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Abstract

The finescale physical response of soils to thaw, ice content and soil water conditions in
the High Arctic are poorly understood. Thiesisintroduceghe topicandidentifiesknowledge
gaps in the literature and secondddresssthese gaps through the investigation of the
spatiotemporal relationship between ground surface vertical displacement (GSVD) and active
layer water level conditionguring the summer thaw seasonhe Cape Bounty Arctic
Watershed Observatory, NunavGtSVD and water level were monitored simultaneously at five
measurement stations consisting ofeavinclinometer system (accuracy +0.15 mm) and
shallow subsurface well logged with pressure transdub@kbcyclicity in both GSVD(zx 0.5
mm) and water levelt 0.2 m)was presenattwo of the stations and synoptic scale variability
characterized the others. The records indiaatlose association between GSVD and water level
at multiple shorterm timescales. Active layer soil physics appear to be controlled by soil water
content on both synoptic and diel timescales. Ground ice thaw appeaethtoprimargource
of water within the diel systems, while synoptic variability was associated withlr@néats.
The diel systemwere inferred to be primarilgriven bylargescale (:258m?) upslope
contributing areawhich facilitated diel water level and GSVD fluctuations due to the
amplification of thawderived water accumulation downslopéeseresults improve our
knowledge of the physical response of High Arctic soils to changes in soil water conditions and

active layer thaw, critical for future landscape stability monitoring and geohazard prediction.
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Chapter 1

| ntroducti on

1.1Introduction: High Arctic Hydrology and Geomorphic Change

Global temperatures have risen over the past decade and are expected to continue to
increase in the upcoming years (AMAP, 2011). The effects of global warming are amplified in
High Arctic settings where the change in air temperature is more than doubde5(@) that
experienced in equatorial regions due to localized feedback mechanisms (AMAP, 2011; Huang
et al., 2017). In these high latitude environments air temperature increases are often more
directly correlated to ground temperature increases die tintited vegetation buffer zone
between the atmosphere and soil surface (Throop et al., 2012). Increases in ground
temperatures in these Arctic environments pose a large threat to the stability of northern
landscapes due to prevalence ofrich permafost. Thaw of these iegch zones can cause
localand eventualegionalchanges to ecosystems, landscapes, and northern communities
(Bring et al., 2016). Knowledge regarding the interaction of hydrological and
geomorphological processes in these regiofimited, and there ia lack ofintegrated
research aimed at building linkages between climate, permafrost, hydrologic, and geomorphic
processes. The overall aim of this research is to determine how High Arctic landscapes are
affectedby subsurface draiga conditions and in particular, reflected by seasonal ground
surface vertical displacements.

This research objectiwgas investigatetly determining the spatial patterngsbund
surface vertical displacemetatgether withactive layer soil wateconditions during the

summer thaw period in two contrastilagd coversettingswithin the Cape Bounty Arctic



Observatory (CBAWO) in the High Arctidhe analysis of two contrasting settings ensthle
research to be more representative oféggon increassethe potential for the research to be
upscaled, and providen increased understanding of how these systems vary across different
land cover typesGSVD and the soil water conditiord the areasvereregularly monitored

using innovative new approachesdetermine if theravasan identifiable pattern afrainage
developmentsubsurface flow evolutigrand ground surface vertical displacemdnts

becoming increasingly important to improve the understanding of thege kayersubsurface
systems as they have the potential to become more influential sotiveater to surface water
systemsthrough increased thaw levedsdinfluence the quality and quantity of water
available(Instanes et al., 2016; Wrona et al.1@0Lamhonwah et al., 2017he projected
increase in rainfathnd temperaturesithin Arctic environmentss hypothesized to cause
increased active layer thasubsurface flowpermafrost degradation, and ground surface
fluxesso it is imperative that thpotentiatonsequences of this charaye understood\elson

et al., 2001;Jorgenson et al., 200Bjntanja and Andry, 20)7The connection betweeswil

water and ground surface vertical displacement investigated within this study is an important
aspecbf disturbance predictability, water resource and quality monitoring, and advances
predictive hydrological and geohazard susceptibility modrResults from this research will
provide important new insights into the relationship betwiemate,hydrology andground
surface vertical displacementthe High Arctic and will contribute to efforts to improve the
predictability of the hazards and the impacts of permafrost degradiatioorthern

communities



1.2 Permafrost and Active Layer Dynamics

Permafrosts classified as ground material that maintains a temperature at or below 0°C
for at least two consecutive years and occupies approximately one quarter of the northern
hemisphere land mass and 50% of Canada (Washburn, 1980; Smith et al., 2010). Zones with
90-100% of permafrost coverage are classified as continuous permafrost environments and
these areas consist of thick permafrost at depth, an upper active layer that thawfsesmze se
on an annual basis, and an intermediate transient layehéved infequently,acts as the
transition zone between the active layer and permafrost (Brown et al., 1997; Shur et al., 2005;
Streletskiy et al., 2017). The onset of active layer thaw occurs once the ground-fsesnas/
the albedo decreases and the surfacensaeventually becoming warmer than the underlying
subsurface (Woo and Xia, 1996). The conduction of energy through the soil profile depends on
the energy available, the thermal conductivity of the soils, and the magnitude of heat
consumption through grodnce thaw (Woo and Xia, 1996). The presence of infiltrating water
increases the energy available within the system for thaw and assists in the generation of a
thawing front that progresses downwards into the subsurface (Fox, 1992; Woo and Xia, 1996).

Theactive layer does not evenly thaw across regions and is dependkatoergy
available as well as both landscape and isitescale factors. The quantity of energy available
for thaw is dependent on rainfall quantities, incoming solar radiationd cloverage and wind
conditions (Shur et al., 2005). The controlling landscape factors include ground ice distribution,
snow accumulation and distribution, soil moisture, latitude, elevation, albedo, topography, and
grain size differences (Woo and Steei33;9Boike et al., 1998; Nelson et al., 1998; Wright et
al., 2009; Bonnaventure and Lamoureux, 2013). Ground ice content and thaw depths are

generally inversely related. Areas with greater quantities of ground ice consume the most



available energy during ¢hphase transformation of ice to water rather than advancing the
depth of thaw (@nther et al., 2015). The phase transformation from ice to water is governed by
Gibbés free energy and is directly related tc
pores thaw first and freeze last, whereas larger pores freeze earlier and thaw later (Stahli,
2005). The presence of vegetation and organic matter generally minimizes active layer depths
because of the reduced thermal conductivity ireddb bare soil (Prie, 1971); therefore,
mineral soils typically have deeper active layers than organic soils for similar energetic
conditions.

Once temperatures begin to drop below freezing in autumn, the system shifts and the loss
of heat to the atmosphere creates a fregfront that moves from the ground surface to the
base of the thawed soil coinciding with the phase shift from water (&ieach, 200). This is
accompanied by minor botteap freezing from the frozen permafrost at the base (French,
2007) generatingntto-sided active layer freezing (Mackay, 1983)yound ice content tends to
be higher at the top and base of the antecedent active layer where the freezing fronts are present
(Guodong, 1983Mackay, 1983)The freezing process generally takes longer thawitig due
to the reduced heat transfer at the surface during the fall/winter periods (Hinzman et al., 1996).
Snow accumulation insulates the soil and plays a major role in the thermal properties of the
active layer over the winter (Woo, 2012). Soil tempees and snow cover thickness are
generally directly related, with lower soil temperatures where there is reduced snow cover
thickness (Roth and Boike, 200The rate of freezing is affected by climatic controls
including air and surface temperaturesethinfluence heat loss within the active layer (Woo,
2012). Similar landscape properties govern both the thawinfreexing processescluding

snow distribution, soil type, moisture content and heat conductivity (French, 2007; Woo, 2012).



Active layerice morphologies and concentrations vary across Arctic environments
( O6Nei I | et al., 2019). The accumul ation of
enhanced relative to deeper permafrost development becausirfaae ground ice
experiences higher degree of change due to the annual thaw aftdeee processes (Kokel
and Burn, 2005). The size, shape and distribution of the subsurface ice lenses and layers can
vary annually based on climatic controls such as ground temperature and pr@cipitat
guantities, and by location specific features such as lithology, topography and drainage
(Penner, 1986; Thomas et al., 2009). Different forms of ground ice develop in varying ways
and can affect the degree and homogeneity of active layer thaw onuat basis. The
primary types of cryostructures (ground ice structures) are lenticular, layered, braided,
reticulate, suspended, vein, crustal, and porphyritic (poe€Kanevskiy et al., 2013, Figure
1.1). Lenticular, layered, and braided cryostructarescharacterized by sydarallel ice
accumulations that are lensed in sediment, layered with sediment, or braided within sediment,
respectively (Murton and French, 1994). Reticulate cryostructure is characterized by a complex
net system of ice featuresrsaunding sediment (Murton and French, 1994). Suspended
cryostructures consist of an ice matrix with suspended sedimentary blocks and the volumetric
ice content in this form exceeds 50% (Kanevskiy et al., 2013). Veins form vertically through
the soil systes and crustal ice forms around the edges of rocks or gravel as a thin film
(French, 2007). Pore ice formmssitu from freezing of pore water and is bonded to the grains
(French, 2007). Ground ice is primarily concentrated infjraeened soils due to hgr
porosity and lower hydraulic conductivity of these materials (Zhang et al., 1999). The nature

and distribution of ground ice influences the formation of geohazards (Kokel; et al., 2017;



Karjalainen et al., 2019), the movement of water in the subsufaéelj and Jorgenson,

2013), and the evolution of permafrost landscapes (Jorgenson et al., 2006).

—=| - lenticular ”?} ( _ vein
- layered QOO - crustal
:b;i - braided - .‘ - porphyritic
- reticulate - porous
(<50% ice) (no visible ice)

- suspended
(>50% ice)
Figure 1.1 Morphology of different cryostructures, ice is shown in black (from Kanevskiy et al.,
2013).

1.3 Thaw Consolidation and Frost Heave

Thaw consolidation is the technical term for land subsidence as ground ice thaws and
drains, reducing the volume of the soil (Figure 1&)nsolidation in permafrost regioissa
concerndue to the implications of the resultay@hazardsand damage to frastructure such
as foundations and roads. Bommer et al. (2012) determined soil consolidation occurs in two
ways The first iswhen the ice to water phase transition causes a volumetric decrease and
drainsand the second is whéime weight of the soil anslurface load forces the soil to
consolidate due to overburden pressiifee former is most important within permafrost
settings Complimenting this work, Qi et al. (2012) conducted initial research on consolidation
time and analyzed the timing of thaw solidation. This research found that thaw

consolidation occurred in two phases: an early phase corresponding to active layer thaw and



associated volume change, followed by a drainage period where approximately 50% of the
subsidence occurred@hrough the aalysis of these two different thaw periodse fprimary
controls on consolidation were determined tebeload, consolidation time and characteristic
drainage length (Qi et al., 201dhese drainage systems have been modelled (Nakano and
Brown, 1971; Fampton et al., 2011; Karra et al., 20are important to consider in

subsurface systems as a lack of drainage will cause reduced consolidation.
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Figure 1.2: Progression of seasonal land surface changes in permafrost environments. Thaw and
related ice loss cause ground surface subsidence/thaw consolidation, whereas ice formation upon
freezeup causes ground surface heave/uplift.

Numerical thaw consolidatiameories and models are commonly used in conjunction
with experimental data tovercomethe difficulty ofin situ measurements and monitoring.
Most models build on the fundamentals of itmé&al thaw consolidation theoryeveloped by
Morgenstern and Nixo(1971).This model was designed for conventional small strain
consolidation, which assumes there are no changes in soil conditions during or after
deformation and uses linear equations to govern the-thspgacement relationship. Thsnot
accuratedr permafrost environments that experielazge strain, meaning the conditions
change during deformation and that deformation is permanent and remains after the stress is

removed. Morgenstern and Nixon (1971) later added a component to accountlioeaon



void ratios within soil which affect the powater pressure generated at the thaw fi®ykes

et al. (1974) expanded the theoryatmoving boundary model by incorporating surface
boundary condition displacememicountingfor the change iground sirfaceelevationthat
occurred with time as consolidation proceedeatidfo and Ladanyi (199%dded a component

to the theory for icegich casesand generated a large strain consolidation theory by
incorporating soil hydraulic conductivity and compre##ibto account forsoil changes during
deformation Dumais and Konrad (2017) updated all previous work and generated a numerical
model that coupled heat transfer theory and large strain consolidation while accounting for the
spatial nodinearity of soiland ice propertieS.he properties and importance of each variable
affecting porewater pressurization, drainage and subsurface flow were investigated using this
enhanced theory combined with numerical modete relationship between peveter
pressurduildup and drainage pathway development was noted by Dumais and Konrad (2017)
as a primary control on the amount of thaw consolidation generated. If the soil properties
suggested a high thaw consolidation potential §oé.hadconductive thermal proptes and

high void ratios), water movement and drainage were necessary for the soil to compress to the
maximum degree possible (Nixon, 1975; Sykes, 1974)-giiamed soils experienced the
greatest degree of thaw consolidation in permafrost environméeteas coarsgrained soils
experienced reduced consolidation because the thawed meltwater was absorbed by the soils
instead of draining out of the system (Bommer et al., 2012). On a broad scale, seasonal
consolidation has been primarily attributed to tlsttlement and volume decreases as ice
thaws and drains, and seasonal uplift/heave from the phase change from water to ice and the

associated volumetric increase (Dauot et el., 2017). Despite thewdeistood seasonal



patterns, the inteseasonal grouhsurface vertical displacement changes and associated driving
factors are relatively unknown.

Frost heave is the uplift of the land surface associated with ice formation (Figure 1.2).
This occurs as water migrates towards the freezing plane, dueningei@l properties and
dipole nature of water, and freezes, forming segregated ice (Washburn, 1980; French, 2007;
Peppin and Style, 2013). The freezing of water releases latent heat and can stabilize frost table
penetration, creating a zone of ice accurioteand segregation along the freezing plane
(Hinkel and Outcalt, 1994). Frost heave was initially thought to consist of primary heave
associated with capillary theory (Taber, 1930; Everett, 1961). The capillary theory and primary
heave stated that icerfoation was driven by the surface tension at theparewater interface
and there was @definedtemperature at which ice invatisoil pores Jackson eal., 1966. In
this theory, once the temperature gregbelow thatdefinedpoint, ice was assumed to fill the
soil pores and lens growth was terminated, meaning there was a maximum possible heave
pressureJackson eal., 1966. This theory was later refuteals heave pressures were found to
exceed the capillary theory maximuamd the currently accepted frozen fringe models were
developed (Miller, 1972; Harlan, 1973). Frozen fringe models suggest that secondary frost
heaving can continue beyond the designated termination temperature, ice can form at locations
outside of the imnuHate freezing front, and the heave pressure is unlimited (Miller, 1972;
Bronfenbrener and Bronfenbrener, 2010). The degree of heave experienced is dependent on the
soil type (especially grain size), overburden mass, water availability, and thermal lyoundar
conditions (Ob&Nei ll and Miller, 1985, Bronf er
of frost heave is amplified in fingrained soils (i.e. clay and silt) and largely absent in cearse

grained soils (Rempel et al., 2004); although there is evedehcoarsayrained soils heaving



in some environments (Zhang et al., 2015). Frost heave causes infrastructure damage and is a
critical motivation for determining ground surface vertical displacement in permafrost
environments (Mills et al., 2009; Petroz#11).

Heaveand subsidenceithin Arctic environmentfiave been studied usibgth field
based and remote sensing methods. Methods of analyzing surficial change in the field include
differential Global Positional Systems (dGPS), Total Station land @ageand image
acquisition using unmanned aerial vehicles (Mackay and Burn, 2002; Little et al., 2003; van der
Sluijs et al., 2018; Zhou et al., 2018). These methods enablsdate change detection with a
high spatial resolution but are labaatensiwe, require a workforce presedtithe site, and
seldom capture daily and seasonal patterns of change. Satellite imagery has been used to
address some of the issues with fibltked measurements and detect surficial change remotely.
Long-term temporal anadys of surface change is often condubtith satellite imaging
platforms such as Landsat, IKONOS, and Worldview because the records stretch back to 1972,
1999, and 2007, respectively (Goward et al., 2006; Belwar®kaikn 2015). The more
recent IKONOSand Worldview imagery have resolutions of-Q.5n, butolderimaging
platforms have mukimeter resolutions (up to 30m) and are primarily used to showsaaje
changes within the landscape over time (Huemmrich et al., 2013). A more recent xisdite
change detection method is DifferentialdrferometricSyntheticApertureRadar DINSAR),
which detecs topographic change througiie measured phase difference between two
Synthetic Aperture Radar (SARhages acquired of the same area at differerdd(@e et al.,
2007). This satellite platform has been used to capture seasonal subsidence and uplift in
permafrost environments at up to 1 cm vertical resolution (Rudy et al., 2018). Remote sensing

technologies are advantageous for specific monitoringgsas but lack the flexibility of

1C



acquisition time and associated temporal coverage making it difficult to resolve the timing of

fine-scale changes and identify potential drivers.

1.4 Hydrological Activity within the Active Layer

The hydrology within permabst regions differs from that in othenvironments because
of the limited permeability of frozen groutigat confines watetow to the active layer These
regions are also characterized by strong seasonaVat@it storagand releasduringfreeze
thaw events, and tHeoaderinfluence ofseasonasnow and ice storageser water availability
(Wo00,2012. Snowmelt is often considered the most iafitial hydrologic event within the
High Arctic and is primarily restricted to overland flow, increasing runoff rates substantially
(Goodrich, 1982; Carey and Woo, 2001). After the initial snowmelt period, hydrologic activity
in continuous permafrost zonssconcentrated within the active layer with minimal overland
flow (Quinton, 1997). Lateractive layerflow through the subsurfadg generally
concentrated withipreferential flow pathwasy and vel ocity can be esti
equation with thevariables being hydraulic radius of the pathway, slope gradient, and
Manni ng 0 s (Whitakerg 1986gVeright et al., 2009; Woo, 201®/ater moves through
the soil laterally from high to low hydraulic head and the rate of flow depends on the
permeabity of the soil and grain size, pore fluids, adsorbed water, void ratio, and structural
soil particle arrangement (Hvorslev, 1951).

As thaw continues, the water storage capacity of the active layer increases, subsurface

flow is enhanced, and deeper floatpways are activated and can partially or fully replace
shallower systems (Peters, 20IIMe depth ofctive layedrainage route§.e. preferential

flow pathways formed from ground ice thawas found to be a key facttirat influencedhe
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timing and sale ofactive layer water moveme(tlenn and Woo, 1987; Wright et al., 2008;
Lewis et al., 2012)

An important aspect of active layer hydrology is surface infiltration (Woo, 2012).
Infiltration rates are heterogeneous over short distane28 () andare strongly influenced by
minor topographic variationspil column stratification, compactionegetation andhydraulic
conductivity related to soil particle sizee contentand organic content (Burgy and Luthin,
1956;Woo0, 2012, Dingman, 2015)As sal moisture content increases, the infiltration rate is
reduced (Kane, 1980)he presence of frozen ground can both increase and decrease the
permeability of surficial units based on tinezenwater contentAreas with a higtwater(ice)
content can créa impermeable surfaces or units that prepentolation(Dingman, 2015), but
freezing of areas with low watéce) contents can increase permeability thropghositythat
canadmit water into the subsurface (Schumm and Lusby, 1963; Dingman, O3tb)the
active layer iconsidered confined system with the underlying frozen ground acting as an
aquitard to prevent vertical flow\(oo, 2012), but percolatianto the underlying frozen
ground can occur when ground ice along the edge of the unficzem boundary is thawed
(Mackay, 1983 The liquid water mobilized from the thdacation carseep into the frozen
ground andecomee-frozen(Parmuzina, 1979; Michel and Fritz, 1979; Mackay, 1983).

An additional complexity of permafrostivironments is the irregularity of the frost table
Preferential thawing due to varying soil thermal properties creates depressions and bulges in
the frost table which $Woo,2042 Wizeh water stonages ub s ur f &
occurs in these demsions, the flow system thought to adop fifill -and-spillo behaviour
(Figure 13), where wateaccumulatesintil the threshold is reached and water overflows out of

thedepressionspilling into the surrounding soilsSpence and Woo, 200Bromp&/an
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MeerveldandMcDonnell,2006; Wright et al., 2009; Woo, 201 5imilar fill-and-spill

behaviours occur in other settings due to heterogenous topography, varying soil thicknesses,
and bedrock sills (Spence and Woo, 2003). It was suggested that the storagdsiefthese
depressions can cause overland flow to seep into the subsurface (Spence and Woo, 2003).
Surficial topography is often assumed to be the governing indicator of flow in the suhsurface
but in Arctic environmentsjariations inthe subsurface dist table topography cafterthe

development of flow pathways asdbsurfacevater movemenfWoo, 2012)

Figure 1.3: Fill -and-spill behaviour of subsurface flow networkqafter Spence and Woo, 2003)
The initial phase of flow is f,, where allwater flows downslope filling the depression until the
water level reaches At this point, the water flows out of the depression.f and fills the
secondary depression until the water level reachesand spills out (£). The crosshatching
represents fozen ground

Locations of preferential vertical or lateral flow can be identified by the presence of mud
ejections and seeps, respectively. A mud ejection is a slurry of pressurized water and mud
pushed through overlying strata to the surface undetiwoms of highpore water pressure
(PWB accumulation (Figure 1.3; Holloway et al., 2015). Mud ejections preferentially form in
gently sloping planar landscapes with limited measurable or visually identifiable runoff

(Holloway et al., 2015). Identificatioof these features in permafrost settings is thought to be
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evidence of poor drainage and indicateduced horizontal permeability relative to vertical
permeability (Holloway et al., 2015%eeps are fed by interconnected subsurface preferential
flow pathways, termed solil pipes, which generate comparatively rapid flow and enhance the
contribution of subsurface flow to stream runoff or overland flow (Quinton and Marsh, 1999).
Pipes often activate after major rainfall events or following snowmelt and axa@aies with

soils that have reduced vertical permeability relative to lateral permeability (Carey and Woo,
2000). Soil pipes also influence drainage networks and can extend the contributing area for
drainage beyond the limits indicated by surface topdgréy/oo and DiCenzo, 1988). In non
Arctic settings, pipe networks have been documented to double subsurface contributing areas

(Jones, 1987).

Thaw Period Result
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Figure 14: Mud ejection formation during thaw (modified from Holloway et al., 2015).

1.5 ResearchObjectives

This research aims to determine how High Arctic subsurface drainage condigons
associated with grourglirface vertical displacemef@SVD). The gimary goalof this
researchs to determine how surface and subsurfand movements and wateonditionsare

functionallyinterconnecte@ndimprove the predictability of how these landscapeact to
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meteoric (atmospheric) water inputs. This work is further intended to improve our knowledge
to diagnose conditions related to water and land sairfamvements that may represent
precursors to slope and related hazards

Two study sites were chosen for this research, both located at the Cape Bounty Arctic
Watershed Observatory (CBAWO), on Melville Island, Nunavus(A5 5 6 N, .THes®A 356 W)
sites are bth undisturbed by recent (2007) permafrost disturbance and are in different
physiographic and land cover types for comparison of processes across the catchment. To carry
out the objectives the areas were instrumented and monitored across-ttelat@thaw
season from July 14 2018 to August 13 2018. Ground surface vertical displacement
(GSVD) changes and soil water level variations were monitored at five measurement stations
and combined with the analysis of physical variables, including soil wketrical
conductivity and stable isotopes.

This thesis presentsmemanuscrip{Chapter 2) which investigatéise interconnectivity
of surface and subsurfapeocesses the High Arcticland systemThis work presents
innovative measurements thie ine-scalepatternswithin summer active layer water
movement an@&SVD duringthe 2018 thaw season in a High Arctic permafrost environment.
This study utilizes nely developednstrumentation to enhance the temporal understanding of
change in these envirormmts and identify the driving factors behind these procedsksly,
synoptic and seasonal time scales

Chapter3 summarizes the conclusions of the research and outlines the potential future
work that may be&onsideredo extend or continue this studyhe methodsntroduced and
applied in these studies provide namdenhancedpproaches texamire active layer water

dynamics an@GSVD. This study providginsight into active layer water processes and drivers
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for an advanced understanding of the impiarad of subsurface flow on water quality and

improved geohazard predictions.
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Chapter 2
Diel, synoptic, and seasonal ground

water caorHdigthi Amrssti ¢ soi |l s

2.1 Abstract

The physical response of soils to seasonal thaw, ice content and soil water conditions in
High Arctic permafrost settings are relatively unknown on a fine spatial scale. This study
addresssthese knowledge gaps and investigate the spatiotemporal relationship between active
layer water level conditions and ground surface vertical displacem&mg{zover the thaw
season in two land cover types at the Cape Bounty Arctic Watershed Observatory, Nunavut.
The interplay of water level and GSVD were monitored in tandem at five measurement stations
using shallow subsurface wells logged with pressured@ers and custedesigned
inclinometer systems (accuracy +0.15 mm). Two statfapproximately 2 km apartecorded
persistent, synchronous diel cyclicity in water lexe0(2 m) and GSVD# 0.5 mm); whereas
other stations showed muttay (synoptic) variations in both processes, indicating that water
level and GSVD were closely associated at multiple time scales. Results for the timing and
amplitude of diel cyclicity were consistent with wasourced fronshallowground ice thaw
and related soil drainage while observed synoptic variability was primarily driven by rainfall
events. The soil water content appears to control the scale of displacement at both synoptic and
diel scales and is a ke&yement governing shetérm active layer soil physics. Results further
suggest that relatively lareggeale (>258 rf) upslope contributing areas facilitated diel water
level and GSVD fluctuations due to tfeeusingof thawderived water accumulation

dowrslope. These results improve our knowledge of the physical response of High Arctic soils
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to changes in soil water conditions and active layer thaw as a contribution to future

hydrologicalandlandscape stability monitoringndfor geohazard prediction.

2.2 Introduction

Landscape subsidence and uplift are an important topic of research within permafrost
environments due to the implications on the structural integrity of infrastructure including
buildings, roads and airstrips (Fortier et al., 2011; Short,e2@l4; Instanes, 2016). Phase
changes from ice to liquid water are associated with a 9% volume decrease resulting in a
potential 34% reduction of the soil volume and related vertical consolidation (McCarthy,

1977). In permafrost environments, annualevgthase changes associated with active layer
freezethaw cycles cause cyclical ground surface uplift and subsidence (Hu et al., 2018). There
are documented records of mes@ale, multyear subsidence in some Arctic environments
associated with permafriodegradation (Gunther et al., 2015; van der Sluijs et al., 2018), but

the mean range of reported annual chang&@scm (Rudy et al., 2017; Wagner et al., 2018).

This thawinduced subsidence is especially problematic in the High Arctic which was

identified as a region of high subsidence risk due to climate change (Nelson et al., 2001) and
because variations in soil structure and water content from melting ice contribute to slope
hazards including active layer detachments (skin flows) (Lewkowicz, 200y Mstruments

and techniques have been used to measure seasonal ground surface vertical displacement in
permafrost environments including: repeat satellite synthetic aperture radar (SAR) imagery
analysis (Rudy et al., 2017; Zwieback et al., 2018), repaatinned aerial imagery flights to

carry out fine scale photogrammetry (van der Sluijs et al., 2018), and land surveying techniques

using levels, Total Stations, or GPS instruments (Mackay and Burn, 2002; Little et al., 2003).
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All these methods can detdatge scale landscape change over a range of spatial scales but
have associated disadvantages, most notably the inability to resoksedileemmto cm
scale) change, and thi&ack the capacity to capture temporal variability in order to investigate
metorological, soil and hydrological forcings. Annual fluctuations in ground surface vertical
displacement (GSVD) through subsidence and uplift are documented in many Arctic locations
and generally assumed to be related to seasonal ice thaw and formapentively, but
smallerscale changes and driving factors remain poorly constrained, especially related to
changing soil water conditions arising from ice volume changes in the active layer.

In southern settings, largeeale groundwater pumping has bdakdd to ground
surface subsidence (Chen et al., 2003; Galloway and Burbey, 2011), but there is minimal
research about how these systems are connected in permafrost environments and on a fine
spatial scale. This research utilized a novel sensor systematsune mrascale GSVD and
explore the role of soil water and seasonal active layer development on GSVD development
with two main objectives: (1) assessing the spatiotemporal relationship between active layer
water level development al@@SVD (i.e. subsidencer uplift) on a finescale over the thaw
season; and (2) examining the driving factors in both water level development and seasonal
GSVD throughout the thaw season. Results indicate a close coupling of soil water conditions
and GSVD at diel and synopticte scales and provide key field evidence to constrain spatial
controls over GSVD patterns and to test active layer soil water models. These results fill an
important knowledge gap within both hydrologic and engineering practices in the north and
allow forthe development of a predictive tool for landscape stability monitoring in High Arctic

permafrost environments.
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2.3Methods and Field Site
2.3.1Site Description

All field data for this research was collected at the Cape Bounty Arctic Watershed
Observatory (CBAWO} 7 4 . 5 4 e N, onM6hlle I8lang, MOnavut between July 10 and
August 14, 2018 (Figure 2.1). The local bedrock consists ofumiér Devonian sandstone and
siltstone of the Weatherall and Hecla formations that is overlain by urlmated Holocene
glacial and marine sediments (Hodgson et al., 1984). The area is underlain by continuous
permafrost (c. 500 m thick) with mean active layer depths of 50 to 90 cm by late summer
(Lamoureux and Lafreniére, 2017). Subsurface hydrologiciitgds thought to be limited by
active layer thaw which begins in June, reaches a maximum in early August, and refreezes in

September.
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Figure 2.1: (a) Topographic map of Plateau and Goose study site locations at the Cape Bounty
Arctic Watershed Observatory. The Goosesoil pipe location is shown with a black triangle, the
soil stations with black circles, the medorological station (WestMet) with a red crcle and thefive
labelledinclinometer-well measurement stations in purple. (b) Location of Cape Bounty Arctic
Watershed Observatory (red star) relative to ResoluteBasemap prepared in ArcGIS® 106 from
NTS 1:50000 map 78F/15. Contains information liceresl under the Open Government Licensé
Canada.(c) Seasonal temperature and rainfall record from July 1, 208 to August 13, 208,
recorded at WestMet meteorological station.
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CBAWO has a longerm (20032018) hydrological and meteorological record that
helped characterize the 2018 thaw season relative to past seasons. In general, the area receives
low annual precipitation (<150 mm). The summer months have variabletemsity rainfall
events, generally-2 mm/day, with some larggcale events of up to XOm/day. From 2003
2018, CBAWO mean summer (JuAegust) and winter (Decemb&ebruary) temperatures

were 2.7 °C anel9.5 °C, respectively.

Two specific field sites within the CBAWO were selected based on previously reported
surface satellite Differentidgnterferometric Synthetic Aperture Radar (DINSAR) subsidence
and pore water pressurization investigations (Holloway e2@15; Rudy et al., 2017). Sites
were unofficially named Goose and Plateau, respectively (Figure 2.1). Plateau is a pelar semi
desert vegetation community (Edwards and Treitz, 2017) indicative of low moisture conditions
with sporadic minimal vegetation coveraa® is located approximate®pd-70 m asl in a ~ 2°
low-slope angle environment that shows limited evidensdicial hydrologic activity. The
Goose study site is dominated by a mesic vegetation community, characterized by moderate
soil moisture (Edwarsland Treitz, 2017). Goose is located approxim#&élyO m asl in a low
moderately sloped (~5°) environment with visible surficial hydrologic activity in the form of
water tracks, ponds, soil pipes and seeps that are present throughout the summesdimaw sea
Both are undisturbed environments with no evidence of recent (2007) permafrost disturbance

(Lamoureux and Lafreniére, 2017).

2.3.2Field Methods: Instrumentation and Sampling

Active layer water level development and ground surface vertical displacenrent we

monitored at five measurement stations (Goose: UGA, UGB, UGC; Plateau: PlatA, PlatB)
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Each measurement station vwasnposed of a shallow active layer well (upper 0.6 m of soil)
paired with a custordesigned inclinometer system to monitor ground surfacecal
displacement. All sensors were logged atdifute intervals with an Onset H20 datalogger.
Wells were constructed from 0.09 m diameter PVC pipe with a lower perforated and screened
interval of 0.30 m. The wells were installed using a manual sggfaand were lowered
progressively into the active layer throughout the thaw season. Soil from the drilled hole was
used to pack the wells and prevent surface water from entering the systaiasly to Peters
(2017) StevenssDX 1.5 m(5 ft) range vergd pressure transducer sensors (x 2 mm) were
installed 10 mm above the base of the well to avoid clogging from any basal sediments. The
vented sensors were thermally compensated and were individually laboratory calibrated
(Appendix A) to+0.04 mm accuracprior to deployment.

The custorrdesigned inclinometer systems, modelled after a concept developed by S.
Gruber (Carleton University), consist of two pivoting wooden arms extending from an elevated
base platform firmly staked into the active layer (Figu). Both arms include&cm
diameterubber wheel on the ground surface end to facilitate free movement and prevent
snagging on vegetation or soil irregularities. The soil surface was not disturbed prior to or
during deployment. A Measurement SpecetDOG2MEMS (*25°) two-axis inclinometer
was installed on each arm to measure angular tilt related to GSVD. The sensor is a sealed unit
and provided a voltage signal proportional to angular displacement. Only one axis of each
sensor was utilized for thigudy. The vertical displacement accuracy of the seasfr15 mm
based on laboratory calibrations performed on each individual instrument which are thermally
compensated betwee#b to 25 °C (Appendix B). Deployment conditions varied frén6 to
15 °C(Figure 2.1c). During deployment, particular care was taken to secure the sensor and

3C



lead wires and to protect the station from movement on the pivoting arm. Inclinometer stations
generally consisted of two arms each equipped with a sensor, with théi@xodstation

UGC which had two sensors on the main inclinometer system and two sensors located ~3 m
away at a remote station. The arm closest (20rbaway) to the well was paired with the

water level record and considered a measurement station amchotis at each site (UGAZ2,

UGC3, UGC4, PlatA2, PlatB2) gathered independent GSVD measurements (Appendix C).

(a) 27 cm

4 cm Q.

A
Y

° 35cm

16.5cm

38 cm

(b)

60 cm

Figure 2.2: Inclinometer system based on a concept by Stephen Gruber (Carleton University)
features a board holding the logging system staked into ttetive layerwith two pivoting arms,
eachwith a fixed inclinometer sensor. (a) The design and structure of the maistand structure of
the inclinometer relative to the ground surface (brown). (b) The inclinometer arm with the sensor
location. The base of each arm is connected to a light rubber wheel acting as thierface between
the arm and the ground surface. (c) Tie inclinometer system installed in a field setting paired
with the subsurface wellat station PlatA (photograph: S. McFadden)

Water was sampled on a weekly basis from each well using anedshdacuum pump

and plastic tubing and retained in 125 mUd¢éme bottles that were triple rinsed with sample
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water.All wells were sampled on the same dakie electrical conductivity (EC) of each

sample was measured using an Orion Star A215 benchtop pH/conductivity meter equipped

with an Orion 013005MIThermoFiser Scientific Waltham, MAgonductivity cell probe

(+2%). The samples were syrinflei | t er ed using 0.22 QtwblePVDF men
isotopic and dissolveghajorion analysis. Filtered samples were stored in cool temperatures (4

°C) within 8 mLscintillation vials with no headspace until analysis. Water stable isotopic

analysis was performed on a Los Gatos Research (LGR) laser absorption liquid water isotope
analyzer(Los Gatos Research, San Jose, . @W)isotope samples were iteratively runilithie

error was below 1%Calibration details and isotopic data is in Appendix I.

Active layer depth measurements were obtained throughout both study sites usinga 1.5 m
metal probe on a bweekly basigFigure 27). Each study site was probedtiiplicate at 30

locations in the vicinity of the inclinometer stations throughout the thaw season.

Porewater pressure (PWP) was recorded at stations installed in August 2015 at 0.76 m
and 0.84 m depth (maximum thaw depth at the time of deployment) séaometer stations
UGB andPlatB, respectively. The PW#tations consisted @iuried Geokon 3400S{Geoken,
Lebanon,NHy ent ed sensors with integral NTC ther mi
resistors logged with Onset H20 dataloggers anifute intevals. The Plateau PWP sensor
remained frozen and did not provide data during the duration of this study while the Goose

sensor was thawed during most of the studgrval

Air temperature and precipitation were obtained from an established meteablogic
station (WestMet) approximately 2.5 km north of the study sites (Figure 2.1). Precipitation was

measured 1.5 m above the ground with a Davis Industrial tipping bucket rain gauge with a 0.2
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mm tip (Davis IndustrialHayward, @) and logged with air tempature at the same height

using a shielded Onset U@03 logger (x 0.1 °CjOnsetComputer CorporatigrBourne, MA).

Soil temperatures were recorded at long term stations at each study site (Figure 2.1) at 0.15,
0.30, 0.45, 0.60, 0.72 m below the groundae with a Decagon Em50 logger and 5TM saoill
moisture and temperature sensors (accut8eysoil moisture;x 1% temperaturg) CT

International Armidale, NSW.

2.3.3GIS Visualization and Analysis

Digital elevation models (DEMSs) of each study site walrginedon a weekly basis
through aerial surveys of the study sites using a DJI Phantom 3 Advanced unmanned aerial
vehicle (UAV)(DJI, Shenzhen, Chinand 25 criground control targets positioneddan
leveled with a Leica Flexline TS06 Total Statia ¢m accuracylLeica Geosystems&t.

Gallen, Switzerland Subtle \ariations in the ground control netwatke to ground
movement/instrument error/weather conditipnsvented quantitative comparisain o

successive DEMs but individual acquisitions are leveled and suitable for terrain analysis.
DEMs were produced in AGI Photoscan 1.@ABisoft LLC, St. Petersburg, Rus$iiom 350

450 aerial photos with calculated 6 cm horizontal accuracies and 4 cm vertical accuracies. The
flight plan specifics, operations, and processing parameters of the UA¥rdatatailedn

Appendix D. The DEMs with the largest spatial coverageaohestudy site were used to

calculate upslope drainage catchments for each well station and inclinometer arm based on
surface topography through ArcGIS 10E5RI, Toronto, Ontari® Slope and aspect of the
measurement stations were calculated from the BEvIboth Goose and Plateau within

ArcGIS.
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Potential ground ice thaw contributions to water level changes in the wells defined by
upslopecatchments was evaluated with the following parameters: 10 mm of daily thaw for
Goose and 5 mm of daily thaw for Rlat, based on documented rates of active layer depth
changdrom active layer probe measuremeintsn each measurement station, anchasumed
ground ice content ¢0% based on previous volumetric ice content estimates within the Goose
study site (Paquettet al., 2019). This estimate was considered conservative as the cores from
the Goose site had volumetric ice contents greater than 20% (Paquette et al., 2019) and the
estimate did not include any potential excess ice.

Estimated available latent heataahtions were based on Woo and Xia (1996) for
active layer energy balance. Energy in the form of latent heat required for ground ice thaw was

calculated from

- ” "Q ,Q’Q
N T
where” is the density of ice (917 kgAn, & i s t hiusionl (384 kd/kg)Q Istheat o f

fractional ice content of the soil, ardis the rate of ground thafkom active layer probing

The available energy entering the ground at each station was calculated using

S 0 2%
v v oY c¥

where Krepresents the thermal conductivity of the soil, calculated based on the measurement
station soil properties (Appendix E) using Kersten (1949)anslthe daily temperature

gradient at the surface (5 °C/cdgtermined from soil thermal sensor&am depthThe

sensible heat was calculated from



where6 is the heat capacity of the soil, estimated at 2.4 M3@rfrom heat capacity values for
a clay soil(Bristow, 1998) ,— is the thermal change within the active layer (estimated at 6 °C

per day throughout the active layer depth based on daily soil temperature changes in the upper
0.150.3 m of the active layer), andlis the active layer thickness (0.65 m, estimated fifwen t
average active layer depth measuremeifit®}.energy available and remaining in the system

for daily ground ice thaw was the sum of average energy minus the sensible heat changes.
These values were used to estimate the magnitude of ground ice theblepgissn soil

properties and thermal conditions on a daily basis.

2.3.4 Statistical Analysis

Continuous wavelet analysis was used to analyze thevtamiant spectral properties of
the inclinometer and water level time series. Wavelet analysis was perfori&iiLAB
R2018b using a modified version of thvave matlabscript Appendix F,Torrence and
Compo, 1998). A Morlet wavelet base was used for all transform analysis due to its complex,
nortorthogonal, smooth nature, all of which are recommended for tires saalysis on
continuous signals with smooth amplitudes and oscillatory behaviours (Farge, 1992; Torrence
and Compo, 1998). The significance of the wavelet power spectrum was determined through
comparison with a red noise spectrum based on the simeganithin the time series data.
Wavelet coherence was performed to identify the coherence between the two signals (water
level and GSVD) over time. This method determines the degree of coherence between the

signals at varying time frequencies (e.g:lHtr) and indicates signal phase lags.

35



2.4Results
2.4.1Study meteorological conditions

Mean temperature was 3.1 °C and total precipitation was 43.4 mm during the study
period in 2018, compared to me@®032018)July temperaturef 3.8 °C andnean totaB4.6
mm of precipitation (Figure 2.1). Three major rainfall events occurred on Jl9,1Rily 22
23, and July 3August 1 and resulted in totals of 3.6, 6.4 and 15.4 mm, respectively (Figure
2.1). Soil temperatures fluctuated on a daily basis andotth geaked between 2200 to 0000
h. The mean temperatw#roughout the soil profile were all above zero and the daily

fluctuation at depth was usually less tharf&2

2.4.2Water Level and Ground Surface Vertical Displacement (GSVD)

Observed variations in wer level and GSVD occurred on mudtay (synoptic) and/or
diel timescales. The independent inclinometer sensors and measurement stations showed
similar patterns but only paired inclinometer and water level sensors at measurement stations
(UGA, UGB, UGC, RatA, and PlatB) will be included in the results and discussion for clarity.
Two of the five measurement stations (UGB and PlatA) recorded dieltehorivariability of
water level and GSVD response while the other three stations (UGA, UGC, PlatB) decorde
synoptic variability. On a seasonal scale, water levels rose throughout the thaw season at UGA,
UGB, UGC, and PlatB and lowered at PlatA. All measurement stations except UGB recorded
seasonal subsidence/negative seasonal GSVD (Table 2.1). The dieksta@B and PlatA,
had reduced seasonal water level and GSVD changes compared to UGC and PlatB (Table 2.1).
The UGA datalogger experienced technical failures resulting iday#ecord of minimal

value to this study (Appendi®). The PlatA datdogger faled on August ¥ resulting in a
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shorter record than the other stations. For seasonal comparison, the PlatA record is inferred to
finish on July 38 prior to the major rainfall event which skewed the prior seasonal water level

trend.

Table 2.1: Ground surface vertical displacement and water level change across all measurement
stations and independent intnometer arms at both seasonal andiel time scales. Values of less
than 0.15 mm for ground surface vertical displacement change are considered noise. Independent
inclinometer arms do not have corresponding water level changes.

Seasonal Diel

Water Ground Surface Average Average Diel Grounc Synoptic

Level Vertical Diel Water Surface Vertical  (S) or Diel
Measurement Change Displacement Level Displacement (D)

Station (m) Change (mm) Change (m) Change (mm) Processes

UGA** +0.06 -0.07 +0.02 +0.01* S
UGA2** - -0.07 - +0.01* S
UGB +0.01 +1.7 +02 +0.40 D
UGC +0.25 -2.9 0 0 S
UGC3 - +1.7 - +0.36 D
UGC4 - -1.2 - +0.55 D
PlatA -0.15 -1.4 + 025 +0.52 D
PlatA2 - +2.0 - +0.12* S
PlatB +0.30 -1.5 0 +0.52 S/D
PlatB2 - -6.3 - +0.74 D

* values less than 0.15 for ground surface displacement are
considered noise
**[imited 7-day record

Stations UGB and PlatA exhibited diel cyclicity in both water level and GSVD (Figure
2.3). The meaamplitudes of diel change wered®2 to 025 m of water level variability and
+0.44 to 0.52 mm of GSVD change, respectively (Table 2.1). UGC exhibited synoptieh(c. 96
water level and GSVD changes and minimal evidence of diel variability (Figure 2. PI

exhibited synoptic water level changes but the GSVD variability wasdoel acale(Figure
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2.4). The diel and seasonal cyclicities were confirmed by the wavelet spectrum at 24 h and 96 h

periods (Figures 2.3, 2.4).
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Figure 2.3 Signal response andvaveletspectra for measurement stations UGB and PlatA. a) The
UGB ground surface vertical displacement (black) and water table (blue) changes during the
study season from July 1% to August 13", 2018. Daily rainfall indicated by grey bars Stars
denote days of water sampling/well deepeningy) The wavelet power spectrum showing changing
periodicity within the ground displacement signal over time, yellow colours signify a stronger
signal strengthwithin that specific period. Red line indicates 24our period. Black dashed line
indicates cone of influence, data below this line is considered nsmgnificant. c) The wavelet
power spectrum showing changing periodicity within the water table signal ovdime. Red line
indicates 24hour period. Black dashed line indicateghe cone of influence, data below this line is
considered nonsignificant due to series edge effectéd-f) The same descriptions as (a) for PlatA
during the study season from July 1% to August 29, 2018
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Figure 2.4: Signal response andvaveletspectra for measurement stations UGC and PlatB. a) The
UGC ground surface vertical displacement (black) and water table (blue) changes durinige

study season from July 1%-August 13", 2018. Daily rainfall indicated by grey bars Stars denote
days of water sampling/well deepeningy) The wavelet power spectrum showing changing
periodicity within the ground displacement signal over time, yellowcolours signify a stronger
influence of that specific period. Red line indicates 2our period. Black dashed line indicates
cone of influence, data below this line is considered nagignificant due to series edge effects)

The wavelet power spectrum sbwing changing periodicity within the water table signal over
time. Red line indicates 24hour period. Black dashed line indicates cone of influence, data below
this line is considered norsignificant. (d-f) The same descriptions as (&) for PlatB during the
study season from July 18 to August 12", 2018.
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The amplitude of GSVD changes was relatively consistent across the PlatA and UGB
records. The water level amplitudes were small within the initial 3 days of measurement and
increased after the Jul8™ rainfall event where water levels rose within all measurement wells
(Figure 2.5) Daily amplitude of the water level and GSVD records increased during rainfall
events at UGB and PlatA due to the large increase in the quantities of water available.
Sulsequent reductions in the magnitudeli@ cyclicity of the PlatA and UGB water level
occurred in periods without rainfall, most substantially at UGB after Audugigure 2.5).

Both time periods were phases characterized by overall soil saturatawiriigl rainfall events

that sustained higher overall water levels throughothid@# intervals. The amplitude of

change for the wells with diel cyclicity was reduced towards the end of the thaw season as the
subsurface became more saturated and the capaciwater storage was minimized (Figure

2.5). The major water level drop on July™2#& PlatA is attributed to when the well was

lowered to the base of the active layer, and hence, is not considered a reliable change
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Figure 2.5: Changes in the amplitude of water level and ground surface vertical displacement.
Daily rainfall is shaded in grey in both panels. (a) Changes in the amplitude of water level and
ground surface verticaldisplacement from July 14" to August 11", 2018 at measurement station
UGB. (b) Changes in the amplitude of water level and ground surface vertical displacement from
July 15" to August 11", 2018 at measurement station PlatAogger failure on August ¥

The relationship between the water level and GSVD signals, including any associated
lags, was investigated using wavelet coherence. Water level and GSVD iwéeseat station
UGC throughout the study season at en9fixiod (AppendixH), while at diel stations PlatA
and UGB, water level and GSVD signals maintained-a périod and arfphase relationship
throughout the study period (Figure 2.6). In the diel station records, water levels reached
maximum levels at ~1600dnd minimums at ~0300 h; whereas, GSVD reached a daily
maximum at ~0000 h and a minimum at ~1500 h (Figure 2.3). The timing of daily maxima and
minima was stable through the study period. Within the stations that demonstrated diel
variations, decreasedegiral coherence occurred on July"#hd July 30August 1 and is

consistent with the timing of rainfall events.
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Figure 2.6: Wavelet coherence of water level (WL) and ground surface vertical displacement
(GSVD) signals within both UGB (a) and PlatA (b) over different periodicities throughout the
study season. Arrows indicate the phase relationship between the two signals. Horizontal arrows
indicate an in-phase (antiphase) relationship when pointed right(left); vertical/diagonal arrows
indicate one signal leads/lags the other by a specific time interval denoted by the angle of the
arrow. Red lines indicate 24hour period through time. White dashed line indicates cone of
influence, data below this lines considered norsignificant due to time series edge effects
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2.4.3Surface and Subsurface Contributing Areas

Stations UGB and PlatA thatere characterized liel GSVD and water level
variations had largapslopecontributing areas with sizes of 37% and258 nt, respectively
(Figure 2.7). The contributing areas and associated estimated potential ground ice thaw
calculations suggest that uniform pore ice thaw in the upslope contributing area could have
produced 0.2®.38 m of water level change at the UGRI&latA stations on a daily basis
(Table 2.2). These values assume no diffusive transport or subsurface laggiagd hence,
overestimate the likely delivery of water to the wells from upslope. However, these estimated
melt water quantities demondeahe potential of the larger contributing areas to generate
substantial water delivery through daily pore ice melt at stations UGB and PlatA. The latent
heat calculations further independently support the hypothesis that there was sufficient energy
available at the frost table boundary within these systems to generate sufficient thaw for
melting pore ice. These estimates are considered to provide relatively crude constraint on the

thawice dynamics in these systems in absence of detailed hydrometrivailuges.

Table 2.2: Calculated potential volume change resulting from daily ground ice thaw within
contributing areas of all wells. Calculated latent heat required to generate the calculated degree of
thaw and calculated latent heat available within the system.

Latent Heat Requirements in Measuremen

Volume Change Station Contributing Areas
Latent
Daily Volume Heat
Change Overall Daily Energy into Available
Across WLChange at Necessary  Ground (no Sensible Heat  for Ice
Area  Contributing Measurement Latent Heat precipitation)  Consumption Thaw
Station (m?)  Area (ni/hr) Station (m) (kJ/s) (kJ/s) (kJ/s) (kJ/s)
UGA 1 0.00 0 0.2 1 0.1 0.9
UGB 379 1.7E02 0.4 134.3 201 49.6 151.4
UGC 11 5.1E04 0.01 3.9 6 14 4.6
PlatA 258 1.2E02 0.3 91.5 137 33.8 103.2
PlatB 1 0.00 0 0.2 1 0.1 0
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Figure 2.7: Surface catchments of each measurement station in the Goose (a) &idteau (b)

study regions calculated based on the topographic flow pathways derived from digital elevation
models (DEM) with 2 cm horizontal resolution. Contours are derived from the DEM elevations at
a 0.5 m interval Interpolated maps of active layer degths across (c) Goose, and (d) Plateau, based
on 30 active layer probe point measurements done in triplicate within both study areas. Frost
table visualizations were produced using point active layer depth values from both study sites and
interpolated into raster surfaces through ordinary kriging and the spherical semivariogram
modelin ArcGIS 10.6. Mud ejection locations from Holloway et al. (2015).

In addition to upslope contributing area, as defined by topographic drainage, thaw depths

and related froglible (base of the active layer) topography can affect subsurface drainage

pathways. Active layer depths in the Goose study site were initially 0.36 to 0.51 m in early July
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and reached a maximum of 0.51 to 0.72 m by-Auigust. The Plateau study site thdepths

were greater, spanning from 0.51 to 0.64 m in July to 0.55 to 0.78 m iAungialst. At Goose,

the most major change in active layer depth was between Jupnts18', 2018 when

substantial deepening occurrdthere was substantial heterogenditgactive layer depths and

seasonal change across both Goose and Plateau sites. Station UGB had the deepest active layer
depths in the Goose study site throughout the thaw season, significantly (p= 0.04) deeper than
the surrounding areas (Figure 2.7). NeitPlatA nor PlatB had a significantly (p= 0.34) deeper

active layer compared to the surrounding areas (Figure 2.7).

2.4.4Porewater Pressure

The PWP sensor at Goose (0.75 m depth) showed a gradual increase in PWP as active
layer depth increased but began to demonstrate a notahlmu4awtooth cyclicity from
August 38 (Figure 2.8). The maximum PWP occurege2000 h on the first day of this period
and gradually advanced by approximately 1 h each subsequent day. There was an observed
strong coherence between ground surface movement and PWP during this interval, with PWP
changes slightly leadinGSVD (Figure 2.8. The PWP sensor was25 m away from the
nearest measurement station, UGBere was a gradual accumulation of PWP followed by
positive changes in GSVD. The sudden drop in PWP may have been caused by the sudden
overflowing of water out of an accumulatiaane within the frost table; associated with the
fill -andspill behavior. Irfill -andspill systems, water storage occurs in depressions and
accumulates until a threshold is reached and the water spills out into the surrounding soils,

which would instany reduce the PWP (Spence and Woo, 2003).
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Figure 2.8: (a) Full pore water pressure record during 2018 thaw season. (b) Pore water pressure
(PWP) changes between August 4th and 8th 2018, during a periods#wtooth cyclicity, at 72 cm
depth within the Goose study site and ground surface vertical displacement changes (GSVD)
during the same period.The PWP sensor is- 25m away from the GSVD sensor

2.4.5S0il water composition

Isotopic compositions were plotteelative to the local meteoric water line (LMWL)
derived by Peters (2017) using 2016 season data. This LMWL was used due to the lack of
rainfall samples for isotope analysis from the 2018 season. Isotopically, all well waters had
80 between22 and-15.3':  with seasonal changes of 1.5 t& 5(Figure 2.9). The diel
stations, UGB and PlatA, both generally had depleted isotopic compositions relative to UGC
and UGA. The diel statioredsohad isotopic compositions similar to the isotopiater
composition of water flowing out of the soil pipe in the Goose studyRgere 2.1) PlatB
also had depleted isotopic compositions and the water had arlB@mes higher than the
other measurement stations (AppenidiXOverall, theisotopiccompositions generally show a

depleted signature for diel stations and a relatively enriched signature for synoptic stations,
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with the exception of PlatB. High frequency (3 h) sampling showed minimaltgnort

variations in relationships between isotofiC, and water level conditions (Append)x
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Figure 2.9: Stable isotopic compositions of measurement stations (Goose: UGA, UGB, UGC;
Plateau: PlatA, PlatB)andas oi | pi pe in Goos® ¢$taydapndgdrra®i 68 ) wi t
indicate the temporal progression of sampling at each statiobh.ocal meteoric water line (LMWL)

derived by Peters (2017) and global meteoric water line (GMWL) plotted for comparison.

Samples were taken on a weekly basis from eaclelvbeginning on July 16', 2018 and ending on

August 10", 2018.Dashed circles represent end member compositions, rain stable isotope data

from Peters (2017) and ground ice stable isotopic data from Lamhonwah et al. (2017).

2.5Discussion

2.5.1Soil water drives ground surface deformation at multiple temporal scales

The association between soil water level and ground surface change is well established
over large spatial and long temporal scales within temperate environments (Poland and Davis,

1969; Gambolatet al., 2005; Galloway and Burbey, 2011) and some g@ainated Arctic
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areas (Lewis et al., 2012). This research is the first to our knowledge to investigate-the fine
scale properties and relationships between these processes in mineral soils itichAtArc
multiple time scales GSVD and water level were closely associated. Water level changes and
corresponding PWP changes affect the effective stress of soil granular structures and drive
ground surface uplift or subsidence responses (Schmidd@gunann, 2003).The soil water
content appears to control the pattern of displacement at synoptic and diel scales and is a key
element governing shetérm active layer soil physics in this High Arctic permafrost

environment.

2.5.1.1Diel processes

The sustained 2Hour cyclicity within the UGB and PlatA measurement stations
indicates that active layer water level and ground surface vertical displacement are closely
associated with processes that operate at a daily timescale (Figure 2.3). The sites with diel
variability are 2 km apatrt in different vegetation landcover classifications (Edwards and Treitz,
2017) but demonstrate consistent power spectra and phase coherence within the water level and
GSVD records. The subsurface water level and GSVD diel cyclicity codtinuaoth stations
throughout periods without rainfall, indicating that the water source for the daily water level
rise was not directly related to rainfall infiltration or related lateral flow. Given the clear diel
patterns observed, inferred daily grouoe thaw and subsequent subsurface flow is thought to
drive the diel soil water level cyclicity and cause a lagged GSVD response within these sites
(Figure 2.10). The isotopic compositiomovide someupportto this thaw water source
hypothesis given tt the diel stations are generally depleted and similar to soil pipe avater

ground icecompositions (Figure 2.9amhonwah et al., 2017)
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Figure 2.10: Temporal relationship between airtemperature, ground temperature, water level
variations and ground surface vertical displacement within regions of daily variability. The air
and ground temperatures are the mean daily temperature variations between July 14nd
August 13", 2018. Thewater level and ground displacement variations are from the PlatA record
on July 22", 2018 a day with no recorded precipitation influence.

The observed lag time between air temperature increase and corresponding maximum
soil water level is unlikely tbe only 22 hours as suggested by the timing of the respective
daily maxima and minima because of the slow conductance of energy into the soil profiles to
depth of the frost table (~11 h lag) and related active layer thaw and water mobilization,
thereforethe increases in water flow are interpreted to occur ~24 hours after the daily air
temperature maximum (Figure 2.10). Water flow into the wells was sourced from ground ice
thaw within the upslope contributing areas, and the larger contributing areas®258

associated with the UGB and PlatA stations enhanced the magnitude of downslope water
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delivery to the measurement wells, and provided sufficient water influxes to create diel
fluctuations in water level and GSVD (Table 2.2). Flow through@ireened sd materials like

those found in the study sites is typically a comparatively slow process due to the inherent low
hydraulic conductivities (Olson and Daniel, 1981). For example, previous research found that
subsurface flow velocity through an active layeth similar soil properties resulted ina 12 h

lag between sites 50 m apart (Woo and Steer, 1983), similar to the inferred timing within our

station records.

It is important to consider that changes in water level at the measurement wells reflect
the rdative rates of both inflow and outflow. The onset of water level rise in the wells occurred
approximately 12 h after inferred thaw begins at the base of the active layer. The maximum
water level occurred around 15 h, indicative of when the majority afffséope thawed water
reached the localized drainage point at the UGB and PlatA wells. This occurred coincidentally
~24-25 h after maximum air temperatures (and ~15 h after maximum temperatures at the base

of the active layer) the previous day (Figure02.1

Associated changes in GSVD occurred ~12 h after these water level changes.
Groundwater flow under larggcale pumping scenarios was previously linked to a lagged
GSVD response elsewhere, referred to as a hydrodynamiClheg €t al., 2007; Zhou and
Burbey, 2014; Zhang et al., 2015; Liu et al., 20T$e lagtime was found to be amplified in
low permeability soil materials, like the firgrained soils at CBAWO, which experience
stronger norelastic deformation and prevent immediate surface expanpmmwater input at
depth (Zhang et al., 2015). The GSVD response is inferred to be caused by progressive soil
displacement that propagated upwards due to the gradual vertical effective stress release and

accumulation of PWP coincident with increasing sattan levels (Teatini et al., 2011; Guyer,
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2018). The similar response curves at two separated sites between water level daily variability
and GSVD changes, with a-h2offset, support the hypothesis of a lagged ground surface
responseThe magnitude of GVD observed in this study (daily mearnt0f5-1.0 mm)

suggests the wateelated uplift effect is small, and less than the resolution of generalized
surface change measured with land surveying anddoel photogrammetry methods

(Shepherd et al., 1998h&hbazi et al., 2015; van der Sluijs et al., 2018).

Daily water level variations have been attributed to other driving factors including
snowmelt (Lundquist and Cayan, 2002), evapotranspiration (Rushlow and Godsey, 2017), and
surficial water body seepagad infiltration (Ireson et al., 2013). However, none of these
processes are viabheechanisms in the CBAWO environment at the time of measurements.
Other possible mechanisms to explain soil uplift and subsidence during the summer include
thermal soil expnsion (McKinstry, 1965; Mitchell and Soga, 2005), subsurface thaw
(Morgenstern and Nixon, 1971), collapse settlement and expansion (Jennings and Burland,
1962; Maswoswe, 1985; Alonso et al., 1990) and expansion/shrinkage of areas under freezing
conditions(Hamilton, 1966; Richardson, 1976; Dagesse, 2010). Given the observed conditions
during this study, we conclude that there is no evidence that these processes are occurring

consistently over the thaw season within the CBAWO soils.

2.5.1.2Synoptic scale process

At a synoptic (multday) scale, water level changes and GSVD were closely associated
with observed rainfall events. Unlike diel variations that were noted at a subset of the

measurement network, synoptic responses were present in all station recorelsstatidns,
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synoptic rainfall events caused the amplitudes of both water level and GSVD variability to
increase (Figure 2.5), likely due to the increased amount of water present within the upslope
contributing area. Notably however, the synoptic respongge largest at stations lacking diel
variability, UGC and PlatB, and referred to as synoptic stations. Unsaturated upper active layer
soils typically respond rapidly to rainfall events (Torres et al., 1998; Wen et al., 2014) and the
synoptic stations beved as expected with an immediate rise in water level and concurrent
increase in GSVD (Figure 2.4) at the onset of rainfall. This immediate GSVD response was
likely due to soil pore space dilation to accommodate water infiltration (Schmidt and
Birgmann2003).

The response to rainfall events varied among the synoptic stations throughout the thaw
season. Generally, the synoptic response was slow to recede (Figure 2.4), especially at UGC
where higher water levels were sustained, presumably due to sloagkait this station.

Previous work identified localized preferential flow pathways/drainage networks across the
Goose study site (Peters, 2017) and these flow pathways appear to be absent at the synoptic
measurement stations, reducing libwalizedsoil drainage capacity. The rainfall infiltration
response at the synoptic stations also diminished towards the end of the thaw season due to
overall saturated soil conditions, particularly following the Jul} @0nfall event (Figure 2.4).
These results indate that lateseason rainfall events may have a reduced impact on water
levels and GSVD if active layer soils are already satutaéeduse additional water inputs
would runoff asoverlandflow.

Soil responses to water level increases vary with timalapth, related to permeability
changes and possible volume compressibility (Yazdini et al., 2010), and may explain the

difference between the diel and synoptic GSVD responses to water level changes. At stations
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where only synoptic responses were obsemnwadier level changes were triggered by

infiltration, which caused nea@urface soil pore dilation, soil volume accommodation and a
relatively rapid GSVD response. In contrast, at stations where diel responses were observed,
water level changes were assteibwith water flow at depth with a lag time between dilation

of soil pores at depth and the surficial ground displacement response (Figure 2.11). The varied
GSVD responses to water input indicate the heterogeneity of the CBAWO environment and the
need forfine-scale characterization of these processes.

PWP data indicate these subsurface flow systems may shift between sgoalgic
responses and digbverning processes makason (Figure ). Shifts in subsurface flow have
previously been linked to thectivation of deeper flow pathways as thaw progresses (Peters,
2017); and may explain the onset of the observed sawtooth cyclicity at the PWP sensor station.
Regardless of the mechanism(s) controlling the shift between synoptic agdwkehing
processeghis result documents the spatial complexity of these active layer water systems.
However, the measurable GSVD response in some stations to water input has possible
implications for predicting geohazards ametter understandingf the land surface ingets of
projected increasein Arctic rainfall (Bintanja and Andry2017). Themagnitudeof diel ground
surface vertical displacement changes appears to indicate the presence or lack of preferential
subsurface drainage networks, previously documentedsistiidy site by Peters (2017).
Characterization of these processes is important as the scale of water level changes can
influence PWP generation and the formatioslopegeohazards. Synoptic systems have the
potential to produce adverse slope conditidmes to the gradual buHdp of PWP, but

preferential drainage at diel stations may be more hazardous due to the possible generation of
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excessively high PWPs following rapid water inputs and the associated activation of slope

failures (Dykes and Warburto2007).

(a) Diel (24 h) (b) Synoptic (Multi-day)
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Figure 2.11: Conceptual representation of processes governdy diel, synoptic, and seasonal
change at measurement stations. (a) Diel water level and ground surface verticeplacement
processes in areas with large upslope contributing areas, with water level rise due to ground ice
thaw-derived flow accumulation at downslope measurement station, lagged uplift response from
pore dilation and vertical effective stress reductin. (b) Synoptic processes of water level rise and
immediate uplift associated with rainfall infiltration. (c) Seasonal ground surface subsidence
associated with high rates of inferred ground ice thaw and uplift associated with pore dilation and
minimal inf erred ground ice thaw.
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2.5.1.3Seasonal scale processes

On a seasonal timescale, the overall trends in water levé& SN@® were not
consistently related. Synoptic stations (UGC, PlatB) had minimal inferred drainage and were
characterized by seasonal water level rise of approximately 0.3 m (Figure 2.4). Typically,
undrained conditions, like those at the synoptic stationdt ressurfaceuplift (Schmidt and
Biargmann, 2003) However, these stations all experienced seasonal subsidence (Table 2.1),
indicating that an independent control governed the observed seasonal GSVD changes.
Seasonal subsidence in permafrost environmsmgsnerally caused by the thaw of ground ice
(Morgenstern and Nixon, 1971) and occurs in zones with greater accumulations of seasonal ice
within the active layer. Thaw of these-deh zones causes soil consolidation due to the
volume loss from the phasbange of ice to water and/or water drainage (Andersland and
Ladanyi. 2004). The seasonal subsidence response at synoptic stations is inferred to be related
to the phase change of ice to water associated with ground ice thaw as these stations show
minimal signs of drainage.

The ground ice contents have not been systematically characterized at these study sites
but previoudrozenactive layer cores at Goose indicate the presence of pore ice throughout the
active layer and increased excess ice conterg@hdPeters, 2017). Assuming subsidence at
these stations is driven by ice thaw, as in most Arctic settings (Overduin and Kane, 2006;
Morse et al., 2009; Gunther et al., 2015), the amplitude of seasonal GSVD change (Table 2.1)
across all measurement stau$ indicates a heterogeneous inferred ground ice distribution
across CBAWO. Stations with a higher degree of seasonal subsidence are inferred to have a
higher localized ice content within the active layer, leading to a greater degree of thaw

consolidatim, while measurement stations with smaller subsidence levels have less inferred

55



ground ice in the active layer (Figure 2.11c). One method of estimating active layer ice content
is by analyzing seasonal active layer depth changes. Active layer depthsiamthger ice
guantities are often found to be inversely related due to the increased latent energy necessary to
thaw additional ice (Hinzman et al., 1991; Carey and Woo, 2000; Gunther et al., 2015; van de
Sluijs et al., 2018); therefore stations withheg ice contents would have reduced seasonal
active layer depth changes. All of the stations with net seasonal ground surface subsidence
(UGC, PlatA, PlatB) had the smallest change in active layer depths during the measurement
period (0.15, 0.11, 0.03 mgaeectively) compared to the greater deepening of 0.27 m at UGB, a
station that experienced net uplift. Following this line of reasoning, the active layer at stations
UGC, PlatA, and PlatB may have had increasing ice contents relative to conditiongat stati
UGB, resulting in net subsidence at the former stations (Figure 2.11). The heterogeneity of
seasonal subsidence acrtdssCBAWO prevents upscaling the poinased results to
landscapescale subsidence predictions, but these results suggest potpptietliaities to
measure the distribution of ice within active layerthalCBAWO from seasonal GSVD
measurements and to determine additional hydrological controls that can contribute to ice
content and active layer development.

The stations with promime diel water level and GSVD chang#smonstrated closer
association between seasonal water levelG®UD. Station PlatA exhibited seasonal water
level loss and subsidence, a weddicumented dependent relationship where outflow and related
soil compacbn cause subsidence due to the volume loss (Chai et al., 2004; Galloway and
Burbey. 2011; Zhu et al., 2015). Station UGB was the only measurement station with net
seasonal uplift (Figure 2.4). Seasonal uplift/heave in permafrost environments during the

sunmer has been attributed to ice formation within frozen ground and the upper permafrost
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(Mackay, 1983; Yu et al., 2016) and increased aater storage (Smith, 1985; Schmidt and
Bidrgmann, 2003). Within this site, there is no thermal evidence to suggestaleae

formation at the base of the active layer; therefore, uplift was likely generated by the dilation of
soil pores from water accommodation. There was net minimal water level change in the well;
however, the degree of uplift experienced was mindrraay have been the primary seasonal
signal due to the inferred absence of offsettingass driven subsidence (Table 2.1). These
results imply that the seasonality of water level and GSVD is directly related to the scale of
shortterm (diel/synoptic) viaability. At diel stations, seasonal GSVD responses were primarily
governed by seasonal water level changes; whereas at the synoptic stations, seasonal GSVD
was independent of seasonal water level and inferred to be related to ground ice thaw (Figure
2.11c). The division of landscapes into diahd synoptiedominated locations allows for
enhanced predictability of seasonal GSVD responses, which are important to account for in

infrastructure design.

2.5.2Landscape ontrols over spatial heterogeneity of watetevel andGSVD

In many local groundwater systems, topography broadly controls subsurface flow (Toth,
1963; Stieglitz et al., 2003; Voytek et al., 2016) and it appears to control water level and GSVD
fluctuations within these measurement stations as Wadl.size of the contributing area
appears to be a primary predictor of the timescale of water level and GSVD variations at each
station as both dielominated stations were uniquely characterized by the presence of a
substantial (cO258 nt) upslope comtbuting area (Figure 2.7). Large contributing areas were
absent from all of the synoptic stations (Figure 2.7). The other independent inclinometer

sensors showed a similar relationship between large upslope contributing areas and diel GSVD
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cyclicity (Appendix C). The contributing area defines the upslope area from which subsurface
flow is expected to converge at each measurement station and larger contributiageareas
expected t@enerate sufficient water quantities to cause diel water level and GS\ADiliy:

Soil properties, evaporation rates, and the partitioning of ice, liquid and vapour phases in the
active layer are other documented influenmesr subsurface flow conditions (Panday and
Huyakorn, 2004; Wright et al., 2009; Painter et2013) but do not explain the observed
heterogeneity in our study sites. Hence, the results from this research indicate that upslope
contributing area size is an important predictive tool to identify the likelihood efckéd

water level and GSVD change a station. A more systematic hydrological monitoring
approach based on topographically defined contributing areas would allow additional testing of
this interpretation. Additionally, the threshold contributing area size foisdaé responses
remaingpoorly constrained and would benefit from further field testing.

Results suggest that additional subsurface properties may also contribute to inferred soil
water flow regimes and related water level and GSVD changes at these stations. Often in Arctic
environments the frost table (base of the active layer) can constrain/extend subsurface flow
independent of topography (Mackay, 1983; Wright et al., 2009; Woo, 2012). Stations with
thicker active layers and deeper frost tables have the potential to ampity quantities by
expanding the contributing area measurements into-thneensional space as a contributing
volume(Jones, 2010). The role of thawed volume is likely important at station UGB, where the
thicker surrounding active layer may have increabednagnitude of daily water available and
contributed to subsurface flow conditions (Figure 2.7). Although active layer depth does not

appear to be a consistent driving factor between the two diel stations in this study, it may
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become an important aspéatconsider in more extensive subsurface flow analyses and
modeling.

At the Plateau study site, subsurface flow was previously documented to be variable at a
fine spatialscale due to highly localized zones of reduced lateral hydraulic conductivity
(Holloway et al., 2015). These locations of reduced lateral flow and preferential vertical flow
were identified by the presence of mud ejections, which are slurries of fine sediment and water
vertically ejected to the surface from the base of the active lager deep thaw conditions
due to the accumulation of water and high PWP (Holloway et al., 2015). Detailed mapping of
mud ejections by Holloway et al. (2015) demonstrated that the PlatB station was surrounded by
a high concentration of mud ejections, whemaasl ejections were absent from the PlatA
station vicinity, as well as all of the Goose stations (Figure 2.8). We speculate that the synoptic
nature of the PlatB water level may be influenced by the reduced lateral hydraulic conductivity
surrounding thistation and evidenced by pd2011-12) mud ejections. Additionally, the
disconnect between the digtale GSVD responses and synogtiale water level variability at
the PlatB station may be partially due to the heterogeneous lateral flow conductivities i
surrounding area. Nevertheless, the PlatB dataset indicatélsebharacterization of
subsurface soil and hydraulic properties remains incomplete, hence, there may be additional
factors related to the observed water level, GSVD, and mud ejeetitirés that are beyond

the scope of this study.

2.5.3Implications for slope geohazards and hydrologicgbrocesses

Active layer detachments (ALDs) are a prevalent type of permafrost slope failure

involving the movement of the active layer downslope duedarstailure caused by exceeding
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liquid limits from high PWP (Harris and Lewkowicz, 1993; Lewkowicz and Harris, 2005).

Slope failures are strongly associated with changes in soil water properties, with documented
failures due to hydraulic loading, artesgoil water pressures, increases in PWP, liquefaction,
and soil swelling (Colhoun, 1965; Tomlinson and Gardiner, 1982; Warburton et al., 2004;
Bogaard and Greco, 2016). Specific ALD controls include slope, location relative to the marine
inundation limit, poximity to surface water features, and potential incoming solar radiation
(Rudy et al., 2016).

In 2007, over 100 ALDs formed #te CBAWO following an abnormally warm thaw
season and major rainfall event (Lamoureux laafdeniére 2017). The connectiorebween
extensive thaw, rapid water input and slope failure was evident at CBAWO, but the antecedent
drainage conditions were unknown and may have enhanced ALD susceptibility in specific
locations. On a finer spatial scale, preferential flow has beenastadey control over slope
stability, often contributing excess pore pressures that cause specific failures, especially under
high intensity, shoftluration rainfall events (Warburton et al., 2004; Shao et al., 2015; Sidle
and Bogaard, 2016). Based ong@dindings, stations #te CBAWO with observed diel water
level and GSVD changes associated with preferential flow may be more susceptible to ALDs in
the future. The advanced understanding of water level and GSVD association and the spatial
heterogeneitpf water level and GSVD responses across study sites allows for more detailed
ALD susceptibility modelling of these landscapes in the future. Active layer detachments have
important implications on ecosystem function (Inglese et al., 2017), downstredah flu
systems (Lamoureux anéfreniére, 2009), carbon release (Grosse et al., 2011), and can cause
infrastructure damage (Nelson et al., 2002). Hence, improving the predictability of ALDs

would allow for enhanced mitigation of these hazards across pesnafivironments.
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Additionally, active layers are well documented as heterogenous environments in terms
of thermal regimes (Boike et al., 1998; Schneider et al., 2012; Frampton et al., 2013), active
layer thicknesses (Zhang et al., 2005; Bonnaventuréamdureux, 2013; Gunther et al.,

2015), and subsurface flow regimes (Quinton et al., 2000; Frampton et al., 2013). The CBAWO
subsurface water chemistry has previously been documented as complex and highly variable
over time and space (Peters, 2017; Lambadnet al., 2017) and this study corroborated that
subsurface active layer water and GSVD vary at three distinct timescales at these stations. The
inferred complex spatial pathways and contributing areas have important implications for
predicting and intgareting water chemistry in this environment. The predictability of locations
most affected by inferred ground ice thaw is enhanced with the understanding that upslope
contributing areas is a critical controlling factor. It is important to identify andtorathiese
environments as ground ice/permafrost derived waters are potentially large contributors of
solute loads to streamflow (Frey et al., 2007; Walvoord and Striegl, 2007; Orlova and
Branfireun, 2014; Lamhonwabh et al., 2017) and have the potentishtme streamflow and

water quality in the future under amplified warming.

Finally, the 2018 thaw season was comparatively cold relative to other years on record at
CBAWO. In warmer thaw seasons, the observed water level and GSVD behaviours and
processeare expected to amplify. Warmer temperatures and higher levels of solar radiation are
expected to supply greater quantities of energy to the subsurface systems, generate increased
and deeper thaw (Hinzman et al., 2005; Akerman and Johansson, 2008) reaskitice
contribution of subsurface flow to streamflow (Smith et al., 2007; Walvoord and Striegl, 2007).
This study suggests potential for the amplification of ground surface vertical displacement

fluctuations and daily water level change experiencedmitpographically drained diel

61



dominated stations under a warming climate and associated increases in ground ice thaw.
Notably however, the diel processes identified in this study are inferred to be driven by ground
ice thaw. Therefore, antecedent icatemt is an important factor controlling the amplitude of

the daily water level and GSVD changes and relates to conditions of ice formation from

previous years.

2.6 Conclusions

A new instrumental approach used to monitor ground surface vertical displacement
(GSVD), in conjunction with hydrological measurements, provides the ability to detect
temporal GSVD changes #0.15 mm for use in monitoring landscape change. These new
measurements identified thatti@e layer water level and ground surface verticgbldisement
are closely associated in High Arctic permafrost environments at diel and synoptic Beales
diel variability appears to have been drivendmgé upslope contributing arethatsuppled
groundice thaw-derived water tastationsand amplifed the daily water fluxand GSVD
responseThese diel locations are important to identify as they may be more susceptible to
slope failure in the future. Synoptic scale variability was driven by rainfall events and
responses were amplified in stations with minimal upslope drainage. An increased
understanding of the association between these processes and the key driving factors allows for
enhanced prediction of geohazards and an advanced understanding of the potential future

subsurface flow implications on water quality.
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Chapter 3

Conclusions and Future Work

The primary aim of this research was to identify the connection bet@®¥i andsoil
water levelprocesses andvestigatehow landscapelynamicsare conditioned by subsurface
drainage conditiom This dataset represents the first of its kind, with high temporal coverage of
bothsoil water level and5SVD capturing the daily and seasonal variability within both

processes. The primary conclusions of this work are:

1. Soilwaterlevel andGSVD are closky associated in High Arctic permafrost
environments at sheterm diel and synoptigmulti-day) scales, with somstations
exhibiting del cyclicity within both GSVD and soil water processes and others showing

gradualmulti-daychanges within both systems.

2. Large upslope contributing areas appear to suppith@ae derived water to surficial
low-points andocusthe daily water flu\downslopegcausing el fluctuations of both

active layer water level ar@SVD.

3. There is the abty to detectGSVD changes of up t40.15 mm and capture temporal

variability associated with the change.

4. There is a high degree of spatial heterogeneitile CBAWOsoil responses to water

input from ice thaw and rainfall.

These results have implicatis forwater qualityandgeohazard susceptibility High
Arctic permafrosenvironment@and potentially across other active layer sdilsese results
provide information regardintpeinferredrate of water movement, thvarying degrees of

72



water movement through the subsurfa@jthe driving factorof preferential subsurface
flow, all of which allow formore precisestimaes ofsubsurface flovacross both study sites
andan advanced understanding of goentialdowndope water quality implications to
streams and larger water bodi€ke increased understandiofthedriving factors of short
termwater level and GSVByclicity provide additional variables to be includeduture
susceptibility modedof geohazards ithese settingsncreasing our knowledge tifcations at

risk to geohazardsnd allowing for more direct field susceptibility testing.

Further research is required to fully characterize tblevdriability of these environments
and the driving factorsontributing to the cyclical behavior of both water level @8VD in
these areas. A denser network of measurement stations would increase the certainty
surrounding the driving factors and procesaes broadening the research area to multiple
locationsover a multiyear period would allow for a more thorough investwainto the
effects of differing vegetative regimes, soil grain simesteorologicatonditions, and
disturbance events on the surface and subsurface processes. This research has produced a
testable hypothesis of the driving processéscting bothGSVD and active layer water levels
within the CBAWO environmeniThe use of selpotentialgeophysicameasurement
techniques andatertracers to more clearbjelineatesubsurface flow pathways would
potentiallytest this hypothesis and confirm tlude of the subsurface contributing areas for
each measurement station. Laboratoygiromechanical soil testing would allow for the
hypothesis of a lagge@dSVD response to water flow at depth to be tested and validatieith
this setting The final product from ik cumulative research would ideally be the development
of a susceptibility map or predictive model, upscaling the results to catchment areas by using
the measurement station values as control points. Upscaling theseinesoitginction with
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DInSARwould enable this research to be more representative of a larger area and to be more

transferable to other Arctic environments.
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Appendix A

Calibration of Water Level Loggers (Stevens Pressure TransduceWented)

Thermal Calibration

A systematic experiment was conducted on a SteSBisvented pressure transducer
sensor to establish the thermal sensitivity of the sensors. Independent temperature loggers
recorded temperature of the chamber while the Stevens sensors recorded cynuéfriooot
within a beaker of 500 mL of water. Both senseeserecorded at 1Bninute intervas over the
course of the 8lay experiment. Theensoioutput current was translated into water level in
metres for comparability with recorded data. Temperatuaged betweer0.5 °C and 7.5 °C

while recorded water level varied thy}cm.
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Stage Calibration

The sensors were calibrated to enable transformation of the sensor output into stage values. All
sensors were set at the same height in a large beaker with no water. Water was added to raise
the stage by 0.2 cm at a time for the first 2 cm and then peeglés 0.5 cm intervals until the

stage was at 7 cm and then every cm until the final stage height of 29 cm. Each sensor was
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individually calibrated to a linear expression witheR.99. All sensors had similar

relationships between stage and current duthe average relationship was

W ocdYp o

T8tu G p

where X is stage height (cm) and y is output current from the sensor @gnéd)example

calibrationdatafile is providedbelow.

Stage(cm)

Current Output (mA)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 Average STD

2
2.1
2.4
2.5
2.7

2.85

3
3.1
35
3.7
3.8

4
4.2
4.5
4.7

5
55

6
6.5

7

8

9

10
11
12
13
14
15

4.07
4.08
4.11
4.11
4.13
4.13
4.14
4.15
4.16
4.16
4.17
4.18
4.19
4.21
4.21
4.23
4.26
4.29
4.32
4.34
4.39
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Appendix B

Inclinometer Calibrations

A systematic calibration was conducted orDHlG-2MEMS sensoraised in this study
to translate voltage output into vertical displacemuiis Each sensor was calibrated on its
designatedieploymenstructure to ensure any manufacturing defects wereauated for in the
calibration datasetsnd vertical movements were carried out with a laboratory screw jack
Surface leight was modified by 0.2 cm for the initiaté of change and then in 0.5 cm
increments to a maximum of 11 cm of change. Output voltages recorded fifteen times
over the span of 10 minutes for each adjustmestiifaceheight to identify deviation and

accuracy. The average relationship between stage and voltage was
o W PpHooTOT
TIYwwao @
where x is stage (cm) and y is voltage (V).
An example file for inclinometer 180 N171300066 calibration is included in
this appendiand a plot of all of the inclinometer calibration lineshownbelow.
16

—— 1801
1802
12 — 1803

14

— 1804
1805

1

0.8 — 1806

— 1807
0.6

— 1808

Output Voltage (V)

0.4 — 1809

— 1810
0.2
— 1811

0 — 1812
-11 -9 -7 -5 -3 -1
Stage height (cm)
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Output Voltage (V)

Stage 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Average STD

0 128 128 128 128 128 128 128 128 128 128 128 128 128 128 128 1.28 0
-0.2  1.257 1.257 126 1.257 1257 1.257 1257 1.257 1.257 1.257 1.257 1.257 1.257 1.257 1.257 1.257 4E16
04 124 1241 124 1241 1241 124 124 124 124 1241 124 124 124 124 124 1.24 6E04
-0.6 1.222 1222 122 1.223 1223 1.223 1223 1.223 1.223 1.223 1.222 1.223 1.223 1223 1.223 1.223 6E04
-0.8 1.207 1.207 1.21 1.207 1207 1.207 1.207 1.207 1.207 1.207 1.207 1.207 1.207 1.207 1.207 1.207 0

-1 119 119 119 119 119 1189 119 119 119 119 119 1189 119 119 119 119 4E04
-1.2 1171 1171 117 1173 1171 1171 1171 1173 1173 1173 1171 1171 1171 1171 1171 1172 6E04
-1.4 1156 1.156 1.16 1.155 1.155 1.156 1.155 1.156 1.155 1.156 1.156 1.156 1.155 1.155 1.155 1.156 6E04
-16 114 114 114 114 114 114 1141 114 114 114 114 114 114 114 114 1.14 3E04
-1.8 1122 1124 112 1122 1122 1.122 1122 1.122 1.122 1122 1.122 1.122 1.124 1122 1.122 1122 5E04

-2 1105 1105 11 1105 1.105 1.103 1.105 1.105 1.105 1.105 1.105 1.105 1.105 1.105 1.105 1.105 3E04
-2.2 1087 1.087 1.09 1087 1.087 1.087 1088 1.087 1.087 1087 1.087 1.087 1.088 1.087 1.087 1.087 4E04
-24 1.068 1.068 107 1.068 1.068 1.067 1.068 1.068 1.069 1.068 1.068 1.068 1.068 1.068 1.068 1.068 5E04
-26 1052 1.053 1.05 1053 1.053 1.053 1.052 1.053 1.053 1.053 1.053 1.054 1.053 1.053 1.053 1.053 6E04
-2.8 1.038 1.038 104 1.038 1.039 1.039 1038 1.037 1.037 1.038 1.038 1.038 1.038 1.038 1.038 1.038 6E04

-3 1.018 1.018 102 1016 1.016 1.018 1.018 1.018 1.018 1.018 1.018 1.018 1.018 1.016 1.015 1.017 8E04
-3.2 1.002 1.001 1 1001 1.002 1.002 1.002 1.002 1.001 1.002 1.001 1.002 1.002 1.002 1.002 1.002 6E04
-3.4 0986 0.987 0.99 0986 0.986 0986 0.986 0.986 0.986 0.986 0.986 0.986 0.986 0.986 0.986 0.986 3E04
-3.6 0971 0971 097 0972 0972 0972 0972 0.972 0972 0.972 0972 0.972 0.972 0972 0.972 0.972 5E04
-3.8 0.955 0.955 0.95 0955 0.955 0.955 0.955 0.955 0.955 0.955 0.955 0.953 0.953 0.953 0.955 0.954 5E04

-4 0936 0937 0.94 0.937 0.937 0.937 0.937 0.937 0.936 0.936 0.937 0.937 0.937 0.936 0.937 0.936 5E04
-42 0919 0918 092 0918 0.918 0918 0919 0.919 0919 0918 0.918 0.918 0.918 0.918 0.919 0.918 6E04
-44 0903 0902 09 0902 0902 0.902 0.902 0.902 0.902 0.903 0.902 0.902 0.903 0.903 0.903 0.902 6E04
-46 0884 0.884 0.88 0.883 0.883 0.883 0.883 0.884 0.883 0.884 0.884 0.883 0.883 0.883 0.883 0.883 6E04
-48 0.866 0.866 0.87 0.866 0.865 0.865 0.865 0.866 0.866 0.866 0.865 0.865 0.865 0.865 0.865 0.866 6E04

-5 0.846 0.846 085 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0.846 0
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Appendix C

Independent Inclinometer Arms and Associated Contributing Areas

Each figurein this appendixshows ground surface vertical displacem{&@®$VD) change
over the course of the season and the associated wavelet spectrum indicating phase signal
strength over different periodShe associad contributing area sizes relative to the daily
GSVD amplitudes are listed belo@ontributing area sizes were determined from the 0.5 m

DEMSs that weregenerateavith the UAV imagery.

Contributing area size and diel variability for each independenhorleter

Station Name Contributing Area (i4) Daily GSVBmplitude(mm)

UGA?2 1 0.01
UGC3 567 0.36
UGC4 564 0.55
PlatA2 3 0
PlatB2 1 0.74
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Appendix D
UAV Calibrations and Flights

A DJI Phantom 3 unmanned aerial vehicle was used to conduct the surveys at a flight
altitude of 40 m and a speed of approximately 5 m/s. The flight altitude was restricted by
federal regulation and image acquisition flights were flown at this heightitoinptthe
ground sample distance. The camera was calibrated prior to flight with CalibCam in the
AdamTech software package.

Circular ground control targets were emplaced throughout the flying area for ground
verification and georeferencing and permaneim$yalled ground control point (GCP)
monuments, mounted into bedrock or large boulders, were used to produce a stable baseline
ground control reference system for the comparisonssécbnd Leica total station was used
to survey the relative coordinatefall temporary and permanent monuments, referenced to a
local resection line established from two monuments and maintained across all surveys.

DJI Flight Planner was used to produce flight lines, which were manually fldue to
local GPSconditions)on a weekly basis to reduce error and allow for optimal change
detection. Posprocessing of imagery was done using AgiSoft PhotoScan with added ground
control inputs and check points. The ground resolution was 5.75 cm/pixel with a poing densit

of 301 points/m
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Appendix E

Soil Calculations

Soil samples were taken twice at each measurement statiosgropiefrom the top0-20 cmof the soil

and thesecond fron20-40 cm below the ground surface. The saturated weight of the soils was

recorded following whichthe soils were dried in a 108 over 24 hours untithe soils weralry. The

water contentvas determined from the difference between the dry and saturated weight and dry density
was calculated from the dry weight divided by the volume of soil removed for each sampl€)(54 cm
Thermal conductivity was calculated based on the formula in Kersten (184 thermal

conductivity = (0.9*log(saturated water conte+@)2)*(107(0.01*dry density)).

Soil Properties and Thermal Conductivities from Measurement Stations

Satuated Dry Water Dry Thermal Thermal
Weight  Weight content Density Conductivity Conductivity

Sample (9) (9) (%) (g/lcm”3)  (W/cm K) (W/cm C)
UGA 620 60.01 49.99 20.04 0.93 0.99 0.01
UGA 2040 60.01 50.00 20.02 0.93 0.99 0.01
UGB e20 60.00 47.49 26.34 0.88 1.10 0.01
UGB 2&10 60.00 48.91 22.67 0.91 1.04 0.01
UGC @0 60.00 46.23 29.79 0.86 1.15 0.01
UGC 210 60.00 47.89 25.29 0.89 1.08 0.01
PlatA 620 60.03 46.30 29.65 0.86 1.15 0.01
PlatA 2640  60.01 49.45 21.35 0.92 1.02 0.01
PlatB 620 60.02 45.72 31.28 0.85 1.17 0.01
PlatB 2640 60.01 48.48 23.78 0.90 1.06 0.01

Reference

Kersten, M.S. 1949Thermal properties of soils. University of Minnesota Engineering Experiment
Station Bulletin 28: 227.
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Appendix F

Wavelet Analysis

Wavelet analysis is valuable due to the ability to capture-tianging spectral
signatures within a time series. Fourier transfoanesoften used for timseries analysis to
express a signal in terms frequency but maintain a fixed window length; wavelet analysis has a
time-frequency window that is not scadependent and varies with changing signal
frequencies, addressing the issindgrent to Fourier analyses. The continuous wavelet

function of a discrete time serias | is defined as:

where the asterisk indicates the complex conjugais,the number of points in the time series,
andr 0 is the wavelet function at a scaleigftranslated in time by, with a time step 4f 0

This calculation is more efficient if done using the Fourier transform of the wavelet function:

w i Wl Q

wherew is the Fourier transform @b [ “ ] is the Fourier transform of the wavelet

function with a scalé and angular frequencypf, and k is t he O0f rppquency
A Morlet wavelet base as used for all transform analysis because it is complex,

nonorthogonal, and smooth, all of these features are recommended for time series analysis

where the amplitude is smooth and continuous, and the signal possesses an oscillatory

behaviour. The Morletvavelet consists of a Gaussian modulated plane wave:

- TR O
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The significance of the wavelet power spectrum is determined through comparison with
a noise spectrum; red noise was produced for this research because of the simildniti¢seavit

time series data. The Fourier power spectrum of the noise is calculated by:

p 1
1 LAT é/—E

where’Q T, 0 7¢ is the frequency index, is estimated from:

| n
C

wheregl p and| ¢ are lagl and lag2 of the autocorrelations of the time series.
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Matlab script:

%Matlab script to run wavelet analysis on two time series

%

% Modified by C. Torrence Oct 1999

%

% Modified by Sarah McFadden on January 10, 2019 foanléysis of 2 time
%series (water level records and ground surface change)

%

clear all

%load Plaé data
data= xIsread ('PlAt_data.xlIsx");
tilt= data(:,6);

water= data(:,4);

n = length(tilt); %ameasure length of data

dt = 0.25; % time step of intervalqInins = 1/4 of an hour)

time = [O:length(tilt}1]*(1/(24*4)) + 196; %time series length

waterhours= water(1:4:end,:); %convert 15 min intervals into hour format

tilthours=tilt(1:4:end,);
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xlim =[196,213.82]; % Aimits for axis (length of datage

pad = 1;

dj =0.125; % this will do 8 fractions per scale (power of 2)
s0 = 12*dt; % this says start at a scale of 4 hour

j1=42; % this says do 42 scales

lagtilt = 0.997; % lagl autocorrelation for red noise background for tilt

lagwater = 0.999; % lady autocorrelation for red noise background for water

wavefunction = 'Morlet'; % tells the wavelet function to use the 'Morlet' wave function

%itilt wavelet
[tiltwave,period,scale,coi] = wavelet(tilt,dt,pad,dj,s0,j1,wavefunction);
titpower= ((abs(tiltwave)).”2); %wavelet power for tilt series

tiltpower24=titpower(17,:); Y%owavelet power at 24 hours

Y%water wavelet
[waterwave,period,scale,coi] = wavelet(water,dt,pad,dj,s0,j1,wavefunction);
waterpower= ((abs(waterwave)).”2); %wavelet power for water series

waterpower24=waterpower(17,:); %wavelet power ar 24ou
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% significance levels (variance = 1 for normalized series)

Yotilt

[tiltsignif,fft_theor] = wave_signif(1.0,dt,scale,0,lagtilt,1,wavefunction);
tiltsig95=(tiltsignif')*(ones(1,n)); %expand signie (J+1)X(N) array
tiltsigat24 = tiltsig95(17,:);

tiltsig95= tiltpower ./ tiltsig95;

Ywater

[watersignif,fft_theor] =wave_signif(1.0,dt,scale,0,lagwatdr,1,wavefunction);
watersig95=(watersignif')*(ones(1,n)); %expand sigri¢J+1)X(N) array
watersigat24 = watersig95(17,:);

watersig95= waterpower ./ watersig95;

%--- Plot time series

figure(1),subplot('position’,[0.1 0.75 0.65 0.2])%sets the size of the graph
plot(time,tilt,'k")

hold

set(gca, XLim',xlim(:))

set(gca,'Ylim' j10,5])
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ylabel('Ground Movement (mm)’)
title(")

hold off

%--- Contour plot wavelet power spectrum
figure(1),subplot(‘position’,[0.1 0.44 0.65 0.23])
levels = [0.5,1,2.5,5,10,20]; %note only assign as many levels as required by your data
Yticks = [6 12 24 48 96;
colormap(parbula)
contourf(time,log2(period),log2({tbower),log2(levels));
shading flat
ylabel('Period (hrs)")
title(" )
set(gca, XLim',xlim(:))
set(gca,"YLim',log2([min(period),max(period)]), ...
'YDir','reverse’, ...
"YTick',log2(Yticks(?)), ...
"YTickLabel',Yticks)
hold on
% coneof-influence, anythingutsideis dubious
plot(time,log2(coi),'k-")

hold off
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% Yo----------mnmmmmeee- Plotting for Water series---------------------

% %--- Plot time series

figure(2),subplot(‘positin’,[0.1 0.75 0.65 0.2])%sets the size of the graph
plot(time,water,'k")%plots the raw series

hold

set(gca, XLim',xlim(:))

set(gca,"Ylim',[0,0.5])

ylabel('Water Level (m)")

title(")

hold off

%--- Contour plot wavelet power spectrum
figure(2),subplot(‘paton’,[0.1 0.44 0.65 0.23])

levels =[0.5,1,2.5,5,10,20];

Yticks = [6 12 24 48 96;

colormap(parbula)
contourf(time,log2(period),log2(waterpower),log2(levels));
shading flat

ylabel('Period (hrs)")

title(" )|

set(gca,"XLim',xlim(:))
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set(gca,"YLim',log2([min(period),max(period)]), ...
'YDir','reverse’, ...
"YTick',log2(Yticks(2)), ...
"YTickLabel',Yticks)

hold on

% coneof-influence, anythingutsideis dubious

plot(time,log2(coi),'k-"

hold off

% %

% %--- Cross wavelet contours for T and-\W---
% %

figure(3),subplot(3,1,1)

plot(time,ilt,'’k’)

hold

set(gca, XLim',xlim(:))

set(gca,'Ylim' {2,2])

ylabel({'Ground’; 'Movement (mm)'})

yyaxis right

plot(time,water,'b’)
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set(gca,"Ylim',[0,0.6])
ylabel('Water Level (m)")
title(")

hold off

figure(3),subplot(3,1,2)

levels =[0.5,1,2.5,5,10,20];

Yticks = [6 12 24 48 96;

colormap(parula)

contourf(time,log2(period),log2(tiltpower),log2(levels));

shading flat

ylabel('Period (hrs)")

title(")

set(gca, XLim',xlim(:))

set(gca,"YLim',log2([min(period),max(period)]), ...
'YDir','reverse’, ...
"YTick',log2(Yticks(?)), ...
"YTickLabel',Yticks)

hold on

% coneof-influence, anythingutsideis dubious

plot(time,log2(coi),'k-")

hold off
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figure(3),subplot(3,1,3)

levels =[0.5,1,2.5,5,10,20];

Yticks = [6 12 24 48 96];

colormap(parula)

contourf(time,log2(period),log2(waterpower),log2(levels));

shading flat

ylabel('Period (hrs)")

title(" )

set(gca, XLim',xlim(:))

set(gca,"YLim',log2([min(period),max(period)]), ...
'YDir','reverse’, ...
"YTick',log2(Yticks(?)), ...
"YTickLabel',Yticks)

hold on

% coneof-influence, anythingutsideis dubious

plot(time,log2(coi),'k-"

hold off

figl=figure(3);

figl.Renderer='Painters’,

saveas(gcf, 'Plat2_Wavelet_full.pdf');
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figure (4)

wcoherence(tilthors,waterhours,hours,'PhaseDisplayThreshold’,0.7);

saveas(gcf, 'Plat2_Coherence.pdf");
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Appendix G
UGA Dataset
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Due to a technical failure of the data logger at UGA station, data collection began on August
6. As a result, the record @ insufficient length compared to the ottsations buts

presented here for completeneSiginal response and power spectra for measurement station
UGA. a) The UGA ground surface vertical displacement (black) and water(bdibe) changes
during the study season from July™té August 18, 2018.Daily rainfall indicated by grey

bars. b) The wavelet power spectrum showing changing periodicity within the ground
displacement signal over time, yellow colours signify a gfeoinfluence of that specific

period. Red line indicates 2¥bur period. Black dashed line indicates cone of influence, data
below this line is considered n@mgnificant. ¢) The wavelet power spectrum showing changing
periodicity within the water tablaegnal over timeRed line indicates 2Aour period White

dashed line indicates cone of influence, data below this line is considersyndicant.
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Appendix H
Coherence for UGA, UGC, and PlatB Datasets

Wavelet coherence of water level (WL) and ground surfacical displacement (GSVD)

signals within PlatB (a), UGA (b), and UGC (c) over different periodicities throughout the
study season. Arrows indicate the phase relationship between the two signals. Horizontal
arrows indicate an #phase (antphase) relatinship when pointed right (left); vertical/diagonal
arrows indicate one signal leads/lags the other by a specific time interval denoted by the angle
of the arrow. Red lines indicate-Pdur period through tim&Vhite dashed line indicates cone

of influence, data below this line is considered-s@nificant.
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Appendix |

Isotopes and lons

Water stable isotopic analysis was performed on a Los Gatos Research (LGR) laser absorption
liquid water isotope analyzer (Los Gatos ResleaBan Jose, CAThe isotopic concentrations

were determined based on reference standards. The reference standards used for these runs
were: Rockies C, LGR 4C, PTS, LGR 3D, and Lake Ontario. All standards and samples were
run 5 times to quantify error drstandards were run in between every 7 samples to ensure the
system error did not increase with tirddl.isotope samples were iteratively run until the error

was below 1%.

Isotopic Datafrom study. Sample ID numbers indicate date and time of collectio

Sample ID Mean MeaHO STD S T D®0U
PLATA 072218 0955 -127.51 -16.16 0.54 0.07
PLATA 072918 0946 -131.03 -17.09 0.63 0.09
PLATA 080618 1347 -135.52 -17.34 0.63 0.11
PLATA 081018 0900 -137.26 -18.21 0.86 0.12
PLATA 081018 1209 -137.82 -17.81 0.25 0.10
PLATA 081018 1500 -138.72 -18.23 0.25 0.05
PLATA 081018 1800 -142.34 -18.27 0.46 0.06
PLATB 072918 0934 -138.93 -17.86 0.00 0.00
PLATB 080618 1336 -148.45 -19.29 0.38 0.09
PLATB 081018 0914 -142.83 -18.32 0.62 0.11
PLATB 0810181200 -146.93 -18.79 0.97 0.03
PLATB 081018 1500 -149.72 -19.18 0.68 0.08
PLATB 081018 1800 -148.43 -18.90 0.40 0.04
UGA 071618 1530 -124.71 -15.36 0.56 0.05
UGA 072218 1416 -131.14 -16.56 0.54 0.11
UGA 072918 1529 -122.74 -15.64 0.64 0.18
UGA 080618 1015 -129.23 -16.75 0.93 0.07
UGA 081118 0915 -138.23 -17.34 0.51 0.01
UGA 081118 1211 -139.40 -18.54 0.34 0.10
UGA 081118 1509 -138.80 -17.35 0.50 0.14
UGA 081118 1810 -134.76 -16.75 0.24 0.06
UGB 071618 1500 -172.49 -22.04 0.35 0.06
UGB 072218 1401 -165.87 -21.51 1.14 0.08
UGB 072918 1454 -137.69 -17.40 0.19 0.11
UGB 080618 1050 -140.41 -17.78 0.28 0.08
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UGB 081118 0907
UGB 081118 1200
UGB 081118 1500
UGB 081118 1800
UGC 072218 1409
UGC 072918 1503
UGC 080618 1040
UGC 081118 0910
UGC 081118 1206
UGC081118 1505
UGC 081118 1604

UGSEEP 071618 152

UGSEEP 080818

-142.27
-144.38
-144.69
-142.10
-134.75
-121.35
-122.75
-123.77
-124.87
-125.97
-126.38
-150.77
-140.38

-17.76
-18.87
-18.56
-18.56
-16.63
-15.31
-15.36
-15.69
-16.10
-16.44
-15.61
-19.32
-17.90

10z

1.38
0.33
0.85
0.39
0.00
0.34
0.74
0.90
0.00
0.36
0.42
0.40
0.39

0.13
0.03
0.10
0.05
0.00
0.04
0.08
0.12
0.00
0.11
0.09
0.03
0.06



Daily and seasonal isotopic values relative to water level changes and EC

Goose August 11, 2018
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lons: Cations

Major cations and anions (including N@2NO3-, Cl-, Br-, SO4 2, K+, Na+, Mg2+, Ca2+,

NH4 +) were analyzed using the Dionex ICS 5000 ion chromatograph and were diluted with
distilled water when concentrations were above the detection limits. DI water blanks and
replicates were included in all runs and samples were rerun until the coefficient of variation

between replicates was less than 5%.

Measurement Date Li ** Na *2 NH4*? K * Mg *2 Ca*?
Station (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
201807-22 b.d. 10.63 0.02 3.11 14.86 14.58

PlatA 20180806 b.d. 18.75 0.18 555 34.46 30.68

50180811 bd. 1835 007 4.85 40.81 35.22
20180722 bd. 5660 0.21 538 2829 43.43
201807.29 bd.  96.40 026 695 3359  47.05

Plags 201808-.06 b.d. 364.24 b.d. 14.81 92.74 110.77
20180811 bd. 195.02 044 10.30 72.66 80.59
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