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Research sites in Canadian permafrost
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Immatsiak network location
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Recent climate variability and impacts
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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
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Sampling campaign July 2013
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November 2014
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Conceptual Cross-Section
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HEATFLOW/SMOKER Model e ot 9013

(Molson & Frind 2014) ” It
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Numerical Simulation Approach: |
HEATFLOW/SMOKER Surface b.c..
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Viscosity (kg/m-day)

Density (kg/m®)
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Borden Thermal Injection
(Molson et al. WRR, 1992)

104 days after injection
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The Borden Thermal Injection Experiment
HEATFLOW/3D Simulation

(seeMolson et al., Water Resour. Res., 28 (10), 2857-2867, 1992)
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Permafrost Evolution: Umiujaq
Temperature & flow lines

Case B: (warmer)
Base T= +2°C

Initial T= +5 °C
lce T= -5°C
Air T

min

=-20,A=+25"°C
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Permafrost Evolution: Umiujaq
Temperature & flow lines

365.00 days
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Model Benchmarks

HEATFLOW/SMOKER Model

Heatflow/Smoker Model 7
3D Thermal Energy Storage Simulation
Borden Field Experiment.: 104 days after injection ‘
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Model Benchmarks: P
HEATFLOW/SMOKER Model
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Benchmark TH2
SMOKER Model (Molson & Frind, 2014)
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Elev. (m)
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Benchmark TH2
SMOKER Model (Molson & Frind, 2014)
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Benchmark TH3 ~ SMOKER Model (Molson & Frind 2014)
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Validation: Stallman (1965) Solution
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Validation: Discrete Fractures
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Elev. (m)
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Umiujag Model: Permafrost Hydrogeology

HEATFLOW/SMOKER Model

Hydraulic heads and streamlines
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Permafrost Evolution: Umiujaq
Temperature & flow lines

100 years
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200.2

Black Smoker Simulation
Smoker Heat Transport Model

Heat flux across sea floor

(Yang et al. JGR, 1996)
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Simulated Temperature Distributions
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Simulated Subsurface Temperature Profiles

Heatflow model (Molson & Frind, 2009)
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Benchmark TH3 SMOKER Model (Molson & Frind 2014)
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Groundwater — Surface Water Interaction:
Use of thermal regimes to quantify contaminant discharge

stream
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HEATFLOW Model: 3D Ice Wall Numerical Simulation

Unfrozen Water Saturation

Temperature
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Conceptual Model:
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Hydrodynamic Dispersion vs. Thermal Diffusivity

Mass Transport Heat Transport

D*=1.5x10°m2/s K =9.5%x10"7 m?/s

200 days | 200 days
&
i!

'||£|1|i|é||
X (m)

Temp. (°C)
Conc. (g/L)

1
0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

V; =10 cm/d
2b= 400 ym



Elevation {m)

60

20

40

30

20

10

0.0 days

10

. ..E.D == S.D.... :

Distance {m)

40

HeatFlow Simulation
Cambridge Thermal Tracer

2b =500um
uniform initial temp = 12°C
thermal input rate =10 W/m

ATemp (°C)
(contour cutoff = 0.001°C)
. 1
049
— 08
07
06
05
04
0.3
0.2
0.1
0.01
0




Elevation relative to the mean sea level (m)
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Le pergélisol: quelques concepts
(profil thermique , définitions du pergélisol et du mollisol)

Z(m)

Température
surfaoe T<OC C T>OC)T(C)
du SOl \\’le ((\\’«\ ‘ :
§ mollisol

. 0\“/ 'y plafond du

& pergélisol
L
é‘

profondeur de
'amplitude nulle de
température 8
pergélisol
gradient

géothermlque

______ X ~_ basedu

pergélisol

sol
non cryotique
pérenne
Profondeurv

Mollisol:
couche superficielle
affectée par les cycles
de gel-dégel.

Pergélisol:
sol ou roche dont la
tempeérature demeure
sous 0 °C durant au
moins deux années.




Deuxiéme exemple d’un bassin versant a Umiujaq
(investigation hydrogéologique:
campagne de forages a I'été 2012)

SCHEMA DU PIEZOMETRE No. 09000003 (Site 2)
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Socle rocheux (basalte)
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Deuxieme exemple d’un bassin versant a Umiujaq
(investigation cryohydrogéophysique:
coupe hydrostratigraphique interprétative)

Elévaton (m)
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Richard Fortier



Deuxieme exemple d’un bassin versant a Umiujaq
(investigation hydrogéologique:
coupe cryohydrostratigraphique interprétative)

Altitude par rapport au niveau moyen de la mer (m)

140

120

100

40

20

Nord-est

Sud-ouest Nord-ouest
A DR IR N G A W OO ] N R O T N (R I T T P T (RS S T S W R YR T B Y A R

Sud-est

Site 1

400

600

800

1000

1200 1400

Distance (m)

1600

Légende

=0 Sédiments Ittoraux ot prélttoraux (sabies) - Md

=0 Sediments intertidaux (sables ) - My

== Séciments fins d'eau profonde (sits) - Ma

=0 Sédiments d épandage proglaciaire (sables ot graviers) - Gs
 Séciments de morame frontale (graviers, blocs ot calloux) - GxT
 Socke rocheux - roches igndes intrusives RI

== Charge hydraulique (aquifére profond)

vors lo loc Guitaumne-Delsle (2.2 km)
—_—

1800 2000 2200 2400 2600

IIT]ITTIIIIIITTIIIIIT!'IUIIIII







Numerical simulation of coupled groundwater
flow and heat transport in a continuous
permafrost environment : lgaluit, Canada

Masoumeh Shojae Ghias, René Therrien, John Molson,
Jean-Michel Lemieux

Université Laval, Quebec City, Canada

ol UNIVERSITE
2. LAVAL



Study site: Igaluit airport

Permafrost map of Canada Iqgaluit airport
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Current Issues at Igaluit airport

Thaw settlement Ice wedges

Resurfacing
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Site Investigation at Igaluit airport

Surface and subsurface geology
* Dirilling, coring

« Geophysical survey

« Lab analysis

Climate related data

e Surface and subsurface T
* Snow depth

Ground movement

. o Borehole location
Borehole location , ﬁ 3 gg:-z%;;t
~il'F. | @ DdH_2013

2010-2011-2013
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HEATFLOW-SMOKER MODEL (Molson et al. 2012)

3D finite element cturewetwork

Freezing and thawing and latent heat

. Partially saturated zone for thermal transport = = = g:
im 0< | | - — Iig
0 50 Dista1r?(%(m) 150 200
* Coupled density dependent flow and thermal transport
Validation of HEATFL OW-SMOKER I
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Lunardini analytical solution

D Smoker (Lunardini test parameters)
(every 4th node shown)

* Numerical vs. analytical model

Temperature (°C)

(Lunardini, 3-zone freezing-front problem) B
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Coupled heat-fluid flow model

1. Calibration
Equilibrium point Equilibrium point 2013

oy lair Obs. 1971-2013
Initial heat distribution Initial head distribution

2. Designed scenarios

SR-1.Saturated vs. unsaturated
SR-2.Advection-conduction vs. conduction heat transport
SR-3.Heterogeneous hydraulic conductivity distribution

2013 2100 2190 2280 2370
9 Result Result Result

Tair+P scen. Tair+Pscen Tair+Pscen. Tair+Pscen.
(2013-2100) (2101-2190) (2191-2280) (2281-2370)

Starting point for all the designed scenarios
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Depth(m)

35 -
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40 -

Model calibration
Temperature for the last year of simulation for 1971-2012

Monthly Min., Mean and Max. Temperature

Temperature(c C)
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50 ——
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— Observed

4.45% of the total temperature range




Sensitivity Analysis
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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

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

permafrost thaw under future climate warming

Result Plotted for the last September of each warming period
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40
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SR- 1. Temperature changes as a function of time at a
2.5 m depth
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Conclusion

v' Calibration of simplified 2D model
v' Best for Winter months
v Greater difference for spring and early summer

v Key parameter : thermal conductivity of the uppermost soil layer

v/ Saturated vs. unsaturated upper zone
v’ Differences are greater for negative temperatures at surface
v’ Active layer expands faster under the same climate warming
v Deeper permafrost table



Ongoing work
SR- 2. Conductive vs advective conductive model

Conduction model Conduction-advection model
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Ongoing work

SR-3. Effects of heterogeneous hydraulic conductivity on permafrost

Natural layer Random K field K
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Permafrost in Northern Québec
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- Discontinuous and
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Immatsiak network location

South oblique view

IKONOS satellite image
with artificial illumination

(SPACE IMAGING — July 26th 2005)

Image draping on a digital elevation model
Vertical exaggeration 2:1



Le pergélisol: quelques concepts
(types d’aquifére en régions nordiques et talik ouvert ou fermé)

(inspiré de Haldorsen et coll. (1996) et van Everdingen (1990))
pergélisol

mollisol
(aquifére de
suprapergélisol)

talik
cryopeg
/’ uvert basal

<«
talik *.___ écoulement /

D o — de l'eau
ouvert\ e
bt aquifére de souterraine
(aquifore subpergélisol =

d'intrapergélisol)
flux de chaleur

lac

riviére (talik fermé) Source

géothermique




Site Description
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Basic site investigation

Légende
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140 —~ Sédiments intertidaux (sables) - Mi

Sédiments fins d'eau profonde (silts) - Ma

Sédiments d'épandage proglaciaire (sables et graviers) - Gs

Sédiments de moraine frontale (graviers, blocs et cailloux) - GXT

Socle rocheux - basalte (Groupe de Richmond Gulf - Formation de Persillon)
Socle rocheux - arénite (Groupe de Richmond Gulf - Formation de Pachi)
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Hydrocarbon Contamination in Fractured Rock
at the Colomac Mine Site, NWT
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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

Colomac Mine (2005)

Role of permafrost & seasonal
active layer on groundwater






Canadian Permafrost Zones

Fort Simpsen:

Sporadic

Fart:Frevidence

Hay River Fort Resalution




Photo Courtesy of INAC

Mill

Machine Shop

Tank Farm

Free-Phase
Discharge

Camp




Objectives

e 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
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Subsurface Temperature Profiling
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Conceptual Model:
Permeable matrix 7 w
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Numerical Simulation Approach:
HEATFLOW/SMOKER Model (Molson & Frind 2009)

3D Porous Matrix:
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Natural Thermal Source Model

Flow Boundaries:
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Flow Simulation

Steady State Hydraulic Head
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Simulated Temperature Distributions
(2b=500m)
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Heatflow Simulation:
Surface Temperature Source
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Simulated Subsurface Temperature Profiles

Heatflow model (Molson & Frind, 2009)
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Simulated temperature profiles: Colomac site

Conduction only, no flow

— Well 2

0FE

Temperature (celsius)

14

7250 7300 7350 7400 7450 7500 7550 7600

Time (days)

—— Observed

— Simulated

Well 13

14F

iy
(o]

12;&\ }

i‘

=

_;:1{ %{&\\: ;
e

Ze55

2

o~
= N

Temperature (Celsius)
o &» A N O N B O ®
1} RERES RRREN LRRRE 1 __.’IIII IRERE BRERI RARMI
—/
7

N

1
—_
o
TTTTTT

2,

6800

7000

7200

Time (days)

7400

7600




HEATFLOW Model: 3D Ice Wall Numerical Simulation

Unfrozen Water Saturation
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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
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Simulated Gasoline Spilll

Heterogeneous Porous medium:
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Simulated Gasoline Spill
Fractured Porous Medium
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