
 

 

Monitoring and modelling groundwater flow 

dynamics in a glacial aquifer system  

with degrading & discontinuous permafrost 

(Umiujaq, Nunavik, Canada) 

 

R. Therrien1,2, J. Molson1,2, J.M. Lemieux1,2, R. Fortier1,2, M. Ouellet3   

J. Barth4, R. Murray1,2, D. Banville1,2, J. Sottas1,2, M. Cochand1,2 

 

 

 

 

(1)              
 
 
 
(2)  

(3) 
             
 
 
(4)  



Umiujaq 

Heginbottom et al. 1995 

Permafrost map of Canada 

Research sites in Canadian permafrost 

Iqaluit  

Colomac 

Mine  



Immatsiak network location 

IKONOS satellite image 
(SPACE IMAGING – July 26th 2005) 
Image draped on a digital elevation model 

South oblique view 
with artificial illumination 
 
Vertical exaggeration 2:1 

Village of 

Umiujaq 

Study  

site 

1 km 

Airport 



Recent climate variability and impacts 

4 

August 18th 1989 

July 18th 2007 



Motivation and Objectives 

• Provincial Groundwater Monitoring 
Network   

• Assess the impacts of climate 
change on  groundwater resources 
(Quebec Climate Change Plan) 

• Immatsiak network (meaning 
“source of fresh water” in 
Inuktitut), Umiujaq 

• Study the groundwater dynamics in 
permafrost environments 

• Hypothesis 1: Improved 
groundwater availability 

• Hypothesis 2:  Groundwater flow 
increases permafrost degradation 
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Drilling campaign June 2012 



Sampling campaign July 2013 
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HEATFLOW/SMOKER Model 
(Molson & Frind 2014) 
 

• 3D Galerkin finite element 

• Deformable brick elements 

• PCG symmetric matrix solver 

• Porous medium & discrete fractures 

• Heat, mean age & mass transport 

• Equilibrium geochemistry 

• Liquid & ice phases, latent heat 

• Picard iteration 
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Borden Thermal Injection (ATES)  
(Molson et al. WRR, 1992) 
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Numerical Simulation Approach: 
HEATFLOW/SMOKER 
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Borden Thermal Injection 
(Molson et al. WRR, 1992) 

 

104 days after injection 





Conceptual Cross-Section 
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Case B: (warmer) 

Base T=  +2 ˚C 

Initial T=  +5 ˚C 

Ice     T=  -5 ˚C 

Air  Tmin= -20, A= +25 ˚C 
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Model Benchmarks 
 

HEATFLOW/SMOKER Model 
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Model Benchmarks: 
HEATFLOW/SMOKER Model 
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Conduction + advection
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Umiujaq Model: Permafrost Hydrogeology 
HEATFLOW/SMOKER Model 
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Umiujaq Isotope Data 2013-2014 



Case A: 

Base T=  +2 ˚C 

Initial T=  +1 ˚C 

Ice     T= -10 ˚C 

Air  Tmin= -25, A= +29 ˚C 



(Yang et al. JGR, 1996) 

Black Smoker Simulation 
Smoker Heat Transport Model 
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Simulated Subsurface Temperature Profiles 
Heatflow model (Molson & Frind, 2009) 
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• Thermal conduction 
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Groundwater – Surface Water Interaction: 

Use of thermal regimes to quantify contaminant discharge 
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Numerical simulation of coupled groundwater 

flow and heat transport in a continuous 

permafrost environment : Iqaluit, Canada 

Masoumeh Shojae Ghias, René Therrien, John Molson, 

Jean-Michel Lemieux 

Université Laval, Quebec City, Canada 



Iqaluit  

Heginbottom et al. 1995 

Permafrost map of Canada Iqaluit airport 

• Latitude of 63º45’ N 

• Continuous permafrost 

• Mean Annual T: -7.76 C 
 

 

Study site: Iqaluit airport 

http://upload.wikimedia.org/wikipedia/commons/c/c5/Airbus_A380_in_Iqaluit_02.jpg


Thaw settlement    Resurfacing  

Current Issues at Iqaluit airport 

 Frost cracks   Depressions  Concrete patch  

 Ice wedges 



Site investigation at Iqaluit airport 

11
.8
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m

 

Borehole location   

2010-2011-2013 

Surface and subsurface geology 

• Drilling, coring  

• Geophysical survey 

• Lab analysis 

Climate related data 

• Surface and subsurface T 

• Snow depth 

Ground movement 



Thermistor Drilled hole 

Conceptual Geological Cross-section 

Runway  

N S 

Deltaic 



• 3D finite element  

• Freezing and thawing and latent heat 

• Partially saturated zone for thermal transport  

• Coupled density dependent flow and thermal transport 

  

HEATFLOW-SMOKER MODEL(Molson et al. 2012) 

  Validation of HEATFLOW-SMOKER  

 

• Numerical vs. analytical model 

 (Lunardini, 3-zone freezing-front problem) 



1. Calibration 

 
 
 

     
 

2. Designed scenarios 

      SR-1.Saturated vs. unsaturated 

      SR-2.Advection-conduction vs. conduction heat transport 

      SR-3.Heterogeneous hydraulic conductivity distribution   
 

Tair Obs. 1971-2013 

Initial heat distribution 
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Result 
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Equilibrium point 

Coupled heat-fluid flow model 
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Conceptual model  
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Sensitivity Analysis 
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SR-B1Comparing climate scenario IPCC A2 (2011–2100) to current         

climate(1971-2000):  

 

•     Absolute Temperature increase: +3.22 ˚C  

 

 

•     Relative Precipitation change:  20.24% 
 
 

Average monthly data for the current and future climate, 
IPPCC (2011-2100)  

Future climate warming scenarios 

 

 

• Data from GCM (AR4, IPCC 2007) 

 

 

• SR-B1, SR-A1B, SR-A2 ( low, medium and high 

greenhouse gas emission scenario) 

 

 

• Time period: 2071–2100 

 

 

• Downscale method : Delta change 

 

 



Sr-1: effects of saturated vs unsaturated on permafrost   

Permafrost 

Permafrost 

Permafrost 

Permafrost 



SR-1: Comparison of completely saturated and partly unsaturated model on 

permafrost thaw under future climate warming 

2013-2100 

2101-2190 

2191-2280 

Result Plotted for the last September of each warming period 
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SR- 1. Temperature changes as a function of time at a 

2.5 m depth 
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Conclusion  

 Calibration of simplified 2D model 

 Best for Winter months 

 Greater difference for spring and early summer   

  

 Key parameter : thermal conductivity of the uppermost soil layer 

 

 Saturated vs. unsaturated upper zone 

 Differences are greater for negative temperatures at surface 

 Active layer expands faster under the same climate warming 

 Deeper permafrost table 
  
 
 
 
 
 



Ongoing work  

SR- 2. Conductive vs advective conductive model 

Conduction model Conduction-advection model 

Permafrost Permafrost 



Ongoing work  

  
SR-3. Effects of heterogeneous hydraulic conductivity on permafrost 

Natural layer Random K field 
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Immatsiak network location 

IKONOS satellite image 
(SPACE IMAGING – July 26th 2005) 
Image draping on a digital elevation model 

South oblique view 
with artificial illumination 
 
Vertical exaggeration 2:1 





Site Description 

 

89 

Wells location 
Satellite image 

LIDAR DEM Surficial deposits 



Basic site investigation 

90 

Cryohydrogephysical investigation (NanoTEM) – 3D 
geological model of the basin catchment 





Recharge: 
Zero flux plane method 





Hydrocarbon Contamination in Fractured Rock  
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Interest in Northern Hydrogeology 

• Guidance on petroleum impacts 
in Canadian North 

 

• Expanding resource activity & 
contaminated sites legacy 

 

• Hydrogeological knowledge gap 
in cold-climate regions 

 

• Role of permafrost & seasonal 
active layer on groundwater 

Colomac Mine (2005) 
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Modified after Google Earth (2007) 
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Canadian Permafrost Zones 

• Text 
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Mine 

Modified after NRCan (2005) 
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Colomac Mine 
(looking south circa 1997) 

Photo Courtesy of INAC 
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Objectives 

• Characterize fractured bedrock 
permeability & contaminant 
distribution 

 

• Document dynamics of subsurface 
thermal regime 

 

• Explore geochemical evidence for 
intrinsic bioremediation 

 

• Refine conceptual model of local 
groundwater system 

Colomac Mine (2005) 



Monitoring Network 

• 33 bedrock 
monitoring 
boreholes 
 

• 10 thermistor arrays to 15 
m depth 

 

• 3 thermistor arrays at 
base of barrier wall 

 

Flow 



Steeves Lake 

BH103 

BH15 

Thermistor array 

Steeves 
Lake 

Subsurface Temperature Profiling 



Subsurface Temperature Profiling 

April 12, 2006 to March 30, 2007  

BH15 (Shoreline) 
Summer Winter 



Conceptual Model: 
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Numerical Simulation Approach: 

3D Porous Matrix: 

2D Fractures: 

Fracture 
velocities: 

2(2 )
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Flow Simulation 
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Flow Simulation 



Simulated Subsurface Temperature Profiles 
Heatflow model (Molson & Frind, 2009) 
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Processes included:  
• Thermal conduction 
• Latent heat due to freeze/thaw 
• Surface thermal insulating layer 



Well 2 

Well 13 

Simulated temperature profiles: Colomac site 

Observed 

Simulated 

Conduction only, no flow 
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Groundwater Geochemistry 

• Discrete samples from 
features identified in 
permeability profiling 

 

• Petroleum impacts in most 
wells 

 

• Uniform inorganic chemistry 
observed 

 

• Volatile fatty acids suggest 
intrinsic bioremediation 
occurring 
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Substrate/Electron Acceptor/Microbe Coupling 
BIONAPL / 3D 

Microbes Substrate Electron Acceptor 
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Simulated Gasoline Spill 
Heterogeneous Porous medium: Realization 5 

benzene, 100 days
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Simulated Gasoline Spill 
Fractured Porous Medium 
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Summary 

• Seasonal dimension to 
groundwater system 
but deeper portions 
always active 

 

• Absence of permafrost 
above 15 m depth 

 

• Indicators of intrinsic 
bioremediation 
present 

Colomac Mine (2007) 
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