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Abstract
The controls on permafrost were investigated beneath shallow water in the nearshore zone of the Mackenzie Delta, NWT, Canada. A multi-scale approach to
investigating subsurface conditions was conducted using ground temperature and drill
measurements, ground thermal modeling, ground-based geophysics and satellite radar
imagery.
The controls on ground temperatures were determined to relate to water
bathymetry and interannual changes in winter surface layer conditions, which impacted
the duration of ice contact and heat loss from the underlying sediments. Sedimentation
was found to exert a long-term control on ground temperatures. Under an average on-ice
snow depth, temperatures at the sediment bed and top of permafrost exponentially related
to the ice contact time (ICT) as a function of surface temperature, water depth, snow
depth and the rate of ice growth. The critical bottom-fast ice (BFI) thickness for
permafrost under equilibrium conditions was 93 cm, which is equivalent to an ICT of 142
days. A near-shore distribution map of contemporary permafrost and seasonal frost
beneath shallow water was developed by applying the critical conditions for permafrost
to a time series of satellite radar images. Permafrost was mapped beneath 393.8 km2 of
BFI. An additional 387.9 km2 of BFI was affected by seasonal ground freezing in the
winter of 2006-2007. The distribution of frozen ice-bonded permafrost and unfrozen
suprapermafrost taliks beneath zones of bottom-fast ice were found to be spatially
variable over tens of metres to kilometres in distance. Areas affected by BFI represent
locations that are actively receiving sediment from distributary channels.
These results provide the first estimates of contemporary permafrost distribution
for shallow water regions of the outer Mackenzie Delta. The results also demonstrate that
shallow water environments represent an important link in the thermal evolution of
permafrost within Arctic ice-dominated deltas. In the context of a prograding delta, a
significant thermal imprint is placed on the ground prior to the emergence of the delta
plain. The term “shallow-water permafrost” is proposed to address this distinct form of
permafrost that aggrades and persists in response to cooling of the ground, which takes
place through the presence of BFI in aggrading freshwater sediment deposits.
iii
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Chapter One: Introduction

1.1 Context
Permafrost, defined as earth materials that remain at or below 0oC for two or more
years (van Everdingen, 1998), is a thermal condition of the ground which occupies nearly
20% of the world’s landmass (Brown, 1970). Permafrost is also known to extend offshore
beneath water, as a result of the submergence of terrestrial permafrost and in response to
negative sea-bottom temperatures (Mackay, 1972a). In the Arctic, near-shore
environments that separate land from deeper water represent a dynamic zone where
waves, tides, sea ice and riverine processes take place (Rachold, 2005) and significant
deviations in ground temperatures occur (Kurfurst and Dallimore, 1991).
Recent climate change and increasing interest in northern resource development
have highlighted the need to investigate permafrost beneath shallow water within nearshore environments (Arctic Council, 2009). The present understanding of permafrost in
these regions is limited, when compared to what is known about permafrost onshore and
offshore in deeper water (Figure 1.1). Although several studies have examined the
transition of permafrost across the near-shore zone (e.g. Dallimore et al., 1988; Kurfurst
and Dallimore, 1991; Dyke, 1991; Allard et al., 1998), most have focused on locations
where rapidly retreating coastlines are present and none have offered adequate insight
into the factors that control the thermal regime of the ground. This, consequently, has
restricted the ability of researchers to assess the impact natural and human-induced
changes to the environment may have on permafrost below shallow water. This
shortcoming is, in part, based on the logistical difficulties associated with working in
such remote Arctic locations, where shallow water and ice present significant challenges
to the acquisition of field data.
This thesis investigates the controls on ground temperatures and permafrost
conditions beneath shallow water in the near-shore zone of the Mackenzie Delta, located
in the western Canadian Arctic (Figure 1.2). Arctic ice-dominated deltas, such as the
Mackenzie Delta, are characterized by an extensive shallow water platform that extends
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Figure 1.1. Schematic illustration showing the general bathymetric transition in
water depth for A) retreating coastlines and B) aggrading coastlines. Note the
shallow water zone of bottom-fast ice is considerably wider seaward of aggrading
coastlines. Ground temperature measurements presented for each region in (B) are
from industry well sites in the Mackenzie Delta region (Taylor et al., 1998).
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Figure 1.2. Regional study area map of the Mackenzie Delta located within the
western Canadian Arctic. The modern Holocene delta is outline with a black dashed
line. Solid white lines offshore represent water depth.
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15-20 km offshore (Walker, 1976; Ray and Dupre, 1981; Dupre, 1982; Walker, 1998). It
is within this region that seasonal land-fast ice freezes to the bottom (i.e. forming bottomfast ice). Bottom-fast ice (BFI) has been identified as an important factor in sustaining
and aggrading permafrost beneath shallow water, due to effective conductive heat
transfer through the ice column (e.g. Dyke, 1991; Dyke, 2000). At the present time, the
near-shore zone of the modern Mackenzie Delta represents a gap in our understanding of
permafrost in the region and its thermal evolution between onshore and offshore
environments (Figure 1.1). It is hypothesized that the controls on ground temperatures
and permafrost are mainly related to winter surface layer conditions (ice and on-ice
snow), which may significantly impact the distribution and thermal state of permafrost
below shallow water.
In the Mackenzie Delta, considerable oil and gas exploration has led to proposals
for the development of three natural gas fields (the Niglintgak, Taglu and Parsons Lake
gas fields) and the construction of a 1,200 km long pipeline to deliver the gas to northern
Alberta (Imperial Oil Resources Ventures Limited, 2004). The Niglintgak and Taglu
projects are located in the outer delta and may involve the construction of feeder
pipelines through the near-shore zone and across adjacent distributary channels. A
significant portion of the engineering challenges related to the construction and stability
of this infrastructure will be directly related to the complex nature of permafrost below
water.
The results of this thesis act to contribute to understanding the thermo-physical
behaviour of permafrost beneath shallow water and its thermal evolution at the front of
Arctic ice-dominated deltas. It is the goal of this research to advance the understanding of
permafrost within shallow water environments and to provide process-based scientific
information, which industry and regulatory agencies can use to make responsible
decisions. The results and conclusions of this work offer fundamental information, which
can contribute to safer and more effective extraction of natural resources in highly
sensitive Arctic coastal environments. The research conducted in fulfillment of this thesis
is part of a scientific program initiated and sponsored by the Geological Survey of
Canada and funded by the Program for Energy and Research Development.
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1.2 Permafrost
1.2.1 Classification of Permafrost
This thesis conforms to the usage of geocryological definitions presented by the

Mulit-Language Glossary of Permafrost and Related Ground-ice Terms produced by the
International Permafrost Association (van Everdingen, 1998). By definition, permafrost is
a thermal condition of the ground and does not require a physical change in state (i.e.
from unfrozen to frozen). Permafrost is classified as being continuous (where 90-100% of
the land area is underlain), widespread discontinuous (50-90%), sporadic discontinuous
(10-50%) and isolated patches (<10%) (see Heginbottom, 2002). Permafrost is known to
exist throughout the Arctic, sub-arctic, Antarctic, alpine and subsea environments. Figure
1.3 shows a circum-Arctic view of permafrost distribution based on data from Brown et
al. (1998).
In the geocryological literature a distinction is made between the use of the words
cryotic, which describes the temperature of a material as being below 0oC and the term
frozen, which describes the pore fluid in sediments as being in at solid state (van
Everdingen, 1976). This distinction attempts to eliminate the misuse of the term frozen
where the sediment is below 0oC, but has not reached the ice nucleation point or where
large amounts of liquid water exists at temperature well below 0oC in response to pore
water salinity, intra-particle tension along grain boundaries and high confining pressures
(Williams and Smith, 1989). Depression of the freezing point commonly occurs where
saline ground conditions exist in marine environments or locations where sediments have
been deposited by former marine incursions.
With consideration to the above, unfrozen sediment zones or talik zones can be
cryotic and non-cryotic in nature. These include, but are not limited too, suprapermafrost
taliks that are located above the permafrost table, and intra-permafrost taliks that are
within the permafrost body. Ice-bonded permafrost refers to the frozen portion of the
permafrost body where sediment-grains are cemented by ice. The presence of ice bonding
is often based on drill resistance or geophysical response of the ground (e.g. high acoustic
velocity and electrical resistivity of the ground).
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Figure 1.3. Circum-Arctic map showing the extent of permafrost. The solid line
represents the seaward limit of subsea permafrost, based on direct measurements,
geophysical surveys and thermal modeling. Map created with data from Brown et
al. (1998).

1.2.2 Surface Energy Balance and Heat Transfer in the Ground
Ground temperatures are controlled, in part, by the surface energy balance and
exchange of heat at the ground surface. Heat exchange at the atmosphere-ground
interface takes place by radiation, conduction, convection, phase change (latent heat) and
mass movement processes. Radiation involves short wave radiation emitted by the sun
and long wave radiation emitted by the earth-atmosphere system. Direct incoming short
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wave radiation ( K ↓ ) is emitted by the sun and varies throughout the day and the year.
The amount of K ↓ reaching the surface is strongly dependant upon cloud cover and
other atmospheric constituents that act to absorb, scatter or reflect the radiation. Incoming
long wave radiation ( L ↓ ) is emitted from the atmosphere or by near-surface objects (e.g.
vegetation) and is controlled by the emissivity (i.e. the ability to absorb and emit energy)
and temperature of the objects. Outgoing long wave radiation ( L ↑ ) from terrestrial
sources is also emitted from the ground surface and is dependent upon the temperature
and emissivity of surface materials. Outgoing short wave radiation ( K ↑ ) is the portion
of energy reflected from the surface, which is a function of the surface albedo. Major
changes in surface materials from vegetation, water, snow and other surface conditions
alter the albedo and thus the K ↑ . The net radiation balance Q * at the ground surface

with respect to these radiant fluxes can be summarized as (Oke, 1978):
Q* = (K ↓ −K ↑) + (L ↓ −L ↑)

Eq. 1-1

The Q * is positive when incoming radiation is greater than outgoing radiation and
negative when outgoing radiation is greater than incoming radiation. The surplus or
deficit of energy determines magnitude and direction of energy that comprises the surface
energy balance (Oke, 1978). The radiant fluxes and Q * are spatially and temporally
variable, due to surface and atmospheric conditions.
At the ground surface, the surface energy balance in its simplified form is
expressed as:
Q* = QL + QH + QG

Eq. 1-2

where QL is the latent heat flux, Q H is the sensible heat flux, QG is the ground heat flux
(Oke, 1978). Latent heat caused by phase change of water results in release or
consumption of energy. The magnitude of Q L is controlled by the availability of surface
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water. Sensible heat is a measurable heat content of a body, which is defined at the
ground surface by the thermal gradient between the air and surface. This is greatly altered
by the convection and advection of air at the surface. Heat exchanged with the ground
surface is also through conduction caused by differences in kinetic energy at the
molecular scale, which results from the collision/vibration of rapidly moving molecules.
At the surface QG is the conduction of heat in and out of the ground. Latent heat released
and absorbed in the ground becomes part of QG . The sum of QL ,QH ,QG must equal Q *,
but the relative portions of each may vary (Oke, 1978).
In the ground, conduction, convection, phase change and mass movement
processes contribute to the spatial and temporal complexity of heat movement. The
conduction of heat is the most dominate process involved in the movement of heat
through frozen ground, which is controlled by the bulk thermal conductivity of the
sediment (Williams and Smith, 1989). The thermal conductivity depends on the
proportion of mineral, organic, water and air within the ground. Mass movement of water
in the ground under gravitational forces or by suction can also result in the transfer of
energy. The large heat capacity of water (4.18 MJ m-3 oC-1) makes it an effective medium
in the mass movement of energy, yet this is limited by the slow rates of moisture
migration through frozen ground. With the phase change of pore water, energy is released
or consumed through latent heat. In saturated sediments, latent heat is spread over a range
of temperatures in response to the existence of liquid water beyond the point of icenucleation. Where sediments are unsaturated, vapour diffusion from pressure differences
move energy through the ground. In field settings, vapour diffusion has also been shown
to lead to the outward flux of water from the ground (e.g. Woo, 1982; Smith and Burn,
1987). Temperature differences across sediment pores may also result in a net difference
in radiant emission and cause heat flow (i.e. cross pore radiation). In large blocky
material the advection of air through the ground is also possible (e.g. Harris and
Pedersen, 1998).
In aquatic environments, surface layer water, ice and snow mediate the transfer of
energy between the atmosphere/surface and the ground. The water column represents a
unique surface layer, due to the large heat capacity and the significant amount of latent
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heat that results from phase change (334 MJ m-3) (Williams and Smith, 1989). The flux
of latent heat ( QL ) within this environment is from phase change related to evaporation,
melting and freezing of the water column. Where the water column becomes stratified,
density difference can result in convection, whereas, advection of heat is dominate within
turbulent water. Conductive movement of heat takes place through the water column, yet
is more effective in its solid state as ice. Where the ice column freezes to the bottom and
forms BFI, the ice provides an effective medium for conductive heat transfer between the
surface and the underlying sediments. This is due to the high thermal conductivity of ice
(2.24 W m-1). On-ice snow acts to restrict heat loss from the base of the ice column, as
the ice grows, and from the underlying sediment during the period of BFI. Heat
movement through the snow pack is mainly through conduction, advection from wind
and mass movement processes from the infiltration of liquid melt water. Where over-ice
flooding occurs, energy is consumed during the freezing of the liquid water into
superimposed ice. Throughout the period of time ice is bottom-fast, heat is transferred
from the ground towards colder air surface temperatures. Heat movement in the ground is
clearly more complex, with lateral flow contributing to the temperature at any one
position in time. However, heat flow and subsequent ground temperatures are often only
examined in the framework of one or two spatial dimensions in time.
1.2.3 Ground Thermal Regime

An idealized depiction of the ground regime in a permafrost setting is illustrated
in Figure 1.4a. The range in ground temperatures over one year (i.e. the ground
temperature envelope) is represented by the minimum and maximum ground
temperatures at each depth. At the depth of zero annual amplitude, the range in
temperature is less than 0.1oC. Below this position in the ground, annual variations in
ground temperatures are negligible over one year. The depth of zero annual amplitude is
typically 10-20 metres below the ground surface in mineral soils (Williams and Smith,
1989). The base of permafrost occurs where the temperature profile crosses 0oC, which is
often described as the zero degree isotherm. Cooling of the ground is opposed by the
upward flux of geothermal heat. The geothermal gradient typically ranges from

10
20-30oC km-1. The upper most layer of the ground that undergoes freezing and thawing
each year is referred to as the active layer (Muller, 1947). Active layer depths are
typically less than 2 m below the ground surface (e.g. Nixon, 2000; Brown et al., 2000).
Diurnal variations in surface thermal conditions only penetrate a few tens of
centimetres below the ground surface in the active layer. Whereas, seasonal fluctuation in
solar radiation and air temperature impart thermal changes deeper in the ground up to the
depth of zero annual amplitude. This results in shallow ground temperatures following
the same sinusoidal curve that is expressed at the surface. However, the thermal wave
experiences attenuation (change in amplitude) and lag in time with depth in the ground.
Departure from this curve can arise in the active layer where latent heat from freezing or
thawing of pore water must be accommodated in order to change the temperature of the
ground. While the pore water is freezing or thawing within the active layer, ground
temperatures are isothermal near 0oC and are referred to as being within the zero curtain.
In the winter this release of latent heat prolongs the propagation of the freezing front
down from the surface and up from the permafrost table (e.g. Outcalt et al., 1990; Kane et
al., 2001).
Above the base of the active layer, a distinct change in the temperature gradient of
the mean annual ground temperature (MAGT) profile occurs. This thermal offset results
from the contrast between the thermal conductivity of frozen and unfrozen sediment,
which causes differences in the conduction of heat through the active layer (Smith and
Riseborough, 2002). The MAGT becomes progressively colder through the active layer
to the top of permafrost (e.g. Burn and Smith 1988). This thermal offset allows
equilibrium permafrost to occur where the MAGT is above 0oC (Smith and Riseborough,
2002). Consequently, temperatures at the top of permafrost can be expected to be lower
than those at the ground surface.
Over longer periods of time, changes in thermal conditions at the ground surface
are transferred deep into the ground. The transfer of energy to the permafrost body is
related to the thermal diffusivity (i.e. the ratio of the thermal conductivity to the
volumetric heat capacity) of the ground, with high values associated with changes that are
felt more rapidly deeper in the ground. Due to the lag in heat transfer with depth, the

11
thermal profile of permafrost provides a good indication of paleoclimatic changes that
could have occurred up to tens of thousands of years ago (e.g. Lachenbruch and Marshall,
1986; Taylor, 1988).
The thermal regime of permafrost is considered to be either in thermal
equilibrium or disequilibrium with surface conditions (Figure 1.4b). Under equilibrium
conditions the thermal profile of permafrost is characterized by increasing temperatures
with depth. Where these conditions exist, surface temperatures are coupled with the
underlying permafrost body, which permits for active cooling of the ground and the
aggradation of permafrost. Where permafrost is in disequilibrium with surface conditions,
eventual warming and degradation of the permafrost occurs. Under degrading permafrost
conditions, the depth to the permafrost table deepens and the base of permafrost rises
under warming surface conditions and the upwards flux of geothermal heat.

Figure 1.4. Schematic diagrams showing a) an idealized depiction of the ground
thermal regime in a permafrost setting and b) ground temperature profiles for
equilibrium and disequilibrium permafrost.
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1.2.4 Onshore Terrestrial Permafrost

Terrestrial permafrost distribution is determined by the climate and the surface
energy balance that controls ground surface temperatures (Oke, 1978). On a local scale,
factors such as snow depth, vegetation and surface wetness impact the thermal condition
and distribution of terrestrial permafrost (Smith, 1975). Whereas in aquatic systems, heat
transfer taking place between the atmosphere and the ground are regulated by an
intermediate layer of water, ice and/or snow. Ice-rich sediments are often associated with
frozen ground, which when thawed may result in subsidence of the ground and the
instability of northern infrastructure (Andersland and Ladanyi, 1994; Nelson et al., 2002).
The amount of ice in the ground is often higher at the top of permafrost (Pollard and
French, 1980, Figure 2) due to the annual gain of water in this region of the ground
(Cheng, 1983; Mackay 1983), the formation of aggradational ice (Mackay, 1972b), and
the occurrence of ice wedges and various forms of tabular massive ice. Where high
ground ice contents are present, the rate of thaw of permafrost may be reduced due to the
large amount of latent heat associated with the phase change of water (Taylor et al.,
2005).
Permafrost represents a key component of the cryosphere, in part, due to its
impact on landscape evolution (Smith et al., 2005a), northern infrastructure (Smith and
Burgess, 2004) and carbon sources and sinks (Dallimore and Collett, 1995; Christensen et
al., 2004; Zimov et al., 2006). The thawing of terrestrial permafrost has been suggested to
also intensify global warming (Serreze et al., 2000). Recent observations throughout the
Arctic have indicated that shallow permafrost temperatures are increasing rapidly and
permafrost is degrading (Osterkamp and Romanovsky, 1999; Romanovsky et al., 2002;
Osterkamp, 2005; Jorgenson et al., 2006; Osterkamp and Jorgenson, 2006). Since the late
1980s, shallow permafrost temperatures in Canada have warmed by 0.3oC to 0.6oC per
decade in the Mackenzie Region, and as much as 4oC per decade in the eastern high
Arctic (Smith et al., 2005b). Similar warming trends have been measured throughout
Russia (Pavlov, 1994) and Alaska (Osterkamp and Romanovsky, 1996). Warming of
permafrost has been the slowest where ground temperatures are close to 0oC and latent
heat effects dominate, such as location with ice-rich permafrost (Romanovsky et al.,

13
2010; Smith et al., 2010). Knowledge on the current thermal state of permafrost in the
Arctic is based primarily on ground temperature monitoring sites installed onshore
(Romanovsky et al., 2010; Figure 1). As a result, the state of permafrost below shallow
water and its potential response to climate change is largely unknown.
1.2.5 Near-shore and Offshore Subsea Permafrost

Permafrost below water is commonly classified as subsea permafrost that has
been aggraded through the once subaerial exposure of the land, or through the presence
of negative mean annual sea-bottom temperatures (Mackay, 1972a). Permafrost,
occurring below water, may also aggrade where the ice column seasonally freezes to the
bottom (i.e. bottom-fast ice), which allows for the removal of heat from the ground
throughout the winter (Dyke, 2000). Subsea permafrost is largely dependent on
postglacial sea level rise, seawater temperatures (Mackay, 1972a; Taylor et al., 1996a)
and the upwards flux of geothermal heat (Romanovskii and Hubberten, 2001). In the
presence of negative sea-bottom temperatures, new subsea permafrost can form.
Whereas, permafrost located within near-shore environments is also affected by coastal
processes (waves, tides, storm surges) and sediment dynamics, in addition to the
influences of landfast ice (Rachold et al., 2005).
It is estimated that subsea permafrost lies beneath ~13 million km2 of the Arctic
shelf (Zhigarev, 1997; cited in Are, 2003). Subsea permafrost has been examined using
offshore exploration wells (Taylor, 1988), seismic surveys (Morack and Rogers, 1981;
Pullan et al., 1987; Rekant et al., 2005) and ground thermal modeling (Lachenbruch,
1982; Taylor et al., 1996a; Romanovskii and Hubberten, 2001; Hubberten and
Romanovskii, 2003; Romanovskii et al., 2005; Nicolsky and Shakhova, 2010) and
targeted drilling (Dallimore et al., 1988; Osterkamp et al., 1989). Geotechnical
evaluations, such as cone penetromenter measurements, have also been conducted at
locations where sub-sea permafrost is present (Blouin et al., 1979; Campanella et al.,
1987; Dallimore et al., 1988). From these efforts, subsea permafrost has been identified
to occur beneath wide areas of the Siberian and Beaufort Shelves (Rachold et al., 2007)
(Figure 1.3). The offshore extent of subsea permafrost is typically reconstructed using the
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last glacial lowstand in sea level and the results of geothermal models. Seismic surveys
have also been used to constrain the distribution of ice-bonded subsea permafrost (i.e.
acoustically defined permafrost), which is based on seismic velocity soundings and
reflections produced from the top of ice-bonded sediments (e.g. Morack and Rogers,
1981; Pullan et al., 1987). However, using this information to define subsea permafrost
can be misleading where saline conditions and pressures from the overlying water
column depress the freezing point and reduce the degree of ice-bonding.
Subsea permafrost beneath the southern Beaufort Sea is up to ~750 m thick
(Taylor et al., 1996a; Smith and Burgess, 2002). Much of the subsea permafrost in this
region is relatively warm or degrading at shallow depths below the sea floor. Major
paleovalleys that once extended across the Beaufort Shelf represent areas where
permafrost is absent or deeply thawed (Hopkins, 1977). Permafrost may be thin or absent
at the locations where former lake basins have been transgressed. Moreover, warm water
discharged from Arctic deltas is also known to complicate the distribution of subsea
permafrost offshore (Mackay, 1972a). For example, seaward of the Mackenzie Delta, the
discharge of warm freshwater restricts the presence of negative sea-bottom temperatures
within close proximity to the delta. However, further offshore away from the influence of
the Mackenzie freshwater plume mean annual sea-bottom temperatures become
progressively colder (Hunter, 1988; Figure 2).
Ground ice has been identified in association with subsea permafrost offshore
(Yorath et al., 1971; Mackay, 1972a) and along rapidly retreating coastlines (Kurfurst
and Dallimore, 1991; Wolfe et al., 1998). In most cases, ground ice below water is of
terrestrial origin, especially where coastal retreat is rapid. Similarly, massive tabular
ground ice may extend offshore (Kurfurst and Dallimore, 1991). In the presence of
marine seawater, salt infiltration in sediments affects the thermal conditions of permafrost
and the degree of ice bonding (Pewe, 1979; Osterkamp et al., 1989; Allard et al., 1998).
This may result in the formation of cryotic taliks within subsea permafrost (Osterkamp
and Harrison, 1977). The concentration of salts may be in excess of present day seawater
(34-36 ppt.), due to salt expulsion that occurs with the freezing of pore water (Konrad
and McCammon, 1990; Panday and Corapcioglu, 1991) and convective and diffusive
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transfer (Hutter and Straughan, 1999). Wolfe and Dyke (1999) found that salinity
values >65 ppt existed beneath an intertidal platform at a marine coastal site to the east of
the modern Mackenzie Delta. Overduin et al. (2008) also describes the concentration of
salts in marine environments at the base of BFI (ice-sediment interface).
Along retreating coastlines, terrestrial permafrost is inundated by water and is
subjected to shallow water, prior to its exposure to deeper water conditions. Dyke (1991)
attributes the thermal conditions of subsea permafrost to the duration of time that it takes
for permafrost to pass through the zone of shallow water as the water depth increases.
This is in contrast to some locations in the Canadian Archipelago Islands that are
experiencing post-glacial isostatic rebound, which contributes to aggradation of
permafrost under emerging coastlines (Taylor, 1988; Hunter, 1988). Aggrading
permafrost has also been identified along emerging coastlines of Hudson Bay (Dyke,
1988).
Taylor et al. (1996a) has made note of the importance of the thermal conditions
placed on permafrost within the shallow water zone in reference to reconstructing the
timing of submergence of the Beaufort Shelf using offshore ground temperature records.
Their work found anomalously cold subsea permafrost beneath the Beaufort Shelf, which
is attributed to the more recent submergence of offshore islands. The persistence of these
islands is suggested to relate to locations with ice-poor sediment that exhibits slower rates
of coastal retreat. Osterkamp (1975) also recognized that the thermal regime across
shallow water regions of the near-shore zone must be given additional consideration with
respect to the thermal regime of permafrost below water. More recently, this
consideration has been given to marine dominated coastlines where coastal retreat is
rapid. However, the shallow water zone influenced by BFI typically extends short
distances from shore (Figure 1.1). Whereas, the near-shore zone of Arctic deltas are
characterized by an extensive zone of BFI and relatively warm freshwater.
Near-shore investigations at the front of the modern Mackenzie Delta have been
conducted across the BFI zone as part of recent MSc. research at the University of
Calgary (Stevens, 2007). This research examined the geophysical response of ground
penetrating radar (GPR) to subsurface conditions and developed mapping techniques
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used to further characterize the near-shore environment. This work also presented an
initial view of permafrost temperatures at several sites. However, additional questions
regarding the controls on permafrost below shallow water and the interannual variability
of ground temperatures still existed. At the time, ground temperature records only
spanned for part of a winter and as a result were unable to provide a clear indication of
the role ice and snow conditions play in this environment. The short duration of this
initial dataset and the lack of sediment cores to examine sediment stratigraphy and
ground ice greatly limited the development of thermal models that were required to
examine the thermal evolution of permafrost over time. As a result, the current near-shore
distribution of permafrost beneath shallow water remained largely unknown.
Nevertheless, the findings and questions posed by Stevens (2007) were fundamental in
establishing continued funding and in providing the directions of research undertaken by
this present study.
1.3 Objectives and Scientific Approach

The main purpose of this thesis is to examine the controls on ground temperatures
beneath shallow water environments in the near-shore zone of the Mackenzie Delta. This
includes further understanding the spatial and the temporal effects changes in surface
layer conditions (ice, water and snow) have on the development and distribution of
seasonal frost and permafrost below water. The primary objectives of this work may be
summarized as:
1)

To describe ground ice distribution and the potential for ice segregation within
recent distributary mouth bar sediments

2)

To examine the spatial distribution and complexity of shallow ice-bonded
permafrost and unfrozen suprapermafrost taliks within the near-shore zone of the
Mackenzie Delta

3)

To determine the effects of interannual changes in snow and ice conditions on
shallow ground temperatures beneath BFI

4)

To model ground temperatures beneath various water depths affected by BFI
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5)

To estimate the critical limit and distribution of contemporary permafrost
seaward of the modern delta front

6)

To determine the impact of sediment deposition on ground temperatures and the
thermal evolution of permafrost in the context of a prograding/aggrading delta
In order to achieve these research objectives, data were collected using a multi-

method and multi-scale approach. This involved acquiring site specific data (e.g.
sediment cores, ground temperature measurements) and satellite radar and ground-based
geophysical data. A total of 51 m of frozen core were recovered to examine sediment
stratigraphy and ground ice distribution across the study site. The thermal properties and
freezing characteristics of the sediments were also acquired through laboratory
measurements on specific sections of core. An additional 10 boreholes were drilled to
install ground temperature cables and/or verify the frozen/unfrozen state of the subbottom sediments. Four sites were instrumented to measure ground temperatures
throughout the periods of open water and ice cover. Ice thickness and/or water depth
measurements were also made at over 150 sites. Multi-frequency ground penetrating
radar (GPR) surveys covering nearly 174 km were conducted to map ice conditions,
water depth, unfrozen talik zones and depositional sedimentary structures. Representative
examples of the GPR profiles and processed measurements obtained from this dataset are
shown in the following chapters. Numerical thermal modeling focused on determining
the sensitivity of ground thermal regime to changes in snow and ice growth and to
determine characteristics of permafrost formation beneath shallow water. Satellite radar
images were also acquired across the near-shore zone to map the spatial and temporal
change in ice conditions, seasonal frost and permafrost. The findings from these primary
datasets were combined with historical near-shore and onshore data.
1.4 Organization of Thesis

This thesis is organized into seven chapters. Each chapter provides a general
background of the topic, an outline of the methods that are used, the results of the work
and a discussion of the data, followed by conclusions that are drawn from the study.
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Chapter 2 provides an overview of the study area. Chapters 3, 4, 5 and 6 present the
results of this thesis that have been used to prepare manuscripts for publication. Figure
1.5 presents an overview of the sources of data disseminated into the four results chapters
of this thesis.
Chapter 3 focuses on the sediment stratigraphy and ground ice distribution within
a recent distributary mouth bar in the Mackenzie Delta. The general stratigraphy and
internal structure of the mouth bar are analyzed and related to ground ice development.
This provides a general framework for understanding subsurface changes in material
properties that are important to ground ice development, heat flow and permafrost
aggradation beneath shallow water environments.
In Chapter 4, the geophysical response of ground penetrating radar to frozen and
unfrozen interfaces is compared to thermal and drill data. These thermally-related
interfaces are further used to define the spatial distribution of ice-bonded permafrost and
the occurrence of unfrozen taliks, which are used to infer locations where permafrost is in
equilibrium and disequilibrium. The manuscript derived from this chapter has been
published in the peer-reviewed Proceeding of the Ninth International Conference on
Permafrost, held June 29 to July 3, 2008, in Fairbanks, Alaska. Select information for
this chapter was also from a manuscript published in the journal Cold Regions Science
and Technology.
Chapter 5 examines the impact interannual change in snow and ice conditions
have on the distribution of seasonal frost and heat flow beneath near-shore zones of BFI.
Ground temperature records are used to define temporal changes in active layer
freezeback and shallow permafrost cooling. The key factors controlling winter heat loss
and the stability of permafrost are also discussed. The manuscript derived from this
chapter has been published in the journal Permafrost and Periglacial Processes.
Chapter 6 models ground thermal conditions and the near-shore limit of
permafrost, using ground temperature records presented in the previous chapter. The
modeling predicts thermal boundary conditions at the sediment bed and the top of
permafrost by summarizing more complex heat flow that occurs on a seasonal basis. A
near-shore distribution map of permafrost that is in equilibrium with surface conditions is
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created for the Mackenzie Delta. The manuscript derived from this chapter has been
published in the Journal of Geophysical Research.
Chapter 7 presents the main conclusions reached from this research and discusses
the controls on permafrost and its thermal evolution in the context of prograding and
retrograding delta. Discussion is also extended to define a new origin of permafrost in
light of the findings of this thesis. Lastly, directions of future research are outlined.

Figure 1.5. Flow diagram showing an overview of the sources of data disseminated into the four results chapters of this thesis.
20
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Chapter Two: Study Area

2.1 Regional Setting

This chapter describes the physical environment of the Mackenzie Delta and
Quaternary history of the region, which provides the context for the investigations
undertaken in the following chapters.
The Mackenzie Delta, located in western Canada, is the second largest Arctic delta
in North America (Figure 1.2), with an area of approximately 13,000 km2. The modern
Holocene delta is a post-glacial feature deposited into a glacially scoured trough that
extends northwest into the Beaufort Sea. The modern delta represents the most recent
sedimentation in the Mackenzie-Beaufort Basin, which has been a major depositional
centre since the Late Cretaceous (Dixon et al., 1992). Exploration in the basin has led to
48 conventional oil and gas discoveries in the region, although no large scale production
exists to date.
The modern delta plain is 200 km in length and 65 km wide, and forms vast
wetlands that are separated by numerous lakes and channels. The delta plain consists
mainly of fine sand and silt transported by the Mackenzie and Peel Rivers (Hill et al.,
2001). The delta is bounded to the west by the Richardson Mountains, which form the
northern extension of the Cordillera and to the east by upland tundra of Pliestocene age.
The surrounding uplands are characterized by hilly ice-rich terrain incised by tundra
streams and thermokarst lakes.
2.2 Quaternary History

The Mackenzie Delta region was glaciated during the Wisconsinan by Laurentide
ice. The timing and limits of glacial ice in the region remain poorly constrained, due to
controversial dates and poor correlation between sediment outcrops. Nevertheless, it has
been accepted that the region was extensively glaciated, with the last maximum extent
occurring around 30 ka BP (Lemmen et al., 1994; Duk-Rodkin and Lemmen, 2000). The
maximum extent of Laurentide ice in this region is thought to have extended across the
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Tuktoyaktuk Peninsula and all of Richards Island. The seaward limit of glacial ice is
marked to the west by the ice-thrust deposits which form Hershel Island (Mackay, 1959;
Mackay, 1963). However, little evidence of ice limits exists further offshore on the
eastern Beaufort Shelf (Blasco, 1993). Rampton (1988) assigned extensive till in the
region to the Toker Point Stade, which he determined to be Early Wisconsinian.
Additional dates have suggested the glacial stade to be between 33.7 and ca 30 14C ka BP
(Dallimore et al., 1997) and even as recent as 17-14 ka (Mackay and Dallimore, 1992).
Whereas, optically stimulated luminescence dating of aeolian sands suggests that ice last
occupied Richards Island near the end of the Late Wisconsinan by ~14 ka BP (Murton et
al., 1997). By the Sitidgi Stade, the extent of ice was at a position south of the Eskimo
Lakes and across two-thirds of the area now occupied by the modern delta plain.
By 11.7 to 10.3 ka BP Glacial Lake Mackenzie formed a narrow lake within the
Mackenzie Valley (Smith, 1992) and Glacial Lake McConnell occupied the Great Bear,
Great Slave and Athabasca Lake basins from 11.8 to 8.3 ka BP (Smith, 1994). Following
the drainage of these proglaical lakes, the pre-glacial paleodrainage system (Bell River
drainage system) that formerly flowed to the east towards the Hudson Bay was diverted
northward forming the flow path of the present-day Mackenzie River (Duk-Rodkin and
Hughes, 1994). Reconfiguration of the watershed and diversion of water and sediment
into the Beaufort Sea has led to development of the modern Mackenzie Delta.
2.3 Holocene Climate

During the early Holocene (10 to 6 ka BP), the climate in the region was warm,
with summer temperature possibly 3-5oC warmer than today (Ritchie, 1984; Ritchie
1985). These conditions are thought to have lasted until 4.5 ka BP, despite onset of
cooling at around 8 ka BP (Ritchie, 1984). The change in climate and surface conditions
during the early Holocence led to increases in thermokarst activity, active layer
deepening and a widespread thaw unconformity (Murton and French, 1994; Burn, 1997).
Treeline was also ~100 km further north where it advanced onto the Tuktoyaktuk
Peninsula. Burn (1997) proposed that two-thirds of the increase in air temperature during
this time can be attributed to the coastline being further north, causing inland weather
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conditions. By the mid-Holocene, climate conditions were cooler than those of the
early Holocene.
The modern delta currently spans across two major climatic zones that include
Marine Tundra and Taiga (Burns, 1973). Figure 2.1 shows air temperature records from
Tuktoyaktuk located on the coast and Inuvik located in the southern region of the delta.
Coastal conditions are characterized by short cool summers and long cold winters.
Slightly warmer summer conditions persist in the southern regions of the delta, due to
increased distance from the coast. Snow fall and accumulation is also greater below
treeline. Mean annual air temperatures recorded at Tuktoyaktuk is -10.6oC (Environment
Canada, 2008). Since the 1970’s, mean air temperatures in the region have risen by more
than 2.5oC (Burn and Kokelj, 2009). This is reflected in a decreasing trend in freezing
degree days (i.e. the accumulation of below freezing days) and a slight decrease in the
duration of the freezing season (Figure 2.2).
2.4 The Mackenzie Delta
2.4.1 Hydrology and Sedimentation

The two main river sources of sediment that contribute to the development of the
modern delta include the northerly flowing Mackenzie River and the eastward flowing
Peel River. The Mackenzie River watershed occupies nearly 1.8 million km2, which
drains a significant portion of interior Canada. The Peel River converges on the west side
of the delta where a majority of the water and sediment are discharged into Shallow Bay
(Mackay, 1963). The Mackenzie River enters the delta at Point Separation where the
main channel is diverted into smaller distributaries that unevenly distribute the river’s
discharge. The major distributary channels in the delta include; i) East Channel, which
flows along the Caribou Hills into Kittigazuit Bay, ii) Reindeer Channel, which flows
into Shallow Bay, and iii) Middle and Kumak Channels, which flow west of Richards
Island into the Beaufort Sea. Smaller distributaries dissect the sub-aerial plain and form a
complex network of bifurcating channels.
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Figure 2.1. A) Mean monthly air temperature and B) mean month snow depth for
Inuvik and Tuktoyaktuk from 1971-2000. Note that mean snow depths for this
period are not reported for November, January and February at the Tuktoyaktuk
site. Data obtained from Meteorological Services Canada (Environment Canada,
2007).

25

Figure 2.2. A) Historical record of freezing degree days (FDD) calculated from air
temperature measurements recorded at Tuktoyaktuk and B) the duration of the
freezing season. The record extends from the winters of 1973-1974 to 2006-2007.
Note data is missing from 1994-1999. The freezing season is based on the duration of
time air temperatures are consistently below 0oC.

Mean annual input of sediment into the delta is estimated to be 128 Mt (Carson et
al., 1998), with a net accumulation of 43 Mt within the inner and outer-delta plain
(Carson et al., 1999). Sedimentation contributing to aggradation of the delta plain mainly
occurs in June when ice break-up and peak discharge result in high water levels (Marsh,
1989). Flooding in this region may also be caused by storm surges, which inundate the
low lying (<1 m above sea level) terrain along the delta front. On average 14 surges occur
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each year, with highest water events taking place in August, during the minimum
extent of sea ice (Hudak and Young, 2002).
2.4.2 Near-shore Zone

The near-shore zone is characterized by a low gradient shelf composed of finegrained sediments, with water depths <2 m extending ~15 km off-shore (Solomon, 2003).
The extensive near-shore platform is characteristic of Arctic ice-dominated deltas (e.g.
Walker, 1976; Ray and Dupre, 1981; Dupre, 1982). At locations where major distributary
channels empty directly into embayments (e.g. Shallow Bay, Kittigazuit Bay) or broad
area of the near-shore zones (e.g. Middle Channel), sedimentation commonly contributes
to the deposition of distributary mouth bars consisting of fine sand and silt, which results
in localized progradation of the delta despite the region undergoing a transgression
(Jenner and Hill, 1998; Hill et al., 2001).
Relative sea level has risen more than 90 m to its present-day level since the last
deglaciation (Hill et al., 1993). In the mid-Holocene sea level rise was 7-14 mm a-1,
which has slowed to 2-3 mm a-1 over the last 3,000 years (Hill et al., 1993). More recent
water level records from Tuktoyaktuk tide gauge reveal a relative sea level rise of
3.5 mm a-1 since 1962 (Manson and Solomon, 2007). Offshore evidence of the Holocene
transgression is recognized by a regional unconformity caused by shoreface erosion and
submergence of the coastal plain since the Late Wisconsinan (Hequette et al., 1995).
Recent shoreline retreat along the delta front is on average 1.8 m a-1 (Solomon, 2005).
The tide in this area is microtidal, with a maximum range of 0.3 m to 0.4 m (Henry and
Heaps, 1976; Hequette et al., 1995).
Ice cover along the coast extends for ~8 months of the year, with freeze-up in
early to mid-October (see Appendix A). Coastal ice growth typically ranges from 160 cm
to 180 cm by late March, resulting in occurrence of BFI over large regions of the nearshore zone. Ice break-up over much of the region seaward of the delta front is thermally
induced by over ice flooding caused by the spring freshet and above 0oC air temperatures.
The freshet peaks in late May to early June, with a steady decline in freshwater discharge
throughout the summer months (June to August) (Hill et al., 2001). Water passing
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through the delta is sourced from the south via the Mackenzie, Peel and Arctic Red
Rivers, where warmer conditions persist.
2.4.3 Permafrost

The primary research relating to permafrost of the Mackenzie region is based on
the works of J. Ross Mackay in the late 1950’s and early 1960’s (e.g. Mackay, 1956;
1959; 1963). Since this time, numerous scientists have pursued permafrost-related
questions in the region and those related to its impact on northern resource development.
The modern delta is currently thought to lie within the zone of continuous
permafrost (Nguyen et al., 2009), despite the thermal influence from numerous lakes and
channels (Smith, 1976). Permafrost beneath the delta plain is typically <100 m thick,
with the exception of the Big Lake Delta Plain, where permafrost is ~500 m thick (Taylor
et al., 1996b).
Current-day mean annual ground temperatures range from -1.5oC to -3oC below
treeline (inner-delta) and -3oC to -5oC above treeline in the outer delta (Burn and Kokelj,
2009). Ground temperatures in the delta are greatly influenced by the effects vegetation
places on incoming solar radiation and winter snow accumulation (Smith, 1975).
Holocene ground ice occurring at the top of permafrost is also affected by the succession
of vegetation, which is associated with specific physical conditions for each environment
(Kokelj and Burn, 2005). These include soil moisture, ground temperature and the rate of
aggradation of sediment and the permafrost table.
Offshore in deeper water, subsea permafrost has been identified beneath the
Beaufort Shelf, using borehole logs, seismic surveys and ground temperature
measurements (Neave et al., 1978; Hunter et al., 1976; Weaver and Stewart, 1982).
Mackay (1972a) attributed permafrost in this region to sea level lowering throughout the
Wisconsian that allowed for terrestrial permafrost to aggrade beneath the once subaerially exposed Beaufort Shelf. To the west of the delta, ice-bonded permafrost extends
onto the shelf up to the -80 m isobath, yet is absent beneath much of the Mackenzie
Trough (Hunter et al., 1978). Using offshore ground temperature records, Taylor et al.
(1996a) was able to model the timing of submergence on the shelf at locations where
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ground temperatures were recorded in deep exploration wells. It was determined that in
some locations, offshore islands existed on the shelf until they were recently (~0.4 ka BP)
inundated by seawater.
Near-shore drilling and ground temperature measurements extending from
Richards Island, located to the east of the modern delta, also indicate the presence of
permafrost (Kurfurts and Dallimore, 1991). Dyke (1991) determined that ground
temperatures extending from shore in this region were in response to the duration of time
the seabed was within the zone of BFI and/or exposed to deeper water temperatures. A
very limited understanding of permafrost seaward of the modern Mackenzie Delta
presently exists.
2.4.4 Middle Channel Study Site

The investigations presented in Chapters 3-6 focus on a modern near-shore
distributary mouth bar, which extends seaward from the mouth of Middle Channel
(Figure 1.2). The mouth bar is below water level with the exception of an intertidal
region, which is periodically exposed (Figure 2.3). During periods of open-water (June to
September), the subaqueous portion of the bar is submerged by freshwater, which is
discharged from the delta. The onset of ice-cover typically occurs in mid-October, at
which point, relatively stable landfast ice forms (Appendix A). Seasonal ice growth can
be up to 200 cm thick in the near-shore zone, depending on the influence of variables,
such as winter air temperature and early season on-ice snow (Duguay et al., 2006).
Bottom-fast ice in this region typically remains attached to the sediment bed until
ice break-up in late May. The timing of ice break-up is primarily controlled by peak
discharge from the Mackenzie River (Dean et al., 1994; Hill et al., 2001; Walker et al.,
2008). Ice break-up in the near-shore zone is commonly characterized by over-ice
flooding at the mouth of distributary channels, as sediment laden river water fills
topographic lows within zones of BFI. The BFI in some areas remains flooded until the
hold between the base of the ice and the sediment bed is released, causing a sudden
buoyancy of the ice column. Regions unaffected by over-ice flooding and mechanical
break-up often experience in situ melting of the ice column (Solomon, personal comm.).
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Figure 2.3. Oblique aerial photos showings A) the outer Mackenzie Delta Plain and
B) intertidal and shallow water regions of the near-shore zone seaward of the delta
front.
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Chapter Three: Sediment stratigraphy and ground ice distribution within a
recent distributary mouth bar

3.1 Introduction

The cryological and sedimentological characteristics of ice-bonded sediments are
a major geotechnical consideration in the engineering of northern infrastructure
(Johnston, 1981) and are important to reconstructing paleoenvironments (Murton and
French, 1994; French, 1999; Murton et al., 1997, Murton, 2005; Murton and Bateman,
2007) and to predicting the response of frozen ground under climate change (Smith and
Burgess, 2004). The stratigraphic properties of frozen sediments, whether in the form of
ice-bonded permafrost or seasonally frozen ground, are perpetually changing with
temperature and time. The transient nature of the ground is related, in part, to its physical
(e.g sediment grain-size) and chemical properties (e.g. dissolved ion concentration in
pore water), which alters the freezing and thawing point, the unfrozen water content and
the bulk thermal properties of the material (thermal conductivity and heat capacity)
(Williams and Smith, 1989). These changes in turn alter heat transfer through the ground
and the thermal condition of permafrost. The physical response of the ground to ice
development may include heave and subsidence and changes to its bearing strength
(Andersland and Anderson, 1978).
Few studies have examined the sediment stratigraphy and ground ice distribution
of recently deposited sediment below shallow water (e.g. actively emerging tidal flats,
spits and distributary mouth bars), where ice-bonding is in response to BFI conditions
(Dyke, 1991; Solomon et al., 2008; Stevens et al., 2010a). Such stratigraphic information
is important for both scientific and engineering applications in coastal environments and
can potentially offer insight into the formation of incipient ground ice.
In this chapter, sediment stratigraphy and ground ice distribution are examined
using data collected from a near-shore distributary mouth bar in the Mackenzie Delta
(Figure 3.1 and Figure 3.2). The sediment stratigraphy and structure provide a general
framework for understanding sediment bar development in which permafrost and ground
ice exists. The principle objectives of this chapter are: 1) to describe the sediment and
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ground ice characteristics of a recently deposited distributary bar, 2) to establish a
framework for sediment bar development and 3) to identify the stratigraphic control
sedimentology places on primary and secondary ground ice development in this
environment. The sedimentary history of the study site provides the context for which
permafrost and ground ice forms. The findings for these objectives also provides detailed
stratigraphic information that is necessary for understanding heat flow in the ground and
the development of numerical thermal models to simulate ground temperatures.
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Figure 3.1. Study area map showing a) the location of the Mackenzie Delta and b)
the location of drill and GPR transects at the mouth of Middle Channel that are
used in this chapter.
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Figure 3.2. Images showing a) an oblique aerial photo of the intertidal regions of the
Middle Channel distributary mouth bar taken in August of 2005 and b) a thermal
contraction crack which was identified after clearing of the snow along the exposed
bar surface in the March of 2007. The contraction crack was measured to be up to
3.8 cm in width.

3.1.1 Segregated Ground Ice

Segregated ground ice forms due to moisture transfer caused by thermally
induced pressure gradients in the ground, and has been observed in both the laboratory
and field settings (e.g. Mackay, 1983; Konrad and Morgenstern, 1980; Smith, 1985). Ice
segregation takes place by either “primary segregation” that occurs behind an advancing
freezing front, or by “secondary segregation” that continues to take place within already
frozen sediments. The former process involves water migration through the frozen fringe
due to suction (negative pressures), produced at the freezing front (Konrad and
Morgenstern, 1980). Secondary ice segregation, in contrast, involves much slower rates
of moisture migration through capillaries within frozen sediment (Hoekstra, 1966;
Williams, 1967) and/or by the molecular movement of ice from regelation (Miller et al.,
1975). Long-term secondary ice segregation, in part, depends on the hydraulic
conductivity of the frozen sediment, which is controlled by the sediment texture, the
temperature gradient and the unfrozen water content below freezing temperatures
(Williams and Burt, 1974; Burt and Williams, 1976). The larger volume of ground ice
observed within terrestrial permafrost environments has been partially attributed to
secondary segregation of ice (Williams and Smith, 1989).
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Ground ice may continue to develop as long as a thermal gradient and a source
of water exist. The Clausisus-Clayeyron relationship describes the suction induced as the
temperature decreases and a soil freezes
dPw = −∂TL f /VT

Equation 3-1

where dPw is the suction, ∂T is the lowering of the freezing point (K), Lf is the latent
heat of fusion (J kg-1), V is the specific volume of water (m3 kg-1) and T is the
temperature (K). As ground temperatures decrease, heat flow and water movement are in
the same direction towards progressively colder temperatures. The freezing
characteristics of various sediment textures exert a major control on continued
development of ice, as it determines the amount of liquid water and the hydraulic
conductivity at below freezing temperatures (Burt and William, 1976). Finer-grained
sediments (e.g. clays) exhibit high surface tension along grain boundaries that allows
liquid water to exist in equilibrium with ice at temperatures below 0oC. Whereas, coarsergrained sands have a larger particle distance and less surface tension that results in a
larger amount of the pore water freezing at temperatures that are close to the ice
nucleation temperature. Primary ice segregation occurs until heat extraction exceeds the
latent heat produced from the freezing of water supplied to the freezing fringe. Once the
thermal-hydrologic balance is overcome, growth of the ice lens ceases and the freezing
front advances. In addition, the confining pressure, the number of freeze-thaw events and
the pore water chemistry are influential on the ice segregation process (Konrad, 1990).
3.1.2 Segregated Ground Ice Development in the Modern Mackenzie Delta

In the Mackenzie Delta, Kokelj and Burn (2005) identified that ground ice
development in floodplain deposits varied with the succession of vegetation, which is
associated with specific physical conditions for each environment. Sites of low ice
content (<15%) were found where high rates of sedimentation and low moisture content
existed. This was in contrast to ice-rich locations that were characterized by moist
conditions with an aggrading permafrost table, which allowed for the entrapment of ice in
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the upper metres of the permafrost body. Morse et al. (2009) examined ground ice
distribution in the Kendall Island Bird Sancturary located within the Big Lake Delta Plain
(Figure 3.1a). It is estimated that this region of the delta became subaerially exposed
between 1500 to 500 years ago (Taylor et al., 1996b). This work also identified that
ground ice characteristics vary between environments (e.g. alluvial wetlands, uplands)
and the control on ice development was sediment type and topography, which influences
moisture availability. These previous studies have documented ground ice distribution
within shallow deltaic sediment that span 1-2 m below the surface. The present study
examines distributary mouth bar sediments that are stratigraphically lower within the
deltaic sediment sequence.
3.2 Materials and Methods
3.2.1 Sediment Core Recovery

Frozen sediment cores were acquired in March of 2007 from six near-shore sites
located along a seaward transect that transverses the Middle Channel distributary mouth
bar (Figure 3.1b). Each drill site was located in shallow water where ice annually freezes
to the sediment bed and permafrost is present (Solomon et al., 2008; Stevens et al.,
2010a).

Drilling was conducted with an air rotary drill to the base of ice-bonded

sediments (Figure 3.3). Sediment cores were recovered within the upper 10 m with a
CRREL coring barrel. The barrel recovered intact sediment cores measuring 30 cm in
diameter down to 10 m, with little noticeable thermal disturbance to the frozen sediment
and ice. At depths greater than 10 m sediment samples were collected every metre from
auger cuttings. The maximum drill depth of each site was limited by the extent of icebonding, beyond which saturated unfrozen sediment resulted in the collapse of the
borehole. Methane gas at the base of the ice-bonded permafrost was also noted at a
number of the drill sites. In order to preserve in situ ice and sediment structures, the intact
sediment cores were stored in a -10oC freezer during transport from the field and
throughout laboratory processing.
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3.2.2 Sediment Core Analysis

Sediment core descriptions and physical sub-sampling were conducted at the
Geological Survey of Canada core laboratory in Halifax, Nova Scotia. The frozen cores
were split, photographed and visually described for changes in ice and sediment type.
The classification of cryostructures was based on the schemes presented in the NorthAmerican literature (e.g. Murton and French 1994; French, 1996), using accepted ground
ice terminology (van Everdingen, 1998).
Analysis of sediment grain-size distribution and pore water salinity was
conducted at 20-50 cm intervals based on down core changes in sediment and ice. Each
frozen sub-sample was obtained with a diamond tipped coring barrel. Grain-size
distributions were determined with a particle size analyzer, using laser diffraction that
recorded every 1/5th of a change in phi size. Grain-size classes used in this work follow
those defined by Wentworth (1922). Prior to grain-size analysis, pore water was extracted
from the sediment by centrifuging each sample at 2,500 rpm. Pore water salinities were
measured from the extracted water, using a Horiba conductivity meter calibrated against
a Baltic Sea standard. Gravimetric water contents were also determined for each sediment
sample, with the mass of salt accounted for in the measurements.
3.2.3 Laboratory Measurement of Unfrozen Water Content

Unfrozen water content curves for representative sediment samples acquired from
the study sites were determined by time domain reflectometry (TDR) measurements,
using standard laboratory practices (e.g. Topp et al., 1980; Patterson and Smith, 1981;
Baker and Goodrich, 1987). This technique is commonly used for measuring the freezing
characteristics of sediments (Yoshikawa and Overduin, 2005) and works by transmitting
high frequency EM energy. The travel time of the transmitted energy over a known
distance is measured. From these time measurements, the apparent dielectric constant
(Ka) can be approximated (Davis and Annan, 1977). The Ka of a low loss material is
related to the velocity by the expression
Ka = (c/v)2

Equation 3-2
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where c is the velocity of light in a vacuum (0.3 m ns-1) and v is the velocity in m ns-1.
The TDR measurements were carried out with remolded sediments collected from
the study site. The samples were fully saturated with distilled water, placed into a plastic
container and sealed to minimize moisture loss over time. The sample was then placed
into a controlled temperature bath and measurements were taken over a temperature
range of 0oC to -8oC. The temperature of the bath was decreased at an interval of 0.25oC,
with the sample becoming isothermal before each measurement was recorded. Sediment
and fluid bath temperatures were recorded with YSI thermistors calibrated to ± 0.1oC.
The volumetric unfrozen water content (Wu) was determined from Ka using the empirical
relationship established by Topp et al. (1980).
Wu = -5.3 x 10-2 + 2.92 x 10-2 Ka - 5.5 x 10-4Ka2 + 4.3 x 10-6Ka3

Equation 3-3

This relationship based on the sensitivity of Ka of the sediment sample to changes in the
amount of liquid water (Davis, 1976). The Wu curves determined for sediment pore water
at 0 ppt were then related to the best fit power function (Anderson and Tice, 1973) and
corrected for higher pore water salinities using

T = Ti +

S ⋅v
Wu /Wt

Equation 3-4

where T is the temperature corrected for the pore water salinity (S), Ti is the initial
temperature at Wu, Wt is the total volumetric water content of the sediment and v equals
-0.058675 (from Patterson and Smith, 1983; modified from Banin and Anderson, 1974).
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Figure 3.3. Air rotary drill used to auger and core near-shore sediments in March of
2007. Drilling was conducted beneath zones of BFI up to be base of ice-bonded
permafrost.

3.2.4 Calculation of the Ice Segregation Potential

The relative susceptibility of various sediments to primary ice segregation was
assessed by calculating the “segregation potential” of the sediment (Konrad and
Morgenstern, 1983; Konrad, 1999). This further aided in understanding the distribution of
some forms of ground ice or the lack thereof. Konrad and Morgenstern (1980, 1981,
1982) indicate that ice lens formation occurring during the downwards freezing of
sediments is dependent upon the intake of water, which is linearly proportional to the
temperature gradient (grad T) across the frozen fringe. This constant proportionality
under steady state conditions is defined by the segregation potential (SP) (mm2 s-1 oC-1)

vu = SP ⋅ grad T

Equation 3-5
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where vu is the velocity of pore water migrating to the frozen fringe (mm s-1) and grad

T is in (oC mm-1). Based on this model, a higher SP implies greater frost susceptibility of
the sediment. The SP value is a function of the sediment characteristics (soil type,
porosity, pore water chemistry, initial saturation and availability of water) and the
freezing conditions (rate of cooling, suction at the frozen-unfrozen interface, overburden
pressure). Konrad (1999) relates the above parameters using four key index properties of
sediments that include i) grain-size distribution and fine fraction, ii) clay mineralogy, iii)
sediment fabric and pore network geometry and iv) overburden pressure. These indices
account for thermophysical properties of sediment that control water migration to the
freezing front and the primary segregation of ice. From these sediment parameters
Konrad (1999) derived an empirical relationship for the segregation potential (SPo) at
zero overburden pressure, which is based on the mean particle size of the fine fraction
<75 µm (d50(FF)) and the specific surface area (Ss).

SPo S s = [116 − 75log d50 ( FF )]x103 mm 4 /( oC ⋅ s ⋅ g )

Equation 3-6

The above relationship exists for sediments where the fines content (%FF<75 µm) fill the
pore space of the coarser fraction. The effect salinity has on reducing the SP was
accounted for using the function described by Konrad (1990). It is assumed that pore
water salinity measured from the sediment cores closely matches to the initial salinity of
the sediments during freezing. The SPo is corrected for overburden pressure to meet field
conditions using

SP = SPoe − aPe

Equation 3-7

where Pe is the applied overburden pressure at the freezing front in kPa and a denotes a
constant related to the frost heave sensitivity of the sediment and the Pe (Konrad and
Morgenstern, 1982). The relationship between d50(FF) and pressure constant a, described
by Konrad (1999, p. 412), was applied. Where saline sediments were present, the
relationship between pressure, salinity and SP was applied.
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3.2.5 Ground Penetrating Radar Data Acquisition, Processing and Analysis

Ground penetrating radar (GPR) surveys were conducted in late winter in order to
resolve large scale sediment structures of the distributary bar. Stevens et al. (2009a)
recently showed GPR to be effective in investigating near-shore sedimentary structures in
the Mackenzie Delta. Numerous earlier studies have also demonstrated the use of GPR to
resolve sediment structures within recent and relict deposits (e.g. Jol and Smith, 1991; Jol
et al., 1996; van Overmeeren, 1998; Neal, 2004, p. 263; Wooldridge et al., 2005; Stevens
and Robinson, 2007).
Ground penetrating radar is a ground-based geophysical technique that operates
by emitting short pulses of high frequency electromagnetic (EM) energy into the
subsurface. As the transmitted wave intercepts major changes in the dielectric properties
of the subsurface medium, a portion of the energy is reflected back to the ground surface.
The remaining energy continues to radiate outwards until it is reflected, scattered or
absorbed. The measurable reflection events are recorded in two-way time from the
moment of transmission to reception of the energy at the ground surface by the
transmitting and receiving antennas, respectively.
The causes of GPR reflections pertinent to this study include i) major stratigraphic
changes in subsurface materials (e.g. ice, water and sediment), ii) frozen-unfrozen
sediment interfaces and iii) changes in sediment texture and composition. Reflections
produced from sediments have been further attributed to variations in grain texture,
composition, orientation, packing (Neal, 2004) and the presence of iron oxides and
organic, which alter water retention along sediment bedding planes (Van Dam and
Schlager, 2000; Van Dam et al., 2002a, 2002b).
The GPR setup used in this study included a PulseEKKO 100 with 100 MHz
antennas and a Noggin 250 system with 250 MHz antennas. The average depth of signal
penetration with 250 MHz was ~4 m, with a maximum vertical resolution of 15 cm. Data
acquired with 100 MHz antenna was able to resolve sediment structures up to 10 m in
depth, with a vertical resolution of 37 cm. In some instances surveys were unsuccessful
in resolving sediment structures beneath floating ice or at locations where unfrozen
sediment existed at shallow depths. This was due to energy losses at the base of the
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highly reflective floating ice column (ice-water interface) and within the unfrozen
saturated sediment column (Stevens et al., 2009a). Positional data were acquired with a
handheld GPS accurate to ± 5 m. Ground penetrating radar surveys were designed to
characterize the anticipated direction of sediment progradation of the mouth bar, and to
intersect the drill locations shown in Figure 3.1b.
The GPR data were corrected for position by applying GPS coordinates collected
for each line using WinEKKO Pro software. The data were then plotted with Ekko4.2
software in screen wiggle mode using a trace to trace averaging of 3 and a down trace
average of 2. An automatic gain control (AGC) that compensates for signal attenuation
by enhancing weaker reflections was applied to each profile. The AGC applies gain that
is inversely proportional to the signal strength, which attempts to equalize the signal
(Sensors and Software, 1998). Depth scales were constructed for each GPR profile using
average velocity measurements obtained from the study site (Stevens et al., 2009, p. 32).
The processed GPR profiles were interpreted using the principles of radar
stratigraphy, which has been shown to be an effective way to interpret the depositional
environments (e.g. Jol and Smith, 1991; Neal, 2004). This includes the classification of
radar facies, defined as sets of reflections based on shape, relative dip, continuity,
amplitude and polarity (Mitchum, 1997). Radar facies can be distinguished from adjacent
sets of reflections based on the above criteria and are capable of being mapped. Similar to
the classification of sedimentary facies, radar facies represent sediments that have a
uniform depositional origin. The classification of radar facies subsequently aids in
understanding geometric and spatial relationships between different depositional
environments, which are bounded by radar surfaces that represent conformable and
unconformable surfaces.
3.3 Results and Discussion
3.3.1 Sediment Stratigraphy

Sediment grain-sizes from each drill site range from fine sand to silt, with clay
making up <20% of the total sample (average of 11%) (Figure 3.4 and Figure 3.5). Two
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distinct lithofacies can be correlated across the bar, with the exception of site BH02
where limited data exists. The first referred to as Facies A, consists of fine sand to coarse
silt, extending from 5-10 m below the sediment-water interface. The second referred to as
Facies B, consists of fine-to-medium silt, which extends from the base of Facies A to the
maximum depth of drilling.
Within the Facies A, the sediments are interpreted to represent distributary mouth
bar deposits characterized by an inter fingering of sand and silt. The average sediment
sample is composed of 38% sand, 52% silt and 10% clay, classifying it as sandy silt.
However, sand dominated intervals comprised of at least 60% sand are common.
Examination of Facies A spatially across the distributary bar indicates that the average
percent of sand decreases seaward (Figure 3.6). The decrease in sand is associated with
an increase in silt, which corresponds to sites located at the distal edge of the bar (e.g.
sites BH04 and BH05). This trend in sediment texture is inferred to be caused by the
decrease in carrying capacity of coarser-grained sediments with increased distance from
the effluent flow of Middle Channel.
Facies B is characterized by more subtle changes in sediment grain-size, from
fine-to-medium silt. The portion of sand and clay in these sediments are low, with each
making up less than 15% of the total. Within Facies B, relatively consistent grain-size
distribution exists, both stratigraphically at individual drill sites and spatially across the
bar (Figure 3.6). Sediment deposits associated with Facies B represent a distal bar
environment of deeper water.
Pore water salinity generally increases with depth at most sites (Figure 3.4 and
Figure 3.5). Salinities within the upper 5 m are < 5 ppt (average of 0.5 ppt., n=60), below
which values increase up to 16 ppt. This trend in salinity does not directly correlate with
the division between lithofacies A and B. The low salinity values that occur at shallow
depths are inferred to be related to the continual supply of freshwater discharged from
Middle Channel.
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Figure 3.4. Sediment grain-size and pore water salinity measurements for drilling
sites BH01, BH02 and BH03. Dashed line indicates the stratigraphic division
between sedimentological Facies A and B. Sites are presented in order of increasing
distance seaward from the mouth of Middle Channel.
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Figure 3.5. Sediment grain-size and pore water salinity measurements for drilling
sites 060, BH04 and BH05. Dashed line indicates the stratigraphic division between
sedimentological Facies A and B. Sites are presented in order of increasing distance
seaward from the mouth of Middle Channel.
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Figure 3.6. Average percentages of sand, silt and clay for sedimentological a) Facies
A and b) Facies B. Facies A consists of sandy silt and Facies B is predominately silt
size sediment. Within Facies A, lateral fining of sediment corresponds to a decrease
in sand and an increase in silt which is observed with increased distance seaward
across the mouth bar. In both facies clay makes up a small portion (<10%) of the
grain-size distribution.

3.3.2 Internal Architecture of Distributary Bar

3.3.2.1 Radar Facies
The internal architecture of the Middle Channel sediment bar is defined by four
distinct radar facies (Figure 3.7). Radar facies 1 (RF1) is characterized by small scale
subhorizontal to wavy discontinuous reflections. The subtle convexity of wavy
discontinuous reflections is interpreted to indicate a higher energy environment, resulting
in the deposition of cross-stratified ripple bedforms that contribute to vertical sediment
accretion. Structures within facies RF1 are resolved at 10-15 cm, which is close to the
effective vertical resolution of the 250 MHz antennas.
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Radar facies 2 (RF2) is characterized by structureless zones that lack GPR
reflections. Facies RF2 is interpreted to represent rapid deposition of non-sorted
sediment. In some cases, RF2 cross-cuts the surrounding structure, suggesting an
erosional event, possibly, caused by wave or channel induced reworking of sediment or
by scouring of the sediment bed from ice movement or strudel drainage. It was
determined that radar facies RF2 was not related to zones of high radar signal attenuation,
given the fact that structures could be resolved at greater depths. Therefore, it is unlikely
that RF2 represents zones of conductive materials caused by higher pore water salinity or
fine-grained clay that could result in a similar radar signature.
Radar facies 3 (RF3) is characterized by large scale oblique parallel reflections
extending up to 200 m in distance. These continuous reflections are at a low angle, with
an apparent dip <6o. Facies RF3 is interpreted to represent foreset beds that result from
prograding sediments. Typically, RF3 ranges from 5 m to 10 m in thickness and is
located stratigraphically below facies RF1 and RF2.
Radar facies 4 (RF4) is characterized by concave up reflections interpreted to
represent channel cut and fill deposits that are analogous to structures associated with
active sub-aqueous (sub-ice) channels at the study site. The extent of RF4 is up to 50 m
wide and 4 m deep. The bounding surface of RF4 is observed to truncate the surrounding
bedding. Over time, these sediment structures are formed by the migration and infilling
of these channels.
3.3.2.2 Spatial Distribution of Radar Facies
Figure 3.8 and Figure 3.9 show representative GPR profiles of the described radar
facies. The generalized subsurface distribution of these facies across the entire
distributary mouth bar is depicted in Figure 3.10. The radar structures of RF1 and RF2
and their stratigraphic position within the upper 2 m supports the interpretation that these
facies are associated with higher energy depositional environments characterized by
reworked sediment that are affected by wave-base and ice-related processes. Regionally
across the mouth bar, the lower limit of RF1 and RF2 are bounded by radar surface B1
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that separates these facies from RF3. This bounding surface is erosional, as it truncates
the upper limit of RF3.

Figure 3.7. Commonly occurring radar facies interpreted from GPR data collected
across the Middle Channel bar. Description of radar facies RF1-RF4 are based on
reflection geometry, continuity, and amplitude. The subsequent depositional
environment represented by each facies unit is also stated.
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Figure 3.8. (A) 250 MHz GPR profile with facies RF1 and RF2 identified (B)
100 MHz GPR profile with facies RF3 identified and (C) interpreted composite of
250 and 100 MHz sedimentary structures. The red dashed line indicates the
approximate boundary between facies R1 and R3 (annotated as B1) and the lower
boundary of facies RF3 (annotated as B2).
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Figure 3.9. (A) 250 MHz GPR profile with facies RF1 identified (B) 100 MHz GPR
profile with facies RF3 and RF 4 identified and (C) interpreted composite of 250 and
100 MHz sedimentary structures. The red dashed line indicates the approximate
boundary between facies R1 and R3 (annotated as B1) and the lower boundary of
facies RF3 (annotated as B2).

The distribution of radar facies RF3 is continuous throughout a large portion of
the study site, from within the constraints of Middle Channel to well beyond the current
position of the exposed bar surface at the location of sites BH03 and 060. Radar facies
RF3 correlates to sedimentological Facies A and is observed to downlap onto the
underlying distal bar sediments represented by Facies B. This transition is delineated by
bounding radar surface B2 (Figure 3.10) and is regionally identified to extend 5-10 m in
depth across the mouth bar. The seaward dipping foresets indicate that the distributary
mouth bar deposits (Facies A) prograded over the underlying distal bar sediments (Facies
B) in a seaward direction. Channel cut and fill structures represented by RF4 mainly
occur within the constraints of Middle Channel. Facies RF4 was observed to cross-cut the
surrounding depositional structure, which suggests that the formation of RF4 occurred
sometime after the deposition of the enclosing sediment.
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Figure 3.10. Generalized cross-sectional view of sedimentary structures associated
with the Middle Channel distributary bar. The sediment bar surface was
determined from ice and water depth measurements surveyed across the study site
using 250 MHz GPR antennas.

The sediment stratigraphy and structure indicate that seaward progradation and
vertical aggradation of sediment has contributed to the overall development of the Middle
Channel distributary bar. The former is recognized by seaward dipping foreset beds
(RF3) and the latter by the higher energy aggradational structures. Unconformity B1
located at the top of the foreset beds may indicate a change in sediment supply, sea level
rise, wave-induced erosion or ice-related processes. A change in sediment supply may be
caused by the diversion of sediment through other major distributary channels or a
decrease in sediment delivered to the Mackenzie Delta over time.
At this time, the sedimentation rate of distributary mouth bars are poorly
constrained in the delta, due to the lack of direct measurements and/or absolute dating.
Attempts were made by the Geological Survey of Canada to radiocarbon date organic
material (nutlets, leaf fragments and tree needles) extracted from the sediment cores. An
inconsistency in the dates down the cores was found, which likely relates to the erosion
and deposition of older organic material from within the delta. Nevertheless, an average
sedimentation of 1 cm a-1 was calculated from the most reliable dates obtained from the
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cores, based on the scientific judgements of Geological Survey of Canada researchers
(Jenner, personal communication). This rate is consistent with sedimentation observed to
the west of Middle Channel within the Olivier Islands. Sediment deposition in the context
of a distributary bar may be from fluvial and wave induced processes, storm surges and
during the spring freshet. More instantaneous erosion and deposition of sediment within
the distributary bar may also occur, with changes on the order of tens of centimetres per
year (see Chapter 6). As a result, it is recognized that the rate of sedimentation is
spatially and temporally variable within this environment.
3.3.3 Cryostratigraphy

3.3.3.1 Cryostructures
Commonly occurring types of intersedimental ground ice identified from split
sections of sediment core are shown in Figure 3.11. The cryogenic structures recognized
include; i) micro-lenticular cryostructures, consisting of short wavy ice lenses less than
0.5 mm in thickness and several centimeters in length, ii) micro-reticulate cryostructures,
composed of thin, 0.5 to 1 mm, well-organized networks of ice separating sediment
blocks and iii) layered cryostructures, consisting of either vertical ice veins that are
<1 mm thick or horizontal ice lenses. Horizontal ice lenses include both hairline lenses
<1 mm thick and larger ice lenses between 0.5-1 cm thick. The fourth cryostructure
recognized is termed structureless (termed massive in the Russian literature), which
consists of ice-bonded sediment that lacks visible ground ice. Ice present within this
cryostructure is largely in the form of pore ice produced from in situ freezing, which
cements together individual sediment grains. Whereas, ground ice associated with micro-

lenticular, layered and reticulate cryostructures represent forms of segregated ice.
3.3.3.2 Distribution of Cryostructures
Over 98% of the sediment cores lack visible ice and can be described as being

structureless (Figure 3.12). In some cases, sediment intervals consisting of fine sand,
comprising upwards of 60% of the sediment sample, are poorly ice-bonded. Gravimetric
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moisture contents of sediment samples ranged from 19-48%, with a mean of 30%
(Figure 3.13). All segregated forms of ground ice are vertically discontinuous over a few
centimetres and ice did not exceed 1 cm in thickness. It can be inferred that the
segregated ice was formed from locally derived pore water, since thawed sediment
yielded little to no excess water (supernatant water).

Figure 3.11. Visible ground ice identified from frozen sediment cores.
Cryostructures included a) vertical ice veins (<1 mm thick) and b) horizontal ice
lenses (< 1 mm thick) and c) ice lenses between 0.5 and 1 cm thick. Deformed
sediment laminations were noted to occur in response to differential thickening of
some ice lenses, as shown in panel d). In most cases ice lenses up to 1 cm thick
preferentially occurred in thicker beds of finer-grained sediment. Ice lenses <1 mm
were identified along the bedding planes of sediment laminations.

Directly below the bottom-fast ice column, vertical ice veins (<1 mm) form a
hexagonal network at each drill site (Figure 3.11a). In most cases, the vertical ice veins
originate at or near the sediment bed surface, with the vein becoming thinner as depth
increases. Ice veins also extend from the base of some ice lens. It has been suggested that
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vertical ice veins form either as a result of thermal contraction of frozen sediment or
from high tensile strength that has been induced by cryosuction within and adjacent to the
freezing front (Mackay, 1974; McRoberts and Nixon, 1975; Arenson et al., 2008). In both
cases steep temperature gradients are favourable. The thermal contraction cracks
observed in the winter of 2006-2007 along the exposed bar surface (see Figure 3.2b)
supports the existence of rapid decreases in ground temperatures and steep temperature
gradients near the sediment bed.

Layered cryostructures represented by hairline ice lenses <1 mm typically occur
along bedding planes where gradational sediment changes exist. These ice lenses exhibit
parallel forms of planar wavy and curved structures with an orientation that mimics the
primary sedimentary structure. Such ice lenses were identified throughout most core
sections. Layered cryostructures consisting of ice lenses 0.5 to 1 cm thick, preferentially
occur within massively bedded silts (consisting of <25% sand) stratigraphically located at
the top of sedimentological Facies B. Deformation of sedimentary structures caused by
differential segregation of ice lenses was also identified (Figure 3.11d).
3.3.3.3 Susceptibility of Sediments to Primary Ice segregation
The susceptibility of sediment to primary ice segregation was assessed using the
segregation potential (Equation 3-5 and 3-6). The grain-size distributions of three
representative sediment samples and their corresponding d50(FF) values are shown in
Figure 3.14. Analysis of 170 sediment samples indicate the relationship between SPo and

d50(FF) to be
SPo = -82.105 Ln(d50(FF))+289.12

Equation 3-8

As anticipated, SPo increases with a decrease in d50(FF), due to the greater
capillarity of finer-grained sediments that permits for moisture migration to the freezing
front. Sediment samples with a d50(FF) greater than 35 µm exhibited a SPo of zero, which
suggests an upper threshold for primary ice segregation to occur (Figure 3.15a). The
calculated SPo values range from 0-93 x10-5mm2 s-1 oC-1. After correcting for overburden
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pressure and the effects of salinity, 43% of the samples are theoretically non-frost
susceptible. An additional 50% of the sediment samples exhibited low SP values (<40
x10-5mm2 s-1 oC-1), resulting in only 7% of the samples occurring at a higher SP. Figure
3.15b shows variability imparted on the SP by salinity and pressure at depth. A high
percentage of sediment textures are non-frost susceptible or have a low segregation
potential, which explains the ice-poor nature of these sediments. Highly frost susceptible
clays are reported to range from 450 to 600 x10-5mm2 s-1 oC-1 (Konrad and Seto, 1994).
Therefore, sediments from the study area are relatively non-frost susceptible when
compared to some glacial tills and lacustine deposits.

Figure 3.12. Cryostratigraphic logs from the Middle Channel drill sites. All logs
were based on the description of split sections of frozen core. Cryostructures were
identified to be vertically discontinuous over a few centimetres. Note sediment cores
were not recovered at depths greater than 10 m, limiting the extent at which
cryostructures could be described. Below the recover limit of core, auger cuttings
and drill resistance was used to determine the extent of ice-bonding.
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Figure 3.13. Gravimetric moisture content of sediment samples obtained from each
drill site. Moisture contents range from 19 to 48%, with an average of 30%.

Figure 3.14. Grain-size distribution of representative sediment samples and the
corresponding mean particle size of the fine fraction (d50(FF)) <75 μm in diameter.
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The calculated SP for each sediment sample compared to the stratigraphic
distribution of each cryostructures is shown in Figure 3.16. The susceptibility of the
sediments to primary ice segregation is stratigraphically variable. Within lithofacies A,
non-frost susceptible (SP=0) are common. This is the result of a high fraction of sand and
coarse silt. The ground ice within this portion of Facies A consists solely of ice lenses
that are <1 mm thick. This may relate to the high variability in SP and the inherent
characteristics of the surrounding sediment which limit the availability of unfrozen water.
This is in contrast to consistently higher SP values that occur at the transition from
Facies A to B. Ground ice corresponding to these depth intervals consists predominately
of thicker lenses (0.5 cm to 1 cm). The silts that dominate this zone provide more
favourable freezing characteristics, which are partially related to the higher unfrozen
water content occurring at temperatures below 0oC (Williams and Smith, 1989). Due to
the widespread occurrence of Facies A across the sediment bar, ice-poor sediments can
be expected between 5-10 m in depth.
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Figure 3.15. Relationship between the segregation potential and the mean grain-size
at d50(FF) for a) zero overburden pressure and b) corrected for overburden
pressure and salinity (sites BH01, BH03, 060 and BH04 included in the analysis of
170 sediment samples). A mean grain-size of the fines fraction above 35 µm results
in non-frost susceptible sediments (SP=0).
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Figure 3.16. Comparison of the calculated SP values and the distribution of ground
ice for drill sites BH01, BH03, 060 and BH04. The location of ice lenses correlate
with SP values above zero (i.e. frost susceptible sediments). Note, the SP within
sedimentological Facies B is consistently above zero, yet decreases with depth in
response to higher salinities and overburden pressures.

3.3.3.4 Susceptibility of Sediments to Secondary Ice Segregation
Qualitatively, the susceptibility of these sediments to secondary ice segregation
can be discussed. The greatest potential for secondary segregation is likely to take place
within the lower distal bar silts, which exhibit higher unfrozen water contents at
temperatures below freezing. This permits for more ice-free capillaries, resulting in a
higher hydraulic conductivity of the material (Burt and Williams, 1976). Whereas, the
overlying distributary bar sediment (sand and silts) have less potential for continued ice
growth, as they exhibit a low fraction of liquid water at temperatures below freezing
(Figure 3.17). At higher pore water salinities, the fraction of liquid water increase due to
the freezing point depression. This could potentially increase the amount of available
water for ice segregation to take place.
Dallimore and Mathews (1997) present data from an older sequence of
distributary bar sediments from the Unipkat well, located south of the Middle Channel
study area. Taylor et al. (1996b) has constrained subaerial exposure of this site to be
4.5 ka BP. Ground ice within the portion of the core that spans distributary bar sediments
are described as exhibiting the rare occurrence of ice lenses and veins. This suggests that
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a significant amount of secondary ice segregation has not taken place. From the data
presented in this chapter and previous work on ground ice in the delta, it is reasonable to
assert that distributary bar sediments do not exhibit favourable conditions (sediment
textures, thermal gradients and availability of water) for considerable primary or
secondary ice segregation to take place. However, over longer time scales more complex
thermophyiscal changes in the ground could promote ice segregation in this environment.
In addition, ice segregation beneath BFI may be more substantial where fine-grained
lake-bottom sediments are present (Burn, 1989).

Figure 3.17. Unfrozen water content (Wu) curve for sandy silt over a temperature
(T) range of 0oC to -8oC. Sediment sample was collected from an exposed portion of
the Middle Channel distributary mouth bar. Initial salinity of the sample was at
0 ppt. Dashed lines represent unfrozen water content curves modeled with salinity
values range from 5 ppt to 15 ppt, using Equation 3-4.
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3.4 Conclusions

The following conclusions are drawn from the results and discussion pertaining to
the relationship between sediment stratigraphy and ground ice distribution of distributary
mouth bar deposits in the Mackenzie Delta:

1.

The overall sediment architecture and stratigraphy indicate that the near-shore
sub-aqueous distributary mouth bar was formed under seaward progradation and
more recent aggradation of sediment. The vertical sediment succession is
characterized by subtle changes in grain size from silt-to-sand, representing distal
bar and distributary bar deposits. The internal structure can be defined by four
main radar facies.

2.

Distributary bar sediments at the site are ice-poor, with thawed samples yielding
little to no excess water. Ground ice that is present was likely formed under
primary segregation from locally derived pore water. Four key cryogenic
structures were recognized including i) micro-lenticular, micro-reticulate, layered
and structureless cryostructures. Over 98% of the cores exhibited structureless
cryostructures characterized by the ice-bonding of sediment grains with pore ice.
The second most common cryostructures were horizontal ice lenses.

3.

The sediment grain size distributions exert a strong control on ice segregation
within distributary mouth bar deposits. Distributary bar deposits characterized by
sand and coarse silt are ice-poor. The widespread occurrence of these sediments
suggest ice-poor conditions are likely within the upper 5-10 m. Distal bar silts
with a higher fine fraction exhibit the greatest segregation potential. This is
supported by the increase in occurrence and thickness of ground ice that has been
visually observed in the sediment cores.

4.

The potential for secondary ice segregation is also low despite longer duration of
below freezing conditions. Nevertheless, assessment should be on a site specific
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basis with respect to future plans for development of infrastructure in the
Mackenzie Delta. Higher amounts of ground ice beneath BFI are likely to be
present where formerly terrestrial land has been submerged by water (i.e. in the
context of subsea permafrost).

62
Chapter Four: Detection of Frozen and Unfrozen Interfaces Beneath Near-shore
Zones of Bottom-fast Ice

4.1 Introduction

In the near-shore zone of the Mackenzie Delta, the occurrence of seasonal frost
and the sustainability of permafrost are closely related to the presences of BFI (Dyke
1991). Several factors control the onset of BFI and, therefore, the extent of ground
freezing. Of particular importance are water bathymetry and those influences affecting
ice growth (e.g. snow pack thickness), which alter the duration of time ice is bottom-fast
(Stevens et al., 2010a). Several drill transects located to the east of the modern delta front
have characterized the near-shore transition of frozen ground (Kurfurst & Dallimore
1991, Wolfe et al., 1998). Although borehole data provides an adequate characterization
of ground conditions at specific points, there is a need to extend this information to the
broader spatial domain (i.e. characterize vertical and lateral extent of permafrost and
identify frozen/unfrozen transitions). It is hypothesized that drill measurements
inadequately characterize the near-shore distribution of frozen and unfrozen sediment.
In order to improve the subsurface understanding of ground conditions in this
environment, multi-frequency GPR surveys were conducted to detect thermally-related
interfaces. This chapter discusses the source of thermally-related interfaces detected with
GPR in sediments and characterizes the spatial complexity of frozen and unfrozen
transitions located beneath BFI within the near-shore zone of the Mackenzie Delta.
4.1.1 Ground Penetrating Radar Applied to the Study of Permafrost

Among the electrical, electromagnetic, and reflection-based geophysical methods
utilized for the study of frozen ground, GPR in particular is considered to be a reliable
and effective method for identifying thermally-related interfaces that represent the
transition of sediment from a frozen to unfrozen state (Moorman et al., 2003). In general,
two aspects of frozen ground contribute to the wide use and success of GPR in cold
regions: i) the decreased signal attenuation (losses) related to reduced ionic conduction as
the phase change of liquid pore water to ice takes place, and ii) the large dielectric
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contrast that exists between frozen and unfrozen materials (Table 4.1), which results in
highly reflective interfaces (Stevens et al., 2009a).

Material
liquid water
pure ice
unfrozen sand
(-1.5oC) frozen sand
(-0.5oC) clay (Wu=40%)
(-1 oC) clay (Wu =25%)
(-2 oC) clay (Wu =17%)

Dielectric constant
80
3-4
20-30
4
27
12
8

Attenuation (dB m-1)
0.1
0.01
0.03-0.3
2
65
60
47

Table 4.1. Typical dielectric properties of frozen and unfrozen materials. The
volumetric unfrozen water content (Wu) for clay is given at various temperatures.
(Sources: Patterson & Smith 1981, Davis & Annan 1989).

The dielectric constant (k) of sediment is mainly a function of its ice and liquid
water content (Topp et al., 1980; Baker and Goodrich, 1987). As interstitial ice begins to
form in the sediment pores, the liquid water content and the dielectric constant decrease
as shown in Table 4.1. This results in a large reflection coefficient (-0.34) (i.e. the portion
of reflected energy) at the interface between frozen (~k=6) and unfrozen (~k=25)
sediment (Stevens et al., 2009a). The dielectric gradient in sediments at below freezing
temperatures is mainly controlled by the thermal gradient, textural characteristics of the
sediments, and pore water chemistry.
Previous permafrost-related uses of GPR in the Arctic have been to monitor active
layer thickness (Wong et al., 1977; Pilon et al., 1979; Doolittle et al., 1990; Hinkel et al.,
2001), to delineate massive ground ice bodies (Dallimore and Davis, 1987, 1992;
Robinson et al., 1993; Lonne and Lauritsen 1996; Wolfe et al., 1997) and to identify
unfrozen talik zones (Arcone et al., 1992, 1998; Best et al., 2005; Bradford et al., 2005;
Brosten et al., 2006). A significant number of these works deal with imaging subsurface
conditions onshore where terrestrial permafrost is present. A more limited number of
GPR surveys have been conducted over Arctic ice-covered rivers (Delaney et al., 1990,
Arcone and Delaney, 1987; Arcone et al., 1992, Arcone et al., 1998) and lakes (Moorman
and Michel, 1997; Arcone et al., 2006) to profile ice thickness, and in some cases identify
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sub-ice reflections. More recently, Stevens et al. (2009a) showed the effectiveness of
GPR to resolve and map subsurface conditions within the near-shore zone of Arctic
deltas. This chapter builds on the understanding put forth by this work and focuses on the
causes of thermally-related interfaces and the resulting cryostratigraphy beneath nearshore zones of landfast ice in the Mackenzie Delta (Figure 4.1).

4.2 Methods
4.2.1 Ground Penetrating Radar

GPR surveys were conducted over the ice and snow surface in mid-to-late March.
The area surveyed extended from within Middle Channel to near-shore locations adjacent
to Garry Island (Figure 4.1). This chapter presents representative GPR data that is
relevant to understanding the geophysical response of GPR in this environment and the
distribution of ice-bonded sediments.
The GPR surveys were conducted using a PulseEKKO 100 or PulseEKKO Pro
system with 100 MHz antennas and a Noggin Plus system with both 500 MHz and
250 MHz antennas, manufactured by Sensors and Software Inc. The newer generation
PulseEKKO Pro system was used in March of 2008 and 2009, due to its ability to acquire
data at a higher rate. Data from each radar system was recorded on individual data
loggers. Operating temperatures typically ranged from -30oC to -45oC. The radar systems
and antennas were orientated parallel broadside in an array, so that seamless acquisition
of multi-frequency data could take place by towing the systems at 5-12 km hr-1 (Figure
4.2). In order to acquire a high density of GPR traces (5-10 cm trace-1) at these tow rates,
low stacking (4 stacks) and short time window settings were used. Spatial positioning of
each trace was recorded with a handheld GPS. In some cases, the coordinates were
differentially corrected using Wide Area Augmentation Service (WAAS). Position
correction was also applied to adjust for the offset of each antenna within the array.
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Figure 4.1. Study area map showing a) the location of the Mackenzie Delta and b)
the orientation of GPR transects surveyed at the mouth of Middle Channel.
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Figure 4.2. Multi-frequency GPR setup in tow behind a snowmobile. GPR systems
include a PulseEKKO 100 with 100 MHz antennas and a Noggin Plus systems with
250 and 500 MHz antennas. Positional data was acquired with GPS for each radar
trace.

No appreciable interference was observed between the opposing antennas
frequencies within the array. Due to low levels of natural and artificial noise in the GPR
data, minimal signal processing was required. Processing of the GPR data for thermallyrelated interfaces included an AGC gain to enhance weaker reflections (see Chapter 3).
Two-way travel time was converted into depth using a multi-layer calculation
n

DT = ∑
i=1

ti (vi )
2

where DT is the total depth (m), i is the interface number,

Equation 4-1

vi

is average propagation

velocity (m ns-1) from interface (i-1) to interface (i), and ti is the two-way travel time (ns)
from interface (i-1) to interface (i) (Stevens et al., 2009a). The reflection coefficient for
interfaces under vertical incidence was estimated using:

R=

k1

−

k2

k1

+

k2

Equation 4-2
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where R is the refection coefficient, k1 is the dielectric constant of the overlying
material and k2 is the dielectric constant of the underlying material (A-CUBED, 1983).
The dielectric constant for a low loss material was calculated using:
K a = (c / v ) 2

Equation 4-3

where c is the velocity of the EM wave in free space (m ns-1) and v is the measured wave
velocity through the low loss material (m ns-1) (Baker et al., 2007).
4.2.2 Borehole Radar

Cross borehole radar surveys were also conducted to better understand the
behavior of EM energy with respect to changes in subsurface materials at the study site.
This method relies on the transmission and reception of EM energy between two
vertically drilled boreholes. This provides a vertical profile of changes in EM wave
velocity and signal attenuation through the material. Although similar measurements may
be acquired using surface-based techniques (e.g. common midpoint or wide angle
reflection and refraction surveys), the cross borehole measurements can be made at
greater depths below the ground surface.
4.2.2.1 Borehole Radar Survey Parameters, Data Processing and Potential Errors
Borehole radar measurements were only collected using a translumination survey
in a Zero Offset Profile (ZOP) configuration, due to a limited amount of time available in
the field. In a ZOP survey, each antenna is raised or lowered an equal amount in the
borehole. The surveys were conducted using a PulseEKKO 100 system (400 volt
transmitter) with 200 MHz borehole antennas, manufactured by Sensors and Software
Inc. (Figure 4.3). A pickup truck was located adjacent to each borehole set, in order to
record data on a laptop computer. The radar console, batteries and transmitter receiver
components of the system were also placed within the pickup. Stabilizer brackets were
placed at the top of each casing to control the downward descent of the antennas in the
borehole (Figure 4.3).
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Radar system parameters used for the ZOP surveys included a 400 ns time
window with 32 stacks per trace. A step size of 10 cm was used to achieve a sampling
interval that did not exceed the Nyquist value, which was calculated to be 14 cm for the
conditions at the study site. Prior to the start of the survey, the distance between the
borehole pair was measured. Air calibration for the borehole pair was conducted by
transmitting to the opposing antenna over a distance equal to the borehole separation
( bhsep ). Five calibration traces were collected before the air time correction was applied.
The first arrival time of the transmitted EM energy for each trace was determined
using Picker version 1.0 software developed by the Environmental Geophysics Facility at
the University of Waterloo. The first arrival was determined to be 5% of the maximum
amplitude value. The reflection polarity was considered prior to the pick. Minimal
processing was applied to the datasets, in order to preserve the true arrival times. The
propagation velocity of the energy through the ground was calculated using the following
equation

v=

bhsep
ti

Equation 4-4

Translumination surveys conducted in this study are sensitive to small travel time
errors. Errors in travel time measurements may be caused by a number of factors
including: the radar system, the calibration of time zero, the offset of antennas within the
boreholes (vertical and horizontal) and the non-direct travel paths of the transmitted EM
energy through the subsurface. A non-direct travel path of the EM energy may result
from changes in sediment properties and material type (i.e. from ice to sediment), which
is governed by the refractive angle defined by Snell’s Law (Morey and Kovacs, 1984).
Travel time errors associated with horizontal antenna offset within the air filled borehole
were calculated to be up to 1 ns, based on movement of the antennas from the inner to
outer walls of each borehole. Errors associated with determining the first arrival time is
small (<1 ns) using the Picker software. All of these potential errors were considered
throughout the interpretation of the data.
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Figure 4.3. Images of borehole GPR setup showing a) borehole antennas located
adjacent to a truck used for operating the computer and PulseEKKO 100 radar
system and b) field personnel holding 200 MHz antennas. Inset image in panel a)
shows the stabilizing bracket used to control downward descent of the radar
antennas in the boreholes.

4.3 Results and Discussion
4.3.1 Subsurface Conditions

The average measured signal penetration and calculated vertical resolution of
GPR over BFI conditions are summarized in Table 4.2. Owing to the shallow depth of the
subsurface features examined in this research, 500 MHz and 100 MHz antennas offer the
best combination of signal penetration and vertical resolution. The low electrical
conductivity of water <0.2 mS m−1 and sediment <5 mS m−1 located at shallow depths act
as favorable subsurface conditions for the propagation of EM energy at the study site.
Lower frequency GPR antennas (50 and 12.5 MHz) were also used in an attempt to
increase the depth of signal penetration. However, moderate-to-high pore water salinity at
depth (see Chapter 3) acts as a limiting subsurface condition for the propagation of radar
waves across the study site.
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Center frequency

Average signal penetration

Calculated vertical resolution

50 MHz
100 MHz
250 MHz
500 MHz

75 ns
60 ns
25 ns
22 ns

75 cm
37 cm
15 cm
7 cm

Table 4.2. The radar signal penetration and the theoretical vertical resolution of
GPR through frozen sediment. Average signal penetration represents one-way
travel time. Vertical resolution was based on an average propagation velocity of
0.15 m ns-1.

Borehole radar measurements also confirm that higher pore water salinity is the
dominant control on the propagation of EM energy in the subsurface. Figure 4.4 shows
the correlation between the signal strength plotted against pore water conductivity and
sediment type. The signal strength is based on the first arrival of energy, and thus
demonstrates the relative loss (attenuation) of energy that takes place between the
boreholes. The attenuation of energy is, mainly, a function of the bulk electrical
conductivity of the sediment. Both the pore water conductivity and sediment grain size
contribute to the bulk conductivity of the sediment. Based on the data presented in Figure
4.4, the attenuation of energy is highly dependent upon the pore water conductivity,
which correlates to the signal strength (R2=0.89). Whereas, the loss of energy has little
linear correlation to the percentage of sand, silt or clay that is present within the sample.
The unfrozen water content also contributes to the bulk electrical conductivity of the
sediment, and should be considered to be an influence on propagation of radar waves in
the subsurface.
The propagation velocity of radar waves in the subsurface is highly variable in
this environment, due to the transition from ice to water and frozen and unfrozen
sediment. The velocity of radar waves was measured to range from 0.024 m ns-1 to
0.17 m ns-1 (Table 4.3). Cross borehole surveys indicate that the average propagation
velocity of frozen sediment is relatively consistent within the upper 5 m (Figure 4.5). An
average velocity of 0.16 m ns-1 for ice, 0.03 m ns-1 for water, 0.15 m ns-1 for frozen
sediment and 0.10 m ns-1 for unfrozen sediment were used in this chapter and those that
follow.
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Figure 4.4. Borehole radar measurements of relative signal strength based on the
first arrival of energy plotted against a) the pore water conductivity and b-d) the
percent of sand, silt and clay. The propagation of radar waves are mainly controlled
by pore water conductivity, based on the good correlation shown in panel a). Note
the change in scale of the x-axis in panels a) and d).
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Subsurface
material

Measured
depth (m)

Two-way travel
time (ns)

Calculated velocity
(m ns-1)

ice

0.54

7

0.154

ice

1.02

13

0.156

ice

1.00

12

0.166

ice

1.36

16

0.17

ice

1.50

18

0.166

ice

1.56

19

0.164

water

1.49

98

0.030

water

0.19

16

0.024

frozen sediment

1.61

21

0.153

frozen sediment

1.00

18

0.111

Table 4.3. Drill verification for GPR reflections at the ice-sediment, ice-water,
water-sediment and frozen-unfrozen interfaces. The calculated velocity was
determined, using the measured drill depth and two-way travel time to each
subsurface reflector.
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Figure 4.5. Calculated wave velocities and dielectric constants in frozen sediment
obtained from cross borehole measurements. The average wave velocity in the
upper 5 m of sediment was 0.15 m ns-1. The maximum uncertainty in velocity is
0.07 m ns-1 and 1.5 for the calculated dielectric constant.

4.3.2 Ground Penetrating Radar Response to Thermally-related Interfaces

Figure 4.6 shows the GPR trace response to changes in ground temperatures and
the thermal state of sediment beneath BFI. At this locality, borehole (GSC 2007-301-063,
BH02) indicates two thermal interfaces at 3 m and 5.5 m in depth. Unfrozen saturated
sediments over this depth range correspond to ground temperatures between -0.06oC and
-0.48oC. Although these sediments are cryotic, the complete lack of ice bonding observed
in sediment core suggests a freezing point depression over this temperature range.
The radar trace response indicates relatively high amplitude reflection events that
correspond to the upper and lower thermal interfaces (Figure 4.6). These interfaces
exhibit opposing wavelet phase under constant antenna directivity. In this study, antennas
were orientated to produce a + - + wavelet phase from the base of the ice. This allowed
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for a + - + reflection wavelet when transitioning from frozen to unfrozen sediment and
- + - phase from unfrozen to frozen sediment. In theory, different reflection polarity
occurs when wave impedance is caused by the transition of materials from a high to low
versus low to high dielectric constant (Arcone et al., 2006).
In Figure 4.6, the depth of signal penetration achieved with 250 MHz is limited to
the first frozen-unfrozen interface, as a result of high signal attenuation in the unfrozen
sediment. The signal attenuation exhibited in fine-grained saturated sediment results from
the interaction between the polar water molecules and the charged sediment surfaces.
However, greater penetration depths were obtained with lower antenna frequencies (e.g.
100 MHz), which allowed multiple frozen to unfrozen transitions to be imaged up to
10 m in depth.

Figure 4.6. Comparison between drill data, ground temperatures and GPR trace
response for 250 MHz and 100 MHz antennas. Drill data at GSC 2007-301-063
indicates a frozen to unfrozen interface at 3 m and an unfrozen to frozen interface
at 5.5 m. The zone of unfrozen sediment corresponds to ground temperatures
between -0.06 and -0.48oC. The GPR trace response to these conditions shows two
reflective events; an upper thermal interface resolved at 40 ns with 250 MHz and a
lower thermal interface identified at 80 ns with 100 MHz antennas.
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The GPR reflections from these interfaces relate to the change in pore water
state, as verified with both drill and ground temperature data. Based on the ground
temperature profile presented in Figure 4.6, a large temperature gradient exists at the
upper thermal interface. This results in a narrow freezing fringe and a sharp interface
between frozen and unfrozen material. This is in contrast to the lower thermal interface,
which exhibits a lower temperature gradient over an equivalent depth interval.
Using the thermal data from this site and unfrozen water content curves (see
Chapter 3, Figure 3.17), the average dielectric constant within the upper 3 m of frozen
sediment is estimated to be 4.6. Whereas, the dielectric constant for frozen sediment
below the lower thermal interface (from 5.5 to 8 m in depth) averaged 9.8. Based on
these estimates, the reflection coefficient for the upper and lower interfaces was
calculated to be -0.38 and 0.17, respectively. The reflection coefficient at the lower
thermal interface is equivalent to the wave impedance experienced from the base of BFI
(i.e. the transition from ice to frozen sediment). The portion of reflected energy at the
upper thermal interface is 21% higher, demonstrating the impact of the thermal gradient
on the dielectric constant of the sediment and the subsurface reflections in the ground.
Only under ground thermal conditions where ice nucleation occurs near 0oC and
where the freezing fringe is narrow will GPR reflections directly correlate to the zero
degree isotherm. The ability to coherently resolve these two interfaces may also be
limited where the change in the dielectric contrast occurs over a depth range that is
greater than the transmitted wavelength. Some misinterpretation may also take place
where more subtle changes in dielectric properties are caused by low temperature
gradients. Thus, the width of the freezing fringe that is determined by the temperature
gradient and freezing point depression are important to the reflection characteristics.

4.3.3 Distribution of Frozen and Unfrozen Sediments

The upper thermal interface shown in Figure 4.6 is identified in a cross-sectional
profile as a laterally continuous reflection (Figure 4.7). The upper thermal interface is
verified to represent the depth of seasonal frost, based on annual ground temperature data

76
(Stevens et al., 2010a). Beneath zones of BFI, seasonal frost develops as a result of
seasonal cooling in the ground that is prompted by ice contact with the sediment bed.
Seasonal frost typically extends less than 3 m below the ice surface. Internal reflections
resolved from within the zone of frozen sediment represent sedimentary structure as
shown in Chapter 3. At greater depths, an additional frozen-unfrozen interface (lower
thermal interface) is detected using 100 MHz antennas (Figure 4.8). This lower thermal
interface represents the approximate position of the ice-bonded permafrost table. At
locations where the permafrost table remains detectable by late winter, seasonal thaw
exceeds freezeback of the active layer and a suprapermafrost talik is present.

Figure 4.7. A 500 MHz GPR profile across zones of bottom-fast and floating ice.
Beneath the BFI an upper thermal interface representing the depth of seasonal frost
was detected at 2 m below the ice surface. Ice-bottom multiples are present from 40
50 ns beneath the zone of floating ice.

Isolated talik zones are resolved with GPR at locations where bathymetric
depressions in the sediment bed occur. In Figure 4.9, the talik zone corresponds to an area
where ice thickness is in excess of 40 cm. On-ice snow depths across this area ranged
from 20-25 cm. The deeper water limits the ice contact time with the sediment bed, as the
duration of winter ice growth is extended in this location. Subsequently, seasonal cooling
of the ground is less and thaw exceeds freezeback. These sites demonstrate the
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relationship that exists between ice thickness and the spatial complexity of
frozen-unfrozen sediment beneath seemingly similar zones of BFI.

Figure 4.8. a) Profile of ice thickness obtained across a 200 m section of BFI and b)
corresponding 100 MHz GPR profile showing both an upper and lower thermal
interface, which defines a talik zone between ~3 m and 5.7m.

Figure 4.9. a) Profile of ice thickness obtained across a 225 m section of BFI and b)
corresponding 100 MHz GPR profile, showing the location of an isolated talik. At
this location, the talik zone corresponds to ice thickness greater than 40 cm.
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The location of several extensive taliks identified from the interpretation of
GPR profiles along a seaward orientated transect at the mouth of Middle Channel are
shown in Figure 4.10. Figure 4.11 shows the location and geometry of one extensive talik
identified beneath BFI within the confines of Middle Channel. This talik is calculated to
be up to 6.7 m thick and to extend for approximately 1.3 km parallel to the flow direction
of Middle Channel. The top of the ice-bonded permafrost is resolved to a depth of 8 m
below the ice surface. In some instances, reflections were not able to be resolved where
the interfaces are beyond the depth of signal penetration or below the resolvable limit of
the antennas. Attempts were made to map the talik, using a 3-D grid. However, issues
related to operating the radar system in the cold limited the acquisition of data in this
area. It is highly likely that the talik shown in Figure 4.11 extends laterally beneath the
surrounding BFI.
Interestingly, a recurring ice blister was located to the north of the talik zone in
March of 2007 and 2009 (see Figure 4.11A). Detailed description of this ice blister is
presented in Appendix B. This ice feature was determined to have formed from the
upward blistering of the ice column, as water supplied throughout the winter accumulated
and refroze beneath the dome-like structure. The ice blister was up to 2 m higher than the
surrounding BFI surface. In 2009, the ice blister consisted of an estimated 204 m3 of ice
that was in addition to river ice. The salinity of water was measured to be up to 78 ppt,
and low amounts of gas trapped beneath the ice blister flared for a short period when lit.
It is inferred that the ice blister is related to the talik zone shown in Figure 4.11 and may
have formed from the expulsion of water, as the talik froze back throughout the winter.
The talik likely facilitates the movement of subpermafrost water and gas to the surface.
Water and gas under confining pressure have been observed at the based of ice-bonded
permafrost within the study area (see drilling notes in Appendix C).
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Figure 4.10. Location of talik zones identified with GPR along a seaward orientated
transect surveyed in March of 2007. The extent of bottom-fast ice is based on
mapping originally presented by Solomon et al. (2005).
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Figure 4.11. A) Location map and B) geometry of a 1.3 km long talik identified with
GPR. The talik extends beneath BFI within the confines of Middle Channel near the
southern end of Niglintgak Island. A recurring ice blister was discovered to the
north of the talik in March of 2007 and 2009 (see Appendix B). Air photo taken on
August 5, 2004 along flight path L47, photo roll number A31863 (available at
http://www.gnwtgeomatics.nt.ca).

4.3.4 Summary of Cryostratigraphy

In general, a strong relationship between BFI thickness and near-shore
cryostratigraphy exists. As previously noted, the increased duration of ice growth in areas
of deeper water restricts the extent of seasonal frost in the ground. This relationship
between ice thickness and the development of seasonal frost is demonstrated in Figure
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4.8 and Figure 4.9. It is inferred that the thermal conditions of the underlying
permafrost is affected where thaw exceeds complete freezeback of the active layer, as
seasonal cooling of the permafrost body is likely to be minimal. If correct, the
interpreting of GPR profiles can identify sites where permafrost is potentially degrading
and no longer in equilibrium with surface conditions. The shallow distribution of frozen
and unfrozen sediment may also be influenced by seasonal changes in the rate of ice
growth and localized sediment deposition and erosion, which alter the water depth and
the sub-bottom thermal regime.
Interpretations of GPR profiles collected over zones of bottom-fast and floating
ice indicate a complex cryostratigraphy with multiple transitions from frozen to unfrozen
sediment occurring over short distances (10’s of metres) by late winter. Typically, where
ice thickness was <1 m complete active layer freezeback occurred (Figure 4.12a).
Whereas, beneath BFI >1 m thick a suprapermafrost talik existed between seasonal frost
and the permafrost table (Figure 4.12b). This reflects conditions where seasonal thaw
exceeds freezeback of the active layer over one or several years. At locations occupied by
floating ice, near-surface sediments were unfrozen within the depth range resolvable with
GPR (Figure 4.12c). The depth of seasonal frost also decreased towards zones of floating
ice, as lateral heat flow restricts the surround sediments from freezing.
Satellite-based radar images acquired over near-shore landfast ice may offer
additional information on near-shore ice conditions. In particular the duration of time ice
is bottom-fast within a given location and the variability in ice contact over a number of
winters. This additional information may be used to identify the location of unfrozen talik
zones, as shown in Figure 4.8-Figure 4.11. Satellite radar data would allow for the
acquisition of data over more extensive areas in all weather conditions. The identification
and monitoring of unfrozen sediment zones becomes important to assessing the risks
associated with the stability of near-shore infrastructure.
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Figure 4.12. Schematic illustration of late winter cryostratigraphy interpreted from
GPR data a) BFI less than 1 m thick characterized by complete freezeback of active
layer, b) BFI greater than 1 m thick characterized by a talik where thaw exceeds
freezeback of the active layer and c) floating ice where sediments are perennially
unfrozen within the upper 3 m of the sediment bed.

4.4 Conclusions

Ground penetrating radar surveys conducted over landfast ice in the Mackenzie
Delta were effective in resolving thermal interfaces. From the results and discussion
presented in this chapter the following conclusions are reached.
1)

Frozen-unfrozen sediment interfaces were resolved up to 8 m beneath near-shore
zones of BFI. The maximum depth of signal penetration within the study area was
10 m. The limiting factor in the propagation of radar waves through frozen
sediment was increased pore water salinity, which subsequently resulted in an
increase in the bulk electrical conductivity of the sediment.
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2)

Thermally-related interfaces closely correlate with frozen-unfrozen transitions
of sediment and changes in ground temperatures from above freezing to below
-0.48oC. The portion of reflected energy from these interfaces is greatly
dependent upon the thermal gradient, which alters the fraction of liquid water
within the frozen sediment and the width of the freezing fringe. This consequently
influences the dielectric contrast and the reflection characteristics produced from
thermally-related interfaces in sediment.

3)

Complete freezeback of the active layer was typically exhibited beneath BFI less
1 m thick. Under snow depths ranging from 20-25 cm deep, complete freezeback
of the active layer to the permafrost table only occurred beneath BFI <40 cm
thick. Sediments were unfrozen at the sediment-water interface (i.e. the sediment
bed surface) where ice remained floating throughout the winter.

4)

Wide-spread

suprapermafrost

taliks

were

identified

where

bathymetric

depressions occurred in the sediment bed and surrounding the location of sub-ice
channels.
5)

The multiple thermally-related interfaces detected beneath BFI suggest a complex
thermal regime exists at scales not easily characterized by point source drill and
ground temperature datasets. Satellite radar may offer additional information over
a wider area of the near-shore zone, which can be used to identify the location of
unfrozen talik zones.

6)

Multi-frequency GPR surveys provide high resolution reflection-based data which
can detect spatial (vertical and lateral) variations in the thermal state over large
coastal regions. Such subsurface datasets become critical to further understand
permafrost conditions and the freeze-thaw process in the coastal zone. Similar
applications of GPR in marine coastal environments dominated by highly
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conductive seawater would likely present less favourable conditions for the
propagation of radar waves and thus limit the depth of investigation.
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Chapter Five: Interannual changes in seasonal ground freezing and near-surface
heat flow beneath bottom-fast ice

5.1 Introduction

Arctic water bodies represent the greatest thermal disturbance to local ground
temperatures (Lachenbruch et al., 1962) and cause significant spatial variability in the
occurrence and condition of permafrost (e.g. Smith, 1976). However, few studies have
examined ground thermal regimes beneath shallow near-shore water (<2 m deep) where
the ice column completely freezes to the sediment bed. Under such conditions, the ice
forms a thermally conductive link that permits heat transfer between the atmosphere and
the underlying sediments. This results in heat loss from the ground and contributes to
sustaining permafrost or causing its aggradation below water (Dyke, 1991; Kurfurst and
Dallimore, 1991; Allard et al., 1998; Dyke, 2000; Burn, 2002; Burn, 2005; Solomon et
al., 2008).
In the near-shore zone of the Mackenzie Delta (Figure 5.1A) regions of shallow
water extend ~15 km seaward of the delta front (Solomon, 2003), with BFI forming over
hundreds of square kilometres by late-winter. As a result, permafrost and seasonal ground
freezing occur over extensive areas (e.g. Solomon et al., 2008; Stevens et al., 2008), yet
little is known about the effects that changing environmental conditions (e.g. sea level
rise, water temperature, on-ice snow accumulation and sediment input) might have on the
ground thermal regime. This is in spite of plans to engineer coastal infrastructure
(pipelines) in support of oil and gas development in the delta (Mackenzie Gas Project,
2008) and increased interest in understanding the impacts of climate change on Arctic
coastal systems (Rachold et al., 2005).
Stevens et al. (2008) showed that ice-bonded permafrost occurring beneath water
depth >1 m was in disequilibrium with the current surface conditions and
suprapermafrost taliks were present. These deeper water sites represent locations where
ice contact with the sediment bed is likely to be short-lived throughout the winter,
causing minimal cooling of the ground. It is hypothesize that interannual variability in ice
conditions is important in determining the duration of ice contact beneath a given water
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depth, which consequently alters winter heat loss and seasonal ground freezing. The
primary objectives of this study are 1) to characterize spatial and temporal variability in
bottom-fast and floating ice conditions, 2) to determine the influence interannual changes
in ice conditions have on seasonal ground freezing and winter heat loss from the ground,
and 3) to examine the implications these changes may have on permafrost beneath zones
of shallow water.

5.2 Methods

Ground penetrating radar was used to determine ice conditions and the depth of
seasonal frost. Surveys were orientated along the regional bathymetric gradient, in order
to capture variations in the thermophysical conditions that occur with changing water
depth. Radar data presented in this chapter were acquired with Noggin Plus 250 MHz and
500 MHz systems using the survey setup described in Chapter 4.
The depth of seasonal frost was detected for active layers above ice-bonded
permafrost, where freezeback of the active layer does not occur annually and at locations
where permafrost does not exist. As demonstrated in Chapter 4, GPR reflections resolved
beneath bottom-fast ice correlate to changes in ground temperature from above to below
0oC. Bottom-fast and floating ice conditions were also distinguished with GPR by the
presence or absence of ice-bottom multiples using the techniques outlined by Stevens et
al. (2009a). Ice-bottom multiples are caused by the high dielectric contrast between ice
(k=3) and water (k=80), which results in large amount (~67%) of reflected energy at the
base of floating ice. This reflected energy is reverberated within the low loss ice column,
resulting in secondary reflections (i.e. ice-bottom multiples) that occur later in travel
time.
The GPR data were processed with a Dewow filter to remove low frequency
signal energy and an automatic gain control to enhance weaker reflections. The two-way
travel time of reflection events were picked using Reflex-Win version 2.5.10. Depth
conversion to each interface was then determined using a multi-layer depth calculation
following Equation 4-1. Average velocity for ice and frozen sediment were based on the
findings presented in Chapter 4.
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Figure 5.1. (A) Location map of the Mackenzie Delta, NWT, Canada and (B) study
area within the near-shore zone. Ground temperature monitoring sites are labeled
as BH01, BH02 and BH04.
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Drilling was conducted with a CRREL coring barrel or an auger attached to an
air rotary drill to validate the GPR interpretations beneath the various ice conditions.
Depth to the base of seasonal frost and to the top of the ice-bonded permafrost was
determined by the drill operator as a change in drill resistance associated with frozen and
unfrozen sediments. At some drill locations, the frost line was not detected and frozen
sediment was continuous with the underlying permafrost. Under such conditions,
thermally-related GPR reflections were not resolved. Verification of ice conditions
(bottom-fast and floating ice) was conducted using an ice auger, with average
measurements of ice thickness determined over regions of floating ice. For purposes of
this study, ice thickness at locations of BFI was considered to be representative of
relative water depth. However, it is recognized that factors influencing BFI thickness
(e.g. flood ice accumulation) will influence estimates of local water depth.
Ground temperature monitoring sites used for this study were established in the
winter of 2004-05 beneath three locations of BFI, referred to as boreholes BH01, BH02
and BH04 (Figure 5.1B). These temperature sites correspond to locations with the same
naming convention presented in Chapter 3. At each temperature site, a borehole was
drilled with a shot hole drill rig up to 10 m below the sediment bed and cased with PVC
(Appendix C). The surface of the casing was installed flush with the sediment surface in
order to prevent the instrumentation from being destroyed by ice movement during the
winter and the spring Figure 5.2. Ground temperatures were logged at these sites using
thermistor cables consisting of YSITM thermistors and RBRTM submersible data loggers.
Ground temperatures were recorded every 8 hrs with an accuracy of ± 0.1oC.
Temperatures at the sediment surface were measured within ± 0.3oC every 3 hrs with a
VemcoTM minilog. Recovery of the data loggers occurred during the succeeding winters
by repositioning the borehole locations with a real time kinematics GPS system and
cutting through the ice column. The ice at each site had become bottom-fast by latewinter, making it possible to recover the loggers.
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Figure 5.2. Schematic illustration showing the setup of ground temperature
monitoring sites located within the near-shore zone of the Mackenzie Delta.

The estimated amount of heat flow in the ground was calculated using

Q = −λ

∂T
∂z

(Eq. 1)

where Q is the heat flow through the ground (W m-2), λ is the effective thermal
conductivity (W m-1K-1) and ∂T is the change in ground temperature over ∂z the change
in depth (m) (Williams and Smith, 1989). The integral of the heat flux over the winter
was used to determine the total loss of heat from the ground. These calculations become
important when assessing the variability in heat loss beneath varying ice conditions and
its potential impact on permafrost.
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Sediment thermal properties of sandy silt were determined from both intact
sections of core and remolded sediments from the study sites using a KD2 ProTM dual
needle probe, manufactured by Decagon Devices. This probe works by emitting a known
pulse of heat, with the measured change in temperature recorded over time (60 seconds).
Calculations for this device are based on modeled temperatures surrounding an infinite
line heat source, which are fitted to the thermal response measured during heating and
cooling of the sample. The rate and change in temperature measured is proportional to the
amount of heat emitted by the probe and the thermal properties of the sediment (Carslaw
and Jaeger, 1959). The accuracy of this device is ± 5% for the thermal conductivity and

± 7% for the heat capacity (Decagon Devices, 2006). Performance verification of the
probe was routinely conducted throughout the sampling.
Air temperatures were obtained from the Tuktoyaktuk climate station (Latitude:
69° 25.8' N Longitude: 133° 1.8' W Elevation: 4.6 m, Climate ID: 2203912)
(Environment Canada, 2007a). This site is approximately 100 km to the east of the study
area and is subject to similar coastal conditions. Figure 5.3 shows the correlation between
mean daily air temperatures observed at Tuktoyaktuk and Pelly Island located within
close proximity to the Middle Channel study area. The equation of the least-squares
linear regression line is T(PELLY)=0.89 T(TUK)-1.09 with a correlation of 0.98 for the
measurements recorded from 2000-2005. Comparison of the measurements from these
two sites indicates that air temperatures recorded at Tuktoyaktuk are well related to those
at Pelly Island and suitable for use at the study site.
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Figure 5.3. Correlation between mean daily air temperatures (T) recorded at
Tuktoyaktuk (TUK) and Pelly Island (PELLY) during 2000-2005.

5.3 Results
5.3.1 Ground Temperature Sites

Late-winter (March) measurements of ice thickness at the three ground
temperature sites are shown in Table 5.1. Ice thickness at sites BH01 and BH04 is similar
with depths ranging between 0.30-0.40 m, while BH02 exhibits significantly thicker ice
(~1.00 m) and thus it represents a site of deeper water. The relative consistency in
bottom-fast ice thickness measured at the individual sites over the three winters is
interpreted to indicate little net sediment deposition or erosion at these locations. An
attempt was made to measure the elevation of the top of the casing with RTK GPS to
determined vertical movement of the casing and changes in sediment deposition and/or
erosion. However, poor quality of these annual measurements limited the use of this data
for this purpose.
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Sediment cores from these sites indicate that sediments within the upper 1-4 m
consist of silt to very fine sand with pore water salinity typically <0.5 ppt (maximum 4
ppt). The average thermal conductivity measured from sediment core was 1.4 Wm-1K-1
for frozen sediment (Appendix D). Ground temperature records from each site indicate
that permafrost is present (Figure 5.4). Drill measurements indicate ice-bonded
permafrost is up to 21.5 m thick. The coldest ground temperatures are recorded to occur
beneath the shallowest water depths at BH03. The warmest permafrost is present beneath
the deepest water at site BH02. Over the period of record, significant interannual
variability in ground temperatures occur despite little change in BFI thickness and water
depth (Table 5.1 and Figure 5.4). The progression of active layer thaw beneath shallow
water is ~2 m thick, as shown in Figure 5.5. Active layer thaw begins in early June, with
the maximum depth of thaw occurring around mid-to-late September.
The mean summer, winter and annual air temperatures recorded during the period
of study at Tuktoyaktuk are presented in Table 5.2. Slightly warmer average air
temperatures were recorded in 2005-06. At the ground temperature sites, the average
water temperature measured during ice-free periods at the sediment-water interface were
9.3oC in 2005 and 10.1oC in 2006. Along the distal end of the sediment bar, at the
location of BH04, the average water temperatures were up to 1.4oC colder. This reflects
the increased distance from the source of warmer Mackenzie River water and the mixing
of colder coastal water.

Site
BH01
BH02
BH03
BH04

March 2005
0.24
1.02
0.00
0.70*

Late winter ice thickness (m)
March 2006
0.36
1.05
0.10
0.46

March 2007
0.30
1.00
0.10
0.40

Table 5.1. Bottom-fast ice thickness at ground temperature monitoring sites.
Asterisk indicates locations where flood ice was identified.
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Year
2005-2006
2006-2007

Average air temperature (oC)
Annual
Summer
-8.7
7.1
-8.9
10.3

Average ice thickness (m)
Winter
-22.8
-24.2

1.14
1.60

(n=41)
(n=76)

Table 5.2. Annual and seasonal mean air temperatures (oC) at Tuktoyaktuk station
A and mean ice thickness (m) at the Middle Channel study site. Mean annual air
temperatures were determined from September 1 to August 31, summer
temperatures from June 1 to August 31 and winter temperatures from November 1
to March 31. Average ice thickness was determined from drill measurements over
zones of floating ice in mid to late March.

94

Figure 5.4. Ground temperature plots for sites BH01-BH04 from April of 2005 to
March 2008. The isotherms are plotted every 1oC over the period of record.
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Figure 5.5 Active layer thaw beneath shallow water sites BH01 and BH04. Thaw
depths represent the position of the zero degree isotherm at 10 days increments.

5.3.2 Spatial Variability in Landfast Ice and Seasonal Frost

Landfast ice in the near-shore zone of the Mackenzie Delta can be divided into
three zones: 1) bottom-fast, 2) floating and 3) transitional ice. Bottom-fast and floating
ice zones represent regions where each ice condition extends for several kilometres in
distance. This is in contrast to transitional ice zones that exhibit the variability in floating
to-bottom-fast over distances less than 100-200 m, as shown in Figure 5.6 (for mapping
techniques see Stevens et al., 2009a). Over the course of a winter, the limit of these ice
zones shifts as the ice progressively thickens, making these boundaries time dependent
rather then stationary. By late-winter (March) the three ice zones are relatively well
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established, as the rate of seasonal ice growth decreases and the ice column is close to
its maximum thickness.

Figure 5.6. Transitional ice zone mapped with 250 MHz ground penetrating radar.
Reflection amplitude time slice map created using average amplitude values
between 40-50 ns. High amplitude values correspond with regions of floating ice and
low amplitude values with bottom-fast ice (see Stevens et al., 2009a).

The spatial extent of bottom-fast and floating ice differed significantly between
the winters of 2005-06 and 2006-07 (Figure 5.7). The maximum linear extent of BFI
along the survey transect was approximately one-third less in March 2006 than one year
later and the ice at the study sites was thinner (Table 5.2). A reduced ice thickness for the
winter of 2005-06 was also recorded at Inuvik, located south of the study area, apparently
as a result of an increase in early season on-ice snow (Figure 5.8). The progression of onice snow and ice thickness could not be continuously recorded at the study site, but
average snow thickness at the end of winter was 20 cm in 2005-06 and 10 cm in 2006-07,
suggesting that the difference in ice thickness and extent of BFI related to changes in the
rate of ice growth caused by the insulating effect of on-ice snow and slightly warmer
winter air temperatures. Figure 5.7 also shows that over the two winters, some locations
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consistently exhibit either bottom-fast or floating ice. This is the result of local water
depths being well within or outside the depth range necessary for each ice condition to
develop. Where interannual changes in the extent of bottom-fast and floating ice occur,
water depths are close to the maximum thickness of the ice column. Sedimentation and
erosion likely had little influence on local water depth over the two years of study based
on bathymetric measurements determined with GPR.

Figure 5.7. Plan view of late-winter ice conditions for the winters of 2005-06 and
2006-07 along a 13 km long transect (see Figure 5.1) using 250 MHz GPR data.
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Figure 5.8. Comparison of ice and on-ice snow thickness from November to April of
2005-6 and 2006-07 at Inuvik, NWT. The data show an increase in on-ice snow
thickness from early to mid-winter in 2005-06, which corresponds to a decrease in
ice thickness. Data provided by the Canadian Ice Services (Environment Canada,
2007b).

Seasonal frost was only encountered beneath BFI (Figure 5.9) and was
determined with drill and GPR measurements to extend up to 3.3 m below the sediment
bed. The depth of seasonal frost typically thinned beneath thicker ice. Sediments cores
obtained from these locations were ice-bonded with ice lenses <1 mm thick (see
Chapter 3). Directly below the ice column, vertical ice veins were observed and in some
cases reticulate ice was present. Seasonal frost was also encountered below isolated
regions of BFI within the zone of transitional ice. The penetration of frost within these
transitional zones was often considerably less than in the continuous BFI zones and
abruptly thinned towards adjacent areas of floating ice (Figure 5.10). The maximum
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depth of seasonal frost within transitional ice zones is thought to be reduced by lateral
heat flow between adjacent regions of floating and bottom-fast ice.

Figure 5.9. (A) 250 MHz GPR profile surveyed across a zone on bottom-fast ice. (B)
Interpreted GPR profile delineating the base of ice and depth of seasonal frost (solid
lines).
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Figure 5.10. (A) 250 MHz GPR profile surveyed across a zone of transitional ice. (B)
Interpreted GPR profile delineating the base of ice, depth of seasonal frost (solid
lines) and sediment-water interface (dashed line). Note seasonal frost is only present
beneath locations of bottom-fast ice.

The general relationship between ice thickness and the depth of seasonal frost
obtained from GPR data along one transect is shown in Figure 5.11. Average on-ice snow
thickness for this transect was 23 cm. Where ice thickness was less than 0.45 m, complete
freezeback of the active layer occurred. Seasonal frost developed where the ice thickness
exceeded 0.45 m and the top of ice-bonded permafrost was not detected at shallow
depths. The variability in the depth of seasonal frost below a given ice thickness is likely
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the result of on-ice snow and lateral heat flow, which limits propagation of the
freezing front into the ground. This warrants further study in order to define the critical
water depth for permafrost in this environment.

5.3.3 Ground Temperatures and Heat Flow Beneath Bottom-fast Ice

At the sediment bed, ground temperatures are above 0oC during periods of open
water and at or below 0oC during periods of ice cover (Figure 5.12). Prior to ice contact,
during the period of floating ice, ground temperatures at the sediment bed are around 0oC
and are in thermal equilibrium with the water column. As the ice extends down to the
sediment bed, the temperatures become consistently negative and ice-bonding of the
underlying sediments takes place. During the period of BFI, variations in ground
temperatures at the sediment bed correlate with the general pattern of air temperatures
through the winter.
The onset of BFI and the duration of ice contact are spatially variable among the
temperature sites (Table 5.3). Ground temperatures at sites BH01 and BH04 indicate a
similar timing for ice contact in mid-November. In comparison, site BH02 experienced
the onset of BFI in late February in 2006 and in early January in 2007. The difference in
the timing of ice contact with the sediment bed can be partly explained by the greater
amount of ice growth necessary to achieve BFI conditions at locations of deeper water,
such as at BH02. Additional factors affecting the thermal rate of ice growth (e.g. on-ice
snow) and minor fluctuations in the water level from tidal fluctuations and river
discharge are also likely to be influential in the timing of BFI.
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Figure 5.11. Depth of seasonal frost plotted against ice thickness. Radar depth
measurements were calculated with an average velocity of 0.16 m ns-1 for ice and
0.15 m ns-1 for frozen sediment using 500 MHz GPR data collected in March 2008.
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Figure 5.12. (A) Mean daily air temperatures recorded at Tuktoyaktuk, NWT, and
(B) corresponding sediment bed temperatures recorded every 3 hours at sites BH01,
BH02 and BH04. Arrows indicate the onset of bottom-fast ice conditions at each site.

Sediment bed temperatures show a gradual warming between mid-March and
early-May as air temperatures steadily rise, during which time the ice column remains
bottom-fast (Figure 5.13). Surface conditions dramatically change with the flooding of
the ice surface and the melting of on-ice snow in May, leading to an abrupt increase in
sediment bed temperatures to ~0oC. A majority of the flooding is in response to increased
spring meltwater being discharged from the Mackenzie and Peel Rivers (Carmack and
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Macdonald, 2008). The over-ice flooding results in thermal degradation of the BFI,
which eventually leads to the detachment of the ice column from the sediment bed. While
visual observations of ice liftoff were not made at all sites, liftoff was inferred to have
occurred when sediment bed temperatures rose consistently above 0oC. Ice liftoff at all of
the sites was within a few days of each other, with the onset occurring 1-2 days earlier at
site BH01 when compared to BH04 which is located further seaward along the distal
edge of the sediment bar (Table 5.3). After detachment of the BFI, the sediment bed is in
direct contact with liquid water and temperatures rise well above freezing. This period of
time represents the onset of active layer thawing, which extends throughout the period of
open water (Figure 5.4).
Ground temperature site

Winter

BH01

2005-06

Ice contact time

Onset date of BFI

Liftoff date of BFI

200 days

11/13/2005

6/1/2006

2006-07

206 days

11/10/2006

6/4/2007

BH02

2005-06
2006-07

83 days
154 days

2/23/2006
1/2/2007

6/2/2006
6/5/2007

BH04

2005-06
2006-07

204 days
213 days

11/11/2005
11/4/2006

6/3/2006
6/5/2007

Table 5.3. The onset and liftoff dates of bottom-fast ice and the duration of ice
contact time at each ground temperature monitoring site.

The timing of over-ice flooding and the loss of ice from each ground temperature
site were also confirmed with unpublished field observations made by the Geological
Survey of Canada (Solomon, personal communication). On-site field mapping of the
extent and timing of over-ice flooding by this field program closely supports the
interpreted thermal response caused by the change in surface conditions at each site.
Near-surface temperatures at the three sites were consistently colder in the winter
of 2006-07 (Figure 5.14). The freezing front propagated similarly into the ground at
BH01 and BH04, with freezeback of the active layer occurring between 80 and 100 days
after the initial onset of BFI. However, minimum ground temperatures at BH04 were up
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to 5oC colder than at BH01. At BH02, ground temperatures were much warmer due to
the limited number of days available for cooling the ground. As a result, freezeback of
the active layer did not occur at this site and average annual temperatures at the top of
permafrost were only slightly below 0oC. Over the two measurement years, the
permafrost table at BH02 deepened by 90 cm, as only minimal heat loss from the
underlying permafrost body took place.
The calculated heat flux from the ground and the total heat loss over the period of
ice cover for the three sites are shown in Figure 5.15. Heat flux calculations for each site
indicate increasing heat loss (cooling) following the onset of BFI conditions, until early
May when heat is added to the ground. In general, a greater amount of heat loss takes
place where the ice contact time is longer, such as at BH01 and BH04, and cooling of the
ground is restricted at deeper water sites such as BH02. The short-term fluctuations in
heat loss during the winter of 2006-07 are due to a thinner on-ice snow cover, whereas
they are more attenuated due to the insulating effect of thicker snow in the former year.
The addition of heat prior to ice break-up is in response to over-ice flooding and
increasing air temperatures, which causes the ice column to be warmer than the
underlying sediments. This change in the temperature gradient allows heat to enter the
ground under BFI conditions.
Calculated heat losses during the period of ice cover in the winter of 2005-06
were 42.6 MJ m-2 at BH01, 42.1 MJ m-2 at BH04 and 3.3 MJ m-2 at BH02. In the
following year, losses calculated for these sites were 99.4 MJ m-2, 88.6 MJ m-2 and 13.5
MJ m-2, respectively. Summer input of heat into the ground during the period of open
water ranged from 38-56.2 MJ m-2 in 2005 and 69.4-77 MJ m-2 in 2006 at the shallow
water sites. Over 2005-06, therefore, BH04 had a calculated net annual loss of heat from
the ground of 8 MJ m-2 and the other two sites experienced a gain of ~13 MJ m-2. Annual
estimates for 2006-07 indicated a net loss of heat at all of the sites, with 23 MJ m-2 at
BH01, 1.3 MJ m-2 at BH02 and 19.7 MJ m-2 at BH04 due to greater winter cooling.
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Figure 5.13. Late-winter mean daily air temperatures at Tuktoyaktuk in (A) 2006
and (B) 2007, and corresponding sediment bed temperatures at monitoring sites
BH01, BH02, BH04 in (C) 2006 and (D) 2007.
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Figure 5.14. Ground temperature profiles at 20 day intervals up to 100 days after
the initial onset of bottom-fast ice conditions (day 0). Missing profiles indicate that
the site began warming prior to day 100.
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Figure 5.15. Calculated heat flux from the ground at sites BH01, BH02 and BH04
during the winters of 2005-06 and 2006-07.
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5.4 Discussion
5.4.1 Seasonal Ground Freezing and Near-surface Heat Flow

Seasonal frost is spatially variable within the coastal zone of the Mackenzie Delta
where BFI occurs (Figure 5.9 and Figure 5.10). Over one year, spatial differences in
seasonal ground freezing are mainly due to local changes in water depth, with the onset
and duration of BFI being important factors. This is evident by comparing differences in
winter heat loss from the ground at sites BH01 and BH04 (<0.5 m water depths) to site
BH02 (1 m water depth) (Figure 5.14 and Figure 5.15). Locations of shallow water
(BH01 and BH04) exhibit a greater ice contact time with the sediment bed, which results
in greater cooling of the ground throughout the winter and the presence of permafrost.
Deeper water sites, such as BH02, exhibit both late onset of BFI and a shorter ice contact
time. Consequently, there is both a decrease in the penetration of seasonal frost and
reduced heat loss beneath deeper water sites, resulting in warmer ground temperatures.
Cooling of the ground is also less effective in late winter and early spring, due to
progressively increasing air temperatures and the thermal and albedo effects of over-ice
flooding at some sites (Dean et al., 1994).
Short-term interannual variability in ice conditions also impacts the spatial extent
of ground freezing, as demonstrated by changes in the distribution of BFI between the
two winters (Figure 5.7). During years with decreased rates of ice growth (e.g. the winter
of 2005-06), the ice contact time is decreased and thus the penetration depth and rate of
ground freezing are less. In some instances, the complete absence of seasonal frost may
occur at locations previously subject to BFI during winters that exhibit slow rates of ice
growth. Interannual variability in winter heat loss from the ground, therefore, can be
attributed to several key factors which include; i) the timing and duration of BFI
conditions, ii) the on-ice snow pack properties (e.g. thickness and rate of accumulation)
and iii) the average winter air temperature (Figure 5.15).
The timing and duration of BFI conditions at similar water depths are mainly
related to on-ice snow properties, which restrict heat loss from the ice-water interface

110
during the period of ice growth. This is supported by previous studies which have
shown that ice growth is highly sensitive to the insulation from snow (e.g. Holtsmark,
1955; Jacobs et al., 1975; Maykut, 1978). Brown and Cote (1992) found that in the high
Arctic snow cover accounted for 30-60% of the variance in maximum late winter ice
thickness within the zone of landfast ice and air temperature explained less than 4% of
the variability. Based on data presented in Table 5.3, deeper water sites located in water
depths that are close to the “typical” thickness of late-winter ice are more sensitive to
interannual variability in ice conditions than shallow water sites.
On-ice snow cover also plays a significant role in reducing heat transfer through
the ice column once ice is bottom-fast, similar to its insulating effects on land (e.g.
Mackay, 1974; Outcalt et al., 1975; Smith, 1975; Goodrich, 1982; Zhang et al., 1996).
The insulating effects of thicker on-ice snow in 2005-06 are responsible for both the
attenuated signal of heat loss from the ground and the major differences in heat loss
between sites with similar ice contact times (e.g BH01 and BH04) (Figure 5.15). Other
controls on through-ice heat transfer include over-ice flooding, which temporally limits
heat loss from the ground and the ice column as shown in Figure 5.13. Over-ice flooding
occurring throughout the winter also reduces the on-ice snow thickness and insulation of
the ground, by the melting the snow and refreezing it as superimposed white ice that has
a higher thermal conductivity.
5.4.2 Implications for Permafrost Stability

The development of seasonal frost within shallow water environments is
important to permafrost stability because only minimal heat loss from permafrost takes
place prior to complete freezeback of the active layer (Figure 5.14). This is because of
the conduction of heat through saturated sediments is limited by the presence of liquid
pore water and a large amounts of energy need to be extracted to advance the freezing
front. Given that summer water temperatures measured at the ground temperature sites
were relatively similar over the study period, it is inferred that variations in heat
exchange during the period of open water were not responsible for the major differences
in winter ground temperatures.
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In some instances, freezeback of the active layer within shallow water
environments takes longer than in similar terrestrial permafrost environments onshore.
This is attributed to the greater active layers developed beneath shallow water sites, and
the amount of time necessary for the ice column to thicken and become bottom-fast.
Osterkamp and Romanovsky (1997), for example, found that at West Dock on the
Alaskan coastal plain, the average active layer thickness was 0.36 m, freezeback began in
mid-September and was completed after 42 days in late-October. In the outer region of
the Mackenzie Delta, onshore active layer thickness recorded in 2009 range from
30-40 cm for hummocky tundra, peatland and wetland terrain (Kanigan, personal
communication). The timing of active layer freezeback corresponding to these terrain
types was determined to be on November 11, November 28 and December 17,
respectively. The variability in freezeback of the active layer at these sites is likely the
result of differences in snow depth that reduce heat loss and water content that impacts
latent heat in the ground. At the shallow water sites presented in this study, the active
layer thickness was determined to be on the order of 2 m, with the duration of freezeback
at BH01 and BH04 spanning 80-100 days following the onset of BFI. In addition,
complete freezeback did not occur at site BH02. Permafrost at BH02 appears to be in
disequilibrium with surface conditions and the permafrost table is increasing in depth
below the sediment bed. In order to sustain permafrost at this site under equilibrium
conditions, an increase in the ice contact time under minimal snow thickness is necessary.
An increase in the ice contact time may be achieved by decreasing the water depth.
A conceptual model depicting the differences between shallow water (<0.5 m)
and deep water (>1 m) sites is shown in Figure 5.16. Water depths that are <0.5 m
typically exhibit early onset of BFI and prolonged duration of ice contact, resulting in
freezeback of the active layer and permafrost cooling. Beneath water depths >1 m limited
duration of ice contact throughout the winter and complete freezeback of the active layer
does not take place. Under the deeper water scenario, the heat gained from the previous
summer cannot be effectively removed. As a result, degrading permafrost conditions
exist and deepening of the permafrost table occurs. On a larger scale, near-shore ice and
snow conditions reflect major changes in seasonal ground freezing and the thermal
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condition of permafrost beneath varying water depths. As a result, thermal modeling
of near-shore permafrost conditions over wide areas could be based on the integration of
water bathymetry, ice growth and on-ice snow thickness.
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Figure 5.16. Schematic illustration showing the development of seasonal frost
beneath zones of bottom-fast ice. A) Shallow water of <0.5 m deep where onset of
bottom-fast ice occurs in early winter and is followed by development of seasonal
frost and active layer freezeback. B) Deep water site >1 m where bottom-fast ice
occurs only in late winter. As a result, the penetration of seasonal frost into the
ground is limited and a suprapermafrost talik is present. Note that some deep water
sites may not exhibit underlying permafrost.
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5.5 Conclusions

Near-surface thermal conditions beneath bottom-fast and floating ice are
significantly different due to the presence and timing of ice or water at the sediment bed.
From the examination of ice conditions and ground temperatures over the winters of
2005-06 and 2006-07, the following conclusions are reached.
1)

Interannual differences in ice growth over the winters of 2005-06 and 2006-07
had a profound effect on the extent of bottom-fast ice and the duration that ice
was in contact with the sediment bed. This resulted in changes in the total winter
loss of heat from the ground and in the spatial distribution and depth of seasonal
frost.

2)

Colder ground temperatures (between -3oC and -10.3oC) and complete freezeback
of the active layer occurred where early onset of BFI led to longer periods of ice
contact during the winter. These conditions developed beneath water depths of
<0.5 m. At these sites permafrost was in equilibrium with surface conditions.

3)

Water depths >1 m were characterized by prolonged periods of ice growth that
limited the ice contact time and resulted in warm winter ground temperatures
ranging between -0.5oC and -2.6oC. At locations where permafrost was present,
annual freezeback of the active layer did not always occur and permafrost at these
locations was degrading.

4)

The onset of seasonal thaw beneath locations with BFI is initiated by detachment
of the ice column and water at the sediment bed. Prior to removal of the ice
column, over-ice flooding allows for the input of heat into the ground and
warming of the sediment bed temperatures to 0oC.
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Chapter Six: Modeling ground thermal conditions and the limit of permafrost
within the near-shore zone of the Mackenzie Delta

6.1 Introduction

In the near-shore zone of the Mackenzie Delta (Figure 6.1) BFI forms over
extensive regions, due to shallow water depths (<2m deep) that extend ~15 km offshore
(Solomon et al., 2003). Where ice is bottom-fast, heat is readily conducted from the
underlying sediments, which contributes to sustaining and aggrading permafrost below
shallow water (e.g. Dyke, 1991; Dyke, 2000; Solomon et al., 2008). Key factors
controlling heat loss from the ground include the duration of time ice is bottom-fast and
the thermal insulation of the overlying snow pack (Stevens et al., 2010a). These two
factors determine the thermal conditions at the sediment bed and whether permafrost is
within thermal equilibrium or disequilibrium with surface conditions. Further offshore,
ice remains floating throughout the winter and the thermal condition of subsea permafrost
is controlled by water temperatures at the seabed (Mackay, 1972a).
The transition of permafrost across the near-shore zone is complex and in part
related to water bathymetry that extends from shore (Dallimore et al., 1988; Kurfurst and
Dallimore, 1991, Figure 9). In Arctic deltas, the water bathymetry is spatially variable in
responses to changes in sediment delivery and transport along the coast, and localized
erosion of the sediment bed (e.g. ice scours). As a result, permafrost does not exhibit a
simple and predictable transition towards deeper water. For example, Stevens et al.
(2008) showed over short distances (10’s of metres) permafrost may transition from
equilibrium to disequilibrium conditions beneath seemingly similar zones of BFI. These
locations represent sites where water depth or surface conditions have changed; whereby,
incomplete freezeback of the active layer occurs and permafrost is degrading (Stevens et
al., 2010a). This in contrast to locations where permafrost is in thermal equilibrium and
complete freezeback of the active layer and little interannual change in ground
temperatures at the depth of zero annual variation occurs. Seaward of the modern
Mackenzie Delta, the top of permafrost is variable or permafrost is absent beneath
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floating ice where water depths are >2 m deep (Hunter et al., 1978; Judge et al., 1987;
Pullan et al., 1987).
Proposed plans for natural gas extraction make it important to understand
permafrost within the near-shore zone of the Mackenzie Delta (Mackenzie Gas Project,
2008). Knowledge on the current state of permafrost, its distribution and its potential
response to climate change is essential for the safe and cost effective design and
construction of coastal infrastructure. Currently, little is known about the near-shore
extent of contemporary permafrost in the Mackenzie Delta, when compared to the
distribution of onshore terrestrial permafrost (Nguyen et al., 2009) and subsea permafrost
that occurs in deeper water (Hunter et al., 1978). This limited understanding is partly
related to the lack of field-based data which is necessary to model ground temperatures
and to map permafrost in this environment. However, more recent ground temperature
records acquired beneath varying water depths throughout the period of open-water and
ice-cover (Solomon et al., 2008; Stevens et al., 2010a) offer a unique opportunity to
validate ground thermal models and further define the conditions that constrain
permafrost in this environment.
In this chapter, ground temperatures are numerically modeled under scenarios of
varying on-ice snow depth, in order to define ground thermal conditions, and to establish
the contemporary limit of permafrost beneath shallow water. The primary objectives of
this study are 1) to characterize the thermal offset between air and sediment bed
temperatures (SBT) for the periods of ice-cover, 2) to model thermal boundary conditions
at the sediment bed and the top of permafrost beneath BFI, 3) to determine the
contemporary limit of permafrost under equilibrium conditions, 4) to develop a nearshore distribution map of permafrost and seasonal frost and 5) to determine the impact of
sediment deposition has on the thermal evolution of permafrost in the context of an
aggrading delta.
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Figure 6.1. Location map of the Mackenzie Delta, N.W.T. a) showing the extent of
the outer delta mapped with synthetic aperture radar and b) showing drill and
ground temperatures sites located at the mouth of Middle Channel.
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6.2 Methods
6.2.1 Field-based Measurements

In this study, late winter ice measurements were made following techniques
described in Chapter 5. All field measurements and model simulations were based on the
thickness of BFI. Equivalent water depth measurements were corrected for the 9%
reduction in volume associated with the change from solid ice to liquid water. On-ice
snow thickness was typically determined from an average of 30 snow probe
measurements and the base of ice-bonded permafrost was determined from drilling
conducted with an air rotary drill in March of 2007 (Appendix C).
Ground temperatures were measured for two consecutive years (2005-2006 and
2006-2007) at four BFI locations, which span water depths ranging from 10-100 cm. The
sites extend along a seaward transect at the mouth of Middle Channel (Figure 6.1).
Temperatures at the sediment bed were measured with a VemcoTM logger accurate to

± 0.3oC. Additional information on the installation of these sites and the instruments used
for measuring ground temperatures can be found in Chapter 5. Data coverage was
continuous for the period of study with the exception of site BH03, which experienced
failure of the data logger for five months in 2006. The stability of this site was also
compromised during the winter of 2007 when heaving of the well casing occurred,
limiting the use of data from this location.
The ground temperature records used in this study have been presented in Chapter
5, Figure 5.4. Herein, we utilize this dataset to establish the measured relation between air
temperatures (Ta) and SBT and to independently verify thermal modeling results.
Freezing indices, expressed as degree days (oC d), were calculated from the accumulated
temperatures measured below 0oC. Indices for the air were calculated from air
temperature measurements recorded at Tuktoyaktuk (Environment Canada, 2008) and for
the sediment bed using measurements recorded with the VemcoTM loggers at each
monitoring site. The Tuktoyaktuk site is located approximately 100 km east of the study
area and is subject to similar coastal conditions, including air temperature (see Figure
5.3). Air temperature measurements from nearby stations that were closer to the study
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area could not be used due to the lack of a complete record for 2006-2007. Freezing
n-factors defined as the ratio between the sum of freezing indices in the air and at the
sediment bed were calculated using (Lunardini, 1978)

FDDs
=
nf =
FDDa

θ fs

∫θ (SBT − T )dt
θ
∫θ (T − T )dt
f

fa

a

Equation 6-1

f

where nf is the freezing n-factor, FDDa and FDDs are the accumulated air and sediment
bed freezing degree days (oC d) for the period (in time t) of freezing in the air ( θ fa ) and at
the sediment bed ( θ fs ). Tf is the freezing point temperature (0oC). For the winter of
2006-2007 FDDa was calculated to be 4356 degree days.
The computed n-factors summarize the surface energy balance and act as transfer
functions between the air and sediment bed temperature. N-factors have been applied for
engineering purposes (Carlson, 1952; Lunardini, 1978) and in natural settings to
determine surface offsets at the ground surface and to determine permafrost conditions
and distribution (Jorgenson and Krieg, 1988; Wright et al., 2000; Henry and Smith, 2001;
Klene et al., 2001; Karunaratne and Burn, 2004; Kade et al., 2006). An n-factors
approach is used in this study i) to define and characterize local variability in surface
offset, ii) to relate surface offset to permafrost conditions and iii) to present the findings
of this work in a way that may be easily utilized by future studies.

6.2.2 Modeling Approach

TEMP/W thermal modeling software (TEMP/W Release 7.03, 2007) was used to
model the winter sediment bed temperatures (SBTw) under varying thickness of on-ice
snow and the aggradation of permafrost in response to sediment deposition. TEMP/W has
been verified against analytic solutions and is commonly used in permafrost-related
studies (Arne and Anisimov, 2008; Taylor et al., 2008; Kokelj et al., 2009). The modeling
code is based on a finite element numerical solution of conductive heat transfer that
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accounts for temperature dependent thermal properties, sediment unfrozen water
content, the distribution of latent heat and the geothermal flux of heat from earth’s
interior (Geo-Slope International Ltd, 2007). A geothermal heat flux of 60 mW m-2 was
also applied to the modeling, which is representative for the Mackenzie Basin
(Majorowicz et al., 1990).
Model simulations were run to assess the sensitivity of ground temperature to
changing on-ice snow under various thickness of BFI that were unable to be instrumented
in the field. One dimensional simulations were run with a BFI thickness of 10, 25, 50, 75,
100, 125, 150 cm and an average on-ice snow thickness of 10, 20, 30 and 40 cm. Average
snow depths were used, since no continuous record exists for the study area and landbased records inaccurately capture snow accumulation and redistribution on ice
(Hanesiak et al., 1999; Dumas et al., 2005; Iacozza and Barber, 2010). Records available
for the Alaskan coast indicate that the snow pack on landfast ice is relatively consistent
(<4 cm increase from February to early June) (Sea Ice Group, 2010) (Figure 6.2). Iacozza
and Barber (2010; Figure 3a) also indicate relatively consistent snow depths from January
to early April over smooth land-fast ice recorded in Franklin Bay, located east of the
Mackenzie Delta. Measurements from both of these locations suggest an average on-ice
thickness is suitable for the purposes of this study.
The initial timing of BFI at each water depth under the given snow thickness was
defined by a simplified ice growth model (Woo and Heron, 1989)

∂hi ⎛⎜ Tw − Ts
=
∂t ⎝⎜ ρ i L f

⎞⎛ hi hs ⎞
⎟⎜ + ⎟
⎟⎜ k k ⎟
s ⎠
⎠⎝ i

−1

Equation 6-2

where ∂hi / ∂t is the rate of ice growth, Tw is the freezing point of water (oC), Ts is the
snow surface temperature assumed to be equivalent to the air temperature (oC), L f is the
latent heat of fusion (J kg-1), ρ i is the density of ice (kg m-3), hi and hs are the ice and
snow thickness (m), and k i and k s are the thermal conductivity of ice and snow. The ice
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growth model was validated against field measurements using the timing of BFI
recorded at the ground temperature sites and the average ice thickness determined from
drill measurements. The ice growth model does not account for local variability in ice
growth caused by significant spatial difference in on-ice snow, sub-ice currents or more
dynamic ice-related processes (e.g. frazil ice formation).

Figure 6.2. On-ice snow records from Barrow, Alaska showing the temporal
variability in snow depth for the winter of 2005-2006 and 2006-2007. Raw data
provided by the Sea Ice Group at the University of Alaska Fairbanks (Sea Ice
Group, 2010)

Average winter temperatures modeled at the sediment bed with TEMP/W were
validated against field measurements and used to compute nf for each snow and BFI
thickness. The nf values were then combined with an average water temperature to
determine the mean annual sediment bed temperature (SBTa) (modified from Smith and
Riseborough, 2002)
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SBTa =

(TDDw ) − (n f FDDa )

P

Equation 6-3

and to determine the temperature at the top of permafrost (TTOP) (modified from Smith
and Riseborough, 1996; Riseborough and Smith 1998)

TTOP =

(rk TDDw ) − (n f FDDa )

P

Equation 6-4

where P is the annual period (365 d), TDDw is the thawing degree days of the water
column and rk is the ratio between the thermal conductivity of thawed and frozen
sediment. The TDDw parameter applies an average water temperature of 9.5oC over the
period of open water and is defined by

TDDw = (W Ave * Pow )

Equation 6-5

where WAve is the average water temperature (oC) for the period of open water (Pow) in
days. The TDDw term represents modification of the original equations presented by
Smith and Riseborough (1996) and Riseborough and Smith (1998) for terrestrial
environments. This term is substituted in place of the n-thawing factor and TDDa, which
do not apply to aquatic environments where water temperatures moderate SBT during the
period of open water. The consistency of average annual water temperature in this region
(Stevens et al., 2010a) allows for such simplification. The rk parameter accounts for
seasonal differences in heat transfer caused by changes in the thermal conductivity of the
ground. The TTOP model, however, does not directly account for latent heat. The
thermal conductivity of thawed and frozen sediment was measured from samples
collected at the study site.
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In this study, the TTOP model provides the structure to assess the influence
that changing ice and snow condition may have on permafrost. The TTOP model links
top of permafrost temperatures to surface-climate interactions. This model has been
utilized to analyze the impacts of climate change (Smith and Riseborough, 1996), to
determine environmental controls on the limits of permafrost in Canada (Smith and
Riseborough, 2002) and to map ground temperatures on a regional scale (Henry and
Smith, 2001). More recently, the TTOP model was applied to assess the effects varying
surface conditions have on mountainous permafrost in Norway (Juliussen and Humlum,
2007).
Thermal properties for sediment, ice and snow incorporated into the TEMP/W
model are shown in Table 6.1. The thermal conductivity and volumetric heat capacity for
ice was based on published values presented by Williams and Smith (1989). Snow
properties were based on a bulk average given by Sturm et al. (2002) for on-ice snow in
the Beaufort Sea. Sediment thermal properties of sandy silt were determined from both
intact sections of core and remolded sediments from the study sites using a KD2 ProTM
dual needle probe, manufactured by Decagon Devices. The temperature dependent
thermal conductivity and heat capacity of the sediment was expressed as a function of the
unfrozen water content. The unfrozen water content was measured with TDR (see
Chapter 3). The fit of Wu over a temperature (T) range of 0oC to -8oC was found to be
Wu=0.1358*T-0.637. The unfrozen water content curve at 10 ppt was applied for depths
beyond 7 m, which is consistent with measured pore water salinity presented in Chapter
3. The average rk value for sediment was determined to be 0.57.

Property
-1

-1 o

Unfrozen thermal conductivity (kJ day m
-1

Unfrozen heat capacity (kJ m-3 oC-1)
Frozen heat capacity (kJ m

-3 o

-1

C )

C )

-1 o

Frozen thermal conductivity (kJ day m

-1

-1

C )

Snow

Ice

Sediment

48

48

94

12

193

120

4187

4187

3130

735

1880

2929

Table 6.1. Thermal properties of snow, ice and sediment used to simulate ground
temperatures.
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6.2.3 Mapping Ice Conditions with Synthetic Aperture Radar

A time series of Synthetic Aperture Radar (SAR) images were used to determine
the timing and extent of BFI throughout the winter of 2006-2007. Synthetic aperture
radar is an active radar method that sends and receives microwaves, which are reflected
back to the sensor as backscatter values. The technique has been shown to be effective in
delineating floating and BFI extents in response to differences in radar backscatter
(Solomon et al., 2005; Eicken et al., 2005; Hirose et al., 2008). The high dielectric
contrast between ice and water at the base of the floating ice column causes a high
portion of the energy to be reflected. Whereas a much lower amount of energy is
reflected from the base of BFI, resulting in a lower backscatter (Duguay and Lafleur,
2003).
The images analyzed in this study consisted of ENVISAT ASAR (Advanced
Synthetic Aperture Radar) C-band images acquired in VV polarization mode on
December 20th, January 24th, February 28th and March 16th at 12.5 m resolution. Each
image was geographically registered and imported into PCI for visual enhancement using
a linear contrast stretch. Zones of BFI were manually digitized based on scaled amplitude
values. Automated classification could not be conducted due to speckle effects over
regions of floating ice. The duration of BFI for each classified region was then assigned
an Ice Contact Time (ICT) that ranged from the date of the last image. From this data, a
near-shore distribution map of permafrost and seasonal frost was created using the
numerically modeled thresholds for each condition. The mapped extent of permafrost and
seasonal frost were validated against GPR and drill data acquired in 2007. Near-shore
regions with seasonal frost represent locations where permafrost is absent or incomplete
freeze-back of the active layer occurs by late winter.
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6.3 Results and Discussion
6.3.1 Thermal Boundary Conditions at the Sediment Bed

Table 6.2 summarizes the average SBT and air temperatures on an annual and
seasonal (freezing and thawing) basis for the study sites. The greatest variability in
seasonal temperature occurs throughout the freezing season, with mean temperatures
deviating by up to 9.8oC (from -0.5oC to -10.3oC) beneath BFI that ranges from 10 cm to
100 cm thick. Intra-site variability in freezing season temperatures over the two winters
was as much as 4.7oC. This variability in ground temperatures throughout the freezing
season can be explained by differences in the timing of BFI for each water depth and
thermal insulation caused by on-ice snow (Stevens et al., 2010a). Such differences alter
the duration of ice contact with the sediment bed surface and subsequent heat loss from
the ground (see Chapter 5). For example, in Figure 6.3, sites located beneath 30 cm and
100 cm of BFI experience a 6.3oC difference in SBTw (from -4oC to -10.3oC), with the
warmest SBTw associated with deeper water and a shorter ICT. Prior to the onset of BFI,
the temperature of the freshwater beneath the floating ice column is 0oC.
During periods of open water (thawing season), SBT are consistently higher than
the recorded air temperature (Figure 6.3). This is due to the buffering effects of the water
column, which limits cooling of the sediment bed during period of decreasing air
temperature. The high heat capacity of water also allows the transport of heat over
significant distances as the water moves down river and across the near-shore zone,
resulting in convective heat transport. Over the two years, the maximum difference in
SBT was 1.5oC in water depths ranging from 10-100 cm (Table 6.2). Intra-site variability
in temperature over the two years was <1oC. The SBT are somewhat independent of
water depth, due to the shallow conditions and the thorough mixing of water as it enters
the near-shore zone. Mean water temperature at the study sites are comparable to
measurements reported by MacKay and Mackay (1975) and Smith (1976). However,
more pronounced differences in water temperature from those measured within the study
area may occur at locations not directly influenced by the Mackenzie Plume.
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Mean sediment bed temperatures (oC)
BH01

BH02

BH03

BH04

Air

30

100

10

40

--

2005-2006

1.4

3.1

-3.4

-0.8

-9.5

2006-2007

-0.7

2.5

--

-2.8

-8.6

2005-2006

-3.0

-0.5

-9.7

-6.1

-18.4

2006-2007

-7.7

-2.6

--

-10.3

-18.9

2005

9.6

9.6

8.1

8.7

5.9

2006

10.6

10.6

--

9.2

8.3

Ice thickness (cm)
Mean annual

Freezing season

Thawing season

Table 6.2. Mean annual and seasonal temperatures measured at the sediment bed
surface and air temperatures are taken from Tuktoyaktuk meteorological station A.
Freezing and thawing seasons are based on the periods of ice cover and open water.
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Figure 6.3. Sediment bed temperatures for 2006-2007 measured beneath 30 cm and
100 cm of BFI and the Tuktoyaktuk air temperature record for the same period of
time. The temperatures are presented as an average of five days for clarity. The
arrows point to the onset of BFI for each water depth.

6.3.1.1 Seasonal Freezing N-factors (nf)
The calculated freezing nf for the field sites ranged from 0.03 to 0.54, with the
lowest values corresponding to the shortest ice contact times that occur where BFI is
thicker (i.e. at deeper water sites) (Table 6.3). The average annual change in nf from the
shallowest to deepest water site was 0.45, representing the 9.8oC change in SBTw. Intra
site variation in nf was up to 0.24, which corresponds to the 4.7oC change in SBTw. The nf
is inherently variable for different water depths, since freezing degree days do not begin
to accumulate until after the onset of BFI. Prior to BFI during the period of floating ice,
SBT are isothermal at 0oC and do not contribute to the FDDs total. Therefore nf is
sensitive to changes in the timing and duration of BFI. An n-factor approach for the
freezing season can be used for locations with BFI, since the air and sediment bed surface
is dominated by conductive heat transfer through the snow and ice column. However, the
high degree of interannual variability in nf at individual sites suggests that SBTw must be
modeled as a function of the ICT for each water depth.
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6.3.2 Modeled Ice Contact Times (2005-2006 and 2006-2007)

The ICT can be defined as a function of the water depth (WD) and the rate of ice
growth (ICT=f(WD, ∂hi / ∂t )), where the timing of ice freeze-up and break-up are held to
be constant over an area. Snow plays an important role in determining the ICT, as it
restricts heat loss at the ice-water interface and thus decreases ∂hi / ∂t . Once the ice
column becomes bottom-fast, snow also limits heat loss from the underlying sediments
(Stevens et al., 2010a). Where the ICT=0, the ice does not become bottom-fast and
SBTa>0oC.
Over the winter of 2005-2006 and 2006-2007, contrasting coastal ice and snow
conditions were observed within the study area (Table 6.4). The reduction in ice growth
in the former winter was associated with an average snow depth of 20 cm. During this
time, some channel locations in the outer delta exhibited 30-40 cm of snow. In the winter
of 2006-2007 snow depths averaged 10 cm. Table 6.4 indicates average ice thickness
recorded in March of 2006 was anomalous to other recent winters. This suggests that
contemporary ice and snow conditions are more closely represented by those conditions
recorded in the winter of 2006-2007.
Modeled ice growth confirms that the increase in on-ice snow exhibited in 2005
2006 contributed to a slower rate of ice growth (Figure 6.4). The modeled rate of ice
growth has a direct impact on the ICT, with the accumulated impacts being greater in late
winter (Figure 6.4b). This results in deeper water sites experiencing greater interannual
variability in ICT when compared to those of shallow water. The modeled ice growth was
based on an average on-ice snow thickness for each winter and validated against direct
measurements from ground temperature sites and average drill measurements recorded in
mid-to-later winter. Therefore, these modeled results do not account for local variability
in ice growth caused by differences in on-ice snow, sub-ice currents or more dynamic
ice-related processes (e.g. frazil ice formation). However, this is thought to be
insignificant based on drill and GPR measurements of ice thickness and ice
characteristics observed from core.
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Freezing (nf) n-factors
BH01

BH02

BH03

BH04

2005-2006

0.17

0.03

0.53

0.33

2006-2007

0.41

0.14

--

0.54

Freezing season

Table 6.3. Freezing n-factors calculated for the two years of study using Equations
6-1.

March
measurement

Average ice
thickness (cm)

Standard
deviation

Number of
samples

Average snow
depth (cm)

2005

163

11.8

n=11

--

2006

114

24.8

n=41

20

2007

160

18.8

n=76

10

2008

153

--

n=6

--

2009

168

11.8

n=16

11

Table 6.4. Average ice and snow conditions measured beneath floating ice in mid to
late March of each year. Note that March ice thicknesses are slightly less than end of
winter measurements.
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Figure 6.4. Modeled a) ice thickness and b) ice contact times for the winters of
2005-2006 and 2006-2007. Ice growth over these two winters is validated using drill
measurements of ice thickness and the timing of bottom-fast ice recorded at the
ground temperatures sites.

6.3.3 Modeled Sediment Bed Temperatures

Figure 6.5 shows SBTw and corresponding nf values modeled with snow depths
ranging from 10-40 cm during the 230 day freezing season. The modeled data is based on
results obtained from TEMP/W using full thermal conditions and an ICT that has been
corrected for ice growth under each snow depth scenario. Measured SBTw lie within the
range of temperatures modeled using 10-40 cm snow depths (Figure 6.5). Based on
average snow depths at each site, temperatures measured over the two freezing seasons
are shown to be in good agreement with modeled values (Figure 6.6). Six of the seven
modeled SBTw are within ± 0.25oC of the measured temperatures, which is within the
accuracy of the VemcoTM loggers used to record SBT. In addition, SBTa over one year
are within ± 0.4oC of the measured values.
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Figure 6.5. Modeled mean winter sediment bed temperature (SBTw) and freezing nfactor (nf) for average snow depths ranging from 10-40 cm. Mean temperature
exponentially increases with increasing duration of ice contact. A greater thermal
offset is also observed under thicker snow.

The relation between SBTw and ICT is exponential, with increasing ICT and
decreasing snow depth associated with colder temperatures (Figure 6.5). A greater
departure in temperature exists as ICT and snow vary, due to the difference in heat loss
caused by the duration of ice contact and the insulation of the overlying snow. At the
maximum ICT of 230 days, SBTw changed by 8.5oC in response to snow thickness
varying from 10 cm to 40 cm. Whereas, temperatures varied by <1oC under similar snow
conditions where the ICT was <50 days in duration. Significantly less variability in mean
temperature at shorter durations of ICT relates partially to the release of latent heat from
freezing of the underlying saturated sediment, which modifies temperatures at the
sediment bed.
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Figure 6.6. Measured vs. modeled plots of a) SBTw for the freezing season and b)
SBTa. Six of the seven modeled SBTw are within 0.25oC of the measured values.
Annual temperatures modeled at the sediment bed at within 0.4oC of the measured
values. The black solid line represents a 1:1 line and the dashed lines show ± 0.5oC.

6.3.4 Modeling Subsurface Ground Temperatures

A 1-D model was constructed in order to simulate variations in ground
temperatures at depth. Figure 6.7 indicates that both the seasonal cycle in temperature
and the Mean Annual Ground Temperature (MAGT) can be reasonably predicted for the
study area. In this example, the model is forced with measured SBT. The results shown in
Figure 6.7 demonstrate that the generalized geologic properties used in the model are
suitable for simulating deeper ground temperatures. This is due to the relatively uniform
sediment characteristics and the low amounts of ground ice which exist throughout the
study area (see Chapter 3). The differences that do exist between the modeled and

133
measured temperatures are the result of more complex processes (e.g. non-conductive
heat transfer, moisture migration during freezing and subtle variations in sediment
properties) that are not captured by the thermal model.

Figure 6.7. Modeled and measured ground temperature for sites BH01 and BH04
showing the annual variability in temperature and the Mean Annual Ground
Temperature (MAGT) profile.

6.3.4.1 Thermal Boundary Conditions
Ground temperatures can be modeled using a number of different inputs that are
used as driving conditions for modeling deeper ground temperatures. For this study, these
include the use of a seasonal temperature cycle at the sediment bed or mean annual
temperatures at the top of permafrost (TTOP values). A modeling approach that
integrates a seasonal change in SBT allows for heat flow to be simulated on a daily basis
and for freezing and thawing of the ground.
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The seasonal cycle in SBT can be characterized by average temperatures over
the periods of open water and ice cover, with the timing of ice freeze-up and break-up
held constant (Figure 6.8). The seasonal cycle in SBT is constructed using an average
water temperature of 9.5oC for the period of open water and 0oC for the period of floating
ice. Ice freeze-up is initiated on October 15th (Julian Day – JD 288) of each year, from
which the ICT for each water depth is determined. The SBTw is then computed from the
ICT (see Figure 6.5). During ice break-up SBT is held to be constant at 0oC throughout
the period of over-ice flooding, which extends from May 15th to June 5th (JD 135-156).

Figure 6.8. Mean sediment bed temperatures over one year for 10 cm and 100 cm
water depths. The differences in temperature between the two water depths result
from a change in the duration of BFI.

135
6.3.5 Limits of Permafrost

The critical ICT and water depth at which permafrost may be present under
equilibrium conditions can be assessed using the TTOP model (Equation 6-4). The
limiting conditions for permafrost is where TTOP=0oC. Figure 6.9 shows the critical ICT
and corresponding water depths for permafrost under each snow depth scenario. The limit
of permafrost is shown to shift towards progressively deeper water as snow depth
decreases. The critical ICT necessary to sustain permafrost is also less where snow
thickness is reduced. This is in response to more heat loss taking place throughout the
freezing season; therefore, less time is necessary to meet the same thermal conditions.
Based on data presented in Table 6.4, the contemporary snow thickness for the
region of study is ~10 cm. This corresponds to a critical water depth of 84 cm (calculated
from an ice thickness of 93 cm), which is equivalent to an ICT of 142 days ± 12.5 days.
The calculated uncertainty is based on the error associated with the ice growth modeled
used to establish the duration of BFI. Drill measurements obtained in March of 2007
indicate that the critical BFI thickness for permafrost to be maintained is between 80 cm
and 100 cm. At BFI thicknesses greater than 100 cm, permafrost is either not present or
occurs in disequilibrium with surface conditions and is degrading. This is evident by
degrading permafrost conditions at site BH02 (see Chapter 5).
The modeled limit of permafrost also agrees with findings presented by Burn
(2002). This study determined that the limiting water depth for permafrost along the
margins of coastal lakes located east of the modern delta on Richards Island was 60% of
late winter ice thickness. This was in support of earlier reports made by Mackay (1992).
For the present study, contemporary late-winter (March) ice thickness is 161 cm and the
modeled critical BFI thickness for sustaining permafrost is 93 cm, which is
approximately 60% of the ice thickness. Where on-ice snow thickness increases this limit
may be considerably less as demonstrated by Figure 6.9. It can be inferred that snow
conditions over anomalous winters (e.g. 2005-2006) will induce short-term warming of
permafrost, while long-term ground thermal conditions and the limit of permafrost are
based on more representative winters.
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Figure 6.9. Modeled temperatures at the top of permafrost (TTOP) for average
snow depths ranging from 10-40 cm. The critical ICT and maximum water depth at
which permafrost may be present under is noted by the vertical dashed lines. The
critical ICT defining the permafrost limit (PF limit) decreases beneath thinner snow
depths in response to greater heat loss throughout the winter.

6.3.6 Near-shore Distribution of Permafrost and Seasonal Frost

The extent of permafrost and seasonal frost throughout the near-shore zone was
mapped using SAR images collected over the winter of 2006-2006. Figure 6.10 shows
normalized pixels values from locations where ice was determined by GPR as being
either bottom-fast or floating. The average backscatter value from regions of BFI was
42% lower then locations exhibiting floating ice. This is due to attenuation of the
microwaves upon penetrating the sediment beneath BFI. In contrast to floating ice
locations where a high dielectric difference and backscatter occurs from the ice-water
interface. Some locations interpreted as being BFI may exhibit higher backscatter caused
by rubble ice or where ice transitions at a scale that is below the resolution of the SAR
image. The returns from floating ice are likely to exhibit differences caused by ice and
snow characteristics, ice roughness at the base ice column and due to volumetric scatters
from air inclusions within the ice column.
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Figure 6.10. Normalized amplitude values from a SAR image collected over nearshore regions of bottom-fast and floating ice. Each ice condition was verified using
GPR or drill measurements.

The time series of SAR images used in this study are shown in Figure 6.11-Figure
6.14. From these images, the modeled distribution of shallow water permafrost and
seasonal frost along the modern delta front was mapped (Figure 6.15). The map shown in
Figure 6.15 integrates the model criteria for permafrost and seasonal frost and uses the
ICT determined from the SAR images. The map only indicates regions that are underlain
by permafrost in equilibrium with surface conditions and does not delineate the current
extent of permafrost in disequilibrium. In addition, the model criteria applied to the map
does not account for lateral heat flow. It is also important to note that the distribution of
seasonal frost is only for the winter of 2006-2007 and may shift in response to
interannual changes in ice growth.
Approximately 781.7 km2 of BFI was mapped within the region of interest (see
Figure 6.1 for mapped area). Of which 393.8 km2 was determined to be underlain by
equilibrium permafrost and an additional 387.9 km2 affected by seasonal ground freezing.
The distribution map exhibits a perfect fit with the drill data (Table 6.5) and has a 95.5%
agreement with GPR data acquired over 22 km at the Middle Channel study site (Figure
6.15a). Disagreement between the distribution map and the geophysical surveys occurs at
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the boundaries between seasonal frost and permafrost, which is inferred to relate to
differences in the mapping resolution of each dataset.
Permafrost is modeled to occur beneath much of Middle Channel which separates
Langley and Niglintgak Islands (Figure 6.15a). However, permafrost in equilibrium is
non-existent across deeper water located near boreholes BH02 and BH02-T (Figure
6.15a, Table 6.5). Further seaward at the mouth of the channel, the broad lobate bar is
characterized by shallower water depths (longer ICT) and thick ice-bonded permafrost
(21.5 m deep at sites BH03 and 060). Permafrost thins towards boreholes BH04 and
BH05 and eventually transitions into near-shore regions that are solely affected by
seasonal ground freezing. Northeast of the Middle Channel site, permafrost and seasonal
frost surrounds many of the remnant Pleistocene islands. Coastal erosion of the islands
(Solomon, 2003) and recent sediment supply from Kumak Channel, located to the north
of Niglintgak Island, contributes to the shallow water and occurrence of BFI. This nearshore region likely resembles early stages of the Big Lake Delta Plain (Taylor et al.,
1996a; Todd and Dallimore, 1998).
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Figure 6.11. December 20, 2006 ENVISAR ASAR image acquired over the outer
Mackenzie Delta (©ESA, 2007). Regions of land are delineated with a solid yellow
line and regions of BFI with a dashed line.
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Figure 6.12. January 24, 2007 ENVISAT ASAR image acquired over the outer
Mackenzie Delta (©ESA, 2007). Regions of land are delineated with a solid yellow
line and regions of BFI with a dashed line.

141

Figure 6.13. February 28, 2007 ENVISAT ASAR image acquired over the outer
Mackenzie Delta (©ESA, 2007). Regions of land are delineated with a solid yellow
line and regions of BFI with a dashed line.
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Figure 6.14. March 16, 2007 ENVISAT ASAR image acquired over the outer
Mackenzie Delta (©ESA, 2007). Regions of land are delineated with a solid yellow
line and regions of BFI with a dashed line.
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Figure 6.15. Near-shore distribution of equilibrium permafrost and seasonal frost
beneath shallow water located along the modern delta front, with insets centred
around a) Middle Channel and b) Olivier Islands. Note that permafrost in
disequilibrium with surface conditions extends beyond the limits shown above. The
maximum extent of seasonal frost may also vary in response to interannual changes
in ice growth, resulting in differences in the distribution BFI.
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Site

Ice thickness (cm)

Base of IBP (m)

BH03
060
BH01
BH04
BH05
BH02
BH02-T

10
10
30
40
80
100
136

21.5
>20
21.5
16.5
7.2
---

Active layer (m)
2006
2007
2.3 FB
2.2 FB
--2.0 FB
1.9 FB
2.3 FB
2.0 FB
-FB
SPT
SPT
SPT
SPT

Table 6.5. Drill measurements to the base of ice-bonded permafrost (IBP) beneath
varying ice thickness. Active layer depths are based on the maximum position of the
0oC isotherm for 2006 and 2007. Sites denoted with (FB) indicate complete
freezeback of the active layer and (SPT) indicates the presence of a suprapermafrost
talik. See Figure 6.1 for site locations.

Figure 6.15b shows an additional inset area focused around Olivier Islands, with
Ellice Island in the view. Interestingly, shallow water and BFI does not occur across most
of the area seaward of Ellice Island and parts of Langley Island. Coastal retreat along this
portion of the shoreline is 2 m a-1 to 7.5 m a-1 (Solomon, 2005). The lack of BFI within
this area results from water depths that are greater than annual ice thickness. Drillers’
shothole logs confirm that landfast ice was floating within this region of the near-shore
zone since the early 1970’s (database originally compiled by Smith and Lesk-Winfield,
2010) (see Appendix C). It is inferred that an insufficient source of sediment is currently
supplied by distributary channels to this locality, which contributes to the lack of shallow
water. Nevertheless, relic permafrost seaward of Ellice and Langely Islands is possible,
given the rates of coastal retreat and the time necessary to degrade cold terrestrial
permafrost (Dyke, 1991). Permafrost distribution is more extensive beneath the channels
that separate the Olivier Islands (Figure 6.15b). Shallow water occurring between these
islands is the result of recent channel infilling and landward progradation of sediment
(Jenner and Hill, 1998).
The thermal modeling and mapping presented in this study are not intended to
capture local variability of ice and snow conditions, which would affect the ground
thermal regime. Instead, the model predicts ground temperatures and the limit of
permafrost for representative conditions by summarizing more complex heat flow that
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occurs on a seasonal basis. Stevens et al. (2008) has shown that changes in water
depth occurring over 10’s of metres impact the distribution of the underlying ice-bonded
permafrost, which are not fully captured by the mapping shown in Figure 6.15. Lateral
heat flow was also neglected, due to the low gradient of near-shore water bathymetry.
However, lateral heat flow becomes an important influence adjacent to land and/or where
dramatic changes in water depth occur. The critical conditions for the limit of coastal
permafrost is also not transferable to shallow water environments within southern regions
of the delta, due to regional differences in snow and ice conditions (Figure 6.16). These
regional changes in snow and ice suggest that ground thermal conditions are significantly
different at locations below treeline, where snow distribution is affected by vegetation
and topography which surround the water body. Local snow and ice conditions are also
more spatially variable across delta lakes and channels in comparison to large near-shore
regions of landfast ice.

6.3.7 Impact of Sedimentation on Ground Temperatures

Over time, sediment deposition impacts ground temperatures by altering water
depth and thus the ICT and the SBTw. As sediment deposition contributes to shallower
water depths, the duration of the ICT increases. This results in greater heat loss from the
ground and progressively colder SBTw throughout the period of BFI.
Radiocarbon dating conducted by the Geological Survey of Canada has yielded an
average rate of ~1 cm a-1 for the Middle Channel distributary bar (see Chapter 3). This
sedimentation rate is consistent with measurements made within the Olivier Islands
(Jenner, personal communication). However, the sedimentation rate is likely to be
spatially and temporally variable around this average and larger depositional events may
occur within localized areas. For example, in April of 2010, water depths at BH04 were
measured with RTK GPS to be 30 cm less than previous years (from 40 cm to 10 cm)
(Solomon, personal communication). Major shifts in sediment have also been measured
within Shallow Bay at the locations of a sub-ice channel. In the winter of 2009, the subice channel was mapped with GPR and found to have laterally migrated 200 m in
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2.5 years (Stevens et al., 2009b). This change was accompanied by infilling of the
former channel with at least 70 cm of sediment and down cutting of a new channel.
Figure 6.17 shows the impact of a 30 cm decrease in water depth, which is similar
to the changes measured at BH04. After the first year, ground temperatures change within
the depth of annual variation in response to the shift in SBTa, from -0.5oC to -3.3oC and a
change in SBTw from -7.8oC to -11.8oC. After five years, the active layer has decreased
slightly and the permafrost body becomes colder as a new thermal equilibrium is reached.

Figure 6.16. Regional changes in late-winter a) snow and b) ice conditions
determined along a regional transect extending from Inuvik to the near-shore zone
of the Mackenzie Delta in April of 2009. Snow depths represent an average of 30
measurements with the error bars represent one standard deviation in thickness.
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Figure 6.17. Modeled ground temperatures for 10 cm and 40 cm water depth for an
average on-ice snow depth of 10 cm. The change in water depth is accompanied by a
decrease in ground temperatures.

6.3.7.1 Sediment-related Changes to the Extent of Bottom-fast Ice
Comparison of late winter ice conditions mapped for the winters of 1992-1993
and 2006-2007 using SAR images indicate changes in the extent of BFI (Figure 6.18). It
is inferred that most of the changes over the 14 year period relates to sediment deposition
and erosion, which alter water depth and the spatial distribution of BFI. It is noted that
the variability of BFI could also be related to differences in ice growth between these
years. However, air temperatures are relatively consistent for these winters, with FDDa
totals calculated to be 4322 for 1992-1993 and 4355 for 2006-2007 (Figure 2.2). Despite
the similarities in air temperature, the influence of snow on ice growth can not be ruled
out at this time. The SAR images available for comparison were also not acquired on the
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same date (April 27, 1993 and March 16, 2007), which may result in ~15-20 cm of
additional ice growth.
The total area occupied by BFI was determined to be 2.6% greater for the winter
of 2006-2007, resulting in an additional 15 km2 of BFI within the area used for
comparison. The comparison indicates that large regions of the near-shore zone are
consistently with the zone of BFI. Over the 14 year period, the distal edge of the Middle
Channel distributary bar is characterized by the seaward addition of BFI (Figure 6.18).
Assuming that this change is not related to difference in ice thickness, it can be inferred
that sediment deposition in this region has contributed to shallower water depths and BFI.
To the west within the Olivier Islands, an increase in the BFI extent has also taken place.
This includes the area to the north of Pitt Island and to the west of Stroud Island. In
addition, BFI south of Ellice Channel shows a landward shift between 1993 and 2007.
More dynamic changes are also observed where sub-ice channel systems are
constrained by BFI and at the location of mid-channel bars (Figure 6.18). These sites are
inherently more vulnerable to sediment transport (i.e. erosion and deposition) that is
caused by fluvial action. Recent winter surveys across sub-ice channel in the delta have
revealed high flow in the midst of winter and as ice break-up takes place (Solomon,
personal communication). At these locations, the BFI reduces the cross sectional area of
the channel through which water can flow, causing high velocities and greater than
expected sediment mobility in the winter. Sediment transport is also inferred to be more
dynamic along the distal edge of distributary bars
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Figure 6.18. Comparison of late-winter bottom-fast ice extent mapped with SAR
images acquired on April 27, 1993 and March 16, 2007 at A) the mouth of Middle
Channel and at B) the Olivier Islands. Hatcher pattern indicates 1993 extent and
solid blue indicates 2007 extent of bottom-fast ice.
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6.3.8 Aggrading Permafrost

Over time, permafrost can be expected to aggrade as sediment deposition
contributes to decreasing water depths and emergence of the bar surface. As shown in
Figure 6.18, most near-shore distributary bars remain within the zone of BFI which
allows time for permafrost to aggrade as a result of the net loss of heat from the ground
beneath BFI.

Figure 6.19 shows the aggradation of permafrost under an idealized

scenario where sediment deposition conforms to an average rate that is unaffected by
erosional events or periods of non-deposition. For all of these scenarios, sedimentation
exceeds the modern rate of sea level rise in the Mackenzie Delta, which has averaged
2.5 mm a-1 for the last 3,000 years (Hill et al., 1993). Modeled permafrost thicknesses are
estimated to be 19 m, 28 m and 46 m under an average sedimentation rate of 2 cm a-1,
1 cm a-1 and 0.5 cm a-1, respectively. The growth of permafrost ranges from 10-20 cm a-1
at these shallow depths. Permafrost aggrades faster where sedimentation is higher, due to
a faster decrease in TTOP. However, permafrost is thicker where the sedimentation is the
slowest and thus the ground is subjected the longest to negative surface temperatures. The
rate at which permafrost aggrades can be expected to decrease as the permafrost body
thickens, since heat transfer into the ground is approximately the square root of time.
Once the distributary bar becomes exposed to subaerial conditions, fluvial
sedimentation is limited and the supply of sediment is mainly from high water events
caused by the spring freshet and storm surges. The sedimentation rate can be expected to
decrease during this time, but must be greater than the rate of sea level rise in order for
the distributary bar to remain exposed. Dyke (2000) indicates that the coldest ground
temperatures in the delta take place on exposed bar surfaces, due to the lack of vegetation
and to the low amount of snow accumulation. It is estimated that MAGTs are as low as
-8oC to -9oC for a bar surface. The ground surface temperatures decline as the bar surface
continues to aggrade and vegetation is established (Smith, 1975). The MAGT across the
outer-delta has been reported to vary between -3oC to -5oC and between -1.5oC to -3oC
for the inner-delta plain (Burn and Kokelj, 2009). Warmer MAGT may occur within the
outer-delta where greater snow accumulation takes place due to vegetation (e.g. tall
willows).
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A regional view of present-day permafrost thickness across the Holocene
Mackenzie Delta is shown in Figure 6.20. In general, older and thicker permafrost is
present within the inner-delta, while younger and thinner permafrost is present towards
the outer delta. The permafrost beneath emerging sediment bars located in the shallow
water zone at the front of the delta represents the most recently aggraded permafrost.
Complicating this regional view of permafrost are spatial and temporal changes in
climate, ground surface conditions (i.e. the succession of vegetation and formation and
migration of water bodies) and sedimentological development of the delta. Over time,
coastal retreat will result in truncation of this idealized curve and degradation of
permafrost along the once exposed delta plain. Such conditions are currently taking place
where sedimentation is less than the rate of sea level rise, such as the region north of
Ellice Island (Figure 6.15).
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Figure 6.19. Permafrost development for an aggrading distributary bar with an
average sedimentation of a) 0.5 cm a-1, b) 1 cm a-1, and c) 2 cm a-1. The modeled
results were established using a change in boundary conditions at TTOP and
assume a sea level rise of 2.5 mm a-1. Each panel (a-c) is plotted using a different
time scale on the y-axis, which represent the maximum duration of time necessary
for the bar surface to become subaerially exposed. Permafrost thickness is based on
the 0oC isotherm.
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Figure 6.20. Regional view of permafrost thickness across the delta plain and
shallow water in the near-shore zone of the Mackenzie Delta. Black diamonds
represent depths to the zero degree isotherm measured in deep wells drilled for oil
and gas exploration (Smith and Burgess, 2002). Squares represent the depth of icebonded permafrost beneath shallow water sites and the open diamond represents
the expected thickness of permafrost modeled in Figure 6.19. Distance to each
location is based on the linear distance from Point Separation, located near the apex
of the delta. Degrading permafrost within the near-shore zone of the delta is not
shown due to the lack of data.

6.3.8.1 Onshore Permafrost at GSC Unipkat and Shell Unipkat I-22
The modeled growth of permafrost beneath an aggrading bar shown in Figure
6.19 can be compared to onshore measurements made at GSC Unipkat and Shell Unipkat
I-22 well sites that are presently located onshore (see Figure 6.1). Stratigraphy at the GSC
Unipkat well site is characterized by a post-glacial marine sequence that grades upwards
into Holocene deltaic sequence of sediments. The deltaic sequence consists of prodelta
clays that are overlain by a coarsening upward distal and distributary bar sequence of silt
and sand (Figure 6.21). The uppermost sediments consist of flood plain deposits.
Measured pore water salinities increase up to 43 ppt within the marine clays, with an
average 14 ppt in distal bar and <1 ppt in distributary bar sediments (Dallimore and
Mathews, 1997). Salinity within distributary and distal bar deposits are similar to values
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measured at the Middle Channel distributary bar (see Chapter 3). Depth to the base of
ice-bonded permafrost is 48 m at GSC Unipkat (Dallimore and Mathews, 1997) and 58 m
at Shell Unipkat I-22 (Smith and Burgess, 2002). At Shell Unipkat I-22, the depth of the
zero degree isotherm marking the base of permafrost is 86 m (Smith and Burgess, 2002).
The zero degree isotherm represents, by definition, the true thickness of the permafrost
body. The difference in depth between ice-bonding and below 0oC temperatures is a
function of the effects which higher salinity values have on the freezing characteristics of
the sediments.
Based on the findings presented in Figure 6.19, nearly half of the 86 m of
permafrost at Shell Unipkat I-22 could have formed beneath shallow water, as this site
aggraded and became part of the delta plain. This is assuming an average sedimentation
rate of 0.5 cm a-1 under the constant sea level rise. As the Unipkat site aggraded above
water and became part of the delta plain, permafrost aggradation would be expected to
slow in response to heat transfer through the thicker permafrost body and to changes in
surface conditions. A more complex history of development is also possible for this site,
which could involve multiple periods of submergence from lake formation and/or the
avulsion of channels through this area. However, the sediment record from the GSC
Unipkat well does not indicate the occurrence of such events.
Taylor (1996b) estimates that the Unipkat site became exposed to subaerial
conditions 4.5 ka years ago. However, these results are based on an instantaneous
transition from deep water to subaerial conditions, which neglect the thermal imprint
placed on the ground during the period of time the site is beneath shallow water (i.e. prior
to emergence of subaerial conditions). In light of the new understanding of thermal
conditions beneath shallow water, the timing of exposure of this site may have been
overestimated.
The thermal and physical conditions at the Unipkat site also limit permafrost
aggradation at depth. For example, the increase in salinity and presence of fine-grained
clays act to impact the thermal properties and thus heat transfer in the ground. These
thermophyiscal conditions are likely to exist beneath other outer delta locations and may
be a regional restriction on permafrost growth and the thickness of ice-bonded
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permafrost. Allen et al. (1989) found that older permafrost thickness surrounding the
delta is controlled by both lithology that alters thermal properties in the ground and
surface temperature history.

Figure 6.21. Lithostratigraphy and pore water salinity measurements from the GSC
Unipkat well site and ground temperature profile from Shell Unipkat I-22. Data
presented for the GSC Unipkat well is from Dallimore and Mathews (1997) and
data from Shell Unipkat I-22 is from Taylor et al. (1998).

6.4 Conclusions

The following conclusions are reached from this chapter.
1.

Sediment bed temperatures are highly variable throughout the freezing season due
to the impact of snow on the ICT and the transfer of heat from the ground. Over
the two winters, SBTw varied by 9.8oC beneath BFI that ranged from 10 cm to
100 cm. Intra-site changes in SBTw were as much as 4.7oC.

156
2. The SBTw exponentially correlates to the ICT, which is defined as a function
of Ts, WD and ∂hi/∂t and snow depth. This provides the means to accurately
predict spatial and temporal variability in SBTw, which previously represented a
major challenge to modeling permafrost conditions beneath shallow water
environments.
3.

The greatest variability in the ICT exists beneath the thickest BFI (i.e. deeper
water), due to the effects of snow on ice growth. However, snow creates the
greatest thermal offset at sites that exhibit the shallowest water and the longest
durations of ice contact.

4.

Thermal modeling of contemporary permafrost indicates that the critical water
depth for permafrost under equilibrium conditions is 84 cm (calculated from an
ice thickness of 93 cm), which is equivalent to an ICT of 142 days ± 12.5 days.
Permafrost in disequilibrium likely extends beneath BFI that is greater than this
threshold or where the average on-ice snow depth is greater than 10 cm.

5.

A near-shore distribution map of contemporary permafrost and seasonal frost
beneath shallow water was successfully developed by applying the modeled
criteria for each to a time series of SAR images. Equilibrium permafrost was
mapped beneath 393.8 km2 of BFI. An additional 387.9 km2 of BFI was affected
by seasonal ground freezing in the winter of 2006-2007. The modeled distribution
of permafrost is spatially discontinuous within the near-shore zone.

6.

Over time, sediment deposition that contributes to aggradation of the bar surface
will result in progressively colder ground temperatures and the aggradation of
permafrost. Permafrost can be expected to aggrade up to ~28 m thick assuming an
average sedimentations rate of 1 cm a-1 and modern rates of sea level rise. As the
bar surface becomes subaerially exposed, cold ground surface temperatures will
continue to promote the aggradation of permafrost. The aggradation of permafrost
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will slow as vegetation and greater snow accumulation lead to warmer ground
surface temperatures.
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Chapter Seven: Discussion and Conclusions

7.1 Summary

The overall purpose of this research was to examine the controls on ground
temperature beneath shallow water in the near-shore zone of the Mackenzie Delta. In
order to effectively investigate this highly dynamic region of the delta, an approach that
integrated multiple techniques capable of resolving surface and subsurface conditions at
various spatial and temporal resolutions was adopted. The techniques and findings
presented in the preceding chapters contribute to the scientific understanding of
permafrost below shallow water and are applicable to other ice-dominated deltas that
occur throughout the Arctic (e.g. Colville, Yukon, Lena, Ob, Yenisei deltas).
The

multi-method

and

multi-scale

approach

used

to

investigate

the

thermophysical conditions of permafrost included the use of ground temperature and drill
measurement, sediment cores, ground thermal modeling, ground-based and down-hole
geophysics and satellite radar images. In some cases, the novel integration of these
techniques proved to be effective in providing a more complete view of the controls on
permafrost, and its thermal regime and spatial distribution seaward of the modern delta
front.
Analysis of sediment cores and GPR profiles offered insight into the general
stratigraphy and development of a recent distributary mouth bar, which provided context
for understanding of the development ground ice and permafrost in this environment. In
addition, GPR surveys were combined with thermal and drill datasets to characterize the
complex transition of frozen and unfrozen sediments across wide areas of the near-shore
zone. These datasets were also used to monitor the interannual variability in surface layer
conditions and changes to ice-bonded permafrost.
Advancements in the ability to monitor ground temperatures below shallow water
allowed for measurements to be continuously recorded beneath key water depths. These
datasets resolved differences in the thermal response of the ground throughout the period
of ice freeze-up and break-up, ice cover (bottom-fast and floating ice) and open water.
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Analysis of the data provides fundamental information regarding the thermal response
of the ground to changing water, ice and snow conditions.
Thermal modeling was successfully accomplished by integrating field data from
the study area. Thermal boundary conditions were established at the sediment bed and at
the top of permafrost under various snow and ice conditions. These results provided an
indication of the critical limits for the occurrence of permafrost under equilibrium
conditions. As a result, the first near-shore distribution map of permafrost beneath
shallow water was created using the modeled criteria for permafrost and a time series of
SAR images. The model results and subsequent distribution map of permafrost were
found to agree with independent measurements from the study area and can be used for
the planning of oil and gas development in the Mackenzie Delta.
7.2 Discussion
7.2.1 Controls on Ground Temperatures Beneath Shallow Water

The findings of this thesis indicate that different ground thermal regimes occur
within the near-shore zone of the delta. Variability in the thermal regime beneath shallow
water relates to water bathymetry and to interannual changes in surface layer snow and
ice conditions. The bathymetric control on ground temperature is due to differences in the
duration of ice contact beneath the various water depths. Water bathymetry is considered
to be a primary control in defining the thermal regime. Whereas, the interannual
variability in surface layer conditions act as a secondary control, which determine the
duration of ice contact and the heat loss beneath a given water depth. Sedimentation was
also found to have short and long-term impacts on ground thermal conditions by altering
the water depth and the ICT. Air and water temperatures exhibited negligible changes
throughout the period of study, and therefore, had little interannual impact on ground
temperatures.
Wide spread changes to near-shore snow and ice conditions can result in shortterm variability in shallow ground temperatures, as demonstrated by the winter of
2005-2006. Increased on-ice snow over this winter caused a shift in annual ground
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temperatures. The winter of 2005-2006 is regarded as being anomalous with respect
to on-ice snow and ice growth measured over previous and subsequent years. However,
consecutive winters with thick snow and thin ice could potentially cause the instability of
permafrost over large near-shore regions. For example, a 10 cm increase in present-day
on-ice snow could result in disequilibrium of permafrost beneath water depths ranging
from ~84 cm to 47 cm deep (Figure 6.9). This would potentially influence a wide area,
given the subtle slope of the shallow water platform that extends seaward from the delta.
Equally important to ground temperatures are local changes in water depth caused
by sediment deposition or erosion. Changes in ground temperatures from sedimentation
can be of similar magnitude to those caused by winter snow and ice. However unlike the
influences imposed by the variability in winter conditions, sediment deposition or erosion
may result in a sustained shift in the thermal regime. Over longer periods of time,
sedimentation that exceeds the rate of sea level rise will contribute to ground cooling
within the zone of BFI. Whereas, an increase in water depth from erosion of the sediment
bed or from sea level rise will cause warming of the ground and the underlying
permafrost (Dyke, 1991).
The dynamic interactions between changing surface layer conditions and water
depth contributes to the complex distribution of seasonal frost and permafrost beneath
seemingly similar regions of land-fast ice. The near-shore thermophysical transition of
the ground can occur over 10’s of metres to several kilometres in distance, as shown in
chapters 4 and 5.
7.2.2 Contemporary Near-shore to Onshore Transition of Ground temperatures

The transition in ground temperatures between near-shore and onshore
environments is largely in response to differences in surface layer conditions (water, ice,
snow and vegetation), which cause thermal offset between the atmosphere and the ground
surface. This ultimately acts to moderate heat transfer into and out of the ground. The
contemporary ground surface temperatures for near-shore and onshore environments in
the outer Mackenzie Delta are shown in Figure 7.1. The spatial gradient in ground surface
temperatures reflects changes in the shallow thermal condition of permafrost. As depicted
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in Figure 7.1, cooling of the ground occurs at the transition from floating to bottom
fast ice. This cooling trend continues as the sediment bed surface aggrades and becomes
directly exposed to atmospheric conditions. However, a reversal in ground temperatures
takes place onshore. This is due to the succession of vegetation and subsequent increase
in snow accumulation, which leads to warmer ground temperatures (Smith, 1976; Dyke,
1991). The warming of terrestrial permafrost continues into the southern portion of the
inner-delta below treeline (Burn and Kokelj, 2009).

Figure 7.1. Representative present-day mean annual temperatures at the ground
surface (MAGT and SBTa) and at the top of permafrost (Pftemp). Temperatures for
the outer-delta plain are taken from Burn and Kokelj (2009). Temperatures for an
exposed intertidal sediment bar are taken from Dyke (2000).

Figure 7.2 shows the near-shore to onshore transition of shallow ground
temperatures. These permafrost sites depict the cooling of permafrost beneath shallow
water and the eventual warming that takes place across the outer Mackenzie Delta plain.
For onshore site KUM02 tall willow, located along Kumak Channel, increased vegetation
height results in greater snow accumulation and warmer permafrost temperatures. This
site is also located in close proximity to the channel which likely restricts cooling of the
ground and contributes to warmer temperatures. These factors result in degrading
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permafrost at KUM02 (tall willow). In contrast to permafrost temperatures at the
KUM02 short willow site which are around -2oC. Permafrost beneath sites dominated by
peat are colder (-4 to -5oC) (Wolfe et al., 2010). Peat accumulation and near-surface
hydrology across the delta plain are important influences on near-surface ground
temperatures, due to the significant seasonal variability in the thermal conductivity of
peat (low thermal conductivity when dry in the summer and high when frozen in the
winter). Lastly, a nearby upland tundra site indicates significantly colder permafrost

Figure 7.2. Mean annual ground temperatures for shallow water and terrestrial
permafrost sites. Ground temperatures sites KUM02 are located on the modern
delta plain and KC07 represents an upland tundra site (KC07). Data for onshore
sites taken from Wolfe et al. (2010).
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(approximately -6oC), which results from short shrub vegetation and windswept snow
conditions that are common to upland sites (see Burn and Kokelj, 2009).
7.2.3 Thermal Evolution of Permafrost at the Delta Front

The results of this thesis also indicate that shallow water environments represent
an important link in the thermal evolution of permafrost within Arctic ice-dominated
deltas. As sediment deposition contributes to progradation and aggradation of a delta,
permafrost begins to develop beneath shallow water. Over time as sedimentation takes
place, permafrost can be expected to undergo a cooling trend as water depth decreases
(Figure 7.3). Superimposed on top of this general cooling trend are higher frequency
changes in temperature caused by the interannual variability in surface layer conditions
and climate. The magnitude of temperature changes increase as water depth decreases
over time. This is due to the greater impact of snow on ground temperatures at sites with
longer durations of ice contact (see Chapter 6). The long-term cooling trend shown in
Figure 7.3 is based on the rate of sediment deposition within the context of eustatic
changes in sea level, which ultimately determines the length of time an area is within the
zone of BFI. During this time, a significant thermal imprint is placed on the ground prior
to the emergence of the delta plain surface. An appreciable thickness of permafrost may
also aggrade beneath shallow water, as shown in Figure 6.19. In the context of a
prograding/aggrading delta, permafrost aggraded beneath shallow water represents an
incipient form of some of the older onshore permafrost that is present beneath the delta
plain.
Figure 7.4 shows a conceptual view of permafrost under a prograding/aggrading
and retrograding delta. In order for permafrost to aggrade over a sustained period of time,
sedimentation must be equal to or greater than the rate of sea level rise (Stevens et al.,
2010b). This results in permafrost extending further across the near-shore zone and
aggradation from the top and bottom of the permafrost body. If the rate of sediment
deposition is overcome by sea level rise, the permafrost will warm and eventually
degrade as it passes through the zone of BFI. The initial warming or cooling of
submerged terrestrial permafrost beneath shallow water is dependent upon the initial
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thermal conditions of the ground. Permafrost degradation that occurs under
retrograding conditions can be expected from the top and base of the permafrost body.

Figure 7.3. Conceptual diagram showing temperatures at the top of permafrost
within the zone of BFI. The solid black line shows the long-term cooling trend that
occurs as water depth decreases. The solid grey line represents short-term changes
in temperature related to interannual variability in surface layer conditions and
climate.
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Figure 7.4.Conceptual diagram showing a) the onshore offshore transition of
permafrost at the front of an Arctic delta and b) under prograding/aggrading and c)
retrograding conditions. Not shown is possible deep water subsea permafrost that
may exist further offshore. The shoreline position at various times is indicated by
T1, T2 and T3.
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At the present time, localized aggradation of near-shore sediment bars and
submergence of the delta plain are both taking place in the Mackenzie Delta. This is in
the context of present-day sea level rise of approximately 2.5 mm a-1. Locally aggrading
surfaces of the delta are likely in a delicate equilibrium between sedimentation and
opposing environmental forcing at the delta front. Where sediment supply is limited, the
delta is experiencing coastal recession under the transgressive conditions. At these
locations, permafrost is inundated by water and is degrading beneath water that
seasonally exhibits floating ice.
A number of reasons exist for the shift from prograding/aggrading to retrograding
conditions of a delta, which include eustaic and isostatic changes in sea level rise,
sediment supply, environmental forcing and changes in accommodation space caused by
sediment compaction. Hill (1996) suggests a shift in the Holocene from progradation of
the Mackenzie Delta to an overall transgressive state may be related to several factors,
including decreased efficiency of channels to transport sediment to the coast, increased
trapping of sediment by lakes, recent diversion of sediment towards the eastern margin of
the valley and greater exposure of the delta front to wave action, as the delta progrades
beyond the confines of the glacially scoured valley.
7.2.3.1 Proposal of a New Type of Permafrost
With consideration of the results presented in the proceeding chapters, the genesis
of permafrost forming in aggrading and persisting surfaces beneath shallow water
environments of an Arctic delta does not conform to pre-existing geocryological
terminology. At present, permafrost is classified into two groups; terrestrial permafrost
that aggrades and exists through direct exposure to atmospheric conditions and subsea
permafrost that aggrades and exists due to negative seawater temperatures (van
Everdingen, 1998). Whereas, permafrost presented in this study has formed and persists
in aggrading deltaic sediments beneath freshwater that seasonally freezes to the sediment
bed. This permafrost forms in response to seasonal cooling of the ground that takes place
throughout the duration of time ice is bottom-fast. Sedimentation forms an intricate part
of permafrost aggadation in this environment by decreasing the water depth and thus
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increasing the ice contact time and heat loss from the ground. As sediment is
deposited, the permafrost table rises, resulting in the formation of syngenetic permafrost.
In these situations, permafrost has neither aggraded from terrestrial exposure of land nor
from the presence of negative seawater temperatures. Due to the dissimilarities with the
controls of subsea permafrost, the term “shallow-water permafrost” is introduced.
Shallow-water permafrost may also be transitional from marine to terrestrial
environments where freshwater and BFI conditions occur. Table 7.1 presents a synthesis
of the environmental setting and major controls on terrestrial permafrost, subsea
permafrost and this new concept of shallow-water permafrost. In summary, shallowwater permafrost occurs in response to prolonged durations of bottom-fast ice under
minimal on-ice snow depths in aggrading sediment deposits. In the context of a
prograding/aggrading delta, shallow-water permafrost is the incipient form of some of the
terrestrial permafrost found beneath the delta plain.
Permafrost type

Environmental setting

Controls of permafrost

Terrestrial permafrost

- subaerial exposure of land

-

vegetation
snow depth
surface moisture
proximity to water bodies
ground thermal properties

Shallow-water permafrost

- freshwater environments
- water depth < 2 m
- heat loss dominated by conduction
through the bottom-fast ice column

-

water depth
ice contact time (ICT)
snow depth
sediment deposition or erosion
sea level change
water temperature
ground thermal properties

Subsea permafrost

- saltwater environments
- mean water temperatures <0oC

-

duration of submergence
water temperature
infiltration of salt
water depth
sea level change
ground thermal properties

Table 7.1. Environmental setting and controls on terrestrial, shallow-water and
subsea permafrost.
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7.2.4 Climate Change and Coastal Development

Over time, climate change will impact permafrost beneath shallow water by
altering water temperatures, ice conditions (ice growth and timing of freeze-up/break-up)
snow fall, river discharge and sediment delivery to the coast. Since 1970, mean annual air
temperature in this region has risen more than 2.5oC, with the greatest change occurring
in the winter (Burn and Kokelj, 2009). Global circulation models predict that mean air
temperature will increase 2.5oC to 4oC in the winter and 0.5oC to 1.5oC in summer, for
the years 2010-2039 (Bonsal and Kochtubajda, 2009). If these predictions are correct, the
greatest impact will be to winter thermal conditions beneath zones of BFI. Temporal
changes in the accumulation of on-ice snow would greatly impact ice growth and winter
heat extraction beneath zones of BFI, given the sensitivity of SBTw and TTOP to snow
(Figure 6.5 and Figure 6.9). Near-shore water temperatures may also increase with
warming in Mackenzie Basin.
In the midst of continued sea level rise and coastal retreat in the delta, terrestrial
permafrost will undoubtedly continue to be submerged below water. Despite this, some
near-shore locations may exhibit sedimentation that exceeds sea level rise. Shallow water
within these regions provides the conditions necessary to maintain and aggrade
permafrost through active cooling of the ground. As shown in Figure 6.15, permafrost
that is maintained below shallow water corresponds to locations that are actively
receiving sediment (i.e. at the mouth of Middle Channel) and where locally derived
sediments are supplied from eroding islands. Over time, the supply of sediment and
dispersal along the delta front will naturally modify permafrost distribution beneath
shallow water. With climate warming, the supply of sediment could potentially increase
with the thawing of permafrost within the Mackenzie Basin. Historical records currently
show statistically significant increases in freshwater discharge into the Arctic Ocean from
Eurasian Rivers (Peterson et al., 2010), which may be accompanied by greater sediment
inputs.
Permafrost presents a significant challenge to northern resource development
within the near-shore zone of the Mackenzie Delta. The permafrost-related challenges, in
part, relate to the discontinuous nature of permafrost below shallow water, the wide range
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in ground temperature and the dynamic changes that may take place in this
environment. Based on the findings of this thesis, steps may be taken to monitor the
current state of permafrost and its potential response to climate change. Some of the risks
associated with future development in this region are centred on the extreme range in
ground temperatures that occur over short distances. This poses a potential risk to coastal
infrastructure, due to the change in geotechnical conditions of the ground. Identifying
locations where anomalous thermophysical conditions exist requires geophysical
mapping, in addition to direct measurements. Furthermore, satellite remote sensing using
SAR images can be utilized to identify changes in permafrost conditions and seasonal
ground freezing.
As hydrocarbon exploration and development proceeds in the Mackenzie Delta,
human activity may locally impact ground temperatures where snow and water depths are
altered through the construction and clearing of ice roads and pads, the navigational
dredging of shallow water and the construction of pipelines. Removal of snow cover from
the ice surface throughout the winter may result in earlier onset of BFI and increased heat
loss from the ground. Conversely, increasing water depths through the modification of
the sediment bed (e.g. dredging) would contribute to warming in the ground.
Production-induced subsidence from natural gas extraction could also change local water
depth, which would impact permafrost beneath shallow water. This could potentially take
place within the Niglintgak gas field at the bifurcation between Kumak Channel and
Middle Channel. Bottom-fast ice and permafrost currently extend beneath this portion of
Middle Channel (see Figure 6.15). Within this region, subsidence from gas extraction is
estimated to be over 40 cm after 25 years of production. In light of the findings in this
thesis, additional consideration to ice-related changes, sea level rise, sedimentation and
permafrost beneath shallow water should be considered prior to evaluating the impact of
subsidence in the delta.
With careful consideration, human-induced changes may also be used to
artificially modify ground temperatures to meet the engineering parameters required to
safely construct coastal infrastructure. The modeled limit of equilibrium permafrost and
seasonal frost shown in Figure 6.15 provides guidance for the planning and installation of
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seabed and sub-seabed infrastructure in this region. However, site specific
investigation and continued monitoring of ground conditions is necessary and advised.
7.3 Principal Conclusions

Prior to the undertaking of this thesis, the controls on ground temperatures and the
critical conditions for permafrost beneath shallow water were poorly understood. These
shortcomings limited the ability to define the present distribution of permafrost in the
Mackenzie Delta and to comprehend potential changes that could occur with climate
change. The thermal evolution of permafrost within the context of an aggrading coastline
of an Arctic delta was also defined. The principal conclusions drawn from this research
with reference to the objectives of this thesis are as follows:
Objective 1. To describe ground ice distribution and the potential for ice segregation

within recent distributary mouth bar sediments in the Mackenzie Delta
Ground ice was investigated within the context of a recent distributary bar located
at the mouth of Middle Channel. The general sediment stratigraphy and internal structure
confirm that site was formed under seaward progradation and more recent aggradation of
sediment. The sediment stratigraphy is characterized by subtle changes in grain size from
silt-to-sand, representing distal and distributary bar deposits.
In general, these sediments do not present favourable conditions for the
segregation of ground ice. Over 98% of the frozen sediment cores analyzed were found to
be mostly ice-poor, with thawed samples yielding little to no excess water. Distal bar silts
exhibited the greatest segregation potential and occurrence of visible ground ice, which
also correlated to a higher fine fraction of the sediment sample. In comparison to the
sequence of distributary bar sediments that were characterized by fine sand and coarse
silt, which lacked visible ground ice. Older distributary mouth bar deposits preserved in
the delta also indicated that ground ice development is limited over longer time scales.
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Objective 2. To examine the spatial distribution and complexity of shallow ice-

bonded permafrost and unfrozen suprapermafrost taliks within the near-shore zone of the
Mackenzie Delta
The distribution and complexity of frozen and unfrozen sediment was found to be
spatially and temporally variable within the near-shore zone of the delta. Beneath zones
of BFI, seasonal frost and ice-bonded permafrost were present. In some instances,
supraperamfrost taliks were also identified beneath BFI where the active layer does not
freezeback. Permafrost at these talik sites is degrading, due to local increases in water
depth or surface layer conditions (e.g. snow depth). As a result, these taliks occur beneath
seemingly similar regions of BFI and may vary from year to year at some sites. Icebonded sediments quickly thin towards regions of floating ice where seasonal frost is
absent. The high spatial variability in the occurrence of ice-bonded permafrost and
unfrozen taliks makes characterization of the near-shore zone difficult when relying
solely on site specific data (e.g. drill boreholes). Instead, subsurface geophysical mapping
is required in addition to direct measurements.
Objective 3. To determine the effects of interannual changes in snow and ice conditions

on shallow ground temperatures beneath BFI
Snow and ice conditions were identified as being significant controls on ground
temperatures beneath zones of BFI. The comparison of ground temperature
measurements over two consecutive winters indicate that increased on-ice snow reduces
the ICT and the loss of heat from the ground. At the field sites, intra-site variability in
winter temperatures at the sediment bed was found to be as much as 4.7 oC. A sustained
long-term shift towards thicker on-ice snow will result in a substantial decrease in the
extent of shallow water permafrost and seasonal ground freezing over wide areas.
Objective 4. To model ground temperatures beneath various water depths affected by

BFI
Thermal modeling was undertaken in order to provide a better indication of
changes in temperatures across the complete spectrum of water depths affected by BFI.
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From this work, the thermal sensitivity of ground temperatures to varying on-ice
snow thickness was examined and further used to define the critical conditions for
permafrost. Modeled temperatures at the sediment bed and top were found to relate to the
ICT, which is defined as a function of surface temperature, water depth, on-ice snow
depth and the rate of ice growth. During the periods of open water, water temperature
was regarded as being constant, due to the minor interannual variability that existed.
Based on this information, temperatures at the top of permafrost and deeper ground
temperatures were modeled. These modeled results provided the thermal boundary
conditions necessary to model permafrost temperatures at greater depths.
Objective 5. To estimate the critical limit and distribution of contemporary permafrost

seaward of the modern delta front
Thermal modeling of contemporary permafrost indicated that the BFI thickness
for permafrost under equilibrium conditions was 93 cm, which is equivalent to an ICT of
142 days. Using a novel approach to mapping near-shore ground thermal conditions in
the Mackenzie Delta, equilibrium permafrost was determined to exist beneath 393.8 km2
of BFI. Most of these areas represent near-shore locations that are actively receiving
sediment from distributary channels. At locations where the sedimentation rate is less
than sea level rise, permafrost is degrading or not present.
Objective 6. To determine the impact of sediment deposition on ground temperatures

and the thermal evolution of permafrost in the context of a prograding/aggrading delta
The modeled thermal boundary conditions allowed for the impact of
sedimentation to be assessed in terms of the thermal response of permafrost over time.
Sediment deposition contributing to vertical aggradation of the bar surface resulted in
progressively colder ground temperatures and the aggradation of permafrost. Permafrost
was determined to aggrade to 28 m in thickness under an average sedimentation rate of
1 cm a-1. As the bar surface becomes subaerially exposed, colder ground surface
temperatures continue to promote the aggradation of permafrost, until establishment of
vegetation leads to warming of the permafrost body.
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Near-shore sediment deposition that does not conform to an average rate
poses the potential to alter the thermal regime of permafrost over short time scales. Such
sediment deposition has been observed in localized area.
This work also concludes that a significant thermal imprint is placed on the
ground beneath shallow water, prior to emergence of the bar surface and its direct
exposure to atmospheric conditions. Permafrost aggraded beneath shallow water
represents an incipient form of terrestrial permafrost where delta building contributes to
the preservation of distributary bar deposits. Based on the thermal and sedimentary
history of the onshore Unipkat well site, it is possible that a significant portion of the
permafrost that exists in the delta today aggraded beneath shallow water environments.
7.4 Future Research

Several important issues and questions have arisen from this work, and provide
potential avenues for future research. This section identifies topics that warrant further
investigation and provides recommendations and directions for future research.
Additional permafrost monitoring should take place within the near-shore zone of
the Mackenzie Delta. The information gained from such work will offer additional
knowledge on the thermal evolution of permafrost between land and deep water settings
in an Arctic delta and provide important information required to engineer infrastructure in
this region. Focus should be placed on continued investigation of permafrost at the
Middle Channel distributary bar, with additional sites expanded to locations within the
Olivier Islands. A growing database of information currently exists for both of these
locations, which will aid in future attempts to study permafrost in this environment.
Another interesting location recognized by this study is the region seaward of Nellice
Island. This site was found to lack BFI and permafrost/seasonal ground freezing, and
thus, represents an important location to monitor permafrost where coastal recession and
sea level rise exceeds the rate of sediment deposition.
Novel installation and recovery of continuous ground temperature measurements
beneath shallow water were met with numerous challenges. This included finding the
borehole sites with RTK GPS in -30oC to -45oC temperatures and maintaining the
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stability of the sites. The loss of the monitoring sites after March of 2008 was likely a
combination of factors. At site BH03, the casing is speculated to have heaved from frost
action, which caused the casing to be exposed above the sediment bed surface and to
shear off during ice break-up (Solomon, personal communication). At remaining sites,
the top of the casing may have been buried by sediment. Despite the loss of these sites, an
attempt should be made to re-install these sites and to establish new monitoring locations.
Ground temperature measurements are important to understanding the response of
permafrost to climate change in this environment and its potential impact on near-shore
infrastructure.
Deeper ground temperature measurements should also be made by water-jet
drilling to install thermistor cables into ice-bonded and unbonded cryotic sediments. With
careful consideration given to safety and to field logistics, such activity may be
undertaken in the summer from a low draft boat or heliportable drilling platform. These
deeper sites would only be established to record temperatures beyond the depth of zero
annual amplitude. As a result, measurements would only need to be made after ground
temperatures have re-equilibrated from the thermal disturbance induced by drilling.
These measurements would offer insight into the thermal regime of the permafrost bodies
at greater depths and prove useful to understanding past surface conditions placed on the
sites.
The impact of on-ice snow on the ICT and heat loss from the ground should be
further investigated in terms of its spatial variability within the near-shore zone. The most
important regions of study are those that seasonally exhibit BFI. Sites used in this
monitoring should be installed once safe ice is established in early winter and extended
until ice break-up. Snow and ice thickness measurements can be made using acoustic
snow depth sensors and thermistor cables. In conjunction with these measurements,
sediment bed temperatures should be recorded. Such data is important to understand the
distribution and accumulation of snow on ice, the resulting variability in ice growth and
the long-term tends that exist. An asserted effort should also be made to model snow
accumulation and redistribution on ice. This information is not only useful to scientific
investigations, but also to the vital construction of ice roads in the north.
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Throughout the undertaking of this degree, unsuccessful attempts were made
by the author to secure financial and logistical support to install snow and ice monitoring
sites within the near-shore zone of the delta. The collection of data could be designed to
include community monitoring programs already underway. For example, similar
onshore environmental measurements are currently acquired under the Cumulative
Impact Monitoring Program (CIMP) in Canada. This program could be extended to
include the monitoring of on-ice snow and ice thickness within the delta and the nearshore zone. More in depth studies, similar to those along the Alaskan coast, could also be
implemented (see Druckenmiller et al., 2009).
The success of GPR to resolve near-shore sediment structures suggests that
additional information could be gained from similar surveys across BFI in the near-shore
zone. The sedimentology of recent distributary mouth bars is poorly understood in the
delta. This shortcoming has been mainly due to the inability to resolve sedimentary
structures across the shallow water zone. Future GPR surveys should focus on obtaining
3-D surveys that are tied to locations where sediment cores are recovered. The limiting
conditions for such surveys in the near-shore zone will be high pore water salinities,
occurring at depth and the presence of floating ice (see Chapters 3 and 4). As a result,
surveys should be undertaken in late winter during years with thick land-fast ice. The
current rates and variability of sediment deposition and erosion also need to be
determined through direct measurements.
The uses of remote sensing to determine the timing of BFI and ground thermal
regimes could be extended to include a higher spatial and temporal resolution of SAR
images. The work in Chapter 6 was limited by the availability of SAR images. More
consistent and higher resolution SAR images would be useful in defining SBTw of a
region and monitoring its variability over the course of a number of winters. This work
should be supported by the snow and ice monitoring program suggested above.
All of the suggested avenues for future investigation focus on establishing a better
understanding of the environmental controls that were determined to be important to
permafrost beneath shallow water in the Mackenzie Delta. Through continued scientific
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measurements and observations wise decisions regarding northern development,
permafrost and climate change can be made in this environment.
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APPENDIX A: ICE FREEZE-UP IN THE NEAR-SHORE ZONE OF THE
MACKENZIE DELTA
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Appendix A provides documentation of the timing and extent of ice in the
near-shore zone of the Mackenzie Delta. The ice limits are based on Moderate Resolution
Imaging Sectoradiometer (MODIS) Aqua images acquired in early October to early
November during the winters of 2007, 2008 and 2009. Images used in the analysis were
downloaded
from
NASA’s
rapid
response
site
at
http://rapidfire.sci.gsfc.nasa.gov/subsets/?subset=MackenzieDelta. The use of some of
these optical images was limited by clouds. The seaward extent of land-fast ice was based
on the maximum limit.
These results confirm the timing of ice freeze-up at Middle Channel study site is
around October 15th. Distributary channels that are ~2-4 m deep are often not covered
with ice until late October. Over the three winters, the limit of landfast ice was observed
to be relatively stable during the freeze-up period, with continual growth of ice from the
delta front. By the first week in November, the seaward extent of landfast ice is 25-30 km
offshore in water 2 to 5 m deep.
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The 2007 timing and extent of ice freeze-up in the near-shore zone of the Mackenzie
Delta. The seaward limit of landfast ice was determined from MODIS Aqua images.
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The 2008 timing and extent of ice freeze-up in the near-shore zone of the Mackenzie
Delta. The seaward limit of landfast ice was determined from MODIS Aqua images.
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The 2009 timing and extent of ice freeze-up in the near-shore zone of the Mackenzie
Delta. The seaward limit of landfast ice was determined from MODIS Aqua images.
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APPENDIX B: MIDDLE CHANNEL ICE BLISTER (MARCH 2007 AND 2009)
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Appendix B provides information on a recurring ice blister observed within
Middle Channel. The ice blister was identified by GSC personnel during field campaigns
in March of 2007 and 2009. The ice blisters were identified to occur in nearly the same
location (2007- UTM 485926E, 768805N and 2009- UTM 485920E, 7688611N).
Drill measurements into the 2007 ice blister yielded unfrozen water that was
measured by GSC personnel to be 78 ppt at 8.8 degrees Celsius. The ice blister was 1 to
1.5 m above the surrounding ice surface. In 2009, ice blister was approximately 23 m in
diameter and 2 m higher than the surrounding ice surface. Ground observations indicated
extensional cracks (<4 cm in thickness) extending from the blister. Upon drilling into the
blister, gas was noted and flared for a short duration of time when lit, suggesting the
blistering of ice could be related to the seeping of gas and water from at depth. It was also
noted that the water level in the drill hole rose to a level higher than the surrounding ice
surface, suggesting that the water was under confining pressure. A drill depth
measurement adjacent to the ice blister indicated that the ice was 0.42 m thick and
bottom-fast.
In 2009, ground penetrating radar surveys at this site focused on characterizing
the general subsurface conditions surrounding the blister, including the possible presence
of an unfrozen talik and the extent of bottom-fast ice surrounding the feature. In total, 10
parallel GPR lines ~50 to 55 m in length surveyed 3 m apart were acquired with 500
MHz antennas. All GPR measurements made from the data were calibrated to a drill hole
located adjacent to the blister. Surveys conducted across the ice blister indicate an
increase in ice thickness over the ice blister, which decreases towards the margins. Ice
surrounding the blister was characterized by bottom-fast ice, beneath which shallow
sedimentary structures were resolved. All sediments, surrounding the ice blister were
frozen to the maximum depth of signal penetration with 500 MHz GPR antennas (~1.8 to
2 m below the ice surface). From the GPR data collected at this site, a map of ice
thickness was created. The ice blister was determined to be up to 1.8 m thick, with
surrounding bottom-fast ice ranging from 0.3 to 0.6 m in thickness. Assuming little water
depth changes occur over this area, the ice thickness measurements were inverted to
reflect surface topography. The inversion of the measurements resulted in a three
dimensional reconstruction of ice blister that closely matches ground observations. From
this reconstruction two regions of the ice blister can be described that include a central
dome and an extensional ridge.
Using the ice thickness map created over the region of the ice blister, an
estimation of ice or equivalent water in excess of river ice was determined. These
measurements were made by setting a datum above which the ice volume of the blister
was determined. The datum used was 0.6 m, which represents the maximum thickness of
the surrounding bottom-fast ice. Based on this datum, it was determined that the ice
blister consisted of 204 m3 of ice or 185 m3 of water. This ice and equivalent water is in
excess of the river ice column. The estimation of ice, in addition to the annual ice column
at this site, is likely a conservative measurement given that the extensional ridge was not
completely covered by the 500 MHz GPR surveys.
A network of ice cracks located along the extensional ridge of the ice blister
provides additional information regarding formation of the blister. Ice cracks observed
along the ridge adjacent to the central dome show two generations of ice cracks that can
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be described using cross cutting relationships and the infill material of each crack.
The 1st generation of ice cracking is infilled with ice, suggesting water seepage and
refreezing after the ice cracking event. Associated with the ice fill were cohesive
sediment clumps that froze into the crack as underlying water was push upwards. A 2nd
generation of ice cracks infilled with air and/or snow was also observed to cross cut the
1st generation cracks. At closer examination of the 1st generation ice cracks, bubble trains
orientated perpendicular to the ice crack opening were noted, indicating a freezing front
perpendicular to the ice crack. Within the 1st generation ice cracks, three episodes of ice
cracking can be described by distinct sets of crack planes associated with bubble trains.
These episodes can be described as primary, secondary and tertiary cracks that precede
the 2nd generation cracks.
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A) 500 MHz GPR profile across the ice blister and B) the interpreted profile showing
delineation of the base of the ice blister and surrounding bottom-fast ice. The centre of
the ice blister is located approximately 33 m from the start of the profile. Note the GPR
profile is not corrected for topography.
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A) 500 MHz GPR profile surveyed adjacent to the ice blister and B) the interpreted
profile showing delineation of the sedimentary structures beneath bottom-fast ice.
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Map of ice thickness across the 2009 river ice blister located within the constraints of
Middle Channel. Ice thickness over the blister ranges from 0.6 to 1.8 m in thickness.
Bottom-fast ice surrounding the blister typically ranges from 0.4 to 0.6 m in thickness.
Measurements were determined from 500 MHz GPR data.
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Three dimensional reconstruction of the 2009 ice blister with 2x vertical exaggeration.
Two regions of the ice blister include a central dome and an extensional ridge.
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Ice cracks located on the ridge adjacent to the 2009 ice blister. A) Image showing two
generations of ice cracks based on the cross cutting relationships and the infill material in
each crack. The 1st generation of cracks is filled with ice, suggesting water seepage and
refreezing following ice cracking. Cross cutting the ice filled cracks are 2nd generations
cracks filled with air and/or snow. B) Image showing three episodes of cracking within
the 1st generation crack. C) Image showing the sequence of primary, secondary and
tertiary cracking. Distinct bubble trains associated with each episode of cracking indicate
lateral refreezing that is orientated perpendicular to the crack opening.
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APPRENDIX C: DESCRIPTION OF GROUND TEMPERATURE MONITORING
SITES AND DRILL BOREHOLES
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Appendix C provides a description of the ground temperature monitoring sites
and drill boreholes. The descriptions are compiled from data collected by the author and
the Geological Survey of Canada (GSC) during field campaigns conducted in March of
2005-2007. UTM locations presents are based on NAD1983 zone 8N. The “sample
number” is based on a unique sample number assigned by the GSC.
A shot hole drill mounted on a nodwell was used to drill boreholes in March of
2005. Thermistor cables were installed in these boreholes (BH01-BH04). Drilling of
boreholes and recovery of sediment core in March of 2007 was conducted an air rotary
drill rig using a CRREL coring barrel.
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Nodwell mounted shot hole drill used to install thermistor cables
in March of 2005.
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Air rotary drill rig used to recover sediment cores in March of 2007.
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Location Name -- Borehole BH01
Sample Number -- 2005-301-001
Easting -- 484849
Northing -- 7689521
Sample Description -- two man CRREL ice auger ice
Ice thickness (cm) -- 24
Floating/Bottom-fast -- bottom-fast
Notes total depth - 9.8 m - frozen throughout- thermistor string installed
Location Name -- Borehole BH02
Sample Number -- 2005-301-002
Easting-- 478099
Northing-- 7694113
Sample Description -- two man CRREL ice auger
Ice thickness (cm) -- 102
Floating/Bottom-fast -- bottom-fast
Notes -- total depth - 12 m - unfrozen below ~4.5 m- thermistor string installed
Location Name -- Borehole BH03
Sample Number -- 2005-301-003
Easting-- 474986
Northing -- 7696076
Sample Description -- two man CRREL ice auger
Ice thickness (cm) -- 0
Floating/Bottom-fast -- shoal
Notes – total depth - 10 m - possibly unfrozen below ~9.5 m - thermistor string installed
Location Name -- Borehole BH04
Sample Number -- 2005-301-004
Easting -- 473119
Northing -- 7697262
Sample Description -- two man CRREL ice auger
Ice thickness (cm) --70
Floating/Bottom-fast -- bottom-fast
Notes -- total depth - 10.8 m - frozen throughout - thermistor string installed
Sample Number -- 2005-301-005
Location Name -- Borehole BH05
Easting -- 471707
Northing -- 7698086
Sample Description -- two man CRREL ice auger
Ice thickness (cm) -- 110
Floating/Bottom-fast -- bottom-fast
Notes -- total depth 11.4 m - unfrozen below ~6-7 m water rose in hole to top of casing 
no thermistor
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Sample Number -- 2007-301-056
Location Name -- Borehole BH05A
Easting -- 471744
Northing -- 7698103
Sample Description -- Air rotary drill with CRREL coring barrel/sediment auger
Ice thickness (cm) --80
Floating/Bottom-fast -- bottom-fast
Notes -- sediment chips taken every 1m. Unbonded sediment at 8m (base of ice-bonded
permafrost). Total depth 9 m. Sample depths are all recorded from seabed. CH4 detected
in hole.
Sample Number -- 2007-301-057
Location Name -- Borehole BH04-1
Easting -- 473118
Northing -- 7697260
Sample Description -- Air rotary drill with CRREL coring barrel/sediment auger
Ice thickness (cm) --50
Floating/Bottom-fast -- bottom-fast
Notes -- sediment chips taken every 1m. Unbonded sediment between 16 m (base of icebonded permafrost). Sample depths are all recorded from seabed. CH4 detected in hole
Sample Number -- 2007-301-058
Location Name -- Borehole BH03-3
Easting -- 474985
Northing -- 7696075
Sample Description -- Air rotary drill with CRREL coring barrel/sediment auger
Ice thickness (cm) --10
Floating/Bottom-fast -- bottom-fast
Notes -- Total of 10 m of core. Once coring was complete, drilled down to 20 m with
auger taking cutting samples every 1m. Unbonded sediment at 21.5m (base of ice-bonded
permafrost). Sample depths taken from seabed.
Sample Number -- 2007-301-060
Location Name -- Borehole 060
Easting -- 474330
Northing -- 7696485
Sample Description -- Air rotary drill with CRREL coring barrel/sediment auger
Ice thickness (cm) --10
Floating/Bottom-fast -- bottom-fast
Notes -- Total of 10m of core. Once coring completed, drilled down to 20 m with auger
taking cutting samples every 1m. Sample depths taken from ice surface

218

Sample Number -- 2007-301-067
Location Name -- Borehole BH02-T
Easting -- 477257
Northing -- 7694648
Sample Description -- Air rotary drill with CRREL coring barrel/sediment auger
Ice thickness (cm) --136
Floating/Bottom-fast -- bottom-fast
Notes -- Total auger depth of 3 m. Unbonded sediment at 3 m.
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Thermistor depths at each ground temperature monitoring site
Ground temperature
site

Logger type

BH01

Vemco

2005-301-001

RBRXR420

BH02

Vemco

2005-301-002

RBRXR420

BH03

Vemco

2005-301-003

RBRXR420

BH04

Vemco

2005-301-004

RBRXR420

*Depth of thermistor (m)

* Depth of thermistor is based on measurements made from the sediment bed
surface and does not include the overlying ice thickness

0
0.67
1.17
1.67
2.17
3.17
5.17
7.67
10.17
0
0.6
1.1
1.6
2.1
3.1
5.1
7.6
10.1
0
0.82
1.32
1.82
2.32
3.32
5.32
7.82
10.32
0
0.86
1.36
1.86
2.36
3.36
5.36
7.86
10.36
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Drillers’ shotholes (yellow dots) indicate the existence of floating ice seaward of Ellice
and Langley Islands since the early 1970’s. Floating ice continues to exist over this
region today, as indicated by the 2007 extent of bottom-fast ice.
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APPENDIX D: PHYSICAL AND THERMAL PROPERTIES OF SEDIMENTS
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Appendix D provides physical and thermal properties of sediment measured
from sediment core acquired at the Middle Channel study sites. Methods used to measure
sediment grain size, pore water content and salinity are outlined in Chapter 3. Thermal
properties were measured using a KD2 ProTM needle probe, manufactured by Decagon
Devices. Each measurement was taken by drilling a hole into the core sample, which was
filled a thermal compound to ensure thermal contact with the probe. Measurements tested
with and without the compound were found to give similar measurements. Sample ID
corresponds to GSC location identification numbers described in Appendix B. This
number is followed by the depth interval from which the sample was taken.
The thermal properties probe works by emitting a known pulse of heat, with the
measured change in temperature recorded over time (60 seconds). Calculations for this
device are based on modeled temperatures surrounding an infinite line heat source
(Carslaw and Jaeger, 1959), which are fitted to the thermal response measured during
heating and cooling of the sample. The accuracy of this device is ± 5% for thermal
conductivity and ± 7% for heat capacity (Decagon Devices, 2006). Performance
verification of the probe was routinely conducted throughout the sampling using a
verification standard.

223

Site BH01 - GSC 2007-301-066
Sample
GRAVEL
SAND
depth

SILT

CLAY

MUD

MEAN
(microns)

Standard
Deviation

KURTOSIS

SKEWNESS

42 cm

0%

33.85%

57.75%

8.40%

66.15%

35.16

1.72

5.79

1.79

75 cm

0%

33.20%

55.22%

11.57%

66.80%

31.91

2.05

3.98

1.09

93 cm

0%

31.68%

56.69%

11.64%

68.32%

31.25

2.03

4.01

1.12

138 cm

0%

26.18%

52.72%

21.10%

73.82%

19.24

2.37

2.34

0.59

159 cm

0%

26.83%

52.30%

20.87%

73.17%

18.84

2.34

2.28

0.55

206 cm

0%

52.95%

37.97%

9.09%

47.05%

43.59

2.1

3.79

1.05

240 cm

0%

53.98%

33.44%

12.58%

46.02%

37.94

2.31

3.14

0.96

272 cm

0%

64.73%

29.55%

5.73%

35.27%

54.79

1.61

8.38

2.34

317 cm

0%

43.05%

47.29%

9.65%

56.95%

41.81

2.12

3.98

0.95

346 cm

0%

44.58%

48.84%

6.58%

55.42%

44.81

1.74

6.06

1.49

398 cm

0%

32%

57.03%

10.97%

68%

32.13

2.05

3.89

0.93

442 cm

0%

31.62%

53.89%

14.49%

68.38%

27.02

2.25

2.93

0.65

483 cm

0%

35.90%

48.44%

15.67%

64.10%

27.78

2.34

2.81

0.68

520 cm

0%

51.02%

39.38%

9.60%

48.98%

42.39

2.05

4.38

1.26

555 cm

0%

36.39%

52.99%

10.62%

63.61%

35.40

2.11

3.62

0.85

572 cm

0%

81.94%

15.09%

2.98%

18.06%

79.11

1.3

14.8

3.23

595 cm

0%

54.69%

39.72%

5.59%

45.31%

49.04

1.56

8.28

2.28

622 cm

0%

44.10%

49.83%

6.07%

55.90%

46.39

1.69

6.5

1.52

652 cm

0%

19.81%

72.42%

7.77%

80.19%

32.80

1.74

5.43

1.09

700 cm

0%

34.92%

51.36%

13.72%

65.08%

28.16

2.12

3.24

1.01

731 cm

0%

58.79%

31.55%

9.66%

41.21%

47.37

2.15

4.06

1.17

760 cm

0%

63.35%

29.17%

7.48%

36.65%

52.19

1.87

5.63

1.74

778 cm

0%

66.41%

28.79%

4.81%

33.59%

59.54

1.55

8.89

2.37

812 cm

0%

42.92%

45.48%

11.60%

57.08%

35.40

2.18

3.43

0.89

837 cm

0%

43.14%

45.25%

11.60%

56.86%

34.67

2.16

3.49

0.91

864 cm

0%

80.73%

15.36%

3.91%

19.27%

90.25

1.61

9.07

2.38

892 cm

0%

48.83%

41.92%

9.25%

51.17%

47.37

2.2

3.58

0.97

918 cm

0%

27.86%

60.22%

11.92%

72.14%

27.20

1.89

4.01

1.38

937 cm

0%

76.87%

17.53%

5.60%

23.13%

71.79

1.77

7.41

2.17

954 cm

0%

61.94%

27.42%

10.64%

38.06%

47.37

2.24

3.75

1.18

980 cm

0%

67.72%

23.50%

8.78%

32.28%

52.92

2.02

4.89

1.64

1000 cm

0%

76.40%

19.28%

4.32%

23.60%

70.32

1.54

9.55

2.5

1100 cm

0%

49.49%

43.21%

7.30%

50.51%

45.75

1.9

4.88

1.22

1200 cm

0%

41.36%

48.85%

9.79%

58.64%

34.20

2

3.66

1.09

1300 cm

0%

13.07%

75.79%

11.14%

86.93%

23.04

1.79

4.07

1.05

1400 cm

0%

10.24%

74.15%

15.61%

89.76%

16.29

1.91

3.07

0.62

1500 cm

0%

8.98%

78.42%

12.60%

91.02%

18.71

1.76

3.71

1.05

1600 cm

0%

8.85%

76.72%

14.43%

91.15%

16.52

1.83

3.35

0.72

1700 cm

0%

8.66%

79.41%

11.94%

91.34%

18.84

1.69

3.88

1.19

224
1800 cm

0%

13.89%

75.09%

11.02%

86.11%

22.10

1.81

3.93

0.88

1900 cm

0%

14.56%

73.02%

12.42%

85.44%

20.91

1.84

3.57

0.98

2000 cm

0%

8.70%

78.63%

12.68%

91.30%

18.84

1.75

3.87

1.06

2100 cm

0%

6.22%

78.30%

15.49%

93.78%

15.20

1.77

3.39

0.88

2200 cm

0%

8.84%

76.51%

14.65%

91.16%

16.75

1.83

3.31

0.8

SILT

CLAY

MUD

KURTOSIS

SKEWNESS

Site BH02 - GSC 2007-301-063
Sample
GRAVEL
SAND
depth
131 cm

0%

38.14%

53.06%

133 cm

0%

33.85%

158 cm

0%

18.71%

202 cm

0%

232 cm
262 cm
285 cm

MEAN
(microns)

Standard
Deviation

8.80%

61.86%

37.16

1.82

5.5

1.58

57.75%

8.40%

66.15%

35.16

1.72

5.79

1.79

68.88%

12.41%

81.29%

24.18

1.91

3.79

1.11

12.67%

69.58%

17.75%

87.33%

15.09

1.96

2.69

0.61

0%

20.55%

65.40%

14.05%

79.45%

21.34

1.96

3.14

0.9

0%

31.27%

55.20%

13.53%

68.73%

25.56

2.08

3.16

0.95

0%

25.54%

62.47%

11.99%

74.46%

25.56

1.88

3.8

1.26

315 cm

0%

28.37%

60.55%

11.08%

71.63%

27.39

1.89

3.8

1.16

342 cm

0%

27.47%

61.43%

11.10%

72.53%

28.56

1.92

3.78

1.1

376 cm

0%

21.72%

62.91%

15.37%

78.28%

22.41

2.05

3.17

0.99

404 cm

0%

18.94%

57.89%

23.17%

81.06%

15.63

2.27

2.21

0.62

SILT

CLAY

MUD

KURTOSIS

SKEWNESS

Site BH03 - GSC 2007-301-058
Sample
GRAVEL
SAND
depth

MEAN
(microns)

Standard
Deviation

23 cm

0%

52.15%

42.48%

5.37%

47.85%

49.04

1.52

9.14

2.42

47 cm

0%

46.83%

48.26%

4.91%

53.17%

47.70

1.46

9.5

2.41

61 cm

0%

40%

54.97%

5.03%

60%

44.19

1.44

9.56

2.43

116 cm

0%

45.57%

47.97%

6.47%

54.43%

45.75

1.71

7.26

1.6

143 cm

0%

13.39%

62.32%

24.29%

86.61%

14.68

2.29

2.24

0.46

163 cm

0%

28.85%

64.86%

6.29%

71.15%

37.94

1.52

8.44

2.27

191 cm

0%

15.72%

75.81%

8.48%

84.28%

30.61

1.65

5.98

1.66

199 cm

0%

10.67%

69.81%

19.52%

89.33%

13.32

2.07

2.73

0.12

222 cm

0%

40.28%

54.21%

5.50%

59.72%

44.81

1.63

7.74

1.43

252 cm

0%

65.06%

29.57%

5.38%

34.94%

59.54

1.64

7.69

2.09

296 cm

0%

32.29%

48.20%

19.51%

67.71%

22.10

2.38

2.44

0.69

318 cm

0%

44.01%

49.16%

6.83%

55.99%

42.99

1.68

6.4

1.8

326 cm

0%

58.34%

33.72%

7.94%

41.66%

46.71

1.82

5.9

1.83

348 cm

0%

54.05%

41.38%

4.57%

45.95%

52.19

1.45

9.82

2.47

362 cm

0%

31.87%

57.35%

10.77%

68.13%

32.13

1.92

4.48

1.39

379 cm

0%

37.11%

54.39%

8.49%

62.89%

35.90

1.72

5.83

1.83

420 cm

0%

26.52%

61.89%

11.59%

73.48%

27.02

1.84

4.38

1.5

436 cm

0%

47.42%

38.10%

14.48%

52.58%

31.47

2.21

3.34

1.22

476 cm

0%

35.13%

57.38%

7.49%

64.87%

37.16

1.66

6.18

1.83

225
512 cm

0%

77.51%

18.93%

3.56%

22.49%

72.80

1.39

12.17

2.85

530 cm

0%

64.41%

28.89%

6.70%

35.59%

52.92

1.73

7.2

2.14

599 cm

0%

61.19%

33.47%

5.34%

38.81%

54.41

1.59

8.08

2.22

616 cm

0%

55.72%

35.77%

8.52%

44.28%

44.19

1.87

5.28

1.72

646 cm

0%

46.94%

44.40%

8.65%

53.06%

39.55

1.87

4.84

1.51

670 cm

0%

42.67%

42.76%

14.57%

57.33%

29.77

2.22

3.13

1.08

673 cm

0%

29.31%

50.02%

20.67%

70.69%

18.71

2.26

2.36

0.8

703 cm

0%

81.81%

14.05%

4.14%

18.19%

80.77

1.54

10.29

2.65

724 cm

0%

57.95%

31.67%

10.38%

42.05%

43.28

2.1

3.85

1.32

738 cm

0%

70.84%

22.36%

6.80%

29.16%

60.37

1.85

5.99

1.9

760 cm

0%

61.24%

29.73%

9.03%

38.76%

46.07

1.96

4.87

1.65

782 cm

0%

62.59%

31.63%

5.78%

37.41%

58.72

1.76

6.54

1.67

792 cm

0%

34.03%

60.61%

5.35%

65.97%

42.39

1.62

6.59

1.31

825 cm

0%

8.03%

82.90%

9.07%

91.97%

22.25

1.54

5.38

1.54

842 cm

0%

13.89%

67.14%

18.97%

86.11%

15.20

2.06

2.63

0.49

862 cm

0%

15.96%

64.08%

19.96%

84.04%

16.98

2.22

2.53

0.41

870 cm

0%

8.43%

86%

5.56%

91.57%

30.82

1.32

10.47

2.63

880 cm

0%

21.64%

68.10%

10.26%

78.36%

24.18

2.07

3.25

0.2

898 cm

0%

12.05%

80.60%

7.35%

87.95%

27.02

1.54

6

1.49

904 cm

0%

22.46%

71.37%

6.17%

77.54%

36.91

1.65

6.12

1.14

925 cm

0%

16.11%

67.86%

16.03%

83.89%

19.10

2.09

2.84

0.51

948 cm

0%

11.73%

65.56%

22.71%

88.27%

11.44

2.03

2.54

0.16

992 cm

0%

6.14%

70.25%

23.61%

93.86%

10.31

1.89

2.54

0.41

1100 cm

0%

15.39%

73.83%

10.78%

84.61%

23.36

1.79

4.06

1.02

1200 cm

0%

11.82%

77.22%

10.96%

88.18%

21.34

1.76

4.07

0.95

1300 cm

0%

13.90%

74.85%

11.24%

86.10%

21.49

1.83

3.86

0.73

1400 cm

0%

20.55%

69.50%

9.94%

79.45%

25.21

1.8

3.98

1.04

1500 cm

0%

25.94%

62.94%

11.12%

74.06%

26.46

1.98

3.48

0.79

1600 cm

0%

14.09%

71.88%

14.03%

85.91%

19.10

1.89

3.22

0.82

1700 cm

0%

9.81%

74.57%

15.62%

90.19%

16.40

1.92

3.24

0.57

1800 cm

0%

11.94%

75.50%

12.56%

88.06%

20.05

1.87

3.67

0.73

1900 cm

0%

12.23%

75.46%

12.32%

87.77%

19.78

1.87

3.62

0.63

2000 cm

0%

10.21%

74.48%

15.30%

89.79%

16.18

1.9

3.25

0.51

2100 cm

0%

11.01%

70.97%

18.02%

88.99%

15.09

2.02

2.93

0.38

2200 cm

0%

10.92%

70.26%

18.81%

89.08%

14.28

2.04

2.89

0.25

SILT

CLAY

MUD

KURTOSIS

SKEWNESS

Site BH04 - GSC 2007-301-059
Sample
GRAVEL
SAND
depth

MEAN
(microns)

Standard
Deviation

45 cm

0%

32.41%

59.69%

7.90%

67.59%

35.40

1.66

6.37

1.9

52 cm

0%

33.45%

60.83%

5.72%

66.55%

39.55

1.5

8.29

2.2

82 cm

0%

25.98%

66.82%

7.20%

74.02%

34.67

1.58

7.3

2.09

112 cm

0%

26.46%

67.86%

5.68%

73.54%

36.91

1.46

8.79

2.3

226
138 cm

0%

27.30%

65.89%

6.80%

72.70%

35.65

1.55

7.99

2.24

162 cm

0%

24.57%

70.90%

4.53%

75.43%

39.55

1.31

11.24

2.69

166 cm

0%

27.43%

67.21%

5.35%

72.57%

39.01

1.43

9.37

2.36

212 cm

0%

43.41%

52.04%

4.55%

56.59%

47.04

1.37

11.01

2.68

232 cm

0%

30.59%

60.49%

8.92%

69.41%

35.16

1.86

5.06

1.31

242 cm

0%

51.61%

38.26%

10.14%

48.39%

40.11

2.04

4.45

1.34

260 cm

0%

28.92%

56.39%

14.69%

71.08%

23.52

2.11

2.95

0.84

282 cm

0%

44.46%

49.24%

6.30%

55.54%

42.99

1.59

7.13

2.05

312 cm

0%

31.80%

45.48%

22.72%

68.20%

18.71

2.44

2.11

0.56

353 cm

0%

45.28%

43.28%

11.44%

54.72%

33.73

1.99

4.08

1.43

385 cm

0%

45.58%

42.31%

12.11%

54.42%

33.96

2.15

3.41

1.06

402 cm

0%

42.51%

50.98%

6.51%

57.49%

42.69

1.63

6.83

1.89

422 cm

0%

37.66%

49.54%

12.80%

62.34%

29.56

2.07

3.48

1.15

470 cm

0%

29.38%

59.69%

10.93%

70.62%

29.56

1.92

4.12

1.2

500 cm

0%

43.51%

44.45%

12.04%

56.49%

33.26

2.08

3.64

1.2

530 cm

0%

53.34%

39.41%

7.24%

46.66%

46.71

1.8

5.61

1.64

575 cm

0%

31.58%

57.14%

11.27%

68.42%

29.56

1.96

3.88

1.17

614 cm

0%

19.56%

67.16%

13.28%

80.44%

23.52

1.97

3.45

0.95

640 cm

0%

11.93%

65.56%

22.51%

88.07%

14.48

2.17

2.39

0.5

685 cm

0%

9.21%

69.40%

21.38%

90.79%

14.99

2.06

2.48

0.81

720 cm

0%

14.47%

72.21%

13.32%

85.53%

23.04

1.96

3.72

0.94

741 cm

0%

14.37%

76.58%

9.05%

85.63%

27.39

1.69

5.16

1.38

780 cm

0%

18.95%

70.62%

10.43%

81.05%

26.46

1.86

4.21

0.98

810 cm

0%

15.08%

71.01%

13.92%

84.92%

20.47

1.93

3.39

0.88

840 cm

0%

19.59%

69.37%

11.04%

80.41%

26.46

1.87

4.21

1.15

865 cm

0%

20.58%

71.39%

8.03%

79.42%

30.40

1.8

4.8

0.78

902 cm

0%

14.29%

66.63%

19.09%

85.71%

16.63

2.1

2.64

0.62

916 cm

0%

11.93%

65.27%

22.80%

88.07%

13.05

2.14

2.39

0.28

960 cm

0%

25.69%

68.57%

5.74%

74.31%

37.16

1.7

5.49

0.86

992 cm

0%

13.82%

69.70%

16.48%

86.18%

18.71

2.07

2.99

0.62

1100 cm

0%

18.97%

70.98%

10.05%

81.03%

27.20

1.83

4.19

1.03

1031 cm

0%

35.57%

59.59%

4.83%

64.43%

42.10

1.42

9.34

2.34

1200 cm

0%

17.27%

68.37%

14.36%

82.73%

20.47

2.01

3.06

0.64

1300 cm

0%

11.87%

72.94%

15.19%

88.13%

16.98

1.95

3.18

0.53

1400 cm

0%

13.75%

71.28%

14.97%

86.25%

18.07

1.98

3.09

0.54

1500 cm

0%

10.77%

74.80%

14.42%

89.23%

17.95

1.91

3.36

0.65

1600 cm

0%

12.68%

76.85%

10.47%

87.32%

23.20

1.75

4.29

1.05

1700 cm

0%

11.62%

72.83%

15.55%

88.38%

17.58

1.96

3.17

0.61

SILT

CLAY

MUD

KURTOSIS

SKEWNESS

3.53

0.91

Site BH05 - GSC 2007-301-061
Sample
GRAVEL
SAND
depth
100 cm

0%

32.42

55.56

12.02

67.58

MEAN
(microns)
33.73

Standard
Deviation
2.17

227
126 cm

0%

31.44

62.2

6.35

68.56

37.68

1.52

8.44

2.34

146 cm

0%

25.62

65.43

8.96

74.38

33.49

1.82

5.12

1.33

180 cm

0%

16.95

71.2

11.84

83.05

25.38

1.8

4.58

1.57

206 cm

0%

25.91

66.09

800%

74.09

30.82

1.68

5.05

1.49

265 cm

0%

49.72

45.27

5.01

50.28

47.70

1.49

8.83

2.31

295 cm

0%

28.21

63.31

8.48

71.79

30.61

1.71

4.88

1.48

330 cm

0%

8.57

68.22

23.22

91.43

12.96

2.06

2.29

0.67

385 cm

0%

12.57

71.73

15.7

87.43

17.34

1.88

3.05

0.95

416 cm

0%

6.78

78.07

15.16

93.22

15.63

1.77

3.26

0.95

436 cm

0%

54.12

39.19

6.69

45.88

49.72

1.8

5.66

1.44

480 cm

0%

55.64

34.47

9.88

44.36

42.99

2.08

4.11

1.22

520 cm

0%

5.3

74.9

19.8

94.7

15.20

1.96

2.71

0.95

542 cm

0%

22.26

73.08

4.67

77.74

38.21

1.33

10.61

2.52

560 cm

0%

12.83

66.3

20.87

87.17

15.95

2.16

2.53

0.63

582 cm

0%

18.37

73.61

8.03

81.63

29.98

1.66

5.41

1.43

620 cm

0%

18.46

71.13

10.42

81.54

26.46

1.74

4.68

1.53

622 cm

0%

24.09

70.09

5.82

75.91

35.40

1.45

8.42

2.22

662 cm

0%

16.95

67.08

15.96

83.05

19.10

2

2.84

0.73

707 cm

0%

7.81

67.54

24.65

92.19

12.01

2.07

2.22

0.53

KURTOSIS

SKEWNESS

Site 060 - GSC 2007-301-060
Sample
GRAVEL
SAND
depth

SILT

CLAY

MUD

MEAN
(microns)

Standard
Deviation

27 cm

0%

45.91

46.39

7.7

54.09

42.39

1.77

5.81

1.68

61 cm

0%

36.97

57.91

5.12

63.03

43.89

1.54

7.7

1.7

106 cm

0%

23.54

63.72

12.74

76.46

26.46

1.94

4.01

1.33

162 cm

0%

43.24

49.94

6.82

56.76

44.81

1.76

6.13

1.5

227 cm

0%

16.76

74.59

8.65

83.24

31.25

1.81

5.06

0.98

255 cm

0%

35.87

58.51

5.62

64.13

39.83

1.5

8.02

2.13

270 cm

0%

22.37

55.26

22.38

77.63

17.46

2.36

2.27

0.5

302 cm

0%

38.81

53.56

7.63

61.19

40.11

1.88

4.88

1.08

340 cm

0%

24.68

58.99

16.33

75.32

23.36

2.19

2.94

0.81

371 cm

0%

59.93

33.46

6.61

40.07

49.72

1.69

7.32

2.15

410 cm

0%

30.07

48.06

21.87

69.93

20.05

2.46

2.23

0.54

435 cm

0%

26.74

59.22

14.04

73.26

25.03

2.17

2.85

0.61

445 cm

0%

25.87

58.78

15.35

74.13

24.69

2.13

3.19

0.97

464 cm

0%

20.96

55.99

23.05

79.04

16.06

2.29

2.17

0.55

492 cm

0%

9.22

69.01

21.76

90.78

12.43

2.02

2.61

0.35

528 cm

0%

65.58

26.66

7.76

34.42

55.94

1.98

5.05

1.52

566 cm

0%

30.7

53.44

15.86

69.3

23.85

2.16

2.85

0.86

594 cm

0%

39.8

47.79

12.42

60.2

35.16

2.39

2.77

0.54

628 cm

0%

40.69

50.49

8.82

59.31

39.55

1.98

4.27

1.01

658 cm

0%

48.6

44.55

6.85

51.4

46.71

1.83

5.42

1.34

228
671 cm

0%

45.2

48.13

6.67

54.8

47.04

1.87

4.96

1.09

742 cm

0%

13.72

59.95

26.32

86.28

11.44

2.23

2.33

-0.03

767 cm

0%

15.09

64.38

20.52

84.91

16.63

2.24

2.49

0.4

791 cm

0%

26.44

66.83

6.74

73.56

38.21

1.78

5.33

0.97

810 cm

0%

23.59

61.56

14.85

76.41

24.35

2.22

2.92

0.56

840 cm

0%

26.88

66.01

7.11

73.12

35.16

1.8

4.78

0.92

862 cm

0%

16.91

65.38

17.72

83.09

17.58

2.19

2.69

0.29

888 cm

0%

17.07

68.71

14.21

82.93

22.10

2.17

3.13

0.32

939 cm

0%

19.23

68.69

12.08

80.77

27.20

2.09

3.44

0.6

965 cm

0%

18.15

66.37

15.48

81.85

19.37

2.23

2.88

0.11

999 cm

0%

21.97

62.58

15.46

78.03

20.91

2.31

2.68

0.11

1035 cm

0%

20.53

64.76

14.72

79.47

21.94

2.21

2.88

0.31

1100 cm

0%

23.63

64.54

11.83

76.37

26.83

2.12

3.27

0.48

1300 cm

0%

8.39

77.17

14.44

91.61

16.18

1.81

3.35

0.75

1400 cm

0%

6.51

81.7

11.79

93.49

18.45

1.67

4.09

1.14

1500 cm

0%

10.07

79.1

10.83

89.93

20.19

1.67

4.23

1.17

1600 cm

0%

15.71

72.32

11.97

84.29

21.64

1.82

3.74

1.01

1700 cm

0%

20.87

66.88

12.24

79.13

23.36

1.91

3.56

0.99

1800 cm

0%

7.75

79.24

13.02

92.25

17.70

1.72

3.71

1.06

2000 cm

0%

7.96

76.75

15.29

92.04

15.73

1.8

3.32

0.78

1200 cm

0%

12.55

75.81

11.64

87.45

20.76

1.78

3.83

0.96

1900 cm

0%

9.06

78.97

11.96

90.94

19.64

1.73

4.04

1.09

401 cm

0%

43.07

43.73

13.2

56.93

31.47

2.11

3.64

1.28

471 cm

0%

26.77

60.78

12.44

73.23

26.83

1.97

3.64

1.13

510 cm

0%

9.31

71.88

18.82

90.69

15.20

2

2.77

0.61

519 cm

0%

27.63

62.55

9.82

72.37

29.98

1.94

3.92

0.87

547 cm

0%

55.98

33.66

10.35

44.02

40.95

2.01

4.56

1.55

572 cm

0%

55.2

40.12

4.68

44.8

51.12

1.5

8.49

2.23

592 cm

0%

21.43

60.29

18.28

78.57

19.37

2.24

2.59

0.51

622 cm

0%

43.35

49.35

7.3

56.65

42.69

1.84

5.17

1.23

702 cm

0%

38.4

52.11

9.49

61.6

36.40

2.01

4.07

0.96

720 cm

0%

17.17

58.51

24.32

82.83

13.98

2.26

2.16

0.34

904 cm

0%

12.83

71.46

15.71

87.17

18.84

1.95

3.13

0.89

967 cm

0%

10.67

79.9

9.43

89.33

22.88

1.64

4.71

1.29

131 cm

0%

12.12

80.85

7.03

87.88

29.36

1.49

7.84

2.21

351 cm

0%

22.99

70.73

6.28

77.01

33.96

1.52

7.73

2.04

602 cm

0%

71.06

23.24

5.7

28.94

59.13

1.62

8.38

2.37

739 cm

0%

64.75

31.41

3.83

35.25

60.37

1.41

10.81

2.61

757 cm

0%

19.74

70.58

9.68

80.26

27.39

1.78

4.45

1.19

793 cm

0%

26.56

61.93

11.51

73.44

27.97

2.12

3.24

0.55

865 cm

0%

11.97

80.09

7.94

88.03

26.28

1.59

5.6

1.45

937 cm

0%

11.99

78.38

9.63

88.01

26.46

1.68

5.13

1.49

229
1001 cm

0%

9.68

72.07

18.25

90.32

14.28

1.95

2.78

0.55

1030 cm

0%

17.25

72.77

9.97

82.75

26.46

1.73

4.77

1.45

230

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-056

BH5a

50

0.89

0.03

2007-301-056

BH5a

150

1.12

0.25

2007-301-056

BH5a

250

1.06

0.19

2007-301-056

BH5a

350

2.1

1.20

2007-301-056

BH5a

450

1.67

0.78

2007-301-056

BH5a

550

3.3

2.37

2007-301-056

BH5a

650

2.7

1.78

2007-301-056

BH5a

850

4.1

3.14

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-058

BH3

20

1.05

0.38

2007-301-058

BH3

55

1.03

0.36

2007-301-058

BH3

102

0.75

0.05

2007-301-058

BH3

155

0.69

0.00

2007-301-058

BH3

200

0.53

0.00

2007-301-058

BH3

255

0.52

0.00

2007-301-058

BH3

295

1.45

0.41

2007-301-058

BH3

305

0.65

0.00

2007-301-058

BH3

312

0.59

0.00

2007-301-058

BH3

335

0.6

0.00

2007-301-058

BH3

400

0.54

0.00

2007-301-058

BH3

442

0.58

0.00

2007-301-058

BH3

499

0.99

0.31

2007-301-058

BH3

540

2.5

1.97

2007-301-058

BH3

605

4.1

3.73

2007-301-058

BH3

645

4.8

4.50

2007-301-058

BH3

672

4.4

4.06

2007-301-058

BH3

695

6

5.81

2007-301-058

BH3

735

6.1

5.92

2007-301-058

BH3

779

5.1

4.83

2007-301-058

BH3

800

5.8

5.59

2007-301-058

BH3

830

7.5

7.46

2007-301-058

BH3

850

6

5.81

2007-301-058

BH3

862

6.1

5.92

2007-301-058

BH3

892

5.7

5.48

2007-301-058

BH3

920

9.6

9.77

2007-301-058

BH3

935

6.8

6.69

2007-301-058

BH3

952

11.5

11.85

2007-301-058

BH3

970

9

9.11

2007-301-058

BH3

990

15.4

12.61

2007-301-058

BH3

995

10.1

10.32

2007-301-058

BH3

1050

15.1

12.35

2007-301-058

BH3

1250

10.5

10.76

2007-301-058

BH3

1350

14

11.38

231
2007-301-058

BH3

1450

10.1

10.32

2007-301-058

BH3

1550

17.8

14.71

2007-301-058

BH3

1650

10.1

10.32

2007-301-058

BH3

1750

8.6

12.34

2007-301-058

BH3

1850

11.9

12.29

2007-301-058

BH3

2000

10.9

11.19

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-059

BH4

50

1.2

0.33

2007-301-059

BH4

150

0.69

0.00

2007-301-059

BH4

250

0.6

0.00

2007-301-059

BH4

350

0.61

0.00

2007-301-059

BH4

450

0.6

0.00

2007-301-059

BH4

550

1.32

0.44

2007-301-059

BH4

650

2.1

1.20

2007-301-059

BH4

750

1.86

0.97

2007-301-059

BH4

850

2.1

1.20

2007-301-059

BH4

950

2.9

1.98

2007-301-059

BH4

1050

2.6

1.69

2007-301-059

BH4

1150

2.9

1.98

2007-301-059

BH4

1250

3

2.08

2007-301-059

BH4

1350

4.5

3.53

2007-301-059

BH4

1450

3.7

2.76

2007-301-059

BH4

1550

3.7

2.76

2007-301-059

BH4

1650

4.3

3.34

2007-301-059

BH4

59

0.64

0.38

2007-301-059

BH4

116

1.41

0.91

2007-301-059

BH4

163

1.46

0.94

2007-301-059

BH4

221

0.51

0.29

2007-301-059

BH4

275

0.73

0.44

2007-301-059

BH4

328

0.45

0.25

2007-301-059

BH4

403

0.64

0.38

2007-301-059

BH4

470

0.52

0.29

2007-301-059

BH4

538

0.62

0.36

2007-301-059

BH4

597

1.03

0.65

2007-301-059

BH4

660

0.94

0.58

2007-301-059

BH4

718

1.59

1.03

2007-301-059

BH4

781

1.83

1.20

2007-301-059

BH4

810

1.74

1.14

2007-301-059

BH4

866

1.62

1.05

2007-301-059

BH4

901

1.9

1.25

2007-301-059

BH4

915

2.9

1.94

2007-301-059

BH4

950

1.81

1.18

2007-301-059

BH4

992

1.72

1.12

2007-301-059

BH4

1030

1.69

1.10

232

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-063

BH2

50

0.81

0.00

2007-301-063

BH2

150

1.41

0.53

2007-301-063

BH2

250

1.65

0.76

2007-301-063

BH2

350

1.71

0.82

2007-301-063

BH2

450

2.4

1.49

2007-301-063

BH2

550

3.4

2.46

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-060

60

55

0.83

0.14

2007-301-060

60

104

0.62

0.00

2007-301-060

60

130

0.85

0.16

2007-301-060

60

160

0.69

0.00

2007-301-060

60

225

0.63

0.00

2007-301-060

60

268

0.61

0.00

2007-301-060

60

302

0.65

0.00

2007-301-060

60

350

0.59

0.00

2007-301-060

60

400

0.53

0.00

2007-301-060

60

470

0.71

0.01

2007-301-060

60

545

0.89

0.20

2007-301-060

60

601

0.86

0.17

2007-301-060

60

621

1.4

0.76

2007-301-060

60

657

1.37

0.73

2007-301-060

60

701

2.6

2.08

2007-301-060

60

738

2

1.42

2007-301-060

60

756

4

3.62

2007-301-060

60

792

7.6

7.57

2007-301-060

60

864

5.7

5.48

2007-301-060

60

903

3.9

3.51

2007-301-060

60

936

4.1

3.73

2007-301-060

60

965

5.1

4.83
5.59

2007-301-060

60

1000

5.8

2007-301-060

60

1030

4.4

4.06

2007-301-060

60

1150

9.4

9.55

2007-301-060

60

1350

8.9

9.00
13.72

2007-301-060

60

1450

13.2

2007-301-060

60

1550

12.4

12.84

2007-301-060

60

1650

11.1

11.41

2007-301-060

60

1950

15.6

16.35

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-061

BH5

99

0.79

0.48

2007-301-061

BH5

161

0.89

0.55

2007-301-061

BH5

227

1.43

0.92

233
2007-301-061

BH5

265

0.96

0.60

2007-301-061

BH5

328

1.33

0.85

2007-301-061

BH5

390

0.99

0.62

2007-301-061

BH5

434

1.43

0.92

2007-301-061

BH5

540

1.41

0.91

2007-301-061

BH5

600

2.3

1.52

2007-301-061

BH5

641

2.1

1.38

2007-301-061

BH5

700

2.5

1.66

2007-301-061

BH5

727

1.42

0.92

Station ID

Site

Depth

Conductivity (mS/cm)

Salinity (ppt)

2007-301-066

BH1

56

0.49

0.00

2007-301-066

BH1

95

0.61

0.00

2007-301-066

BH1

159

0.93

0.06

2007-301-066

BH1

270

0.9

0.04

2007-301-066

BH1

340

1.42

0.54

2007-301-066

BH1

400

2.1

1.20

2007-301-066

BH1

500

4.1

3.14

2007-301-066

BH1

595

7.5

6.45

2007-301-066

BH1

667

9.3

8.19

2007-301-066

BH1

700

6.7

5.67

2007-301-066

BH1

760

6.8

5.77

2007-301-066

BH1

815

10.7

9.55

2007-301-066

BH1

850

8.5

7.42

2007-301-066

BH1

1050

6.7

5.67

2007-301-066

BH1

1150

6.8

5.77

2007-301-066

BH1

1250

8.5

7.42

2007-301-066

BH1

1350

8.6

7.51

2007-301-066

BH1

1450

6.9

5.86

2007-301-066

BH1

1550

7.2

6.15

2007-301-066

BH1

1650

8.3

7.22

2007-301-066

BH1

1750

2.5

1.59

2007-301-066

BH1

1850

10.2

9.07

2007-301-066

BH1

1950

5.6

4.60

2007-301-066

BH1

2100

8.8

7.71
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Station ID

Site

Depth (cm)

Gravimetric water content (%)

2007-301-059

BH04

44

34.58

2007-301-059

BH04

81

32.91

2007-301-059

BH04

137

28.94

2007-301-059

BH04

161

25.60

2007-301-059

BH04

241

29.11

2007-301-059

BH04

259

34.81

2007-301-059

BH04

352

35.37

2007-301-059

BH04

401

31.90

2007-301-059

BH04

421

38.78

2007-301-059

BH04

469

36.04

2007-301-059

BH04

529

34.58

2007-301-059

BH04

574

34.29

2007-301-059

BH04

639

28.90

2007-301-059

BH04

684

26.90

2007-301-059

BH04

719

27.14

2007-301-059

BH04

740

25.44

2007-301-059

BH04

779

27.40

2007-301-059

BH04

809

27.90

2007-301-059

BH04

839

39.59

2007-301-059

BH04

864

30.65

2007-301-059

BH04

889

30.10

2007-301-059

BH04

915

48.44

2007-301-059

BH04

959

36.01

2007-301-059

BH04

991

32.29

2007-301-059

BH04

1030

34.16

Station ID

Site

Depth (cm)

Gravimetric water content (%)

2007-301-058

BH03

25

31.98

2007-301-058

BH03

59

32.79

2007-301-058

BH03

91

26.73

2007-301-058

BH03

115

27.33

2007-301-058

BH03

142

27.73

2007-301-058

BH03

177

31.97

2007-301-058

BH03

251

29.75

2007-301-058

BH03

325

31.04

2007-301-058

BH03

361

34.29

2007-301-058

BH03

435

30.39

2007-301-058

BH03

474

33.51

2007-301-058

BH03

529

32.50

2007-301-058

BH03

615

38.30

2007-301-058

BH03

645

37.23

2007-301-058

BH03

699

39.57

2007-301-058

BH03

841

40.71

2007-301-058

BH03

869

29.38

2007-301-058

BH03

920

31.15

235
2007-301-058

BH03

991

46.50

Station ID

Site

Depth (cm)

Gravimetric water content (%)

2007-301-061

BH05

99

29.78

2007-301-061

BH05

125

32.90

2007-301-061

BH05

145

32.03

2007-301-061

BH05

179

29.81

2007-301-061

BH05

207

36.99

2007-301-061

BH05

264

26.44

2007-301-061

BH05

329

26.11

2007-301-061

BH05

519

24.43

2007-301-061

BH05

559

25.91

2007-301-061

BH05

671

38.05

2007-301-061

BH05

706

35.52

Station ID

Site

Depth (cm)

Gravimetric water content (%)

2007-301-064

BH02

130

33.40

2007-301-064

BH02

201

31.50

2007-301-064

BH02

231

27.49

2007-301-064

BH02

261

23.69

2007-301-064

BH02

284

23.75

2007-301-064

BH02

314

24.00

2007-301-064

BH02

341

26.85

2007-301-064

BH02

375

29.92

2007-301-064

BH02

403

30.59

Station ID

Site

Depth (cm)

Gravimetric water content (%)

2007-301-066

BH01

74

28.55

2007-301-066

BH01

92

30.27

2007-301-066

BH01

137

30.71

2007-301-066

BH01

205

37.25

2007-301-066

BH01

239

31.19

2007-301-066

BH01

271

34.17

2007-301-066

BH01

316

39.26

2007-301-066

BH01

345

38.73

2007-301-066

BH01

397

35.45

2007-301-066

BH01

441

36.91

2007-301-066

BH01

482

36.35

2007-301-066

BH01

519

31.16

2007-301-066

BH01

554

41.37

2007-301-066

BH01

730

31.57

2007-301-066

BH01

917

36.21

Station ID

Site

Depth (cm)

Gravimetric water content (%)

2007-301-060

60

62

19.15

2007-301-060

60

105

20.50

2007-301-060

60

161

22.10

236
2007-301-060

60

226

26.12

2007-301-060

60

269

24.82

2007-301-060

60

301

24.58

2007-301-060

60

339

24.66

2007-301-060

60

370

23.47

2007-301-060

60

409

23.61

2007-301-060

60

434

31.72

2007-301-060

60

463

25.29

2007-301-060

60

491

32.76

2007-301-060

60

529

24.25

2007-301-060

60

565

29.42

2007-301-060

60

593

26.09

2007-301-060

60

627

29.99

2007-301-060

60

657

25.04

2007-301-060

60

719

27.44

2007-301-060

60

741

28.91

2007-301-060

60

766

26.22

2007-301-060

60

790

21.79

2007-301-060

60

861

37.33

2007-301-060

60

887

27.26

2007-301-060

60

939

26.29

2007-301-060

60

964

32.70

2007-301-060

60

998

25.88

2007-301-060

60

1034

22.85
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Date

6/15/2007

Sample ID

factory standard

Temperature

Thermal
Conductivity

Heat
Capacity

Thermal
Diffusivity

°C

W/(mK)

MJ/(m³K)

mm²/s

23.7

0.281

r²

0.9997

6/15/2007

factory standard

24.0

0.282

6/15/2007

factory standard

24.2

0.489

1.0000

6/15/2007

factory standard

22.9

0.364

1.972

0.185

1.0000

6/20/2007

STANDARD

23.1

0.358

1.943

0.184

1.0000

6/20/2007

STANDARD2

24.5

0.363

1.979

0.184

1.0000

6/21/2007

2007-301-058_429cm

16.8

1.485

2.561

0.580

1.0000

6/21/2007

2007-301-058_429cm

16.9

1.569

3.204

0.490

0.9999

1.700

0.287

1.0000

6/21/2007

2007-301-061_140cm

-11.3

1.547

1.494

1.035

0.9971

6/21/2007

2007-301-061_140cm

-11.6

1.531

1.526

1.003

0.9974

6/21/2007

2007-301-061_140cm

-11.3

1.536

1.527

1.006

0.9975

6/21/2007

2007-301-061_140cm

-10.4

1.536

1.538

0.998

0.9975

6/21/2007

2007-301-061_140cm

-9.3

1.534

1.558

0.985

0.9977

6/21/2007

2007-301-061_140cm

-8.1

1.530

1.577

0.970

0.9978

6/21/2007

2007-301-061_140cm

-7.0

1.525

1.600

0.953

0.9979

6/21/2007

2007-301-061_140cm

-6.0

1.525

1.629

0.936

0.9981

6/21/2007

2007-301-061_140cm

-5.1

1.522

1.663

0.915

0.9982

6/21/2007

2007-301-061_140cm

-4.3

1.514

1.719

0.881

0.9982

6/21/2007

2007-301-061_140cm

-3.6

1.486

1.840

0.807

0.9955

6/22/2007

2007-301-059_900cm

-2.3

1.205

6/22/2007

2007-301-058_915cm

-14.8

1.172

2.824

0.415

0.9999

0.9999

6/22/2007

2007-301-058_995cm

-11.9

1.148

2.748

0.418

0.9999

6/22/2007

2007-301-058_856cm

-12.2

1.297

2.781

0.466

0.9998

6/22/2007

2007-301-058_661cm

-11.9

1.172

2.739

0.428

0.9998

6/22/2007

2007-301-058_716cm

-11.5

1.470

3.361

0.437

0.9999

6/22/2007

2007-301-058_620

-14.3

1.027

2.292

0.448

0.9998

6/22/2007

2007-301-058_527cm

-13.0

1.349

3.274

0.412

0.9998

6/22/2007

2007-301-058_437cm

-10.6

1.127

2.914

0.387

0.9997

6/22/2007

2007-301-058_268cm

-11.9

1.669

3.014

0.554

0.9999

6/22/2007

2007-301-058_320cm

-8.5

1.393

3.103

0.449

0.9999

6/22/2007

2007-301-058_408cm

-9.8

1.837

2.973

0.618

0.9998

6/22/2007

2007-301-058_128cm

-10.6

1.225

3.058

0.401

0.9999

6/22/2007

2007-301-058_186cm

-10.5

1.393

3.512

0.397

0.9997

6/22/2007

2007-301-058_033cm

-12.1

1.540

2.589

0.595

0.9999

6/22/2007

2007-301-058_119cm

-13.2

1.745

3.402

0.513

0.9999

6/22/2007

2007-301-059_066cm

-14.5

1.411

3.588

0.393

0.9999

6/22/2007

2007-301-059_511cm

-11.8

1.353

3.143

0.430

0.9999

6/22/2007

2007-301-059_435cm

-15.9

1.657

2.939

0.564

0.9999

6/22/2007

2007-301-059_320cm

-12.7

1.160

3.025

0.383

0.9999

6/22/2007

2007-301-059_236cm

-14.5

1.043

2.325

0.449

0.9999

6/22/2007

2007-301-059_278cm

-10.3

1.379

3.202

0.431

0.9998

6/22/2007

2007-301-059_814cm

-16.6

1.457

2.745

0.531

0.9999
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Date

Sample ID

Temperature

Thermal
Conductivity

Heat
Capacity

Thermal
Diffusivity

°C

W/(mK)

MJ/(m³K)

mm²/s

6/22/2007

2007-301-059_664cm

-16.6

1.199

3.264

0.367

0.9999

6/22/2007

2007-301-059_725cm

-14.5

1.443

2.973

0.485

0.9999

6/22/2007

2007-301-058_923cm

3.6

0.974

3.196

0.305

1.0000

6/22/2007

2007-301-058_949cm

4.2

1.094

3.137

0.349

1.0000

6/22/2007

2007-301-058_022cm

3.9

1.618

3.090

0.524

0.9999

6/22/2007

2007-301-059_900cm

3.7

0.924

2.274

0.406

0.9998

r²

