface in the north and south regions of the 

model domain respectively. 

In this simulation, the generated heads in the Paleozoic formations at present time show 

underpressures at the NE edge of the basin where lateral compression occurs during 

loading case, while overpressures were generated in the middle and SW parts where 

lateral tension occurs during the loading case as shown in Figure 2-14. A similar trend 

also occurs in the Precambrian formations, where overpressures are generated in the SW 

part of the basin, while underpressures were formed in the NE side of the basin. This 

confirms that the effects of lateral strains resulting from crustal flexure are much higher 

than vertical stresses. However, the impact of lithosphere flexure was minimal on the 

heads developed at the eastern side of the basin, where we have observed data. 

2.5.5 Mechanical load versus equivalent hydraulic head 

In scenario 5, the mechanical loads and the hydraulic heads which result from glacial 

cycles were isolated and tested individually. The simulations present a comparison of the 
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response of the formations and the generated heads under both poroelastic conditions. For 

the mechanical loads, a dry base case was assumed at the rock-glacier interface, where 

the hydraulic head at the upper boundary was set equal to the land surface. Alternatively 

for the hydraulic head simulations, the mechanical loads were set to zero and total heads 

equivalent to the glacial loads divided by fresh water density were applied on the top 

boundary. Scenario nn9921 was used for the loading case. Other initial and boundary 

conditions remain unchanged from the Base Case. The results for the mechanical loads 

and the hydraulic heads at the present time are shown in Figure 2-15 and Figure 2-16, 

respectively. The response observed for both simulations shows a significant difference 

between the two assumptions. The mechanical loads generate an underpressure in the low 

permeability formations, while the hydraulic head generated an overpressure at the same 

locations.  

The mechanical load exerted at the land surface increases the porewater pressure 

spontaneously in the domain. The absence of the upper hydraulic head boundary results 

in a greater hydraulic gradients between low and high permeability formations. More 

porewater will escape from the formations through drainage routes than for the Base 

Case, which leads to more compaction in these formations. When the mechanical loads 

are removed, the layers rebound and higher underpressures are generated relative to the 

values generated in the Base Case.  

Alternatively, the hydraulic head exerted at the land surface pushes water into the pores. 

The total head increases gradually depending on the hydraulic conductivity of the layer. 

The pore water pressure in low permeability formations increases, while the effective 

stress starts to decrease. This causes dilation in the rock formations. When the external 
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hydraulic heads are removed, the expansion starts settling back and overpressure is 

generated in low permeability formations. 

2.5.6 Topography and density dependent flow effects 

As the previous glacial loading scenarios didn’t capture the observed overpressure in the 

Cambrian aquifer, this scenario is used to test the topographic effects and density driven 

flow. The regions of overpressure are characterized by relatively higher hydraulic 

conductivities than the rest of the formations as shown previously in Figure 2-2, 

suggesting that the source is due to an existing condition (e.g., topographic effects, 

density driven flow, or the presence of a gas phase).  

Although the outcrop of the Cambrian aquifer at the 2-D section to the SW does not have 

the required elevation to generate the magnitude of the overpressures observed, the 

Cretaceous aquifer (Dakota) on top of the outcrop of the Mt. Simon aquifer (Cambrian 

aquifer) and the Prairie du Chien group (Cambrian-Ordovician aquifer) on the north west 

side of the Michigan Basin has an elevation of 340 mASL (metres Above Sea Level), and 

is covered by Quaternary deposits of a thickness about 100m (Prior et al., 2003). This 

aquifer has an elevation of approximately 440 mASL, which is sufficient to generate the 

overpressure, and is considered a potential recharge area for deeper formations 

(Vugrinovich, 1986). To explore this, the elevation of the Cambrian formations at the SW 

end of the cross section was raised to 400 m, and the model was loaded using one glacial 

cycle (nn9921).  

The results show that the overpressure in the Cambrian aquifer could be generated from 

topographic head by raising the elevation of the Cambrian outcrop as shown in Figure 
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2-17. The low permeability formations bounding the Cambrian layers from top and 

bottom restrict vertical flow creating hydrostatic pressure equal to the Cambrian outcrop 

in the Cambrian all over the Michigan basin. The bounding low-permeability strata 

preserve the high pressures (Neuzil, 1995). As overpressures are not as widely observed 

in the Cambrian aquifer (Vugrinovich, 1986), this suggests that other flow paths that are 

not captured because of the 2-dimensionality of the model, are likely to play a role. 

A second model was used to test the effects of density driven flow on the generation of 

overpressures in the Cambrian formations. The model results under steady flow 

conditions are shown in Figure 2-18. The results show overpressures generated in the 

Cambrian aquifer that agree with results shown by Sykes et al. (2011), and are in the 

range observed in the field data for the eastern margin. The trend of hydraulic head 

measured in the Cambrian aquifer from ground surface to a depth of 2000 m by 

Vugrinovich (1986) shows the increasing effects of salinity with depth. Although the 

hydraulic heads measured by Vugrinovich (1986) show fresh water density in the 

Cambrian aquifer up to 1300 mBGS, we based our salinity conditions on that presented 

by Hanor (1979). This suggests that there has not been significant fresh water invasion in 

the eastern margin and that the overpressures are purely salinity driven. 

2.6 Discussion 

To assist in the interpretation, the results from the hydromechanical simulations are 

compared with estimated environmental head profiles determined from six deep 

boreholes at the proposed nuclear repository site. Environmental heads measured at the 

proposed nuclear waste site were converted to water heads based on the measured water 
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salinity in these formations, and because of fresh water invasion at different depths, the 

measured water salinity is used instead of regional values. The results after 1 and 10 

glacial cycles with two different loading cases, superimposed on the field measurements 

are shown Figure 2-19a, where both of the model results fall in the envelope of field 

measurements. The vertical line in Figure 2-19a (and 2-19b) represents the ground 

surface elevation in fresh water head.  The underpressure in the Silurian formations 

between 200 and 280 mBGS is well captured by the model for both loading scenarios. 

For the loading scenario nn9921, underpressure was overestimated at the upper 

Ordovician formations and well captured in the Mid-Ordovician formations, while 

underpressure was underestimated in the Ordovician formations using the loading 

scenario nn9930. The overpressures in the Salina A1 and A0 units, and Gasport 

formations and in the Cambrian aquifer were not captured by the model. Also, the results 

from the glacial cycle nn9921 with more loading periods coincides better with the 

measured heads than the single glacial cycle nn9930. These results suggest that it may be 

possible by collecting detailed total head measurements from around the Basin, to 

unravel the glacial loading history to a greater degree of refinement.    

The overpressured regions are characterized by relatively higher hydraulic conductivities 

compared to the rest of the formations. The rapid relief of the excess pressure from 

glacial loading cycles to hydrostatic conditions suggests that overpressures in these 

formations are the result of an existing, likely post-glacial, condition. As aforementioned, 

the likelihood that this is topographically driven is minimal and more likely to be the 

result of density effects. The overpressure values also agree with those observed by Bahr 
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et al. (1994) for the Cambrian-Ordovician aquifer (Prairie du Chien) formations in the 

center part of the Basin. Again, density effects might explain this as shown in Figure 2-

19b. Note that by adding topographic effects to the base simulation, the results after one 

loading cycle is shown to be in agreement with the measured overpressure in the 

Cambrian formations as shown in Figure 2-19b. At the same time, the underpressures 

were underestimated in the Mid Ordovician formations, overestimated in the upper 

Ordovician formations, and in good agreement at the Silurian formations. The 

overestimated underpressures in the upper Ordovician formations occur because the 

model didn’t capture the overpressure in the Silurian formations although density driven 

flow captured at least part of it.  

The dry base scenario (mechanical) and the absence of a Cambrian outcrop show less 

agreement with the measurements as shown in Figure 2-19b. In particular, the dry base 

scenario overestimated the underpressures between 400 to 550 mBGS, while the absence 

of Cambrian outcrop resulted in underestimation of underpressures between 450 to 700 

mBGS. Both cases can be disregarded as a possible explanation for the anomalous heads 

generated. Lithosphere flexure increased the values of underpressures in the upper most 

part between 250 to 400 mBGS while the rest of the underpressure profile remains 

unchanged.  

In general, our model results captured the underpressures in the Paleozoic formations 

better than previous hydromechanical model studies (e.g. Normani and Sykes, 2012), 

where our model results agree well with the measured pressures at the proposed nuclear 

repository site. The improvement results primarily from the application of successive 
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cycles of glaciation and the inclusion of the appropriate drainage pathways through the 

Cambrian aquifer. However, the 3-D partially coupled hydro-mechanical model of the 

Bruce site developed by Normani and Sykes, (2012) has no outlet for the Cambrian 

aquifer, where no flow boundaries were assumed for the Cambrian aquifer.  

2.7 Conclusions 

The hydromechanical effects of Pleistocene glacial loading cycles on the Michigan 

sedimentary basin is assessed using coupled stress and porewater pressure numerical 

analysis. Two-dimensional models of the Michigan basis were built extending from the 

NE to the SW direction. Several factors were considered in the analysis of different 

glacial loading scenarios including  i) the number of loading cycles, ii) the effect of the 

deep Cambrian aquifer, iii) the direction of glacial advance, iv) lithosphere flexure,  v) 

the effect of a wet/dry glacial-soil interface, vi) topographical effects, and vii) density 

driven flow on the development of anomalous pressure heads. 

The present day results from the simulations define regions of underpressure in the 

Ordovician and Silurian formations, characterized by low hydraulic conductivity, which 

result from glacial loading cycles. The results are consistent with the hypothesis that 

underpressure in the Ordovician and Silurian formations can be related to surface 

rebound due to glacial unloading. The Cambrian aquifer plays an important role in the 

development of the underpressures, as the aquifer provides an escape route for 

pressurized porewater during loading periods. The overpressure in the Cambrian aquifer 

was not captured by the hydromechanical model although overpressure could be 
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duplicated using an elevated topographic head at the southwestern exposure of the 

Cambrian outcrop but most probably was caused by density driven flow. 

We also found that increasing the number of 100 ka glacial cycles resulted in increases 

to the underpressured values of total head by the end of these cycles, which then stabilize 

at constant values in the Paleozoic formations after four or more cycle repeats. The 

Precambrian basement shows continuous increase in underpressure even after 10 cycles. 

The presence of lithosphere flexure components in the model shows a significant 

difference between the simulation using a parallel advance of glaciations on the model 

surface relative to the perpendicular direction. Lateral stress resulting from lithosphere 

flexure under glacial loading is more dominant than vertical stresses in generating 

anomalous pressure heads under glacial weight. Further investigation of these effects 

using a three-dimensional model is warranted. 

Moreover, our results also illustrate the difference between applying mechanical loads 

with dry-base on the land surface and positioning elevated hydraulic heads representing 

the wet-base case at the upper boundary in a poroelastic model, to the simulated total 

heads in the rock formations. The results show that hydraulic heads applied on the model 

surface using hydromechanical loading reduce the generated underpressures. The dry-

based glacial loads are considered a more conservative scenario. The results were similar 

to measured heads from deep boreholes at the proposed nuclear waste site in the eastern 

basin margin.  

The model results present a preliminary view of the abnormal pressure heads developed 

within Michigan Basin stratigraphy due to the effect of mechanical loading and water 

head applied to the ground surface over single and multiple glacial cycles. Future work 
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should be conducted to incorporate density driven flow with the hydromechanical model, 

permafrost, and the presence of a gas phase on the development of these abnormal 

pressures at multiple locations in the domain.   
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Table 2-1: Hydrogeological properties of Michigan Basin formations used in the numerical model 

Geologic Age  Formation Porosity Kh 

m/s 

Kv 

m/s 

Elastic Modulus 

GPa 

Poisson’s 

Ratio 

Ss 

m-1 

Diffusion Coefficient 

m2/s 

Quaternary 82 Drift 0.25 1.6×10-7 1.6 ×10-8 10 0.2 9.9×10-5 6.6×10-11 

Pennsylvanian 82 Saginaw 0.1 1.0 ×10-5 1.0 ×10-8 40 0.2 9.9×10-5 6.6×10-11 

Mississippian 

82 Michigan 0.1 1.0 ×10-11 1.0 ×10-12 18 0.2 9.9×10-5 9.9×10-12 

82 Marshall 0.1 5.0 ×10-7 5.0 ×10-7 18 0.2 9.9×10-5 9.9×10-12 

82 Coldwater 0.1 1.0 ×10-9 1.0 ×10-10 18 0.2 9.9×10-5 9.9×10-12 

Devonian 

82 Berea Bedford 0.1 1.0 ×10-7 1.0 ×10-8 7.7 0.18 9.9×10-5 9.9×10-12 

88 Kettle Point 0.1 3.0 ×10-9 3.0 ×10-10 7.7 0.18 1.5×10-6 9.9×10-12 

82 Hamilton Group 0.1 2.2 ×10-11 2.2 ×10-12 7.7 0.18 1.5×10-6 9.9×10-12 
82 Dundee 0.1 8.4 ×10-8 8.4 ×10-9 7.7 0.18 1.5×10-6 9.9×10-12 

21 Detroit River 

Group 

0.077 5.9 ×10-7 5.9 ×10-8 7.7 0.18 1.4×10-6 6.0×10-12 

22 Bois Blanc 0.077 1.0 ×10-7 1.0 ×10-8 7.7 0.18 1.4×10-6 6.0×10-12 

Silurian 

22 Bass Islands 0.056 5.0 ×10-5 5.0 ×10-6 4.0 0.3 2.0×10-6 1.3×10-11 

22 F unit 0.1 5.0 ×10-14 5.0×10-15 22.6 0.3 9.5×10-7 4.1×10-12 

22 Niagaran 0.026 3.6 ×10-9 2.5 ×10-13 37.0 0.3 2.7×10-7  
22 Cabot Head 0.116 9.0 ×10-14 9.0 ×10-15 13.8 0.3 1.1×10-6 3.1×10-12 

22 Manitolian 0.028 9.0 ×10-14 9.0 ×10-15 13.8 0.3 7.5×10-7 1.5×10-13 

Ordovician 

28 Queenston 0.073 2.0 ×10-14 2.0 ×10-15 12 0.38 9.0×10-7 1.0×10-12 
22 Georgian Bay 0.07 3.5 ×10-14 3.2 ×10-15 20 0.2 1.2×10-6 4.3×10-13 

22 Trenton Group 0.018 1.2 ×10-14 1.0 ×10-15 13.8 0.3 4.3×10-7 4.3×10-13 

1 Black River 
Group 

0.023 6.5 ×10-11 9.9 ×10-16 13.8 0.3 5.0×10-7 2.2×10-13 

2 Ancell Group 0.02 3.5 ×10-5 3.5 ×10-5 13.8 0.3 1.3×10-6  

2 Prairie Du Chien 
Group 

0.02 3.5 ×10-5 3.5 ×10-5 13.8 0.3 1.3×10-6 7.7×10-12 

Cambrian 

2 Trempealeau Fm 0.02 3.5 ×10-10 3.5 ×10-11 76.6 0.25 1.3×10-6 7.7×10-12 

2 Francania Fm 0.02 3.5 ×10-10 3.5 ×10-11 76.6 0.25 1.3×10-6 7.7×10-12 
2 Galesville 

Sandstone 

0.071 3.0 ×10-6 3.0 ×10-6 76.6 0.25 3.7×10-7 7.7×10-12 

2 Eau Claire Fm 0.071 3.0 ×10-6 3.0 ×10-6 76.6 0.25 3.7×10-7 7.7×10-12 
8 Mount Saimon 

Fm 

0.071 3.0 ×10-6 3.0 ×10-6 76.6 0.25 3.7×10-7 7.7×10-12 

Precambrian 2 Basement 0.01 3.2 ×10-13 3.2 ×10-15 76.6 0.25 2.6×10-7 3.3×10-11 

Reproduced from Sykes et al. (2011),Mazurek (2004), and Al et al. (2011). 
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Table 2-2: Summary of the model scenarios 

 Base Case 

Multiple 

Cycles 

Cambrian 

Extent 

Advance 

Direction 

Lithosphere 

Flexure 

Mechanical 

Load 

Equivalent 

Head 

Topographic 

effect 

Density Driven 

Flow 

oiranecS 2 8 2 2 2 2 2 2 2 

Loading 

Case 

nn9930& 

nn9921 

nn9930& 

nn9921 

nn9921 nn9921 nn9921 nn9921 nn9921 nn9921 N/A 

No. 

Loading 

cycles 

1 10 1 1 1 1 1 1 0 

Hydraulic 

Head 

0.8 x ice 

thickness 

0.8 x ice 

thickness 

0.8 x ice 

thickness 

0.8 x ice 

thickness 

0.8 x ice 

thickness 

0.0 x ice 

thickness 
  

    

      

 

0.8 x ice 

thickness 

P=0 

Advance 

Direction 

NW NW NW NE NE NW NW NE N/A 

Where        the ice weight,       is the water density, and P is the pressure head at ground surface. 
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Figure 2-1: Bedrock geology map, and cross-sectional view of the Michigan basin 

(section A-A), adapted from Frizzell et al. (2008). Locations a and b are used to show the 

generated Total Head in subsequent figures. 
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Figure 2-2: a) Horizontal hydraulic conductivity (m/s) values estimated at the Bruce site 

on log scale with depth (mBGS). b) Measured Environmental Head (m) with Depth (m). 

Measurements were taken at the Bruce site as shown in Figure 2-1. Measurements are at 

different times in 2008 and 2009 and at different boreholes DGR1&2, DGR3 and DGR4 

(Al et al., 2011). Also shown is the hydrostatic head. 
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Figure 2-3: Two dimensional mesh of the Paleozoic formations of the Michigan Basin 

excluding the Precambrian mesh, including layers numbers as introduced in Table 2-1, 

and including the model boundaries and the location of the Bruce site. For legibility, the 

mesh is coarser by a magnitude of 40X than the mesh used in the simulations (from 250 

m to 10 Km), distance and elevations are in metres (m). 
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Figure 2-4: Ice loading scenarios, Permafrost depth, and basal surface elevation at the 

Bruce site as derived by the University of Toronto Glacial Systems Model (UofT GSM), 

(Peltier, 2011) for model runs nn9921 and nn9930 are shown. 
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Figure 2-5: Total heads for the base case scenario at different times under loading 

scenario nn9921 for one loading cycle. Glacial advance is perpendicular to the cross 

section. Maximum loading is at -21 ka from present, where -12ka from present 

represented heads after the end of the LGM. The solid black line on the upper right side 

represents the location of the Bruce site. Total heads and dimensions are in metres (m). 

Numbers shown on the diagrams represent the values of total head in meters (m) of the 

contour lines. 
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Figure 2-6: Total heads for the base case scenario at different times under loading 

scenario nn9930 for one loading cycle. Glacial advance is perpendicular to the cross 

section. Maximum loading is at -20 ka from present, where -12ka from present 

represented heads after the end of the LGM. The solid black line on the upper right side 

represents the location of the Bruce site. Total heads and dimensions are in metres (m). 

Numbers shown on the diagrams represent the values of total head in meters (m) of the 

contour lines. 
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Figure 2-7: Total head for the base case scenario with time at the middle of Michigan 

Basin under one loading cycle (nn9930). Values are shown for the Cambrian aquifer at 

point (a) in Figure 2-1 at a land level of -4020 m, and for the Lower Silurian at point (b) 

in Figure 2-1 at a land level of -2920 m. 
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Figure 2-8: Groundwater flow direction in the Cambrian formations in the NE direction 

under nn9921 loading during, (a) loading at the last glacial maximum (LGM), (b) during 

unloading after the LGM. The arrows show the change in flow direction with time. 
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Figure 2-9: Total head at the present time for the multiple cycles scenario under glacial 

loading nn9921 for 10 loading cycles. Total heads and dimensions are in metres (m). 
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Figure 2-10: Number of cycles vs. the maximum underpressure created at the end of each 

cycle, under the nn9930 and nn9921 loading scenarios. The lines represent the maximum 

underpressure created in the Paleozoic formations at the end of each glacial loading cycle 

(at a depth of 550 mBGS).  
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Figure 2-11: Total head at present time for the Cambrian aquifer extent scenario under 

loading scenario nn9921 for one loading cycle, removing Cambrian formations outcrop. 

Total heads and dimensions are in metres (m).  
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Figure 2-12: Total head at present time for the glacial advance direction scenario under 

loading scenario nn9921 for one loading cycle, Glacial loading advance from north east 

direction. Total heads and dimensions are in metres (m).  
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Figure 2-13: A comparison between basal surface elevation estimated by the GSM model 

(Peltier, 2011) and lithosphere flexure model results for the loading cycle nn9921. 
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Figure 2-14: a) Maximum surface depression during the peak loading of LGM about -20 

(ka) before present for the loading cycle nn9921, surface depression has a 50X 

magnification factor. b) Total head at present time under loading scenario nn9921 for one 

loading cycle for the Paleozoic formations. Total heads and dimensions are in metres (m).  
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Figure 2-15: Total head at the present time under loading scenario nn9921 for one 

loading cycle, assuming a dry base. Total heads and dimensions are in metres (m). 
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Figure 2-16: Total head at present under loading scenario nn9921 for one loading cycle, 

where glacial loads were converted to hydraulic head. Total heads and dimensions are in 

metres (m).  
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Figure 2-17: Total head at present under loading scenario nn9921 for one loading cycle. 

The elevation of the Cambrian layers outcrop was assumed to equal 400 m. Total heads 

and dimensions are in metres (m). 
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Figure 2-18: Total equivalent fresh water head at present time for density driven flow. 

Total heads and dimensions are in metres (m). 
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Figure 2-19: Total Head (m) versus Depth (mBGS), the dots represent the estimated fresh 

water head profiles at the Bruce site, a) the line represents simulation results after 1, and 

10 loading cycles using loading case nn9921 and nn9930, b) the lines represent 

simulation results for parallel glacial advance, topography effects, DDF, and lithosphere 

flexure after applying one loading cycle using loading case nn9921. 
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Chapter 3 

Resolving the Timing of Freshwater Invasion in the Michigan Basin as 

Identified Using Natural Tracers: Building the Safety Case for the Deep 

Geological Repository in the Bruce Peninsula 

3.1 Introduction 

In order to predict the long-term stability of the stratigraphy in the Bruce Peninsula of 

southwestern Ontario into which a nuclear waste site (the Deep Geological Repository or 

DGR) is proposed to be built, a complete analysis of the paleo-hydrogeology is 

necessary. The key to this analysis is the geomechanical, hydraulic and geochemical 

impact of glacial events. Through considerable investigation and using ice climate 

models, glacial advance and retreat can be simulated (Peltier, 2011). A single glacial 

cycle may include several advances and retreats over the period of 100,000 years and 

these are also known to be repetitive (Peltier, 2011; Abe-Ouchi et al., 2013). There is 

however, considerable uncertainty around the exact timing of advances in individual 

cycles and the nature of their repetitiveness (Peltier, 2011).  

Through characterization studies conducted at the Bruce site, detailed distributions of 

hydraulic head, hydraulic conductivity, and geochemistry have been obtained for the 

entire stratigraphic sequence (Al et al., 2011). The characterization studies reveal a 

complex distribution of hydraulic head with zones of significant underpressure and 

overpressure. Similarly the distribution of Total Dissolved Solids (TDS) and the stable 

isotope composition of the water are equally complex, suggesting numerous invasions of 
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differing fluid types over geological time. In a recent modeling study conducted on the 

Bruce data set using a coupled hydraulic-geomechanical model using multiple glacial 

cycles (as many as 10), various cycle types (different event timing during the cycles), and 

specific hydraulic connections across the Michigan Basin, the study in Chapter 2 

achieved very good fits to the underpressure and overpressure conditions. Water isotopes 

ratios and TDS concentrations measured at the eastern side of the Basin are showing 

strong evidence for glacial or freshwater invasion at depths of 150 m, and 340 m (Raven 

et al., 2011; Clark et al., 2013). 

 In a study conducted by Normani and Sykes (2012) using a limited portion of the Basin, 

penetration of freshwater was only observed in the upper units (ie depths <250 m). This 

suggests that the numerical analysis should be conducted using the full Basin with 

explicit discretization of all permeable pathways.       

A study by Vugrinovich (1986) indicates that present-day groundwater flow occurs from 

recharge areas at the outcrop of the basal Cambrian aquifer toward the southwest. An 

area of local recharge also occurs in southwestern Ontario as shown in Figure 3-1. Under 

glacial loading conditions these recharge areas may have acted as conduits for deep 

subsurface movement of freshwater. Invasion of younger fluid into the shallower 

horizons may have occurred through localized sub crop or through vertical faults. 

Although faulting has not been widely observed in the Michigan Basin, it has long been 

recognized that the oil and gas traps along the eastern Basin margin are likely formed as a 

result of deep-seated fault-bounded blocking (Sanford et al., 1985).  

There have been several recent studies of the occurrence of freshwater in laterally 

extensive aquifers at sedimentary basin margins (Grasby and Betcher, 2000; Person et al, 
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2003; Grasby and Chen, 2005; McIntosh and Walter, 2005; Park et al., 2009).  

Numerical simulations considering density effects, mechanical loading, lithospheric 

flexure, and permafrost formation have been conducted (Lemieux et al, 2008; Bense and 

Person, 2008; McIntosh et al, 2011; Hendry et al., 2013). The most recent results 

reviewed by Person et al. (2012) suggest that lateral penetration of glaciogenic water in 

basin margin aquifers is unlikely to exceed 100 km. The occurrence of dilute waters 

potentially of glacial origin under confining layers at lateral distances greater than 100 

km from an outcrop source, however, has been observed at the eastern margin of the 

Williston Basin (Wittrup and Kyser, 1990; Grasby et al, 2000).  

In this study, numerical modeling is used to explore the advances of glacial water in the 

permeable sedimentary formations of the Michigan Basin. Specifically, we tested the 

hypotheses that advection, dispersion and density driven flow play a role in fresh water 

invasion into brines during periods of glaciation. The objective of this work is to provide 

more confidence on the timing of historical fluid invasions in these formations, by linking 

the results to what is observed in the stable isotope record. This will be accomplished by 

simulating the migration of fresh water through all of the permeable horizontal features in 

the Paleozoic formations.  

3.2 Hydrogeology 

The Michigan Basin as shown in Figure 3-1 is a nearly-circular, deep intracratonic basin 

with minor structural disruption (Howell et al., 1999). The diameter and depth of the 

Basin are approximately 700 km and 5 km, respectively. The Precambrian crystalline 

rocks represent the basement of the Michigan basin with an age that varies from 2690 to 
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990 Ma. These rocks were deformed and metamorphosed during the Grenville Orogeny 

(Percival et al., 2007). Overlaying the Precambrian are the Paleozoic sedimentary rocks 

that are divided into a total of approximately 27 formations. The sedimentary formations 

range from the Cambrian sandstones at the bottom to the basal Pennsylvanian sediments 

at the top center of the Basin (Sykes et al., 2011). A summary of the characteristics of the 

main formations is shown in Table 3-1. 

The characteristics of Paleozoic rock formations for the portion of the basin in southern 

Ontario are summarized by Armstrong and Carter (2006). The Cambrian units, with 

higher permeability than adjacent layers, consist of quartzose sandstones with dolomitic 

quartz sandstones and sandy dolostones. Overlaying the Cambrian rocks are the 

Ordovician formations,  or directly overlay the Precambrian basement rocks at the eastern 

margin of Michigan basin, towards the Algonquin Arch, and are divided into several 

groups. The lower group is composed of argillaceous sandstones/dolostones, overlain 

with fine grained limestone that includes the Cobourg formation , that is proposed as a 

host formation for nuclear waste disposal (Al et al., 2011). The upper group of the 

Ordovician rocks consists of non-calcareous shale with minor limestone. The Silurian 

formations overlay the Ordovician rocks and consist of layers of dolostones/limestones, 

and argillaceous dolostones/limestones. The upper Devonian rocks consist of layers of 

dolostones/limestones. Glacial drift deposits are covering the Paleozoic formations of the 

Michigan Basin with a thickness up to approximately 300 m, and forming most of the 

modern surface topographic (Vugrinovich, 1989). 

Hydrogeologically, the low permeability formations of the Michigan Basin are separated 

by three groups of regional aquifers (Sykes et al., 2011). The regional aquifer of the 
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Mount Simon Sandstone to the Prairie du Chien Group (Cambrian-Ordovician aquifer) 

represents the deep groundwater zone and is covered by confining Ordovician shale and 

limestone formations. The Bass Island to Dundee formations represent the intermediate 

regional aquifers and are covered by the regional confining unit consisting of the 

Coldwater Shale. The Marshall Sandstone represents the shallow regional aquifer and is 

covered by the regional confining unit consisting of the Michigan formation 

(Vugrinovich, 1986; Swezey, 2008).  

Glacial scenarios for the Late Pleistocene Laurentide Ice were developed by Peltier 

(2011). The periods of glaciation are used to apply hydraulic head on the land surface in 

the model. The last glacial maximum (LGM) as modeled by Peltier (2011) is shown in 

Figure 3-2a. The ice sheets developed in the Arctic regions and advanced to cover the 

Michigan Basin, with a maximum thickness that may have reached 3.0 km at the eastern 

side of the Basin during the LGM. Water salinity in these formations increases 

asymptotically with depth from fresh water near the surface to brines with high total 

dissolved solid of up to 400 g/L in the intermediate and deep zones (Hanor, 1979) as 

shown in Figure 3-2b. 

3.3 Methodology 

In this study, the effects of density driven flow for two different model domains in 2-D 

were studied using the commercially available finite element models SEEP/W and 

CTRAN/W (Geo-Slope International, 2007). The groundwater flow equation is solved 

simultaneously with the contaminant transport equation at each time step using each 

model successively, as the groundwater flow velocities are dependent on the fluid 
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densities, which in turn are dependent on the TDS concentrations. The governing 

equations for these models are also presented in the Supplemental Material. 

In CTRAN/W density is assumed to vary linearly with concentration: 

(1 )o r              (1) 

Where   is the density at a relative TDS concentration = c , o  is freshwater density, and 

r  is the relative density:  

r c             (2) 

Where   is a factor derived from maximum density max : 

max 1
o





             (3) 

The solute transport equation (Freeze and Cherry, 1979) is given by: 
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Where 
ijD  is the dispersion tensor, and iV  is the fluid velocity.  

For groundwater flow the following equation is used: 
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        (5) 

Where 
ijK  is the hydraulic conductivity tensor,   is the equivalent freshwater head, Ss  

is the specific storage, and 
j  is given a value of 1 for the vertical direction and zero for 

the horizontal direction. 

To accommodate density-dependent flow analyses, Equations (4) and (5) are coupled 

through the concentration and velocity (Frind,1982). 
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A second modeling study was conducted using the model HydroGeoSphere (HGS). This 

code was selected as it has wide capability for accommodating advection and diffusion in 

complex fractured and porous media settings. The model also has a robust formulation 

which well-simulates free convective flows which occur as a result of density gradients in 

saline systems (Therrien et al., 2008). Remnant overpressures from glacial advances can 

also be captured using this model (Therrien et al., 2008). 

The solute transport equation for HGS is given by (Therrien et al., 2008): 

    (          )  [         ]              (
       

  
 

       )          (6) 

Where    is the volumetric fraction of the total porosity occupied by the porous 

medium,   is the first order decay constant,    is the solute exchange with outside of the 

domain, C solute concentration, par defines the parental species,     is the mass 

exchange rate of solutes per unit volume between subsurface domain and other domains 

in the model (e.g., wells and drains), and the hydrodynamic dispersion tensor D (L
2
 T

-1
) 

for HGS is given by Bear, (1972): 

      (     )
  

| |
   | |              

(7) 

Where Dfree is the free solution diffusion coefficient, I is the identity tensor,   is the 

matrix tortuosity,          are the longitudinal and transverse dispersivities respectively 

and | | is the magnitude of the Darcy flux. 

The flow equation is given by: 
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(8) 

The Darcy equation in the saturated case is given by: 

     (   ) (9) 

Where K is the hydraulic conductivity tensor,   is the pressure head and   is the 

elevation head. 

3.4 Model Geometry 

Three sets of models were developed for the Michigan Basin. The first set consists of two 

models with two dimensional (2-D) domains (SEEP/W, and CTRANS) developed for 

section A-A, as shown in Figure 3-1, representing the North east (NE) to South west 

(SW) direction. The second set represents a pseudo two-dimensional model for the North 

(N) to South (S) section, the model shows paths 1 and 2 and a second model for path 2 of 

section B-B, as shown in Figure 3-1. The third set represents a comparison between the 

hypothesis used in the second model with a three dimensional (3-D) model at a small 

spatial scale using HGS. For this study we assumed that the primary factors that can 

control freshwater invasion in a sedimentary basin environment are depth of the basin 

formations, hydraulic conductivity of each stratigraphic layer, external water pressure, 

and brine densities. Hydraulic conductivity values for the layers were assumed to remain 

constant with depth. The values for these factors will be discussed for each of the 

modeling approaches.  
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3.4.1 Northeast to Southwest Models  

For the first set of models, a 2-D cross section of the Michigan Basin was developed from 

the south west end of the basin towards the north east and was modified from Frizzell et 

al. (2008) as shown in Figure 3-3. A unique approach was utilized to manage the 

computational effort for this study, whereby the entire stratigraphic sequence was highly 

discretized in the NE area and only the permeable domains represented for the remainder 

of the basin. The highly-discretized section of the domain includes approximately 140 km 

of the basin to the SW from the NE margin.   Two conductive layers (the Cambrian 

aquifer and A1 unit carbonate) were continued for the remainder of the domain to 

properly capture the brine effects in the central part of the basin, and allow for the 

application of fresh water in the SW outcrop areas (Figure 3-3). The Cambrian aquifer 

was also artificially extended in NE direction for 80 km to obtain an outcrop exposure on 

the margin. Although there is no physical evidence of exposure in this way, this approach 

will provide a conservative 2-D case. If we assume a fault or vertical feature as the source 

of fresh water to the Cambrian aquifer, a less-conservative, shorter travel path, would 

apply.  

For the second 2-D model domain, the artificially extended part of the Cambrian aquifer 

was removed, and a vertical fault extended from the Cambrian aquifer to the bottom of 

the glacial till was introduced to the model. The fault is located about 13 km east of the 

location of the DGR site. The fault is connected to both the Cambrian aquifer and A1 unit 

carbonate, and provides a freshwater source. The rest of the model geometry remains the 

same as the first model.  
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The finite element mesh for the domain includes 36407 nodes and 25226 elements with 

dimensions of 100×100 m or smaller to fit layer thicknesses as small as 20 m (Figure 

3-4). Linear time step intervals of 0.5 year were used. The Precambrian layer was 

extended below the first 140 km with a thickness of 80 m. The grid size and time step 

were chosen to minimize numerical errors and computational time, and were defined by 

performing many preliminary model runs. During the preliminary runs, sequential model 

outputs were compared until no significant changes occurred in the results with refined 

discretization (ie changes of <1-2% in head). 

The values for the parameters used in each layer including hydraulic conductivity, the 

diffusion coefficients and porosity were compiled from Mazurek (2004), Sykes et al., 

(2011), and Al et al. (2011) and are reported in Table 3-1.   

3.4.2 North to South Model 

For the second set of models, the domain represents the cross section (B-B) of the 

Cambrian-Ordovician aquifer, and was modeled from the north end of the Basin to the 

south end as shown in Figure 3-1. The purpose of the model domain is to test the 

preferable path for fresh water invasion from the northern outcrop. The two potential 

paths are: Path 1 which represents the invasion through the shorter route down the middle 

of the Basin (but experiencing the largest resistance due to brine density with depth), and 

Path 2 which represents the longer pathway with the lowest brine resistance. The 

combination of these two paths allows us to explore three-dimensional effects with a 

pseudo two-dimensional model. The Cambrian-Ordovician aquifer has a relatively small 

thickness, and is sandwiched by low permeability formations. Solute transport in each of 
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the proposed paths can be considered a 2-D process, which extends horizontally for Path 

1 and vertically for Path 2. A simulation with the two 2-D paths cannot be performed due 

to the limitation of the SEEP/W, and CTRANS. However two models were developed. 

The first model as shown in Figure 3-5 has 1-D solute transport in each direction instead. 

This approach was chosen to reduce the number of nodes in the model, as each path will 

extend for hundreds of kilometers.  

The straight-line length of cross section B-B is about 500 km from the Cambrian aquifer 

outcrop to the recharge area in southwestern Ontario. The maximum depth of the 

Cambrian-Ordovician aquifer is about 4.5 km. The arc length of Path 1 is also equal to 

500 km, and the length for Path 2 will equal half the circumference of the 500 km 

diameter circle or about 780 km.  

The finite element mesh for the domain includes 18140 nodes and 11903 elements with 

dimensions of 200×200 m. The characteristics of the aquifer in the domain were assigned 

equal to the Praire du Chien formation as shown in Figure 3-5.  

For the second model, the path 1 was removed and the Path 2 thickness was extended to 

match the actual thickness of Cambrian-Ordovician aquifer. The aquifer length and 

characteristics remain the same as the model above. The purpose of this model is to 

determine a more appropriate distance and timing for freshwater invasion.  

3.4.3 Small Scale Model Comparison  

In order to explore more fully the relation between shallow and deeper freshwater 

penetration, a 3-D modeling approach was also undertaken (Figure 3-6a). Specifically the 

objective was to determine if the effects observed using the 2
nd

 2-D domain described 
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above can reasonably represent the 3-D processes that might occur during a glacial event. 

The three dimensional model was scaled down to a miniature representation of the basin 

in order to allow for a high degree of discretization and to improve computational 

efficiency. A domain of 50×50 m having a depth of 10 m was used, with a permeable 

layer 1.0 m in thickness on the sides and bottom of the domain (Figure 3-6a).  A uniform 

mesh of 1×1×1m was used.  

The model was then compared against two 2-D models at the same scale. The first model 

resembles the concept used in the first north-south model (Figure 3-6b). In the second 

model the depth of the edge path was extended, resulting in a change of the 

characteristics of this path from one to two dimensional solute transport that resembles 

the second north-south model (Figure 3-6c). The dimensions of the finite element mesh 

for the domain are 1×1 m. All the three models were built using HGS, and the domains 

were assigned the characteristics of the Cambrian aquifer. The length of the margin path 

in the domains is equal to 100 m, about 40% longer than the middle path length of 70m.  

3.5 Initial and Boundary conditions 

The initial water pressure was set to hydrostatic conditions for all models. The water 

table was set equal to the land surface, and the domain was assumed to be fully saturated 

with water. In general, the ice sheets advanced from north to south across the basin. In 

the modeling, the specific direction of glacial advance was set from the north east as 

suggested by Peltier (2011). 

The LGM during the glaciation scenario for the Late Pleistocene Laurentide Ice height 

were used to define the heads at land surface in the model. This glacial event was 
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simulated by Peltier (2011). The LGM of the loading scenario (model run nn9921 using 

Peltier’s nomenclature) began approximately 32,500 years ago as shown in Figure 3-2a. 

The initial concentration was set as given by Hanor (1979) in Figure 3-2b. The maximum 

groundwater density was calculated from total dissolved solids concentrations using the 

relation developed by Lampe (2009) from collected data where groundwater density was 

reported. Other densities vary linearly with concentration from fresh water density to the 

maximum density. The dispersivity values were defined as 1000 m in the longitudinal (x) 

direction and 10 m in the transverse (z) direction. The dispersivity coefficient was chosen 

depending on field scale (Gelhar et al., 1992). For the small scale models, the dispersivity 

values were set to 1m in the longitudinal (x) direction and 0.1 m in the transverse (z) 

direction. 

For the first set of models (Northeast to Southwest), the lower boundary was set as no 

flow. The hydraulic head on the NE side of the top boundary was set equal to the glacial 

height multiplied by a factor of 0.8 (Nasir et al., 2011). Boundary conditions were set at 

the SW end of the Cambrian and A1 unit carbonate layers equal to the glacial height 

multiplied by a factor of 0.3 (Nasir et al., 2011). The upper boundaries for both the NE 

and SW sides were set to a fresh water concentration equal to 0 kg/m
3
.  

For the second set of models (North to South), the initial water table was assigned equal 

to hydrostatic head. The initial concentration was assigned equal to 350 kg/m
3
. The 

maximum brine density was assigned equal to 1.3 kg/L at this concentration. 

For the first model, the boundaries are assigned at the red and blue lines as shown in 

Figure 3-5. The red line of a length equal to 15 km represents the north outcrop of the 

Cambrian layer. The blue lines represent the recharge area located in southwestern 
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Ontario (Vugrinovich, 1986).  Two freshwater heads of 800 m and 2000 m were assigned 

to the red line for two different scenarios. The blue lines were assigned a head equal to 

300m. The concentrations were assigned a value of 0 kg/m3 for all the boundaries. The 

rest of the model was assigned as no flow.  

For the second model, a head equal to 0.8 and 0.3 of the LGM was assigned at the inlet 

and the outlet boundaries respectively. All other boundaries conditions remain 

unchanged. 

For the third set of models, in the 3-D model domain, two boundaries areas were assigned 

on the model with a dimension of 1×4 m marked by red and black colors as shown in 

Figure 3-6a. In the 2-D model domains, two boundaries areas were assigned in the model 

with a dimension of 1×1 m marked by red and black colors as shown in Figure 3-6b,c. 

For the black areas a hydraulic heads of 12 and 15 m were assigned on the top of the 

model for two different scenarios, and the hydraulic head at the red areas was assigned 

equal to 10 m. The concentrations at both areas were assigned a value of 0 gm/L. The rest 

of the model was assigned as a no flow boundary. The initial water table was assigned 

equal to 10 m (hydrostatic). The initial concentration was assigned equal to 350 g/L. The 

brine density at maximum concentration (350 g/L) was assigned equal to 1.3 Kg/L.  

3.6 Results 

In the following we discuss the results interpreted from the simulations conducted using 

each model. 
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3.6.1 Northeast to Southwest Models  

Figure 3-7 and Figure 3-8 show the advance of glacial fresh water with time through the 

Cambrian aquifer and the A1 unit carbonate formation higher in the stratigraphy. This 

scenario was run with a glacier thickness equal to the LGM as shown in Figure 3-2a 

where the heads (80% of glacial thickness) were applied over a period of 20,000 yrs 

(from -32.5 Ka to -12.5 Ka).  

Figure 3-7 illustrates the progression of fresh water at -12.5 ka before present. Invasion of 

the lower TDS fluid is remarkably advanced both in the shallow horizon, A1 unit 

carbonate and the Cambrian aquifer. The progression of the fresher fluid passes the 

location of the DGR (as illustrated by the vertical line). For this simple scenario, the 

advance of fresher fluid to the depth of the DGR from an outcrop about 100 km away 

was possible. Figure 3-8 shows a small retreat of about 7 km after the end of LGM 

loading until present day.   

Figure 3-9 shows a comparison between the results of the model and measured TDS data 

at the DGR site at the present time.  This would represent the flushing experienced as a 

result of the most recent glaciation. The agreement between the simulated and measured 

values of TDS is very good in the lowest and highest permeability features, although the 

TDS is underestimated in the Cambrian aquifer. 

Figure 3-10 shows the advance of glacial freshwater through the vertical fault to the 

Cambrian aquifer and the A1 unit carbonate formation. This scenario was run with a head 

difference equal to 50% of the glacier thickness of the LGM as shown in Figure 3-2a. 

The results shown are 4.4 ka after applying the LGM (-28.1 ka from present time).  
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The fresh water reached the DGR location after 17.4 ka from the start of the LGM for the 

first scenario. The distance from the proposed outcrop to the DGR is about 120 km. For 

the second scenario, the time required to reach the DGR from the vertical fault was about 

2.2 ka.   

3.6.2 North to South Models  

The next step is to test glacial water invasion from the northern outcrop to the study site. 

The purely two-dimensional nature of the model domain may artificially force flow in the 

plane of the cross section towards the middle of the Basin. In this case, we will test 

whether the preferable path of fresh water invasion is towards the middle of the basin or 

via migration along the margin of the Basin.   

Figure 3-11 illustrates the progression of fresh water in Paths 1 and 2 after 18 ka of 

glacial loading. Invasion of the fresh water front is remarkably advanced in Path 2 along 

the margin of the Basin (where the study site is located), relative to the invasion towards 

the centre (via Path 1).  

The difference in head (  ) between the inlet and the outlet boundaries is 500m. The 

maximum difference in brine water levels between both sides of Path 1 (  ) which 

occurred under this head is about 1700 m. This is calculated using the following: 

    

    
 [   (     )]                               (10) 

Where      is the resisting pressure of the brine, g is gravity, and       are the brine and 

freshwater densities respectively. The maximum    from land surface to the top edge of 

Path 1 at the middle of the basin is about 3500 m. Using Equation 10, a    exceeding 
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1.05×10
3 

m is required to overcome the resistive pressure of the brine in the central 

Basin.   

Two different values of    equal to 500 m and 1700 m (total head of 800 m and 2000 m) 

were compared as time advances from initial conditions until freshwater reaches the 

outlet area as shown in Figure 3-12a and Figure 3-12b respectively. The maximum depth 

into the Basin reached by the fresh water front when applying a head difference of 500m 

is approximately -1800 m (Figure 3-11a). The depth of penetration was reached about 

4000 years after the initial glacial advance and steady conditions followed where the 

external head difference is balanced by the resisting pressure. Thus, the advance in the 

middle of the basin for this case reaches a stagnant position about 150 km south of the 

inlet, while the advance along the edge of the basin occurs in a linear relation with time 

and is considerably more extensive.   

When applying a head difference of 1700 m, the fresh water was capable of pushing the 

brine to the other side of the central part of the Basin. In this case, the external head 

difference is higher than the maximum resisting pressure. The advance in the middle of 

the basin for this case continues with different rates over time, while the advance along 

the edge of the basin is again a linear relation with time. Although a glacial event is 

unlikely to occur with such a constant head, this is a reasonable approximation for events 

that last longer than this period. 

For the second model accounting for Path 2 (using the actual depth of the Basin), the 

difference in advance distance between the 1-D and 2-D models is shown in Figure 3-13. 

The maximum advance of freshwater in the 2-D model during the peak of the LGM was 

about 220 km, and then drops to about 100 km. The results show a ratio of about 2.5 
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between the freshwater advance distance in the 1-D and 2-D simulations during the 

loading time. 

3.6.3 Small Scale Models 

For the three dimensional model, a second numerical model was used (HGS), as SEEP/W 

and CTRANS model is limited to 2-D. To maintain the consistency of the results, the two 

models were compared against each other. A 2-D domain of 100 m×10 m with the same 

characteristics was simulated in both models; the models and results are described in 

Appendix E. The results show a good match between the results from both models.  

The results described previously for the second set of models show that the preferable 

path for fresh water invasion through the Cambrian-Ordovician aquifer is along the 

margin of the Basin. The purpose of the fully-three-dimensional model is to test the 

approximation used in the second model. Although a direct scaling was not conducted 

and the solution domain was limited to rectangular coordinates, the direct coupling of the 

upper and lower formations around the margin of the mini-basin may provide a more 

accurate representation of the physical migration processes of the fresh water.  The thin 

walls in the 3-D model are sandwiched by no flow boundaries representing the bounding 

low permeable formations in nature. This creates a 2-D solute transport in each direction. 

The results of the 3-D model are then compared by the results from two 2-D models. The 

first model replicates the concept of the first representation in the second set of models. 

The solute transport in this model is considered 1-D in each direction. In the second 2-D 

model the depth of the path representing the Basin margin was extended to form 2-D 

solute transport along this side, thus resembling the second model of the second set, while 



89 

 

solute transport along the Basin middle remains in 1-D. For simplification, the models 

described above will be designated as 3-D, 1-D, and 2-D respectively.   

From Equation 10, a head difference of 3 m is required for fresh water to invade the 

Basin via the middle path. Two different simulations for each model were performed 

using a head difference of 2 m and 5 m. Snap shots of the three models after 2 years of an 

applied head difference of 2 m and 5 m are shown in Figure 3-14a,b, respectively. The 

results of the three models react to the applied heads in a similar way. The trend of fresh 

water invasion is similar, although there are differences in the distance of fresh water 

advance. The advance of fresh water is almost entirely limited to the margins of the 

domain while applying the 2 m head difference. The advance towards the centre of the 

basin is minimal in this case. Using the 5 m head difference, fresh water starts advancing 

through the middle of the domain, although the Basin margin remains the main path.  

Figure 3-15 shows a comparison between the results of the 1-D, 2-D, and 3-D models 

under two different applied heads (2 m and 5 m). Figure 3-15a shows the advance of 

fresh water via the Basin margin. The 2-D and 3-D yield similar results, while the 1-D 

model tends to underestimate the advancing distance at the beginning then overestimate 

at later time. The difference in advance between the 2-D and the 3-D model is less than 2 

m. 

Figure 3-15b shows the advance of fresh water by the Basin middle. For the 2 m head, 

the 2-D and the 3-D models show the same trend with less than a metre difference in 

value. The 1-D underestimates the depth of penetration. For the 5 m head, the 1-D model 

overestimates the depth of penetration. The 2-D model shows different progress than the 

3-D model because of the 1-D solute transport nature of the middle basin path. In this 
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case, the 2-D model represents a good simplification to the 3-D transport process. The 1-

D model shows a similar trend, but in most cases overestimates the calculated distance of 

the fresh water advance. Based on the conceptual model used for the second model, these 

results provide no reason to believe that approach might be incorrect. 

3.7 Discussion 

In the first set of models (Figure 3-3), the extended outcrop of the A1 unit carbonate layer 

can justify the 2-D model from the north-east to the south-west for the upper feature. In 

the Cambrian aquifer case, there is no information available describing the occurrence of 

extended faults or fractures to justify the proposed inlets for glacial water invasion, 

although the results show that hypothetically the fresh water can reach the DGR location 

under the LGM heads even in the most conservative assumptions (the presence of an 

extended outcrop 120 km away from the site). 

In the second set of models, another hypothesis for fresh water invasion of the Cambrian 

aquifer is examined. The invasion of fresh water from the north outcrop of the Cambrian 

aquifer to the south recharge area is tested for two different paths. The sum of the model 

lengths for the two paths was about 1280 km. The 2-D model (Figure 3-5) is limited in 

capturing the width of the middle path in the Basin. In this model solute transport is 

limited to 1-D in each path. The preferable path of fresh water invasion is by the Basin 

margin (50% longer than the path by the Basin middle). Even in the case where H 

values are larger than the resisting pressure of the brine, the Basin margin remains the 

main path, however fresh water will start invading the middle path. Finally, the mixing 
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between freshwater and brine in the second model when increasing path 2 thickness 

results in a slower advance through the margin path. 

The hypothesis used for the second set of models was tested against a 3-D model (Figure 

3-6a) in a small spatial scale. The 1-D (Figure 3-6c) model shows a similar trend to the 3-

D (Figure 3-6a) model, but overestimates the advancing distance of the freshwater front. 

The difference in freshwater advance along the Basin margin between the 1-D (Figure 

3-6c) and the 3-D (Figure 3-6a) models is a result of two factors. The first factor is the 

small area of the inlet and outlet boundaries used in the 3-D model. These cause higher 

velocities in the 3-D model at the inlet and outlet, which causes a loss of about 10% of 

the applied heads at these locations. Secondly, the H between inlet and outlet heads is 

distributed along the rest of the path, where most of the head is distributed over the 

freshwater plume. The distribution of heads can be found in detail in Appendix F, and are 

determined using Equation 11: 

  

  
 

     

     
                                                                                                                                (  ) 

 where   , and    are the head dissipated by the movement of the invading fresh water 

plume, and the movement of the brine to the outlet respectively,    and    are the depth 

of the plume and the total depth respectively,    and    are the length of the plume and 

the rest of the domain length respectively. 

Application of Equation11 results in a higher advective velocity of the plume at the 

beginning of the invasion, higher than predicted by the 1-D model (Figure 3-6c). Then 

the advective velocity is reduced with distance and the mixing increases resulting in a 

lower velocity than the 1-D model predicts as shown in Figure 3-15a. The average 
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velocity of freshwater in the margin path of the 1-D model is about twice the velocity 

observed in the 3-D (Figure 3-6a) model for both simulations.  

In Figure 3-15b at H=2m, at the beginning the models show similar results for 

freshwater invasion through the middle path until the resisting pressure matches the 

applied head. After that, the transverse dispersivity causes the continuous small increase 

in freshwater invasion along the middle path in both the 2-D (Figure 3-6b) and 3-D 

(Figure 3-6a) models. For H=5m, the 1-D (Figure 3-6c)_and the 2-D (Figure 

3-6b)_model show the same trend of freshwater invasion through the middle path after 

the first 10 m. This is a result of the one dimensional characteristics of the middle path in 

the 2-D model (Figure 3-6b). Thus, the 2-D model (Figure 3-6b) gives more realistic 

values for the distance and timing of freshwater advance for the Cambrian aquifer.  

Finally, the time needed for the freshwater to reach the DGR location at a head difference 

of 0.5 of the LGM thickness (0.8 at the inlet and 0.3 at the outlet) ranges from 17.4 Ka 

for a proposed outcrop 120 km away, to 2.2 km from a fault 13km away. The freshwater 

originating from the north outcrop under the same heads did not reach the DGR location, 

although the concentration was reduced to about 260Kg/m
3
 by the end of the LGM. 

Further work could be conducted to explore possible freshwater invasion from the north 

outcrop by using multiple cycles of glacial loading and varying hydraulic conductivities 

with depth. Also, comparing the results of the first model (Figure 3-3) to what is 

observed in the concentrations at present-day as shown in Figure 3-9 suggests that the 

most likely mechanism of fresh water invasion might be from the east margin of the 

Basin. 
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3.8 Conclusions 

The effects of density driven flow on the invasion of fresh water under Pleistocene glacial 

loading in Michigan Basin formations is assessed using numerical analysis. Three sets of 

models in two and three dimensions are presented to study the effects of dense brine on 

regional groundwater flow patterns.  

The first set of models show the freshwater invasion through the A1 unit carbonate 

(upper feature) and the Cambrian aquifer under a head difference equal to 0.5 of the 

LGM thickness. The freshwater reached the DGR location through the Cambrian aquifer 

under two different assumptions of an outcrop 120km, and a fault 13km away. Although 

the two-dimensional model is justifiable for the upper features since the formations have 

an extended outcrop, such information is not available for the Cambrian formations. 

The second set of models is developed to define the preferable path for freshwater 

invasion through the Cambrian-Ordovician aquifer from the north outcrop to a recharge 

area in the south part. The results show that the preferable path is the longer path by side 

margin of the basin rather than the shortest path by the middle of the basin. The 2-D 

model developed for the margin path determines a maximum distance of 250 km for the 

advance during the LGM.  

In the last set of models, the hypothesis used with the second model is compare to a 3-D 

model at a small spatial scale. The results show similar trends for fresh water invasion 

between the models; however the 1-D model tends to overestimate the values of the 

advance distance. The two dimensional model provides a good representation of flow and 

transport in the Cambrian aquifer. 
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Finally, the freshwater invasion can reach the DGR location from assumed inlets at the 

eastern margin of the Michigan Basin through the Cambrian aquifer in less than 20 ka 

from the start of the LGM. From the northern outcrop the freshwater would only have 

reached half the distance to the DGR location through the Basin margin path, and the 

minimum concentration at the DGR location would be about 260 kg/m
3
 by the end of the 

LGM. As this does not agree with what is observed in the field data, this transport 

mechanism can likely be ruled out. Further work including investigating the effects of 

multiple cycles and varying hydraulic conductivities with depth should be conducted to 

resolve the invasion mechanism more fully. 
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Table 3-1: Hydrogeological properties of Michigan Basin formations used in the 

numerical model 

Geologic Age  Formation Porosity Kh 

m/s 

Kv 

m/s 

Ss 

m-1 

 

Diffusion 

Coefficient 

m2/s 

Quaternary 24 Drift 0.25 1.6×10-7 1.6 ×10-8 9.9×10-5 6.6×10-11 

Devonian 

82 Berea Bedford 0.1 1.0 ×10-7 1.0 ×10-8 9.9×10-5 9.9×10-12 

88 Kettle Point 0.1 3.0 ×10-9 3.0 ×10-10 1.5×10-6 9.9×10-12 

82 Hamilton 

Group 

0.1 2.2 ×10-11 2.2 ×10-12 1.5×10-6 9.9×10-12 

82 Dundee 0.1 8.4 ×10-8 8.4 ×10-9 1.5×10-6 9.9×10-12 

21 Detroit River 

Group 

0.077 5.9 ×10-7 5.9 ×10-8 1.4×10-6 6.0×10-12 

22 Bois Blanc 0.077 1.0 ×10-7 1.0 ×10-8 1.4×10-6 6.0×10-12 

Silurian 

22 Bass Islands 0.056 5.0 ×10-5 5.0 ×10-6 2.0×10-6 1.3×10-11 

22 F unit 0.1 5.0 ×10-14 5.0×10-15 9.5×10-7 4.1×10-12 

22 Niagaran 0.026 3.6 ×10-9 2.5 ×10-13 2.7×10-7  

22 Cabot Head 0.116 9.0 ×10-14 9.0 ×10-15 1.1×10-6 3.1×10-12 

22 Manitolian 0.028 9.0 ×10-14 9.0 ×10-15 7.5×10-7 1.5×10-13 

Ordovician 

28 Queenston 0.073 2.0 ×10-14 2.0 ×10-15 9.0×10-7 1.0×10-12 

22 Georgian Bay 0.07 3.5 ×10-14 3.2 ×10-15 1.2×10-6 4.3×10-13 

22 Trenton Group 0.018 1.2 ×10-14 1.0 ×10-15 4.3×10-7 4.3×10-13 

1 Black River 

Group 

0.023 6.5 ×10-11 9.9 ×10-16 5.0×10-7 2.2×10-13 

2 Ancell Group 0.02 3.5 ×10-5 3.5 ×10-5 1.3×10-6  

2 Prairie Du 

Chien Group 

0.02 3.5 ×10-5 3.5 ×10-5 1.3×10-6 7.7×10-12 

Cambrian 

2 Trempealeau 

Fm 

0.02 3.5 ×10-10 3.5 ×10-11 1.3×10-6 7.7×10-12 

2 Francania Fm 0.02 3.5 ×10-10 3.5 ×10-11 1.3×10-6 7.7×10-12 

2 Galesville 

Sandstone 

0.071 3.0 ×10-6 3.0 ×10-6 3.7×10-7 7.7×10-12 

2 Eau Claire Fm 0.071 3.0 ×10-6 3.0 ×10-6 3.7×10-7 7.7×10-12 

8 Mount Saimon 

Fm 

0.071 3.0 ×10-6 3.0 ×10-6 3.7×10-7 7.7×10-12 

Precambrian 2 Basement 0.01 3.2 ×10-13 3.2 ×10-15 2.6×10-7 3.3×10-11 

Reproduced from Sykes et al. (2011), Mazurek (2004), and Al et al. (2011) 
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Figure 3-1: Conceptual model for glacial fresh water invasion of the Cambrian and 

Ordovician aquifers in the Michigan Basin. The red arrows represent the direction of 

fresh water invasion (Paths 1 and 2 as described in the text), the blue area represents the 

outcrop of the Cambrian aquifer, and the blue line represents the subsurface limit of the 

upper Cambrian formations. The dashed lines represent cross sections A-A and B-B. The 

black hatched area represents the recharge area for Southeastern Ontario. The map was 

adapted from Vugrinovich (1986). 
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Figure 3-2: a) Ice thickness at the Bruce site during the LGM as derived by the University 

of Toronto Glacial Systems Model (UofT GSM), (Peltier, 2011). b) TDS concentration in 

kg/L versus depth in km for porewaters of the Michigan Basin, adapted from Hanor 

(1979).  
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Figure 3-3: Section A-A. The domain was discontinued from the SW side to reduce the 

number of nodes, although the conductive layers were continued for the entire basin to 

capture the brine effects. The Cambrian aquifer was extended to include an outcrop at the 

NE side. The map is adapted from Frizzel et al. (2008). 
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Figure 3-4: Two dimensional mesh for the cross-section A-A (2-D Model). For legibility, 

the mesh is coarser than used in the simulations by of magnitude 10X (from 100 m to 

1000 m). Distance and elevations are in meters (m). 
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Figure 3-5: Two dimensional mesh for the cross-section B-B (Model 2). For legibility, 

the mesh is coarser by a magnitude 25X greater than used in the simulations (from 200 m 

to 5000 m). Distance and elevations are in meters (m), and Paths 1&2 are as shown in 

Figure 3-1. Red and blue lines represent locations for the boundary conditions for 

Cambrian outcrop (N) and Southeastern recharge (S) areas, respectively. 
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Figure 3-6: Conceptual model for the 3, 2, and 1-D model for a, b, and c respectively, 

Black and red areas represent boundaries conditions for flow and solute transport. The 

black area represents the inflow area, where hydraulic heads and concentration were set 

to defined values. The red area represents the outflow and head was set equal to land 

surface. The rest of the model was set as a no flow boundary.  
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Figure 3-7: The results at -12.5 ka from present (the end of the LGM) due to application 

of hydraulic head equal to the LGM on the land surface. Total dissolved solids are 

presented in (kg/m
3
), and dimensions are in m. The location of the DGR is shown by the 

line drawn on the left-hand side of the diagram. 
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Figure 3-8: The results at present day after the application of hydraulic head equal to the 

LGM on the land-surface as shown in Figure 3-2.  
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Figure 3-9: The model results at present day after the application of freshwater head 

equal to the LGM on the land surface as defined in Figure 3-2, compared to measured 

data at the DGR location. Total dissolved solids are presented in kg/m3, and dimensions 

are in m. 
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Figure 3-10: The results at -4.4 ka from the start of the LGM due to application of 

hydraulic head equal to the LGM on the land surface. Fresh water reached the DGR 

location after 2.4 ka from the start of the LGM. The fault is located 13 km east of the 

DGR location. Total dissolved solids are presented in (kg/m
3
), and dimensions are in m. 

The location of the DGR is shown by the line drawn on the left-hand side of the diagram. 
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Figure 3-11: Section B-B showing TDS concentration along Paths 1& 2 (as given in 

Figure 3-1), after 18 ka of the application of hydraulic head equal to 800 m on the 

Cambrian outcrop. 
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Figure 3-12: The results of fresh water advance (at a concentration of 0 up to 50 kg/m3) 

in Path 1 (Basin middle) and Path2 (Basin edge) under two different heads, and the depth 

of fresh water in the basin middle. Blue lines represent Path 1 in the middle of the basin, 

green lines represent Path 2 by the edge of the basin, and the red lines represent the depth 

of fresh water invasion for Path 1. The blue dashed line represents the end of Path 1, and 

the dashed green line represents the end of Path 2. a) The head applied on land surface = 

800 m, b) the head applied on land surface = 2000 m. Note the difference in time scale 

between a) and b). 
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Figure 3-13: The results of fresh water advance (at a concentration of 0 up to 50 gm/L) at 

the Basin edge for the 1-D and 2-D models under head difference equals to 50% of the 

LGM. Solid line represents the 1-D model, and dashed dotted line represents the 2-D 

model.  
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Figure 3-14: The results of fresh water advance after 2 years under two different heads in 

1-D, 2-D and 3-D models shown from top to bottom. a) The head applied on land surface 

= 2 m, b) the head applied on land surface = 5 m. 

a) b) 
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Figure 3-15: The results of fresh water advance (at a concentration of 0 up to 50 gm/L) at 

a) the Basin edge and b) the Basin middle in the 1-D, 2-D and 3-D models under two 

different heads. Solid lines represent the 1-D model, dotted lines represent the 2-D model, 

and dashed dotted lines represent the 3-D model. The black lines represent head applied 

on land surface = 2m, the blue lines are for head applied on land surface = 5m.  
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Chapter 4 

The Study of Natural Tracer Profiles in the Eastern Michigan Basin  

4.1 Introduction 

Sedimentary argillaceous formations are generally characterized by very low 

permeability rock that can retain hazardous wastes for a long time preventing potential 

impact on the biosphere.  In particular, the natural barrier characteristics of these rocks 

make them a potential host for nuclear waste repositories. In a recent study (Raven et al., 

2011) the diffusion and hydraulic properties of a proposed host formation at the Bruce 

site in southern Ontario, Canada were measured using information gathered in-situ from 

several deep boreholes (Figure 4-1) and from laboratory scale experiments conducted on 

rock core obtained from the boreholes.  

Up-scaling of these measurements to the large temporal and spatial scales needed for the 

potential disposal of nuclear wastes requires a detailed understanding of the  paleo-

hydrogeological history of the potential host rocks (e.g. Rübel et al., 2002; Patriarche et 

al., 2004a,b; Gimmi et al., 2007; Savoye et al., 2008). Modeling of the distribution of 


18

O and 
2
H with depth will provide insight into fluid flow and solute transport within 

these formations (Gimmi et al., 2007; Savoye et al., 2008; Mazurek et al., 2011; Hendry 

et al., 2013) over the time frames that might be suitable for waste disposal. 

In a previous study by Gimmi et al., (2007), the isotope profiles in aquitards are surmised 

to be influenced by the change in the chemical or hydraulic condition of the over-and 

underlying aquifers over time. These effects propagate through the aquitard to a degree 

that depends on the duration of the disturbance, and the physical and chemical properties 
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of the rock. The uncertainties accompanied by choosing the proper initial and boundary 

conditions when modeling these settings are added to the uncertainties in transport 

processes and governing parameters.  This represents a challenge for the use of natural 

tracers in unraveling long-term solute migration (Gimmi et al., 2007). Thus, additional 

hydrogeological information such as the change in hydraulic head over extended periods 

of time, and potential rock-water interactions, are required to assist with the interpretation 

of the isotopic composition profile. 

In the study area described by Raven et al (2011), the limestone formations proposed to 

host a repository lie below Ordovician shale layers 200 m in thickness. These formations 

are bounded by a Cambrian-aged aquifer below and by another aquifer of 150 m 

thickness above. The domain is characterized by underpressures in the Ordovician 

formations and overpressures in the Cambrian aquifer (Raven et al., 2011; Al et al., 

2011). The hydraulic gradient in the vertical direction reaches a value of 4 m/m at some 

depths in the stratigraphy, orders of magnitude larger than other sites proposed for 

nuclear waste disposal such as the Benken site in Switzerland (Gimmi et al., 2007; 

Mazurek et al., 2011). Recent studies have shown that the anomalous pressures at the 

Bruce site were likely formed by glacial loading and unloading processes (Nasir et al., 

2011; Chapter 2). The observations at the Bruce site provide a good opportunity to test 

the feasibility of using field measured hydraulic conductivity, laboratory measured 

porosity, glacial history and the distribution of the natural isotopes of water to unravel the 

paleo-hydrogeological conditions and explore the effects of advection and diffusion. The 

isotopes were determined from rock samples extracted from six deep boreholes at the 

Bruce site by using vacuum distillation at 150°C (Hobbs et al., 2008). The raw data of 
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water isotopes are shown in Appendix G. Diffusion coefficients were measured using X-

ray radiographic technique and diffusion cells and hydraulic testing (pulse, slug, and 

drill-stem tests) was conducted to determine the distribution of hydraulic conductivity 

(Raven et al, 2011). 

Previous studies of solute transport in very low-permeability sedimentary formations 

have largely concluded that diffusion is the dominant solute transport process (Rübel et 

al., 2002; Gimmi et al., 2007; Savoye et al., 2008; Mazurek et al., 2011; Hendry et al., 

2013). The advection process is either neglected or assumed to exert only a minor effect 

on solute transport (Gimmi et al., 2007 and Mazurek et al., 2011). In these studies 

however, hydraulic gradient was as small as 0.001 m/m, and upward or downward flow 

was assumed for the entire domain where advection was considered.  

In sedimentary basins where permeable formations occur around the basin margins and 

penetrate towards the basin centre, the occurrence of freshwater in these features even in 

formations underlying shales hundreds of m in thickness has been reported in several 

studies (Grasby and Betcher, 2000; Person et al., 2003; Grasby and Chen, 2005; 

McIntosh and Walter, 2005; Hendry et al., 2013). For example, in a study by Hendry et al 

(2013), 
18

O and 
2
H indicated the presence of glacially-derived water in a permeable 

sandstone underlying 400 m of shale, at a lateral distance of more than 150 km from the 

sandstone outcrop on the basin margin. Numerical simulations show that freshwater 

invasion in these settings likely derived from high glacial heads applied at the outcrop 

resulting in penetration laterally (Bense and Person, 2008; Lemieux et al., 2008; 

McIntosh et al., 2011).  
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In this study, numerical modeling is used to examine the solute transport processes that 

gave rise to the profile of δ
18
O and δ

2
H observed in the stratigraphic section at the Bruce 

site. Specifically, we test the hypotheses that: i) Diffusion is the dominant solute transport 

process in this setting; ii) Alternatively, advection and dispersion processes play a role in 

solute transport from the upper and lower boundaries, iii) Glaciation may have impacted 

advective-dispersive processes at this site, and iv) Solute transport parameters measured 

at the local scale may be used to assist in determining the hydrogeological history of the 

site. 

4.2 Site Hydrogeology 

The study area is located in a tectonically quiet region on the eastern margin of the 

intracratonic Michigan basin (Gartner Lee Limited, 2008). The formations dip gently 

towards the center of the Michigan Basin, thus the layers at the study site are relatively 

flat lying and continuous. The Paleozoic formations of the Michigan Basin were 

deposited directly over the metamorphic rocks of the Precambrian basement within the 

depression of the basin. The descriptions of the main stratigraphy of the Paleozoic 

formations are adapted from Armstrong and Carter (2006) and Sykes et al. (2011) and are 

listed as follows. The basal Cambrian units occur 860 mBGS (metres Below Ground 

Surface) with a thickness of around 20m and range from fine to medium crystalline 

dolostone, sandy dolostone, argillaceous dolostone to to fine and coarse sandstone.  The 

Cambrian unit is described as a porous and permeable formation and acts as a regional 

aquifer particularly on the US side of the basin (Vugrinovich, 1986).  
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Middle Ordovician Carbonates overlie the Cambrian deposits with a thickness of around 

195m and are divided into the Black River Group and the Trenton Group. The Black 

River Group includes the Shadow Lake, Gull River, and Coboconk Formations.  The 

Trenton Group includes the Kirkfield, Sherman Falls, and Cobourg Formations (the latter 

proposed to host the DGR repository). These carbonate rocks are generally characterized 

as limestones to argillaceous limestones. Upper Ordovician shales overlie the Ordovician 

limestones with a thickness of around 210m and are divided into the Blue Mountain, 

Georgian Bay and Queenston Formations. These units are generally composed of non-

calcareous to calcareous shales with minor siltstone and carbonate interbeds.  

The Lower and Middle Silurian rocks have a thickness of around 70 m and include the 

Manitoulin Formation dolostones, the Cabot Head Formation shales of the Lower 

Silurian, and the dolostones of the Fossil Hill, Lions Head, Gasport, Goat Island and 

Guelph Formations of the Middle Silurian. The Upper Silurian Formations have a 

thickness of approximately 255m and consist of the Salina Group units G to A0 

dolostones, evaporates (halite, anhydrite and gypsum) and shale, and the Bass Islands 

Formation dolostones. The Bass Islands is considered a regional aquifer (Vugrinovich, 

1986).  

The Devonian formations with a thickness of around 110 m represent the youngest rocks 

in the study area. The lower Devonian includes the Bois Blanc Formation dolostones. 

The Middle Devonian capping the lower Devonian includes limestones and dolostones of 

the Detroit River Group (Amherstburg and Lucas Formations). The Lucas Formation 

dolostone subcrops beneath the overburden at the study site and outcrops along the 

shoreline of Lake Huron. 
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A multi-year site investigation program was recently completed at the Bruce site 

(approximately 190 km west of Toronto), where six deep boreholes, including two 

inclined (DGR-5 and DGR-6), were drilled through formations ranging from the 

Queenston (upper Ordovician) to the Cambrian formations as shown in Figure 4-1. 

Several 2-D seismic surveys were also conducted in the site vicinity (Raven et al., 2011). 

Although the results showed the potential presence of a few inclined features, subsequent 

drilling targeting these showed no evidence of their existence at least over the 9 km
2
 

footprint around the site. 

The hydrogeolocial characteristics of the formations at the study site are summarized in 

Table 4-1. The data were collected by Raven et al. (2011). The geological periods used in 

the Michigan Basin cross section are shown in section A-A, Figure 4-1, along with the 

lithostratigraphy encountered in the deep boreholes.  

Pleistocene glaciations have entirely overrun the Michigan Basin during recent geological 

history, where ice thickness may have reached 3.6 km over Southern Ontario during the 

Last Glacial Maximum -LGM (Peltier, 2011). Glacial events during  recent geological 

history occurred over cyclical periods of about 100 ka (Imbrie et al., 1993). 

Approximately 20 cyclic periods are estimated to have occurred over the last 2.4–2.6 Ma 

(Joyce et al., 1993; Ehlers and Gibbard, 2007; Balco and Rovey, 2010). A history of 

glacial events for the study site was developed by Peltier (2011) using a numerical model. 

Two scenarios for this setting obtained from the University of Toronto Glacial Systems 

Model (UofT GSM), runs nn9921 and nn9930, began approximately 120 000 years ago 

and are shown in Figure 4-2.  
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4.3 Previous Collection of Environmental Isotopes 

During the drilling of the boreholes at the study site, cores were collected on a continuous 

basis. Porewater was extracted from crushed cores at the University of Ottawa by high-

temperature vacuum distillation (150°C) for water isotopes over 6 h duration (Raven et 

al., 2011; Clark et al., 2013). The analytical error associated with the results is ±0.2‰ for 

δ
18
O and ±2‰ for δ

2
H (Raven et al., 2011). Solute concentrations in porewater were 

determined by leaching dry rock in deionized water (20 g). Inductively coupled plasma–

mass spectrometry (Br
–
) and ion chromatography (Cl

–
) were then used to analyze the 

sample. Porewater concentration was then calculated from the mass of solutes (Clark et 

al., 2013). 

Figure 4-3 shows the distribution of δ
18
O, δ

2
H and TDS with depth. These values are 

reproduced from Raven et al. (2011). The data were collected from DGR1-6 and US-8. 

Porewater isotopes show an enrichment with depth in the Devonian and upper Silurian 

formations to the Guelph formation. The profiles of water isotopes and salinity in the 

Silurian formations show two permeable features (the Bios Blanc and Salina A2) with 

depleted δ
18
O, δ

2
H and lower salinity that might be the result of glacial meltwater 

invasion (Clark et al., 2013) or a mixture of Glacial and Meteoric water. The Guelph 

formation has enriched values with a water composition of -3.5‰ and -48‰ for δ
18

O and 

δ
2
H respectively (similar to the basin fluids). The trend in the Upper Ordovician shale 

and Mid-Ordovician limestone is showing depletion in δ
18
O, a slight depletion in δ

2
H, 

and a decrease in brine salinity with depth. The depletion in natural tracers and the 

decrease in salinity are a result of diffusive mixing between the hypersaline Silurian brine 

and an underlying lower salinity end member (Clark et al., 2013). The average slope of 
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isotope depletion within the Ordovician formations is 0.0041×D from 400 to 600m 

(where D is the depth in m) and 0.025×D from 600 to 750 m for δ
18

O and 0.0068×D from 

400 to 700m for δ
2
H.  The trends reverse at the Coboconk formation towards the base of 

the section. Values are then enriched to -4‰ and -30‰ for δ
18
O and δ

2
H respectively at 

the Cambrian aquifer. Fluid movement in the Cambrian aquifer is likely to have caused 

these reversals (Clark et al., 2013).  

Water isotopes (δ
18
O and δ

2
H) are plotted with respect to the Global Meteoric Water Line 

(GMWL δ
2
H=8×δ

18
O+10) to evaluate trends and sources as shown in Figure 4-4. The 

modern precipitation in southern Ontario varies between -12‰ to -10‰, for δ
18

O and -

70‰   to -85‰ for δ
2
H. The data are scattered around the GMWL, and show different 

end members ranging from depleted glacial water to modern meteoric water, and 

compositions that result from water-rock interaction. Mixing is also evident between 

these end members. 

In detail, data points collected from the deep boreholes shown in Figure 4-4, were 

separated by depth into four categories. Points from 0-400m shows depleted glacial water 

and meteoric water, and a mixing trend between glacial water and the Michigan Basin 

brine. Deeper basin brine plots to the right and below the GMWL as shown between 

depths of 400 to 650 mBGS. These results are similar to data observed by Clayton et al. 

(1966). Some samples (at 650 to 800 mBGS) plotted above the GMWL are suspected to 

reflect isotope contributions from mineralogically bound waters (Raven et al., 2011), or 

mixing with an underlying lower salinity end member (Clark et al., 2013).  At a depth 

range of 800 to 860 mBGS the isotopes are enriched and fall on the GMWL. The 
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hypothetic values of the Canadian Shield end member as determined by Pearson (1987) 

and Frape et al. (1984) are also shown on Figure 4-4. 

Figure 4-5b shows the variation of deuterium excess (Dexcess = δ
2
H - 8 δ

18
O) with depth. 

The Devonian and upper Silurian have a constant value of +12‰ to a depth of 175 

mBGS. A reduction in deuterium excess to about –30‰ occurs in the Guelph and Lower 

Silurian formations (400 mBGS) resulting from a more enriched δ
18

O with depth. Dexcess 

enriches from the Guelph Formation to the Gull River limestone (800 mBGS) reaching a 

value of about +20‰. This increase in Dexcess with depth is a result of mixing with 

porewater in the Precambrian gneiss (Clark et al., 2013) where δ
2
H in porewater are 

enriched from water-rock interaction (Fritz and Reardon, 1979; Pearson, 1987). This 

process likely occurred in mid- to late-Ordovician. Values are then reversed down to 

approximately 0‰ in the Cambrian formations (860 mBGS). 

The potential end-members for the isotope content of the porewater are seawater 

(SMOW), evaporated seawater, the Canadian Shield end-member, modern precipitation, 

and glacial melt-water. The evolution of porewater is influenced by numerous processes 

which include mixing between various end members, seawater evaporation, hydrothermal 

activity, and water-rock interactions (Hobbs et al., 2008). Sources of porewater in 

sedimentary formations include original seawater trapped during sedimentation, 

evaporated water trapped in precipitated salt, modern meteoric water and ancient 

Pleistocene glacial water (Kharaka and Hanor, 2005). 



124 

 

4.4 Methods 

To investigate the impact of various changes in paleo-hydrogeological conditions, a 

numerical study was undertaken. A comparison between several proposed models are 

shown in Appendix B. The study was conducted using the model HydroGeoSphere 

(HGS). This code was selected for this study as it has wide capability for accommodating 

advection and diffusion in complex fractured and porous media settings. The model also 

has a robust formulation which well-simulates free convective flows that occur as a result 

density gradients in saline systems. Remnant overpressures from glacial advances can 

also be captured using this model (Therrien et al., 2008). For model validation, the results 

of HGS model were compared to previous study as shown in Appendix H. A three 

dimensional analytical model for pure diffusion solute transport was developed to assist 

in model discretization, details of the analytical model are shown in Appendices I, J, and 

K.  

The solute transport equation for HGS is given by (Therrien et al., 2008): 

    (          )  [         ]              [
       

  
        ] 

               (1) 

Where   is the volumetric fraction of the total porosity occupied by the porous 

medium,   is the first order decay constant [L
-1

],    is the solute exchange with outside 

of the domain [ML
-3

T
-1

], C is solute concentration [ML
-3

], par is for the parental species, 

the hydrodynamic dispersion tensor D [L
2
 T

-1
] for HGS is given by Bear, (1972), and 

where the effective diffusion coefficient is obtained by multiplying Do by porosity and 

tortuosity: 
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      (     )
  

| |
   | |              

(2) 

Where Dfree is the free solution diffusion coefficient [L
2
 T

-1
] , and I is the identity tensor. 

The matrix tortuosity is given by   [dimensionless],          are the longitudinal and 

transverse dispersivities [L] respectively, and | | is the magnitude of the Darcy flux. 

The flow equation is given by: 

   (   )           

 (    )

  
 

(3) 

The Darcy equation in the unsaturated case is given by: 

       (   ) (4) 

Where K is the hydraulic conductivity tensor [LT
-1

],
    is the permeability with respect to 

saturation,   is the pressure head [L] and   is the elevation head [L]. 

4.5  Conceptual Model 

A conceptual model was built for the Bruce site based on the data available from site 

characterization, the geochemistry and paleo-hydrogeological information for the study 

area. Conservative solute transport was assumed for stable isotopes and for the 

comparison between diffusion-dominant solute transport and advective solute transport. 

The profiles of δ
18

O, δ
2
H and TDS, as shown in Figure 4-3, define specific trends that 

were investigated as follows. The top of the domain (Quaternary deposits) shows isotopic 

values typical of modern precipitation and shows fresh water TDS concentrations. The 

ground-surface overlies aquifer layers of approximately 150 m in thickness. The ground 

surface was also covered by glaciation during Pleistocene glacial cycles as shown in 

Figure 4-2.  
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Two depths within the Salina units (320 mBGS), and Bois Blanc and Bass Islands (150-

180 mBGS) have more depleted δ
18
O and δ

2
H than surrounding layers. The isotope 

compositions range between glacial water and a mixture of glacial and modern water. 

Clark et al. (2013) indicated that the discharge from glacial water during Pleistocene 

glacial cycles with a wet base is hypothesized as the cause. These layers are characterized 

by relatively higher horizontal hydraulic conductivity as shown in Figure 4-5a, and the 

site lies on the edge of the Michigan basin. Invasion of glacial water from the layer 

outcrop at the Basin edge is the most likely hypothesis.  

Porewater in the middle of the domain is characterized by high salinity of about 300 to 

350 g/L. The source of this brine is believed to be evapo-concentrated sea water (Wilson 

and Long, 1992). The isotopic composition in this kind of water will be enriched. The 

composition of δ
18

O and δ
2
H in the Upper Ordovician shale falls in range between -2‰ 

to -5‰ and -45‰ to -60‰ respectively as shown in Figure 4-3. 

The lower part of the domain (including the Cambrian aquifer) shows a change in 

isotopic composition and TDS concentration that occurred sometime in the past. This 

started with a depleted isotope ratio and lower TDS water and turns to more enriched 

isotope ratios and higher TDS at a later time. Changes in the groundwater characteristics 

with time, including δ
18

O and δ
2
H composition and TDS must have originated in the 

Cambrian aquifer. Extrapolating the data points from 400 to 700 mBGS towards the 

Cambrian aquifer as shown in Figure 4-3, the isotopic ratios of δ
18

O and δ
2
H should be in 

the range of -9‰ to -15‰ and -50‰ to -100‰ respectively. The trend of the data points 

then change over 700 to 860 mBGS to about -4‰ and -35‰ at the present time for δ
18

O 

and δ
2
H, respectively. The latter can be interpreted as enriched old water migrating from 
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deeper in the Michigan Basin, while the former can be interpreted as a mixture of 

depleted water entering via the Cambrian aquifer possibly from the basin margin and 

mixing with older resident water. The prevailing condition will depend on the injection 

pressure of the glacial water against the topographic drive from the other side of the 

Michigan Basin (depending on periods of glaciation). A study by Siegel and Mandle 

(1984) suggests that glacial meltwater widely invaded the Cambrian aquifers in North-

Central United States during Pleistocene glaciations. 

Extrapolating the data points for δ
18

O and δ
2
H from a depth of 450 mBGS to the lower 

boundary is shown in Figure 4-3a  and Figure 4-3b. The extended lines intersect the 

lower boundary at values between -11‰ and -15‰ for δ
18

O, and between -35‰ and -

100‰ for δ
2
H. The lower stratigraphic section from 400 to 860 mBGS show a trend in 

δ
18

O and δ
2
H starting from the evaporated (Michigan) brine (labelled IC in Figure 4-4) 

which migrates across the GMWL and reverses at an isotopic ratio of -12‰ to -50‰ for 

δ
18

O and δ
2
H respectively (labelled as 2

nd
 LB in Figure 4-4). The lower boundary trend 

then moves toward -4‰ to -35‰ for δ
18

O and δ
2
H respectively (labelled RLB in Figure 

4-4). Two values can therefore be assumed for the lower boundary. First, the most 

depleted values obtained from extrapolating the data points, with isotopic ratios of -15‰ 

and -100‰ for δ
18

O and δ
2
H respectively (Figure 4-3a and Figure 4-3b) act as the 

starting point and date back at least 2.5 Ma. The second set of values are obtained from 

the point at which the data reverses with isotopic ratios of -12‰ and -50‰ for δ
18

O and 

δ
2
H respectively (Figure 4-4). Both sets of values fall on a straight line connecting glacial 

and Canadian Shield end members as shown in Figure 4-4 . The ratios at the 1
st
 point on 

Figure 4-4 show a simple mixing relationship between glacial water and the Canadian 
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Shield end-member with percentages of 90% glacial to 10% Shield brine. The 2
nd

 point 

on Figure 4-4 has a mixing ratio of 25% glacial and 75% Shield brine.  

The Coboconk formation with higher permeability than adjacent formations shows 

isotopic composition and TDS similar to what is observed in the Cambrian formation as 

shown in Group A in Figure 4-3. These values do not appear to have an effect on the 

major trend of the isotopic composition and TDS in the adjacent formations which 

suggests these values might have occured recently, and therefore will not be incorporated 

in the model. 

The glacial loading and unloading on the top of the domain will generate changes in pore 

water pressure, and impact the hydraulic conductivity and porosity of individual 

formations with time. The anomalous pressures resulted from the glacial loading applied 

on land surface are discussed in Chapter 2. The measured anomalous heads at the Bruce 

site are shown in Figure 4-5c. The effect of anomalous pressures on solute transport 

processes will be addressed in the simulation of solute transport.  

4.6 Model geometry 

The one dimension solute transport model in the z-direction is built as shown in Figure 

4-6. The domain is divided into 38 sub-layers. The characteristics of these rocks are 

presented in Table 4-1. The domain is 10×10×860 m in the x, y and z directions 

respectively. The element size is set equal to 1×1×1 m in all layers. The time step was set 

using concentration control such that the maximum allowable absolute change in nodal 

concentration during any time step was limited to 0.01. In order to minimize numerical 

errors and computational time, the  outputs of  several preliminary runs,  including 
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sequential models with different grid sizes and time steps were compared until no 

significant changes occurred in the results with refined discretization (ie changes in final 

concentrations of <1–2%).  

The domain is sandwiched between two aquifers, one at the top that extends to 150 

mBGS and the second at the bottom (the Cambrian aquifer) from 840-860 m. Water 

isotopes, TDS and horizontal hydraulic conductivity data show two horizontal features 

with glacial water supply at 320 and 150 mBGS, and a third that appears on δ
18

O data at 

280 mBGS as shown in Figure 4-3.  The dispersivity values were given as 10 m in the 

longitudinal (z) direction and 1 m in the transverse (x and y) directions. The estimated 

values shown in Table 4-1 for each layer include effective diffusion coefficients, 

porosity, specific storage, and hydraulic conductivities (KV and KH). Effective diffusion 

coefficients were assumed isotropic in the x and z directions. A sample of the input files 

for HGS are sown in Appendix L. 

4.7 Initial and boundary conditions 

For solute transport, the initial isotopic composition for the domain is set to the values of 

-2‰ for δ
18

O and -45‰ for δ
2
H in all simulations as shown in Figure 4-4. These initial 

conditions for δ
18

O and δ
2
H represent the highest values measured in the Upper 

Ordovician Shale and thus represent a more conservative option, rather than using 

seawater isotope compositions. 

Ground surface was considered as the upper boundary for flow and transport in the model 

domain. The upper boundary was set to values of isotope composition typical of modern 

meteoric precipitation. The isotopic ratios of δ
18

O and δ
2
H are about -10.5‰ and -75‰ 
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respectively. The ratios at the horizontal features were set to a depleted isotopic 

composition typical of glacial water, values of -15‰ and -105‰ for δ
18

O and δ
2
H 

respectively. 

The bottom of the Cambrian aquifer at a depth of 860 mBGS is considered the lower 

boundary for flow and transport in the domain. Two different isotopic ratios were tested 

at the lower boundary for the first part of the simulations as shown in Figure 4-4. The 

first set of ratios are -15‰ and -100‰ for δ
18

O and δ
2
H respectively, which represents a 

simple mixing of 90% glacial water and 10% Canadian Shield end-member. The second 

set of values are -12‰ and -50‰ for δ
18

O and δ
2
H respectively (25% glacial water and 

75% Canadian Shield end-member). The reversed values at the lower boundary were set 

to -4‰ and -35‰ for δ
18

O and δ
2
H respectively (65% Michigan brine and 35% Canadian 

Shield end-member).  

For the hydraulic head component of the advection-diffusion models, the water pressure 

in the model domain is characterized by under pressure in the Ordovician shale and 

limestone formations, and overpressure in the Cambrian aquifer as shown in Figure 4-5c. 

Two different distributions of hydraulic head were tested in this study. In the first two 

scenarios, constant hydraulic head corresponding to the present day measurements were 

used for the entire simulation. The distribution of hydraulic head used is shown in Figure 

4-5c. This head pattern will result in downward flow from the upper boundary and 

upward flow from the lower boundary toward the region of underpressure. Assuming 

constant hydraulic head for the total run time instead of using a time series of head 

change might result in an underestimate or overestimate of the resulting advective flux. 

This approach also avoids the need to model solute transport under transient flow 
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conditions. In the third scenario, the underpressured heads in the Ordovician shale and 

limestone formations were removed, while keeping overpressure in the Cambrian aquifer. 

In this case only upward flow from the lower boundary will occur.  

Table 4-2 summarizes the three modeling scenarios having different hydraulic heads and 

concentration boundary conditions. In the first two scenarios (Base Case and Variation of 

Lower Boundary Conditions), three different modeling configurations were explored: a) 

Diffusion dominant solute transport for the whole domain, b) The effect of anomalous 

pressures (advection term) on the diffusion model, and c) The effects of the permeable 

horizontal features as added to the previous cases. The assigned hydraulic heads for the 

advection-diffusion model were taken from present head measurements at the study site, 

where the environmental heads are equal to 350 m for the Cambrian aquifer (lower 

boundary), about -75 m for the Ordovician formations, and 180 m for the upper 

boundary. In those simulations, two initial isotopic ratios were tested at the lower 

boundaries. In the last simulation, solute transport boundaries and initial conditions 

remain the same as the Base Case, while two different heads patterns are tested.  

Using the configurations described above, solute transport ranges between advection-

diffusion and pure-diffusion processes.  

4.8 Results  

In the following we discuss the results interpreted from the simulations conducted using 

each model shown in Table 4-2. The results are given in the order presented in the table. 
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4.8.1 Base Case 

In the first set of simulations, the upper and lower boundaries were fixed at values for 

δ
18

O of -10.5‰ and -15‰ respectively.  The initial condition for δ
18

O was set at a value 

of -2‰, which represents the maximum value in the Ordovician Shale. For diffusion-

dominant solute transport simulations, the hydraulic head was set to a value of 0 m for 

the entire domain. For advection-diffusion simulations, the hydraulic head was set to the 

values measured at the site as shown in Figure 4-5c.  

The results of these simulations are shown in Figure 4-7 for various elapsed times. In 

general, both simulations for the first set match the data reasonably well with the 

exception of the high permeability zones for particular times. This suggests that the 

configuration with constant parameters for the 38 layers, homogeneous initial conditions 

for the domain, and constant boundary concentrations at the top and lower boundary is a 

defensible scenario. The best fit for purely diffusion transport occurs approximately at 

time of 50 Ma. In detail, the best fit for data measured at the middle part of the domain is 

between 30 to 50 Ma, while the best fit for the upper and lower part of the domain occurs 

between 50 to 70 Ma. The results however for the advection-diffusion model matched the 

measured data for the entire domain at 2.5 Ma. Thus the timing for the pure diffusion 

model is substantially different than that for the advection-diffusion model. The results 

from the advection-diffusion model match the bulk formation data very well especially in 

the upper and lower part of the domain. Comparison of these results suggests that 

advective transport plays a role in the lower and upper parts of the domain based on the 

timing of the impacts on the isotope profile. 



133 

 

Adding the effects of the horizontal features and the reversed lower boundary conditions 

to the advection-diffusion and diffusion dominant models are shown in Figure 4-8. The 

activation time for the horizontal features in the Silurian formations is 50 and 100 ka 

before present for the advection-diffusion and diffusion dominant models respectively. 

Also, the isotopic ratios at the lower boundary were reversed at 50 ka and 200 ka before 

present for the advection-diffusion and diffusion dominant models respectively. The 

results show a relatively good match for both δ
2
H and δ

18
O with the measured data except 

for δ
2
H in the Mid-Ordovician formations (from 740 to 810 mBGS). This might be 

because a more enriched δ
2
H may have resided as a starting value for the lower boundary 

relative to the values assumed in the model as discussed in Section 1.3. 

Figure 4-9 shows in detail the effects of the horizontal features and reversed boundary 

conditions on the results for δ
18

O. The advection-diffusion model used has an evolution 

time of 2.5 Ma. The horizontal features and the reversed values at the lower boundary 

were activated at times of 20, 50, 100, and 150 ka before present for the cases shown. For 

the upper features and the reversed values at the lower boundary, the best fit falls 

between 50 - 100 ka and 20 - 100 ka before present, respectively. These times fall in the 

range for glacial loading and unloading periods as shown in Figure 4-2. During loading 

periods, glacial water is forced into permeable formations from faults and outcrops and 

the hydraulic head in the low-permeability Ordovician formations rise due to un-drained 

compaction of the pore space (Chapter 2).   During unloading periods, isostatic rebound 

from matrix expansion likely leads to fracturing and the development of enhanced 

formation permeability in the Devonian and Pleistocene formations (Weaver et al., 1995). 

At this time the deep basin brine  also moves from the middle of the basin back towards 
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the eastern edge in the Cambrian aquifer (Chapter 3). Under hydraulic gradient directed 

towards the underpressure, advection adds to the diffusion processes imparted by the 

change in isotope ratios that occurred during the loading period. Based on the variability 

of the isotope results observed, it is difficult to define an accurate estimate of timing, and 

a median activation time of 50 ka was chosen for both boundaries for the remainder of 

the simulations. 

The activation time for the lower boundary is 50 ka and 200 ka for the advection- 

diffusion model and pure diffusion model, respectively. Without other evidence 

supporting the paleo-hydrogeological history of the Cambrian aquifer we cannot confirm 

which scenario is more plausible for the change in isotopic ratio at this location, even 

though the results from the advection-diffusion model match the measured data better 

than that using the pure diffusion model. Notably the overpressure in the Cambrian 

aquifer suggests that brine has been forced to flow up-dip from the depths of the 

Michigan basin at least since the last glaciation. The isotopic composition of the brine 

from the Lower Ordovician in central Michigan is δ
18

O = -1.95‰ and δ
2
H = -60‰ and 

δ
18

O = -1.6‰ and δ
2
H = -50‰ from Graf et al. (1965) and Dollar (1988) respectively. 

This suggests that the more recent activation is more likely, and that the most recent 

glacial event (ie -15 to -20ka in Figure 4-2) did not strongly influence the Cambrian 

aquifer. 

Finally, we can use the equation applied by Remenda et al. (1996) to calculate a Peclect 

number for the advection-diffusion case: 

   
  

  

  
           (5) 
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Where    is the average (effective) linear groundwater velocity [L T
-1

], T is the total 

duration of the process [T], and    is the effective diffusion coefficient [L
2
T

-1
]. The flow 

velocity from the upper and the lower boundary is 1.47×10
-5

 and 4.62×10
-4

 m/yr 

respectively in the presence of the underpressure. In both cases    >> 1, and the 

advection term cannot be neglected from both the upper and lower boundaries. Note 

however, that the Pe relation reverses in the centre of the Ordovician formations where 

the vertical gradient diminshes and advection plays no role here.  

4.8.2 Variation of the Lower Boundary Conditions 

In the second scenario, the isotopic ratios at the lower boundary were changed to -12‰ 

and -50‰ for δ
18

O and δ
2
H respectively. All other boundary conditions remain 

unchanged from the Base Case scenario. The results of the simulations are shown in 

Figure 4-10 and Figure 4-11 for advection-diffusion and diffusion dominant respectively. 

The best fit for both models remain the same at 2.5 Ma for the advection- diffusion model 

and 50 Ma for the diffusion dominant model. The activation time for the horizontal 

features and the reversed lower boundary remain the same as the Base Case. Both 

scenarios show the same results although the advection-diffusion model matches the data 

better than the pure diffusion model especially in the upper and lower part of the domain. 

Again the results also show the effective role of advective transport in the upper and 

lower parts of the domain. 

The significant differences between the two scenarios are the values of δ
2
H at the Mid-

Ordovician formations from a depth of 740 to 810 mBGS. The new boundary conditions 

match better the measured data; however the results missed the depleted scattered data at 
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a depth of 650 to 750 mBGS. This is likely because the processes which lead to the 

development of the Dexcess occurred many millions of years previous to the time frame 

explored in the present study.  

The two different values of δ
2
H at the lower boundary bound most of the scattered points 

at the Mid Ordovician formations as shown in Figure 4-12. The lower boundary might 

fall in between the two proposed values or most probably varies between these values. 

Note that in the study in Chapter  3, using a density-dependent flow model, penetration of 

glacial water under glacial loading was observed to be possible through all of the 

permeable formations (including the Cambrian aquifer) during even the most recent 

glacial event. As the reversal of the lower boundary condition likely occurred well before 

the last glacial event, we can surmise as suggested above that the most recent glaciations 

did not impact the Cambrian aquifer at this location.   

4.8.3 Removing underpressures 

In this scenario, the underpressures in the Mid- and the Upper-Ordovician formations 

were removed, while retaining the overpressures in the Cambrian formation. The flow in 

this case is assumed to be upward, with a head difference of 170 m. The rest of the model 

remains similar to the Base Case. The total run time was 2.5 Ma and the values at the 

lower boundary were reversed at 50 ka before present. This case resembles other studies 

that consider advective flow in one direction over the entire domain. For example, Gimmi 

et al. (2007) and Mazurek et al. (2011) applied a vertical advection term across thick 

sedimentary formations of low permeability assuming upward or downward advection for 

the whole domain. In both studies it was concluded that advection has a small effect on 
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solute transport at different locations, and can reduce the evolution time by some 

magnitude.   

The results of the δ
18

O profile for the advection-diffusion models under two different 

hydraulic heads are shown in Figure 4-13. The results show the difference in δ
18

O profile, 

when the heads in the Base Case are used against the case where no underpressure is 

present. The results from the model where no underpressure is present do not match the 

data in the upper and lower part of the domain. In this case, the flow in the domain is net 

upwards driven by a very modest gradient. The flow velocity from the lower boundary is 

1.31×10
-6

 m/yr. As the    << 1, the advection term can be neglected for the case where 

underpressures are not considered.  

4.9 Discussion  

Extrapolation of water isotope data points to the lower boundary (Cambrian aquifer) at a 

depth of 860 mBGS show a range of values for δ
18
O and δ

2
H as shown in Figure 4-3a and 

Figure 4-3b. The most depleted values of -15‰ and -100‰ for δ
18
O and δ

2
H respectively 

show an isotopic composition close to glacial water. The most enriched values of -11‰ 

and -35‰ for δ
18
O and δ

2
H respectively show an isotopic composition close to the 

hypothetical Canadian Shield end-member. The average trend of the change in isotopic 

composition with depth toward the lower boundary (labelled as LB trend in Figure 4-4) 

shows a reverse in this trend at values of -12‰ and -50‰ for δ
18
O and δ

2
H respectively 

(labelled as 2
nd

 LB in Figure 4-4). These observed three points follow a line showing 

simple mixing at this boundary between these end-members. The proposed assumptions 

are that the isotopic ratios at the lower boundary were changing continuously between 
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these values over time, in the past. The results of the numerical modeling for the two 

proposed boundary conditions as shown in Figure 4-12 confirm these assumptions, as the 

model results bound most of the data points at the lower boundary.  

Also the study by Chapter 3 show the ability of glacial water to reach the study location 

through the lower boundary from a proposed outcrop under a single large glacial event 

similar to the LGM. The evolution time for the natural isotopes as determined using the 

advection-diffusion models is around 2.5 Ma before present. This evolution time is 

similar to the interpreted start of the current series of glacial cycles, around 2.4–2.6 Ma 

before present. 

The isotopic composition at the lower boundary then reverses toward values of -4‰ and -

35‰ for δ
18
O and δ

2
H respectively (labelled as RLB in Figure 4-4). This composition 

represents old water coming from the middle of the basin up-dip in the Cambrian aquifer. 

Old water movement from the middle of the basin towards the edges is a result of de-

glaciation (Chapter 2). The results of the advection-diffusion models show the activation 

time for this boundary is between 20-100 ka before present. This falls between two 

significant glacial retreats which occurred around 15 to 55 ka before present as shown in 

Figure 4-2. 

The upper features show the depleted isotopic composition of glacial water at three 

different depths. Two of these features correspond to relatively permeable layers, while 

the third may represent a closed fracture or may occur through a vertical connection. The 

results of the advection-diffusion models show an activation time for these features of 

between 50 to 100 ka before present. This falls between two significant glacial advance 

events which started around 40 to 70 ka before present as shown in Figure 4-2. This 
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interpretation is supported by a previous study (Chapter 3) which shows that the time 

required for glacial water to reach the upper features at the location of the study site from 

an outcrop source on the basin margin is very short, only about 2.2 ka, under heads 

similar to that generated during the LGM. 

The question arises then as to why the upper features show glacial water composition 

while the Cambrian aquifer has older water composition from the deeper Michigan Basin 

at present day. The assumed explanation might be that a longer path is required for 

glacial water invasion to reach the study location through the Cambrian aquifer versus the 

path required for the upper features under the conditions for the LGM. The same was 

observed in the density-dependent modeling of glacial water invasion in the Cambrian 

aquifer (Chapter 3), that suggests a long invasion path for glacial water in the lower 

boundary versus the upper feature. Also the results show similar advance and retreat 

along the study location during glaciation and de-glaciation respectively. 

4.10 Conclusions 

The effects of paleo-hydrogeological and solute transport processes on the development 

of the present profiles of measured natural water isotopes (δ
18
O and δ

2
H) at a study site in 

the eastern Michigan Basin is assessed using numerical analysis. Three sets of one 

dimensional models in the z-direction are presented to examine the effects of advection-

diffusion versus pure diffusion, the presence of permeable horizontal features, reversals 

in the isotopic ratios at the lower boundary, and the impact of different hydraulic head 

distributions and lower boundary conditions.  
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Under the measured hydraulic heads observed at the study site, the results show that 

advection cannot be neglected as a solute transport process in this setting. As the vertical 

hydraulic gradient measured at the present time reaches 4 m/m in some areas of the 

domain particularly near permeable boundaries, advection improves the fit of the model 

results to the measured natural isotope compositions at the site over a more realistic time 

frame relative to the pure diffusion case.  As the vertical gradient is driven by significant 

underpressures in the low-permeability Ordovician formations, both upward and 

downward flow are directed into this part of the domain. In this case, the advection from 

the upper and lower boundaries adds to the effect of diffusion. This differs from other 

studies where the flow occurs uniformly in one direction (either upwards or downwards), 

and would counteract diffusion on one boundary.  

The effects of horizontal features were added to the advection-diffusion model to obtain 

the best fit to the natural isotope profiles measured in the deep boreholes. These features 

were activated between 20 and 100 ka, where these times fall in the range of glacial 

loading and unloading periods estimated for this area of the basin. Although advection 

was observed to influence the formations adjacent to the highly-permeable features, there 

was no impact deeper into the lower-permeability Ordovician formations.  

Based on the modeling results, the starting value for natural water isotopes at the lower 

boundary is estimated to date back approximately 2.5 Ma, at which time a mixture of 

glacial water and deeper brine invaded the Cambrian aquifer at the study location. The 

results also show that a reversal in the lower boundary condition which suggests that 

deeper brine began migrating back towards the eastern basin margin approximately 50 

ka.  
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Based on the results presented here, the diffusion coefficients and hydraulic 

conductivities measured on the laboratory-scale and the local field scale can support long 

period and formation scale transport modelling. The measured parameters provide 

evolution times for natural isotopes profiles that are plausible in the context of the 

assumed paleo-hydrogeology for the region.  
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Table 4-1: Summary of formations parameters at the Bruce site  

Period Formation 
Layer KH KV KH:KV θ ρ Ss De-v 

No. [m/s] [m/s]   [kg/m
3
] [m

−1
] [m

2
/s] 

Quaternary Drift 38 1.0×10−8 5.0×10−9 2:1 0.200 1,000 9.9×10-5 6.0×10−10 

Devonian 

Lucas 37 1.0×10−6 1.0×10−7 10:1 0.077 1,000 1.0×10−6 6.0×10−12 

Amherstburg (top 20 m) 36 1.0×10−6 1.0×10−7 10:1 0.077 1,001 1.0×10−6 6.0×10−12 
Amherstburg (lower 25 m) 35 1.0×10−7 1.0×10−8 10:1 0.077 1,001 1.0×10−6 6.0×10−12 

Bois Blanc 34 1.0×10−7 1.0×10−8 10:1 0.077 1,002 1.0×10−6 6.0×10−12 

Silurian 

Bass Islands (upper 20m) 33 1.0×10 -4 1.0×10-5 10:1 0.056 1,004 1.3×10-6 1.3×10−11 
Bass Islands (lower 25 m) 32 1.0×10−5 1.0×10−6 10:1 0.056 1,004 1.3×10−6 1.3×10−11 

Salina G 31 1.0×10−11 1.0×10−12 10:1 0.172 1,010 8.7×10−7 4.3×10−11 

Salina F 30 5.0×10−14 5.0×10−15 10:1 0.100 1,040 7.2×10−7 4.1×10−12 
Salina E 29 2.0×10−13 2.0×10−14 10:1 0.100 1,083 5.1×10−7 4.7×10−12 

Salina D 28 2.0×10−13 2.0×10−14 10:1 0.089 1,133 4.9×10−7 4.7×10−12 

Salina C 27 4.0×10−13 4.0×10−14 10:1 0.205 1,166 8.8×10−7 1.1×10−11 
Salina B 26 4.0×10−13 4.0×10−14 10:1 0.145 1,214 7.2×10−7 1.2×10−11 

Salina B evaporite 25 3.0×10−13 3.0×10−14 10:1 0.089 1,214 5.3×10−7 7.7×10−14 

Salina A2 carbonate 24 3.0×10−10 3.0×10−11 10:1 0.120 1,091 5.7×10−7 1.2×10−12 
Salina A2 evaporite 23 3.0×10−13 3.0×10−14 10:1 0.089 1,030 4.5×10−7 7.7×10−14 

Salina A1 Upper carbonate 22 2.0×10−7 2.0×10−7 1:1 0.070 1,019 3.9×10−7 4.9×10−12 

Salina A1 carbonate 21 9.0×10−12 9.0×10−13 10:1 0.019 1,128 2.8×10−7 1.8×10−13 
Salina A1 evaporite 20 3.0×10−13 3.0×10−14 10:1 0.007 1,217 2.6×10−7 3.0×10−14 

Salina A0 19 3.0×10−13 3.0×10−14 10:1 0.032 1,240 3.5×10−7 3.0×10−13 

Guelph 18 3.0×10−8 3.0×10−8 1:1 0.057 1,247 3.1×10−7 3.2×10−12 
Goat Island 17 2.0×10−12 2.0×10−13 10:1 0.020 1,200 1.8×10−7 1.5×10−13 

Gasport 16 2.0×10−12 2.0×10−13 10:1 0.020 1,200 1.8×10−7 1.5×10−13 

Lions Head 15 5.0×10−12 5.0×10−13 10:1 0.031 1,200 2.1×10−7 6.2×10−12 
Fossil Hill 14 5.0×10−12 5.0×10−13 10:1 0.031 1,200 2.1×10−7 1.6×10−11 

Cabot Head 13 9.0×10−14 9.0×10−15 10:1 0.116 1,204 7.7×10−7 3.1×10−12 

Manitoulin 12 9.0×10−14 9.0×10−15 10:1 0.028 1,233 5.1×10−7 1.5×10−13 

Ordovician 

Queenston 11 2.0×10  14 2.0×10  15 10:1 0.073 1,207 6.4×10  7 1.0×10−12 

Georgian Bay 10 3.0×10−14 3.0×10−15 10:1 0.071 1,205 6.3×10−7 4.3×10−13 

Blue Mountain 9 5.0×10−14 5.0×10−15 10:1 0.078 1,197 1.3×10−6 8.2×10−13 
Collingwood 8 2.0×10−14 2.0×10−15 10:1 0.012 1,150 2.5×10−7 4.9×10−13 

Cobourg 7 2.0×10−14 2.0×10−15 10:1 0.015 1,181 1.8×10−7 3.7×10−13 

Sherman Fall 6 1.0×10−14 1.0×10−15 10:1 0.016 1,180 3.7×10−7 4.2×10−13 
Kirkfield 5 8.0×10−15 8.0×10−16 10:1 0.021 1,156 3.8×10−7 2.2×10−13 

Coboconk 4 4.0×10−12 4.0×10−15 1,000:1 0.009 1,170 3.4×10−7 2.7×10−13 

Gull River 3 7.0×10−13 7.0×10−16 1,000:1 0.022 1,135 3.7×10−7 2.6×10−13 
Shadow Lake 2 1.0×10−9 1.0×10−12 1,000:1 0.097 1,133 5.9×10−7 6.1×10−12 

Cambrian Cambrian 1 3.0×10−6 3.0×10−6 1:1 0.071 1,157 3.2×10−7 7.7×10−12 

Reproduced from Raven et al. (2011) and Sykes et al. (2011) 
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Table 4-2: Summary of model scenarios used at the Bruce site  

 

  Base Case Variation of Lower 
Boundary Cond. 

Under-
pressures 
Removed   Advection-

Diffusion 
Diffusion 
dominant 

Advection-
Diffusion 

Diffusion 
dominant 

Initial 
condition 

δ
18

O ‰ -2 -2 -2 -2 -2 

δ
2
H ‰ -45 -45 -45 -45 - 

Upper 
Boundary  

δ
18

O ‰ -10.5 -10.5 -10.5 -10.5 -10.5 

δ
2
H ‰ -75 -75 -75 -75 - 

Lower 
Boundary  

δ
18

O ‰ -15 -15 -12 -12 -15 

δ
2
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Figure 4-1: Bedrock geology map, Basin depth and cross-sectional view of the Michigan 

Basin (section A-A), adapted from Frizzell et al. (2008). The stratigraphy, extent and 

locations of the deep borehole relative to the proposed repositories at the Bruce site (Al et 

al., 2011) are also shown. 
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Figure 4-2: Ice loading scenarios at the Bruce site as derived by the University of Toronto 

Glacial Systems Model (Peltier, 2011) for Model runs nn9921 and nn9930. 
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Figure 4-3: The isotopic composition of the a) δ
18
O, b) δ

2
H and c) Total dissolved solids 

TDS collected from DGR1-6 and US-8 with depth. The arrows represent possible glacial 

water invasion, or change in concentration and group A represents possible connection 

with Cambrian formations as discussed in the conceptual model. The δ
18

O composition of 

groundwater samples are shown as black squares. Black lines represent the extrapolation 

of δ
18

O and δ
2
H trends to the lower boundary. 
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Figure 4-4: Isotopic water composition from six different deep boreholes (δ
18

O and δ
2
H) 

presented with respect to the Global Meteoric Water Line (GMWL: δ
2
H = 8×δ

18
O + 10), 

where the data are from Raven et al. (2011). Data points are divided according to depth 

from 0 to 400, 400 to 650, 650 to 800, and 800 to 860 mBGS. Glacial water isotope 

composition, meteoric water isotope composition, Michigan Brine water isotope 

composition, and the hypothetic values of the Canadian Shield end-member as defined by 

Pearson (1987) and Frape et al. (1984) are presented with respect to the GMWL. The 

dashed line represents the lower boundary trend from a depth of 400 to 860 mBGS. The 

red markers represent the proposed initial condition (IC), lower boundary values (LB), 

and the reversed lower boundary values (RLB).  
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Figure 4-5: a) Horizontal hydraulic conductivity (m/s) values estimated at the Bruce site 

on log scale with depth (mBGS), b) D-excess calculated from isotopic composition 

collected from DGR1-6 and US-8 (Dexcess = δ
2
H - 8× δ

18
O) versus depth, c) Measured 

environmental head (m) with depth (m),taken at the Bruce site. Measurements were 

obtained at different times in 2008 and 2009 and at different boreholes including 

DGR1&2, DGR3 and DGR4 (Al et al. 2011). Also shown is the distribution of head used 

in the advection-diffusion model (solid red line). 
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Figure 4-6: The 1-D solute transport model for the Paleozoic formations in the z direction 

with a grid size of 1×1×1 m, including layer numbering as introduced in Table 1, 

including the model boundaries. For legibility, the mesh is coarser by a factor of 3 than 

the mesh used in the simulations (from 1 m to 3 m) Distance and elevations are in metres 

(m). The black arrows represent the location of boundary conditions for the horizontal 

features.   
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 a) Advection-Diffusion b) Diffusion Dominant 

 

  

Figure 4-7: Model results superimposed on measured data (δ
18

O) at DGR1-6 and US-8 at 

the Bruce site. a) The results for advection-diffusion model for different simulation run 

times from 0.5 to 10 Ma, b) The results for the diffusion model for different simulation 

run times from 10.5 to 100 Ma. The best fit for the advection-diffusion model was at 2.5 

Ma, and for the diffusion dominant model was at 50 Ma. 
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 a) b) c) 

    

Figure 4-8: Model results plotted against δ
18

O and δ
2
H data, using the advection-

diffusion model at an evolution time of 2.5 Ma, where the horizontal features were 

activated 50 Ka before present, and the composition at the lower boundary was reversed 

at 50 ka before present for a) δ
18

O, b) δ
2
H, and c) Diffusion dominant model at an 

evolution time of 50 Ma, where the horizontal features were activated 100 ka before 

present, and the composition at the lower boundary was reversed at 200 ka before 

present. 

0

40

80

120

160

200

240

280

320

360

400

440

480

520

560

600

640

680

720

760

800

840

D
ep

th
 m

B
G

S 

-16 -11 -6 -1 4

18O ‰ 

No H.Feat.

2 H.Feat.

3 H.Feat.

DGR-1/2

DGR-3

DGR-4

DGR-5

DGR-6

US-8

-150 -100 -50 0

2H ‰  

DGR-1/2

DGR-3

DGR-4

DGR-5

DGR-6

US-8

-16 -11 -6 -1 4

18O ‰ 

DGR-1/2

DGR-3

DGR-4

DGR-5

DGR-6

US-8



159 

 

a)  b)  

    

 

Figure 4-9: Detailed results of the advection diffusion model (for δ
18

O) after adding the 

effects of a) horizontal features, and b) reversed composition at the lower boundary. The 

model evolution time is 2.5 Ma, the horizontal features were activated at 20, 50, 100, and 

150 ka before present, and the composition at the lower boundary was reversed at 20, 50, 

100, and 150 ka before present. 
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Figure 4-10: Advection-diffusion model results of [ a) δ
18

O and b) δ
2
H] for the second 

lower boundary conditions. The best fit was at 2.5 Ma. The horizontal features were 

activated 50 Ka before present, and the isotopic composition at the lower boundary was 

reversed at 50 ka before present. 
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Figure 4-11: Diffusion dominant model results for [a) δ
18

O and b) δ
2
H] for the second 

lower boundary condition case. The best fit was at 50 Ma. The horizontal features were 

activated 100 ka before present, and the isotope composition at the lower boundary was 

reversed at 200 ka before present. 
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Figure 4-12: Detailed results of the δ
2
H profile for the advection diffusion model for a 

run time of 2.5 Ma, and where the horizontal features were activated 50 ka before 

present. The solid and dashed lines represent results from the Base Case and the case for 

the variable lower boundary respectively. 
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Figure 4-13: a) The distribution of heads used in the advection-diffusion model for the 

case where over and underpressure are used, and the case where no underpressure is used. 

b) A comparison between the results for δ
18

O with over and underpressured heads, and no 

underpressure after 2.5 Ma, and where the isotopic ratio at the lower boundary was 

reversed at 50 ka before present.  

 a) b) 
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Chapter 5 

Discussion 

In this study, a model that couples mechanical equilibrium and groundwater flow was 

developed in order to test the hypothesis that past glaciation-deglaciation cycles were the 

main cause of anomalous pressures heads at the eastern side of the Michigan Basin. The 

results of the model well captured the underpressure in both the Silurian and Ordovician 

formations. The main factor contributing to a better calibration of the underpressure 

relative to previous studies is the inclusion of the appropriate drainage pathways through 

the Cambrian aquifer, and the application of successive cycles of glaciation. 

Alternatively, the overpressures in the Cambrian aquifer were not captured by the glacial 

loading model. As the Cambrian is assumed to have relatively higher hydraulic 

conductivities that outcrop at the northern and western side of the Michigan Basin, 

glaciation does not result in overpressures that persist to the present time. The 

overpressure might be attributed to topographical effects or to density-driven flows. 

These results gave a better idea on how these anomalous heads were formed and how 

they vary over time. The model also defines the direction of the Basin brine movement in 

the Cambrian aquifer under glacial loading cases. These were helpful in building the 

conceptual model for solute transport, and define the change in heads and concentration 

boundaries with time. 

The results show that high heads resulting from mechanical loading (glacial loading) 

dissipate relatively fast in permeable layers. This conclusion makes it possible to use 
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hydraulic heads resulting from a wet base connection between glaciers and the 

landsurface as the driving force for freshwater invasion in these formations. 

Numerical analyses were used to assess the effects of density driven flow on the invasion 

of freshwater in the permeable formations of the Michigan Basin under Pleistocene 

glacial water heads. Under hydraulic heads developed during the LGM, the results show 

that freshwater may reach the DGR location from the eastern margin of the Michigan 

Basin through a variety of different depths and pathways. However under the same 

conditions, only a small change may occur in the brine TDS concentration at the DGR in 

the Cambrian aquifer resulting from glacial water invasion from the north outcrop. 

Finally for the Cambrian-Ordovician aquifer, with geometry based on the bottom half of 

a hollow sphere; the preferable path of freshwater invasion is along the Basin margin 

rather than the middle of the Basin. 

The proposed repository is located at the eastern margin of the Basin; invaded glacial 

water might reach this location from either the eastern or the northern margin. These 

conclusions from the density driven flow model helped in building the conceptual model 

for the solute transport in the Paleozoic formations, and helped in identifying the average 

values and timing for changes of concentration at different boundaries. 

Numerical analyses were used to assess solute transport processes and different boundary 

conditions on the development of the present measured natural water isotopes profiles 

(δ
18
O and δ

2
H). The results show the importance of the advection term resulting from the 

influence of measured heads at the study site. The effects of glacial water invasion into 

the horizontal features were added to the model to obtain the best fit to the natural isotope 

profiles measured in the deep boreholes. The lower boundary (Cambrian aquifer) show 
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mixing with glacial water with a different percentage. The upper features and the 

Cambrian aquifer were activated in the range of glacial loading and unloading periods. 
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Chapter 6 

Conclusions and Recommendations 

The overall objective of this study is to determine the fundamentals factors in the 

development of natural water isotopes patterns that were measured presently at the study 

site. As introduced previously in the Introduction, Chapters 2 to 4 examine each of these 

processes.  

These fundamental factors can be summarized as: 

• The development of anomalous pressure heads in the sedimentary formations of 

the Michigan Basin, 

• The possibility of glacial water invasion in to the permeable features of the 

sedimentary formations of the Michigan Basin,  

• The predominant process of solute transport within these sedimentary formations. 

In the subsequent paragraphs, the key conclusions of the three main numerical analyses 

addressing each of the fundamental factors are outlined, and finally, general 

recommendations about future improvements are made. 

6.1 Impacts of Pleistocene glacial loading on abnormal porewater pressure in the 

eastern Michigan Basin 

• Underpressures in the Ordovician and Silurian formations can be related to 

surface rebound due to glacial unloading. 
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• The Cambrian aquifer plays an important role in the development of the 

underpressures, as the aquifer provides a bottom escape route for pressurized 

porewater during loading periods. 

• The overpressure in the Cambrian aquifer was not captured by the 

hydromechanical model although overpressure could be duplicated using an 

elevated topographic head at the southwestern exposure of the Cambrian outcrop 

but most probably was caused by density driven flow. 

• Increasing the number of glacial cycles resulted in increases to the underpressured 

values which then stabilize at constant values in the Paleozoic formations after 

four or more cycle repeats. 

6.2 Resolving the Timing of Freshwater Invasion in the Michigan Basin as Identified 

Using Natural Tracers: Building the Safety Case for the Deep Geological Repository 

in the Bruce Peninsula 

• Freshwater invasion can reach the DGR location from assumed inlets at the 

eastern margin of the Michigan Basin through the Cambrian aquifer in less than 

20 ka from the start of the LGM. 

• From the northern outcrop the freshwater would only have reached half the 

distance to the DGR location through the Basin margin path, and the minimum 

concentration at the DGR location would be about 260 Kg/m
3
 by the end of the 

LGM. 

• The preferable path for glacial water migration is by the margin of the basin (the 

longer path) rather than the shortest path through the middle of the basin.  
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• The two dimensional model provides a good representation of flow and transport 

in the Cambrian aquifer. 

6.3 The Study of Natural Tracer Profiles in the Eastern Michigan Basin  

• The advective solute transport process improves the fit of the model results to the 

measured data of natural isotopes compositions at the study site deep boreholes.  

• The effects of glacial water invading through horizontal features help to obtain the 

best fit to the natural isotope profiles measured.  

• The measured parameters (e.g. diffusion coefficients and hydraulic conductivities) 

at lab-scale or field experiments can support long duration and formation scale 

transport modelling.  

6.4 Recommendations and Future Work  

The results of the coupled stress/porewater pressure glacial loading model present a 

preliminary view of the abnormal pressure heads developed within Michigan Basin 

stratigraphy. Several recommendations can be made to improve the model results such as 

incorporating density driven flow with the hydromechanical model, permafrost, and the 

presence of a gas phase on the development of these abnormal pressures at multiple 

locations in the domain. Finally, further investigations of the effects of using anisotropy 

in mechanical loading parameters on the development of anomalous pressure heads are 

recommended in future studies. 

The 2-D density driven flow models give acceptable results compared to 3-D models at a 

small scale, however upgrading to a 3-D numerical model for the Cambrian aquifer will 

add the effects of diffusion from the bounding layers. Also, further work including 
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investigating the effects of multiple glacial loading cycles and varying hydraulic 

conductivities with depth should be conducted to resolve the invasion mechanism more 

fully. Due to computational demand for these types of simulations, the use of a 

parallelized version of HGS is required. Finally, further work need to be done in order to 

improve the TDS distribution with depth at the Bruce site and explore that with further 

numerical modeling. 

For the 1-D solute transport model, steady state conditions were assumed, where heads 

were set constant over time at all boundaries. Future work might include using a transient 

state model through variation of hydraulic heads with time so as to study the effects of 

the transients on the profile trends of δ
18
O and δ

2
H. The proposed heads would be 

developed by the coupled stress/porewater pressure glacial loading model, where heads 

vary from overpressures to underpressures during loading and unloading cycles 

respectively. Finally, further studies on the effects of the presence of a gas phase in some 

formation on the effective diffusion coefficient should be performed.  
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Appendix A 

Comparing the Results of SIGMA/W and HydroGeoSphere for a 1-D 

Loading Model 
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The SIGMA/W model was compared with HydroGeoSphere (HGS), which uses the 

following governing equation for 1-D loading: 

 

   
(   

  

   
)    

  

  
    

 

  

    

  
        (1) 

Where     is the vertical total stress [M T
-2

 L
-1

], Ss is the modified one-dimensional 

specific storage [L
-1

],      is the hydraulic conductivity tensor [L T
-1

], g is the 

gravitational acceleration [L T
-2

],   is the density of water [M L
-3

], Q fluid exchange with 

the outside of the simulation domain[L
3
 L

-3
 T

-1
], and    is the one-dimensional loading 

efficiency [dimensionless].  

A one dimensional model of a single material with a length of 500m and a width of 50m 

was built with the same characteristics in both HGS and SIGMA/W. Material properties 

are shown in Table A-1. The mesh was divided into 5m × 5m rectangular elements as 

shown in Figure A-1a. The domain was assumed to be fully saturated for all simulations. 

The initial hydraulic conditions were set to be in hydrostatic. The hydraulic boundary 

conditions were set to constant specific head at the top and lower boundary. For stress, 

both the left and the right side of the domain were prevented from movement in 

horizontal direction and free to move in vertical direction. The lower boundary was 

prevented from movement in both horizontal and vertical directions. The upper boundary 

was set to be free in both directions, and different mechanical loading scenarios were 

applied as shown in Figure A-1a.  
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Three different loading scenarios were applied on the domain. In the first scenario, the 

load was increased gradually with time to a certain value and then remains constant until 

the end of the simulation (Figure A-1b). The load was decreased in the second loading 

scenario from a value of 25000 kpa back to zero in order to generate negative pressure in 

the domain (Figure A-1c). In the third scenario one half of the top boundary was loaded 

with the second loading scenario (Figure A-1d).    

The results of the first two scenarios show a good match between the output of both HGS 

and SIGMA/W. For the third scenario, the result starts to deviate especially for the 

negative heads.    
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  Table A-1: Hydrogeological properties of the layer used in the numerical model 

 Value 

Ss 4.0E-7 m-1
 

KH 1.2E-6 m/yr 

KZ/KH 1 

E 24.0 GPa 

Poisson’s ratio 0.21 

Porosity 1.0% 

Unit weight 24.5 KN/m3
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Figure A-1: a) The domain dimensions, boundary conditions and mesh for the domain. 

(b, c and d) Total Head (m) for both HGS [dash line] and SIGMA/W [solid line] with 

time (Years) under normal surface load (KPa) [dash and dot line], the results are for the 

mid-point of the 500m domain. 
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Appendix B 

Review of the Proposed Numerical Models 
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Several numerical models were reviewed in order to select a suitable model for the 

present study. We began by conducting an evaluation of the possible codes. The selection 

criteria are based on a model with capabilities to simulate flow and solute transports in 

low permeable heterogeneous medium. The model also should be capable of simulating 

diffusion dominant solute transport, density dependent flow and surface loading that can 

result from glaciations.  

The models SWIFT, FEFLOW, FEMWATER, GEO-SLOPE and HydroGeoSphere (HGS), 

were reviewed for their suitability in terms of availability, cost, ease-of-use, applicability 

and capabilities. Table B-1 is showing a comparison between the applications of different 

models.  

The models selected for this study are HGS and GEO-SLOPE for their capabilities in 

modeling applied surface loading. Fractures, faults, transport, and density dependent flow 

are accommodated in both of these models, although perhaps best managed by HGS 

according to the available literature. HGS has wide capability for accommodating 

diffusion in complex settings. In particular, HGS has a robust formulation which well-

simulates the free convective flows which occur as a result density gradients in saline 

systems. Remnant overpressures from glaciations can also be captured using this model 

(Therrien et al., 2008), although it is limited to partially coupled vertical deformation. 

The GEO-SLOPE models are limited to two dimensions but have an excellent GUI and a 

high-quality meshing algorithm. GEO-SLOPE has an easy to use interface and capable of 

performing surface loading (Geo-Slope International, 2007). The model is capable of 

performing fully-coupled analysis under external loads, where equations for stress-
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deformation and porewater seepage are solved simultaneously. The model also is capable 

of incorporating multidimensional deformation rather than the common models limited to 

vertical deformation.  

  



179 

 

Table B-1: Comparison between different numerical models applications developed from 

(Deeds and Jones, 2011) 

Application 
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W
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 T
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U
G

H
2

 G
E

O
-S

L
O

P
E

 

Seawater Intrusion X X X X X X X X X X X X 

Regional groundwater flow X X X  X X X X  X X X 

Integrated surface water/Groundwater interaction     X X     O  

Karst Geology O  X  X   O     

Faulted Geology O  X  X X O   O X O 

Fractured Geology   O  X   X  X X O 

Submarine Groundwater Discharge   X    X X  X   

Brine Solute Migration X X X X X X X X  X X X 

Aquifer Storage and Recovery X  X    X X X X   

Surface Loading     X       X 

X = Direct application 

O = Indirect application 
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Appendix C 

Sample of SIGMA/W Input Parameters, and Model Results at the 

Cobourg Formation 
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Adjusting initial water table to hydrostatic pressure, 

 

Adjusting all formations to saturated zone only, 
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Using parallel direct equation solver to reduce computational time, 

 

Defining time steps for the model, 
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Adjusting formations to linear elastic, 
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Model Results at the Cobourg Formation: 

 

Figure C-1: Incremental effective stresses versus time at the Cobourg formation (Bruce 

site), rock weight was ignored. Values represent increment not absolute stresses. Results 

are for the Base case under one loading cycle (nn9921). 
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Figure C-2: Displacement versus time at the Cobourg formation (Bruce site). Results are 

for the Base case under one loading cycle (nn9921). 
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Figure C-3: Pore water pressure, excess pore water pressure, and water head versus time 

at the Cobourg formation (Bruce site). Results are for the Base case under one loading 

cycle (nn9921). 
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Figure C-4: Volumetric strain versus time at the Cobourg formation (Bruce site). Results 

are for the Base case under one loading cycle (nn9921). 
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Appendix D 

The Effects of Vertical Faults on 2-D Glacial Loading Models 
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Vertical faults 

A 2-D model was developed for the Michigan Basin using SIGMA/W. The cross section 

of the Michigan Basin modeled cut from the south west (SW) towards the north east 

(NE). The finite element mesh for the basin includes 21861 nodes and 24470 elements 

with dimensions of 1×1 km or smaller to fit layer thicknesses as small as 20m. Linear 

time step intervals of 40 years were used. The material properties for the model layers 

were set for purely linear elastic. The domain was assumed to be fully saturated with 

water. The initial water pressure was obtained from the specified initial water table 

assigned at ground surface. The glacial loading advance direction is perpendicular to the 

direction of the 2-D section of the model.  

A glaciation scenario for the late Pleistocene Laurentide Ice is used as the hydro-

mechanical loads in the model. This glacial event was developed by Peltier (2011). The 

used scenario (model runs nn9921 using Peltier’s nomenclature) began approximately 

120,000 years ago.  

Initial and Boundary conditions 

Initial water pressure was set to hydrostatic conditions. The north east and south west 

sides of the model correspond to hydrologic divides and were set as no flow boundaries. 

The lower boundary was set also as a no flow boundary and the thickness of the 

Precambrian was set to approximately 10 Km below the Cambrian. Hydraulic head was 

set on the top boundary equal to the glacial height multiplied by a factor of (0.8). Wet-
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based ice sheet conditions were assumed where direct hydraulic connection existed 

between the glacier layer and land surface.  

The north east and south west sides of the model domain are fixed from moving in the 

horizontal direction and allowed to move in the vertical direction. The lower boundary is 

fixed from moving in both horizontal and vertical directions, and the upper boundary is 

free in both directions. Glacial loadings are applied on the upper boundary as a time 

series. The model was loaded for one glacial cycle.  

A vertical fault extending from the land surface to the Cambrian formations was placed at 

1 and 10 Km west of the proposed nuclear waste site, in order to study the effect on the 

anomalous pressures. A third scenario was introduced where a vertical fault located 1 km 

from the DGR site was extended from the Cambrian aquifer at the bottom for length of 

500m, where it was connected with a horizontal feature extended for about 35 km in the 

NW direction. The location of these faults was chosen arbitrarily.  

Results 

The results shown for the present time suggest that the over-pressures generated by 

topographic heads in the Cambrian formations were dissipated through the vertical fault 

in the first two scenarios. Under-pressure in the low permeability Paleozoic formations 

disappears in the area several kilometers around the fault as shown in Figure D-1 to D-3. 

The fault presents a rapid source for the migration of water to adjacent low permeability 

formations during rock dilation, helping these layers to reach hydrostatic pressure, adding 

also the effects of higher permeability of the formations in the bedding direction (KH). 
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While continuous flow from the Cambrian formations to the land surface through the 

vertical fault prevents the buildup of overpressure. 

In the third scenario, the seepage path through the fault has a distance of +35km. The 

underpressures formed in the low permeable formations are higher than the Base case and 

Topography case as shown in Figure D-4 and D-5. The higher heads generated during 

loading periods in the low permeable formations are larger than the ones generated 

during unloading periods. The difference in the generated heads result in a larger outflow 

compared to the inflow from the low permeable formations. Also, the longer path through 

the fault prevented all the topography heads from dissipation from the Cambrian aquifer.   

Finally, the 2D model restricts the ability to limit the extent of the fault in the 

perpendicular direction to the cross section. 

Conclusions 

The model also shows that extended vertical faults that penetrate from the land surface to 

the Cambrian aquifer are unlikely to occur in the vicinity of the proposed nuclear waste 

site. 
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Figure D-1: Total head at present under loading scenario nn9921 for one loading cycle, 

the elevation of the Cambrian layers outcrop was assumed to equal 400 m. A vertical 

fault extending from the Cambrian aquifer to the ground surface, 10 km south west of the 

proposed nuclear site was assumed. Total heads are in meters. 
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Figure D-2: Total head at present under loading scenario nn9921 for one loading cycle, 

the elevation of the Cambrian layers outcrop was assumed to equal 400 m. A vertical 

fault extending from the Cambrian aquifer to the ground surface, 1 km south west of the 

proposed nuclear site was assumed. Total heads are in meters. 
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Figure D-3: Total Head (m) versus Depth (mBGS), the dots represent the estimated fresh 

water head profiles at the Bruce site, the black line represents simulation results for the 

Base case after 1 loading cycle using loading case nn9921, the dash lines represent 

simulations results for the faults located 1 km and 10 km from the study site. 
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Figure D-4: Total head at present under loading scenario nn9921 for one loading cycle, 

The elevation of the Cambrian layers outcrop was assumed to equal 400 m. A vertical 

fault extending from the Cambrian aquifer to the ground surface, 10 km south west of the 

proposed nuclear site was assumed. Total heads are in meters. 
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Figure D-5: Total Head (m) versus Depth (mBGS), the dots represent the estimated fresh 

water head profiles at the Bruce site, the black line represents simulation results for the 

Topographic case after 1 loading cycle using loading case nn9921, the dash line 

represents simulation results for the vertical fault connected to a horizontal fault and 

located 1 km from the study site. 
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Appendix E 

A Comparison between the Results of 2-D Density driven flow Models 

of HGS Versus CTRAN/W and SEEP/W 
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HGS and CTRAN/W-SEEP/W are compared together using a density driven flow 

simulation. A 2-D domain of 100×10 m with the same characteristics was simulated with 

both models as shown in Figure E-1. In the 2-D model domains, two boundaries areas 

were assigned in the model with a dimension of 1×1 m marked by red and black colors 

arrows as shown in Figure E-1. For the black area a hydraulic head of 12 m was assigned 

on the top of the model, and the hydraulic head at the red areas was assigned equal to 10 

m. The concentrations at both areas were assigned a value of 0 gm/L. The rest of the 

model was assigned as a no flow boundary. The initial water table was assigned equal to 

10 m (hydrostatic). The initial concentration was assigned equal to 350 g/L. The brine 

density at maximum concentration (350 g/L) was assigned equal to 1.3 Kg/L.  

The results of the two models are shown in Figure E-2and E-4. The results show a good 

match between the results from both models. 
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Figure E-1: Two dimensional mesh for the rectangular section of both models. The mesh 

size is 1×1m. The red and black arrows represent the inlets and outlets respectively. 
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Figure E-2: The results after eight years of the application of a head difference equal to 

2m on the land-surface using HGS. 
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Figure E-3: The results after eight years of the application of hydraulic head equal to 2m 

on the land-surface using CTRAN/W and SIGMA/W. 
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Figure E-4: A comparison between the results of HGS and Geoslope (CTRAN/W-

SEEP/W), for 2-D model of 100m × 10 m. The front advance of freshwater plume (at a 

concentration of 0 up to 50 kg/m
3
) under a head difference of 2 m, the solid line and dash 

line represent the results Geoslope and HGS respectivily.  
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Appendix F 

Head Distribution along Freshwater Invasion Plume 
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From Figure F-1, the discharge through a model section can be calculated by Equation 1;   

                   (1) 

Where Q is the fluid discharge,    is Darcy’s velocity. 

  
  

⁄  
  

  
⁄          (2) 

From Darcy’s equation: 

    
  

  
          (3) 

For    and    : 

     
  

  
          (4) 

     
  

  
          (5) 

By dividing (4) and (5): 

  

  
 

  
  

⁄

  
  

⁄
          (6) 

From Equations (2) and (6) 

  

  
 

     

     
          (7) 
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Figure F-1: A schematic diagram of the velocity and head distribution during freshwater 

invasion through a 2-D model. 
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Appendix G 

Raw Data for Natural Water Isotopes Obtained From US-8 and DGR 1-

6 
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US-8 

    

 
Depth 𝛅18O 𝛅2H D-excess 

 Porewater 40.6 -10.99 -76.4 11.52 
 

 
19.3 -10.54 -73.6 10.72 

 
 

93.1 -11.28 -77.9 12.34 
 

 
85.5 -11.63 -82.1 10.94 

 
 

75.7 -10.82 -76.4 10.16 
 

 
68.1 -11.5 -81.7 10.3 

 
 

54.4 -12.14 -83.8 13.32 
 

 
137.6 -15.3 -112.1 10.3 

 
 

120.8 -12.9 -92 11.2 
 

 
115.7 -13.3 -91.4 15 

 
 

109.6 -13.29 -94.2 12.12 
 

 
101.9 -14.5 -105 11 

 
 

179.4 -14.28 -102.1 12.14 
 

 
170.2 -13.87 -98.8 12.16 

 
 

158 -16.6 -118.8 14 
 

 
150.4 -15.47 -111.4 12.36 

 
 

143.7 -15.4 -112.7 10.5 
 

 
193.1 -13.37 -95.7 11.26 
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DGR-1/2 
   

 
Depth 𝛅18O 𝛅2H D-excess 

Porewater 101.89 -12.16 -93.03 4.22 

 
101.99 -10.74 -86.65 -0.72 

 
102.26 -10.75 -86.36 -0.36 

 
102.26 -9.96 -82.37 -2.67 

 
156.56 -6.97 -63.47 -7.73 

 
172.32 -10.4 

-
102.75 -19.57 

 
182.89 -8.56 -88.57 -20.07 

 
197.45 -8.97 -72.69 -0.93 

 
226.27 -8.82 -75.21 -4.65 

 
249.33 -11.02 -61.36 26.76 

 
294.84 -8.56 -64.33 4.15 

 
294.84 -8.47 -70.73 -2.95 

 
370.93 -7.13 -58.52 -1.45 

 
395.29 -6.6 -55.15 -2.39 

 
422.4 -3.52 -47.12 -18.96 

 
445.6 -2.71 -47.28 -25.6 

 
453.95 -3.61 -45.3 -16.38 

 
459.62 -3.12 -47.21 -22.28 

 
485.4 -3.8 -48.52 -18.15 

 
513.35 -3.94 -50.69 -19.17 

 
538.51 -3.53 -48.16 -19.92 

 
551.75 -3.68 -47.2 -17.78 

 
578.15 -3.65 -47.16 -17.98 

 
591.33 -3.58 -50.71 -22.09 

 
612.09 -3.54 -49.46 -21.16 

 
628.18 -4.46 -49.43 -13.73 

 
634.49 -5.25 -50.95 -8.93 

 
641.92 -4.67 -48.64 -11.3 

 
648.75 -5.54 -56.54 -12.19 

 
663.34 -6.43 -51.36 0.04 

 
670.48 -5.83 -54.17 -7.55 

 
681.45 -5.5 -51.79 -7.76 

 
689.45 -5.57 -57.8 -13.26 

 
694.63 -5.38 -50.92 -7.86 

 
699.58 -6.89 -55.47 -0.38 

 
709.21 -6.73 -50.79 3.05 

 
724.16 -7.7 -50.38 11.24 
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733.48 -6.54 -46.65 5.68 

 
742.61 -8.73 -60.02 9.78 

 
762.19 -7.72 -50.37 11.39 

 
797.5 -8.37 -45.77 21.2 

 
822.42 -8.78 -49.3 20.94 

 
828.01 -5.28 -44.17 -1.97 

 
834.05 -5.84 -45.79 0.95 

 
835.73 -5.65 -48.14 -2.94 

 
836.63 -5.94 -40.19 7.31 

 
839.69 -5.99 -44.62 3.3 

 
857.71 -4.73 -40.78 -2.92 

Groundwater 844.73 -4.97 -43.3 -3.48 

 
852.7 -4.71 -35.8 1.94 

      
 

DGR-3 
    

 
Depth 

Normalized 
Depth 𝛅18O 𝛅2H 

D-
excess 

Porewater 161.67 142.91 -13.82 -103.77 6.8 

 
187.72 169.72 -11.19 -106.27 -16.7 

 
198.96 181.13 -7.98 -78.79 -15 

 
207.94 190.39 -7.98 -69.76 -5.9 

 
227.45 210.48 -8.75 -76.9 -6.9 

 
248.47 230.45 -10.27 -72.79 9.4 

 
270.29 250.26 -10.81 -72.55 13.9 

 
274.38 255.66 -11.89 -63.11 32 

 
298.73 285.94 -11.43 -56.74 34.7 

 
311.79 299.72 -9.69 -68.73 8.8 

 
335 321.41 -8.46 -85.5 -17.8 

 
348.31 335.28 -14.08 -102.07 10.6 

 
379.89 367.07 -10.52 -70.35 13.8 

 
399.31 385.9 -5.61 -51.08 -6.2 

 
417.6 404.8 -1.93 -47.76 -32.3 

 
432.79 420.63 -2.3 -45.95 -27.6 

 
445.08 432.47 -3.3 -48.54 -22.1 

 
462.01 452.43 -3.02 -45.08 -20.9 

 
478.13 467.67 -2.8 -49.35 -27 

 
496.75 485.26 -2.57 -47.39 -26.8 

 
517.3 504.68 -3.24 -49.08 -23.1 

 
539.46 526.26 -2.54 -49.54 -29.3 

 
559.95 547.26 -3.23 -50.5 -24.6 

 
581.28 569.12 -3.9 -53.67 -22.5 
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604.99 593.42 -3.46 -55.87 -28.2 

 
629.38 617.72 -4.46 -59.52 -23.8 

 
641 628.76 -4.47 -56.38 -20.6 

 
651.99 639.2 -4.5 -51.51 -15.5 

 
662.21 649.26 -5.5 -59.06 -20.5 

 
675.69 662.27 -4.97 -48.91 -9.2 

 
680.46 667.17 -5.03 -52.67 -12.4 

 
687.1 674.01 -5.71 -48.01 -2.3 

 
691.7 678.74 -5.23 -52.31 -10.5 

 
702.54 689.78 -5.5 -72.33 -28.3 

 
723.88 710.38 -6.18 -46.75 2.7 

 
737.74 724.06 -6.23 -54.42 -4.9 

 
752.61 738.96 -5.45 -53.47 -9.9 

 
765.95 752.33 -7.25 -64.04 -6.8 

 
783.2 769.38 -5.7 -40.57 5 

 
800.18 785.91 -8.32 -50.43 16.1 

 
814.42 800.68 -6.45 -47.62 4 

 
832.25 819.16 -7.96 -56.46 7.2 

 
851.96 839.71 -6.31 -45.87 4.6 

 
855.66 843.96 -5.35 -51.19 -8.4 

Groundwater 339.66 326.57 -14.4 -104.3 10.9 

 
389.99 376.92 -2.3 -48.1 -29.7 

 
860.53 848.83 -4.8 -31.7 6.7 

      
 

DGR-4 
    

 
Depth 

Normalized 
Depth 𝛅18O 𝛅2H 

D-
excess 

Porewater 110.32 108.57 -14.13 -106.2 6.8 

 
180.99 182.26 -10.21 -97.3 -15.6 

 
243.44 241.36 -10.34 -64.7 18 

 
304.05 303.92 -10.23 -61.1 20.7 

 
369.7 369.03 -9.91 -91.6 -12.3 

      
      

 
386.31 384.47 -4.46 -65.8 -30.1 

 
418.95 418.33 -2.4 -41.5 -23.2 

 
442.58 443.17 -1.03 -56.7 -48.46 

 
469.13 469.69 -2.47 -44.8 -25 

 
508.95 508.03 -2.39 -42.7 -23.6 

 
549.21 548.65 -3.6 -41.9 -13.2 

 
595.38 595.97 -3.22 -42.1 -16.4 
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625.37 625 -3.86 -42.9 -12.1 

 
643.15 641.48 -3.58 -44.6 -16 

 
654.3 652.73 -5.89 

  
 

663.25 661.32 -4.59 -70.3 -34.3 

 
669.18 667.49 -3.26 -54.8 -28.8 

 
671.02 669.4 -3.75 -50.6 -20.6 

 
681.9 680.72 -4.52 

  
 

704.12 703.06 -4.47 -66.1 -30.4 

 
716.15 714.96 -5 -64.9 -25 

 
725.92 724.76 -6.04 -43.9 4.5 

 
740.63 739.53 -5.34 

  

 
768.52 767.33 -5.91 -46.3 0.9 

 
772.19 770.88 -4.03 -32.1 -2.1 

 
792.29 790.64 -7.94 

  
 

801.1 799.68 -7.7 -39.2 22.4 

 
816.24 815.23 -4.95 -35.4 4.2 

 
822.35 821.5 -7.36 -36.8 22 

 
842.27 841.93 -7.59 -36.9 23.9 

 
845.65 845.35 -3.74 -32.9 -2.9 

 
852.77 852.47 -4.09 -33.1 -0.4 

Groundwater 327.08 326.5 -14.5 -102.7 -14.5 

 
377.42 376.02 -2.7 -50 -28.4 

 
848.5 848.2 -5.2 -35.2 6.4 

      
 

DGR-5 
    

 

Normalized 
Depth 𝛅18O 𝛅2H D-excess 

 Porewater 314.527 -9.765 -57.78 20.34 
 

 
320.621 -10.5337 -90.6996 -6.4301 

 
 

322.971 -9.8235 -90.3443 -11.7563 
 

 
325.035 

    
 

326.063 
    

 
326.961 

    
 

329.394 
    

 
335.419 -11.4013 -90.7604 0.449791 

 
 

344.589 -11.4642 -81.1595 10.55382 
 

 
371.624 -7.10494 

   
 

374.499 
    

 
377.237 

    
 

377.564 
    

 
385.593 -6.16057 -55.4006 -6.11603 

 



213 

 

 
390.114 -5.48667 -53.6913 -9.79798 

 
 

395.003 -4.76 -27.13 10.95 
 

 
402.48 -1.10422 -45.3873 -36.5536 

 
 

406.781 -1.70939 -45.0282 -31.353 
 

 
409.352 -0.45 -35.215 -31.615 

 
 

414.491 -5.49831 -59.1169 -15.1304 
 

 
421.256 -4.88958 -49.8023 -10.6856 

 
 

432.855 -3.88898 -46.9667 -15.8549 
 

 
437.553 -2.87876 -48.6322 -25.6021 

 
 

440.848 -1.96667 -40.99 -25.2567 
 

 
456.522 -4.19219 -48.2069 -14.6694 

 

 
472.359 -3.81628 -46.9466 -16.4164 

 
 

472.359 -4.685 -50.025 -12.545 
 

 
483.142 -4.29189 -48.2865 -13.9514 

 
 

513.717 -3.88646 -45.4365 -14.3449 
 

 
520.686 -3.18094 -45.8612 -20.4137 

 
 

552.586 -4.59486 -45.9528 -9.19393 
 

 
578.278 -4.70555 -48.4416 -10.7972 

 
 

601.561 -4.38536 -47.4954 -12.4125 
 

 
622.554 -4.4964 -47.3265 -11.3554 

 
 

634.427 -4.88509 -48.567 -9.48634 
 

 
648.302 -4.99575 -50.1777 -10.2117 

 
 

665.604 -5.35667 -38.15 -3.62 
 

 
669.808 -5.84 -56.4675 -9.7475 

 
 

674.676 -4.92667 -23.2067 16.20667 
 

 
680.646 -5.3675 -26.4875 16.4525 

 
 

683.612 -4.335 -21.8033 12.87667 
 

 
686.334 -5.40667 -42.74 0.513333 

 
 

694.511 -4.84667 -42.6 -3.82667 
 

 
696.501 -4.89667 -37.65 1.523333 

 
 

704.338 -4.34 -43.06 -8.34 
 

 
730.607 -6.855 -41.3325 13.5075 

 
 

735.784 -7.9575 -42.4075 21.2525 
 

 
741.869 -6.985 -32.625 23.255 

 

 
747.171 -7.84888 -49.5078 13.28329 

 
 

753.648 -8.23667 -45.1567 20.73667 
 

 
753.648 -8.21976 -51.3775 14.38057 

 

        



214 

 

 

 
 

DGR-6 
    

 

Normalized 
Depth 𝛅18O 𝛅2H D-excess 

 Porewater 315.918 -8.37 -66.14 0.82 
 

 
319.949 -8.635 -82.8825 -13.8025 

 
 

321.674 -7.7825 -98.1075 -35.8475 
 

 
323.21 

    
 

323.84 
    

 
324.85 -13.7775 -97.8833 12.33667 

 

 
325.8 -13.8025 -95.16 15.26 

 
 

331.015 -10.2933 -93.5867 -11.24 
 

 
339.907 -11.61 -98.385 -5.505 

 
 

368.837 -8.3875 -75.0375 -7.9375 
 

 
370.642 -8.5575 -76.03 -7.57 

 
 

373.528 -7.99 -72.2575 -8.3375 
 

 
377.801 -8.2325 -66.7775 -0.9175 

 
 

383.544 -7.5425 -58.7075 1.6325 
 

 
389.028 -6.7725 -58.95 -4.77 

 
 

394.924 -3.3475 -49.15 -22.37 
 

 
398.923 -2.275 -47.68 -29.48 

 
 

403.935 1.2575 -18.125 -28.185 
 

 
409.314 -2.4175 -47.6 -28.26 

 
 

414.91 -3.045 -48.525 -24.165 
 

 
421.009 -3.5825 -51.3375 -22.6775 

 
 

426.53 -2.81333 -54.05 -31.5433 
 

 
431.766 -5.72 -75.87 -30.11 

 

 
437.4 -3.10667 -55.6967 -30.8433 

 
 

571.887 -4.28971 -48.3883 -14.0706 
 

 
578.38 -3.73144 -45.2226 -15.3711 

 
 

578.666 -3.9234 -46.7906 -15.4034 
 

 
579.213 -3.63836 -47.2188 -18.112 

 
 

596.388 -4.83489 -48.4127 -9.73356 
 

 
608.599 -4.18002 -48.0919 -14.6517 

 
 

652.86 -5.4125 -49.64 -6.34 
 

 
659.468 -8.015 -78.41 -14.29 

 
 

667.896 -6.16 -50.935 -1.655 
 

 
670.06 -6.885 -57.8425 -2.7625 

 
 

674.638 -5.02 -44.88 -4.72 
 

 
676.921 -5.055 -30.0225 10.4175 
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681.895 -6.32 -57.025 -6.465 

 
 

686.141 
    

 
692.076 -5.8725 -38.02 8.96 

 
 

694.282 -6.29 -48.4833 1.836667 
 

 
715.76 -6.82667 -23.9 30.71333 

 
 

715.76 -6.3775 -31.2825 19.7375 
 

 
723.09 -7.6725 -43.4425 17.9375 

 
 

729.32 -7.7625 -62.1475 -0.0475 
 

 
733.67 -7.975 -42.5825 21.2175 

 
 

739.85 -7.26977 -46.7933 11.3649 
 

 
744.06 -7.89423 -47.9492 15.20468 

 

 
748.62 -7.8624 -49.0575 13.84168 

 
 

750.04 -8.79 -70.2425 0.0775 
 

 
758.94 -6.9525 -20.4875 35.1325 

 
 

761 
    

 
764.07 -6.07333 -31.9033 16.68333 

 
 

769.2 -8.705 -38.175 31.465 
 

 
779.775 -9.565 -44.59 31.93 

 
       

Reproduced from (Raven et al, 2011 and Al et al., 2011)  
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Appendix H 

Validation of the Numerical Solute Transport Model 
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The re-evaluation of the natural isotopic data from Benken area, (Switzerland) 

A one-dimensional model was used to simulate field data from the Benken area in 

northeastern Switzerland. A HydoGeoSphere (HGS) model was built for the 312 m thick 

domain. The domain is in the Dogger low-permeability formations that are sandwiched 

between two aquifers, the Malm and the Keuper formations (Gimmi et al., 2007). These 

aquifers define the upper and the lower boundaries of the modeled domain. The lower 

boundary, the Keuper aquifer, had a significant flushing with meteoric water which may 

have started less than 2 Ma ago following the creation of new discharge areas. The upper 

boundary, the Malm aquifer, is characterized by a complex paleohydrogeologic evolution 

of its groundwater. It is difficult to define unique boundary conditions. The evolution 

time based on laboratory diffusion coefficients is determined from the Dogger formation 

of the order of 0.5–1 Ma with a possible range of about 0.2–2 Ma, which is geologically 

plausible. 

The Base Case presented in the Gimmi et al. (2007) paper was simulated. The initial 

values in the Dogger formation were derived from maximum values in the upper part of 

the domain. Solute transport is limited to diffusion with constant concentrations at the 

boundaries. 

The simulation was redone with the same parameters, e.g., diffusion coefficient, porosity 

and tortuosity. The simulation time given in the original simulation is 0.55Ma. To get the 

best fit using the HGS model the simulation time was modified for both the upper and 

lower boundaries. The upper boundary needed a time around 0.2Ma with a time around 

0.8Ma for the lower boundary Figure H-1.  Those times still fall in the geologically 

acceptable range.  
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The re-evaluation of the natural isotopic data from Tournemire (south France) 

The domain of the Tournemire area is a 250 m-thick argillaceous formation of Toarcian 

and Domerian ages, surrounded by two carbonate aquifers, divided into seven sub-layers 

(Savoye et al., 2008). The assumptions that the initial argillite pore water was seawater 

trapped during the sedimentation of the clay-rich muds and the two bounding aquifers are 

karsts with an active circulation of groundwater of meteoric origin. Diffusion is assumed 

to have started right after the beginning of the karstification of the two surrounding 

carbonated aquifers. 

Only diffusion was taken into account in the simulations, the advection term was 

negligible with respect to diffusion as showed by a previous study by (Patriarche et al., 

2004). The best simulations by (Savoye et al., 2008) considered an activation of the 

embedding aquifers 11–13 Ma ago, corresponding to the beginning of the diffusive 

process through the argillaceous formations. This is consistent with palaeo-

hydrogeological evidence that aquifers embedding the Toarcian– Domerian shales were 

activated at 10 Ma (uncertainty range: 6–15 Ma) (Savoye et al., 2008). 

A one dimensional numerical model was built to simulate this case using HGS. Seven 

different sub-layers were built with different pore diffusion coefficients and porosities. 

The characteristics of these layers can be found in (Savoye et al., 2008).  Several runs 

were done with different grid and time discritization and different run times. Figure H-2 

shows the best fit of between HGS simulation results and field data. The simulation time 

that gave the best fit was 11 Ma and that matches the results by Savoye et al., (2008). 
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Figure H-1: The best fit of the numerical model (HGS) results for the Benken site. 
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Figure H-2: The best fit of the numerical model (HGS) results for the Tournemire site. 
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Appendix I 

Three Dimensional Analytical Solution for Diffusion-limited Solute 

Transport in an Infinite Domain Representing Nuclear Waste in Deep 

Geological Repository  

Abstract 

Nuclear waste disposal in deep underground geological repository are characterized by 

large time and spatial scale, uncertainties in transport parameters, and uncertainties in 

boundary conditions. Analytical solutions are helpful for these large time and spatial 

scales problems. A set of analytical solutions was obtained for three-dimensional 

diffusion limited solute transport equation for simultaneous point source in an infinite 

domain. The solution was then expanded in both application time and source volume by 

integrating the solution with respect to time and distance in X, Y, and Z directions. The 

solution was then validated by comparing the results with a numerical model with a very 

refined time and grid discretization. The analytical solution was then used to compare 

numerical errors for different grid discretization.  The presented analytical solutions can 

be applied to provide primary estimates, perform sensitivity analysis, and validating 

numerical solutions. 

Introduction  

Study of solute transport in low permeable formations is motivated by concerns about 

possible contamination of the geosphere from nuclear waste disposal in deep 
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underground geological repository. These studies are characterized by long time and 

large spatial scale, also the uncertainties in transport parameters, initial and boundary 

conditions. The analytical solutions are useful for these large time and spatial scales 

problems as a tool to provide primary estimates, perform sensitivity analysis, and to 

validate numerical models results (Leij et al., 1991).  

Explicit closed-form solutions for the transport advection-dispersion equation (ADE) can 

often be derived if the model parameters are constant with respect to time and position 

(Leij et al., 1993). Since the domain (aquitard) is considered to have low permeable 

characteristics, the most approaches eliminate the advection term from advection–

diffusion equation. 

Goltz and Roberts (1987) incorporated solute diffusion within immobile regions into the 

three dimensional advection/dispersion solute transport equation, for an instantaneous 

point source in an infinite medium. A modified form of Aris's method of moments is 

developed. The method permitted the calculation of the spatial and temporal moments of 

solute distributions simulated using the 3D diffusion models, without having to invert the 

Laplace or Fourier transformed solutions. Leij et al. (1993) presented analytical solutions 

for three-dimensional solute transport in a semi-infinite domain. The general equation 

was solved by Laplace transform in semi-infinite parameters and double Fourier 

transform in infinite parameters.  Park and Baik (2008) solved the advection-diffusion 

equation analytically in air for a finite area source using the superposition method. The 

solution started with a point source described by Dirac Delta function releasing a passive 

scalar of pollutants. The general equation includes advection along-wind and diffusion 
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terms in crosswind, and vertical directions. The analytical solution was obtained by 

integrating the solution for the point source in the along-wind and crosswind directions.  

In the present study, several analytical solutions will be developed for three dimensional 

diffusion limited solute transports in an infinite solid rock domain. The domain is 

considered to be of low permeability where advection term can be neglected. The 

purposes of the developed analytical models are to be used for screening calculations, and 

modeling grid development for numerical models.  

Mathematical Approach 

Solute transport in an isotropic soil for three-dimensional diffusion is modeled 

analytically by assuming that diffusion coefficients are constant with respect to time and 

space. The partial differential equation for solute transport in a homogeneous isotropic 

medium with 3-D diffusion in (X, Y, Z) directions, with an instantaneous point source, is 

given by (e.g., Bear 1979): 

 

 
  

  
    

   

   
    

   

   
    

   

   

   (    ) (    ) (    ) (    ) 

                    

        

(1) 

Where C (M/L
3
) is the pore water concentration,   is the Porosity,               (L

2
/T) 

are pore water diffusion coefficients in the X, Y and Z direction respectively, M (Kg) is 
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the mass of solute injected,  () is the Dirac delta function, X, Y and Z (L) are the spatial 

coordinates of the target point and   ,   , and    (L) are the spatial coordinates of the 

source point.  As a result of the infinite medium and the nature of the solute application, 

this is not an easy solution to derive. 

Problem description 

The domain is an infinite three dimensional homogenous and isotropic medium as shown 

in Figure I-1, with a very low hydraulic conductivity. An instantaneous point source is 

located at a point within the domain with spatial coordinates   ,   ,   , and time =   . 

The initial condition is given as 

  (       )    (2) 

First type (Dirichlet) Boundary conditions are taken as 

  (        )    (3) 

  (        )    (4) 

  (        )    (5) 

The solution of the governing Equation (1), subjected to the initial and boundary 

conditions was obtained by applying exponential Fourier transforms with respect to X, Y 

and Z and the Laplace transform with respect to t (see Appendix J for details). Fourier 

transformation was applied in X, Y, and Z as Dirichlets boundary condition is satisfied, 

where Laplace transformation was applied for time with initial condition.  
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The final result is shown below: 

  (       )  
 

      √      (    )   
    (

 (    ) 

   (    )
)    (

 (    ) 

   (    )
)    (

 (    ) 

   (    )
) (6) 

The solution calculates concentrations at a spatial point with coordinates of X, Y and Z 

with a point source located at   ,   , and   .  

In order to extend the point source into a volume source, the source is extended in X from 

   
 to    

 and in Y from    
 to    

 and in Z from    
 to    

 . Equation (6) was integrated with 

respect to   ,   , and   , and integrated with respect to t’ to extend the solution in time 

from an instantaneous source to a time step starting from 0 to t1.  The integration is 

shown in details in Appendix J. 

 

∫ ∫ ∫ ∫  
  
 

    
   

 

   
       

 

   
       

 

   
                                                                                                                                 (7) 

∫ ∫ ∫ ∫
 

      √      (    )   
   [

 (    ) 

   (    )
]    [

 (    ) 

   (    )
]    [

 (    ) 

   (    )
]

  

 

    

   
 

   
 

   

   
 

   
 

   

   
 

   
 

    

 

The source is modified from an instantaneous point source into a 3-D box shape with 

defined X, Y and Z dimensions and a defined time of application as shown in Table I-1. 

The solutions are used to calculate solute concentrations in homogenous isotropic media 

at any spatial location in the domain. The concentration species are considered 
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conservative, in case of non-conservative species Dxi=D/R, where R is the retardation 

factor. 

To validate the analytical solutions, the results of the analytical solutions were compared 

with a numerical approach using HydroGeoSphere (HGS). The parameters, e.g., diffusion 

coefficient, porosity, pollutant mass and run time, were identical in both the analytical 

and the numerical models. A variety of grid discretizations were investigated in the 

numerical model HGS to minimize computational errors. The grid and time steps 

discretization for the domain were highly refined for this case around the source and the 

target. A small distance was used of 2 m between the source and receptor, in order to 

reduce computational time. The results for both models show a very good match with 

minimal differences, i.e., the mean error is less than 3% that are likely related to 

numerical approximations (see Figure I-2 for examples of the fits between the analytical 

and numerical solutions). Also the response of the analytical solution to small changes in 

source dimension is more visible than with the numerical model. Examples of the 

comparisons are shown in Figure I-2. 

Output for analytical and numerical solutions 

As an example of the application of the analytical model for, grid discretization, and time 

step for the HydroGeoSphere (HGS) model will be investigated in a sensitivity analysis. 

The objective is to reduce the numerical modeling error generated by these variables on 

the transport solution.  
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The analytical solution developed in above is coded in FORTRAN as shown in Appendix 

K. The results from the analytical solution are compared with HGS results under a variety 

of conditions. The mean errors between the two solutions are calculated using equation 

given below. The parameters in the numerical model were optimized to reduce 

computational errors.  

       
 

 
∑

   |            |

     

 

 

 (8) 

The numerical model was built for a solid rock domain having low permeability and low 

porosity. The transport is considered diffusion-limited where the advection/dispersion 

term is neglected. Fixed values of the pore diffusion coefficient (1.0 X 10
-10

 m
2
/s) and 

Porosity (13%) were used in simulations. These values were chosen to approximate 

Benken site, north of Switzerland, conditions. 

The numerical model domain 300 ×300 × 300 m was divided into 3 sections as shown in 

Figure I-3a. The middle part is refined with different grid spacing while the outer part 

includes a coarse grid to remove boundary effects and reduce computational time as 

shown in Table I-3. Figure I-3b shows the concentration distribution by the end of 

simulation for run number 4 of 4 × 4 × 4 m grid spacing for the middle section.  

The results of the initial grid discretization for the uniform grid case are shown in Figure 

I-4. The results show a fixed percentage of mean error with the increase in grid spacing 

until a specific point.  Beyond this point the error increases dramatically. This point is 
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considered the optimum grid spacing where the error is minimized, and the number of 

nodes is low which helps reduce simulation run time. 

Conclusions 

Analytical solutions were obtained for three-dimensional diffusion limited solute 

transport equation for an infinite domain. A set of boundary conditions in an initially 

solute free domain were set for different forms of contaminant source. The closed form 

solution was obtained applying Fourier transformation in X, Y, and Z, and applying 

Laplace transformation was applied for time. The analytical solution for a line, an area, 

and a volume concentration source was obtained by integrating the solution for a point 

source. The instantaneous source was integrated in time to expand solute application 

time. 

The validation of the analytical solution was performed by comparing the results with a 

numerical model with a very refined time and grid discretization. The analytical and 

numerical solutions (HydroGeoSphere) have been compared and very good agreement 

between the two has been found. The analytical solution of the different source shapes 

has been compared with the numerical solution with same domain characteristics. 

Furthermore, the analytical solutions were used to compare numerical errors for different 

grid discretization.   
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Although the presented analytical solution is limited to isotopic homogenous domains, 

such analytical solutions can be applied to provide primary estimates, perform sensitivity 

analysis, and validating numerical solutions.  
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Table I-1: Various solutions of the integration (Equation 7) 

Source 

Type 

Equation 

a- Point 

Source    
 

√ 
(   (

√ 

√(    )
)     (

√ 

√ 
)) 

b- Line 

Source in 

the X-

direction 

  
  

(     )
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√  
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)  √

 

 
   (

   

 
)) 
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Source in 
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Plane 
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Table I-2: The input data for the cases in Table 1 

  

Inst.Point 

Source 

1-Point 

Source 

2-Line 

Source 

3-Area 

Source 

4-Volume 

Source 

Parameters Units Values Values Values Values Values 

X m 2.0 2.0 2.0 2.0 2.0 

Y m 2.0 2.0 2.0 2.0 2.0 

Z m 2.0 2.0 2.0 2.0 2.0 

M Kg 10.0 10.0 10.0 10.0 10.0 

Porosity 

 

0.13 0.13 0.13 0.13 0.13 

Dx m
2
/sec 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 

Dy m
2
/sec 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 

Dz m
2
/sec 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 1.0x10

-10
 

X' m 0.0 0.0 N/A N/A N/A 

Y' m 0.0 0.0 0.0 N/A N/A 

Z' m 0.0 0.0 0.0 0.0 N/A 

X1 m N/A N/A -0.5 -0.5 -0.5 

X2 m N/A N/A 0.5 0.5 0.5 

Y1 m N/A N/A N/A -0.5 -0.5 

Y2 m N/A N/A N/A 0.5 0.5 

Z1 m N/A N/A N/A N/A -0.5 

Z2 m N/A N/A N/A N/A 0.5 

t' Yrs 0.0 N/A N/A N/A N/A 

t1 Yrs N/A 10.0 10.0 10.0 10.0 
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Table I-3: The grid spacing in X, Y and Z for the domain three sections 

Run’s  Number First 100m Middle 100 m Last 100 m 

1 10 m 0.5 m 10 m 

2 10 m 1.0m 10 m 

3 10 m 2.0 m 10 m 

4 10 m 4.0 m 10 m 

5 10 m 8.0 m 10 m 

6 12 m 12 m 12 m 
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Figure I-1: The three dimensional conceptual model of an infinite domain representing a 

repository. The initial concentration is set to zero, the location of the source and receptor 

are indicated on the domain. 
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Figure I-2: Numerical results for HGS versus the Analytical solutions results for four 

different geometrical source cases, a) point source, b) line source, c) area source, and d) 

volume source.  
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Figure I-3: An illustration of the discretization and concentration distribution in a cross 

section for one of the test cases.  

  

(a) (b) 
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Grid discretization
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Figure I-4: Errors between analytical and numerical results corresponding to different 

grid spacing. The distance between source and receptor are 8 and 24 m for the dashed and 

the solid lines respectively. 
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Appendix J 

Analytical Derivation 
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Governing Equation 

 

 
  

  
    

   

   
    

   

   
    

   

   

   (    ) (    ) (    ) (    ) 

                    

        

 

(1)  

Initial condition is taken as 

  (         )    (2)  

First type (Dirichlet) Boundary conditions are taken as  

  (        )    (3)  

  (        )    (4)  

  (        )    (5)  

Apply Exponential Fourier Transform in X  

Apply Exponential Fourier Transform in X to Equation (1): 

  ̅(        )  ∫  (       )        
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Where  (
    

   
)     

   ̅ (7)  

This gives 
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(9)  

Apply    to boundary conditions (4) 

   [ (        )]   ̅(         )    (10)  

Apply    to initial condition (2) 

   [ (       )]   ̅(        )    (11)  

Apply Exponential Fourier Transform in Y  

Apply Exponential Fourier Transform in Y to Equation (9): 

  ̿(         )  ∫  ̅(        ) 
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This leads to 
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(13)  

Apply    to boundary conditions  

   [ ̅(         )]   ̿(          )    (14)  

Apply    to initial condition (11) 
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   [ ̅(        )]   ̿(         )    (15)  

Apply Exponential Fourier Transform in Z  

Apply Exponential Fourier Transform in Z to Equation (13): 
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̅(          )  ∫  ̿(         ) 
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This leads to 
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(17)  

Apply    to initial condition (15) 

   [ ̿(         )]   ̿̅(          )    (18)  

Apply Laplace Transform in t 

Apply Laplace Transform in t to Equation (17): 
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Take 
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This leads to 

 
  

  
         (    ) (23)  
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The Laplace transform of 

  ( )   ( ) (24)  

  (
  

  
)    ( )   ( ) (25)  

Where s is the Laplace transform variable. 

Laplace transform of Equation (23) 

   ( )   ( )     ( )     
     (26)  

Where the initial condition is  

  ( )   (          )    (27)  

Rearrange the Equation 

  ( )(    )     
     (28)  

  ( )  
   

    

(    )
 (29)  

Inverse Laplace: 

      
   (    ) (30)  

Substitute (20) & (21) in (30)  
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(32)  

To invert in either            , the following inverse is required: 

 (Churchill, Appendix C, pg 472 # 20) 
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 (33)  

 (Churchill, Appendix C, pg 471 # 5) 

   
  (      (̅ ))   (   ) (34)  

Inverse Fourier in   : 

First, invert Equation (32) in   : 
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(35)  

Inverse Fourier in          :  

The same was done to           , and the final result is presented in Equation (36) 
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] 

 

(36)  

Integrate in Time: 

To extend the solution from an instantaneous source to a time step source Equation (36) 

was integrate with respect to    (the time in which source is applied) from   =0 to   =t1. 
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(37)  

The result is Equation (38) 
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Where 
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And (erf) is the error function and defined by 
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Integrate in X: 

The result is extended from a spatial point source to a line in X direction. Equation (38) is 

integrated with respect to X’ from    
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A new assumption was used where a new term     Equation (43) is introduced. 
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 (43)  

The new integration limits are   
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 (44)  

The new integration is shown in Equation (45) 



248 

 

 

∫       

  

  

 ∫
 

√    
(    ) 

   
 

(    ) 

   

[   

(

 
√    

(    ) 

   
 

(    ) 

   

√(    )
)

 

  

  

    

(

 
√    

(    ) 

   
 

(    ) 

   

√ 
)

 ]       

(45)  

The solution of integration is Equation (46) 
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Where 
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 (47)  

Substitute in    from    to    and in T from t to (t-t1).   

Integrate in Y: 

The same procedure was done in Y direction where Equation (46) is integrated with 

respect to Y’ from    
       

 , in order to turn source line in to an area in X & Y plane.   

The solution is presented in Equation (48). 
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Where 
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 (50)  

Substitute in    from    to   , and in    from    to   , and T from t to (t-t1).   

Integrate in Z: 

The same procedure was done in Z direction where Equation (48) is integrated with 

respect to Z’ from    
       

 , in order to turn area source in to a volume source.   

The solution is presented in Equation (51). 
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Where (     )(     )(     )             
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               (53)  

Substitute in    from    to   , and in    from    to   , and in    from         and T from t 

to (t-t1).   

 

  



250 

 

Appendix K 

FORTRAN Code and Examples of the Input and Output for the 

Analytical Transport Model 
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FORTRAN code  

For Equation (51) of Appendix J 
 

    program DIFF3D 

!   COPYRIGHT OMAR KHADER 2010 

!   Diffusion  Limited Transport, infinite domain 

!   DEFINE VARIABLES     

    IMPLICIT REAL*8 (A-H,O-Z) 

    REAL*8 TS(5),XS(5),YS(5),ZS(5),C(5000),TYR(5000) 

!   INPUT & OUTPUT FILES     

    open(unit=6,file=’INPDF3D.inp’,status=’unknown’) 

 open(unit=7,file='OUTDF3D.out',status='unknown') 

!   READ THE VARIABLES     

    Read(6,*) AMASS 

    Read(6,*) DX 

    Read(6,*) DY 

    Read(6,*) DZ 

    Read(6,*) RUNT 

    Read(6,*) N 

    Read(6,*) TSTEP 

    Read(6,*) XSTART 

    Read(6,*) XEND 

    Read(6,*) YSTART 

    Read(6,*) YEND 

    Read(6,*) ZSTART 

    Read(6,*) ZEND 

    Read(6,*) POR 

    Read(6,*) X 

    Read(6,*) Y 

    Read(6,*) Z 

    PI=3.141592654 

    TS(1)=0.0 

    TS(2)=RUNT*31536000.0 

    XS(1)=XSTART 

    XS(2)=XEND 

    YS(1)=YSTART 

    YS(2)=YEND     

    ZS(1)=ZSTART 

    ZS(2)=ZEND 

    ZERO=0.0 

   ! XS(j) 

   ! YS(k) 

   ! ZS(m) 

   ! TS(l) 

    TX1=((X-XS(1))**2)/(4.0*DX) 

    TX2=((X-XS(2))**2)/(4.0*DX) 

    TY1=((Y-YS(1))**2)/(4.0*DY) 

    TY2=((Y-YS(2))**2)/(4.0*DY) 

    TZ1=((Z-ZS(1))**2)/(4.0*DZ) 

    TZ2=((Z-ZS(2))**2)/(4.0*DZ) 

    a=AMASS/(8.0*POR*PI*TS(2)*sqrt(DX*DY*DZ)) 

    TEMP11=(TX2-TX1)*(TY2-TY1)*(TZ2-TZ1) 

    IF (TEMP11 .EQ. ZERO) THEN 
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    TEMP1=0.000000000000000001 

    ELSE  

    TEMP1=TEMP11 

    ENDIF  

    do 200 i=1,n 

    TYR(i)=TSTEP*i 

    TSEC=TYR(i)*31536000.0 

    C(i)=0 

    do 500 m=1,2 

    do 400 k=1,2 

    do 300 j=1,2  

    do 600 l=1,2 

    T=TSEC-TS(l) 

    bXYZ=((X-XS(j))**2)/(4.0*DX)+((Y-YS(k))**2)/(4.0*DY)+((Z-

ZS(m))**2)/(4.0*DZ) 

    TEMP1=(TX2-TX1)*(TY2-TY1)*(TZ2-TZ1) 

    b=EXP(-bXYZ/T) 

    TEMP2=a/TEMP1 

    TEMP3=8.0/(15.0*SQRT(PI))*EXP(-bXYZ/T) 

    CALL EXPERF(ZERO,SQRT(bXYZ)/SQRT(T),RES) 

    RR=1.0-RES 

    TEMP9=8.0/15.0*RR 

    TEMP8=bXYZ*bXYZ*SQRT(bXYZ) 

    TEMP4=TEMP9*TEMP8 

    TEMP5=(bXYZ**2)*SQRT(T)+2.0*bXYZ*(T**1.5)+2*(T**2.5) 

    TEMP6=4.0/(3.0*SQRT(PI))*(T**1.5)*(bXYZ+2.0*T)*EXP(-bXYZ/T) 

    TEMP7=(2.0/SQRT(PI))*(T**2.5)*EXP(-bXYZ/T) 

    TEMPC=(TEMP2*(TEMP4+(TEMP3*TEMP5)-TEMP6+TEMP7)) 

    CSIGN=((-1)**l)*((-1)**j)*((-1)**k)*((-1)**m)*TEMPC 

    C(i)=C(i)+CSIGN    

600 continue 

300 continue 

400 continue 

500 continue 

    write(7,*) TYR(i),C(i)  

200 continue 

    end program DIFF3D 

!     *************************************************************** 

! 

      SUBROUTINE EXPERF(XX,YY,ZZ) 

      implicit real*8(a-h,o-z) 

      REAL*8 NN,N,XX,YY,ZZ 

! 

!     THIS SUBROUTINE TAKES EXP(X)*ERFC(Y) = Z 

! 

!     THIS SUBROUTINE IS INTENDED FOR HANDLING LARGE VALUES OF X AND Y 

!     THEN USING A ASYMPTOTIC EXPANSION FOR ERFC. 

      ZZ=0. 

      YD=ABS(YY) 

      PI = 3.14159265358 

!     FOR LARGE POSITIVE VALUES OF Y, ERFC(Y) -> 0. 

      EXY2 = XX-YY*YY 

      IF(EXY2.LE.-30.0) RETURN 

!     FOR LARGE NEGATIVE VALUES OF Y, ERFC(Y) -> 2. 

      IF(YY.LT.-7.5)GOTO 500 
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!     THE ASYMPTOTIC  ERFC(Y)  EXPANSION IS VALID TOO  12 PLACES IF 

!     Y > 7.5 

      IF((YY.LE.7.5).AND.(XX.LE.30.0)) ZZ= DEXP(XX)*DERFC(YY) 

      IF((YY.LE.7.5).AND.(XX.LE.30.0)) RETURN 

! 

      SUM = 1.0 

      DENOM = 2.0*YD*YD 

      TERM0=1. 

      I=1 

30    CONTINUE 

      I=I+1 

      IF(I.GE.12) GO TO 100 

      N = I 

      IF(ABS(TERM0/SUM).LE.1.E-15) GO TO 100 

      TERM = TERM0*(-1.0)*(2.0*N-3.0)/DENOM 

!     AS SOON AS THE NEWLY COMPUTED TERM BECOMES LARGER THEN THE 

!     PREVIOUS ONE, STOP THE SUMMATION. 

      IF(ABS(TERM).GE.ABS(TERM0)) GO TO 100 

      SUM = SUM + TERM 

      TERM0 = TERM 

      GO TO 30 

100   CONTINUE 

      SUMY=SUM/YD 

      IF(YY.LT.0.0)SUMY=2.-SUMY 

      IF(EXY2.LT.30.0) ZZ=DEXP(EXY2)*SUMY/DSQRT(PI) 

      IF(EXY2.LT.30.0) RETURN 

!     FOR  X-Y*Y > 30.0  , BREAK UP THE EXPONENT INTO N TERMS 

      NNUM = EXY2/50.0 

      NN=NNUM 

      EXY2N = EXY2/NN 

      SUMN=(SUMY/SQRT(PI))**(1.0/NN) 

      TERM=1.0 

      DO 300 I=1,NNUM 

      TERM=TERM*DEXP(EXY2N)*SUMN 

300   CONTINUE 

      ZZ= TERM 

      RETURN 

500   CONTINUE 

!     FOR LARGE NEGATIVE VALUES OF Y, ERFC(Y) -> 2. 

      IF(XX.LT.-30.0) ZZ=0. 

      IF(XX.LT.-30.0)  RETURN 

      ZZ=DEXP(XX)*2.0 

      RETURN 

      END 

! 

!     ROUTINE FOR ERFC(ARG) BY SERIES EXPANSION 

!     DOUBLE PRECISION VERSION 

!     PROGRAMMED BY E.A. SUDICKY 

! 

      FUNCTION DERFC(ARG) 

      IMPLICIT REAL*8 (A-H,O-Z) 

      INTEGER*2 IL,LJL,JLJ 

      PI = 3.14159265358D0 

      SUMXOX=1.D0 

      XOX=DABS(ARG) 
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      IF(XOX.GT.3.4D0)GOTO 5160 

! 

!     THIS SERIES EXPANSION IS FOR ARG < = 3.4 

! 

      FACT=1.D0 

      IL=1 

      UOX=XOX*XOX 

      US=UOX 

5085  FACT=FACT*IL 

      ZOZ=-1.D0 

      IF((IL/2)*2.EQ.IL)ZOZ=1.D0 

      TXOX=UOX/((2.D0*IL+1.D0)*FACT) 

      SUMXOX=SUMXOX+ZOZ*TXOX 

      UOX=UOX*US 

      IL=IL+1 

! 

!     STOP THE SUMMATION WHEN THE CURRENT TERM 

!     IS LESS THAN 1E-20 

! 

      IF(TXOX.GT.1.D-20)GOTO 5085 

      DERFC=1.D0-2.D0*XOX/DSQRT(PI)*SUMXOX 

      IF(ARG.LT.0.0D0)DERFC=2.D0-DERFC 

      GOTO 5430 

5160  IF(XOX.GT.14.D0)GOTO 5410 

! 

!     THIS SERIES EXPANSION IS FOR ARG > 3.4 

! 

      UOX=2.D0*XOX*XOX 

      LJL=1 

      JLJ=1 

      FACT=1.D0 

5300  OLDFAC=FACT 

      FACT=FACT/UOX*JLJ 

! 

!     STOP THE SUMMATION WHEN THE CURRENT TERM BECOMES LARGER 

!     THAN THE PREVIOUS TERM 

! 

      IF(FACT.GT.OLDFAC) GOTO 5333 

      ZOZ=-1.D0 

      IF((LJL/2)*2.EQ.LJL)ZOZ=1.D0 

      TXOX=ZOZ*FACT 

      SUMXOX=SUMXOX+TXOX 

      LJL=LJL+1 

      JLJ=JLJ+2 

5333  DERFC=DEXP(-XOX*XOX)/DSQRT(PI)/XOX*SUMXOX 

      GOTO 5420 

5410  DERFC=0.D0 

5420  IF(ARG.LT.0.D0)DERFC=2.D0-DERFC 

5430  RETURN 

      END 
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Input file sample 

Table K-1: A sample of input data of FORTRAN code 

Value     Parameter   Units 

1000     !MASS   Kg 

0.0000000001    !DX    m
2
/s 

0.0000000001    !DY    m
2
/s 

0.0000000001    !DZ    m
2
/s 

50     !t    Yrs 

5000     !#TIME INTERVALS 

20     !TIME STEP   Yrs 

-1     !XSTART   m 

1     !XEND              m 

-1     !YSTART   m 

1     !YEND   m 

-1     !ZSTART   m 

1     !ZEND   m 

0.13     !POROSITY 

25     !X    m 

25     !Y    m 

25     !Z    m 
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Output sample for FORTRAN code 

The output concentration in Figure K-1 is for the above input data.  

Concentration in Solid Rock

Time Yrs

0 5000 10000 15000 20000

C
o

n
c
e
n

tr
a
ti

o
n

 K
G

/M
3

0.000

0.002

0.004

0.006

0.008

DIFF3D

Figure K-1: The Fortran Code Output, solute concentration at a target 25m from source 

versus time. 
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Appendix L 

Examples of HydroGeoSphere Input Files  
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* Mprop File: 

      

!----------------------------------------------------------------------------- Cambrian    

layer1    

k anisotropic     

94.608 , 94.608 , 94.608 

specific storage      

 1E-06       

porosity     

0.071     

tortuosity     

0.03286385     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2540 

end material     

!----------------------------------------------------------------Shadow Lake      

layer2    

k anisotropic     

0.031536 , 0.031536 , 3.1536E-5 

specific storage      

 1E-06       

porosity     

0.097     

tortuosity     

0.03811309     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2550  
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end material    

!-------------------------------------------------------------------------------   Gull River     

layer3    

k anisotropic     

2.20752E-05 , 2.20752E-05 , 2.20752E-08 

specific storage      

 2E-06       

porosity     

0.014     

tortuosity     

0.011255411     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2610  

end material    

!-------------------------------------------------------------------------- Coboconk     

layer4    

k anisotropic     

0.000126144 , 0.000126144 , 1.26144E-06 

specific storage      

 2E-06       

porosity     

0.011     

tortuosity     

0.014876033     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2710  

end material    
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!--------------------------------------------------------------------------  Kirkfield     

layer5    

k anisotropic     

2.52288E-07 , 2.52288E-07 , 2.52288E-08 

specific storage      

 2E-06       

porosity     

0.021     

tortuosity     

0.012121212     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2670  

end material    

!----------------------------------------------------------------   Sherman Fall      

layer6    

k anisotropic     

3.1536E-07 , 3.1536E-07 , 3.1536E-08 

specific storage      

 3E-06      

porosity     

0.0045     

tortuosity     

0.02962963     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2680  

end material    
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!------------------------------------------------------------------------- Cobourg - Lower    

  

layer7    

k anisotropic     

6.3072E-07 , 6.3072E-07 , 6.3072E-08 

specific storage      

 7E-07       

porosity     

0.013     

tortuosity     

0.017249417     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2700  

end material    

!----------------------------------------------------  Cobourg – Collingwood Member     

layer8    

k anisotropic     

6.3072E-07 , 6.3072E-07 , 6.3072E-08 

specific storage      

 1E-06       

porosity     

0.017     

tortuosity     

0.017468806     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2680  

end material    
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!---------------------------------------------------------------  Blue Mountain      

layer9    

k anisotropic     

1.5768E-06 , 1.5768E-06 , 1.5768E-07 

specific storage      

 1E-05       

porosity     

0.043     

tortuosity     

0.011557435     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2630  

end material    

!-------------------------------------------------------------  Georgian Bay      

layer10   

k anisotropic     

9.4608E-07 , 9.4608E-07 , 9.4608E-08 

specific storage      

 1E-05      

porosity     

0.034     

tortuosity     

0.012121212     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2640  

end material    

!-----------------------------------------------------------------  Queenston     
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layer11   

k anisotropic     

6.3072E-07 , 6.3072E-07 , 6.3072E-08 

specific storage      

 4E-06       

porosity     

0.037     

tortuosity     

0.016380016     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2640   

end material   

!-------------------------------------------------------------------  Manitoulin     

layer12   

k anisotropic     

2.83824E-06 , 2.83824E-06 , 2.83824E-07 

specific storage      

 2E-06       

porosity     

0.013     

tortuosity     

0.006993007     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2660   

end material   

!----------------------------------------------------------------   Cabot Head      

layer13   
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k anisotropic     

2.83824E-06 , 2.83824E-06 , 2.83824E-07 

specific storage      

 3E-05       

porosity     

0.068     

tortuosity     

0.027629234     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2660  

end material    

!---------------------------------------------------------------   Fossil Hill      

layer14   

k anisotropic     

0.00015768 , 0.00015768 , 0.000015768 

specific storage      

 9E-07      

porosity     

0.013     

tortuosity     

0.745920746     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2620  

end material    

!-----------------------------------------------------------------------  Lions Head      

layer15   

k anisotropic     
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0.00015768 , 0.00015768 , 0.000015768 

specific storage      

 7E-07       

porosity     

0.013     

tortuosity     

0.289044289     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2670  

end material    

!--------------------------------------------------------------------   Gasport     

layer16   

k anisotropic     

0.000063072 , 0.000063072 , 6.3072E-06 

specific storage      

 5E-07       

porosity     

0.012     

tortuosity     

0.007575758     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2670   

end material   

!------------------------------------------------------------------------  Goat Island      

layer17   

k anisotropic     

0.000063072 , 0.000063072 , 6.3072E-06 
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specific storage      

 5E-07      

porosity     

0.012     

tortuosity     

0.003787879     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2670   

end material   

!---------------------------------------------------------------------  Guelph     

layer18   

k anisotropic     

0.94608 , 0.94608 , 0.94608 

specific storage      

 1E-06       

porosity     

0.057     

tortuosity     

0.034024455     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2670   

end material   

!--------------------------------------------------------------------  Salina A0 Unit      

layer19   

k anisotropic     

2.68E-5 , 2.68E-5 , 2.68E-6 

specific storage      
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 2E-07       

porosity     

0.018     

tortuosity     

0.001010101     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2650   

end material   

!----------------------------------------------------  Salina A1 Unit evaporite      

layer20   

k anisotropic     

9.4608E-06 , 9.4608E-06 , 9.4608E-07 

specific storage      

 4E-07       

porosity     

0.001     

tortuosity     

0.018181818     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2630   

end material   

!-----------------------------------------------------------  Salina Lower A1 Unit      

layer21   

k anisotropic     

2.82E-4 , 2.82E-4 , 2.82E-5 

specific storage      

 1E-06       
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porosity     

0.011     

tortuosity     

0.009917355     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2890    

end material  

!------------------------------------------------------  Salina Upper A1 Unit      

layer22   

k anisotropic     

6.3072 , 6.3072 , 6.3072 

specific storage      

 1E-06       

porosity     

0.07     

tortuosity     

0.021212121     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2630   

end material   

!-------------------------------------------------  Salina A2 Unit evaporite      

layer23   

k anisotropic     

9.4608E-06 , 9.4608E-06 , 9.4608E-07 

specific storage      

 7E-07       

porosity     
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0.007     

tortuosity     

0.006666667     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2630   

end material   

!--------------------------------------------------  Salina A2 Unit dolostone      

layer24   

k anisotropic     

0.0094608 , 0.0094608 , 0.00094608 

specific storage      

 2E-06       

porosity     

0.039     

tortuosity     

0.018648019     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2890   

end material   

!-----------------------------------------------  Salina B Unit anhydrite      

layer25   

k anisotropic     

9.4608E-06 , 9.4608E-06 , 9.4608E-07 

specific storage      

 9E-07       

porosity     

0.007     
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tortuosity     

0.006666667     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2650   

end material   

!------------------------------------------------  Salina B Unit dolostone      

layer26   

k anisotropic     

1.26144E-05 , 1.26144E-05 , 1.26144E-06 

specific storage      

 3E-05       

porosity     

0.087     

tortuosity     

0.083594566     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2890   

end material   

!-----------------------------------------------------------  Salina C Unit      

layer27   

k anisotropic     

1.26144E-05 , 1.26144E-05 , 1.26144E-06 

specific storage      

 5E-06       

porosity     

0.085     

tortuosity     
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0.078431373     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2560   

end material   

!-----------------------------------------------------------  Salina D Unit      

layer28   

k anisotropic     

6.3072E-06 , 6.3072E-06 , 6.3072E-07 

specific storage      

 8E-07       

porosity     

0.007     

tortuosity     

0.406926407     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2450   

end material   

!------------------------------------------------------  Salina E Unit      

layer29   

k anisotropic     

6.3072E-06 , 6.3072E-06 , 6.3072E-07 

specific storage      

 3E-06       

porosity     

0.055     

tortuosity     

0.051790634     
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Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2890   

end material   

!-----------------------------------------------------  Salina F Unit      

layer30   

k anisotropic     

1.5768E-06 , 1.5768E-06 , 1.5768E-07 

specific storage      

 3E-06       

porosity     

0.048     

tortuosity     

0.051767677     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   

!---------------------------------------------------  Salina G Unit      

layer31   

k anisotropic     

0.00031536 , 0.00031536 , 0.000031536 

specific storage      

 5E-06       

porosity     

0.009     

tortuosity     

0.028956229     

Anisotropic tortuosity ratio     
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1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2530   

end material   

!----------------------------------------------  Bass Islands (lower 25 m)      

layer32   

k anisotropic     

315.36 , 315.36 , 31.536 

specific storage      

 2E-06       

porosity     

0.057     

tortuosity     

0.069112174     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2580   

end material   

!-----------------------------------------  Bass Islands (upper 20 m)      

layer33   

k anisotropic     

3153.6 , 3153.6 , 315.36 

specific storage      

 2E-06       

porosity     

0.057     

tortuosity     

0.069112174     

Anisotropic tortuosity ratio     

1     
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0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   

!---------------------------------------------------  Bois Blanc      

layer34   

k anisotropic     

3.1536 , 3.1536 , 0.31536 

specific storage      

 1E-06       

porosity     

0.07     

tortuosity     

0.025974026     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   

!-----------------------------------------  Amherstburg (lower 20m)      

layer35   

k anisotropic     

3.1536 , 3.1536 , 0.31536 

specific storage      

 2E-06       

porosity     

0.07     

tortuosity     

0.025974026     

Anisotropic tortuosity ratio     

1     

0.5     
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longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   

!----------------------------------------------  Amherstburg (upper 20m)      

layer36   

k anisotropic     

31.536 , 31.536 , 3.1536 

specific storage      

 2E-06       

porosity     

0.07     

tortuosity     

0.025974026     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   

!------------------------------------------------------------------  Lucas      

layer37   

k anisotropic     

31.536 , 31.536 , 3.1536 

specific storage      

 8E-07       

porosity     

0.07     

tortuosity     

0.025974026     

Anisotropic tortuosity ratio     

1     

0.5     

longitudinal dispersivity     



276 

 

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   

!------------------------------------------------------  Clay till overburden      

layer38   

k anisotropic     

0.316 , 0.316 , 0.158 

specific storage      

 1E-03       

porosity     

0.2     

tortuosity     

0.909090909     

Anisotropic tortuosity ratio     

1     

1     

longitudinal dispersivity     

10     

transverse dispersivity     

1.0     

vertical transverse dispersivity     

0.1     

bulk density     

2600   

end material   
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* Grok File: 

 

Transport through sedimentary rocks 

natural Isotopes 

DGR 

end title 

!______________________ grid definition 

generate uniform blocks 

10   10 

10   10 

860  860 

!860  1720 

end 

!______________________ porous media properties 

use zone type 

porous media 

properties file 

NDGR.mprops 

clear chosen elements 

choose elements block 

0 10 

0 10 

0 16 

new zone 

1 

clear chosen elements 

choose elements block 

0   10 

0   10 

16  21.5 

new zone 

2 

clear chosen elements 

choose elements block 

0   10 

0   10 

21.5  75 

new zone 

3 

clear chosen elements 

choose elements block 

0   10 

0   10 

75  98 

new zone 
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4 

clear chosen elements 

choose elements block 

0   10 

0   10 

98  144 

new zone 

5 

clear chosen elements 

choose elements block 

0   10 

0   10 

144 172 

new zone 

6 

clear chosen elements 

choose elements block 

0   10 

0   10 

172 200.5 

new zone 

7 

clear chosen elements 

choose elements block 

0   10 

0   10 

200.5 208.5 

new zone 

8 

clear chosen elements 

choose elements block 

0   10 

0   10 

208.5 251 

new zone 

9 

clear chosen elements 

choose elements block 

0   10 

0   10 

251 342 

new zone 

10 

clear chosen elements 

choose elements block 
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0   10 

0   10 

342 412.5 

new zone 

11 

clear chosen elements 

choose elements block 

0   10 

0   10 

412.5 425 

new zone 

12 

clear chosen elements 

choose elements block 

0   10 

0   10 

425 449 

new zone 

13 

clear chosen elements 

choose elements block 

0   10 

0   10 

449 451.5 

new zone 

14 

clear chosen elements 

choose elements block 

0   10 

0   10 

451.5 456 

new zone 

15 

clear chosen elements 

choose elements block 

0   10 

0   10 

456 462.5 

new zone 

16 

clear chosen elements 

choose elements block 

0   10 

0   10 

462.5 481.5 
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new zone 

17 

clear chosen elements 

choose elements block 

0   10 

0   10 

481.5 485.5 

new zone 

18 

clear chosen elements 

choose elements block 

0   10 

0   10 

485.5 489.5 

new zone 

19 

clear chosen elements 

choose elements block 

0   10 

0   10 

489.5 493 

new zone 

20 

clear chosen elements 

choose elements block 

0   10 

0   10 

493 514.5 

new zone 

21 

clear chosen elements 

choose elements block 

0   10 

0   10 

514.5 534.5 

new zone 

22 

clear chosen elements 

choose elements block 

0   10 

0   10 

534.5 540.5 

new zone 

23 

clear chosen elements 
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choose elements block 

0   10 

0   10 

540.5 567 

new zone 

24 

clear chosen elements 

choose elements block 

0   10 

0   10 

567 569 

new zone 

25 

clear chosen elements 

choose elements block 

0   10 

0   10 

569 600 

new zone 

26 

clear chosen elements 

choose elements block 

0   10 

0   10 

600 615.5 

new zone 

27 

clear chosen elements 

choose elements block 

0   10 

0   10 

615.5 617 

new zone 

28 

clear chosen elements 

choose elements block 

0   10 

0   10 

617 637 

new zone 

29 

clear chosen elements 

choose elements block 

0   10 

0   10 



282 

 

637 681.5 

new zone 

30 

clear chosen elements 

choose elements block 

0   10 

0   10 

681.5 691 

new zone 

31 

clear chosen elements 

choose elements block 

0   10 

0   10 

691 716 

new zone 

32 

clear chosen elements 

choose elements block 

0   10 

0   10 

716 736 

new zone 

33 

clear chosen elements 

choose elements block 

0   10 

0   10 

736 785 

new zone 

34 

clear chosen elements 

choose elements block 

0   10 

0   10 

785 810 

new zone 

35 

clear chosen elements 

choose elements block 

0   10 

0   10 

810 829.5 

new zone 

36 
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clear chosen elements 

choose elements block 

0   10 

0   10 

829.5 840 

new zone 

37 

clear chosen elements 

choose elements block 

0   10 

0   10 

840 860 

new zone 

38 

clear chosen zones 

choose zone number 

1 

read properties 

layer1 

clear chosen zones 

choose zone number 

2 

read properties 

layer2 

clear chosen zones 

choose zone number 

3 

read properties 

layer3 

clear chosen zones 

choose zone number 

4 

read properties 

layer4 

clear chosen zones 

choose zone number 

5 

read properties 

layer5 

clear chosen zones 

choose zone number 

6 

read properties 

layer6 

clear chosen zones 
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choose zone number 

7 

read properties 

layer7 

clear chosen zones 

choose zone number 

8 

read properties 

layer8 

clear chosen zones 

choose zone number 

9 

read properties 

layer9 

clear chosen zones 

choose zone number 

10 

read properties 

layer10 

clear chosen zones 

choose zone number 

11 

read properties 

layer11 

clear chosen zones 

choose zone number 

12 

read properties 

layer12 

clear chosen zones 

choose zone number 

13 

read properties 

layer13 

clear chosen zones 

choose zone number 

14 

read properties 

layer14 

clear chosen zones 

choose zone number 

15 

read properties 

layer15 

clear chosen zones 
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choose zone number 

16 

read properties 

layer16 

clear chosen zones 

choose zone number 

17 

read properties 

layer17 

clear chosen zones 

choose zone number 

18 

read properties 

layer18 

clear chosen zones 

choose zone number 

19 

read properties 

layer19 

clear chosen zones 

choose zone number 

20 

read properties 

layer20 

clear chosen zones 

choose zone number 

21 

read properties 

layer21 

clear chosen zones 

choose zone number 

22 

read properties 

layer22 

clear chosen zones 

choose zone number 

23 

read properties 

layer23 

clear chosen zones 

choose zone number 

24 

read properties 

layer24 

clear chosen zones 
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choose zone number 

25 

read properties 

layer25 

clear chosen zones 

choose zone number 

26 

read properties 

layer26 

clear chosen zones 

choose zone number 

27 

read properties 

layer27 

clear chosen zones 

choose zone number 

28 

read properties 

layer28 

clear chosen zones 

choose zone number 

29 

read properties 

layer29 

clear chosen zones 

choose zone number 

30 

read properties 

layer30 

clear chosen zones 

choose zone number 

31 

read properties 

layer31 

clear chosen zones 

choose zone number 

32 

read properties 

layer32 

clear chosen zones 

choose zone number 

33 

read properties 

layer33 

clear chosen zones 
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choose zone number 

34 

read properties 

layer34 

clear chosen zones 

choose zone number 

35 

read properties 

layer35 

clear chosen zones 

choose zone number 

36 

read properties 

layer36 

clear chosen zones 

choose zone number 

37 

read properties 

layer37 

clear chosen zones 

choose zone number 

38 

read properties 

layer38 

clear chosen zones 

!--------------------------  General simulation parameters 

units: kilogram-metre-year 

finite difference mode 

do transport 

Flow solver detail 

1 

Transport solver maximum iterations 

3000 

Flow solver maximum iterations 

10000 

Flow solver convergence criteria 

5e-9 

echo to output 

!--------------------------  Solid Rock flow 

clear chosen nodes 

Choose nodes all 

Initial head 

120 

clear chosen nodes 

choose nodes z plane 
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0.0 

1.e-5 

specified head 

1 

0.0, 420   !time on, head 

clear chosen nodes 

choose nodes z plane 

325.0 

1.e-5 

specified head 

1 

0.0, -72   !time on, head 

clear chosen nodes 

choose nodes z plane 

135.0 

1.e-5 

specified head 

1 

0.0, 30   !time on, head 

clear chosen nodes 

choose nodes z plane 

860.0 

1.e-5 

specified head 

1 

0.0, 240  !time on, head 

clear chosen nodes 

echo flow boundary conditions 

!--------------------------  Solute Transport 

Solute 

name  

18O              !species 1 

free-solution diffusion coefficient 

0.198 !m2/yr 

 

decay constant 

0.0 

end solute 

solute 

name 

2H                !species 2 

free-solution diffusion coefficient 

0.198  !m2/yr 

decay constant 

0.0 
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end solute 

clear chosen nodes 

choose nodes all 

initial concentration 

0.8 

1.1 

clear chosen nodes 

choose nodes z plane 

860 

1.e-5 

specified concentration 

1                  ! number of time panels 

0.0       2500000  0.24  0.67  ! timeon, time off, species concentration 

clear chosen nodes 

 

clear chosen nodes 

choose nodes z plane 

0 

1.e-5 

specified concentration 

2                 ! number of time panels 

0         2450000  0.18  0.5     ! timeon, time off, species concentration  (18O, 2H) 

2450000  2500000  0.63  1.43    ! timeon, time off, species concentration  (18O, 2H) 

clear chosen nodes 

!Fractures 

choose nodes z plane 

520 

1.e-5 

specified concentration 

1                  ! number of time panels 

2450000  2500000  0.18  0.5  ! timeon, time off, species concentration  (18O, 2H) 

clear chosen nodes 

choose nodes z plane 

590 

1.e-5 

specified concentration 

1                  ! number of time panels 

2450000  2500000  0.18  0.5  ! timeon, time off, species concentration  (18O, 2H) 

clear chosen nodes 

choose nodes z plane 

710 

1.e-5 

specified concentration 

1                  ! number of time panels 

2450000  2500000  0.16  0.45  ! timeon, time off, species concentration  (18O, 2H) 
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clear chosen nodes 

!--------------------------  Timestep controls 

concentration control  

0.01 

output times 

1000000 

2400000 

2500000 

end 

initial timestep 

0.1 

 

 

 


