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Abstract

Groundwater processes in subarctic regions are poorly understood, particularly in areas of
sporadic permafrost (perennially frozen ground underlying 0-50% of the landscape). Permafrost
acts as an impermeable boundary to groundwater flow and can control porewater movement and
storage. The objective of this thesis is to develop a conceptual understanding of how permafrost
thaw caused by climate change will impact groundwater flow in watersheds underlain by
sporadic permafrost. I use field data from Granger Basin, a headwater catchment in the Wolf
Creek Research Basin, Yukon, Canada, to develop an archetypal model using the USGS
saturated-unsaturated variable-density groundwater flow model with dynamic freeze-thaw
functionality (SUTRA-ice). Capacitive-coupled resistivity and ground penetrating radar were
used to map permafrost and depth to bedrock. Simulations show that the presence of permafrost
influences patterns of groundwater discharge (exfiltration) to surface water. Specifically, a fill-
spill mechanism occurring in late summer where groundwater accumulates upslope sporadic
permafrost blocks until it is rapidly released upon reaching a threshold water level. As a result of
this mechanism, with the presence of permafrost there is an increase in late summer exfiltration
as a result of spill events. As permafrost thaws the fill-spill mechanism is diminished, and within
decades there are no longer spill events. The net result is that permafrost thaw can lead to a
decrease in late summer groundwater exfiltration, with potential impacts on the subarctic

hydrologic cycle including changes in ecohydrology function and water resources.
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Résumé

Les mécanismes affectant I’écoulement de 1’eau souterraine dans les régions subarctiques sont
relativement méconnus, en particulier dans les zones ou le pergélisol est sporadique (i.e. 0 a 10%
du territoire est couvert par un sol gelé en permanence). Le pergélisol joue le role d’une barri¢re
imperméable a I’écoulement de I’eau souterraine et peut par le fait méme restreindre le mouvement
et I’emmagasinement de I’eau dans les pores du sol. L’objectif de ce projet est de développer une
compréhension conceptuelle des impacts de la dégradation du pergélisol sur I’écoulement des eaux
souterraines dans les bassins versants subissant des changements climatiques. Des données prises
dans le bassin versant Granger, situé¢ dans la partie amont du Wolf Creek Research Basin au Yukon,
Canada, ont été utilisés pour développer un modéle avec SUTRA-ice, le code numérique de
I’USGS qui simule I’écoulement des eaux souterraines dans les milieux saturés et non-saturés, le
transfert de chaleur par conduction, advection et convection et les impacts dynamiques du gel et
dégel du sol. Des levés de résistivité €lectrique et de géoradar ont été réalisés pour localiser le
pergélisol et le roc. Les résultats des simulations démontrent que la présence de pergélisol
influence les tendances de décharge des eaux souterraines vers la surface (exfiltration). Plus
précisément, un mécanisme de remplissage et de déversement (fill-spill) de I’aquifére en amont du
pergélisol, ou I’eau souterraine s’accumule pour ensuite se déverser rapidement dans 1’aquifére en
aval lorsque le niveau de la nappe atteint un seuil critique, est observé. Il y a donc une augmentation
de I’exfiltration a la fin de I’été, causée par les épisodes de déversement et la présence de
pergélisol. L’impact du fill-spill sur I’exfiltration est considérablement diminué alors que le
pergélisol se dégrade et, aprés quelques décennies, il n’y a plus d’épisodes de déversement. Au
bout du compte, la dégradation du pergélisol peut mener a une diminution de 1’exfiltration des
eaux souterraines a la fin de 1’été ce qui peut affecter le cycle hydrologique des régions

subarctiques et, par le fait méme, la biodiversité et les ressources en eaux.
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1 Introduction

Arctic and subarctic regions are experiencing hydrologic change as a result of rising temperatures
due to climate change. With a trend of increased thawing in the Arctic, groundwater is expected
to become more important in the hydrologic regime, though there is very little known about
hydrogeologic systems in the north. Due to the impermeable nature of frozen soils and permafrost,
groundwater primarily flows above the permafrost table in the seasonally-thawed active layer, or
through perennially unfrozen zones called taliks (Walvoord and Kurylyk, 2016). The thawing of
permafrost presents a positive feedback loop, where an increase in active layer thickness and talik
area allows for more groundwater flow, which in return can induce more thaw (McKenzie and
Voss, 2013). Over recent decades, researchers have observed a continuous decrease in the
thickness and distribution of permafrost (Osterkamp, 2005; Romanovsky et al., 2010), though the

ultimate effects of these changes on groundwater systems are uncertain.

Groundwater is an essential component of northern hydrological systems. It supplies water to
rivers, lakes, and wetlands, drives ecohydrological functions and fisheries, and is a key component
of water resources. Increases in winter groundwater baseflow and annual discharge are already
observed in the north (e.g., St. Jacques and Sauchyn, 2009), but our understanding of groundwater-
surface water interactions needs to be improved to predict future responses to climate change. This
thesis focuses on utilizing existing data in conjunction with field observations to create a two-
dimensional simulation of groundwater flow and heat. The study site, Wolf Creek Research Basin,
Yukon Territory, is representative of the interior subarctic cordilleran landscape that has been the
focus of many research projects relating to hydrology, biology, and climatology. The basin is
underlain by sporadic permafrost, which has unique impacts on northern hydrological processes
due to its scattered nature. The research objective is to develop a conceptual understanding of the
processes that control groundwater in northern mountain environments with sporadic permafrost,

and to assess the long-term impacts of permafrost thaw on hydrologic regimes.



2 Literature Review

2.1  Mountain Groundwater Systems

Almost 40% of the world’s population depend on rivers originating in high mountains for their
water supply (Viviroli et al., 2019). In high mountain systems, groundwater was arguably
neglected in early research and assumed to be a negligible component of the water budget (Somers
and McKenzie, in review). In the past two decades field-based and modeling studies have shown
that mountain groundwater has a critical role in water storage and transport (e.g., Somers and
McKenzie, in review; Hayashi, 2019). In the hydrologic cycle of the North American Rockies,
rivers and streams typically have a short high-flow period during the spring snowmelt (called
freshet), followed by a long low-flow period sustained by groundwater discharge. The volume and
timing of the snowmelt is highly influenced by the snowpack thickness, spring temperature, and
the amount and timing of spring precipitation (Paznekas and Hayashi, 2016). Once headwaters
freeze over, groundwater still sustains an almost negligible amount of stream and river flow that
is very consistent year to year (often called baseflow). Though freshet is the most significant event
for mountain hydrological regimes annually, these low-flow periods are important for aquatic

habitats, run-of-river hydropower generation, and downstream water supply (Hayashi, 2019).

Somers and McKenzie (in review) identify three main ways that groundwater processes in
mountain regions differ from lower elevation sites. First, flow paths and discharge rates are
influenced by higher hydraulic gradients (Forster and Smith, 1988). Second, due to the high-energy
depositional environments and glacial processes in mountain regions, the near surface
hydrogeologic stratigraphy can be more complex (Cairns, 2014). Finally, the higher relief of
surface topography allows for deeper groundwater systems, recharging both local systems and
regional and continental scale flow systems, with potential influence from the geothermal

temperature gradient (Forster and Smith, 1988).

Within mountain environments, mountain or alpine permafrost can form. Permafrost is frozen
ground where temperatures are perennially below 0 °C. It is typically found in northern latitudes
(typically over 60°N) and high elevations. In high latitudes, permafrost is sporadic and exists due
to low temperatures and minimal snow cover (Zhang, 2005). It has been proposed that regardless

of latitude, mountains over 500 m in elevation such as the Rocky Mountains, Alps, Pamirs, Tien



Shan, Altai, and the mountain regions of Mongolia and Japan, can also contain discontinuous or
sporadic permafrost (Gorbunov, 1978). Its existence in high altitudes is closely linked to climate
(Guodong and Dramis, 1992) and one third of global permafrost is found in mountainous terrain

(Hock et al., in press).

2.2 Permafrost Hydrology

Currently, approximately 24% of terrestrial land in the Northern Hemisphere is underlain by
permafrost (Lemke et al., 2007), but this number is decreasing rapidly as climate warming induces
thaw. There are four classifications for permafrost distribution based on the area as a percentage
of the total landscape: continuous (90-100%), discontinuous (50-90%), sporadic (10-50%), and
isolated (0-10%) (Brown et al., 1998). Though the boundaries between the different permafrost
classification zones can be ambiguous, subarctic regions generally contain sporadic or

discontinuous permafrost. This thesis will be focused on sporadic permafrost.

2.2.1 Sporadic Permafrost

Sporadic permafrost is found in high latitudes and elevations, generally due to cold temperatures
and thin snow cover (potentially as the result of blowing wind). Snow is a strong insulator and can
significantly insulate soil temperatures. On the North Slope of Alaska, Zhang et al. (1997) found
that fresh, low density snow could keep the mean ground surface temperature 20 °C warmer than
the mean monthly air temperature. Snow can insulate over six times more effectively than soil for
equivalent depths due to its extremely low thermal conductivity, making the depth and density of
the snowpack very important for permafrost distribution (Pomeroy and Brun, 2001). In the western
mountain ranges of North America, low winter snow cover and high winds are major factors for
promoting permafrost formation (Harris and Giardino, 1993). The timing of snowfall events in
relation to the winter drop in air temperatures is significant for the ground thermal regime (Zhang,
2005). Thick snowpack formation prior to extensive heat loss in the ground can create unfavorable
conditions for permafrost development. Mountain environments that consistently have heavy
winter snowfall will typically develop glaciers rather than permafrost where cool ground surface
temperatures are required (Harris and Corte, 1992). In high latitudes, peatlands can also drive
sporadic permafrost formation due to insulation from dried peat in the summer, and heat loss driven

by the high thermal conductivity of ice-rich peat in the winter (Zhang, 2005). The patchy



development of sporadic permafrost creates a heterogeneous landscape with scattered

impermeable boundaries for groundwater flow.

2.2.2  The Impact of Slope Aspect in Subarctic Environments

In high latitudes, north and south facing slopes exhibit different hydrologic processes as a result
of south facing slopes receiving more solar radiation. The slope aspect drives variation due to
vegetation, soil surface cover (organic mat vs. leaf litter), frozen ground conditions, snowpack
thickness, snowmelt timing, and runoff mechanisms (Carey and Woo, 1998). Permafrost generally
does not form beneath south facing slopes or flat pasture due to dry soil moisture conditions and

warmer summer soil temperatures (Ishikawa et al., 2005).

A study of two hillslopes in the subarctic Wolf Creek Research Basin, Yukon Territory, Canada
by Carey and Woo (1998) examined the differences between a north and south facing slope.
Results showed that the north facing slope, which was underlain with permafrost, exhibited
shallow subsurface flow confined to the active layer during freshet. Due to the thin organic layer
of the slope, water can infiltrate the frozen organic soil, but the ice rich substrate blocks deep
percolation. Runoff processes on the north facing slope are lateral, travelling along intermittent
rills fed by diffuse and pipe flows. For the south facing slope, snow meltwater can infiltrate the
frozen silt without generating runoff due to it only being underlain by seasonal frost. Evans and
Ge (2017) showed that hillslopes with seasonally frozen ground typically have more discharge due
to the larger temporal window of potential infiltration, but with climate warming permafrost slopes
will experience the highest percentage of change in discharge due to increasing active layer

thickness.

2.3 Groundwater in Permafrost Environments

Hydrogeologically, frozen ground, including permafrost, acts as an impermeable boundary to
groundwater flow due to ice-filled pores blocking groundwater flow (Williams and Smith, 1989).
When pore ice melts, it increases permeability which can change groundwater flow rates and
patterns and increase the infiltration rate of surface water into the ground. Permafrost limits
shallow groundwater flow to the seasonally thawed active layer above it and taliks. Deeper
groundwater systems exist below the permafrost layers, known as sub-permafrost aquifers (Woo,
2012). Combinations of these flow systems can sustain perennial flow networks between aquifers

and surface waters through unfrozen pathways (Walvoord and Kurylyk, 2016).



2.4 Permafrost Thaw and Impacts

Rising temperatures at northern latitudes are already triggering permafrost warming and thawing,
with models showing potential large-scale losses of near-surface permafrost (Slater and Lawrence,
2013). Climate models predict that 29-90% of the area that is currently underlain by permafrost
will lose a significant amount in the next 80 years, with most areas becoming permafrost-free by
2300 (McGuire et al., 2018). As this happens, permafrost hydrogeology will be transformed in
some regions, changing the role of groundwater in northern basins. Two major changes that could
occur are (1) newly formed open taliks will facilitate flow between sub and supra-permafrost
aquifers, draining lakes and wetlands and (2) increased recharge and discharge through newly
activated aquifers can lead to expanding surface water bodies (Walvoord and Kurylyk, 2016).
Increased groundwater flow due to the thickening of the active layer can also create a positive
feedback due to heat advection, further accelerating the rate of permafrost thaw (McKenzie and
Voss, 2013). There is still much uncertainty on how northern watersheds will respond because of

nonuniform permafrost degradation and the heterogeneity of northern landscapes.

Studies have reported increases in mean annual discharge and baseflow from northern rivers,
showing increased connectivity occurring as permafrost thaws (Walvoord and Striegl, 2007; Déry
et al.,2009; Connon et al., 2014). Bense et al. (2009) used a numerical model to examine increases
in Arctic river discharge, noting that the increase can be attributed to shallow supra-permafrost
groundwater systems, but as permafrost thaws deeper flow paths can also form. Muskett and
Romanovsky (2009) showed using remote sensing that in Arctic basins when there is permafrost
and talik development, 80% of river discharge is baseflow. But when there is a higher percentage
of permafrost and poorly developed talks underlying the basin, only 50-60% of total discharge is
baseflow in the early summer. Later in year the proportion increases to similar values as low-
permafrost basins later due to differences in storage. The literature highlights that new pathways
and increases in storage due to permafrost thaw will continue to influence northern hydrology. Ge
et al., 2011 showed that there could be increases in groundwater flow due to increased warming,
but only if there is enough upgradient water to replenish shallow groundwater systems. Studies
show that overall there will be increases in precipitation, notably an increase in rainfall and
decrease in snow, which will affect the timing and storage of major recharge events (Callaghan et
al., 2011; Bintanja and Andry, 2017), Wetland systems are expected to experience shifts in
distribution as well. For example, Lamontagne-Hall¢ et al. (2018) showed through models that the

5



thickening of the active layer can affect wetland distribution due to changes in discharge along the

slope.

Permafrost thaw will impact northern communities, physically changing the landscape and
potentially water sources. Slope instability and land subsidence will impact infrastructure
(Kurylyk, 2019). While new groundwater pathways and taliks may impact water sources by
draining lakes and wetlands (Smith, 2005), they may also enhance groundwater availability in

other areas and open new water resources for northern communities (Lemieux et al., 2016).

2.5 Hydrogeological Modelling

Similar to mountain watersheds, subarctic and Arctic environments are challenging to study,
monitor, model, and extract data from due to extreme conditions and often very remote access.
The result is a general shortage of northern groundwater data, and for sites where data does exist,
there is typically a short time series preventing in depth analyses (Woo et al., 2008). One tool to
overcome these limitations is using numerical groundwater models designed for cold regions, often
called cryohydrogeologic models. These models have become an important tool to study how these
environments function and will change over time. Cryohydrogeologic models are typically
coupled models that simulate groundwater flow and energy transport simultaneously and includes
dynamic freeze-thaw effects (Grenier et al., 2018). Groundwater flow mechanisms are typically
based on a multidimensional form of Darcy’s equation, while the energy transport equation is used
to describe heat transfer through conduction, advection, and latent heat released or absorbed
through freezing and thawing (Lamontagne-Hall¢ et al., in review). Often these models are
archetypal with an aim to develop a conceptual understanding of cold-regions groundwater
systems and how they will respond to warming (Bense et al., 2012; Frampton et al., 2013;
McKenzie and Voss, 2013; Lamontagne-Hall¢ ef al., 2018). Due to the challenges associated with

cryohydrogeological research, there is very little field validation and application of these models.

3 Site Description

The Wolf Creek Research Basin is approximately 15 km southwest of Whitehorse, Yukon
(60°30'N, 135°10'W) and is a part of the Yukon River Watershed (Carey and Woo, 1998; Error!

Not a valid bookmark self-reference.). The basin drains an area of 200 km?. Average annual

6



temperature is -3 °C and it receives around 350 mm of precipitation annually, with about 40%
falling as rain (Sicart et al., 2006). Established as a field research site in 1992, over 25 years of
discharge data exist for this watershed, along with results from vegetation, snow survey, and water
chemistry studies. Since most studies have focused on surface processes, the nature of regional

hydrogeology is not well understood.

A Mount Granger % Outflow Point
(60° 32'47.8" N, 135° 11’ 2.78")
== Granger Creek

~= Granger Basin

.v b Whitehorse

1
1360 m

O -

Figure 1. Map of Granger Basin with insert showing location within the Wolf Creek Research
Basin relative to Whitehorse, Yukon Territory, Canada. Red line marks the transect used for field
data collection. Imagery source: Google Earth

This research project focuses on Granger Basin, a headwater catchment with an area of
approximately 7.6 km? (60°31' N, 135°11’ W) and an elevation range of 1,310 to 2,250 m above
sea level (Carey et al., 2013). The geology of the basin is primarily sedimentary, consisting of
limestone, sandstone, and conglomerate overlain by glacial till. In the central part of the Wolf
Creek Research Basin where Granger Basin is located, greywacke, arkose, quartzite,
conglomerate, siltstone, argilite, hornfels of the Laberge Group of Lower Jurassic and later ages

outcrop along with glacial deposits and wind-blown material (Seguin et al., 1998). Previous
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studies have predicted that 50-90% of the basin is underlain with permafrost (Lewkowicz and
Ednie, 2004). Granger Basin has been the subject of multiple hydrological studies since the
inception of Wolf Creek research (Carey and Quinton, 2004; McCartney et al., 2006; Dornes et
al., 2008; Shirazi et al., 2009; Boucher and Carey, 2010; Carey et al., 2013; Lessels et al., 2015).
The basin contains both north and south facing slopes, which affect permafrost distribution
patterns due to the basin’s northern latitude. Carey and Woo (1998) showed that slope aspect can
determine what hydrologic processes dominate northern hillslopes due to the different amounts of
solar radiation that reaches the surface. The warmer south-facing slopes typically only have
seasonal frost and are dominated by vertical flow processes while north-facing slopes are

dominated by lateral flow processes due to sporadic or discontinuous permafrost.

Though Granger Basin is relatively well studied, groundwater research has been primarily on the
near-surface unsaturated zone composed of organic material, where shallow groundwater flow
occurs on the north-facing slope, and infiltrates deeper into the mineral soil on the south-facing
slope (Carey and Woo, 1998). This thesis will focus on the deep groundwater system (below 1 m)
that is saturated year-round and how this system is integrated into the larger hydrological system

in subarctic environments.



4 Methods

4.1 Geophysical Data Collection

To develop an understanding of subsurface permafrost distribution and depth to bedrock to serve
as a foundation for our cross-sectional numerical model, geophysical methods were used to image
the subsurface. A combination of capacitive coupled resistivity (CCR) and ground penetrating
radar (GPR) surveys were used to identify permafrost and bedrock features, similar to the
methodology used in De Pascale et al. (2008) and Angelopoulos ef al. (2013). The primary survey
line was along a transect perpendicular to Granger Creek near the mouth of the basin. Upon
processing the data, a final product was created by combining the results of the two datasets.
Attempts to validate the geophysical results using a portable auger failed due to terrain difficulties

(Supplementary Materials 1).

4.1.1 Data Acquisition

Capacitively Coupled Resistivity (CCR) surveys were made on March 26 and 27, 2018. Three
survey lines were captured: the first two-thirds up the north-facing slope of the basin to the western
bank of Granger Creek, the second continuing along the same line from the eastern bank of
Granger Creek to two-thirds up the south-facing slope, and the third east-west line parallel to
Granger Creek on the west bank (Figure 2). The first two lines were combined to produce a north-
south transect totaling 500 m, while the east-west line was 370 m. To collect the data, I used the
OHM Mapper resistivity mapping system by Geometrics Ltd. Using a dipole-dipole configuration,

I surveyed each line with one transmitter and five receivers spaced at 10 m intervals.
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Figure 2. Map of geophysical survey transects within Granger Basin. A-A’ is a north-south
transect and B-B’ is an east-west transect.

GPR surveys on July 5 — 8, 2018, captured lines totaling 570 m following the north-facing and
south-facing slope transects used for the CCR surveys. No GPR data was collected along the east-
west transect along the stream. The Sensors & Software pulseEKKO GPR system with a 50 MHz
rough terrain concept antenna was used to survey 8 GPR lines with a transmitter and receiver
spacing of 2 m. Survey points were later taken with a Topcon Differential Global Positioning
System (DGPS) in Real-Time Kinematics (RTK) with two GRS5+ GPS antennas and corrected
with the Magnet Field software.

4.1.2 Data Processing

For the resistivity data, pseudosections were generated in MagMap2000 and then imported into
the inversion software RES2DINV to produce two-dimensional resistivity models (Loke and
Barker, 1996). Data was inverted using the robust inversion method which is well suited for areas

with sharp stratigraphic boundaries like areas of frozen and unfrozen soil (Langston et al., 2011).
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The inversion cell width was set to 5 m, with half electrode spacing and a damping factor of 0.3.
The raw data from the north and south facing slopes were combined and inverted together creating

one cross-section, while the east-west line was inverted separately.

GPR data was processed after correcting for topography using adapted methodology from Neal
(2004) in Ekko View Deluxe (Sensors & Software, 2003) and Ekko Project (Sensors & Software,
2011). To remove unwanted low-frequency data a DeWow filter was applied. Data was then
migrated to 0.11 m/ns, chosen from tabular data as a compromise between dry sand, silt, gravel,
and permafrost (Neal, 2004; Annan, 2005; Reynolds, 2011). A hyperbola fitting analysis
confirmed this value where multiple hyperbolas were fitted for a mean of 0.1087 m/ns. Finally, a
bandpass filter was applied to limit frequencies used in the cross-section to a maximum of 100

MHz.

4.2 Model Development and Configuration
4.2.1 Freeze-Thaw Simulation Details

The numerical groundwater modeling for the Granger Basin utilized the SUTRA-ice version of
the USGS Saturated-Unsaturated Transport Model (SUTRA) (Voss and Provost, 2002). The code
is a finite element numerical model that simulates groundwater flow and heat transfer and is
modified to incorporate the hydrologic effects of dynamic freezing and thawing (McKenzie et al.,
2007). The code has been used in multiple cryohydrogeologic heuristic studies (e.g., McKenzie
and Voss, 2013; Briggs et al., 2014; Kurylyk et al., 2016; Evans and Ge, 2017; Lamontagne-Hall¢
et al., 2018) and also for simulating research field data (Ge et al., 2011; Zipper et al., 2018). See

Supplementary Material 2 for more information.
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4.2.2 Model domain, mesh, and boundary conditions
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Figure 3. Model domain (no vertical exaggeration) with finite-element mesh and boundary
conditions. Shades of grey correlate with layer permeability. Model parameters given in Table 1.

The model represents a two-dimensional cross-section, following the North-South geophysics
transect across Granger Basin. The model domain is 850 m long, extending from the southern edge
of the basin watershed boundary to the northern edge, with varying topography based on measured
values using a Differential Global Positioning System (DGPS; Figure 3). The cross-section has
two distinct slopes representing the north and south-facing slopes, divided by Ganger Creek near
the center. The model is consistently 25 m thick across the entire domain, with three bands of

vertical model grid spacing.
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Table 1. Parameters used in freeze/thaw simulations

Parameter | Value
Ice
Ice specific heat (J/kg) 2,108
Ice thermal conductivity [(J/(s m °C)] 2.14
Density of ice (kg/m?) 920
Latent heat of fusion (J/kg) 334,000
Liquid water
Fluid specific heat (J/kg) 4,182
Fluid thermal conductivity [(J/(s m °C)] 0.6
Fluid compressibility [(kg/(ms?)]! 4.47x1071°
Solid matrix
Solid grain specific heat (J/kg) 840
Solid grain thermal conductivity [(J/(s m °C)] 3.5
Solid grain matrix compressibility 1x10°8
Density of solid grains (kg/m?) 2,600
Porosity (-) 0.1
Other
Gravity (m/s?) -9.81
Longitudinal dispersivity 0.5
Transverse dispersivity 0.5
Freezing function
Type Exponential
Minimum liquid saturation (-) 0.05
Temperature at which minimum liquid saturation occurs (°C) -2
Permeability of frozen regions, irrespective of ice saturation (m?) 104
Bottom boundary geothermal energy flux
Energy source [(J/s)/m?] | 0.085

The model spatial discretization is 0.5 m deep x 5.0 m wide finite elements for the top band of
elements, 2.0 m x 5.0 m in the middle band, and 5.0 m x 5.0 m in the bottom band. The top two
bands of elements represent a 10 m thick layer of overburden, while the bottom band represents a
15 m thick bedrock layer. The depth to bedrock is based on the results of the geophysical surveys
and is assumed to be constant. Permeability corresponds to the element band, with the top having
a permeability of 1 x 10'! m?, middle band 1 x 102 m?, and bottom band of 1 x 107!® m? with all
bands having 1:10 anisotropy. Hydrogeologic parameters correspond to field data collected near

the field site and literature values of similar materials (Error! Reference source not found.;
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Yukon Observational Well Network, 2001). Additional simulations used to assess conduction-

only thaw processes had all permeabilities set to 1 x 10 m?.

The vertical boundaries at the outer edges of the model correspond to the watershed boundaries of
Granger Basin and are assumed to have no water flow and no heat flux. The bottom boundary of
the domain has a no-flow condition and a specified heat flux of 0.085 W/m? representing the

geothermal heat gradient (McKenzie and Voss, 2013).

The surface-layer boundary is divided into three sections, the north-facing slope, Granger Creek,
and the south-facing slope (Figure 3). For the north and south facing slopes, the land surface is
represented by a combination of hydraulic drain, specified temperature flux, and specified recharge
boundary conditions. Specified temperature flux and recharge inputs are based on field data from
two meteorological stations on the north and south facing slopes of Granger Basin from 1998-2002
(Wolf Creek Hydrometerological Database, 2011a, 2011b). For each of the slopes, daily average
data from 5 cm soil depth was used directly as the specified temperature to incorporate the effects
of the surface energy balance due to snow insulation, albedo, and vegetation on ground temperature
not being simulated by the current version of SUTRA-ice. Daily average parameters were
calculated from the field datasets, which had measurements with a 30-minute period. Small data
gaps were filled using linear interpolation and gaps during significant seasonal changes (i.e.
freshet) were filled in using another year with similar temperature patterns (Figure 4). The model
used hydraulic drain nodes, implemented as described in Lamontagne-Hall¢ et al. (2018), in order

to remove water when pressures in the top row of nodes exceeds 0 Pa.
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Figure 4. Recharge (a) and 5 cm soil temperature (b) from the north (blue) and south (red)
facing slopes of Granger Basin from July 1998 to July 2002.

Daily recharge data for the model is based on 30-minute snow depth and rainfall datasets from
Granger Creek. For snowmelt, a daily melt value is determined by the difference in snow depth
between two days at 12:00 AM. Snowmelt recharge is calculated by converting snow-water
equivalent (SWE) assuming a snow bulk density of 0.25 kg/m?, an average value for Granger Basin
(Carey and Woo, 2001). For rainfall, the daily value used for the simulations is the sum of the
rainfall values over the entire day. I assume that only 20% of rainfall and 10% of snowmelt
becomes groundwater recharge due to sublimation, evapotranspiration, interception from

vegetation, and surface runoff during freshet (Clilverd et al., 2011).

Previous studies on snow mass balance at Wolf Creek show that 17-46% of snowfall can be lost
to blowing snow transport and sublimation (Pomeroy ef al., 1998). South-facing slopes typically
have little spring runoff due to high evaporation, while the north-facing slopes have a thin frozen
organic layer that impounds infiltration and induces surface runoff in rills and gullies and
subsurface runoff within macropores of the organic soil (Carey and Woo, 1998). Daily
groundwater recharge comes from rainfall or snowmelt depending on the time of year. When snow
depth is increasing and rainfall data is recorded, I assume it is snow and no daily recharge value is
input to the model. When snow depth is decreasing and there is rainfall, I assume there is a rain on

snow event and recharge comes from both snowmelt and rainfall.
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Table 2. Average, high, and low temperature and proportion of rain and snow recharge values for each climate input scenario (SI1-S5)
constructed from Granger Basin field data.

North Facing Slope South Facing Slope
Temperature Recharge Recharge Temperature Recharge Recharge
(°C) (mm/year) Source (°O) (mm/year) Source
Average | High | Low |Rain | SWE |Rain | Snow | Average | High [Low |Rain | SWE |Rain | Snow
S1
(1998-99) -0.51 3.12 -5.02 | 20.76 30.52| 40%  60% 0.78 15.47 -11.62| 20.14 536 | 79% @ 21%
S2
(1999-00) 0.64 425 -1.54| 3534 1824 | 74%  38% 1.88 16.15 -11.82| 4480 2890| 61% 39%
S3
(2000-01) 036 459 -345| 6432 2224 | 74%  26% 201 13.75 -6.46| 6334 2930| 68%  32%
S4
(2001-02) 0.53 585 -3.03| 4696 1749 73%  27% 1.75 1490 -8.20| 4558 3628 | 56%  44%
S5
(1998-02) 026 585 -5.02| 41.84 22.12| 65%  38% 1.60 16.15 -11.82| 4347 24.96| 66%  34%
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After combining the daily input datasets for 5 cm soil temperature, rainfall, and snowmelt, I
identified four annual climatic regimes (S1 through S4) for individual years (July 15% to July 14"
of the subsequent year), that each have continuous usable data with a separate input for the north
and south slope (Table 2): S1 (1998-1999) was a relatively cold dry year, S2 (1999-2000) had
average temperatures but very little recharge, S3 (2000-2001) was an average wet year, and S4
(2001-2002) was a warm year with average recharge. A fifth scenario, S5, consists of the four

years (S1 through S4) repeating in sequence (1998-2002).

For each model run, I use one of the five S scenarios, with the specified surface temperature flux
and specified recharge, repeating for 100 years. The approach of repeating one year of data was
made because of the limited continuous data that exists for both the north and south facing slopes
simultaneously. To observe the system in a more natural state, S5 was created, which combines
years that ranged in recharge and temperature. This allows comparison of the static S1-S4 runs to
the more dynamic S5 run and observe how the behavior of the antecedent years impacts
groundwater discharge patterns of the next year. See Figure 5 for an outline of how field data was

incorporated into the modeling process.
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Data from the Wolf Creek
Hydrometerological Database
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Data Collected from Granger
Basin in 2018 for this Study
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Combine Field
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Blocks and Climate
Scenarios
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$4 (2001-2002)
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Figure 5. Flowchart of model development. Field data (green blocks) was used to develop the
model mesh as well as model inputs (orange blocks). Yellow blocks represent model results,
while blue blocks represent methods for data processing and modeling.

Granger Creek is represented by a 2 m wide by 1 m deep specified pressure (0 Pa) boundary set
near the middle of the cross-section at the lowest elevation on the top (land surface) of the model,
across three nodes (Figure 3). With the right node held at 0 Pa to represent the top of the water

column, the left and center nodes are held at hydrostatic pressure.

4.2.3 Sporadic Permafrost Distribution

Results from the geophysical surveys were used to derive the initial permafrost distribution used
in the simulations. The survey results show a block of sporadic permafrost approximately 40 m
wide and 7 m thick, which was as part of the initial thermal conditions of the model. For the model

I assumed the permafrost block ends at the point of contact between the overburden and bedrock
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since deeper permafrost would not have an impact on the flow system, and later validate this

through sensitivity analyses.

To understand and quantify the impact of the sporadic permafrost, I experimented with running
the simulations with different permafrost distributions. I undertook a sensitivity analysis using
different combinations and locations of one to three sporadic permafrost blocks. With the original
permafrost block from the field results as a size reference, I created three alternate permafrost
configurations; the ‘upper block’ which starts 60 m from the left boundary of the model, the
‘middle block’ that starts 180 m from the left boundary, and the ‘lower block’ which starts 255 m
from the leftmost boundary (Figure 6). The locations of these permafrost blocks were determined
by running simulations with the different temperature scenarios on fully frozen cross-sections and
observing which locations were last to thaw. Under all five specified temperature and recharge
scenarios, a total of eight simulations were run; three with a single permafrost block, three with
the different combinations of the two blocks, one with all three blocks, and one with none. The

permafrost blocks were created during the spin-up phase of model simulation.

Figure 6. Sporadic permafrost block configurations used in modeling experiment; (a) upslope
block, (b) middle block, (c) lower permafrost block. NOTE diagram is not to scale, x = 0 at the
left edge of the diagram.
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4.2.4 Modeling Sequence

Simulations were run in three steps, the first two steps being sequential spin-up runs to generate
the initial conditions, and the third step to produce the model results that are then analyzed. The
first step generates the starting pressure distribution across the model and freezes the entire
domain. First, specified pressure nodes of 0 Pa and temperature specified temperature nodes of
1 °C were both used at the land surface to generate hydrostatic pressure across the domain. The
model was run with saturated conditions for 400,000 years with 50-year time steps. Next, the
specified temperature boundary was changed to -2 °C and the geothermal heat gradient applied to
the bottom of the domain, and the model is run with saturated-unsaturated conditions for an

additional 400,000 years with 50-year time steps.

For step two, specified temperature nodes of -1 °C were applied to the subsurface nodes
corresponding to the locations of the previously mentioned sporadic permafrost blocks to create
the individual blocks. These runs included specified temperature, specified recharge, and drain
nodes at the land surface. Using the input data from Granger Basin from S3 (2000-2001) the three
zones (north-facing, south-facing, and creek) were added. Data from S3 was used because it was
the most complete dataset and the north facing slope temperature regime for this year was
effectively the average relative to the four years of data (Figure 4). Phase two was run for 200
years at 2-hour timesteps, with the same year of data as input for the model. Based on testing, 200

years is required for the model to reach dynamic equilibrium.

Step three consisted of simulations that produced the results, using the five field input datasets for
recharge and temperature flux. For S2-S4, the model is run for 100 years at 2-hour timesteps with
the same year of data repeating allowing for the complete thawing of the sporadic permafrost
blocks. For S5 the model is run for 100 years at 2-hour timesteps with years S1-S4 repeating, and

S1 was run for 200 years at 2-hour timesteps due to the lower temperatures specific to that year.

4.2.5 Sensitivity Analysis

A ‘one-at-a-time’ sensitivity analyses of model permeability and sporadic permafrost block
thickness is used to demonstrate that simulated groundwater discharge patterns are not specific to
the model configuration. For permeability, 13 runs with different permeability magnitudes and
differences between the overburden and bedrock layer permeabilities were tested. The depth of the

sporadic permafrost block was tested with five different runs, with the sporadic permafrost block
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extend deep into the bedrock or not touch the bedrock to varying degrees. For each simulation,

only one parameter is altered while all others remain constant.
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5 Results and Analysis

5.1 Results of Geophysical Surveys

The CCR results show different resistivities for the north and south facing slopes and show a
contact layer that could be used to infer the depth to bedrock. The results also include a highly
resistive unit that could be permafrost (

Figure 7). For the analysis, I used resistivity values from

Hauck and Kneisel (2008); groundwater has a resistivity of 10-300 Qm while frozen sediment,
ground ice, and mountain permafrost can range from 1 x 10°-10° Qm. The lines generally reached

a depth of 30 m, but a depth of investigation analysis was not performed.
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Figure 7. Resistivity of the north-south (A-A’) and east-west (B-B’) transects. The white location
pin indicates where the two transects intersect. For A-A’, A at the southernmost end of the
transect (i.e. at the top of the north facing slope) and A’ is on the northernmost end of the
transect (i.e. at the top of the south facing slope). B is the western terminus of the east-west line
and B’ is the eastern end. The location of the stream is labeled on transect A. For information on
the location of the transects, see Figure 2.

For the east-west transect, resistivity values generally range from 370-950 Qm, except for a highly
resistive (>3810 Qm) unit at the point where the two transects intersect and small pockets of low
resistivity (<370 Qm) near the ground surface. The lower resistivities could be due to the line’s

proximity to the stream, which is visible in the north-south transect as well. Approximately 10 m
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below the ground surface, there is a strong resistivity contrast that could represent the depth to
bedrock.

For the north-south transect, the south facing slope had resistivity values ranging 600-2400 Qm,
with a significantly less resistive section at the top of the slope (<230 Qm) that could potentially
be a perched aquifer since the resistivity values correspond to those of groundwater. The north
facing slope is more resistive, with values over 2400 Qm. These values are interpreted to indicate
that the north facing slope has more frozen sediment and permafrost than the south facing slope,
which corresponds with results from previous studies from Wolf Creek (e.g. Carey & Woo, 1998;

Lewkowicz & Ednie, 2004).

Halfway up the north-facing slope, there is a 40 m wide highly resistive unit which we believe is
a block of sporadic permafrost. Resistivity values are higher than the surrounding slope (> 3810
QOm) suggesting a higher concentration of ice. Further upslope directly behind the sporadic
permafrost block, there is an area of low resistivity (950-1500 Qm) which could be an area of
frozen ground that has a higher fraction of liquid water. Similar to the east-west transect, there is
a visible contact line approximately 10 m depth from the ground surface, that could represent

where the bedrock begins.
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Figure 8. Results from geophysical surveys; (a) results from GPR survey, (b) annotated results
from GPR survey, with potential permafrost and bedrock locations marked, (c) combined GPR
and CCR results.

The GPR results were integrated with the CCR surveys to validate the geologic and permafrost
distribution maps (Figure 8c). The surveys produced GPR results up to a depth of approximately
30 m. On the north-facing slope, a domain that corresponds to the size and location of our
suspected sporadic permafrost was detected. We identified two primary reflective surfaces (Figure
8b). One surface was constant at approximately 10-15m depth, which we interpret to be bedrock.
The second strong reflection corresponded to the permafrost block from the CCR data, which

confirms the presence of frozen ground at that location.
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5.2 Model Results
Using SUTRA-ice, multiple simulations with different configurations of sporadic permafrost

blocks and climate scenarios were run to identify the impacts of sporadic permafrost on the
Granger Creek hydrograph. A conceptual understanding of the shallow groundwater flow system
was developed by analyzing different spatial and temporal model outputs such as groundwater
exfiltration, pressure, water and ice saturation of individual elements, and the volume of ice in the
model. The impacts of sporadic permafrost location are analyzed by comparing the results from
the different combinations of three different sporadic permafrost block locations as described
above. When analyzing patterns induced by the sporadic permafrost blocks, a seasonal pulse
(above summer baseflow) of groundwater exfiltration is observed for all scenarios between
September and February, depending on the sporadic permafrost block configuration. It will be

referred to as the “spill event”, which will be the primary focus of the analysis.

5.2.1 Model Comparison to Field Data
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Figure 9. Simulated groundwater exfiltration results with different block configurations (black
and red) versus actual stream discharge data from Granger Basin (light blue). NOTE the two
datasets are on different scales.

Historically, Granger Basin has not had groundwater wells deeper than 1 meter; therefore, there is

not enough data to calibrate the model to measured hydraulic heads. Thus, I set out to design an
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archetypal model that uses simplified assumptions rather than site-specific parameters (e.g., Zipper

etal., 2018).

To test if model outputs were realistic, I compared the simulated groundwater exfiltration results
from S5 to gauged discharge data from Granger Basin from 1999 to 2002. The time period between
July 1998 to January 1999 had very little data so it was not used for this comparison. Figure 9
shows modeled groundwater exfiltration patterns compared to the patterns of the measured stream
discharge. For years 1, 3 and 4 the freshet peak for both datasets are within a reasonable temporal
range of each other. Years 2 and 3 have peak groundwater discharge occurring slightly before peak
stream discharge, which could indicate a more complex relationship among warming ground,
thawing seasonal frost, and pre-freshet melt (Carey et al., 2013). No discernable spill events are
observable with the stream hydrograph during the summers, though small pulses of discharge can
be seen between January and April 2000 and around January 2001. Further analysis of watershed
data would be needed to draw any significant conclusions on the source of those slight increases

in discharge late in the year.

Though discharge patterns for modeled and measured results do not match precisely, this is
expected as watershed dynamics are complex; groundwater and surface water can have different
responses to hydrologic events. Additionally, measured data from this time period is sporadic, and
parts of the dataset have been estimated and interpolated (Sean Carey, personal communication).
The model does not overestimate the amount of groundwater exfiltration, showing a reasonable
amount of exfiltration relative to stream discharge. To properly evaluate model outputs, a three-

dimensional groundwater model along the transect would be needed.

5.2.2  Groundwater Discharge and Storage Patterns

For all five scenarios, groundwater discharge follows a similar pattern; most of the groundwater
exfiltration occurs between April and July when the ground thaws and large amounts of recharge
enter the model during the spring snowmelt. After freshet, groundwater discharge rates then level
off and stay consistent over the summer and decrease to a negligible amount between December
and March when recharge stops due to winter conditions. Nearly all groundwater exfiltration is to
the stream outlet as opposed to the land surface. The only exception is during the winter when the

ground begins to freeze, a small amount groundwater exfiltration occurs at the land surface.
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Figure 10. Conceptual diagram of annual discharge patterns as well as fill-spill mechanism;
(a) During winter at the start of the simulations, the active layer freezes all the way down to the
permafrost block, preventing groundwater flow, (b) When freshet occurs in spring, the water
table rises due to increased recharge from snowmelt, (c) After freshet, the sporadic permafrost
block prevents groundwater from flowing towards the stream, and it builds up in the “fill zone”,
(d) Once the “fill zone” reaches a critical threshold, a spill event occurs, typically during fall,
(e) Eventually a lateral talik develops over the sporadic permafrost block, allowing water to flow
over the block during winter and lessening the effects of the spill in the coming year.

Before the sporadic permafrost blocks completely thaw, a pulse of groundwater discharge to the
stream can be observed annually during the fall, between September and February, depending on
the sporadic permafrost block configuration (the “spill event”, Figure 10). I hypothesize that this
is driven via a fill-spill event, where the sporadic permafrost acts as a dam and retains water
upslope until a threshold has been reached. Once the water table exceeds the height of the
permafrost block, a surge of groundwater spills over the sporadic permafrost and then flows down

to the stream. Figure 11 shows the fall spill event over time for the three-block configuration,
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showing that as the permafrost thaws for scenarios S1-S4 the volume of groundwater discharged

during the spill event decreases. I attribute the decrease in spill event magnitude to be due to a

smaller ‘fill zone’ behind the sporadic permafrost block as the active layer thickens over time.
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Figure 11. Modeled groundwater exfiltration at the stream for the three-block configuration for
the four different climate scenarios. Each figure shows 10 years of model runs with dark blue
representing year 1 and light green year 10, highlighting the impact of permafrost thaw on the

Though the spill event registers on the hydrograph in late fall and sometimes mid-winter, the

late fall spill event.

spill itself typically begins 2-4 months before. For the single-block mid configuration, I use an

28



observation node adjacently downgradient of the sporadic permafrost block to track water

saturation which shows the movement of the spill water (

Figure 12). The percent water saturation shows that approximately 2 months after freshet (mid-
July) the spill event begins to occur. Water saturation “rapidly” increases to 100% in
approximately one month before spilling in mid-August, where saturation continues to decrease
until the next year when the next spill event occurs (Figure 13). The spill event is the strongest in
the first five years, when saturation reaches 100% during the spill event, but the peak saturation
slowly decreases each year as the permafrost thaws. The minimum saturation during winter also
increases each year since the thawing of the permafrost allows for a small amount of flow during
winter. Around year 25, the spill process is no longer visible and saturation at this node slightly

oscillates (e.g. for S3 between 82-88%) depending on the time of year.

Figure 12. Location of the _
. ; Observation node
observation node relative to (230, 76.8)

- ! . Percent Water
the permafrost block. The tbem—————— Saturation
observation node sits at the ‘lx T —— g 100
contact of the overburden and — -
bedrock, where the spill
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e e 25
L)
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Figure 13. Modeled groundwater exfiltration at stream and liquid water saturation at the
observation node (Figure 12) for year 1 (solid line; Y1). For liquid water saturation, the spill
event can be seen after freshet during summer months, before the spill registers on the
hydrograph in the fall/early winter. The dashed line is included for comparison, showing liquid

water saturation for year 50 (Y50), where the permafrost has thawed and there are no more spill
events.

When comparing the middle block S3 results to scenarios with less recharge, such as S2, the
impacts of the spill and fill are still observed in water saturation. Although there are fewer years
with a strong spill (where saturation hits 100%), it takes longer for the spill to occur and reach the
stream outlet. For S2, the spill takes 2-3 months to occur, then another 3 months to travel to the
stream outlet. The fill-spill process in S2 is likely slower because of the lower transmissivity of
the cross-section due to low amounts of recharge entering the model. Similar to S3, it takes about

25 years for the permafrost to thaw and saturation patterns to stabilize, but values only fluctuate
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between 74-74.5% saturation once it does, showing less variability due to the lower amounts of

water entering the system.

For S1, the nature of the spill event differs from the other scenarios due to the low ground

temperatures which allow for an increase in the volume of ice over time (

Figure 188). Due to the colder temperatures of S1 and high water table in the “fill zone” behind
the sporadic permafrost block, a thin permafrost layer begins to form outwards from the block,
creating a “cap” behind the sporadic permafrost block around year 10 (Figure 14). This not only
reduces the amount of water that reaches the fill zone, but physically blocks the spill from
happening. This dampens both the fill and spill processes, leading to no visible spill in the
hydrograph for the mid configuration, and a weak spill for the low configuration (Figure 15).

a) Initial Condition Percent Ice
Saturation
100
75
b) Year 10
50
25
o=
c) Year 50
d) Year 200
—
s

Figure 14. Percent ice saturation of the north facing slope for the mid block configuration in S1.
Low ground temperatures and high water table in the “'fill zone” leads to an increase in freezing
around the sporadic permafrost block around year 10.
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Figure 15. Modeled groundwater exfiltration at the stream for the (a) middle block configuration
and (b) low block configuration for S3. Each figure shows 10 years of model runs with dark blue
representing year I and light green year 10.

5.2.2.1 Impact of Permafrost Distribution

The simulation results show that the closer to the stream the sporadic permafrost block is, the
larger the annual spill event. Due to the formation of more permafrost in S1, the impact of the
block location is not as significant. For scenarios S2, S3, and S4, the impact of the mid and low
sporadic permafrost blocks is apparent regarding the spill event, while the effect of the up block is
negligible (Figure 16a). In all three scenarios, the spill event in the low configuration arrives at the
stream outlet earlier (1-2 months) due to a shorter travel distance than that of the mid, and releases

13-40% more water as well. In S2 and S4, the permafrost configuration with only the up block
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exhibits similar patterns to those of the no block configuration during freshet and the spill event,
with typically less discharge during freshet compared to mid and low and a lack of spill event. The
exception is S3, where during freshet the upper permafrost block configuration produces similar
amounts of recharge as the mid and low rather than the no block configuration. In all three
scenarios, the mid and low permafrost block locations follow the pattern of higher amounts of
discharge during freshet and noticeable spill events later in the year. For the low and mid block
configurations, the rate of discharge during the summer between freshet and the spill event is 5-
22% lower relative to the no permafrost configuration, before increasing rapidly for the spill event.
The groundwater discharge of the up-block configuration remains slightly higher than the no block

configuration during this period.
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Figure 16. Modeled groundwater exfiltration for (a) the up, mid, and low block simulations
compared to the no permafrost simulation, and (b) the up-mid, up-low, and mid-low block
simulations compared to the no permafrost simulation. The lower the sporadic permafrost block
is, the higher the magnitude of the fill-spill mechanism. For configurations with multiple blocks
(b), the lowest block controls the exfiltration pattern.

For S5, spill events are still observed, showing that this process is not unique to the repetitive
single year input format of S1-S4. For example, for the three block scenario in S5, years with low
recharge have less noticeable spill events, disappearing after the first few years, while years with

high recharge still exhibit spill events 16 years after the start of the simulation (

Figure 17). The S5 exfiltration patterns closely follow those of S1-S4, where the spill is strongest
with the low block or combinations including the low block, noticeable with the mid block

configuration, and not very visible with just the up block.
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Figure 17. Modeled groundwater exfiltration patterns for the three-block configuration for S5.

The figure displays 40 years of model runs in clusters of four, with dark blue representing years

1-4 and light green years 36-40. The S5 simulations show that the spill event is still visible with
multiple years of climate inputs.

5.2.2.2 Impact of Number of Permafrost Blocks

Increasing the number of permafrost blocks to two or more generally amplifies the effect of the
sporadic permafrost on groundwater discharge (i.e. exfiltration) patterns on the annual hydrograph
(Figure 16b). The location of the lowest permafrost block controls the discharge pattern due to the
shorter travel time for the spill. The spills induced by upslope blocks cascade into the “fill zone”
of the downslope ones, but due to differences in spill timing they do not register as separate
exfiltration events. Rather, the additional upslope groundwater adds to the spill event that is
already occurring, creating a “fill-cascade” event. Increasing the number of blocks typically
decreases the amount of discharge during freshet and increases the amount of discharge during the
spill event due to more water being retained by the sporadic permafrost in the fill zones. For S1,
the spill effect is more evident with more blocks. The low block does create a very slight spill

effect during the first few years before the thin permafrost layer begins to form. When the low and
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mid block are combined, the spill effect is 44% higher in the first year and 17% higher in the

second year of the in the simulated exfiltration hydrograph.

5.2.3 Long-term Permafrost Thaw Patterns
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Figure 18. Volume of ice over the entire cross section for the mid block configuration. S2-S5
lose permafrost in 35-45 years, while S1 develops more permafrost.

The volume of pore ice in the five scenarios (S1-S5) shows annual variability as expected due to
seasonal freezing. S2-S5 show a gradual decline in the total amount of ice, while the ice in S1
shows the extent of pore-ice and permafrost increasing. Except for S1, annual temperature
scenarios showed a decrease in the total annual volume of ice throughout the simulations, with
eventual complete thaw during the summer and seasonal frost in the winter. For S1, the low
average annual initial temperature regime allows for permafrost forming conditions. For scenarios
S2 through S5, summer becomes permafrost free after 35 to 45 years for all permafrost block

combinations (

Figure 18).
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In order to assess the impact of heat advection as a driver of sporadic permafrost thaw, I compare
simulations in which energy transport is only by conduction versus by mixed conduction and
advection. Conduction-only simulations are run by setting the permeability everywhere in the
model domain to a very low value (1 x 10*° m/s). The simulation results show that advection has
only a minor role in the thawing of the permafrost blocks. For example, for S5, when conduction
is the only mechanism for heat transfer the disappearance of summer ice occurs 45 to 50 years
after the start of the simulation, and for most initial permafrost distributions cases removing

advection delays total permafrost thaw by approximately 5-10 years.

5.2.4 North Versus South Facing Slopes

The hydrogeologic differences between the north and south facing slopes using the mid permafrost
block configuration are evident in viewing graphical model output (e.g. the ModelViewer
visualization tool; Hsieh and Winston, 2002) for all five scenarios. Because the inputs for the
surface temperature flux and recharge were different, the two slopes have different temperature
regimes and hydrologic responses. Due to the wider range of ground surface temperatures on the
south facing slope, temperatures fluctuate more than they do on the north-facing slope. The slope
is warmer, with the bedrock layer remaining at 2-3 °C (except S1 which was between 1-2 °C). The
north-facing slope is colder in general with the lower overburden and bedrock temperatures are
consistently around 0.5-1.0 °C for S2-S5 and between -1.0 and 1.0 °C for S1, with less temperature
fluctuations between summer and winter than the south-facing slope. Adding additional sporadic

permafrost blocks did not significantly change these values.

When comparing the modeled annual hydrograph of groundwater exfiltration against the model
recharge inputs and the measured stream outflow data from Granger Basin, peak groundwater
exfiltration occurs right before a majority of the surface recharge enters the model, and slightly
before the peak flow from the gauged stream data. These offsets in timing suggests that a majority
of groundwater exfiltration during freshet is pre-event water, which is supported by previously
Granger Basin research. Mixed methods have shown that a majority of freshet stream discharge is
usually pre-event water that resided in the catchment before melt rather than new event water

(Carey and Quinton, 2004; Carey et al., 2013; Piovano et al., 2019).

Due to the timing, I hypothesize that groundwater exfiltration is controlled by surface ground thaw

and temperature rather than the timing of the recharge input. During winter, the water table near
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the stream rises as groundwater flows downslope and has no outlet due to the frozen stream (Figure
19). The warmer temperature regime of the south-facing slope allows it to thaw faster and once it
does, the groundwater discharges out the north side of the stream. Water continues to exit through
this model node until the rest of the model thaws. This suggests that freshet exfiltration is in part
controlled by ground temperatures around the stream, in addition to the physical displacement of
water during freshet. It is important to note that the process outlined here refers to the deeper
groundwater system, not the shallow organic layer within the top meter of the overburden that is

described in the literature.

Unfrozen Ground s
Frozen Ground s
a) Fall Groundwater Flow ==

b) Winter

--—-___4 “—-_———’

c) Spring

North Facing South Facing
Slope Slope

Figure 19 Conceptual diagram of groundwater exfiltration during freshet; (a) in fall, the ground
surface is above 0 °C and groundwater exfiltrates to the stream, (b) in winter, the ground freezes
which causes the water table to rise, (c) the south facing slope thaws first, giving the stored
groundwater an outlet
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During winter, the south-facing slope has seasonal frost, with a freeze depth of approximately 3 m
for S2-S5 and 5 m for S1. Freezing patterns for the north-facing slope of S1 are discussed above
(Figure 14). For S2-S5, the north-facing slope eventually becomes dominated by seasonal frost
after the complete thawing of the sporadic permafrost block. Initially the ground freezes down to
the top of the sporadic permafrost block, but after 2-6 years, the top of the sporadic permafrost
block has thawed downward enough that the two no longer connect in the winter (ice saturation
between the seasonal frost and permafrost block is less than 10%). The formation of this lateral
talik, between seasonal freezing and top of permafrost, has also been simulated in other settings,
and is a pathway through which groundwater can flow through winter (Lamontagne-Hall¢ et al.,
2018). Once this situation develops, the ground freezes to a depth of approximately 3 m each year.
This enables year-round flow towards the stream, which causes more water to build up under the
frozen stream and may explain the higher amount of discharge during freshet and less pronounced

spill event as the years go on even though the sporadic permafrost block is still present.

5.2.5 Sensitivity Analysis Results

To test the effect of the selected parameterization on our model results, a sensitivity analysis was
applied to the mid block configuration, comparing the average discharge rate on August 1%, after
the freshet event, and December 10", during the spill event, for year 5 of S3. To compare results,
I use a spill estimation index (SEI), which is the ratio of the discharge on December 10" to that of
August 1%, allowing quantification of the occurrence and magnitude of the spill event. For S3,
December 10™ represents the date where the spill is occurring, while August 1% is typically after
freshet where discharge is average. I use the SEI and total annual discharge of year 5 to quantify
the impact of block location, as well as the permafrost block thickness and model permeability
relative to the mid configuration sporadic permafrost block. Results were plotted to visually verify

discharge patterns.

Table 3 documents the sensitivity analysis results and shows the percent change in discharge for
August 1% and December 1% as well as the SEI and change in SEI relative to groundwater

exfiltration of the middle-block permafrost configuration. Permeability values are listed in order
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of overburden and then bedrock. The middle transition layer is always one magnitude smaller than

the overburden.
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Table 3. Sensitivity analysis results. Table shows the percent change in discharge for August 1*'
and December 1I°' as well as the Spill Estimation Index (SEI) and change in SEI relative to
groundwater exfiltration of the middle-block permafrost configuration. Permeability values are
listed in order of overburden and then bedrock. The middle transition layer is always one order
of magnitude smaller than the overburden.

Parameter Perturbation 01-Aug  10-Dec SEI SEI

Change  Change Change

Block Up block 13% -21%  0.9808 -28%
location Low block -4% 0% 1.4116 4%
Permafrost 2 m thinner 0% 0% 1.3401 -1%
block 1 m thinner 0% 0% 1.3495 -1%
thickness 0.5 m thinner 0% 0% 1.3538 0%
2 m thicker 0% 0% 1.372 1%

7 m thicker 0% 0% 1.3867 2%

Permeability | High (10° 10717 m?) 771% 364% 0.7305 -46%
High (1071° 1071 m?) 96% 67% 1.1697 -14%

High OB (107'° 10" m?) 96% 67% 1.1809 -13%

High BR (107! 10" m?) -4% 12% 1.6285 20%

High OB/Low BR (1071 10" m?) 58% 42% 1.2112 -11%

Low (1071 107 m?) 58% -24%  0.6686 -51%

Low OB (1012 10718 m?) 63% 0% 0.8333 -39%

Low BR (107" 10"* m?) 33% -24%  0.7732 -43%

Low BR (107" 10°1° m?) -4% 12%  1.6096 18%

Low OB/High BR (102 107!¢ m?) 58% -3% 0.8357 -39%

Low OB/High BR (107"* 107° m?) 50% 27%  0.6722 -51%

Low OB/High BR (103 10! m?) 50% 27% 0.6733  -50%

Low OB/High BR (10!° 1017 m?) -81% -91%  0.6692 -51%

5.2.5.1 Permeability

The model sensitivity to different combinations of permeability for the overburden and bedrock
were compared. The simulations experimented with making the overall model more or less
permeable, as well as changing the individual layers (i.e. lower permeability overburden and
higher permeability bedrock or holding the permeability constant for the overburden and
decreasing it for the bedrock; Table 3). For a majority of the permeability configurations, a spill
event still occurs though there are variations on the volume of spill and the shape of the

hydrograph.
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For the overburden, high permeability led to very large increases in groundwater exfiltration due
to large amounts of water entering and exiting at the Granger Creek specified pressure nodes to
maintain stability. For the most extreme case (overburden permeability of 10 m?), there was a
470% increase in annual exfiltration compared to the regular permeability due to the failure of the
stream pressure boundary condition under such low permeability. For configurations with low
permeability overburden (i.e. 107> m?), there was little exfiltration, with 91% less annual
discharge. For the scenario with high bedrock permeability (10°'* m?), the permafrost block thawed
very rapid due to increased groundwater movement below the block. In this case, there was no
spill event and the volume of groundwater exfiltration declined linearly after freshet. For some
events with low overburden, there were still spill events even though they had low SEI values.
This is because the decline of groundwater exfiltration rates from the freshet events was a gradual
linear decay rather than a sudden drop like our base case (Figure 20. Sensitivity analysis of
modeled groundwater exfiltration for three permeability values.). This led to a higher average
discharge on August 1%, lowering the SEI. If the overburden permeability was too low, (i.e. 1073

m?), the spill effect was lost.
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Figure 20. Sensitivity analysis of modeled groundwater exfiltration for three permeability values.

41



5.2.5.2 Sporadic Permafrost Block Depth

This study assumed that the bottom of the permafrost blocks ended at the top of bedrock. The
sensitivity analysis tested if this assumption had an impact on model outcomes. Five variations on
the 7 m thickness were used: 5 m, 6 m, 6.5 m, 9 m and 14 m. The thickness variations were
constrained by the downward coarsening of the model’s discretization layers. The results showed
that the thickness of the permafrost itself did not alter the presence of the spill event but impacted
the intensity of the event and how many years the event continued to occur for. The initial years
showed very little difference in the timing and intensity of the spill event among the different
thicknesses, but as the permafrost blocks thawed, the simulations with thinner blocks had smaller
spill events compared to those with thicker blocks. SEI values for all five simulations were very
similar to that of the base case, with the percent change varying from 0-2%, showing there was not
a significant difference in the ratio between the early fall and early winter discharge, and that a
spill was still present for these different block depths. These results indicate that the spill event is
controlled by the thickness of the active layer, which means that most water is flowing over the

permafrost block rather than below it.

5.2.5.3 Sensitivity Analysis Discussion

The results of the sensitivity analysis show that there are a range of values for which the spill can
happen. Location of the permafrost block along the slope and permeability have the largest impact
on the likelihood of a spill event. For permeability, values that are too high or too low cause too
much or too little groundwater flow, and these permeability values are not representative of the
typical composition of these settings. The general range where spill occurs is between 1 x 1071 to
10712 m? for overburden permeability and a maximum of 1 x 107'> m? for bedrock. For the sporadic
permafrost thickness, the depth that the permafrost reaches is less important because the

controlling factor is the thickness of the active layer.
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6 Conclusion

This thesis used a combination of field data and numerical modeling to develop a conceptual
understanding of groundwater processes in a mountain headwater catchment underlain by sporadic
permafrost. Groundwater processes in these mountain catchments are not well studied, and more
research is needed to better understand the processes that control baseflow generation. As air
temperatures continue to rise and precipitation patterns change (Bintanja and Andry, 2017), the
limits of the discontinuous and continuous permafrost zones will begin to shift due to their
sensitivity to temperature and snowpack thickness (Smith and Riseborough, 2002). In western
Canada temperatures have been rising, particularly in winter (DeBeer et al., 2016). This work is
critical for proper management of northern water resources and understanding processes such as

fill-spill can help stakeholders adapt to changing flow regimes induced by climate change.

6.1  Fill-Spill Processes in Hydrology

Fill-spill is a mechanism that controls water movement through a landscape where depressions
along a slope must reach their storage capacity before the water “spills” out and continues
downslope creating a cascading effect. This process can be observed in a variety of landscapes and

on a range of scales, from bedrock microtopography to networks of wetlands.

Fill-spill processes have been studied in soil-filled valleys, wetlands, and prairie ponds (Shaw et
al.,2012; Connon et al., 2014). In these settings, antecedent moisture and storage conditions drive
fill-spill processes which impact the connectivity of a basin during a freshet or storm events,
creating a dynamic basin contributing area. Some studies have specifically examined the impact
of bedrock topography impact storage and runoff (Spence and Woo, 2003; Tromp-van Meerveld
and McDonnell, 2006; Hayashi, 2019). Specific to frozen landscapes, Wright et al. (2008)
examined fill-spill in the context of frost-table topography, noting that dynamic depressions in the
frost table at a forested peat plateau site had an impact on peat thaw as well as runoff generation.
Coles and McDonnell (2018) show that fill-spill processes generate snowmelt-runoff over frozen
ground before thaw begins in a prairie setting. To the best of my knowledge, there are no studies

that describe fill-spill processes in sporadic permafrost environments.
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6.2  Fill-Spill Processes at Granger Basin

The field data and model results suggest that fill-spill processes are possible in areas of Granger
Basin underlain by sporadic permafrost, but many factors affect how much it influences the annual
hydrograph. Lewkowicz and Ednie (2004) indicated there was a 50-90% probability of widespread
discontinuous permafrost in the lower half of the Granger Basin watershed where this study takes
place. Depending on the configuration of the sporadic permafrost blocks, spill events could be
staggered, with different timings and intensity depending on the sporadic block location, proximity

to the stream, or the number of blocks.

With the model showing a rapid rate of permafrost thaw under contemporary climate scenarios,
the basin could also have significantly less permafrost than previous studies predicted. Due to the
model’s inability to retain the sporadic permafrost block or form new permafrost in scenarios S2-
S5, we assume that the climate at Granger Basin has already entered a ‘thaw mode’, indicating that
system is well out of equilibrium and will continue to rapidly thaw. The simulations indicate that
modern climate regimes at Granger Basin could be too warm to maintain sporadic permafrost, and
that the north facing slope could soon only have seasonal frost. This research also shows that the
timing and intensity of groundwater exfiltration throughout the year will change as permafrost

continues to thaw.

6.3 Model Improvements and Future Studies

While this research provides some evidence of how sporadic permafrost may impact groundwater
exfiltration, there are improvements that can increase the accuracy of our model as well as uncover
more about groundwater processes in these regions. In a watershed with little groundwater data
like Granger Basin, calibrating and increasing accuracy can be difficult but the quality of boundary
conditions can be improved. Integrating a surface-energy balance or snowpack model may
improve the timing and accuracy of snowmelt recharge into the model, which can give a more
insightful look into freshet groundwater processes. Additionally, a surface-energy balance model
would improve the model’s ability to calculate surface temperature, which is useful if shallow soil
temperature data are not available. When incorporating field data, rather than having one set of
data represent each slope (in this case soil temperature, snowpack thickness, and precipitation),
multiple datasets representing multiple segments of the cross-section may produce more realistic

results. Air temperatures can range greatly by elevation from the valley to the edges of the
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watershed, and environmental factors such as vegetation and wind have significant impacts on
snowpack formation and ground temperatures which can lead to snowmelt happening at different
times across the basin (Dornes et al., 2006; McCartney et al., 2006; Marsh et al., 2012). Differing
snowmelt times geospatially could affect peak groundwater exfiltration; where this study assumed
one snowmelt event that occurred rapidly on each slope, multiple staggered snowmelt events along
the slope might impact on the hydrograph and fill-spill processes. To better understand the
relationship between ground surface temperature and freshet baseflow contribution, more
simulations using a wider range of temperatures and recharge volumes along our surface boundary

condition are needed.

To better understand the dynamic groundwater processes occurring in mountain headwater
catchments, multiple aspects of the numerical model can be further developed for future studies.
For this study, the surface recharge boundary is based on field precipitation data. Using values
from literature, a given percentage of rainfall and snowmelt becomes recharge to the subsurface.
Using this method, more sensitivity analyses using different percentages of precipitation and
snowmelt for recharge could give insight on the range of climate scenarios fill-spill could occur
under. Some modeling studies use a constant rate of recharge for each season (Lamontagne-Hallé
etal.,2018), so it would be interesting to see if fill-spill events can still occur under those scenarios,
or if it’s a function of individual precipitation and snowmelt events. Additionally, evaluating the
impact of sporadic permafrost blocks in additional locations and experimenting with the impacts

of slope angle could yield more nuanced results.

Previous fill-spill studies have observed the process occurring on surfaces in three dimensions with
depressions, whereas in this study the fill spill is induced by the permafrost acting as a barrier on
a 2-D cross-section. This raises questions about the lateral extent of sporadic permafrost blocks,
and the role of transverse or lateral flow in permafrost induced fill-spill. To investigate this,
SUTRA’s 3-D modeling capabilities could be used. Meerveld and Weiler (2008) show that their
fill-spill model accuracy increased with the inclusion of bedrock leakage, which suggests a similar

process could also be occurring.

Future experiments comparing results from simulations using the entire cross-section versus just
the north or south facing slope would allow more insight into processes occurring on each slope.

By running simulations with just the north facing slope, I can analyze the impact of the earlier
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ground thaw on the south facing slope, and its impacts regarding groundwater exfiltration during
freshet. In studying the peak groundwater discharge during snowmelt, a warming rate applied to
the different climate scenarios may also provide more insight on the sensitivity of peak discharge
timing to ground thaw. To test the results of our 2-D model, groundwater monitoring wells should
be installed at the contact of the overburden and bedrock upslope from the anticipated location of
the sporadic permafrost at Granger Basin in the “fill zone”. To examine if spilling occurs, water
level data from the predicted fill site would provide information on the timing and possible
thresholds that induce spill events. This would also help calibrate the model for future applications
and provide valuable insight on the accuracy of our understanding of groundwater processes at

Granger Basin.
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9 Supplementary Materials 1

9.1 North Facing Slope Well Log

R McGill Monitoring Well: NFS A
+ McGi
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Location: Granger Basin (WCRB, TOC Elevation: 1371.98 ma.s.l.
Earth & Planetary Science g ( )
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(from ground surface)
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Drill Method: Portable core drill Casing Diameter: 1"
Mud Type: Water Screen Length: 1.52m (5ft)




9.2  South Facing Slope Well Log
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34
Drilled By: DB GL Borehole Diameter: 51 mm bit (2.0")
Drill Method: Portable core drill Casing Diameter: 1"
Mud Type: Water Screen Length: 1.0m
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10 Supplementary Materials 2

The USGS Saturated-Unsaturated Transport Model (SUTRA) is a finite element numerical
model that simulates groundwater flow and heat transfer (Voss and Provost, 2002). McKenzie et
al. (2007) modified the code to include dynamic freeze-thaw functionality in variably saturated
conditions, impacting variable permeability as function of ice content and the release or
absorption of energy due to the latent heat of fusion. Further improvements were made by
McKenzie and Voss (2013) to improve freeze-thaw processes and improve the impacts on fluid
density. We use the unsaturated zone freeze-thaw processes presented in Briggs et al. (2014),

and the version of SUTRA with improved boundary conditions described in Lamontage-Hall¢ et
al. (2018).

10.1 SUTRA Governing Equations
The governing equation for groundwater flow used in this version of SUTRA is:

[1]

D)9 (5, 20) 7Ty [(Ehrtt) (g, )
PL ap /ot LT ) ot~ ypP—pLYy

QP = [SLPLSOP-I_E( M

where S, is specific pressure storativity (L-t* -M™!), ¢ is the soil porosity, p is the pore water
pressure (M-L! -t2), ¢is time, T is temperature, k is the solid matrix permeability tensor (L?), k-
is the relative permeability, u is the fluid viscosity (M-L™ -S™), g is the gravitational acceleration
(L-t?), Op is a fluid mass source (M-L>-t™), p; is liquid water density (ML) and S;, is the liquid
water saturation.

The governing equation for energy transport is:

oT . [2]
Ceffa = —&SLPLCLY (@YT) + Qpc,(T" —=T) + &SppLyL + (1 — €)psys

where Cyis the effective volumetric heat capacity of the matrix (E-L-°C-!), ¢, is the specific
heat of liquid water (E-M™!-°C!), v is the average groundwater velocity vector (L-t!), Aoz is the
effective thermal conductivity tensor of the matrix (E-t"!-L!-°C™!), T" is the temperature of the
fluid, ps is the solid grains density (M-L*), and y. and ys are the energy sources in the water and
solid grains, respectively (E-M™-t1).

The effective heat capacity (Cep) is calculated using the weighted arithmetic average of the heat
capacities of the matrix constituents including liquid water, ice, and solid grains. This includes
the release or absorption of energy due to latent heat during water phase changes:

a5, [3]
Cerr = e(Spprc, + Siprcy) + (1 — e)pscs — AHgepy Fr

where 4Hjis the latent heat of fusion (E-M™), S; is the ice saturation, p; is the ice density
(M-L?), and ¢y, ¢;, and cs are the specific heats of liquid water, ice, and the solid grains,
respectively (E-M-°C).
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The effective thermal conductivity of the matrix (4eg) 1s equal to the weighted average thermal
conductivity of the matrix constituents including the thermal effects of mechanical dispersion:

Aerr = [e(SLAy + S14) + (1 — e)Ag]L + eSppLe D [4]

10.2 Saturation and Permeability Functions

At each timestep, SUTRA calculates pressure and temperature for each node through the
governing energy and water flow equations. For simulations with variable saturation, it employs
a user-defined function to calculate total water saturation (Sy) based on the simulated pore
pressure, p (M-L!-t2). Our study uses a user-defined piecewise-linear function (Lamontagne-
Hall¢ et al., 2018):

1 . 5
p—p ifp > Pent ]
ent .
SW == (1 - SWreS) _ lfpent 2 p 2 pw'res
wres pent :
lfp < pWreS

Swres

where pen is the air-entry value (M-L™'-t2), Sues is the residual liquid saturation, and pyes is the
suction at residual liquid saturation (M-L!-t2).

Liquid water saturation (S.) varies exponentially with temperature, 7' (°C) and is calculated as
(Mottaghy and Rath, 2006; Kozlowski, 2007; Kurylyk and Watanabe, 2013):

1 if T =T, [6]

SL = _ T—Tf 2 i
(1- Swres)e ( ifT< Tf

—) + Swres

if S; < Sw in unsaturated conditions, else S. = Sw. Tris the freezing temperature (°C) and W is the
saturation model fitting parameter.

Permeability, k (L?), of ground that is frozen, unsaturated, or both decreases with an impedance
function (Hansson et al., 2004; Kurylyk and Watanabe, 2013; Evans and Ge, 2017):

k = kgu 1072051 [7]

where ksat is the permeability of the unfrozen saturated permeability of the ground (L?) and Q is
the impedance factor.
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