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Abstract

Permafrost temperatures were measungdhe Geological Survey of CanaffaScC)in
19771981 at boreholes along a proposed pipeline route in the southern YArkalysis of
climate stationrecordsindicate thatmean annual air temgpeures in the region havsince
increasedby 0.51 . 0 e C. Renewed i nanctheenedd toidavelop ladaptapon p e | i
strategies for existing highway infrastructurave meant that information on permafrost and
geotechnical conditions must be updated.

To accomplish this gu, a total of eightGSC boreholes ranging in depth frd®d m
were located, unblocked of ice and instrumdntgth thermistor cables andataloggers to
permit renewed ground temperature monitoring. Manual temperature measurements were also
taken at fourother shallow borehole<lectrical resistivity tomography (ERT9urveys were
conducted at each site.

MAGTSs below 1 m at permafrost sites in the study area range-0@aC to-1.5C with
permafrost depths greater than 25 The permafrost at the studjtes can be classified as
sporadic discontinuous and extensive discontinuo@sound temperatures indicate that
permafrost can persisinder warmer climatic conditions as long as it remains protected by its
ecosystem properties.

Thermal monitang for 2011-2012 shows an average increase of-0&® C when
compared to the origindl9781981 ground temperatureBhis slow rate of ground warming is
mainly attributed to a combination of limited climate change, especially in the south of the study
area, groundeimperatures close t@®, and the possible disturbance of sitesifitbe removal of
vegetation prior to the original measurements being mB&83 surveys conducted at most
borehole site show deeper thaw or talikdere the cleared cline used for geoplsjcal work in
the 1970s is crossed.

These results indicate the impacts of climate change and environmental change in the
study area over the past three decades. They appear to match the relatively slow rates of ground
warming observed elsewhereinnorth@ma nada wher e per mafrost t empe
and where warming also requires changes in latent heat duenaainthaw.TTOP equilibrium
modelling sugges that if climate change is responsible for the ground warming, most of the
change can battributed to the stelike MAAT increase that occurred between 1987 6.
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1.0 INTRODUCTION AND OBJECTIVES

1.1 Introduction

Permafrost distribution and characteristics are broadly controlled by the climate system
(Smith and Riseborough, 1996; Lewkowicz et al., 2012; Throop et al., 2012). The climate
warming expected over the next century, due to the enhanced greenhouséasfsgnificant
implications for the permadist environment, with land polewaod 60° N experiencing greater
warming due to feedback processes (Smith and Riseborough., 1996; Arctic Climate Impact
Assessment [ACIA], 2005; Arctic Monitoring andsgessmenProgramme [AMAP], 201p
Permafrost is predicted to warm and diminish in extent with rising air temperatures (ACIA,
2005; Intergovernmental Panel on Clim&kange [IPCC], 2007; AMAP, 20)12Hydrological
processes at the base of aquatic and terrestriaysteons will be affected, and possibly change
due to warming and thawing of permafrost, impacting the traditional lifestyles of northerners
(ACIA, 2005 AMAP, 2012. Degrading permafrost can have significant impacts on ecosystems
and also have implicationfor structural integrity of northern infrastructure (ACIA, 2005
AMAP, 2012.

Changes in permafrost have been underway for some time, as revealed by a northward
migration of the southern boundary of permafrost (James, 2010), warming ground temperatures
throughout most of the permafrost regions (Lachenbruch and Marshall, 1986; Osterkamp and
Romanovsky, 1999; Oskerkamp, 2005; Smith at al., 2005; Isaksen et al., 2007; Romanovsky et
al., 2010; Smith at al., 2010; Christiansen et al., 2012; Lewkowicz et0dR; Zhroop et al.,

2012), increases in active layer thickness, and permafrost degradation (Jorgensen et al., 2001;
Jorgenson et al., 2006; Pullman et al., 2007; Fortier et al., 2011). Permafrost degradation in the
Yukon has already caused serious negasffects on the structural integrity of vertical

infrastructure (Laxton and Coates, 2011) and transportation routes such as highways, roads and

airstrips (Lepage and Dore, 2010).

Understanding the distribution and dynamics of permafrost is essentiafréstincture
design in permafrost environments, including major linear infrastructure such as pipelines and
highways. A great deal of information was collected to describe subsurface conditions including

thermal conditions in the 1970s in support of a pega gas pipeline project along the Alaska
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Highway Corridor (Figure 1.1). For example, ground temperatures were measured in a suite of
boreholes by the Geological Survey of Canada between 1978 and 1981 (Burgess et al., 1982).
However, little recent infornteon exists for the corridor. Renewed interest in the pipeline
proposal and the need to develop adaptation strategies for existing highway infrastructure has
stimulated a need for updated information on baseline permafrost conditions and how these are
changing.

Study Area

Figure 1.1: Proposed Alaska Pipeline Project route showing the study area along the Alaska
Highway Corridor, Southern Yukon (Pipelines International, 2010)
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1.2 ResearclObjectives

The central objective of this research is userenewedgroundtemperature monitoring and
DC ElectricalResistivity Tomography (ERT) profiling to evaluate the impacts of rugtadal
climate change and environmental change on permafrost conditions at borehole sites along an
approximately 457 km length of the Alaskdaghway Corridor from Whitehorse to Beaver
Creek, YT (Figure 1.2). This research forms part of a longer term project with goals of
increasing our understanding of the distribution and dynamics of permafrost in the Yukon. The

steps necessary to achieve tbgearch objective were:

1 Analyze climate records from Environment Canada climate stations in communities
along the 457 km transect in an effort to link change in permafrost conditions to recent
climate change.

1 Relocate unblock of iceandinstall temperatte sensors for renewed thermal monitoring
in boreholes drilled in the 1970s duringajechnical investigations for th@oposed
Alaska Highway Gas ipPeline and where the GSC had previously collected ground
temperature dat® tevaluate multidecadabifferences

1 Perform ER surveys at each borehole sd@ed over the regrown cline used for
previous geophysical work in the 1970s to further examine permafrost subsurface
conditions and to investigate the effects of environmental change in the corridor.
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Figure 1.2 Map of the study area showing theborehole monitoring sites. Permafrost zones are

from Heginbottom et al., (1995).
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1.3 Structure of the Thesis

The thesis is divided into the following seven sections:

Section One

Section Two

Section Three

Section Four

Section Five

Section Six

Section Seven

Introduction
and Objectives
Background

Study Area

Methodology

Results

Discussion

Conclusion

Provides a general overview.
Outlines the background literature on
permafrost dynamics and ERT monitoring.

Describes the study area and the specific
climate andenvironmental characteristics.

Describes the methodologyd analytical
methods usetb conduct the research project
Presents site descriptions and comprehensiy
results of the research for eagite.

Discusses and analyzes the data collected.

Presents the conclusion of the research.
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2.0 BACKGROUND
2.1 A Changing Climate

The international scientific community has

rapid pace and that global temperatures are becoming warmer in most locations around the world
(IPCC, 2007). These changes in global climate include changes in teun@gepaecipitation, and
oceanic and atmospheric circulation which have been partially attributed to the increased
atmospheric concentrations of anthropogenic greenhouse gases caused by human activity (ACIA,
2005; Anisimov and Nelson, 1997; IPCC, 2007)c®i the start of the industrial revolution
(1750), atmospheric greenhouse gases have increased at an unparalleled; laye31C%, CH

by 150 %, NQ by 16% and CFCs by 100 % (IPCC, 2007). An increase o0.¥0.18&C in

global mean surface temperatucesurred from 1902005 and the rate of warming over the last

50 years was almost double that of the last 100 years (IPCC, 2007). A global surface temperature
increase of 1°C to 6.4C has been projected for the*2sentury, with land north of 80atitude
experiencing warming of approximately twice the global mean, mostly due to pronounced
changes in feedback process from melting arctic sea ice (ACIA, 2005; IPCC, 2007). This
warming is expected tooccur predominately during winter, and mean annsaiface
temperatures are projected to increase 46yt 7C over the next 100 years in Arctic regions
according tothe A2 climate scenario, with major impact on all elements of the cryosphere
(ACIA, 2005; IPCC, 2007; AMAP, 20)ZFigure 2.1).

CT 1T el
0051152253354455556657 75 (C)
Figure 2.1 Projected surface temperature changes for the early 2icentury (A: 2020-2029) and the
late 21" century (B: 20962099). The map shows the mukAOGCM average projection for the A2
scenario. Temperature changeare relative to the period 19801999 &ource: IPCC, 2007)
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2.2 Permafrost Classification

Permafrost is defined as ground (soil, rock and organic material) that remains at or below
0°C for two or more consecutive years (although most permafrost has existed for centuries to
thousands of years) (Muller; 1943; Brown and Péwé, 1973; Van Everdingen, 1976; Kudryavtsev,
1978; IPCC, 2007). The active layer is the upper layer of the groundehsbnallyexperiences
positive temperatures (Burn, 1988) aselasonal freezihaw cycles (Van Everdingen, 1976;
IPCC, 2007; French, 2007). Permafrost ranges in thickness from a few metres to hundreds of
metres and in temperature from close $6 @ muchlower than-10°C and is generally found in
areas where the mean annual air temperature (MAAT) is bélewRomanovsky et al., 2010).
Permafrost occurs not only at high latitudes but also at high elevations, underlying approximately
2325% of t h @ndwwface, dith about 15 % of all permafrost occurring within Canada
(Baranov, 1959). More than 50 % of the Canadian landmass falls into a permafrost zone
(Heginbottomet al.,1995; NRCan, 2007).

Many different classification schemes have been prapbdse permafrost distribution
based on proportion of land underlain by permafrost (IPCC, 2007). A typical classification
recognizes continuous permafrost as underlyind®® % of the landscape with only rivers and
water bodies not underlain (Heginbotteal., 1995; ACIA, 2005; French, 2007; UNEP, 2007).
The majority of this permafrost was formed during or before the last glaciation (UNEP, 2007).
The International Permafrost Association (IPA, 2011) classifies discontinuous permafrost as
underlying 50890 % of the landscape and sporadic permafrost as underlyi#d@ 6.
Discontinuous permafrost is normally found to be much younger than continuous permafrost, as
it generally formed after the last glacial period (UNEP, 2007). Heginbcgtoah, (1995) sub
classify the discontinuous permafrost zone into extensive discontinuous permafré 5D
and sporadic discontinuous permafrost-500%). However, the sporadic discontinuous zone is
classified as 130 % by the ACIA (2005). Areas with permafrost occupyiRj0 % of the
landscape are classified as isolated patches (Heginbatosh, 1995; ACIA, 2005; UNEP,
2007) . Zol t ai (1971) and French and Egorov
where permafrost is only present in small islands of peatysilty soil. However, the
identification and localisation of these isolated patches is difficult without specific field testing
(French and Egorov, 1998).
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Permafrost is often viewed as a product of climate (Kudryavtsev, 1954). Climate in an
area can be feurable, neutral, or unfavourable to permafrost (Shur and Jorgenson, 2007).
However, in most situations, the impact of climate change on permafrost is indirect because
permatfrost is a component of a complex-geological system and its existence alscetiels on
other environmental factors including vegetation and soil properties (Shur and Jorgenson, 2007).
Climate can also vary temporally so that an area that was once favorable can now be neutral or
unfavourable resulting in permafrost disappearing, oraieing in the landscape due to other
environmental factors (Shur and Jorgenson, 2007).

Shur and Jorgenson (2007) proposed a classification system that identifies different types
of interactions between climate and ecosystems that affect formation aifpestand its long
term stability. They classify permafrost into five categories: dlifhatedrivery (2) climate
driven, ecosystemmodified (3) climatedriven, ecosystem protecte@) ecosysterdriven, and
(5) ecosystem protecte@Figure 2.2). Climatedriven permafrost forms independently of
vegetation in cold and very cold areas. Factors other than climate are not involved in permafrost
formation at its initial stageClimatedriven, ecosysteimodifiedpermafrost is initially formed
under a favourable cold climate and becomes less reliant on climate as ecological succession
modifies the upper part of the permafrost and its sensitivity to degrad&iiomatedriven,
ecosystenprotectedoermafrost was foned under a favourable past cold climate and can survive
under warmer climatic conditions as long as it remains protected by its ecosystem properties.
These areas are normally covered by mosses and peat, and are generally permafrost neutral.
Ecosystendriven permafrost forms in areas where climate alone is insufficient to cause
permafrost formation. Complex interactions of biophysical factors taking place under significant
ecosystem influence, such as nefdhing slopes and peat lands, play an importaid no
permafrost formation and persistence. Disturbance from human activity or forest fire would
permanently thaw these areas. Ladlgosystenprotectedpermafrost has similar characteristics
to Ecosystendrivenpermafrost, but occurs under climates vehRIAATSs are approximately’Z
to -2°C. It can persist in undisturbed legeccessional ecosystems, but cannateneelop after

disturbance.
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Figure 2.2 Permafrost conditions in relation to climate, ecological
(from Shur and Jorgenson, 2007).
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2.3 Thermal Dynamics of Permafrost

The IPCC (2007) has advocated that research should be directed towards understanding
the physical relationship between permafrost temperatures and air temperatures as climate exerts
the strongest control on permafrost existence at the rsaale. Recent studies by Lewkowicz et
al. (2012) and Throop et al. (2012) confirm this strong clirpat@nafrost relationship at the
macroescale. However, numerous papers have shown that the retapopetween permafrost

and climate is not altogether simpieg( Smith and Riseborough, 2002).

The key parameters used to descrithe permafrosiclimate relationships are the mean
annual air temperature (MAAT), the mean annual ground surface tempgiV@ST), the
mean annual ground temperature at any depth below the surface (MAGT) and the mean
temperature at the top of permafrost (TTOP) (Smith and Riseborough., 1996, 2002). Under
equilibrium conditions, the presence and thickness of permafrost agedidty the temperatures
at each of these four levels and by the differences between the levels (Figure 2.3). As a general
rule, the temperature at each of these levels will differ on a mean annual basis, according to the

influences of surface cover ancdbgnd thermal properties (Smith and Riseborough, 2002).

The MAAT measured at a given permafrost monitoring site represents the point of
linkage between regional climate and the local mammate (Smith and Riseborough, 1996).
contrast, the MAGST, MAGT and the TTOP incorporate local environmental factors, area
characteristics and lithological conditions (Smith and Riseborough, 1996, Z0@2MAGST is
representative of the interference between the atmosphere and the stitfaeesnowpack in
winter or the vegetated layer in the summer (Smith and Riseborough, 1996). Heat transfer
processes occurring at this interface and within the buffer layer are complex, involving radiative
influxes, turbulence, conduction, evaporationd aranspiration of living vegetation (Smith and
Riseborough, 1996). The MAGST is in most cases warmer than the MAAT since the insulation
due to winter snowcover is gendyagireater than the shading due to vegetation in the summer
(Smith and Riseborough926).
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Figure 2.3 Schematic mean annual temperature profile through the surface boundary layer,
showing the relation between air temperature and permafrost temperatureNote that the MAGT
can be calculated at any depth below the ground surfacérom Smith and Riseborough, 2002).

The TTOP is measured at tha@p of permafrostindependent of active layer thickness
(Smith and Riseborough, 2002). Mean TTOP values remain faingtaot intraannually since
the ground below the active layer does mwoidego significant phase change (Smith and
Riseborough, 1999). This characteristic keeps the soil thermal properties constant, therefore
keeping the temperature fairly consistent over time.irfcrease in active layer thicknedse to
climate warming is not amdicator of TTOP change and does not necessarily mean an increase

in permafrost temperatures (Smith and Riseborough, 1996).
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The MAGT which is measured at the depth of zero annual amplitug@ )(i3 another
commonparametemusedto describe permafrost atacteristic{Smith and Riseborough, 2002).

The Dyaa is discussed in Section 2.6.4.

2.4 Interactionsbetween the Air and Ground Surface

2.4.1 Surface Offset

Local microclimatic factors commonly override the influence of larger scale
macroclimatic factoron ground thermal conditions, leading to a measureable surface offset
(Smith and Riseborough, 2002). The aod offset is defined as

Surface Offset = MAGST MAAT (1)

The size of thesurface offset is dependent ground surface conditions which a& a buffer
between the atmosphere and the ground surface (&ndtiRiseborough, 2002). Tkiereemain
factors thatcontrol the surface offset arél) the snow cover that insulates the ground and
restricts the loss of heat during winter; (2) the vegetatiover that shades the ground surface
from directinsolation during the summer (Williams and Smith, 1,98fith and Riseborough,

2002);and (3) the presence or absence of permafrost (Karunaratne and Burn, 2004).

Snow cover is a very effective insulator tomparison with most natural ground surface
materials due to its low thermal conductivity, and therefore has a strong influence on the thermal
regime of the ground (Goodrich, 1982; Williams and Smith, 1989; Smith and Riseborough,
2002). In general, a ttker snowpack restricts heat loss from the ground to a greatent
during the coldest padf the year, thus limiting the magnitude of ground cooling (Goodrich,
1978; Smith and Riseborough, 2002). Greater ground cooling due to greater heat loslly typic
observed where the snow cover is thin or absent (Ishikawa, 2002).

The net effect of snow cover over a year is to raise mean annual ground temperatures,
often by several degrees (Goodrich, 1982). As a result, local and regional spatial variability in
snow cover due to topography, vegetation and drift patterns is the largest single factor
accounting for variations in the ground surface temperature during the winter months
(Desrochers and Granberg, 1988; Smith and Riseborough, 2002). In additiorgnimiak
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variability of the snowpack leads to an augmented -Haterual variability in the temperature of
the ground, beyond that due simply to variation in air temperatures (Smith and Riseborough,
2002).

The ground thermal regime is significantly influencbg the timing of the first
accumulation of snow on the surface, the duration of the snow cover, and the maximum
thickness reached during the winter (Goodrich, 1982). Early snowfall or early snow melt can
increase ground temperatgrevhile late snowfall blate snowmelt has the opposite effect, so the
timing of the arrival and departure of snow can be significant (Ling and Zhang 2003: Morse and
Burn, 2010). Snow begins to melt once air temperatusegri above 0eC then t he
nearsurface temperates only begin to rise once snow has melted (Woo et al., 200&)lag
time between air temperatures rising above 0°C and grsurfdce temperatures rising above
0°C can be useatrepresent the duration of teeowmelt (Woo et al., 2007Jhe annual deth
and duration of snow cover can be measured with a single value using snowlaep({sDD),
which is a cumulative total of daily average snow depths over the winter (Karunaratne and Burn,
2003).

Vegetation cover is an effective buffer in the sumnmmeducing theamount ofsolar
radiation reaching the ground surface, consequently causing ground temperatures to be cooler
than the air (Smith and Riseborough, 2002). The interception of precipitation and transpiration
by the canopy influences the ground thermal regime throughwtiter balance (Smith and
Riseborough, 2002)The snowholding capacityof vegetation critically influences ground
temperaturesand is controlled by \getation structureKokelj et al, 2007 Morse and Burn,

2010. Snow cover is thin at upland tundra sigds where the snelolding capacity of low
shrubsis minimal. The wind redistributes snow to drifts thatumulate where there are taller
shrubs, or to lee slopes, valley bottoms, and topographic concékitikslj et al, 2007 Morse

and Burn, 201D Overall, vegetation leads to smaller amplitudes of ground temperature waves

(Karunaratne and Burn, 2004).
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2.4.2 Thawing and Freezing Degree Days

Degree days are useful indices for examining temperature ranges at a particular site
through a seasonal peespive (Kwong and Gan, 1994). Thawing degdegs (TDD) are the
sum of daily mean temperatures aboe€ @uring the thawing season while freezing degree
days (FDD) are the sum of daily mean temperatures bedowd@ring the freezing season (Klene
et al., D01). TDD and FDD can be calculated for both the D, FDD,) andground surface
(TTDs, FDDs) and are used to indicate temporal changes Hoaround surface temperature
relations, as well as for seasonal analysts @mparisons amorsites (Klene et al., 2001).

2.4.3 Nfactors

Lunardini (1978) and Jorgensen and Kreig (1988) us¢ddctors as transfer functions
between the air temperature and the ground suttoeeraturdor both the thawing and the
freezing seasons, to account for the local influence of vegetation and snow céaetorkl are
ratios of the seasonal ground surface temperature index to the seasonal air temperature index for
both thawing and freezing seaso The thawing 4fiactor (n) and freezing #actor (n) are
calculated usingq. (2) andEg. (3) respectively:

. ~TPD, @)
TDD,
_ FDD,
""" FDD. (3)

Klene et al. (2001) and Karunaratne and Burn (2003) define the start and the end of the freezing
and thawing seasons using the ground surface temperature. Others however (e.g. Lewkowicz et
al., 2012) have determined the start and end of the freezing anthghseasons independently

for the air and ground surface to better investigate the impact of snow cover. The closer the value
of ncor rx is to 1.0, the more similar the air temperature index is to the ground surface index, and
the lower the value, theepater the buffering between the air and the surface (Taylor, 1995).
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The summer (thawing) -factor incorporates all microclimatic effects (radiation,
convection, evapotranspiration, shading, etc.) due to vegetation cover (Smith and Riseborough,
1996). Highvalues of nsuggest direct exposure to sun and an open area, resulting in higher
ground surface temperatures than air temperatures while low valugesswggest significant
shading from vegetation such as in a forest, resulting in lower ground swfiageratures than
air temperatures (Taylor, 1 9 9 5) s therrhal diffusivitye n et r a
sosoil with high thermal diffusivity will have a higher (frrench, 2007).

The freezing ffactor is dominated by the influence of sneaver as the low thermal
conductivity of snow restricts the loss of heat from the ground during the coldest parts of the
year (Smith and Riseborough, 1996). Vegetation plays an important role in trapping blowing
snow in the winter, allowing a thicker snavever to accumulate in some areas (Smith and
Riseborough, 1996) Low values ofsuggest a thick insulating snow cover, resulting in higher
ground surface temperatures than air while higher values efiggest a thin snow cover,
resulting in more similatemperaturs for the air and the ground surface (French, 2007). The n

increases as the MAAT decreases for any snow depth (Smith and Riseborough, 1996).
2.4.4 TTOP Model

Smith and Riseborough (1996) have presented an explicit formulation afirtiete
permafrost system that provides a functional framework for analyzing the influence of climate,
terrain and lithological factors on the temperature condition and distribution of permafrost
(TTOP model). The TTOP model links ground temperatures @oatmospheric temperature
regime through the use of seasonafactors (Lunardini, 1981), which provide a highly
simplified representation of the influence of the buffer layer in modulating heat exchange
between the atmosphere and theugd surface (Wrighet al., 2003).The model assumes a
homogeneous substrate and that a state of thermal equilibrium exists (on a year to year basis)
between the atmosphere and the ground thermal rg§fimght et al., 2003). The TTOP relation
is shown in Eq. (4) witlirozen and thawed conductivity values for various terrain uiWsght
et al., 2003):

Page |-17-



Kt
—(nt- DDT — nf - DDF) (4)
TTOP =

P

Where:
TTOP = Temperature at the top of permafrost

Ky = Thermal conductivity of unfrozen ground
K¢ = Thermal conductivity of frozen ground

DDT = Aiar thawing mndex (degree days)

DDF = Air freezing index (degree days)
n, = Thawing n-factor
ny = Freezing n-factor
P = Annual period (365 days)

Dry Density K, Ky

Surficial unit Kg/m? Wim/*C Wim/*C
Colluvial 1404} 1.15-1.54 l.6]1-2.69
Lacustrine 1475 1.21-1.62 1.82-2.74
Acgolian 15010 1.35-1.60 1.63-2.47
Glaciofluvial 1550 |.26-1.66 1.65-2.50
Alluvial 1600 1.30-1.72  1.59-2.53
Glacial till 1750 1.41-1.98 l.68-2.92
Organic 3040 0.52 1700

2.5 Ground Surface and Permafrost Interactions

2.5.1 Thermal Offseaind Thermal Gnductivity

It was shown by Goodrich (1978) that the mean annual ground temperature (MAGT)
profile is not constant but is generally offset to progressively lower values at depth within the
active layer, with the lowest MAGT occurring at the base of the active layat, the top of
permafrost. This thermailffset is defined aéSmith and Riseborough, 2002):

Thermal Offset = TTOP MAGST 5)

The thermal offset arises because the thermal conductivity of a soil is substantially
greater when frozen than when thawed tasylin seasonal variability in heat transfer by
conduction between the ground surface and the top of permafrost (Smith and Riseborough, 1996;
Taylor et al., 2000). The difference is due to the thermal conductivity of ice being four times that
of water (Snith and Riseborough, 2002).
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The thermal conductivitye- )s the property of a material to conduct heat as described in
Fourierdéds Law for heat conduction (Burn, 2012
conductivity occurs at a higher rate than across materials of low thermal conductivity (Burn
2012) Within permafrost, heat flow is dominated by conduction, since pore spaces are generally
blocked by ice and the critical property is the thermal conductfgitw// m/ @§&tgrkamp and
Burn, 2003;Burn, 2012). The thermal conductivity of water (0Md8m/e Lincreases to about
(2. 2 W/ mfrezéh)resultihgeanmhiglein saturated frozen sand and peat when compared
with thawed soil (Burn, 2012).

As a result of the thermal offset, permafrost can develop even where the MAGST s
above @C (Burn and Smith1988; Romanovsky and Osterkamp, 1995; Smith and Riseborough,
2002). Minor seasonal changes in thermal conductivity occur at sites with bedrock and dry earth
materials where moisture content is limited, resultmgegligible to no thermal offset (Burn and
Smith, 1988; Romanovsky and Osterkamp, 1995; Smith and Riseborough, 2002). Since the
thermal offset can vary significantly between sites, the MAGST cannot alone be used to define

the characteristics of permafrost (Burn and Smith, 1988).

The occurrence gbermafrost in peatlands at the southern margins of the discontinuous
permafrost zone has commonly been attributed to the differeneebietween frozen and
unfrozen peat (Burn, 2012). In the summer, the #0f dry peat reduces the flow of heat into
the gound while the highe-of saturated frozen peat assists cooling in the winter (Burn, 2012)
Noticeable difference im-between the thawed and frozen states of the active layer of mineral

soil also play a significant role in the thermal state of permafBasth( 2012).
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2.5.2 Unfrozen Water in Frozen Soils

Seasonally frozen ground and permafrost contain unfrozen water (Figure 2.4) and ice in
equilibrium at temperatures below®as a result of the differential effects of soil particles and
solutes (Oser kamp and Bur n, 2003) . I n the absence
specific surface area are the primary determinants of the amount of unfrozen water content
(Osterkamp and Burn, 2003).

0.5 . | .

Unfrozen water content

Unfrozen water content (volume fraction)

Temperature (°C)

Figure 2.4 Representative values for thetemperature dependence of unfrozen water contents in
sand, silt and clay. Unfrozen water contents typically increase with temperature and finer grained
soil (Osterkamp and Burn, 2003).Note that these curves could be shifted if solutes caused
substantial freezing point depression (Anderson and Morgenstern, 1973). This was not generally
observed at the field sites (see Chapter 5)
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Finergrained soils, such as clays and silts, have the highest specific surfa¢s%#¢a
and porosity while coarser soils suab gravel have the lowest (Osterkamp and Burn, 2003;
Williams and Smith, 1989 Bulk water exists in the middle of the pores of these-girzened
soils as well as water attracted to soil particles due to adsorption and capiladirgon and
Morgensten, 1973 Sloan and Van Everdingen, 198&apillarity is the physical process that
relates to the molecular forces that exist between phases when the interfaces are confined and it

increases as the soil particles become smalled€rson and Morgensterrn9a3).

During freezing of finegrained soil, te purest water within the ceniéthe pore space
freezes first. This results in water being confined progressively in smaller spaces as it migrates to
the freezing zone, which is referred to as cryosuctiddilibems and Smith, 1989 The free
energy of the water falls accordingly as freezing takes place and this is most apparent in fine
grained sediments\(illiams and Smith1989. Te mper at ures bel ow 0eC ar
remaining unfrozen moisture to cige phaseexplaining how unfrozen water can exist in
permafros{Williams and Smith, 1989

The presence of dissolved sokitend minerals has the effect of lowerithge initial
freezing point of water (Anderson and Morgenstern, 1%i8an and Varkverdingen, 1988
This freezing poindepression is most prominentsails with high SSA due tanfrozen water
remaining bondd to the soilparticles under high tensiogAnderson and Morgenstern, 1973
Sloan and Van Everdingen, 1988 he thin monclayers of water are strongly bound to the
individual soil particlesreducing theability of the waterto freely migrate in permafrost (Sloan
and Van Everdingen, 1988). The thickness of the water filmsedse when temperatures fall

below the initial freezingoint of the soil water (Sloan and Van Everdingen, 1988)

Poorly drained silty soils usually possess some of the highest water or ice contents and
are termed Afrost S u sdcreapi tniebdl e e dw hm el neffrest caarres et,
S usce pWillidrms erid Srhith, 1989 Soils with smaller pore spaces will have higher
unfrozen moisture contesithan those with larger pore spaces at the same temperature (Williams
and Smith, 1989%Anderson and Morgenstern, 19T3sterkamp and Burn, 2003).
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2.5.3Latent Heat and the Zerd&Curtain Effect

Latent heat is the amount of energy released or absorbed by a substance during a phase
change (e.g. solid to liquid or liquid to gas) (French, 2007). In autumn, as the ground begins to
freeze, the freezing front pyeesses from the ground surface downwards through the active layer
(French, 2007). As moisture in the ground freezes at the freezing front, latent heat is released and
flows upwards along the thermal gradient (French, 2007). When temperatures withitivilie ac
layer approachdC, they remain constant for as long as sufficient unfrozen moisture is present to
release enough latent heat to satisfy the thermal gradient and thermal conductivity (French,
2007). This phenomenon is known as the zendain effec{Williams and Smith, 1989; French,

2007). When ice formation decreases due to a reduced supply of unfrozen moisture, less latent
heat is released and the soil cools down belgdvad a higher rate, allowing the freezing front to

advance once again (Willissrand Smith, 1989; French, 2007).

In the spring, a similar zerourtain effect pattern is observed when ice present within the
active layer thaws (Outcalt and Hinkel, 1996). As ground temperatures rise in the active layer
and appr oach 0 stéahtunti thedagent heathmacessarydoo phase change of ice to
water has been satisfied. Once the ground has thawed, the soil can warm at a higher rate,
allowing the thawing front to advance once again (Outcalt and Hinkel, 1996).

Studying zerecurtain dfects at borehole sites can be useful in determining the amount of
frozen or unfrozen moisture content in the active layer spatially and temporally over time
(Throop et al., 2012). An extended zeuartain indicates a significant amount of frozen or
unfrozen moisture present in the active layer or that the thermal gradient is weak (Isaksen et al.,
2007). Interannual variability in zer@urtains can give an indication dfow much moisture
conditions change at a site and can be used to examine more eglireate events such as

exceptional amounts of rainfall prior to fredzack (Isaksen et al., 2007).
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2.6 Thermal State of Permafrost

2.6.1Amplitude of Annual Temperature \Ave

The amplitude of the annual ground temperature wave is half afiffieeence between
the maximum and minimum temperaufluctuation at a given deptfWilliams and Smith,
1989):

~ maxT —minT (6)

(z) ]

s

Where A, is the amplitude atz depth, maX and mifl are the maximum and minimum
temperatures reached over one year déepth, respectively (Williams and Smith, 1989). The
amplitude is attenuated with depth until seasonal fluctuations are no longer detectable at the

Dzaa and only longterm changes occur (Williams and Smith, 1989).
2.6.2 Thermal Dffusivity

The thermal dfusivity is the rate at which temperatuckangesare able to propagate
with depth (Williams and Smith, 1989). The thermal diffusivity is driven by temperature
gradients and is dependent upon the ratio between the thermal conductivity and heat capacity of
the substrate (Hinkel, 1997). The thermal diffusivity can be calculated at sites witsaidat

temperature wave using

-5
InA, /A,

Wherek is the thermal diffusivity (fs) andP is the period of the wave, usually in seconds,

either over one day (86400 s) or over one year (3.15 xdHEpending on the period which the
amplitude represents;;Aand A are the calculated amplitudes at the two depths of measurements

Z; and Z,, Z, being the greater depth (Williams and Smith, 1989). This calculated value for

t her mal di ffusivity i s consi denduetde hdah papséer e nt 0O

within the soil such as latent heat effects related to phase change (Williams and1988jh,
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Obtaining a value for the apparent thermal diffusivity using this method can be problematic at

sites where soil moisture conteritluctuateover time (William and Smith, 1989).
2.6.3Depth of Zero Annual Amplitude

The depth of zero annual amplitu@@®zaa) is the level atwhere annual temperature
amplitudes diminish to less than @C1 (Williams and Smith, 1989). Changes in ground
temperature below this depth occur over multiple years or decades and are normally associated
with climate change and em@hmental change (Williams and Smith, 1989). Temperature
envelopes are a visual representation of the annual range of temperatures at each depth and can
be used to estimate the {3 (Brown, 1978).

The temperature at the ) relates directly to the TTORd is generally observed to be
greater in areas with cold surfaces and highly conductive substrates such as bedrock (Smith and
Riseborough, 2002). The shallowestsp are observed in finedrained soil close todd with
high unfrozen moisture content wheykase change is occurring (Riseborough, 1990). Surface
temperatures propagate faster at sites where the ground is frozen compared to unfrozen sites, due
to higher thermal diffusivities (Riseborough, 1990). Higher thermal diffusivities at frozen sites
redwe therate ofattenuation of ground surface temperatures with depth, resulting in a greater
Dzaa (Riseborough, 1990). The opposite is true at unfrozen sites where the thermal diffusivities
are generally lower due to high amounts of unfrozen moistureb@isegh, 1990). In this case,
the amplitude is rapidly dampened with depth and the s shallower (Riseborough, 1990).

The MAGT is usuallywarmerthan the TTOP value due to the geothermal gradient (Smith and
Riseborough 2002).

The approximate pa of shallow boreholes can be calculated using the apparent thermal
diffusivity. The Dyaa is calculated using the deepest kmaapparent thermal diffusivityk() in a
borehole that is shallower than thesR (Williams and Smith, 1989). The depth of zero annual

amplitude (Baa Or Zzaa) can be calculated using

&P A "L 8
Zaas —J?| In %‘w | +7, (8)
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Where Zaa is the Daa, A1 is the amplitude at the second deepest thermistor, agdig the
amplitude at Raa or 0.2&C (Williams and Smith, 1989). The amplitude at the second deepest
thermistor isused because it will not be affected by phase changes that may occur within the

active layer during the thawing and freezing pési (Williams and Smith, 1989).
2.6.4Phase Lag

The apparent thermal diffusivity can also be used to calculate the phasé &g
temperature wave (Williams and Smith, 1989). The phasesfiartsthe length of time it takes
for a temperature wave to reach a particular depth (Williams and Smith, 1989). The pl{Bse lag

can be calculated using

zf P | (9)

Wheret is the lag ofthe wave with depthz] (Williams and Smith, 1989). The period of the
wave,P and the apparent thermal diffusivity,are defined in section 2.6.2. Substrates with high
thermal diffusivities such as bedrock propagate seasonal temperature fluctuationapitbye
downwards, producing shorter phase lags than material with low thermal diffusivities (Williams
and Smith, 1989). Sites with high thermal diffusivities and short phase lags can attain depths of
ZAA greater than 20 m (Williams and Smith, 1989).

2.65 Permafrost Thickness

The thickness of permafrost is controlled by factors that influence its heat balance and
heat flow within it (Osterkamp and Burn, 2003). Heat balance and heat flow are mainly
controlled by ground surface temperatures and conditions as well as the geloghadmeat and
the thermal conductivity of the substrate (Osterkamp and Burn, 2003; French, 2007; Burn, 2012).
The geothermal gradient is a result of heat from the centre of the earth flowing towards the
surface, known as the geothermal heat flux (FreB0By). The geothermal flux is a geologic
phenomenon, and changes little over human time scales (Burn, 2012). The geothermal gradient

varies across space and is controlled by the thermal conductivity of the earth materials and the
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geothermal heat flux (Judg 1973). The flux is almost constant spatially over vast areas of
Canada at approximately 0.05 W/igBurn, 2012). Permafrost is in equilibrium when the heat
going into the ground is equal to the heat coming out of the ground (Burn, 2012). Thick
permafrostshould have a combination of low meannual ground surface temperatuyregh

thermal conductivity, and low heat flow (Williams and Smith, 1989).

Equilibrium permafrost depths can be calculated using the surface temperature, heat flow,

and the thermalanductivity ofthe ground (Burn, 2012) using

Ts - 4f (10)

WhereZ is the depth of permafrodf) is the geothermal heat fluxsTs the temperature at the
surface (MAGST), anék is the average thermal conductivity value of the complete thickness of
frozen ground (modified from Burn, 2012). A geothermal heat flus.@5 W/nf can be useth

most geologically stable areas of Canada (Burn, 2012).

Another method used to estimate pefnost thickness is the downward extrapolation of
the geothermal gradient from below theap (Gruber et al., 2004). Ground temperatures
generally follow the geothermal gradient to the base of permafrost belowztae d&3suming
that permafrost is in equidrium with current climatic conditions (Burn, 2012). If the geothermal
gradient is unknown, a general range of possible permafrost thickness can be derived with the
assumption that the ground warms & ber 30660 m (French, 2007). However, these methods
can be problematic at sites where geothermal gradients vary regionally along with differences in
geology and tectonics and at sites where ground temperatures are clgSalte @ the effects

of unfrozen moisture and latent heat effects (Williams andi5m989).
2.7 Permafrost and Global Warming

Efforts to characterize the thermal state of permafrost in northern North America were
made during the Fourth International Polar Year (IPY) using ground temperature data collected
from 350 boreholes (Smitét al., 2010). This study found that permafrost warming has occurred

essentially continuously over the past3years in western North America (Sméthal.,2010).
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The magnitude of these changes varieding less in warmer permafrostZC) than in colde
permafrost (Smittet al.,2010). Based on the observed trends, it will take decades to centuries
for colder permafrost to reach the thawing point while warmer permafrost is already undergoing
internal thaw at temperatures belo%CqSmithet al, 2010).

Permafrost thaw due to climate chara® environmental changsn have profound
effects in an area (UNEP, 2007; AMAP, 2011). Ldagn permafrost degradation can result in
increases in water drainage, resulting in shrinking of lakes and ponds whiksingrdryness of
soils (AMAP, 2011). These changes can affect aquatic ecosystems and place significant stress on
vegetation (AMAP, 2011). Thawing of ig&h permafrost can result in the replacement of
boreal forests with wetlands, affecting wildlife haltét (AMAP, 2011). Potential impacts of
thawing permafrost on Arctic infrastructure are also of increasing concern (AMAP, 2011).
Warming and thawing of ieach permafrost can have impacts on infrastructure (e.g. community
and infrastructure) integrity arttuman activity (UNEP, 2007). These impacts may be greater in
warmer, discontinuous permafrost zones, where permafrost is alreadytalthawing (Ladanyi,

1995). In some cases, surface disturbance such as the removal of vegetation potentially
outweighs tlke effect of climate warming in the first decades following disturbaalteough

climate warming may becomienportant over longer time periods (Smith and Riseborough,
2010).

Thawing permafrost may lead to changes in the carbon cycle with feedbacks to the
system (Kuhryet al.,2010). Tarnocai et al. (2009) estimate that approximately 1672 Pg C of sall
organic carbon (SOC) is stored in perennially frozen ground of the northern hemisphere.
Thawing permafrost could result in remobilization of the previouslgen SOC pools and the
release of large amounts of greenhouse gases (Sehalir2008). This is a positive feedback
within the Earth System, as climate warming results in permafrost thawing that causes a further
increase of atmospheric greenhouse g@Sebluuret al, 2008). Strong evidence suggests that
SOC in permafrost terrain is already starting to be released (kattaly,2010). However, the
IPCC has not considered soil organic carbon in its climate change scenarios€Kaihr3010).
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2.8Electrical Resistivity Tomography (ERT)

2.81 ERT in Permafrost Research

Since permafrost is a phenomenon primarily defined thermally, common observation
techniques are based on thermal aspects of permafrost evolution (Nicholson and Granberg, 1973;
Nicholson, 1978; Burgess, 1983; Desrochers, 1988; Hilbical.,2008). Althoudp a borehole
can provide detailed information on the thermal and physical conditions (including moisture and
ice content) of the ground, information is only provided for a single point (Burgess, 1983;
Desrochers, 1988; Vonder Muldl al.,2002). Subsurfae thermal regimes can vary spdy
resulting in very complexistributions of frozen ground with large differences possible within
short distances (Nicholson, 1978; Burgess, 1983; Desrochers, 1988; Harris and Vonder Muhll,
2001; Vonder Muhlet al.,2002. Surface and subsurface nitwring and investigations should
therefore beextended from single poirdbcations (boreholes) to twdimensional and three
dimensional investigations of freezing and thawing processes (Hébalh,2008).

Because a numbeof physical parameters change during phase transition from the
unfrozen tothe frozen state, geophysical measurements offer the possibility of identifying
permafrost and determining its characteristics (Vonder Mehllal., 2002). Geophysical
techniques aabe used to examine the spatial distribution of subsurface geophysical properties to
delineate horizontally and vertically the active layer, permafrost and taliks (Keeeiel2008).

Spatial and temporal changes in subsurface geophysical properieg® @ooling, warming,
aggradation or degradation of permafrost can also be assessed through geophysical monitoring
(Kneiselet al.,2008; Miceli, 2012).

Electrical resistivity is sensitive to phase changes between water and ice and is therefore
directly associated with the ice and unfrozen water content of the subsurface material @ilbich
al., 2008; Lewkowiczet al.,, 2011). During freezing, measured electrical resistivity rises
exponentially as unfrozen water content within a substrate decreases,(B@02k Hilbichet
al.,, 2011). The increase in resistivity with decreasing temperature is small and linear for
temperatures above the freezing point and exponential for temperatures below (Hauck, 2002;
Hilbich et al, 2011). Under the assumption that gaheronditions (lithology, pore space,

electrode coupling, etc.) remain constant, measured changes in resistivity can be attributed to
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changes in the unfrozen water content (Hilb&thal., 2008, 2011; Lewkowiczt al, 2011).
These properties allow permas$t bodies to be identified and their ice content to be estimated

without excavation (Kneiselt al.,2008).

Electrical Resistivity Tomography (ERT) relies heavily on the range of known resistivity
values for different earth materials (Hauck and Knei2€08; Locke, 2012). Subsurface
conditions in an area can be determined based on resistivity values if the material can be
identified (Hauck and Kneisel, 2008). However, different materials can have overlapping
resistivity values, allowing for a range otempretation (Table 2.1). A borehole logged along the
ERT profile is an effective way of identifying the soil lithology and -subface materials
(Hilbich et al., 2008)

Table 2.1 Resistivity values for different earth materials (Hauck and Kneisel, 2008)

Material Range of resistivity (Ohmm)
Organic matter 1-300

Clay 1-100

Sand 100500 x 16

Gravel 100400 x 16

Groundwater 10-300

Frozen sediments, Permafrost, Ground Ice 1 x 10-1¢°

Air infinity

Note:*T heupperends of the resistivity rangefor sand and gravelreobserved under dry conditions.

Due to the great sensitivity of electrical resistivity to the transition from unfrozen to
frozen materials, ERT surveys constitate increasingly commogeoptysical methodused for
permafrost investigatian(Kneisel et al.,2008). In the past few years, great progress has been
achieved in permafrost applications of DC resistivity tomography methods and promising results
have been achieved (Hauck and Vonder Muhll, 1999; ¥omdull et al.,2000; Haucket al.,

2001; Fortier and Bolduc2008; Kneisel et al., 2008; Hilbichet al, 2011; Lewkowiczet al.,
2011; Miceli, 2012).
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2.82 ERT Basic Theory

ERT measurements are normally made by injecting current into the groundhthvang
electrodes and measuritite voltage difference at two potential electrodes (Loke, 1999). From

this measurement, the apparent resistipty value is calculated as follows:

KV

Where V is voltage, | is current andK is the geometric factor (Loke, 1999). The
calculated resistivity value is not the true
which represents the resistivity atbmogeneous ground (Loke, 1999). The relationship between
t he nAappsatriemittoy reemssd Atrueodo resistivity i s con

techniques using a computer program (Loke, 1999).

A two dimensional (D) subsurface survey can be acquired when a series of electrodes
measure resistivity along a transect (Hitbet al.,2008). Twadimension electrical imaging can
take into account both horizontal and vertical changes in the subsurface (Locke, 2012). This
allows for monitoring of permafrost evolution such as advancing and retreating freezing fronts
on different timescales, i.e., shetérm, seasonal, and intennual changes (Hauck, 2002;
Hilbich et al.,2008; Miceli, 2012).

Electrodes can be placed in different arrays in order to effectively detect different
subsurface structures (Loke, 1999). When construeti2@ electrical profile, it is assumed that
resistivity does not change perpendicular to the survey line (Locke, 2012). This assumption is
usually reasonable when monitoring permafrost bodies (Locke, 2012). Since all geological
structures and permafrobbdies are D in nature, a fully 2 resistivity survey using a-B
interpretation model yields the most accurate results (Locke, 2012). AltheDgsuBreying is
presently the subject of active research, it has not reached the level where it is rogeadely
(Locke, 2012). This is mainly due to higher costs and time constraints relateD sui¥eys
(Locke, 2012).
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2.8.3 Wenner Array

The Wenner array (Figure 2.4) has become widely accepted as the most effective in
surveying permafrost bodies (Hauekal., 2003; Hilbichet al.,2011; Lewkowiczet al.,2011).
The Wenner array has almost horizontal contours beneath the centre of the array which makes it
most sensitive to vertical resistivity changes (Figure 2.5) (Loke, 1999; Locke, 2012). This
property mées it useful for identifying horizontal subsurface structures such as permafrost
(Loke, 1999). Areas of low sensitivity near the surface of the plot (Figure 2.4) result in

underestimations of resistivity values if a high resistivity body is present titisimrea (Locke,

2012). The opposite occurs in areas of high sensitivity (Locke, 2012).

=1.00 =050 0.0d 030 1.00 1.50 2100

o = 0d @D w e ﬂﬁf‘l’
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Seansitvity Valses (1 0.01)

Figure 2.5 Wenner array sensitivity plot (Locke, 2012).

The Wenner array also has the small est g €

(Haucket al, 2003; Ldke, 1999). The geometric factor is inversely proportional to the signal
strength which gives it the strongest signal strength and the ability to penetrate the ground to
greater depths (Loke, 1999). One disadvantage for this arrayDosveys is the ratively

poor horizontal coverage as the electrode spacing is increased, because no data are collected in

the lower areas near the edges of the array (Loke, 1999).
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2.8.4 Resistivity Post Processing

I n order to properly Bpparpnéed resistivity
the field needs to be converted to Atrueo r
computer softwarsuch as RES2DIN\(Griffiths and Barker, 1993). The relationship between
Aapparent 0 and is fuite complex (Lecke] $909). \Resistyvity surveys are
undertaken for various studies in a range of different fields meaning that most users are not
knowledgeable in geophysical inversion theory (Locke, 1999). Programs such as RES2DINV

attempt to simply this process by allowing only minimal input by the user (Locke, 1999).

The apparent resistivity plot is first loaded into RES2DINV as a pseudosection which is
only used for a preliminary view of thretdata
resistivity values for each resistivity survey must be examined for bad data points which are

eliminated (e.g. Figure 2.6).

When studying permafrost bodies, sharp boundaries are expected which calls for the use
of the robust or blocky inversion method. Each inversion goes through multiple iterations (never
more than 7 to avoid owdiitering) which result in progressively smaitl RMS errors. The
inversion normally must be run several times before satisfactory results are achieved,
corresponding to an RMS error <5%. Lastly, topography can be added to a profile at study sites
with noticeable relief to gain a better perspectiveéhensubsurface characteristics (Hilbich et al.,
2008).
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Figure 2.6 An example of a field data set \ith a few bad data points. The most obvious bad data
points are located bebw the 300 metre and 470 metrenarks. (a) The apparent resistivity data in
pseudosetion form and in (b) profile fro m (Locke, 1999).
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2.85 ERT Weaknesses

ERT is a very useful tool used for permafrost investigation but it does have some
weaknesses in the field (Vonder Muldt al., 2002). Good electrical coupling between the
electrodes and subsurface is essential (Haic#l., 2003). Establishing reasonable electrical
contact may be very difficult in dry, coarse, and rocky terrain such as rock glaciers which can
affect the inversion results (Hau&k al., 2003). Another weaiess is the effect of distance
bet ween el ectrodes on t he s uetag2pd®)s Suvgyawith a | re
large distances between electrodes are less effective at identifying small subsurface features or

sharp transitions such as a thin active layer (Vonder Mufal.,2002).

Interpretation of ERT surveys during pgsbcessing must bdone carefully (Vonder
Muhll et al.,2 0 0 2 ) . The relationship between fHappare
computer software program is quite complex (Loke, 1999). Inversion of the field data can cause
artefacts, which are areas of the resistiyprofile with low accuracy (Hilbichet al., 2009).

Additional geophysical methods (e.g., seismic tomography, EM methods, BTS) can be applied to
reduce ambiguities (Vonder Muhdt al.,2002). Due to these weaknesses, ERT is not meant to
replace convermnal borehole investigations and thermal monitoring but rather complement
them (Hilbichet al.,2008).
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SECTION 3: STUDY AREA

Page |- 35-



3.0 STUDY AREA
3.1 Physical Location

The study area for this project is located along a 457 km levigtie Alaska Highway
between Whitehorse, YT (6@ 36 NQ3 &a3%W) and Bea%2a8rd6 Gro¥hdsks, 14D
350 W). This area i s wit09%) ard®eaenstvediscoatiduouws di s ¢
(50-90 %) permafrost zones (Heginbottahal., 1995). Permafrost in this area is potentially
vulnerable to the impacts of recent and predicted climate change (Smith et al., 2010). Figure 3.1
shows the permafrost monitoring sites and the major communities within the study area as well
as the probabilityof permafrost occurrence as derived from Bonnaventure and Lewkowicz.
(2012). All borehole field $&s are located withiBOO m of the highway, with the exception of
borehole R8 which is locad 1.2 km away from the highway.

3.2Previous Research

In 1964,R.J.E. Brown undertook a permafrost investigation along the Alaska Highway
between Fort St. John, British Columbia and Whitehorse, Yukon (north°bf &6d south of
65°N). Permafrost was found at 55 % of the sites visited, and was generally within poorly
drained, nortkfacing slopes (Brown, 1967). In 2007 and 2008, James (2010) located 55 of the 86
sites Brown had identified as having permafrost. From 2888, air temperature in the area
had increased at a rate of @4&°C per decade, resulting in thess of permafrost within 2 m of
the ground surface at half of the sites (James, 2010). Most sites (81 %) that no longer had
permafrost present were in the southern section of the study area between Fort Nelson and Fort
St. John B.C. James (2010) concludieat the southern limit of permafrost in the study region
had shifted approximately 75 km north.

An intensive geotechnical program, including ground temperature measurements took
pl ace along the Al aska Highway Cor rmaflostr abot
investigation. The study was part of an initial assessment for a proposed gas pipeline in the area
and over 1400 boreholes were drilled between 1981 from Fort St. John, B@orth to the
Alaskan border ned3eaver Creek, YTThe Geological Suey of Canada also measured ground

temperatures in some of these boreholes (Burgess et al., 1982), the majority of which were
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located between Whitehorse, YT and Beaver Creek, YT, within about 1 km of the road. Climate
in the area has also warmed since &0k (Smith et al., 2010). However, permafrost conditions
and thermal regimes along the route have not beeramined in general since 1981 although
work on permafrost distribution has been undertaken since 2008, largely related to vulnerability
of the hghway to climate change (Reimcheat al., 2009), and new boreholes were also
established during the IPY (Smith et al., 2010).

3.3Topography

The study area borders th&/estern Cordillera from southeastrthwestin southwest
Yukon (Mathews, 1986; Wahl &tl., 1987). The Alaska Highway corridor within this study area
crosses the Teslin and Kluane Plateau over the Shakwak Trench and follows the Kluane Ranges
which form a 30 to 60 kilometer wide belt of high relief often referred to as the foothills of the
much higher St. Elias Mountains (Figure 3.2) (Gabrietde al., 1991; Hulbert, 1997).
Topography in the study area reflects thisth numerous mountains, valleys and plateaus
(Figure 3.3) (Mathews, 1986; Wahl et al., 1987). The Alaska Highway corridor is less variable in
elevation compared to the surrounding area. Elevation of the study sited framg&82 m (R1)

to 941 m (M1). local relief does not exceed a few meters within each study site.
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Figure 3.1: Map of the study area showing the borehole monitoring sites. Pegafrost probability is
from Bonnaventure and Lewkowicz. (2012).
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Figure 3.2: Physiographic regions andanorphologic belts of the Yukon (Gabrielse et al., 1991).
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3.4 Quaternary History and Deposits

The study area was last glaciated during the Wisconsinan, approximately 80 ka to 10 ka
years ago (Bond, 2004). The area now traversed by the Alaska Highway from Whitehorse to
Beaver Creek was covered by the CordilleranSbeet advancing from the west (Fulton, 1989).
Glacial limits and ice flow direction arehewn in Figure 3.4 (DukRodkin, 1999). Ice
accumulations in the Coast Mountains of southwestern Yukon and the Cassiar Mountains of
southcentral Yukon during the laté&/isconsinan were responsible for glaciation of the study
area (Bond, 2004). The first glaciers that advanced out of the mountain valleys were likely
supported by cirques in the Coast Mountains (Bond, 2004). Topographically unconstrained ice
flow trending northwest over most of the study area occurred during the glacial maximum
(Bond, 2004). Ice thickness over the city of Whitehorse exceeded 1350 m during full glacial
conditions (Bond, 2004).

Deglaciation of the area was characterised by multiple chamgéseiflow, glacial
retreats, glacial radvances, periods of dynamic equilibrium and glacial lake development
(Bond, 2004). By 11 ka, glacial extent in the Cordillera was no greater than at the end &f the 20
century (Menouno®t al.,2009) and air tempatures were similar to those of today (ACIA,
2005). The magnitude of those recurring events shaped the landscape of southwestern Yukon
(Brahney, 2007).

Geological evidence indicates that theeleand size of Kluane Lake boftuctuated
markedly throughot the Holocene resulting in the probable deposition of glaciolacustrine
sediments in adjacent areas (Bostock 1969; Rampton and Shearer 1978a:eCklg2€06).

The most recent rise in the level of Kluane Lake to its +12 m highstand occurred in"the 17
century during the Little Ice Age advance of Kaskawulsh Glacier (Clagaé, 2006). Areas

along the Alaska Highway near Haines Junction and in the Alsek Valley are also rich in
glaciolacustrine deposits as theyelw®r eL ispdwnek
2011). The Lowell Glacier has surged as far as Goatherd Mountain at least five times in the past
3000 years, damming the Alsek River and impounding a large lake that extended up the Alsek
River valley to Haines Junction and into the DezabeRiver valley (Lipovsky, 2011). The last

time Neoglacial Lake Alsek formed was around 1850, at the end of the Little Ice Age (Lipovsky,

2011). The glacial history at the northwestern portion of the study area, around the community of

Page |-41-



Beaver Creek is notlear, partly because the glacial history of the Nutzotin Mountains in
adjacent Alaska is unknown (Rampton, 1969). However, extensive moraines and till underlain
by glaciofluvial deposits found in the area point to a dynamic glacial history (Rampton, 1969,
1971). According to Rampton (1971), the Macauley Glaciation began in the area at around
40,000 BP and lasted until 13,500 BP. Glacial ice was largely derived from a piedmont glacier
complex that emanated from the Nutzotin Mountains and portions of daiseacaped the direct
effects of ice but nevertheless were exposed to extreme glacial influences (Rampton, 1971).
Deglaciation appears to have been relatively complete by 11,000 BP, as shown by radiocarbon
dating on organic materials directly overlyinga@# till near the White River Bridge (Rampton,
1971). In 1993, during a highway upgrading project, Pleistocene faunal remains were recovered

in the unglaciated area just north of the community of Beaver Creek (Macintosh, 1997).

Soils in the study area warfrom coarsegrained sands, to gravels, to figeined
material such as silts and clay (Fulton, 1989; Fuller and Jackson, 2009). Thegrtaarsé soils
are associated with till and moraine deposits, while thedia@ed ones are associated with
alluvial and lacustrine deposits (Fulton, 1989). Large areas of poorly drained land are also
commonly covered by peaty soils (<5 m thick) (Fulton, 1989). The distribution of surficial

geological material for the Yukon is given in Figure 3.5.
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3.5Climate

Yukon climate is the most variable in North America (Wahl et al., 1987). It is typified by
long cold winters and short warm summers, with the mean annual temperature below freezing
(Scudder, 1997). January is usually the coldest month and July the waithesigh the highest
maximum temperatures may occur in August (Scudder, 1997). The complexity of the terrain is
reflected in the areabds climate, wietahl9&,; gr eat
Laxtonet al.,1996; Scudder, 1997).

3.5.1 Climate Zones

The study area is within the Yukon/North BC Mountains climate region which
encompasses the entire Yukon and has both mountain and lowland terrain (Taylor, 1997). This
region is further subdivided by Wakl al (1987) into three climateones (Figure 3.6): the
Upper YukonStikine Basin, the St Elias Coast Mountains and the Central Yukon Basin.
However, most of the study area is situated within the Upper Y-6ki&me Basin.

The Upper YukorStikine region is characterized bglpine, sukalpine and lowland
terrainlying between the St Elias Coast Mountains and the CaBelfr Mountains (Scudder,
1997) There is a marked contrast between the climates on the southwest and northeast flanks of
the St. Elias Mountains (Walet al 1987; Laxtonet al.,1996; Scudder, 1997). The mountains
form a prominent topographic barrier between the northeast Pacific Ocean and northwest North
America which not only provide a rain shadow on their lee slopes, but also effectively block the
penetrdon of many maritime air masses into the Yukon, maintaining cool, anticyclonic
conditions there in the winter (Waét al,1987; Laxtoret al.,1996; Scudder, 1997). Due to the
complexity of its relief and to the storminess of the Gulf of Alaska, the li@&tsEoast
Mountains region which parallel most of the study area to the southwest, is one of the more
climatically variable and extreme of Yukon (Wadtl al., 1987; Scudder, 1997). Total annual
precipitation ranges from 1000 mm to near 4000 mm on th#sesat flanks of the St Elias
Mountains to a low of 200 mm in the rain shadow of the northeast flanks (Figure 3.7)dWahl
al, 1987). The result is a semiarid, continental climate near Kluane Lake and in most of the study
area, with cold winters and warralbeit short, summers (Laxtat al.,1996). Winds are also
considerably influenced by topography and are frequently the strongest in the southwestern
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Yukon (Wahlet al, 1987). Burwash Landing, along the study area has historically recorded
winds of destuctive forces with gusts up to 171 km/hr (Wahhkl,1987).

The central Yukon Basin is a northward extension of the Y4#tkine Basin with a
lower average elevation (Waldt al 1987). The region has fairly different climatological
characteristics thaits southern neighbor due to its greater distance from the effects of the Gulf
of Alaska and the St Elias Mountains (Walal, 1987). Temperatures are more variable and
extreme with warm summers and prolonged sometimes severe cold spells in the\aintiezt
al, 1987). The central Yukon Basin holds the record on the North American continent for
extreme low air temperaturep2.8C, recorded on February 3, 1947 at Snag along the northern
transect of the study area (Scudder, 1997). Precipitation tsve®yamoderate, 300 to 400 mm,
mainly falling as summer rain showers and wind tends to be light with a high percentage of calm
conditions in the winter (Waldt al,1987).
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Figure 3.6 Climatic regions of the Yukon. The study area is located in the Upper YukorStikine
Basin, the St Elias Coast Mountains and the Central Yukon Basin. However, most of the study area
is situated within the Upper Yukon-Stikine Basin (adapted from Wahl et al., 1987)
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Figure 3.7: Mean total annual precipitation of the Yukon. Annual precipitation on coastal Alaska
varies between 2 000 to 2 500 mm, whereas within the Yukon, low elevation valley floors receive
only 250 to 300 mm. Over higher barriers within the Yukon, amouts are nearer 400 to 600 mm
(adapted from Wahl et al., 1987)
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3.5.2Climate Normals andRecentTrends

MAGT is typically 1 to 6°C warme than the MAATIn northern Canada (Smith and
Riseborough, 1996; Smitat al, 2010). Therefore, the southern limit of permafrost occurs at
roughly the-1°C mean annual isotherm (Smith and Riseborough, 1996). Table 3.1 displays the
Mean Annual Climate Normals (19-2D00) for five Environment Canada climate stations in
settlements ahg the study area from the southeast to the northwest. The data shown for Haines
Junction is for the (1961990) time period.

Table 3.1 Mean Annual Climate Normals from 1971-2000 for communities along the study area
(Environment Canada, 2012).

Location Elevation Mean Mean Mean Mean
Station (Degrees, Minutes) (m) Annual Air Annual Annual | Annual
(Yukon Temperature | Precipitation | Rainfall | Snowfall
Territory) | Latitude | Longitude (°C) (mm) (mm) (cm)
Whitehorse| 60°4 2 ( 13504 ( 706 -0.7 267.4 163.1 145
Otter 61°0 2 ( 13703 ¢ 830 -1.4 297.3 189.9 107.4
Falls*
Haines 60°4 5( 1373 0¢ 655 -2.9 305.7
Junctiorf
Burwash | 61°2 2 ( 13903 ( 806 -3.8 279.7 192.1 106.4
Beaver 62°2 4 ( 1405 2 q 648 -5.5 416.3 295.7 123.1
Creek

Notes: *19611990 Normal; **Record starts in 1980.

Mean annual air temperature (MAAT) decresai®ng a soutteast to nortiwest transect
along the study area with MAAT ranging fro.7aC at Whitehorse te5.5C at Beaver Creek
(Table 3.1). This can also be observed in FiguB (Bewkowicz et al., 2012). Mean annual
precipitation is the lowest at Whitehorse and the highest at Beaver Creek (Table 3.1) Mean
annual rainfall follows the same pattern while Burwash holds the lowest mean annual snowfall
and Whitehorse the highest (Tald.1).

Long-term air temperature records show an evident cooling trend from-119¢&3 for
Whitehorse and similar cooling at all other weather stations although thei@pbedata records
are not as complete (Figure 3.9). The Otter Falls climate record sta@80nMinimum MAAT
were reached in 1975 for all the communities and temperatures have since been on the rise across
the study area (Figure 3.9). This regime change slightly precedes the 1976/1977 Pacific Decadal
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The year 1975 also coincides with a Lai&lithat caused a cooler and snowier winter in most
parts of Canada (Philip and Van Oldenborgh, 2006) (Figure 3Ahlin-depth analysis of lonrg
term climate data along the study transect is presented in section 5.1.
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Figure 3.8 Modelled MAATS in the study area (Lewkowicz et al., 2012).
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Figure 3.9: MAAT and five year running means for the major communitieswithin the study area
(Environment Canada 2012a). Note that many of the Environment Canada climate stations did not

have data for the full 19432011 observed period.
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Figure 3.10 Monthly values for the Pacific Decadal Oscillation index, 190@011. (Source: PDO
Index 2013).Retrieved January 18, 2013 fromhttp://jisao.washington.edu/pdo/PDO.latest
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Figure 3.11 Southern Oscillation Index monthly data 18762011. Black line: 121 months smooth.
(Source: SOI Index 2013)Retrieved January 18, 2013 from
http://www.bom.gov.au/climate/current/soihtm1.shtmi
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3.6 Vegetation

The study area falls within the Boreal Cordillera Ecozone consisting of extensive
mountains and valleys separated by wide lowlands (Rowe, 1972; Richie, 1984; Cody, 1996;
Environment Canada, 2005). The region is subdivided into threease@moregions: the Yukon
Southern Lakes, the Ruby Range and the Klondike Plateau (Figure 3.12) (Rowe, 1972; Richie,
1984; Cody, 1996). Each of these regions has similar tree species and vegetation is quite similar
along the entire transect because theskdaHighway corridor generally follows valleys with

little variation in elevation.

Common species in the study area include white spiimed glaucy, black spruce
(Picea mariang, lodgepole pineRinus contorty jack pine Pinus banksiang aspen Ropulus
tremuloide$, balsam poplarRolulus balsamiferg tamarack l(arix laricina), paper bichBetula
papyriferg, and subalpine firAbies lasiocarpa(Rowe, 1972; Richie, 1984; Cody, 1996). Low
cover vegetation is mostly consistent throughout theystmda with dwarf birchRetula nana
and willow Salix spp) commonly observed in poorly drained kying areas (Rowe, 1972;
Richie, 1984; Cody, 1996). Various mosses, lichens, sedges and Labrad&®h®ddadendron
groenlandicurh are common ground covepecies (Rowe, 1972; Richie, 1984; Cody, 1996).
Most sites show signs of vegetation succession after clearings were cut in the 1970s in relation to
the proposed pipeline. Forest fires also have a profound impact in the study area, especially near
Burwash landing which burned in 1999. The effects of forest fires on permafrost vary according
to the severity of the fire (Stocks et al., 2002). Ground temperatures normally increase due to the
loss of vegetation which reduces shade and evaporation (Mackay,BL#852004) as well as a
surface albedo reduced by up to 50 % (Yoshikata.,2002).
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Figure 3.12: Ecoregions of the study area (Source: Ecological Stratification Working Group, 1995).
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SECTION 4: METHODOLOGY
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4.0METHODOLOGY

This section contains an overview list of the major steps used to accomplish this research

from field site selection, to initial installation of field equipment, execution of field work, and

processing of collected data. The sections beloVineutach of these steps in detail.

The major steps were to:

1.

Select boreholes in which the Geological Survey of Canada had previously measured

ground temperatures between 194881 (Burgess et al., 1982).

2. Relocate old boreholes.

3. Rehabilitate boreholesdatked by ice using a custemade portable steaming rig.

Install and maintain RBR temperature monitoring loggers in boreholes > 5 m in depth
and install HOBO Micro Stations and perform manual temperature measurements in
shallow boreholes (< 5 m).

Conduct ERT surveys at each borehole site to examine spatial variability in permafrost
conditions and permafrost response to environmental changes such as clearing of the
pipeline cutline.

Prdbe active layer thickness and record vegetation characterigtieach point on each
array in order to compare with ERT results.

Analyze climate records from communities along the 457 km study transect to permit
comparisons of change in permafrost conditions and climate.

Install a climate monitoring station aBH R7 due to itsconsiderable distance from
standard climate stations.

Analyse boehole data in detail and determine tHd#ference between 197-1981

borehole ground temperatures aadne day measurements fr@gil1-2012

10.Analyse collected ERT surveys using RIDINV software in order to determine

permafrost boundaries at borehole sites and to complement thermal analysis.

11. Analyse borehole logs to better interpret modeled resistivity inverted results.
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4.1 Field Site Selection

Information was compiled from Gedwmal Survey of Canada (GSC) files and thermal
data collection including Burgess et al. (1982) regarding boreholes in which the GSC had
measured ground temperatures in the 1970s. A prioritized list of boreholes was prepared largely
based on ease of accdssm the Alaska Highway (<500 m from road). Location information
was utilized along with visual tools such asdgle Earth, Arc Globe GIS and aihqgtos from
the National Air Photo Library to pipoint borehole locations and to assess evidence of recent

changes in permafrost conditions.
4.2 Field Site Exploration

Site exploration began in May 2011 using a combination of coordinates (UTM, NAD 27)
derived from engineering alignment sheets prepared in the 1970s, archived maps, aerial
photographs, mil@ost information, written descriptions, photos and other information from
GSC files and a handeld Global Positioning System (GPS). Ground searching grids were
walked over areas of 200%that included thetated UTM coordinatess a midpointin an effort
to relocate the boreholes. Clues such as old regrown clearings from the passage of caterpillar
(CAT) drilling rigs in the B70s were also useful in soreeations. A total of 22 boreholes were
relocated during summer 2011, many of them as far as 150 m feamirttlicated coordinates.
Boreholes were found to haSlP¥C mpespstckigoutdafthack or

ground by 15 cm to 1.50 m. In most cases, the exposed casing was either damaged or broken.

4.3 Borehole Rehabilitation

Boreholes locad in permafrost were found to be blocked by ice and had to be opened by
steam using a custemade portable rig (Figure 4.1). The steaming device was built in the field
using a modified 15 L pressure cooker with an adaptation valve installed over thergress
release valve where a clgn 12 m rubber steam hose could be attached. Water was heated in the
pressure cooker to produce steam over a portable propane burner powered by a 20lb BBQ
propane tank. A 30 L plastic water jug also had to be carried witheaflquipment to sites with

no nearby water sources.
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Figure 4.1: Custommade portable steaming rig used to unblock boreholes of ice during 2011.

Once steam was produced, the steam hose was taped to 1.25 m longnici Whie
connecting metal pipefer weight and to keep the entry straight when it was lowered in to the
borehole. In most cases, the average borehole unblocking steaming rate was approximately 1 m/h
i n a 2 diameter hake. NBne of the unblocked boreholes were cased all the wayirdow
the 1970s which limited our capacity to-open them. Many boreholes were found to have
collapsed at the end of the casing (<1 m) which made them impossible to steam and unsuitable
for temperature measurement. In total, 8 boreholes ranging in deptbeipe5.00 m and 8.75 m
were unblocked by steam and cased with 1.5 m pipe sections 3AB35lumbing pipes glued
together with fitting connectors and capped at the bottom to prevent water leakage. In a few
cases, one piece flexible black 1°2/C piping was used for borehole casing. The borehole
rehabilitation process is shown in Figure 4.2.
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Figure 4.2 Borehole rehabilitation process: (A 1970s borehole found in goodcondition; (B)
borehole being unblocked with gportable steaming rig; (C) and an RBR data logger is installed for
year-round ground temperature collection.

A mix of waterjet drilling (W-J-D) andsteaming was used in areas where the borehole
had collapsed at depth. Waiet drilling uses a gas powered pump to pump water through a
hose into a 20 mm diameter iron pipe. The heat and pressure of the water causes the pipe to
penetrate the ieach ground making this method an inexpensive alternative for drilling in
permafrost materials (e.g. Lewkowiet al., 2011). A total of 4 collapsed boreholes were
sequentially unblocked to depths of 2.0 m to 3.75 m using a combination of steam ar@twater
drilling when a water source was available nearby (<60 m from borehole). These shallow
boreholes were then cased and rdhated in the same way as the 8 deeper ones. The location
of the 12 field sites (Figure 2.1) and related information is provided in Table 4.1. The dates of

investigations and fieldwork executed are given in APPENDIX A.
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Table 4.1 GPS Coordinates®r Study Sites (ARO in the site name
where RBR | oggers were installed, AHO wroeStakons t o s
|l oggers were installed and AMO refers to shallo
measurements were aken). Boreholes are numbered sequentiallfrom Whitehorse in the south

east to Beaver Creek irthe north-west. The borehole unblocking method used, borehole depths and

ERT profile information is also shown. The original borehole name ishte name of the boreholes

when they were first acquired by the GSC (Burgess et al., 1982).
Original Location Method Used for| Borehole

Site | Borehole (Degrees, Minutes, Second ERT profile Borehole Depth

Name| Name g ' ’ Length(m) Unblocking (m)

Latitude Longitude Old | New

Rl | 79SCS5 | 60°n 1 Q 135°p ¢ Q 1x 80 Not blocked 30.25| 6.5
R2 | 78A71 | 60°p n Q 137°p H Q 1x 160 Not blocked 9.2 | 8.75
R3 | 78A64 | 61°mMn Q 138°n c Q 1x 160 Steam 92 | 6.6
R4 | 786A63 | 61°mn Q 138°n 1 Q 1x 160 Steam 59 | 5.0
R5 | 78A62 | 61°mc Q 138°p n Q 1x160 Steam 9.2 | 8.0
M1 78A57 | 61°H N Q 139°mM M Q 2x 80 Steam 6.55 | 2.8
R6 | 78A51 | 61°0 n Q 139°M h Q 1x 160 Steam 8.5 | 5.15
H1 78A46 | 61°0p Q 139°H T Q 2x 80 Steam 9.0 | 3.0
H2 78B25 | 61°n n Q 139°n 0 Q 2x 80 W-3D 6.7 | 2.0
R7 | 786A40 | 61°n H Q 139°p n Q | 1x 160/1x 40 Steam 83 | 7.0
H3 78A39 | 61°n H Q 139°p n Q 1x 80 Steam 45 | 3.55
R8 78-A-8 62°MT Q 140°n ¢ Q 1x 160 Steam 76 | 7.0

4.4Borehole Temperature Monitoring

Eight rehabilitated boreholes (FR8, Table 4.1) ranging in depth from 5.00 m to 8.75 m
were instrumented during the 2011 summer field season for renewed ground temperature
collection with a multthermistor temperatureable connected to an eigtttannel data logger
manufactured by RBR Ltd (2009) (ex: Figure 4.3A). The time since drilling disturbance and
ground temperature measurements is given in APPENDIX B. The RBR data loggers have a
calibrated accuracy of + 0.0%2 and a sampling period of 8 h intervals (RBR, 2009). Thermistor
spacing was generally 0.5 m in the upper 2 m with spacing increasing with depth. Logger
information and thermistor position for the cable installed at each site is given in APPENDIX C.
Dependingon borehole depth, some cables had to be cut or folded. The exposed piping and RBR
|l ogger at the ground surface were covered wit
was spraypainted white to increase albedo and lower thermal conduction oinhiat borehole
(e.g. Smithet al.,2010; Lewkowiczet al.,2011).
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Figure 4.3 Borehole temperature monitoring: (A) RBR logger instrumented borehole; (B) manual
resistance borehole measurements; (C) and HOBO Micro Station logger instrumented borehole.

Manual resistance measurements were made during summer 2011 at 4 shallow (2.0 m to
3.75 m) rehabilitated boreholes (M1, H1, H2, H3) with an YSI 44033 Resistance 12 m long cable
(ex: Figure 4.3B). One resistance tesatadeépthn g ( k°
increments of 0.5 m starting at ground surface (depth = 0 m). All recorded resistance
measurements were then converted to temperature using a second order polynomial function
calibrating the YSI thermistor to an accuracy of + 8@%or -5°C to +7°C. A time series plot
was created for each depth increment and temperature was extrapolated to equilibrium (30
minutes) using a logarithmic trend line equation. Manual ground resistivity measurements and
temperature conversions and equilibrium foréogsare given in APPENDIX D.

HOBO Micro Station H24002 loggers were installed at 3 of the 4 shallow boreholes
(H1, H2, H3) during the summer 2012 field season for renewed ground temperature monitoring
(ex: Figure 4.3C). Each HOBO Micro Station is eqegpwith 4 HOBO 1Bit 10 m
temperature smart sensors which measure ground temperatures at varying depth increments from
the surface (0 m) to the bottom of the borehole. The smart sensors have an accurac{®f + 0.2
and a sampling period of 4 h intervalsn&t Computer Corporation, 2012). The HOBO Micro
Stations were mounted to metal pipes beside the borehole and protected with Tupperware plastic
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covers. The exposezhblesbetween the HOBO Micro Station and the borehole are protected by

a metal screen.

4.5 Electrical Resistivity Tomography Surveys

ERT surveys were conducted at all twelve sites to better characterize the underlying
permafrost bodies. The borehole was used as thepand for all ERT profiles. ERT surveys
were generally 80 m or 160 m in lehgTable 4.1) and roughly parallel to an existing-louw
that was associated with planning of a proposed pipeline in thes19@ ERT profiles were
run perpendicular to the cline and crossed it at sites where it was in close proximity to the
borehde in an attempt to evaluate the impacts of removal of the vegetation cover on permafrost
conditions. Most surveys were conducted in August 2012 except for surveys conducted at R1,
M1, H1, H2 and H3 in June 2011.

ERT surveys were executed with an ABEM Beneter LS powered by a 12 volt
rechargeable car battery using four ABEM Lund cable reels, each 40 m in length. The ABEM
Terrameter LS was located at the profile fpaint for all surveys and a Wenner configuration
was used in all cases. For 160 m profifesy cable reels were used with two inner cables at 2 m
electrode spacing and two peripheral cables at 4 m electrode spacing. Each cadle tedse
attached using jumper cables to the electrode
to a aepth of 1525 cm for proper contact. When conducting 80 m profiles, the electrode spacing
for the outer two cables was at 2 m intervals while the two inner cables had an electrode spacing
of 1 m. Two cables were used for the 40 m profile with 1 m eleetsmhcing. Figure 4.4
displays the distribution of steel electrodes for the 160 m, 80 m and 40 m profiles as well as the

ABEM Geophysical equipment used for the surveys.
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Figure 4.4 The distribution of electrodes for (A) 160 m surveys; (B) 80 nsurveys and (C) 40 m
surveys.The rectangle in the middle represents the Terrameter at the mighoint of the profile while

the circles represent the cable reelsThe ABEM Geophysics equipment is shown in (D) and

includes the ABEM Terrameter LS, the four ABEM Lund cable reels,a 12 V battery, two cable
connectors, steel electrodes and jumper cables.
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The ERT surveys have maximum ground penetration depths of 25 m for 160 m profiles,
12.5 m for 80 m profiles and 6.5 m for 40 m profiles. The centre of thdep(wfio inner cables),

with a higher distribution of electrodes, yields a higher resolution in the resistivity results.

In order to properly interpret the resistivity results collected at each sites, specific site
information such as topography and actlager thickness were also measured. Relief was
measured along the profile with an Abney level using the boéalope method. Each
measurement was taken from a reference point on the field assistant who moved to each break
point in topography along the gififle. This information is used during pestocessing of the

resistivity profiles.

Active layer thickness on the date of the ERT survey was measured manually at each
electrode position along the profile using a 1.2 m long, 1 cm diameter titanium frbst pmo
unfrozen areas where permafrost could not be identifiedrblying, the active layer thickness
was recorded as > 120 cm. Such conditions or coarser material such as gravel which limited
probing depth resulted in inaccair@s in mean active layer ttkiness estimateslong most ERT
profiles. Qualitative probing information on sshrface characteristics such as (gravel, rock,
clay, silt, wood) were also recorded. In addition, a detailed compilation of ground surface
characteristics and vegetation wasada along the ERT profiles. Photographs of all borehole

sites and resistivity lines were taken at every stage of the research.

4.6 Climate Station Installation

To address apatialgap in existing climate information, a climate station was installed at
R7 in 2011 to measure air temperature, ground temperature and snow depth (Figure 4.5). Air
temperature is measured hourly with the external thermistor of a HOB® IBgger installed
1.5 m above the ground within a solar radiation shield (accuracy°€;0mecision 0,0%C)
(Onset Computer Corporation, 2012). Shallow ground temperature was measured hourly at
depths of 0 cm and 20 cm with external probes from a cylindrical HOBO Prtav&2hannel
data logger with an accuracy of + C2and a precision of 0.83 (Onset Computer Corporation,
2012).
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Snow depth is measured by utilizing a series of Thermochron iButton temperature
loggers (accuracy +°C, Maxim Integrated Products, 2012)dathe method described by
Lewkowicz (2008). The iButtons are installed on a wooden stake at 5, 10, 20, 30, 40, 50, 60, 80
and 100 cm above ground surface. The snow depths at different times of year were inferred by

analysing the temperature patterns atheheight since there is a significant difference in

temperatures above and within the snow pack.

g

Figure 4.5 Climate station installed at Borehole R7 during summer 2011. Note the white radiation
shield for the air temperature thermistor.
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4.7 Long TermClimate Data in the Study Area

Data collected from five Environment Canada climate stations located in communities
along the study transect, were utilized to characterize thetésngclimate conditions in the
region. From the soutbast to thenorthhrwest, these stations include; Whitehorse, Haines
Junction, Otter Falls, Burwash Landing and Beaver Creek. Unfortunately, not all stations had
complete records covering the period from the 1970s to the present. MABDs,, FDDa total
annual rainfall total annual snowfall and total annual precipitation were examineteammbral
trends weresubjected to significance testing at a confidence level of 95%. Significance test
results are given in APPENDIX E. The analysis of the climate series is spB{7&tdue to a
regime change in climate observed throughout the study area (refer to Section 3.5.2). Graphs are

presented withfyear running means and linear regressions for statistically significant trends.

4.8 Ground Temperature Analysisat Boreholes R1R8

Ground temperature dataeobtained from the RBR loggers in August 2012. For most
sites, an almost complete epear record of ground temperature is available. The specific dates
of the annual record and the depth of the thermistors vary at eattoleosde. This information
as well as a summary of all the data used in the analysis of the boreholes is given in summary
tables for each study site in Section 5. At BH R4, the equipment was damaged by a bear 12 days
after installation and the logger BH R8 did not properly operate so annual data records are
unavailable for these sites. However, some useable data was recuperated from the loggers. In the
earlier portion of some data records, ground temperatures may not have stabilized after borehole
steaming, and these were not included in the analysis. All recognizable erroneous data were
removed from the datasets before analysis began (e.g. missing values and obvious logger

malfunction.

Ground temperaturesieasured manually witmutithermistor cablkeon different dates
between 1979981 (Burgess et al., 1982)ere used to estimate the precision of dhniginal
measurements (Table 4.Zhe measurements were taken at the same increments beloythe D
at boreholes 79€8S5 (R1) and 79CS6 (Foothills G-3) because these should not vary.
Borehole 79CS6 is located within the study area and watomated during field investigations

in summer 2011 but could not be rehabilitated. The maximum range waS @vth an average
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of 0.17C at borehole 79€S5 (R1) and 0.38C with an average of 0.5 at borehole 7€S-6

(Foothills CS3). The maximum range or potential error for both sites isa3.4¥th an average

range of 0.18C and more than 50 % of the ranges being €3.2

Table 4.2 Range 0f19791981manual ground temperature measrements below the depth of zero
annual amplitude (Dzaa).

Borehole 798CS5 (R1)
Depth (m) Temper at/fTemper atfTemper at| Temperature
26/10/1979 01/02/1980 28/04/1980 Range
11.3 1.53 1.54 1.51 0.03
12.83 1.57 1.31 141 0.26
14.36 1.60 1.39 1.48 0.21
15.88 1.54 1.51 1.52 0.03
18.93 1.62 1.18 141 0.44
21.98 1.7 1.68 1.68 0.02
25.03 1.66 1.32 1.49 0.34
28.07 1.87 1.84 1.85 0.03
I <=0
Borehole 78CS-6 (Foothills CS3)
Depth T(eC| T(eC|l T(eC| T(eCl T(eCl T(eC| T(e(
(m) |26/10/1979 01/02/1980 28/04/1980 07/08/1980 14/02/1981 02/08/1981 Range
12.4 0.53 0.50 0.50 0.50 0.44 0.53 0.09
14.0 0.66 0.64 0.63 0.63 0.56 0.65 0.10
15.5 0.80 0.74 0.72 0.72 0.69 0.68 0.12
17.0 0.95 0.93 0.92 0.93 0.83 0.94 0.12
18.5 1.03 0.99 0.96 0.93 0.89 0.70 0.33

s v | x.= 0.15|

4.8.1 Annual Ground Temperature Cycle

boreholes. Ground temperatures were measured at various depth increments and graphed over a

one year period for each site. Efforts were made to measure ground surface temperatures at each

Annual ground temperaturecords are available ford the 8 RBR logger instrumented

site but this was not achieved most cases as the priority was to reachgreatestpossible

depth with the thermistor cables. Records were individually analyzed to determine annual

variability, time lag of temperature waves with depth and-zertain effects. The time lag of

the freemg waves were accurately measured for each thermistor depth below surface by
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calculating the number of days it takes for the temperature wave to propagate ta)ddpils (

was made by analysis of the raw annual data series in Microsoft Excel.

Zero-curtain effects for the freezing and thawing periods were calculated in Microsoft
Excel by counting the number of days where gtbtemperatures were betweendl land-
0.1eC for a specific depth. Sites with long zerartain effects were interpreted as having high
unfrozen moisture content resulting in the release of large amounts of latent heat to satisfy the
thermal gradient and thermal conductivity (French, 2007).

4.8.2Mean Monthly Ground Temperatures

Mean monthly ground tengpatures were calculated f8epember 2011 to August 2012
and graphed for each site. The complete record for August 2012 was not available due to the
timing of data collection. The August recordsaampleted by utilizing data from August 2011.
Mean monthly ground temperatures for August and September were in some cases affected by
drilling at sites where borehole monitoring started before-gi@stming ground temperature
stabilization. The maximurand minimum mean monthly ground temperatures were determined

for the shallowest and deepest thermistors.

4.8.3 Temperature Envelopes

Maximum and minimum temperatures for each measurement depth were determined at
each borehole from the annual ground terapure record. Ground temperatures that had not yet
stabilized following steaming were not included in the calculations. MAGTs were calculated
from the raw data by averaging the daily temperature values at each depth for the entire year.
The minimum, maxnum and mean annual temperatures were then plotted to produce ground
temperature envelopes (or trumpet curves). The annual temperature range for each depth was
determined by calculating the difference between the maximum and minimum temperatures. The
MAGT values plotted on this graph reveal the characteristics of the thermal profile. Negative

MAGTs with depth were used to determine the occurrence of permafrost at borehole sites.

The Dyaa Was calculated by interpolating between the first MAGT that showede£
variations with its respective depth on the temperature envelope. The temperature aixthe D

was indicated for each site having asP shallower than the borehole. The entire thermal year
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was in most cases not encompassed in the annual recomltmsettbetween thenaximum and
minimum of the temperature waves wa®stly longer than a single 12 month period. This made

the mathematical calculation of deepegaP unreliable as the period of the annual ground
temperature waves could not be precisefeased. Thermal dif§ivity calculations using Eq. 7

were also unreliable due to the ground temperature waves not being perfectly sinusoidal because
of unfrozen moisture present in permafrost soils with MAGTs ngar(W/illiams and Smith,

1989; French, 2007). This meant that original plans to calculate the amplitude, phase lags and

permafrost depths could not be carried out (Williams and Smith, 1989).

The active layer thickness was determined by interpolatingrtasgua linear gradiant)
between the two depths where the maximum temperatures bragkdtNelson and Hinkel,
2003; Throop et al., 2012). TTOP was calculated by interpolaitgeen the MAGTs at these
depths.

The surface offset and thermal offset weréyaalculated at sites where MAGSWere
available. The surface offset was calculated by subtracting the MAAT from the MAGST of the
same year (Smith and Riseborough, 2002). The MAAT of the closest Environment Canada
climate station was used in the calcaat BH R1 was located approximately micy between
two ECCS so the average MAAT between the two stations was used. Positive values of the
surface offset indicate that the ground surface is warmer than the air while negative values of the
surface offsetrdicate the opposite (Smith and Riseborough, 2002). The thermal offset was
calculated by subtracting the MAGST from the TTOP (Romanovsky and Osterkamp, 1995;
Smith and Riseborough, 2002). The thermal offset is normally represented as a negative value, as

the ground usually cools with depth within the active layer (Smith and Riseborough, 2002).
4.8.4 Ground Surface Climate interactions (BH R7)

Site-specific air temperature, ground surface temperature and snow depth were measured
at the BH R7 climate stah. The MAAT was calculated using hourly air temperatures measured
on-ssite between August 15, 2011 and June 12, 2012. Daily air temperatures from the Beaver
Creek ECCS between June 13, 2012 and August 15, 2012 were used the complete the air

temperature @rd for MAAT calculation.The correlation coefficient between the two climate
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stations for the available corresponding period is (88w depths were inferred from ibutton

measurements (refer to Section 4.6).

Snow depths were plotted against air anougd surface temperatures to investigate the
lag between air and ground surface temperature changes, and to examine the effect that the
timing of the snowds arrival -aunan. Shevdays weter e h a
calculated by countinthe number of days where snow was present on the ground. Snow depth
days (SDD) were calculated by adding together each daily snow depth value through the season,
taking into account both the depth and duration of snow accumul@armnaratne and Burn,
2003). TDD and FDD were calculated for both the air and the ground sufifeieg to Section
2.4.2) N-factors for the thawing and freezing seasons were calculated usiig) Bgd Eq.(3)

respectively.
4.8.5 Multi-decadal Groundlemperature Differences

The analysis of mukdecadal ground temperature differences is an important part of this
thesis as it reflects the effects of recent climate change and environmental change on the
permafrost thermal regime in the study area. Ground temperature meassremdet by the
GSC between 1977 and 1981 (Burgess et al., 1982) were compared with same day temperatures
acquired in 201:2012. The original temperature logs collected by the GB@gess et al.,

1982) at boreholes RR8 and M1H3 are given in APPENDIX Fand APPENDIX G
regectively The multithermistor probes used by the GSC between 1977 and 1981 for manual
temperature measuremem®re in general accurate to 82(e.g. BH R1) while the single
thermistor probes used at all the other boreholes is acdor&®XC (Burgess et al., 1982),
comparable to that of the new equipment installed in the boreholes. The relative precision of the
earlier GSC measurements varied from 830B 0.44C with an average precision of 0dl6

(refer to Section 4.8).

Long tem statistically significant variations in MAAT and precipitation at the closest
ECCS were used to partially explain the observed rdeltadal ground temperature differences.
Variations in TDD and FDD for the immediate thawing and freezing season pretieslihg77
1981 and 2012012 ground temperature measurements were also analyzed to account for the
effects of seasonal variations between both periods. TDD and FDD could not be analysed for
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each site to due missing data at some ECCS. Site specific engmtainthange such as
vegetation clearing for initial site access or geotechnical investigations in the 1970s was also
examined and taken into consideration when trying to explain the causes ediecaltial ground

temperature differences.
4.9 Ground Tempeature Analysis at Boreholes M1 and HiH3

Manual resistance measurements were made during summer 2011 at 4 shallow (2.0 m to
3.75 m) rehabilitated boreholes (M1, H1, H2, H3) with an YSI 44033 Resistance 12 m long cable
and converted to equilibrium temptrees as described in Section 4.4. Mdkicadal ground
temperaturedifferenceswere analyzed at BH H2 and H3 by comparing manual temperature
measurement from August 2011 with manual temperature logs from November 1978. Variations
in ground temperatures weeexplained using the same methodology explained in Section 4.8.5.

1970s temperature logs were not available for BH M1 and H1.

HOBO Micro Station H24002 loggers were installed at 3 of the 4 shallow boreholes
(H1, H2, H3) during the summer 2012 field sea for renewed ground temperature monitoring
as described in Section 4.4. Live readings were taken a day aftélafitsian August 2012 to
complanent the 2011 temperature logs and the further help with the interpretation of ERT

surveys.

4.10Resistivity PostProcessing

In order to have consistent and accurate ERT data throughout the study area, each data set
underwent the same pgstocessing procedures. The same ERT acquirement settings were also
used in the field for each survey (APPENDIX H). Beforenver t i ng t he dat a.
resistivity values for each survey were examined for bad data points which were eliminated (see
Section 2.8.4). Due to the presence of permafrost bodies, sharp boundaries were expected within
each survey which called for tlise of the robust or blocky inversion method.

Each inversion went through multiple iterations (never more than 5 to avoid over
filtering) which resulted in progressively smaller root mean squared error (RMSE) errors. The
inversions had to be run sevetiates before satisfactory results were achieved, corresponding to
an RMSE error <5%. Although the RMSE can continue to decrease aftel itegaflion, ERT
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data is typically most accurate betweeh erations (Hilbich et al., 2008). This is due to fiaet
that over fitting of the data can occur when using more than five iterations, leading to an increase

in the maximum resistivity value within a profile (Hauck and Vonder Muhll, 2003).

Once the inversions were completed, with a corresponding RMS &s%rusing the
leastsquare inversion routine, the display settings were changed. The vertical display factor was
set to 1.00 and a linear depth scale was used with logarithmic contour intervals. The same

display setting parameters were used for each data sesure comparability.

Topography was taken into account during the inversion process for all study sites with
noticeable relief. Topographyas calculated using simptagonometry from the Abney level
breakof-slope measurements collected in thé&dfi&@he calculatedtoordinates were added to the

original DAT files before the inversion process.

The measured apparent resistivity pseudosection, calculated apparent resistivity
pseudosection and inverse model resistivity pseudosection is given folitedanhPARPENDIX |
for boreholes RIR8 andin APPENDIX J for boreholes M1 and HH3.

Resistivity values for different earth materials (Table 2.1: Hauck and Kneisel, 2008) and
ground ice content determined from geotechnical boreholes (from the 1970sse@it® better
interpret the inverted ERT results. The full borehole logs used in the analysis include detailed
soil descriptions and ground ice characteristics and are given in APPENDIX K. Ground
temperatures acquired on the same day as the ERT surteycaintre point of each profile were
also used to better characterize permafrost conditions. Active layer thicknesses were inferred
from manual frost probe measurements at every electrode along the suregféné Section
4.5). Intrasurvey active Iger variations were determined by the standard deviation of the

measurements sample size.

Permafrost bodies and frozen/unfrozen interfaces were delineated by examining the
resistivity gradients of each inverted mad€he transition betweeuanfrozerifrozen interfaces
occurs around00-900 Ohmm at surveyed borehole sites in the study area based on the ERT
results, probing and borehole temperatuf@e Figure 6.4)This is similar to dter results
obtained in southwest Yukdie.g. Lewkowicz et al., 2011; igkli, 2012). Resistivity values in

the 406500 Ohmm r ange were i n most cases classified
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(2012), meaning that this range of resistivities was unable to be identified conclusively as

unfrozen or frozen (Figure 4.6). Thisi ndet er mi nat ed

ERT results obtained for this thesis.

slighthy dowver thians

f our

Finally, after analysing borehole ground temperatures and ERT inverted results, each

study site was inferred to be in a one, two or thagered state (Fige 4.7) (Sartorelli and

French, 1982). In a oHayered state, the ground is unfrozen to the deepest effective exploration

depth. A twelayered state means that permafrost is present under a thawed active layer to the

deepest effective exploration depthti#feelayered system implies thin permafrost whose base

falls within the depth of exploration. The lower boundary is based on the effeotploration

depth and does noecessarily represent the base of permafrost.
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Figure 4.6 A bar graph displaying the upper and lower limits of each ERT classification from ten
monitoring sites along the Alaska Highway Corridor from Whitehorse, YT to Fort Nelson, BC.
Intermediate resistivity values were unable to be identified conclusivelgs unfrozen of frozen. from

Miceli, 2012).

Page |- 73-



L
L}

Unfmzeni{U F)

Spp——

Frozen (F)

1 layered

3 layered 2 layered

UF
F
UF

UF
F

UF
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SECTION 5: RESULTS
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5.0 RESULTS

This section presents the results from the examination of each of the twelve study sites as
well as analysis of past geotechnical and climatic data available along the study area. The results

are presented in three main subsections:

1) Long term Climate Datan the Study Area
2) RBR Instrumented Boreholes
3) HOBO Instrumented Boreholes

The first section (5.1 Long term Climate Data in the Study Area) is a more detailed
analysis of the longerm climate data from Environment Canada climate stations from five
communites along the Alaska Highway from Whitehorse to Beaver Creek. In this section, the
MAAT, TDDs, FDDs,total annual rainfall, total annual snowfall and total annual precipitation
are examined and subjected to significance testing at a confidence level ofc8&phs are

presented withfyear running means and linear regressions for statistically significant trends.

The second section (5.2 RBR Instrumented Boreholes) is@epith intrasite analysis of
all 8 borehole sites where RBR loggers were instafleslimmer 2011 (Boreholes) from R1 in
the southeast to R8 in the nortwest of the study transect. The results are presented for each site
beginning with a site description which includes vegetation type, topography and an overview
figure of the site bfore and after it was rehabilitated. A summary table presents important field
work associated with each borehole and pertinent information used in the analysis. Next, soil
type and ground ice descriptions from the 1978 geotechnical drilling program leolef® are
examined to complement the ERT surveys. ERT surveys were done at each site and are ether 160
m, 80 m or 40 m in length. The goal of the ERT surveys is to better characterise the underlying
permafrost bodies horizontally and vertically Htlilnensions. Frost probing results and borehole
temperatures from the day of the survey also help in the interpretation. Thirdly, the thermal
conditions within the permafrost are examined using full year ground temperature records,
monthly average ground tempéure envelopes, maximum/minimum/mean temperature
envelopes, time lags, the temperature and depth of the ZAA and the thickness of the permafrost.
The surface and thermal offset ateterminedat sites where the MAGST is available. The

relationship betweetemperatures in the air and at the ground surface is examined at BH R7
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through the orsite characteristics of snow, the surface offset and its controls, anefahtors
relating to the FDD and TDD of the air and the ground surface. Lastly,-daaéidalground
temperature differences areletermined through comparison of manual temperature
measurements taken between 3881 by the GSC and sardate measurements from 2011 or
2012 extracted from the RBR logger record.

The third and last section (5.3 HOBO Instrumented boreholes) is an analysis of manual
temperature measurements and HOBO Micro Station logger live readings taken at 4 shallower
borehole sites (M1, H1, H2, H3). The results are presented in the same fotmatpasvious
section but only include single borehole measurement in 2011 and in 2012. Manual temperature
profiles from 1978 were available for BH H2 and BH H3 for mdécadal comparison with the
recent ground temperature logs. Two 80 m ERT cross sestio/eys are presented for every
borehole (except borehole H3 where only one 80 m ERT survey was performed) to better
interpret vertical and horizontal permafrost distribution and characteristics.
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5.1Long term Climate Data in the Study Area

In order to examine whether ground temperature increases and apparent active layer
deepening in the study area might have resulted from decadal to cersealeatliimate change,
the available climate data series from five Environment Canada clatai@ns in communities
along the study transect, were examined. From seash to nortiwest, these stations were;
Whitehorse, Haines Junction, Otter Falls, Burwash Landing and Beaver Creek. Unfortunately,
not all records are complete. The MAATSs in thedy area follow a cooling trend from 1943 to
1975 followed by a warming trend to present desfer to Section 3.5.2)The early manual
temperature measurements by the GSC were recorded between 1977 anchrh@8iately
following theabrupt step changedrease in MAAT was observed across the study area (Figure
5.1).

MAATs were chosen for analysis because permafrost is a climatically controlled
phenomenon, and is impacted by ldegn changes in air temperature (ACIA, 2005; Smith and
Riseborough, 2002)TDDa and FDDa were calculated for stations with available daily
temperatures to examine temperature ranges and change through a seasonal pefrspeecttee.
and the response of the ground temperature to changes in air temperatures is also directly
affected by precipitation which impacts ground thermal conductivity, the surface offset, and
active layer freezing and thawing time (Smith and Burgess, 1999). Variations in rainfall or
snowfall are also highly relevant to ground temperature and the thermal réginmecrease in
rainfall can result in active layer thickening while an increase in snowfall results in a buffering
low conductivity insulating layer which lessens the impact of rising air temperatures in the
winter (Smith and Burgess, 1999). Figurest6.5.4 show the climate data for the five stations.
The significance test results are summarized in table 5.1, and appear in more detail in Appendix
E.
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Table 5.1 Slope coefficients resulting from the regression analysis of various climate data from
weather stations in the study area (Environment Canada, 2012). Bolded values are statistically
significant at a 95% confidence levelRefer to Appendix E for statistical test results.

Measured Whitehorse Haines Junction
parameters 19431975 19762011 19451975 19932011 19932006
MAAT -0.066 0.017 -0.029 0.010 N/A
TDDa -6.747 2.367 0.920 N/A N/A
FDDa 18.530 -1.490 6.310 N/A N/A
Rainfall 0.277 0.711 -0.325 N/A 0.937
Snowfall 1.447 -0.102 1.131 N/A -2.687
Precipitation 0.392 0.857 0.229 N/A -0.893
Measured Otter Falls Burwash Landing
parameters 198062006 19762011 19762007
MAAT -0.025 0.019 N/A
TDDa N/A N/A 2.289
FDDa N/A N/A -0.219
Rainfall -0.068 N/A 0.372
Snowfall -0.768 N/A 0.575
Precipitation -0.650 N/A 0.225
Measured Beaver Creek
parameters 19802011 19812006
MAAT 0.057 N/A
TDDa N/A N/A
FDDa N/A N/A
Rainfall N/A 1.857
Snowfall N/A -0.817
Precipitation N/A 0.897

Note: Statistical testing of thee-1975climate dataat Burwash Landing and Beaver Creek was
not conducted due to the record being too short.
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5.11 MAAT

MAAT varies spatially throughout the study area, with MAAT decreasing from
Whitehorse to Beaver Creek (Figure A)1The MAAT data recorded at EnvironmeDanada
climate stations in the study area also show a trend of declining MAATs from 1943 to 1975 for
Whitehorse and a similar but weaker trend at Haines Junction, in part because the warm years of
1943 and 1944 are missing for the latter. The short recmmdBurwash Landing and Beaver
Creek show the same pattern in the brief record prior to 1975 (Figute MAATS in the study
area experienced an abrupt trend change in 1975 from a decreasing MAAT trend to an increasing
MAAT trend (Figure 5.A). Missing data for Otter Falls prior to 1980 make it impossible to
determine if a similar trend shift also occurred (FigureA).IThe stedike rise in MAAT
between 1975 and 1976 caused an abrupt MAAT increase @ B11Whitehorse, 2& in
Haines Junction and uBwash Landing, and I in Beaver Creek (Figure ). MAAT
remained mainly stable afterwards between 1976 and 1978 with a variation gof 6.1
Whitehorse, 0.& in Haines Junction and @3 in Burwash Landing (Figure 5A). Data is
missing between 1978nd 1980 at Beaver Creek for comparison. Observable variation resumed

after 1978 and a stable slight warming trend establishes afterwards (Fighye 5.1

Whitehorse and Beaver Creek were the only ECCS to show statistically significant trends
(Table 5.1 ad Figure 5.R). A statistically significant cooling trend eD.66C/decade was
observed in Whitehorse from 1943 to 1975 and a statistically significant warming trend of
0.57C/decade was observed in Beaver Creek between 1980 and 2011 (FigyreA&Hough
not statistically significant, MAATs warmed by @5 and 0.18C in Whitehorse and Haines
Junction respectively between 1972611 and by 0.6 in Burwash Landing between 1993
2011 (Figure 5.A). MAATSs cooled by-0.87C in Haines Junction between 198975 and by
0.65C in Otter Falls between 19&D06 (Figure 5.A4).
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Figure 5.1A: Historical MAATSs (°C) from Environment Canada climate stations in the study area
(Environment Canada, 2012). Theblue markers are the available MAAT data between 1943 and
1975 while the red markers are the available MAAT data afterwardsthe grey line is a 5year
running mean. The black line is a linear regression, and appears only on the charts of stations
showing statigically significant changes in MAAT (using a 95% confidence limit). Linear
regressions are calculated for all availald data collected until 1975and for all available data
collected from 1976 onward The figure also allows comparison of spatial temperat@r patterns
along the studied part of the Alaskan Highway, with temperatures becoming colder from
Whitehorse to Beaver Creek. Time series of available data varies between weather stations. Missing
data for Haines Junction in the 1980s and 1990s and missingta for Beaver Creek in the 1970s
and 1980s may have affected the results.
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5.1.2 Thawing/Freezing Degree Days

Seasonal degree days vary spatially throughout the study area, following the MAAT
trends observed in Figure 5.1ADDa and FDDa were calculatédr the period preceding the
1975 step change in MAAT and the period following the step change for the Whitehorse ECCS
(Figure 5.1B) Degree days were only calculated for the period preceding the step change for the
Haines Junction ECCS and for the perfolfiowing the step change for the Burwash ECCS due
to the limited availability of daily mean temperatures. Daily mean temperature records were

incompletefor the Otter Falls and Beaver Creek stations and degree days could not be calculated.

Statistically significant decrease of -67.5 TDDa/decade and increase of 185.3
FDDgdecade werebserved in Whitehorse from 1943 to 1975ths MAAT significantly
decrease (Figures 5.1A and 5.1B)TDDa remainedmainly stable afterwards whileDDa

showed greaterariation with no significant trend in place (Figure 5.1B).

Degree days remasd fairly stable between 194B975at Haines Junction and between
19762007 in Burwash with no statistically significant trend observed when the data was tested
at a 95 % confidnce leve(Table 5.1; Figures 5.1C and 5.1D)

Overall, FDDa increasetowards the northern end of the transect as MAATs decrease
while TDDa remaiing fairly constant (Figures 5.1A; 5.1B; 5.1C and 5.1D). FDDa also show
high interannual variabilityin the study area while TDDaaries littleon an annual basi$hese
trends indicate that winter is the most variable season spatially and temporally in the study area
and the most responsive to recent climate change
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Figure 5.1B: Historical thawing degree days (TDDa) and freezing degree days (FDDa) from the
Whitehorse Environment Canada weather station (Environment Canada, 2012). The blue markers
are the available FDDa between 1943 and 2011 while the red markers are the available TTDa for
the same time period. The blue and red lines are &ear running means for the FDDa and TDDa
respectively. The black lines are linear regressions and only appear on series showing statistically
significant trends in FDDa and TDDa (FDDa: 19431975; TDDa: 19431975). Linear regressions
are calculated for all available data collected until 1975 and for all available data collected from
1976 onward for both FDDa and TDDa series.
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Figure 5.1C: Historical thawing degree days (TDDa) and freezing degree days (FDDa) from the
Haines Junction Environment Canada weather station (Environment Canada, 2012). The blue
markers are the available FDDa between 1945 and 1975 while the red markerseahe available
TTDa for the same time period. The blue and red lines are-$ear running means for the FDDa and
TDDa respectively. No statistically significant changes in FDDa and TDDa are observed (using a
95% confidence limit).
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Figure 5.1D: Historical thawing degree days (TDDa) and freezing degree days (FDDa) from the
Burwash Environment Canada weather station (Environment Canada, 2012). The blue markers
are the available FDDa between 1976 and 2007 while the red markers are the available TTDa f
the same time period. The blue and red lines are-fear running means for the FDDa and TDDa
respectively. No statistically significant changes in FDDa and TDDa are observed (using a 95%
confidence limit).
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5.1.3 Total Annual Rainfall

Total annual rainfall varies spatially throughout the study area, with rainfall increasing
from Whitehorse to Beaver Creek (Figure 5.2). Regression analysis of total annual rainfall shows
an increase in rainfall after 1975 at all ECCS except Otter Fafisreva decreasing trend is
observed (Table 5.1 and Figure 5.2).-P8&5 rainfall data shows an increasing trend in
Whitehorse between 19475 and a decreasing trend in Haines Junction between1®945
(Figure 5.2). However, no total annual rainfalhile are statistically significant when tested at a
95% confidence level (Table 5.1).

Total annual rainfall remains mainly constant in Whitehorse from 1945 to 2011 with
minimums observed in the 1950s and maximums in 1990 and 2011 (Figure 5.2). Haines Juncti
experienced high inteannual variability in rainfall with minimums observed around 1949 and
1971 and maximums around 1955, 1967 and 1978 (Figure 5.2). Data is missing in the 1980s and
1990s but the available record for 198306 shows no trend and highter-annual variability
(Figure 5.2). The 198Q006 record at Otter Falls shows low irtemual variability but some
trends can be observed with rainfall increases in the 1980s and a steady decrease in the 1990s
which stabilizes in the early 2000s (Figb.2). Burwash Landing shows no observable trends in
total annual rainfall except a moderate irdaenual variability (Figure 5.2). Beaver Creek shows
the highest inteannual rainfall variability throughout the study area with an increasing
variability from 1981 to 2006 (Figure 5.2).

Overall, the total annual precipitation trends observed in the study area follow the main
MAAT trends with increases in rainfall observed when the MAAT increases at a site (Table 5.1
and Figure 5.2). The exception is Whitet®y where an increase in rainfall occurred between

19431975 while a statistically significant cooling trend was observed (Table 5.1 and Figure 5.2).
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Figure 5.2 Historical total annual rainfall (mm) from Environment Canada climate stations in the
study area (Environment Canada, 2012)The blue markers are the available total annual rainfall
data between 1943 and 1975 while the red markers are the available totainual data afterwards

the grey line is a 5Byear running mean. No station showstatistically significant changes in total
annual rainfall (using a 95% confidence limit).Linear regressions are calculated for all availal#
data collected until 1975and for all available data collectedfrom 1976 onward The figure also
allows comparison of spatial total annual rainfall patterns along the studied part of the Alaskan
Highway, with rainfall increasing from Whitehorse to Beaver Creek. Time series of availableata
varies between weather stations. Missing data for Haines Junction in the 1980s and 1990s and
missing data for Beaver Creek in the 1970s and 1980s may have affected the results.
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5.14 Total Annual Snowfall

Total annual snowfall varies spatialhroughout the study area, with snowfall decreasing
from Whitehorse to Beaver Creek (Figure 5.3). Snowfall trends were not consistent across
climate stations for the time period examined (Figure 5.3). The only statistically significant
snowfall trend inthe study area was observed in Whitehorse between1®ZEBwhere snowfall
increased by 14.8m/decade for a total increase of 46.30 cm (Table 5.1 and Figure 5.3). This
increase in snowfall occurred ilniMAATS were significantly decliningn Whitehorse (@ble
5.1 and Figure 5.3). An observable peak in snowfall occurred in 1992 before the establishment of
a falling trend with a 1997 minimum (Figure 5.3). Total annual snowfall has since been on the

rise in Whitehorse (Figure 5.3).

Haines Junction experienced a rise in snowfall in the late 1950s and early 1960s followed
by a decreasing trend with a minimum in 1971 and an increase afterwards to 1983 (Figure 5.3).
Data is missing between 198392. Interannual snowfall vart#gon in Haines Junction from
1993 to 2011 was the highest of all stations in the study area (Figure 5.3). Otter Falls
experienced a moderate increase in snowfall from 1980 to 1992, decreasing thereafter to the end
of the measurement period in 2006 (Figbrg). No snowfall data is available prior to 1980 for
this community. Burwash Landing saw peaks in snowfall in the late 1960s and early 1970s as
well as around the year 1990 with minimums in the late 1970s and early 1980s (Figure 5.3). An
observable decrsa in snowfall occurred in Beaver Creek between 1855 with high inter
annual variability (Figure 5.3). Total annual snowfall remained mostly constant between 1981
2006 with exceptions of a small decrease around 1995 and a small increase aroundgL®®9 (Fi
5.3).
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Figure 5.3 Historical total annual snowfall (cm) from Environment Canada climate stations in the
study area (Environment Canada, 2012)The blue markers are the available total annual snowfall
data between 1943 and 1975 while the red markers are the available total annual snowfall data
afterwards; the grey line is a 5year running mean. The black line is a linear regression, and
appears only on the charts of stations showing statistitly significant changes in total annual
snowfall (using a 95% confidence limit).Linear regressions are calculated for all availal# data
collected until 1975and for all available data collectedfrom 1976 onward The figure also allows
comparison of spatal total annual snowfall patterns along the studied part of the Alaskan Highway,
with snowfall decreasing from Whitehorse to Beaver Creek. Time series of available data varies
between weather stations. Missing data for Haines Junction in the 1980s and 19%hd missing
data for Beaver Creek in the 1970s and 1980s may have affected the results.
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5.15 Total Annual Precipitation

Total annual precipitation measured at the five ECCS did not exhibit a consistent pattern
along the study route (Figure 5.4). No precipitation series prior to 1975 and post 1975 showed
significant trends when subjected to statistically signifitasting at a confidence level of 95%
(Table 5.1). No noticeable trends in precipitation were seen in Whitehorse and trenmual
variability in total annual precipitation was the lowest of all five communities studied (Figure
5.4).

The 5yea running mean at Haines Junction reaches a visible precipitation minimum in
1972 followed by a stelike rise in precipitation afterwards (Figure 5.4). Precipitation data is
missing between 198%992 (Figure 5.4). Available data from 1993 to 2006 showgheh total
annual precipitation and inta@annual variability than the start of the record (Figure 5.4).

The available total annual precipitation record for Otter Falls spans from 1980 to 2006 and
shows an observable increasing trend in preaipit in the 1980s with a declining trend in the
1990s that stabilizes in the early 2000s (Figure 5.4). An overall increase in precipitation occurred
in Beaver Creek from 1981 to 2004 (Figure 5.4). The Beaver Creek total annual precipitation
record also sbws the highest inteainnual variability in the study area (Figure 5.4).
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Figure 5.4 Historical total annual precipitation (mm) from Environment Canada weather stations
in the study area (Environment Canada, 2012).The blue markers are the available total
precipitation data between 1943 and 1975 while the red markers are the available total
precipitation data afterwards; the grey line is a Byear running mean. No station showstatistically
significant changes in total precipitation (using a 95% confidence limit).Linear regressions are
calculated for all available data collected until 197%and for all available data collectedfrom 1976
onward. The figure also alows comparison of spatial total annual precipitation patterns along the
studied part of the Alaskan Highway, with precipitation increasing from Whitehorse to Beaver
Creek. Time series of available data varies between weather stations. Missing data for kigs
Junction in the 1980s and 1990s and missing data for Beaver Creek in the 1970s and 1980s may
have affected the results.
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5.2 RBR Instrumented Boreholes

5.2.1 Borehole R1 (79&S-5)

The permafrost thermal monitoring site at borehole R1 is located irspgbeadic

discontinuous permafrost zone of the Yukon Territory a46@ 6 3 10 cBl6&andO0d 3% and

A

i

Figure 5.5 (A) Borehole R1 as it was found during the summer 2011 borehole exploration; (B) and
borehole R1 after it was rehabilitated and cased.
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at 686 m elevation (Figure®. This site is located on a cleamad-line which also serves as a

trail along the boundary fences of the La Prairie Bison Ranch (Figure 5.5). The borehole site is
exposed and consists mainly of dry clay covered with grasses on a relatively flat relief (Figure
5.5). The borehole was dritleto a depth of 30 m on August' &nd 9" 1979. Soil type and
ground ice characteristics from the borehole log indicate the presence of unfrozen clay to a depth
of 30 m. The borehole was rehabilitated on August 24, 2011 and a RBR logger with a
multithermstor string was installed to a depth of 6.5 m. The maximum depth of 30 m could not
be reached as the borehole had collapsed at 6.5 m. The length of the current ground thermal
monitoring record as well as other related field work associated with boreh@edRiertinent
information is summarized in Table 5.2.

Table 5.2 Summary table of the data used in the analysis of borehole R1 and the depths of the

thermistors from the surface. Note that more detailed field work and RBR logger information is
given in Appendix C.

Borehole R1
Closest ECCS Station and Distance Whitehorse (49 km), Haines Junction (84 kn
Dates of 1979 drilling August 89, 1979

Manual Temperature Measurements Availall October 10, 1979; February 01, 1980; April !
1980; August 07, 198Quly 30, 1981

Original Borehole Depth 30m

New Rehabilitated Borehole Depth 6.5m

Borehole Unblocking Method Not blocked by ice (borehole cased)
RBR Logger Data August 24, 2011 August 22, 2012
Thermistor Depths (m) 0, 0.5, 1.0, 2.0, 4.0, 6.5

Length and Date of ERT Survey 80 m (June 10, 2011)

The thermal profile from June 10, 2012 at Borehole R1 (Figure 5.6) was extracted from
the RBR logger data record for comparison with the June 10, 2011 ERT profile (Figures 5.7 and
5.8). Results from thdaily ground temperature record show unfrozen conditions at the ground
surface and 1 m depths, a temperaturédddeC at 2 m, and positive temperatures at 4.0 m and
6.5 m (Figure 5.6). The 1979 borehole log indicates unfrozen conditions on August 8, 1979
Therefore, the frozen layer that was present on June 10, 2012 is interpreted as being due to
seasonal frost. Linear interpolation between the thermistors indicates this layer may have
extended from 1.8 m to 2.9 m but the spacing of the sensors meatigetpatcision of the top

and bottom of the frozen layer is low (Figure 5.6).
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| Unfrozen Clay Unfrozen

Figure 5.6 Borehole R1 average daily temperature measurements taken from the RBR logger on
June 10, 2012. The diamonds represent the points of temperature measurement. Soil type and
ground ice conditions taken from an August 8, 19780rehole log are shown o the right hand side.
Completedescriptions of the borehole log and ground ice classificatide a depth of 30 mare found

in Appendix K. Note that the ERT survey was conducted on June 12011.
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The 80 m ERT survey runs directly on a cleared accessptiellel to the boundary
fence of the La Prairie Bison Ranch from a naéist, souttwest orientation with the borehole
located at the mighoint of the transect (Figures 5.7 and 5.8). The ERT survey shows low
resistivity values less than 100 Ohmto an @proximate depth of 1.5 m which can be
interpreted as unfrozen conditions (Figure 5.8). Probing results gave a mean depth to resistance
of 7 cm with a low standard deviation (N=61, SD=2) and did not reach a frost table. The top of
the soil probed was mogtlsoft loose clay underlain by harder dry clay which could not be
penetrated (Figure 5.8). The ERT results also show a higher horizontal resistivity layer between
approximately 2 m and 4 m in depth ranging from approximately6gD®0Ohmm. The upper
resistvity values from this range are interpreted as seasonally frozen ground in the process of
thawing (Figure 5.8), as shown by the borehole temperatufeGa at 2.0 m depth (Figure 5.6)

that thawed later in the summer (Figure 5.9).

Figure 5.7 Resistivity transect of the80 m NE-SW survey at borehole Rlon June 10, 2011(A)
Picture taken from the borehole at the midpoint looking north-east; (B) picture taken from the
borehole at the midpoint looking south-west
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Figure 5.8 Borehole R1 NE-SW 80 m resistivity profile and frost probe chart from June 10, 2011. ¥rtical exaggeration in model section
display = 1.00 Based on 323lata points (22 removed from original survey). The solid black lines indicates the location and depth of the
2011 borehole on the survey while the black dash lineésdicate the original depth of the borehole in 1979. The white dashed circles
indicates graund condition interpreted as seasonally frozen.
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The full ground temperature record from boreholesRdws high annual variabiliggt the
ground surfaceand is shorter than a year by 2 days (Figure 5.9). The 2012 ground
temperatures at BH Rare below BC between October 20April 10 at the surface, between
November 5 April 25 at 0.5 m, between December Blay 31 at 1.0 m and between February
2471 July 8 at 2.0 m. Ground temperatures did not fall bele@ & 4.0 m and 6.5 m (Figures 5.9
and 5.10). The time lag between freezing at the ground surface and 2.0 m was approximately 127

daysand zerecurtain effects are largely weak or absent (Figures 51%4l0).

Mean monthly ground surface temperatures (MMGST) results for BH R1 show a
maxi mum MMGST of 16.6eC reached i-10.0iddahugry 2012
2012 (Figure 5.10 The mean monthly ground temperature (MMGT) for the deepest thermisto
at 6.5 m reaches a maximum of 1.3eC in Februes
2011(Figure 5.10.

The maxi mum ground surface temperature Wwe
minimum of-32. 7e C was r eac he dFigwes 59 and.B2a Thg maXitym 20 1 2
ground temperature at the deepest measur ement
and the minimum ground temper gRiguresé&s.9anal §.)20. 8¢ C
The range in temperatures at the ground surface is 8béug C, whi ch i s reduced
m (Figure5.12. The MAGST was 1. 0eC and MAGTs war med
MAGT of 1.5eQ7%a( al. 52.mM amd cool i ng(Figured.l2e af t er
The depth of ZAA was not reachedBH R1 and is therefore deeper than 6.5 m. MAGTSs are all
greater than 0eC which confirm thatl2pmr mafr o
average between the MAAT recorded between August 24, 2011 and August 21, 2012 at ECCS
weather stationmiWhitehorse0 . 7e C) and H-ai Ae€) Jwastaiedhed ( t o
surface offset of 8. e QThe surface offset is also controllé&y a minimal vegetation cover
around the borehole as well as the possibility of the site being windblown of sning the

winter due to its open exposure (Williams and Smith 1989; Smith and Riseborough, 2002).
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Figure 5.9 Full ground temperature series at Borehole R1 between August 24, 2011 and August 21,
2012. Note that 2 days are missing for a complete annual redo
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Figure 5.10 Deeper gound temperature series at Borehole R1 between August 24, 2011 and
August 21, 2012. Note that 2 days are missing for a complete annual record.
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Figure 5.11 Monthly average ground temperature profiles from September 2011 to August 2012.
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Figure 5.12 Temperature envelope at Borehole R1 for the 2012012 year.Mean values included
two additional simulated days in which August 22 values were repeated to obtainfull year of data.
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Comparisons between manual ground temperature logs from the late 1970s and early
1980s to the exact dates of measurement from-2012 reveal no obvious long term ground
temperature difference (Figure 5.13). Ground surface tempesaivere not recorded between
19791981 and first measurements were taken from 2.1 m downwards at varying increments to a
maximum depth of 28.1 m. The 262012 record starts at the ground surface with consistent
measurement depth taken at 0.5 m, 1.0 n2.4.0 m and 6.5 m. Variations in TDDs and FDDs
between specific periods in the 197981 and 201-R011 climate record at the Whitehorse
ECCS weather station were examined to better interpret ground temperature variations (Table
5.3).

Table 5.3 TDDs and FDDs comparison at Whitehorse ECCS weather station between 1978981

and 20112012 This table relates to the immediate thawing and freezing season preceding the
ground temperature measurements in Figure 5.13.

Figure 5.13A
Thawing 01/01/1979| Thawing 01/01/2011| Freezing Fall 1979 | Freezing Fall 2011
i 26/10/1979 I 26/10/2011 26/10/1979 26/10/2011
1643 TDD 1427 TDD 13 FDD 30 FDD
Figure 5.138
Freezing Fall 1979 | Freezing Fall 2011
01/02/1980 01/02/2012
1469 FDD 1445 FDD
Figure 5.13C
Freezing Fall 1979 | Freezing Fall 2011
28/04/1980 28/04/2012
1925 FDD 1965 FDD
Figure 5.13D
Thawing 01/01/1980| Thawing 01/01/2012| Freezing Fall 1979 | Freezing Fall 2011
i 07/08/1980 i 07/08/2012 07/08/1980 07/08/2012
1064 TDD 970 TDD 1925FDD 1966 FDD
Figure 5.1F
Thawing 01/01/1981| Thawing 01/01/2012| Freezing Fall 1980 | Freezing Fall 2012
i 30/07/1981 i 30/07/2012 30/07/1981 30/07/2012
867 TDD 877 TDD 1870 FDD 1966 FDD

Ground temperatures were @61 0.7€C warmer at 6.5 m for the 192981 manual
ground temperature measurements than the same dates @@L {Figure 5.13). Other depths
of measurements showed variations between the two time periods. There were 216 TDDs more
in the thawing season precedithg October 26, 1979 temperature measurements than in 2011
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which could explain the slightly warmer temperatures betwem®in 1979 (Table 5.3 and

Figure 5.13A). The freezing season preceding the February 1 measurements of 1980 and 2012
only had a 24 FDD difference vwdin may explain the similarity in their ground temperature
values (Table 5.3 and Figure 5.13B). The small variations in TDDs and FDDs from Whitehorse
between the 1980981 and 2012 measurement periods do not by themselves suggest an
explanation for the 2gC i 4.1aC colder 19861981 ground temperature values at 4.0 m when
compared to the same dates in 2012 (Figures 5.13C, 5.13D and 5.13E). The difference may relate
to the effect of soil moisture conditions on freezing depth. Site specific climatic cosdition
borehole R1 might also have varied from the nearest ECCS weather stations affecting the
interpretation of TDD and FDD. It is concluded that this non permafrost site did not show multi
decadal change in its ground temperature regime.
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5.2.2 Borehole R2 (78A-71)

The permafrost thermal monitoring site at borehole R2 is located in the sporadic
discontinuous permafrost zone of the Yukoe r r i t ory at 60e 5406 50066 N
at 840 m elevation (Figure 5.14This site islocated appximately 500 m from the Alaska
Highway and about 1 km sou#fast of the Jarvas River. The borehole site was cleared for

Figure 5.14 (A) Borehole R2 as it was found during the summer 2011 borehole exploration; (B)
and borehole R2 after it was rehabilitated and cased.
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drilling in August 1978 and was still mostly exposed with scattered shrubs averaging 2 m in
height during the 2022012 field seasons (Figure 5.14). The relief at the site is relatively flat
(Figure 5.14). The borehole was drilled to a depth of 9.2 m in August 1978. Soil type and ground
ice conditions from the August 1978 borehole log indicate a gravel layer at theestafa depth

of 1.2 m underlain by a layer of clay to 5.3 m, a gravel layer between 5.3 m and 6.2 m and a
layer of sand from 6.2 m to the bottom of the borehole at 9.2 m (Figure 5.15). The borehole was
unfrozen throughout (Figure 5.15). The borehole vedbilitated and cased on June 30, 2011
and a RBR logger with a multithermistor string was installed to a depth of 8.75 m on August 14,
2011. The borehole did not need to be steamed as it was not blocked by ice. The length of the
current ground thermal mdoring record as well as other related field work associated with
borehole R2 and pertinent information is summarized in Table 5.4.

Table 5.4 Summary table of the data usd in the analysis of borehole R2and the depths of the

thermistors from the surface. Note that more detailed field work and RBR logger information is
given in Appendix C.

Borehole R2
Closest ECCS Station and Distance Haines Junction (25 km), Otter Falls (55 km)
Date of 1978 drilling August 1978
Manual Temperature MeasuremeAtsilable November 26, 1978
Original Borehole Depth 9.2m
New Rehabilitated Borehole Depth 8.75m
Borehole Unblocking Method Not blocked by ice (borehole cased)
RBR Logger Data August 15, 2011 August 15, 2012
Thermistor Depths (m) 0.25, 0.75, 1.753.75, 8.75, (6.25 failed)
Length and Date of ERT Survey 160 m (August 7, 2012)

The thermal profile from August 7, 2012 at borehole R2 (Figure 5.15) was extracted from
the RBR logger data record for comparison with the August 7, 2012 ERT results (Figures 5.16
and 5.17). Results from the daily ground temperature record show unframditiacs from the
ground surface to the maximum depth of measurement of 8.75 m (Figure 5.15). The absence of
frozen conditions in the August 1978 borehole log confirms that permafrost is not present at
borehole R2 (Figure 5.15). However, a more horizoniak of ground conditions from the 160

m ERT survey suggest the possible presence of isolated patches of frozen ground (Figure 5.17).
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Figure 5.15: Borehole R2average daily temperature measurements takefrom the RBR logger on
the same day as the ERT survey of August,72012. The diamonds represent the points of
temperature measurement. Soil type and groundce conditions taken from an August 1978
borehole logare shown a the right hand side. Completedescriptions of the borehole log and
ground ice classification are found in Appendix.
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The ERT survey runs from a nomlast, soutlwest orientation with the borehole located
at the midpoint of the profe (Figures 5.16 and 5.17). The 160 m ERT tembsuns through
small clearing with scattered shrubs averaging 2.0 m in height as well as areas with full grown
spruce trees (Figure 5.16). Theognd surface along the survey wamsistently dry, with dry

grasses and dry organic matter (Figure 5.16).

The ERT survey shows a horizontabher resistivity layer from the surface down to
about 7.5 m ranging from approximately 1600 Ohmm underlain by a lower resistivity layer
in the 100150 Ohmm range fromapproximately 7.5 m down to the bottom of the survey at 25
m. Probing results were highly variable, giving a mean depth of 29 cm with a relatively high
standard deviation (N=61, SD=10) and did not reach a frost table. The top of the soil probed was
mostly dry organic matter and soft loose clay underlain by harder dry clay and gravel which
could not be penetrated (Figure 5.17). The observed horizontal resistivity layering of the ERT
modelled pseudosectiomay be associated with tteratigraphic contrast vith can be seen
from the borehole log (Figures 5.15 and 5.17). The stratigr&ould be producing the higher
resistivity values for the upper layer or they nimydue tolateral differences in frozen ground
conditions (Figures 5.15 and 5.17). Negativeugtemperatures measured at approximately the
same depth in Borehole R1 in the same material (clay) with similar resistivity values support the
possible presence of isolated patches of frozen ground in the process of thawing (Figure 5.17).
However, the ER survey at borehole R1 was conducted in June when seasonally frozen ground
is more likely to be preseriRelatively uniform resistivity values below the 9.2 m borehole log to
the bottom of the profile at 25 m suggest a consistent lithology with sandrawvel ¢Figures
5.15and 5.17).
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Figure 5.16 Resistivity transect of the 160 m NESW survey at borehole R2n August 7, 2012(A)

Picture taken from the 40 m point looking northreast towards the start of the transect; (B) picture
taken from the borehole at the 80 m migpoint looking north-east; (C) picture taken from the
borehole at the 80 m midpoint looking south-west; and (D) picture taken from the 120 m point
looking south-west towards the end of the survey line.
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Figure 5.17 Borehole R2NE-SW 160 m resistivity profile and frost probe chart from August 7, 2012. \értical exaggeration in model
section display = 1.00Based on 31%ata points (28 renoved from original survey). The solid black lines indicates the location and depth
of the 2011 lwrehole on the survey. The intgor of the white dashed circles indicates ground conditions interpreted apossibly being
frozen.
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The ground temperature record from borehole R2 represents a full year of measurements
between August 15, 2011 and August 15, 2012 (Figure 5.18). The2BQPlrecord shows
ground temperature values belowCObetween October 14 May 19 at 0.25 mand between
December 15 May 24 at 0.75 m (Figures 5.18 and 5.19). Ground temperatures did not fall
below @&C at 1.75m, 3.75 m 08.75 m (Figures 5.18 and 5.19). The time lag between freezing at
0.25 m and 0.75 m was approximately 62 days (Figures Bd®.49). Zero curtain effects are
seen during freezap at 0.75 m between December 6 and December 28 for a total of 22 days and
for 37 days during the spring thawing season between April 18 and May 25 (Figure 5.19).
Ground temperatures reacheddl.Jat 175 m but did not fall belowdT because of theéme

taken to freeze the ovgnhg layers (Figure 5.19).

Mean monthly ground temperature (MMGT) results for BH R2 show a maximum MMGT
of 8.4aC for the first thermistor at 0.25 m reached in July 20i®@aminimum MMGT of1.7eC
in January 2012 (Figure 5.2MMGT for the deepest measured thermistor at 8.75 m reaches a
maximum of 1.8C in January 2012 and a minimum of@C9n August 2012 (Figure 5.20).

The maximum ground temperature at0.2%ms 10. 2eC on July 28, 20
of-4. 3eC was r e aa B5e2011dFgurds &.¢8ecamd 5.2The maximum ground
temperature at the deepest measurement point
minimum ground temperature wa® C o n Au g (Fgures 8.18 and 3.R1Th2 range
in temperatures at 0 .is2réduced toiapprogmately @41 a8t 2 §C,7 5wl
(Figures 5.18 and 5.21. The mean annual ground temper atu
MAGT warmedto 19¢C at0 . 75 m, cooling therFgad32% Thet o 1. 1
depth of ZAA was not reached in BH R2 and is therefore deeper than 8.75 m. MAGTSs are all
greater than 0eC whi c htpresenhdttherborshaddelfFegre 3028 r ma f r o
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Figure 5.18 Full ground temperature series at Borehole R2 between August 15, 2011 and August
15, 2012.
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Figure 5.212 Temperature envelope at Borehole R2or the 20112012 year.
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Comparisons between manual ground temperature measurements from November 26, 1978
to November 26, 2011 show pronounced long term ground temperature warming for all depths
(Figure 5.22). Ground temperatures were approximateRCiwiarmer at 1.75 ni,.8C warmer
at 3.75 m and 1dC warmer at 8.75 m on November 26, 2011 than on the same day in 1978
(Figure 5.22).These changes are significantlyeater tharpotential measurememrrors and

therefore the ground has warmed over the three decade interval

Temperature ( € C)

Depth (m)

——26/11/1978
=-26/11/2011

10

Figure 5.22: Ground temperature differences at borehole R2 between November 26, 1978 and
November 26, 2011.
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Variations in TDDs and FDDs between specific periods in the 1978 and 2011 climate
record at the Haines Junction ECCS weattation were examined to better interpret ground
temperature variations (Table5h The thawing season preceding the November 26, 1978
manual ground temperature measurements had 171 TDD more than the thawing season
preceding the November 26, 2011 meas@m®s while the fall freezing period immediately
preceding the November 26, 1978 measurements had 148 FDD less than the same period in 2011
(Table 55). The lower TDD and higher FDD observed in 2011 show that 2011 was cooler than
1978 and this could haveigitly decreased the longrte ground temperature differencetime
This suggeisl. 8&eh@twarhmeerl.glreoQund

measured in 2011 are probably due to long term climate warming and environmental changes

near surface (Table.d .

such as daring of the site for drilling.

Table 5.5 TDDs and FDDS comparison at Haines JunctioirECCS weather station between 1978
and 2011. This table relates to the immediate thawing and freezing season preceding the ground
temperature measurements from Figure 30.

Thawing 01/01/1978
i 26/11/1978

Thawing 01/01/2011
i 26/11/1978

Freezing Fall 1978
26/11/1978

Freezing Fall 2011
26/11/2011

1600 TDD

1429 TDD

334 FDD

482 FDD
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5.2.3 Borehole R3 (78A-64)

The permafrost thermal monitoring site at borehole R3 is located in the sporadic
di scontinuous permafrost zone of the Yukon Te
at 845 m elevation (Figure 5.23The field site is located approximately 1.3 kiwm the south
west shore of Kluane Laka about 230 m from the Alaskéighway and 22 m frona regrown
cutline used for previous geophysical work in the 19700 borehole site had already been
cleared in the past befodgilling. Vegetation at the BHR3 site hade-grown by the time ofthe
20112012 field work visits and consisted mainly of shrubs and small spruce trees avér&ging
m to 3 m in height (Figures 5.23)lhe borehole was drilled to a depth of 9.2 m on August 20,
1978. Soil type and grouride conditions from the August 20, 1978 borehole log indicate a thin
layer of peatat the surface to a depth of Gr6underlain by a layer aflay to 1.1 m, a layer of

sand between 1 and 4.8 m and a layer of clay from 4.8 m to the bottotheborehte at 9.2
m (Figure 5.2

b Sl A M s
Figure 5.23 (A) Borehole R3 as it was found during the summer 2011 borehole exploration; (B)
and borehole R3 after it was rehabilitated and cased.
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When it was drilled, the soil was unfrozgom the surface down to 0.7 m inet peat layer, with
visible individual ice crystals oinclusions (Vx) between 0.7 m ar8l5 m and urspecified
frozen conditions from 3.5 m to the bottom of the borehole log atmO(Figure 5.2% The
borehole was unblocked of ice by steam and casedugnsk 16, 2011 and a RBR logger with a
multithermistor string was installed to a depth of 6.6 m on the same day. The length of the
current ground thermal monitoring record as well as other related field work associated with
borehole R3 and pertinent infoation is summarized in Table 5.6

Table 5.6 Summary table of the data usd in the analysis of borehole R3and the depths of the

thermistors from the surface. Note that more detailed field work and RBR logger information is
given in Appendix C.

Borehole R3
Closest ECCS Station and Distance Burwash (17 km)
Date of 1978 drilling August 20,1978
Manual Temperature MeasuremeAtsilable | November 22, 1978 ; July 26, 1979
Original Borehole Depth 9.2m
New Rehabilitated Borehole Depth 6.6 m
BoreholeUnblocking Method Steaming (borehole cased)
Borehole Unblocking Date August 16, 2011
RBR Logger Data August 17, 2011 August 17, 2012
Thermistor Depths (m) 0.1, 0.6, 1.1, 2.1, 4.1, 6.6
Length and Date of ERT Survey 160 m (August 8, 2012)

The thermal profile from Augus, 2012 at borehole R3 (Figure 5)2das extracted from
the RBR logger data record for comparison with the Au@) 2012 ERT results (Figures 5.25
and 5.26. Results from the daily ground temperature record show frozentiomsdto the
maximum depth of measuremt of 6.6 m with an interpolatexttive layer approximately 0.9 m
in thicknesqFigure 5.24. The thickness of the active layer westimatedy linear interpolation
bet ween the ther mi s bu thesspaaingdf the lsensor8 en€ans thatatleek e t
precision of the estimate is lo{ffigure 5.24).The 1978 borehole log indicates a thawed layer
from the surface down to 0.7 m on August 20, 1978 which is indicative of an increase in active
layer thickness of about®m when compared to the same period in Z&igure 5.24).
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Figure 5.24: Borehole R3average daily temperature measurements takefrom the RBR logger on
the same day as the ERT survey of August,8012. The diamonds represent the points of
temperature measurement. Soil type and groundce conditions taken from an August 20, 1978
borehole log are shown o the right hand side. Completedescriptions of the borehole log and
ground ice classificationto a depth of 9.2 mare found in Appendix K.
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The 160 m ERT profile at BH R3 runs from a neetlst, soutlwest direction, crossing a
regrown culine used for previous geophysical work in the 1970s between 54 m and 68 m
(Figures 5.25 and 5.26). The ERT survey runs through a mature spruce forest with areas with
dense shrubs with a ground surface consisting mainly of dry mosses and dry organic matter
(Figure 5.25). The terrain rises by approximately 13 m from the start to the end of the survey
(Figure 5.26).

Probing results along the survey line were highly variable, giving a theandepth of
69 cm with a high standard deviation (N=61, SD=23) (Figu2é)5.A frost table could not be
reached (active layer > 120 cm) at thartsof the survey from 0 m to 8 and around the
borehole casing between 76 m to 82 m along the survey line (Figure 5.26). These areas of
unfrozen ground are represented on the meddRT pseudosection as lower resistivity areas in
the range of 200 Ohim to 250 Ohmm (Figure 5.26). This interpretation of the resistivity
results is supported by an interpolated portion of the frost table at a depth of 0.9 m at BH R3 on
the day of the RT survey (Figure 5.24). Shallower active layers are not identifiable on the
modelled resistivity plot due the fact that the inversion routine cannot cope with extremely high
resistivity contrast in the near surface at the unfrozen/frozen interface (H#bial., 2008;
Miceli, 2012). The regrown ctine used for previous geophysical work in the 1970s does not
seem to have resulted significantdifferences in vertical resistityi and frost probe results do
not suggest deeper thaw. However, compact dilayted probing on the cdine and active

layers may be thicker

High resistivity values (>20 000 Ohm) from 0.7 m down to the bottom of the borehole
at 6.6 m matched with negative temperatures recorded on the day of the survey are indicative of
permafret at this site (Figures 5.24 and 5.26). Stratigraphic layering from the 1978 borehole log
and changes in unfrozen moisture content between clay and sand may have produced the layers
on the resistivity plot where the sand layer between 1.4 m and 4.8 rs skgnificantly higher
resistivity values than the overlying and underlying clay layers (Hauck and Kneisel, 2008)
(Figures 5.24 and 5.26). Negative ground temperatures ardwefidin the sand layer also
suggest low unfrozen water content which subsequénathslates into higher resistivity values
(Osterkamp and Burn, 2003) (Figures 5.24 and 5.26). Resistivity values greater than 2000 Ohm
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m down to the bottom of the resistivity plot suggest permafrost deeper than 25 m at borehole R3

(Figure 5.26).

Figure 5.25 Resistivity transect of the 160 m NESW survey at borehole R3 on August 8, 2012. (A)
Picture taken from the 40 m point looking north-east towards the start of the transect(B) picture
of the survey crossing theregrown cut-line between 54 m and 68n; (C) picture taken from the
borehole at the 80 m midpoint looking north-east; (D) picture taken from the borehole at the 80 m
mid-point looking south-west; and (E) picture taken from the 120 m point looking soutiwest

towards the end of the survey line
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Figure 5.268 Borehole R3NE-SW 160 m resistivity profile and frost probe chart from August 8, 2012. \értical exaggeration in model
section display = 1.00Based on 33data points (8 removed from original survey). The solid black ties indicates the location and depth of
the 2011 borehole on the survey while the black dash lingglicate the original depth of the borehole in 1978.
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The ground temperature record from borehole R3 represents a full year of measurements
between August 17, 2011 and August 17, 2012 (Figure 5.27). Recovery following drilling did
not occur until approximately September 20, 2011. The 2012 record shows ground
temperature values belove® between September 29Vay 14 at 0.1 m and between October 5
T June 30 at 0.6 m (Figures 5.27 and 5.28). Ground temperatures remaineddi:kowthe
entire year at 1.1 m, 2.1 m, 4.1 m and 6.6 m deEigures 5.27 and 5.28). The time lag
between freezing at 0.1 m and 0.6 m was approximately 125 days (Figures 5.27 and 5.28). Zero
curtain effects are seen during freegeat 0.6 m between October 5 and January 28 for a total of
125 days and for 14 dagsiring the spring thawing season between June 30 and July 13 (Figure
5.28). The long zero curtain effect observed during fregzat 0.6 m may be due to the high

water content present in the active layer after drilling.

MMGT results for BH R3 show a mawum MMGT of 5.8C for the first thermistor at
0.1 m reached in August 2012 and a minimum MMGT3¥C in November, 2011 (Figure
5.29). The maximum ground temperature at 0.1 m waS &6 July 27, 2012 and the minimum
of -6.7aC was reached on Novemb2®, 2012 (Figures 5.27 and 5.30). The range in ground
temperatures at 0.1 m is about B&.4vhich is reduced to approximately @4at 2.1 m (Figures
5.27 and 5.30). Ground temperatures at 4.1 m and 6.6 m remain constant throughout the year at
approximatey -0.7eC with minimal variations < OcC indicating the Baa to occur around 4.1 m
at borehole R3 (Figure 5.30). The MAGT at the\Dis approximately0.7eC. The mean annual
ground temperature wab.1aC at 0.1 m cooling thereafter 16.7¢C at 6.6 m (Figre 5.30). The
MAGT at 0.6 m is slightly warmer than it should be which may be due to a longer-ineedter
water percolation dimg drilling (Figure 5.30)MAGTs are all below 8C which confirms that

permafrost is present at this site (Figure 5.30).
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Figure 5.27: Full ground temperature seriesat Borehole R3 between August 17, 2011 and August
17, 2012.Note that deeper thermistors do not recover after drilling before September 20, 2011
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Figure 5.28 Deeper gound temperature seriesat Borehole R3 between August 17, 2011 and
August 17, 2012. Note that deeper thermistors do not recover after drilling before September 20,
2011 (dashed box). The arrows indicate the approximate pedtilling recovery dates. The blck
circles indicate zero curtain effects during freezing and thawing.
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Figure 5.29 Monthly average ground temperature profilesat Borehole R3from September 2011 to
August 2012
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Figure 5.3Q Temperature envelope at Borehole R¥or the 20112012 year.Note that data from
August 17, 2011 to September 20, 2011 were not included in the calculations as post drilling
equilibrium temperatures were not yet achieved.
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Comparisons between manual ground temperature measurements from November 22,
1978 to November 22011 and between July 26, 1979 to July 26, 2012 show an increase in the
ground temperatures measured at borehole R3, but the change is within the margin of potential
error for the manual measurements (Figure 5.31). Ground temperature were approxi@ately O
warmer at 2.1 m, 0&Z warmer at 4.1 m and @1 warmer at 6.6 m on November 22, 2011 than
on the same day in 1978 (Figure 5.31A). Measured ground temperatures between July 26, 1979
and July 26, 2012 showed virtually no change (g0)Jt 4.1 m whilevarming by about 0&Z
at 6.6 m (Figure 5.31B). Warmer ground temperatures measured in 2011 may be due to long
term climate warming and environmental changes such as the original clearing of the site for

drilling.
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Figure 5.31: Ground temperature differencesat borehole R3 between; (A) November 22, 1978 and
November 22, 2011 and (B) July 26 1979 and July 26, 2012.
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5.2.4 Borehole R4 (78A-63)

The permafrost thermal monitoring site at borehole R4 is located in the sporadic
discmti nuous permafrost zone of the Yukond Terr.i
at 823 m elevation (Figure 5.8ZT'he field site is located approximately 1.1 km from the south
west shore of Kluane Laka about 250 m from the Alaskéighway and 8 m froma regrown
cutline used for previous geophysical work in the 19700 borehole was drilling in August
1978 to a depth of 5.9 m and the site was cleared before drilling. Soil type and ground ice
conditions from an August 1978 borehole log indécatlayer of silt at the surface to a depth of
0.4 m underlain by a layer of clay to 1.6 m, a layer of sand between 1.6 m and 5.0 m and bedrock
from 5.0 m to the bottom ahe borehole at 5.9 m (Figure 5)3®Infrozen conditions were
present from the surfa down to 1.8 m, with visible stratified or oriented ice (Vs) and visible
individual ice crystals or inclusions (Vx) at 6% between 1.8 m and 2afdnnot visible well
bonded material@\Nbn) from 2.6 m to the bottom of th®rehole log at 5.9 m (Figure33).

] .-.. . l-' I.. I' ] |q' ."- h ] ::.‘ i . I. r . .. . .-_1.. J
Figure 5.32 (A) Borehole R4 as it was found during the summer 2011 borehole exploration; (B)
and borehole R4 after it was rehabilitated and cased.
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Figure 5.33 Ground temperature differences at borehole R4 between November 22, 1978 and
September 5, 2011. Soil type and ground ice conditions taken from an August 1978 borehole log are
shown on the right hand side. Complete descriptions of the borehole log and ground ice
classification are found n Appendix K. Note that the temperature masurements were not taken on
exacty the same day due tdogger failure. The ERT survey was conducted on August 7, 2012

Page |130



The borehole was unblocked of ice by steam and cased on August 19, 2011 and a RBR
logger with a multithermistor string was installed to a depth of 5.0 m on August 24, 2011. The
borehole was fawd to havebeen destroyed by aar when visited on June 6, 2012 and could not
be repaired during the summer 2012 field season as the damaged thermistor string had frozen in
the borehole and could not be remo\{€thure 5.34. Data recuperated from the RBR logger
show that it failed on September 5, 20Megetation at the BH R4 site hadgeown bythetime
of the 2011-2012 field work visits and consisted mainly of scattered spruce trees and shrubs
averaging 1.5n to 3 m in height (Figures 5.32 and 5.36round surfee conditions around the

borehole were composed of dried organic matter.

Figure 5.34 Borehole R4 on June 6, 2012. The borehole was found chewed by a bear and
could not be repaired The RBR logger record showghat the borehole was damaged on
September 5, 2011.
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