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INTRODUCTION

Climate change is a significant challenge for northern communities, where the impacts of a warming 
climate are already having considerable effects (Huntington and Weller, 2005). Many people living 
in small, isolated communities in northern Yukon are concerned about climate-related risks in 
their regions. Because adverse impacts are a reality, it is important to implement measures to 
reduce or moderate the negative effects of climate change – in other words, to implement climate 
change adaptation strategies. 

CLIMATE CHANGE ADAPTATION PLANNING

Community-based adaptation planning aims to incorporate the potential impacts of climate 
change into decision-making for community development. For example, the design of a new 
building that is resilient to permafrost thaw, or the selection of future development zones away 
from areas that may be prone to flooding during the spring melt, are both decisions rooted in 
adaptation planning. Ultimately, adaptation planning anticipates future scenarios, reduces risk, 
increases resilience, and may even seek to reap the benefits of certain aspects of climate change.

In order to better prepare our communities to incorporate adaptation planning in the decision-
making process, we must first identify the risks of, or vulnerabilities to, climate change, and then 
mitigate or reduce these risks so that we may adapt in a safe, sustainable manner. 

Hazards maps help identify potential future risks associated with natural phenomena such as 
permafrost thaw, landslides and flooding. In order to adequately measure the potential risks 
associated with climate change, it is critical to gather scientific baseline data. These data, in 
conjunction with complementary research and future climate projections, strive to reduce 
vulnerability by increasing our knowledge base; this in turn will increase a community’s adaptive 
capacity to climate change. 

WHAT ARE HAZARDS MAPS?

A hazards map is a map that delineates or highlights areas on the land that are affected by, or 
are vulnerable to, a particular hazard. For example, in northern latitudes such as Yukon, thawing 
permafrost can be a significant climate change-related hazard. Flooding is another common hazard 
faced by Yukon communities, which may or may not be directly related to thawing permafrost. 
Hazards maps illustrate the risk associated with these and other hazards (ranked by risk severity), 
and are represented graphically in stoplight colours. 

Hazards maps integrate complex environmental data into an easy-to-interpret, user-friendly tool 
for decision-making. The maps are created on a community-by-community basis and combine 
information about current and future landscape and climate conditions in order to rank the 
risk related to environmental change. As a result, they are tailored to each community’s unique 
environment.

HAZARDS MAPS AND DECISION-MAKING

Hazard mapping, in conjunction with risk assessment, forms the basis of the risk management 
decision-making process by providing a community with baseline information that is necessary to 
understanding what risks may exist. One of the main objectives of the risk management process 
is to determine “what risks potentially interfere with the community’s ability to meet the goals 
and objectives defining the community’s vision for the future” (Noson, 2002). In this case, hazards 
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maps help address a community’s goal of incorporating climate change adaptation planning into 
its approaches to decision making and community development.

The series of landscape hazards maps produced by Northern Climate ExChange (NCE) and its 
partners are prepared as guides; that is, they act as one of the first steps in community planning 
and development. They identify areas where there is low risk of hazards exposure, as well as areas 
requiring more advanced and detailed scientific and engineering studies, should development 
be desired. Because hazards maps depict risk using stoplight colours, they are accessible and 
easy to interpret; in addition to community planning, hazards maps are useful educational tools 
illustrating local environmental conditions. They may also be used by scientists studying hazard 
phenomena (Noson, 2002), or could be revisited several years in the future to assess landscape 
change over time.

While hazards maps are tailored to local conditions and provide more detail than most other 
existing map products, it is important to note that they do not capture fine-scale variability within 
a site. For example, a slope underlain by permafrost may be more susceptible to thaw slumps 
in some areas compared to others because of small-scale variations in ice content of the soil 
or morphology of the slope. However, the entire slope may be classified as moderate risk to 
encompass the highest possible degree of vulnerability. Because of this, it is important to recognize 
the limitations of hazards maps – they provide an initial guide to local conditions, but detailed site 
studies (e.g., geotechnical or engineering studies) will still be required.

HOW HAZARDS MAPS ARE CREATED

There are many different approaches to creating hazards maps. Different mapping projects from 
different jurisdictions around Canada’s North, and globally, will incorporate different hazards 
elements and types of data. For this project, we developed an approach that incorporates 
local community concerns and infrastructure, disturbance history, permafrost distribution 
and characteristics, surficial geology conditions, hydrology, and projections of future climate. 
Approaches for each stage are briefly described below. Detailed descriptions of each approach, 
including equipment used, lab analyses conducted, and data processing specifics are included in 
Appendix A.

COMMUNITY CONSULTATION

Support from local community governments and First Nations is sought for each hazards mapping 
project when project funding proposals are developed. Upon project commencement, community 
consultations, meetings and interviews are held with members of the public and local decision-
makers to identify areas of concern and sites for potential future development. These areas of 
interest then become case-study sites as part of the hazards project. Where local capacity exists, a 
community project liaison is hired to serve as a link between the research team and the community.

SURFICIAL GEOLOGY CHARACTERIZATION

Surficial geology is the study of the unconsolidated material (i.e., the surficial material that overlies 
bedrock) on the Earth’s surface, including all sediments and soils. Surficial geology mapping 
involves a combination of aerial photograph interpretation and fieldwork. Surficial geology maps 
provide information on the physical properties and characteristics of the surface sediments, the 
morphology (shape) of the landforms produced, and the genesis or origin of the landforms. In the 
process of mapping the surficial geology, the distribution of permafrost is also captured, making 
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these maps an essential part of the hazards assessment process. The surficial geology maps 
become the basis for the final hazards maps produced through each project.

PERMAFROST DISTRIBUTION AND CHARACTERISTICS

Permafrost is defined as ground (including rock, unconsolidated sediments and organic material) 
that remains at or below 0°C for a minimum of two consecutive years (Brown et al., 1997). For this 
project, the research team studied both the distribution and characteristics of permafrost as part 
of the hazards map development. 

Permafrost distribution is studied via the application of two geophysical surveys: 1) ground-
penetrating radar (GPR), and 2) electrical resistivity tomography (ERT). Ground-penetrating radar 
uses electromagnetic radiation to send a tiny pulse of energy into the ground, and then measures 
the speed and strength of that pulse’s reflection back to the instrument. It produces an image 
that delineates boundaries created by changes in soil characteristics (for example, the presence 
of frozen ground or stratigraphic layers). Electrical resistivity tomography is another type of non-
invasive geophysical survey that measures the changes in the ability of the ground to conduct 
electricity along a transect. ERT profiling has been used extensively to investigate mountain 
permafrost in Europe (e.g., Kneisel et al., 2000, 2008; Hauck et al., 2004; Hilbich et al., 2008, 2009) 
and is growing in importance in North America as a technique for permafrost investigations in 
mountains and elsewhere (e.g., Lewkowicz et al., 2012). An electrical resistivity survey produces 
a two-dimensional image of the subsurface which can be used to identify frozen (high resistivity) 
versus unfrozen (low resistivity) surface materials or soils, and can therefore be used to map 
permafrost distribution along a transect. 

Permafrost characteristics are studied by extracting cores of permafrost from the ground and 
conducting a series of laboratory analyses on subsections of these cores. These analyses provide 
information about grain size, porosity, ice volume, and settlement potential, among other 
properties. These characteristics affect how different materials and soils will behave if permafrost 
thaws, and are also useful in verifying interpretations of the geophysical techniques described 
above.

HYDROLOGICAL CHARACTERIZATION

The study of the movement and distribution of water is critical in understanding responses to 
climate change. Having baseline knowledge of the hydrologic regime in an area is essential in 
defining potential future hazards that are related to climate change. To incorporate hydrological 
conditions and risk into hazards maps, data about river discharge, lake level and the groundwater 
table are gathered from monitoring stations. Flood histories are also compiled from existing records 
and anecdotal evidence. Historical patterns are analyzed, and current conditions are assessed on 
the context of projected future changes in climate.

PROJECTIONS OF FUTURE ENVIRONMENTAL CONDITIONS

An important component of the hazards mapping projects involves projections of future 
environmental conditions. They represent an important aspect of adaptation planning, which by 
definition requires a future focus; thus incorporating future-oriented data is a key element of the 
development of hazards maps.

The future environmental conditions modelled through this project are completed through 
permafrost probability projections and climate projections. Models of permafrost probability are 
developed using data from a series of meteorological and permafrost monitoring stations 
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established by research partners throughout the territory. These models build on existing 
knowledge of permafrost distribution to depict future changes in permafrost under different 
scenarios of annual air temperature increase as a result of climate change.

Climate projections for each community are developed by using a variety of Global Climate 
Models (GCMs) in combination with discrete scenarios, in order to make a range of projections for 
numerous climate variables (e.g., temperature and precipitation) on a local scale. Hazards projects 
typically incorporate a range of scenarios (reflecting escalating degrees of climate change) at 
several points in the future (e.g., 2020, 2050 and 2080). 

HAZARD RANKING

Hazard mapping applies a variety of scientific data in order to arrive at a hazard risk ranking. 
The combination of surficial material type (glacial deposits and soils), landform shape and slope, 
permafrost nature and distribution, hydrological conditions, and the present climate regime are 
used to rank hazard risk. For easy interpretation, a stop-light colour coding system is applied to 
each risk ranking.

The hazards ranking is tailored to suit the conditions in each of the communities mapped. For 
example, in communities where permafrost presence or absence largely determines risk, three 
risk categories are sufficient. In environments with more complex landscape conditions (e.g., 
where permafrost conditions are more nuanced), a fourth risk category is introduced. Tailoring 
risk ranking to community conditions makes hazards maps relevant and reflective of the local 
landscape. The hazards risk ranking matrix used in this project is discussed in more detail in the 
section “Integrating risk in a landscape hazards map for the Old Crow region”, p. 82 of this report.

Limitations and Uncertainty

It is very important to note that this report is prepared as a guide for planning. It should not be 
used as the basis for final site selection for development, and it does not replace geotechnical 
and/or engineering assessments completed on a site level. Rather, it should be treated as a tool 
for use in identifying areas of interest with regards to future large-scale land use planning, which 
will then undergo subsequent site-specific investigations (which may include geotechnical or 
engineering assessments).

It is also important to note that the classification scheme applied here does contain a level of 
uncertainty. Because of the scale at which the study area was mapped, and the duration of the field 
program for this project, researchers were unable to visit all the areas within the map boundary. 
Therefore, results have been extrapolated beyond areas visited by researchers. While we have 
developed a model that integrates the geoscience data the research team has collected to make 
the most informed assessment of hazard risk for the study area, this approach does introduce 
some uncertainty that users of the hazard risk maps should be aware of. 

Finally, it is important to note that in some cases, a polygon may contain areas of both higher and 
lower risk. In such cases, we have taken a precautionary approach and applied a category of higher 
risk where we were not confident in lower categories. This is another reason why the hazards map 
should serve only as an initial guide for planning purposes, and should not replace site-specific 
investigations – the landscape within each polygon will vary naturally.

THE OLD CROW REGION

Old Crow (67.57°N, 139.84°W) is located in Yukon’s far north, 128 km north of the Arctic Circle 
and approximately 800 km north of Whitehorse. It is situated at the confluence of the Crow and 
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Porcupine Rivers (Figure 1). It is the most northerly community in the Yukon, and the only one 
that is north of the Arctic Circle. As the only Yukon community that cannot be accessed by road, 
Old Crow has a year-round airport that allows access from other parts of the territory. During the 
ice-free seasons, it is also possible to access Old Crow by boating down the Porcupine River from 
the Eagle River located off the Dempster Highway. Occasionally, a winter road is also constructed.

Old Crow is situated within the Traditional Territory of the Vuntut Gwitchin First Nation. Vuntut 
Gwitchin means the “People of the Lakes”, a name derived from their annual muskrat trapping 
season in the lakes just north of Old Crow. Gwich’in is the Indigenous language spoken within 
the community, and is taught in the local school. The Vuntut Gwitchin make up one community 
within the Gwich’in Nation that spans across the north (Yukon, Northwest Territories and Alaska). 
In 1993, the Vuntut Gwitchin became one of the first self-governing First Nations by signing land 
claims and self-government agreements. These agreements came into effect in 1995 (Fred, 2014).

For thousands of years, the rivers, lakes, mountains, forests and tundra of this area have sustained 
the ancestors of the modern Vuntut Gwitchin. They have relied on fishing, hunting and trapping as 
their main source of livelihood (Sherry and Myers, 2002). There is evidence of human occupation 
from at least 12,000 years ago when there was a Bering Strait Land Bridge connecting North 
America to Asia. Archeological reports indicate that along the Porcupine and Old Crow Rivers, 
caribou may have been hunted for around 30,000 years (Porcupine Caribou Management Board, 
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2002). While the Vuntut Gwitchin traditionally moved around with the natural migrations of the 
wildlife they depended on, the community of Old Crow was officially settled in the early 1900s. 
The community was named after the Gwitchin Chief, Deetru’ K’avihdik, who died in 1870. His 
people named the mountains, river and area (Old Crow) in honour of Deetru’ K’avihdik which 
means ‘Crow May I Walk’. Each family group in Old Crow had been given their own trapping areas 
that have been passed down over the generations and are used today. The Porcupine Caribou 
herd that migrates through the area constitutes one of their most important sources of meat and 
clothing materials (Government of the Vuntut Gwitchin First Nation, 2015).

The Old Crow area had been a gathering spot that was used for hunting and trade along the 
Porcupine River. Since the early 1900s, muskrat trapping has provided an important source of 
income for the Vuntut Gwitchin (Yukon Bureau of Statistics, 2015). The Hudson’s Bay Company 
established a trading post (Rampart House) in the area in 1890 and the Vuntut Gwitchin began to 
incorporate a stop at this post during their normal overland travel. When the fur-bearing animal 
populations began to collapse in the 1950s, families began to move into the Old Crow area. The 
community became a year-round settlement in the 1950s when amenities such as a school, store 
and RCMP office were built (Moses, 2015). The Canadian Government took a strong interest in 
assessing the hydroelectric potential of the Old Crow region in 1962, mapping out much of the 
region’s geology with its “Operation Porcupine” initiative (Zazula and Froese, 2013).

Today, Old Crow is a ‘dry’ community that is less dependent on the subsistence economy, and is 
largely supported by government services. The Vuntut Gwitchin Government provides employment 
through construction, building maintenance, water and fuel delivery, education, health care, as 
well as support services (Carr et al., 2013). Of the 140 individuals comprising the labour force 
population in 2011 (age >15 years), over half were employed in the public administration sector; 
the remainder worked in construction, retail, trade and transportation, and educational services 
(Statistics Canada, 2013). In addition, the Vuntut Development Corporation plans and creates 
successful business ventures for the citizens of the Vuntut Gwitchin First Nation. 

Old Crow has a variety of services and amenities including a post office, bank, grocery/hardware 
store, Yukon Electrical, high-speed satellite internet, RCMP, Chief Zzeh Gittlit Public School, 
community library, bed and breakfasts, and medical services (Yukon Community Profiles, 2015). 
Yukon College opened its Alice Frost Community Campus in Old Crow in 1987, offering skills 
training and upgrading courses (Yukon College, 2012). Old Crow also has an airport (operated by 
the Yukon Government), a community hall, arena, youth centre, playground, and ball diamond 
(Lorimer & Associated, 2005).

In 2015, Old Crow had a population of approximately 250 individuals, of whom 88% were identified 
as Aboriginal. Due to its isolated location, the population has remained quite stable from 2004-
2014, with no significant increase in the summer months (Yukon Bureau of Statistics, 2015). In 
2011, there were 110 occupied single private dwellings in Old Crow; the median value of a single-
family dwelling was $229,159 (Statistics Canada, 2013).

PHYSIOGRAPHY

The Old Crow study area is situated north of the Arctic Circle, within the Old Crow Basin Ecoregion 
(Smith et al., 2004; Figure 2). The ecoregion is comprised primarily of a physiographic basin, 
with pediment and upland topography surrounding the lowland plains and plateaus of the Crow 
and Porcupine rivers. Topographic highs are typically between 600 and 1000 m above sea level 
(a.s.l.) and descend to fluvial plains between 250 and 300 m a.s.l. The Old Crow Basin ecoregion 
includes upland areas (parts of the Keele and Dave Lord ranges to the south, and the British and 
Richardson Mountains to the north and east) and the low, depositional basins they surround (Old 
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Crow Flats, Driftwood Basin, and Bluefish Basin). Uplands are characterized by deep weathering, 
flat cryoplanation terraces, and gently sloped pediments (low angle erosional bedrock surfaces).

The map area for this project extends from the top of Berry Hill to the confluence of the Old 
Crow and Porcupine rivers (see Figure 1). It includes the town of Old Crow and extends uphill to 
include the pediment slopes that make up the southeastern flank of Berry Hill. The pediment is 
bordered on all sides in the map area by a steep fluvial escarpment separating the uplands from 
the floodplains and terraces of the Old Crow and Porcupine rivers below. 
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VEGETATION

Vegetation is determined by topography, elevation and microclimate. The vegetation of Old 
Crow’s ecoregion (the Old Crow Basin) therefore reflects the soil in this area, which was formed 
under the influence of the continental subarctic climate and the slightly sloping topography. 
The dominating unglaciated pediment surfaces primarily consist of open spruce-lichen-heath 
vegetation communities, with cottongrass, sedge and tussocks dominating slopes that have grades 
less than 5%. Also present are other tundra species, such as low and dwarf shrubs (willows and 
shrub birch), ericaceous shrubs (such as blueberry and Labrador tea), lichens, mosses, and black 
spruce. The treeline is situated at 600 m a.s.l., and below this elevation, trees exhibit a stunted 
growth. Because of underlying permafrost, the trees in this region average around 4 m in height. 
Vegetation communities of black spruce, lichen and heath dominate lower elevations; floating 
mats of mosses and sedges are also present. Higher elevations with colluvial and residual slopes 
contain moss, lichen, willow and birch (both dwarf and low shrub), while steep, east-facing slopes 
also support alder and paper birch. 

In the Old Crow Flats Ecoregion, lakes are the dominant feature. The majority of the vegetative 
communities in this area are shallow aquatic wetland species. Sedge fens surround these lakes, 
consisting of emergent vegetation – usually horsetail, yellow pond lily, buckbean and bur-reed. 
Additionally, this location hosts a variety of other vegetative communities such as graminoid 
meadows, treed heath and tussock tundra, as well as sphagnum blankets. Since much of the 
upland area is also a wetland, there are a number of frozen peat plateau bogs that overlie thick 
glaciolacustrine sediments, which are dominated by lichen heath. Low shrubs and sparse black 
spruce can also be found here, underlain by reindeer lichen in drier locations, and sphagnum moss 
in moister areas.

Successional vegetative communities are a prominent feature in this region. Within the riparian 
zones, where flooding is a common disturbance, the vegetation reflects the complex thaw-lake 
cycle of the formation and draining of lakes. Flood-tolerant species, such as sedges, grasses, forbs, 
alder and willow initially colonize the floodplain, and then are taken over by birch and white spruce 
once the permafrost table re-establishes itself within the rooting zone. Past fire disturbance has 
also enabled the growth of numerous vegetative communities that represent various intermediate 
stages of succession (Smith et al., 2004).

CONTEMPORARY CLIMATE

Old Crow is situated within the Old Crow Basin, and latitudinal and solar radiation influences 
largely control local climate conditions in the region. Situated above the Arctic Circle, the sun 
remains above the horizon for around two weeks every summer. Summers are often short, mild 
and moist because of weak low-pressure systems, whereas the winters can be long and cold from 
the prolonged low angle of the sun above the horizon. Compared to other areas in southern 
Yukon, spring and summer are often delayed about a month and winter is generally extended from 
October to mid-May. The growing season is short, but intense because of the amount of daylight 
in the summer. The transition between summer and winter can occur rapidly, since frost is able to 
develop at any time of the year. During the winter, there are approximately two weeks where the 
sun does not rise above the horizon, creating more stable winter climate patterns. Winter is usually 
dominated by arctic high-pressure systems; however brief, windy mild spells do occasionally occur 
from low-pressure systems that move over from the Beaufort Sea (Smith et al., 2004). 

Based on 30-year (1981-2010) climate normal data collected from the Environment Canada 
meteorological monitoring station at the Old Crow airport (67°34’14 N, 139°50’21 W), temperatures 
in Old Crow can be highly variable. Regardless, mean annual air temperature is -8.2°C (one of the 
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lowest in Yukon). The average January and July temperatures are -29.2°C and 14.6°C, respectively. 
Average annual precipitation is 278 mm, with about half falling as snow during the winter months 
(Environment Canada, 2014a). Month-by-month climate normal temperature and precipitation 
data are summarized in Figure 3.

REGIONAL HYDROLOGY

Old Crow and the surrounding area are located within the Yukon River Basin, which covers  
260 000 km2 or 54% of Yukon (Smith et al., 2004), as well as in the subwatershed of the Porcupine 
River. This subwatershed is 116 000 km2 in size and drains the northeastern part of the Yukon 
River Basin (Bradbets et al., 2000). The Porcupine River subwatershed straddles the Yukon/Alaska 
border, and approximately 60 000 km2 of the Porcupine River watershed falls within Yukon. In the 
territory, it is bounded by the Ogilvie Range to the south, the British Mountains in the north, and 
the Richardson Mountains in the east. The basin is primarily underlain by continuous permafrost 
and the major tributaries are the Old Crow, Bell, Eagle, Miner and Whitestone rivers. 

The area is situated within the northern hydrologic region of the territory as defined by Janowicz 
(2008). The northern hydrologic region is underlain by continuous permafrost and streamflow 
response is characterized by a rapid increase in discharge in the late spring in response to snowmelt, 
with peak flows typically occurring in June. Due to the presence of continuous permafrost, peak 
flows in this area are generally higher than areas underlain with discontinuous or sporadic 
permafrost as the active layer is shallow, resulting in limited infiltration into the soil (Janowicz, 
2010). Secondary peaks may occur throughout the rest of the ice-free season as a result of rainfall 
inputs. Annual minimum discharge occurs in March or April when groundwater inputs are low 
(Whitfield et al., 1993). Smaller streams in the area may have no observed flow during the latter 
part of the winter.
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Figure 3. Climate normal (1981-2010) temperature and precipitation data for the Old Crow meteorological 
monitoring station (Environment Canada, 2014a). To calculate total precipitation in millimetres, snowfall 
was converted to snow water equivalent and summed with rainfall.
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The community of Old Crow is situated on the flood plain of the Porcupine River (approximately  
6 m above normal water level) and it is immediately downstream of the confluence between 
the Old Crow and Porcupine rivers (see Figure 1). In order to evaluate patterns in discharge, 
average local monthly and peak discharge were examined. The Water Survey of Canada (WSC) 
has maintained several gauging stations in the area over the past several decades, some of which 
provide real-time hydrometric data (Table 1). The Porcupine River station at Old Crow, and the 
Old Crow River station near the mouth have been selected for analysis due to proximity to the 
community. 

At the townsite of Old Crow, the Porcupine River is about 600 m wide and occupies a broad alluvial 
valley of about 6-10 km in width (Jasek, 1997). Mean annual flow for the Porcupine River at Old 
Crow is 325 m3/s or 185 mm basin area equivalent (described in more detail below). Average 
winter low flows are 17 m3/s and occur in March or April, with peak flows occurring in late May 
and June. 

Mean annual flow for the Old Crow River is 49 m3/s or 112 mm basin area equivalent. Peak flows 
are predominantly freshet-related, typically occurring between May 20th and June 5th. The 
instantaneous peak flow of record occurred in June 1977 at 1710 m3/s. Winter flows for the Old 
Crow River are low, with January to April mean discharge of around 1 m3/s. The record low flows 
for the station occurred in 1991 with mean monthly discharge <0.1 m3/s from January through 
April. 

Both the Porcupine River and the Old Crow River hydrographs (Figures 4 and 5, respectively) 
show that river discharge begins to increase in April, peaks in late May or June, and decreases 
with secondary peaks from precipitation inputs. This pattern is typical of the northern hydrologic 
response zone. The peak discharge that occurs in June can be the result of ice-jam flooding or 
spring freshet contributions, potentially augmented by spring rainfall. The combination of all three 
factors can lead to very high-water levels and subsequent flooding.

Basin area equivalent is a calculation that provides information about the water balance of a 
river by normalizing discharge to area. As a result, it allows for comparison of discharge between 
basins. The basin area equivalent of the mean annual flow of the Porcupine River at Old Crow is 
185 mm, whereas the Old Crow River at the mouth is 122 mm. It is speculated that the difference 
between these numbers can be accounted for by differences in precipitation inputs from local 
atmospheric conditions as well as landscape differences between the two watersheds. The Old 

Station Name Station 
ID Latitude Longitude Drainage 

(km2) Parameter Period of 
Record*

Porcupine River 
near international 
boundary

09FD002 67°25’27’’ N 140°53’28’’ W 58 900 streamflow and 
discharge 1987-present

Old Crow River near 
the mouth 09FC001 67°38’4’’ N 139°41’47’’ W 13 900 streamflow and 

discharge 1976-present

Porcupine River at Old 
Crow 09FD001 67°33’50’’ N 139°53’0’’ W 55 400 streamflow and 

discharge 1961-1995

Porcupine River below 
Old Crow River 09FD003 67°34’5’’ N 139°50’3’’ W water level 

(seasonal) 2006-present

Table 1. List of past and present Water Survey of Canada (WSC) hydrometric stations within Old Crow and 
the surrounding area (Water Survey of Canada, 2016). *Note that periods of record listed do not always 
contain complete datasets.



The Old Crow Region

15

Crow River watershed is predominately made up of low relief wetlands which likely contribute to 
higher storage, slower hydrologic response and higher evaporation, contributing to comparatively 
lower discharge in the Old Crow River versus the Porcupine River.
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Figure 4. Porcupine River monthly mean discharge (1961 to 1995; Water Survey of Canada, 2016). 
Average, maximum and minimum monthly flows are shown.

Figure 5. Old Crow River monthly mean discharge (1976-2014; Water Survey of Canada, 2016).  
Average, maximum and minimum monthly flows are shown.
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River Ice 

Ice is a key component of river systems located in cold regions as it plays a regulating role in 
physical, biological and chemical processes of freshwater systems (Committee I, 2012). River ice 
plays a dominant role in controlling extreme hydrological events such as low flows and floods 
(Prowse et al., 2008; Committee I, 2012). These hydrological events have large environmental 
and economic impacts (Beltaos and Prowse, 2009). As such, it is important to understand river ice 
dynamics to better predict the magnitude and timing of potential flooding and low-flow events as 
climate changes. 

In Old Crow, the river ice season is characterized by freeze-up in the autumn and break-up in 
the spring. Between these two events, the hydrology of the rivers remains relatively calm as 
flows decline and ice thickness increases. However, freeze-up timing, break-up timing, and ice 
jam flooding, which are all more dynamic events, are described in more detail below; additional 
information related to the Porcupine River are included where available.

Freeze-Up Timing

Freeze-up processes are dependent upon the heat storage gained during the open water season 
as well as the rate of cooling in the fall (Beltaos and Prowse, 2009; Committee I, 2012). River ice 
forms through the accumulation of ice lenses in a complex horizontal and vertical structure. River 
ice initially forms along the banks of the river. According to Committee I (2012), air temperature 
in the preceding weeks to months most strongly correlates with freeze-up, in comparison to 
all of the other meteorological variables. In general, river ice formation begins once the water 
temperature is around freezing (Beltaos and Prowse, 2009). Other important factors controlling 
freeze-up are stream channel characteristics, including width and depth, which both affect surface 
area-to-volume ratios. 

In Yukon, freeze-up generally progresses from north to south, reflecting the latitude-temperature 
gradient (Janowicz, 2010). Within the northern hydrologic response zone, the timing of freeze-
up is variable and dependent upon streamflow characteristics. For example, shallow, wide, slow-
moving streams are likely to freeze before narrow, deep, fast-moving streams. 

There are no freeze-up records available for the Porcupine River at Old Crow. In the absence of 
this record, examination of statistically significant summer, winter and annual air temperature 
trends indicate that average freeze-up dates have been and will continue to occur later, ultimately 
lengthening the open-water season (Janowicz, 2010).

Break-up Timing

River ice break-up occurs when the resisting forces keeping ice cover together are exceeded by 
the driving forces pulling ice apart (Beltaos and Prowse, 2009). The resisting forces (ice cover 
thickness, strength and bonding to river bed and banks) and driving forces (discharge, snowmelt 
inputs and rainfall) can change dramatically during the break-up period (Beltaos and Prowse, 
2009). The severity of break-up is dependent upon the magnitude of change in these forces as 
well as meteorological conditions.

Porcupine River break-up is caused by rapid snowmelt, which usually begins in April and peaks in 
May. The wave of snowmelt can be sometimes augmented by precipitation, and these two forces 
exceed the resisting forces holding the ice cover intact (Prowse et al., 2008). Porcupine River ice 
break-up in the Old Crow area progresses with several break-up fronts located at key tributaries 
(Jasek, 1997). These key tributaries include the Bluefish River, Lord Creek, Driftwood River, Bell 
River and Berry Creek. 
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The last two decades have seen an advance in break-up dates recorded for the Porcupine River 
at Old Crow, based on a data record beginning in 1961. Recorded dates indicate the break-up 
date ranges from May 2nd to May 30th. The mean break-up date has advanced by four days, 
when dates from the first twenty years of record (mean break-up date = May 18) are compared 
to those of the last twenty years (mean break-up date = May 14; Janowicz, 2010). The advance in 
break-up dates is likely due to the statistically significant increases in summer, winter and annual 
temperatures in Old Crow (Janowicz, 2010).

It is difficult to predict how the timing of break-up will change as climate changes. However, simple 
approaches have relied on using temperature (melting degree days) as an indicator of the timing. 
Based on this approach, it is speculated that break-up dates will continue to advance for the Old 
Crow region as both summer and winter temperatures are projected to continue to increase.

Ice-Jam Flooding 

In Yukon, numerous communities have experienced ice-jam flooding. Old Crow has flooded on 
a frequent basis. Within the 20th century, four major ice jam floods occurred (Janowicz, 2010). 
Below is a summary of the three key mechanisms that have caused flooding in the community of 
Old Crow in the past. Mechanisms causing flooding, as described by Jasek (1997), include:

1. Aufeis formation at Bluefish River and Porcupine River confluence – The Bluefish 
River often freezes to the bed, blocking the flow of water and forcing overflow to 
occur. The overflow quickly freezes and creates a large, layered ice formation. Jasek 
(1997) speculates that the aufeis may not actually be blocking the water, but instead 
creates a reach of slow moving water, and the resulting slow speed of the water is 
actually what allows for the development of an ice jam. 

Case Study: Jasek (1997) measured the thickness of these aufeis deposits in 1994, 1995 and 1996. 
In 1991, when a major flood occurred and inundated the community by up to 1 m (Janowicz, 2010), 
the aufeis deposit was estimated to be between 3-4 m thick. It is possible that this aufeis deposit, 
in combination with upstream ice jamming (see point 2, below), was responsible for the high-
magnitude flooding. Furthermore, in 1997, anecdotal evidence from the community indicated 
extensive aufeis formation and minor flooding in the community. The difference in magnitude 
of flooding between 1991 and 1997 can partially be accounted for by variable meteorological 
conditions. 

2. Flooding due to ice jam surges upstream – Upstream ice jam surges can increase 
discharge downstream. This may cause flooding depending on the position of the 
jam, the ice jam volume, and the water level and/or rate of discharge upon jam 
release. 

Case Study: Jasek (1997) notes that observations of the 1991 flood indicate that there was an 
upstream ice jam relative to Old Crow. The surge that was created upon the release of the ice jam 
likely contributed to the severity of flooding as this would have increased discharge and ice supply.

3. Ice Jam Flooding due to large temperature gradient across the Porcupine River 
basin – When there is a strong temperature gradient between the headwaters of 
a basin in the south and the downstream river reaches in the north, there can be 
rapid melting upstream. This can send a surge of water downstream that encounters 
a strong, intact ice cover. This pulse discharge, in combination with the strong ice 
cover, can lead to flooding behind the intact ice, or the development of a jam. 

Case Study: This is what was believed to have occurred in 1989 in Old Crow. There was a large and 
abnormal difference in temperatures recorded in Eagle Plains compared with Old Crow. It warmed 
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rapidly in Eagle Plains, sending a large volume of water downstream to Old Crow where there was 
a strong ice cover. This ultimately led to flooding.

In summary, each of these mechanisms can cause high-water levels and possibly flooding. It is 
important to note that each of these mechanisms do not necessarily occur in isolation. Therefore, 
when these mechanisms occur in tandem, the potential for flooding, as well as its extent, can be 
greater. 

Overall, it is difficult to speculate how projected changes in climate will affect ice-jam flooding 
and severity of break-up in Old Crow. This is because the impacts of climate change on ice-cover 
thickness and ice jams is not well understood (Beltaos and Prowse, 2009). 

Snow Water Equivalent 

As part of the Yukon Snow Survey Network run by Environment Yukon, snow depth and snow water 
equivalent (SWE) measurements have been recorded in Old Crow since 1977. Measurements of 
snow depth and SWE are typically taken on March 1, April 1 and May 1 of every year. Seasonal 
maximum snow water equivalent is shown in Figure 6. Based on available data, there has been no 
significant trend in seasonal maximum SWE values in Old Crow.

Groundwater

Limited information regarding groundwater is available for Old Crow. No long-term records were 
identified as part of this project. Given that Old Crow is located on the floodplain of the Porcupine 
River, it is likely that flow is generally towards the river. 
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The community of Old Crow obtained drinking water from the Porcupine River until 1982, when 
two municipal wells were installed in a fractured bedrock aquifer (Gartner Lee Limited, 2003). 
Both wells are artesian and located within the same aquifer. When the wells were installed in 
1982, the rate of artesian flow was 6.1 L/s. Well 1 is 79 m below ground surface and Well 2 is  
96.6 m below ground surface (Gartner Lee Limited, 2003).

LANDSCAPE EVOLUTION

The concept of ‘landscape’ comprises both the physical elements of landforms (mountains, valleys, 
plateaus), water bodies (rivers, lakes, ponds), elements of the cryosphere (glaciers, permafrost), 
and the living parts of the landscape such as the presence and modifying pressures of plants, 
animals and humans. The physical and geological landscape of the map area has been conditioned 
by millions of years of tectonic movement, fluvial (water) erosion and deposition, the advance and 
retreat of glaciers, and more recently, the modifying effects of eolian (wind), colluvial (gravity), 
permafrost (perennially frozen ground), and human processes. 

 
The study area for the Old Crow Landscape 
Hazards Mapping Project occupies a landscape of 
deeply weathered, unglaciated terrain that was 
part of a much larger unglaciated landmass called 
Beringia. Beyond the direct effects of advance 
and retreat of continental-scale ice sheets, the 
landscape surrounding Old Crow has never been 
‘stripped’ by the scouring action of glaciers, and 
the unconsolidated sediments that comprise 
the surficial geology of the region extend much 
further into geologic history than those of 
glaciated regions. Surficial sediments in the map 
area range in age from just a few days or weeks 
old, to tens of millions of years old. Similarly, the 
consolidated bedrock of the region has a history 
that begins many hundreds of millions of years 
ago, and continues into modern time.

In discussing the evolution of the landscape in 
the Old Crow region, we can broadly divide the 
surface and bedrock geology into components 
that were formed prior to the epoch of frequent 
glacial episodes (the Neogene Period and earlier; 
Figure 7), those that were formed during the 
epoch of glacial episodes (the Pleistocene Epoch 
of the Quaternary Period), and those formed 
in the modern, post-glacial time (the Holocene 
Epoch of the Quaternary Period). 
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The Neogene Period and Earlier

The community of Old Crow occupies the southern edge of the Old Crow-Babbage Depression, a 
structural and physiographic depression encompassing the Old Crow Flats and extending north 
into the British Mountains. The oldest rocks in the area are quartzites that underlie Berry Hill 
and occur on the high ridges to the north. These are thought to be Neoproterozoic (~800 Mya) 
and to have been transported westward along the Porcupine shear zone – the broad fault zone 
that underlies the Porcupine River (Figure 8). The Porcupine shear zone brings into contact 
Neoproterozoic quartzite to the north with Devonian and older limestone to the south (Norris, 
1985). Displacement along the Porcupine shear zone occurred mostly before intrusion of Late 
Devonian (~370 Mya) granites exposed mainly north of Old Crow. During Mesozoic time (between 
~180-66 Mya), mountain building to the south in the Ogilvie Mountains led to development of a 
large marine depression into which sediments eroded from the rising mountains were deposited 
– first represented by fine-grained Jurassic (~180-145 Mya) shale and siltstone, succeeded by 
coarser-grained Cretaceous (145-66 Mya) sandstone as the sedimentary basin was filled. Mountain 
building continued into the Paleogene (~66-23 Mya) and led to the rise of the British Mountains 
to the north, and local deposition of Eocene (56-34 Mya) and Oligocene (34-23 Mya) sedimentary 
rocks. 
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Sedimentation into the Old Crow Basin during the Neogene (~23-2.6 Mya) was dominated by 
shallow rivers and lakes that filled the basin with silt, sand and gravel (Figure 9). Lacustrine and 
fluvial sediments have been exposed by late Pleistocene fluvial incision along the Porcupine and 
Crow rivers and record basin sedimentation that was likely controlled by continued uplift in the 
surrounding mountains in conjunction with the relative subsidence of the Old Crow basin. Tephra 
from some of the oldest lake sediments is thought to be more than 1.2 Mya (Pearce et al., 1982), 
however, fossil wood, cones, and pollen from these exposures all suggest the sediments could 
be considerably older, and potentially extend into the early Neogene (Litchi-Federovich, 1973; 
Matthews et al., 1987; Schweger, 1989). Late Neogene fluvial sediments grade to considerably 
higher base levels than exist today and are thought to have been part of the paleo-Mackenzie River 
drainage prior to glacial meltwater diversions in the late Pleistocene (Duk-Rodkin and Hughes, 
1995; Duk-Rodkin et al., 1996).

Weathering and erosion during Neogene and earlier periods occurred under warmer and 
potentially wetter conditions than exist today. The enhanced chemical weathering is responsible 
for much of the ‘subdued’ appearance of the landscape including the broad, low-angle bedrock 
slope forming a pediment above Old Crow. 

The Pleistocene Epoch

Gradual cooling during the Neogene Period culminated in the cold, arid conditions of the 
Pleistocene Epoch, a time extending from 2.65 Mya until the last ice sheet receded from Yukon 
~12,000 years ago. During the Pleistocene, much of North America was covered in successive 
ice sheets that grew from regional centres of accumulation during colder glacial periods and 
receded during milder interglacial periods. Neither the Laurentide Ice Sheet, which covered most 
of Canada east of the Rocky Mountains, nor the Cordilleran Ice Sheet, which covered most of 
Yukon and British Columbia, reached the study area. Instead, the Old Crow region was part of 
a large unglaciated landmass known as Beringia that spanned from northern Yukon to eastern 
Siberia. The Beringian environment was characterized by cold, dry periglacial conditions. Erosional 
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processes such as cryoturbation, frost shattering, frost heaving and solifluction would have been 
pervasive. Permafrost would have affected much of the landscape during the Pleistocene, and was 
likely more extensive than it is today.

 
The cold conditions of the Pleistocene 
Epoch are recorded in the study area 
by a transition from temperate to cold-
climate pollen records (Lichti-Federovich, 
1973; Schweger and Matthews, 1991) and 
preserved periglacial features such as ice 
wedge casts that record thermal cracking of 
the ground surface (Figure 10). The modern 
course of the Porcupine River is thought 
to have been established during the late 
Pleistocene when glacial lakes overflowed 
into the Old Crow Basin and cut a new 
western outlet to the Yukon River (Hughes, 
1972; Duk-Rodkin et al., 2004). Prior to this 
diversion, regional streams drained eastward 
into the paleo-Mackenzie River. When the 
most extensive advance of the Laurentide 
Ice Sheet occurred in the late-Pleistocene, 
it blocked drainage through the Richardson 
Mountains and impounded a large glacial 
lake in the Old Crow, Bell, Driftwood and 
Bluefish basins (Figure 11; Hughes, 1972; 
Zazula et al., 2004). Strandlines to at least 
360 m a.s.l. in the Old Crow basin mark the 
high stand of glacial Lake Old Crow ~15,000 
to 20,000 years ago, before incision of the 
Ramparts of the Porcupine River drained 
the lake and established the modern course 
of the Porcupine River and its tributaries 
(Figure 12; Kennedy et al., 2010; Thornson 
and Dixon, 1983). 

Deposition in the study area during the 
Pleistocene was dominated by colluvial and 
fluvial processes. Changes to the landscape 
during this time include the deposition of 
fluvial terraces along the Porcupine River, 
as well as blankets, aprons, and fans of 
colluvium (Figure 13). Thin veneers and 
mantles of wind-blown silt and sand (loess), 
were probably generated from local 

Figure 10. Evidence of periglacial conditions are 
recorded by ice wedge casts which formed when frost 
cracks fill with sediment.

BRITISH
MOUNTAINS

Laurentide
Ice Sheet

AL
AS

KA

OGILVIE
MOUNTAINS

R
IC

H
A

R
D

SO
N

M
O

U
N

TA
IN

S

WERNECKE RANGES

Dem
ps

ter
 H

igh
way

BONNET 
PLUME
BASIN

BLUEFISH
BASIN

OLD CROW
BASIN

BELL
BASIN

Figure 11. The maximum western advance of the Laurentide Ice Sheet 
is thought to have impounded easterly flowing rivers in northern Yukon 
and formed a large proglacial lake in the Bonnet Plume, Bell, Bluefish, 
and Old Crow basins.



The Old Crow Region

23

stream beds and unglaciated soils (Tarnocai et al., 1985) under regional winds and strong katabatic 
flow from the ice sheets to the south that was ongoing throughout the Pleistocene (Froese et 
al., 2000; Muhs et al., 2003; Muhs and Budahn, 2006; Preece et al., 2000; Westgate et al., 1990). 
Slow periglacial wasting mechanisms (solifluction, slopewash) likely dominated colluvial processes 
throughout the Pleistocene and into the modern era. In general, colluvial deposits of weathered 
bedrock thicken downslope and become increasingly mixed with other surficial deposits such as 
loess, and high-level gravel and silt deposits. 

The Holocene Epoch

Holocene landscape evolution in the study area was modified by the amelioration of periglacial 
conditions and a gradual infilling of the Porcupine River valley margins (Figure 14). Valley-side 
colluvial deposits and abandonment of the high terraces along the Porcupine River resulted in the 
modern, broad, poorly drained valley floor (Figure 15). Landscape evolution of the Old Crow map 

Figure 12. Beaches of washed gravel  
~10 km southeast of Old Crow mark the 
high stand of glacial lake Old Crow at 
~360 m a.s.l.
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Figure 13. Idealized cross-valley profile of what the Old Crow basin might have looked like during the late 
Pleistocene when the reversal of the Porcupine River had incised a deep valley into older basin sediments.
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area continues in historic times as the result of community development on the floodplain terrace 
of the Porcupine River and the hillslope above. 

SURFICIAL MATERIALS

The mapping of surficial landforms and their contained sediments is achieved primarily through 
air photo interpretation followed by ground truthing. While ground truthing, geologists examine 
riverbank exposures, road cuts, and dig small pits in order to characterize the various surficial 
deposits. Textural and stratigraphic information of surficial landforms is also gained through 
geophysical profiles of the subsurface (using Ground Penetrating Radar and Direct Current 
Electrical Resistivity) as well as shallow boreholes. Surficial materials are characterized based 
on their texture or grain size (e.g., very fine to very coarse sand); sorting (e.g., poorly sorted = 
inconsistent grain size); structure (e.g., layering or bedding); and the general distribution of the 
material. 
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Figure 14. Idealized cross-valley profile of the modern landscape in Old Crow. Holocene changes to the 
landscape include development of colluvial pediment materials and valley-side colluvial aprons.

Figure 15. Holocene changes to the 
landscape include valley-side colluvial 
deposits and the growth of peat and 
permafrost on the valley floor. Ice-wedge 
polygons are visible in the foreground of 
this photo looking northeast toward the 
community of Old Crow.
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Surficial deposits in the study area are derived from the following processes: in-situ weathering; 
fluvial (rivers and streams); lacustrine (lakes); colluvial (downslope movement or creep); eolian 
(windblown); organic processes (soil development); and anthropogenic (human activity). Detailed 
descriptions of the surficial materials found in the study area are also located in the map legend 
(see accompanying map “Surficial geology, Old Crow, Yukon”; Kennedy, 2016). 

Bedrock (R) and Weathered Bedrock (D)

Bedrock in the map area consists of Neoproterozoic (~800 Mya) and Jurassic (~180-145 Mya) clastic 
and carbonaceous sedimentary rocks. The Neoproterozoic Katherine Formation is characterized in 
North Yukon by mature, very fine-grained, thin to thick-bedded, brown, greenish grey and white 
orthoquartzitic sandstone with recessive intervals of shale and rare dolostone. Comprising Berry 
Hill and the gentle slopes below it, this distinctively white rock is the primary source for crush, 
rip-rap and other aggregate needs for the community of Old Crow. The Jurassic-aged Porcupine 
River member of the Husky Formation is in fault contact with this unit. Characterized as dark grey 
siltstone and shale (Norris, 1985; 1997), this unit outcrops on the west bank of the lower Crow 
River just above the community of Old Crow (Figure 16). 

Much of the bedrock in the uplands surrounding and making up Berry Hill is mapped as ‘weathered 
bedrock’ (D; Figure 17). Weathered bedrock frequently forms deposits of blocks and boulders 
within a silty matrix that were created through frost shattering, colluviation, and chemical 
weathering processes. Weathered bedrock units typically contain a component of loess-derived 
silt and are subject to sorting and mixing from cryoturbation and other periglacial processes. 

Permafrost is present in both bedrock and weathered bedrock in the map area. 

Fluvial Deposits (FA, F and F>P)

Fluvial deposits are derived from modern and ancient rivers and streams and are composed of 
stratified beds of gravel and/or sand with sand and/or silt and/or organic materials (and rarely 
clay) (Howes and Kenk, 1997). Fluvial sediments mapped in the study area are predominantly 
those associated with floodplains, fluvial terraces and channels of the Porcupine and Old Crow 
rivers. Mapped fluvial materials include Pleistocene and older gravel in high-level terraces, and a 
large range of late-Pleistocene to Holocene-aged fluvial deposits that comprise the modern valley-

Figure 16. Siltstone of the Jurassic-aged Husky 
Formation is visible in outcrop along the lower Crow 
River. Abundant fossil shell imprints are visible. Lens 
cap for scale.

Figure 17. Weathered bedrock is the dominant 
material type in the highest parts of the map area. 
In this photo, crushed sandstone bedrock is visible 
in the foreground, weathered bedrock is visible in 
the middle ground, and the colluvial plain of the 
pediment slope is visible in the far distance.
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bottom floodplains, channels and terraces. Fine-grained fluvial deposits are commonly poorly 
drained and may be ice rich, while coarse-grained fluvial deposits are commonly well drained 
and ice poor. Floodplain and terrace deposits may be subject to flooding accompanied by sudden 
channel migration. 

Late Pleistocene to Holocene-aged deposits make up the bulk of mapped fluvial materials in the 
study area (see surficial geology map). Of these, fluvial deposits can be active (FA) or inactive 
(F). Inactive Holocene fluvial deposits (F) include terraces above the modern floodplain and 
abandoned back-channel deposits no longer a part of the active floodplain. These deposits 
range from silty, sand-rich gravel channel deposits to fine-grained sand and silt overbank and 
back-channel materials. Inactive fluvial deposits are commonly overlain by organic materials, and 
where these materials occur, permafrost is usually present.

Active Holocene fluvial deposits (FA) comprise sand and gravel stream materials that are subject 
to regular flooding. These deposits include both coarse channel materials and fine overbank flood 
deposits (Figure 18). Main channel gravel deposits are moderately to well sorted, and contain clasts 
that are rounded and imbedded in a sandy matrix (Figure 19). Overbank deposits are represented 
by fine-grained sediments of silt, sand and organics that are massive (lacking structure) to thinly 
laminated and may contain interbeds of gravel (Figure 20). In the study area, fans, or complexes 
of coalesced fan-shaped landforms, are usually dominated by colluvial processes although fluvial 
transport does contribute to their formation. Fans typically consist of large amounts of silt, sand, 
and gravel colluvium derived from units of stratigraphically higher positions.

back channel

active channel

Figure 18. Both active-
channel gravel deposits 
and back-channel 
depositional environments 
are pictured here. 
Abandoned meanders 
of the Porcupine River 
gradually fill with silt and 
sand to become poorly 
drained and ice-rich parts 
of the floodplain.

Figure 19. The active 
channel of the Porcupine 
River is characterized by 
moderately rounded and 
well-imbricated pebble 
and cobble-sized clasts.
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Pleistocene and older fluvial deposits (F>P) 
are mapped above elevations of ~280 m 
a.s.l. on the bluff above town where they 
are overlain by a blanket of colluvium 
comprising the surface of the pediment 
plain (Figure 21). High-level fluvial deposits 
in the map area range from ~10 m to  
20 m thick, and are characterized by 
well-rounded pebble-cobble gravel with 
laterally and vertically discontinuous 
beds of massive, planar, and ripple 
cross-bedded sand. Gravel units range 
from cobble to pebble-dominated and 

can be both open-work and matrix-supported (Figure 22). Discontinuous sand 
units are usually 2-3 m thick and poorly exposed. Where visible, sand beds contain  
features such as cobble lags and cut-and-fill structures that may be related to colluvial slopewash 
(Figure 23).

Figure 20. This soil pit dug in the back-channel 
part of the floodplain in Old Crow (near the 
ski trails) has fine, silt-rich soil and a shallow 
active layer. At this site, the water table was 
encountered 45 cm below the top of the moss 
mat where it was perched above a ~65 cm deep 
permafrost table.

Figure 21. Pleistocene and older fluvial gravels 
overlain by a blanket of colluvium at the top of the 
escarpment above town.

Figure 22. Matrix and clast-supported facies of 
pebble-cobble gravel deposited above ~280 m a.s.l. 
on the escarpment above town.
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High-level gravel deposits have a distinct clast lithology comprised of locally derived sedimentary 
and igneous rocks that differ significantly from valley-bottom late Pleistocene and Holocene fluvial 
gravel deposits, which contain far-travelled clasts derived from glaciated drainages to the east. 
No evidence of ice wedge casts or cryoturbation was observed, and a buried soil at one location 
(Figure 24) suggests the top of the high-level fluvial unit may have been a stable surface in the 
past. Pleistocene and older fluvial materials are interpreted as being deposited in a braided river 
system prior to re-routing of the Porcupine River. 

Lacustrine Deposits (L<M; L>P)

Lacustrine deposits in the study area comprise recently deposited sediments in existing lakes on 
the floodplain of the modern Porcupine River (L<M), as well as extensive and thick lacustrine 
sediments deposited prior to the Pleistocene (L>P). 

Modern lacustrine sediments (L<M) that have settled from suspension in bodies of standing water 
are limited to thin deposits in small bodies of still water on the floodplain of the Porcupine River. 
Sediments consist of stratified fine sand, silt, and clay deposited on the lake bed from suspension. 
Modern lacustrine sediments are likely to be thawed while covered with lake water, but can 
become ice rich if permafrost migrates into the sediments.

Neogene or older lacustrine sediments (L>P) are found in the lowermost half of the stratigraphy 
exposed on the steep bluff above the floodplain of the Porcupine River. The top of the lacustrine 
unit is at ~280 m a.s.l., and where visible on the Crow River, overlies bedrock near river level at 
~250 m a.s.l. Sediments are finely laminated, well indurated and are composed primarily of silt 
with small amounts of sand (Figures 25 and 26). Neogene lacustrine sediments form a barrier to 
surface water drainage and may be ice rich. Ice lenses are present at the base of the active layer 
where it occurs in these sediments, but within the unit itself, permafrost likely occurs as porous 
visible or invisible ice. This unit is prone to active layer thaw detachment slides where it is exposed 
along the bluff above town. 

Figure 23. An exposure of a sand facies in the high-
level fluvial deposits has an erosional cobble lag 
surface which is draped by angled sand beds that 
may have been deposited as slopewash.

Figure 24. Organic material (dark brown) and 
altered parent materials (white quartz sand) at the 
top of the high-level gravel where it is buried by  
~5 m of diamict.
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Colluvial Deposits (C)

Colluvial deposits are materials that have moved downslope primarily due to gravitational forces 
(Howes and Kenk, 1997). Deposits range from massive to moderately well-stratified, non-sorted 
to poorly sorted sediment, and particles may range from clay to boulder-sized. Transportation of 
colluvial sediment is usually not very far from the source material, therefore particles tend to be 
angular to sub-angular in shape; however, colluvial deposits originating from rounded materials 
may contain rounded clasts. 

Colluvium is the dominant surficial material in the uplands of the map area (see Kennedy et al., 
2016). On the gentle slopes of the pediment plain above town, periglacial processes such as 
solifluction, cryoturbation, and sheetwash result in the deposition of a silt-rich diamict containing 
angular, local bedrock clasts (Figure 27). Active layer depths control the thickness of this unit, and 
the periglacial processes that create it have likely only been active since the early Pleistocene 
or late Neogene. On steeper slopes, colluvium has been deposited by rapid mass wasting such 
as landslides, thaw detachments, and debris flows. These colluvial deposits incorporate various 
surficial materials and result in a silt-rich diamict containing well-rounded to angular clasts derived 
from resedimentation (Figure28). 

Colluvial aprons, blankets and hummocks mapped in the valley bottom and on lower hillslopes are 
typically comprised of resedimented slope materials transported by rapid or slow mass movement 
processes, and may also contain a component of fluvial transport and deposition. These colluvial 
diamicts are silt rich with mixed angular to rounded clasts and can be interbedded with organic 
deposits or overbank river silt close to the floodplain (Figure 29). Valley-bottom colluvial deposits 
are commonly ice rich with an average of 50% ice by volume (Figure 30). Colluvium is typically 
modified by cryoturbation to depths of 30-90 cm, resulting in a mixed profile (Smith et al., 2009).

Figure 25. A large exposure of lacustrine silt above 
the lower Crow River. One bed containing cobble-
sized clasts was observed in this silt-dominated unit 
and is pictured here.

Figure 26. Neogene-aged lacustrine silt exposed in 
a pit along the escarpment above town. The unit 
is well indurated and friable with fracture planes 
commonly weathered to a rusty orange colour.
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Organic Deposits (O)

Organic deposits are defined as containing at 
least 30% organic matter by weight and are 
formed by the accumulation of vegetative 
matter (Howes and Kenk, 1997). Organic 
deposits typically form in low-lying areas 
and valley floodplains where the ground is 
saturated. They may also form over inorganic 
materials that contain high concentrations 
of silt and clay or where drainage is poor 
due to shallow permafrost tables. Ice-rich 
permafrost is common in these deposits.

Organic deposits are pervasive on the 
landscape in the Old Crow map area and are 
typically poorly or very poorly decomposed. In 
the study area, organic materials accumulate 
on top of most surficial units including 
colluvial slopes, weathered bedrock, fluvial 
terraces, fans and floodplains. Accumulations 
of vegetative matter thicker than 1 m are 
mapped as organic blankets and are found in 

Figure 27 (left). Silt-rich diamict is the highest 
stratigraphic unit on the escarpment above town 
and is interpreted as a colluvial deposit generated 
on the pediment slope above. The thickness of this 
unit is thought to be controlled by the depth of 
cryoturbation that occurs in the active layer above 
the permafrost table. The underlying sand unit in 
this photo has disturbed bedding near its contact 
with overlying silt, but relatively undisturbed 
beds below where they have been preserved by 
permafrost.

Figure 28 (above). Colluvium comprised of 
resedimented fluvial gravel can contain well-
rounded clasts such as the ones pictured here.

Figure 29 (above). Coarse angular clasts and a silty 
matrix are typical of colluvium deposited by rapid 
mass movement processes. This deposit is located 
at the mouth of a gully.

Figure 30 (above). Dark grey ice in tan silt; 
deposited on a colluvial landform near Ski Chalet 
Road.
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limited areas on floodplains or shallow fluvial channels where soils are modified by near-surface 
permafrost. Veneers of organic material (20 to 100 cm thick) are widespread in the map area, and 
though not mapped, are present on most flat to gently-sloped surficial deposits (Figure 31). 

Eolian Deposits (E)

Eolian deposits are materials transported and 
deposited by wind. These deposits generally 
consist of medium to fine sand and coarse silt 
that is well sorted, non-compacted, and may 
contain internal structures such as cross-bedding 
or ripple laminae, or may be massive (Howes 
and Kenk, 1997). Eolian deposits in the study 
area are predominantly silt-sized quartz particles 
incorporated into active layer sediments and are 
represented by the textural symbol “z” on various 
units on the map.

Eolian silt deposits are found on both upland and lowland surfaces in the study area, but commonly 
occur in greater thicknesses along the top edge of the bluff above town (Figure 32). Enhanced 
colluviation and cryoturbation in the permafrost soils of Old Crow mixes loess into the underlying 
soil parent material. Active landforms such as fluvial channels or colluvial fans are unlikely to have 
noticeable accumulations of eolian deposits. 

Anthropogenic Deposits (A)

Anthropogenic deposits are surface materials modified by human activities such that their 
original physical properties have been significantly altered (Howes and Kenk, 1997). Anthopogenic 
deposits in the map area include areas with significant quarried rock on the surface such as the 
sewage lagoon, and where aggregate used for building pads has largely replaced natural materials  
(Figure 33). 

Figure 31 (left). A thick organic mat (more than 20 cm)  
on this valley bottom site creates cold, saturated  
ground conditions with permafrost near surface.

Figure 32 (left). Eolian sand 
and silt often accumulates in 
thicker deposits on ‘cliff-top’ 
locations like this where wind 
blows up exposed sediments 
from the steep slope below. 
In this photo, silt is enriched 
in a gravel soil.
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STRATIGRAPHY

Stratigraphic relationships in the map area are presented in Figures 34 and 35. Figure 35 
is a schematic log from a well drilled below the village of Old Crow at the water treatment 
plant. The top of the log is at ground surface at ~251 m a.s.l. and the bottom of the log is at  
121.9 m below the ground surface at ~129 m a.s.l. This log shows deeper stratigraphy than is 
visible in natural exposures in the map area, and supports the interpretation of the lowermost 
units in the stratigraphic profile. The water well log encounters bedrock nearly 40 m below where 
it occurs on the Crow River in the map area, and records evidence of a fault ~80 m below river 
level. Both observations support the interpretation of a rapidly subsiding bedrock surface caused 
by either a fault-dropped block, or a change in rock competence caused by faulting that allowed 
for preferential erosion in the Porcupine River valley.

Figure 33. Thick aggregate building 
pads are an example of anthropogenic 
deposits in Old Crow. The airport is 
the biggest continuous area composed 
of anthropogenic materials, and 
much of the downtown core contains 
anthropogenic deposits of aggregate.
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The lowermost stratigraphic unit in Figure 34 is a 
subsiding bedrock surface upon which unconsolidated 
basin sediments are deposited. Lacustrine sediments 
are interpreted to encompass at least 25 m of 
sediments buried beneath the modern channel 
of the Porcupine River. These lake deposits are 
also preserved above the modern river along the 
escarpment above Old Crow where they occur to  
~280 m a.s.l. Lacustrine sediments are overlain by up to 
20 m of fluvial sand and gravel deposits. These units were 
likely all in place before the late Pleistocene diversion 
of the Porcupine River that incised its modern channel  
~50 m lower than the former river channel. Since the 
new channel was established, deposition has been in 
the form of colluvial blankets (both on the shallow 
upland pediment and along the steep flank of the 
escarpment), and fluvial plains and terraces. The 
community of Old Crow is built upon a fluvial terrace 
that has largely been abandoned by the modern 
course of the Porcupine River. Abandonment of this 
surface could be climatically driven, and/or related to 

the ongoing incision of the Ramparts of the Porcupine as the Porcupine River keeps pace with 
base-level change in Alaska. 

PERMAFROST

In the study region, the permafrost profile is made up of several different components which 
must be considered collectively to accurately characterize local permafrost conditions. These 
components, and comments about their relevance to the Old Crow region, are described in the 
following section.

Forest Cover

The forest cover keeps the ground cool by providing shade, increasing the soil moisture (increase 
in heat capacity), and increasing energy diffusion before it hits the ground surface. In the winter, 
trees retain snow, which locally reduces snow cover on the ground that is acting as an insulating 
layer between the atmosphere and the ground (Brown, 1963; Brown and Péwé, 1973). Clearing 
of the forest cover by machinery, removing or compacting the forest litter, and forest fire usually 
lead to a deepening of the active layer and subsequent degradation of the upper portions of 
permafrost, which is commonly ice rich. When the low-lying vegetation (e.g., bryophytes, grasses) 
is also removed or compacted, the effects are much more pronounced.

fault zone

Water Well 2: drill log
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Soil Texture

Seven different surface material types were identified in the Old Crow area based on the 
geotechnical characteristics of samples gathered during the permafrost-drilling program. They 
were classified using the Unified Soil Classification System (USCS) and are as follows: sand, silty 
sand, silty sand with gravel, sandy silt, sandy organic silt, silt, and peat; each is described in more 
detail below.

Sand 

Generally, sand layers are well drained, do not contain excess ice and are not frost or thaw 
susceptible. However, fine and very fine sand are frost susceptible and can contain excess ice in the 
form of alternating ice lenses. Upon thawing, soils with excess ice will undergo thaw settlement 
and will be slowly drained.

Silty sand and sandy silt

Where surficial hydrologic and thermal regimes allow, coarse silt and fine sand may contain a 
great amount of excess ice in various forms, because these two materials present an important ice 
segregation potential (Konrad and Morgenstern, 1981). However, if present in an under-saturated 
condition, these sediments would not contain excess ice and would be mechanically stable upon 
thawing.

Silty sand with gravel

Because of the presence of fine-grained material, this stratigraphic class has a high ice-segregation 
potential. In permafrost, if saturated with water, this deposit could contain layers with ice-rich 
cryostructures and be affected by strong differential thaw settlement. However, if present in an 
unsaturated condition, these sediments would not contain excess ice and would be mechanically 
stable upon thawing since the water would remain in the soil porosity.

Sandy organic silt

The organic matter in sandy or silty deposits increases the water retention capacity of a soil; this 
may lead to the development of excess ice in permafrost, and an increase in settlement potential 
under a load, due to the high compaction potential of the peat.

Silt

This fine-grained material is usually highly frost susceptible. If silt is present in the active layer, 
and if water is available, it leads to annual frost-heave and settlement of the ground. If a silty layer 
occurs at, or below the permafrost table, the upper part of permafrost will be typically ice rich 
and mechanically unstable upon thawing. Poor drainage characterizes these permafrost-degraded 
areas.

Peat

Peat layers have high porosity, can retain water, and are highly compressible when thawed. 
In permafrost, peat is usually ice rich. When it thaws, the water is drained and the ground is 
susceptible to considerable settlement, especially under a load.

Contemporary Permafrost Temperature Modelling

Research undertaken in southern Yukon has shown a close relationship between trends in air 
temperature with elevation (termed surface lapse rates) and the probability of permafrost 
(Bonnaventure et al., 2012). Old Crow falls within the continuous permafrost zone according to 
the Permafrost Map of Canada (Heginbottom et al., 1995) but this designation is based on air 
temperature measured at the elevation of the community and on boreholes drilled primarily on 
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the valley floor. Little is known about conditions at higher elevations, and work in the Dawson area 
has shown that the warmest locations on an annual basis are at treeline due to cold air pooling 
in the valley floor during winter (Lewkowicz and Bonnaventure, 2011; Lewkowicz et al., 2012). 
Therefore, the possibility exists that certain parts of the landscape at Old Crow might not have 
permafrost.

Four air and ground temperature stations were set up along a transect from the airport  
(~255 m a.s.l.) up to the top of one of the local mountains (~745 m a.s.l.; Figure 36). The goal was 
to obtain data which could be used to model the change in ground temperatures with elevation. 
Unfortunately, the treeline station at 460 m a.s.l. was damaged by wildlife, but data are available 
from three other stations for September 2014 to September 2015. Air temperatures during this 
12-month period were 1.5°C above average based on a comparison between measurements 
reported from the airport by Environment Canada and the Old Crow 1981-2010 normals 
(Environment Canada, 2014a). The late winter and spring of 2015 were particularly warm, with 
monthly temperatures at the airport for March, April and May averaging 2.9°C, 4.0°C and 6.0°C 
respectively, above the long-term mean. Similar results were obtained at the climate station at 
the lowest elevation. Previous work in southern Yukon has shown that surface lapse rates tend to 
change at treeline (Lewkowicz and Bonnaventure, 2011; Lewkowicz et al., 2012). Since data from 
the treeline station were not available, temperatures were projected to this elevation from the 
trends at the two lowest stations.
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Monthly surface lapse rates were inverted (i.e., air temperatures became warmer with elevation) 
below treeline from November to May, while they were normal for the other five months (Figure 
37). Above treeline, they were inverted for four months, from November to February. The results 
below treeline are similar to those obtained from the Dawson area except that the period of 
inverted lapse rates is two months longer at Old Crow. The results above treeline differ from those 
at Dawson where lapse rates are normal at higher elevations. For the month of January at Old 
Crow, the highest point was more than 10°C warmer than the community on the valley floor. On 
an annual basis in 2014-2015, air temperatures increased by an estimated 1.1°C from the valley 
floor to treeline, and then increased by a further 0.2°C to the highest station. Consequently, the 
highest measurement point was also the warmest location over the entire year.

Ground surface temperatures were also measured at the climate stations to determine the surface 
offset (the positive difference between the air and ground surface temperature; (Table 2). Surface 
offsets are caused by shading of the ground by vegetation in summer (resulting in a cooler surface) 
and by insulation of the ground in winter due to the presence of snow (resulting in warmer ground 
surface temperatures). Surface offsets for 2014-2015 ranged from 4.7°C to 8.0°C (Table 2). Those 
for the two forested sites (at 255 m and 355 m a.s.l.) are larger than offsets recorded in southern 
Yukon and emphasize the importance of snow as an insulator in this part of the landscape. The 
result of these large offsets is that the stations at both 255 and 355 m a.s.l. recorded mean ground 
surface temperatures that exceeded 0°C for 2014-2015. If these temperatures were to persist, 
permafrost would be maintained at these sites only by the thermal offset (the negative change 
in temperature between the ground surface and the top of permafrost caused by the difference 
in thermal conductivities of the ground when thawed and frozen). Given that air temperatures 
were much higher than average in 2014-2015 and that the ERT profiles at these locations (Sites 
10 and 17, described in “Case Study Sites” below) indicate permafrost that is at least 25 m thick, 
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Figure 37. Monthly air temperatures measured in the Old Crow area at different elevations (2014-2015; 
see Figure 36 for locations). The surface lapse rate is normal if temperatures decrease with elevation (as 
during most of the summer) and inverted if temperatures increase with elevation (as during most of the 
winter). Note: values for the station at treeline (460 m a.s.l.) were estimated from the lapse rates at the 
two lower elevations.
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it is probable that ground surface temperatures are typically below 0°C at this site, and unlike 
temperatures recorded during the monitoring period. 

Trends in permafrost temperatures with elevation can be estimated using the Temperature at 
the Top of Permafrost model (TTOP; Smith and Riseborough, 2002). The model calculates the 
temperature at the top of permafrost under equilibrium conditions using inputs of total freezing 
degree-days in the air, total thawing degree-days in the air, n-factors (ratios of air and ground 
surface temperatures), and the ratio of frozen and thawed thermal conductivities of the soil. See 
Appendix A for model details. 

Results from TTOP modelling revealed positive mean ground surface temperatures through the 
forest and shrub zones, and negative values in the tundra zone (Table 3); the same pattern was 
measured in 2014-2015 (see Table 2). The shrub zone is defined as the area immediately above 
treeline to an elevation of 600 m a.s.l. and the tundra zone represents that area above the shrub 
zone. Modelled TTOP values range from -0.7°C to -2.4°C and the warmest part of the landscape 
occurs in the shrub zone above treeline, whereas the coldest temperatures were noted in the 
tundra zone. There is a step change predicted at the boundary between the two, resulting from a 
much lower nf (ratio of the ground surface freezing index to the air freezing index) for the tundra 
due to greater compaction of the snow and a thinner snowpack. Therefore, in spite of the fact 
that the uppermost climate station had the warmest mean annual air temperature (Table 2), its 
predicted TTOP value is much lower than those of the forested sites.

Site Elevation (m a.s.l.) Mean Air Temperature 
(°C) 

Mean Ground Surface 
Temperature (°C) Surface Offset (°C)

255 -6.8 0.9 7.7

355 -6.3 1.7 8

745 -5.5 -0.8 4.7

Table 2. Air and ground surface temperatures measured at Old Crow, September 2014 – August 2015.

Table 3. Inputs and results of temperature at the top of permafrost (TTOP) modelling for Old Crow. See 
Appendix A (Approach and Methods) for unit definitions.

Elevation 
(m a.s.l.) TDD FDD Land 

Cover Nt Nf Rk MGST  
(°C)

TTOP  
(°C)

250 1330 4360 forest 0.8 0.2 0.85 0.53 0.09

300 1294.5 4227.5 forest 0.8 0.2 0.5 0.52 -0.90

350 1259 4095 forest 0.8 0.2 0.5 0.52 -0.86

400 1222 3955.5 forest 0.8 0.2 0.5 0.51 -0.83

450 1185 3816 forest 0.8 0.2 0.5 0.51 -0.79

500 1171.5 3702 shrubs 0.8 0.2 0.5 0.54 -0.74

550 1158 3588 shrubs 0.8 0.2 0.5 0.57 -0.70

600 1144.5 3474.5 shrubs 0.8 0.2 0.5 0.60 -0.65

650 1131 3361 tundra 0.84 0.4 0.5 -1.08 -2.38

700 1117.5 3247 tundra 0.84 0.4 0.5 -0.99 -2.27

750 1104 3133 tundra 0.84 0.4 0.5 -0.89 -2.16
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POTENTIAL HAZARD RISKS FOR THE OLD CROW REGION

SEISMICITY

The seismic hazard in the Old Crow area is considered low to moderate (Figure 38) and minor 
earthquakes do occasionally occur. Thirty earthquakes have been recorded within 100 km of Old 
Crow since 1985 (Natural Resources Canada, 2016), and of these, the largest was magnitude 3.9 
(Figure 39). While the town is situated close to a number of large faults, they have probably not 
been active since the early Paleogene, over 50 million years ago. Numerous other, unmapped, 
inactive faults are associated with mapped faults and present a similarly small risk of earthquakes, 
surface ruptures, and landslides in the study area. 

If a large earthquake were to occur in the Old Crow region, materials most likely to generate 
subsequent landslides include poorly consolidated materials on the steep slopes of the escarpment, 
and any recently thawed portions of ice-rich lacustrine, colluvial, and organic materials.

MASS WASTING

Mass wasting (the downslope movement of surficial materials and/or bedrock fragments, often 
mixed with vegetative debris) may be restricted to very shallow surface layers, or may be deep 
seated and extend into thick sediments or bedrock. Mass wasting events may be rapid, occurring 
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Figure 38. Simplified version of the National 
Building Code of Canada’s 2010 seismic 
hazard map (for spectral acceleration at a 0.2 
second period (5 cycles per second)), showing 
the relative likelihood of experiencing 
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in seconds to minutes, or gradually creep or rotate over years to centuries. Depending on slope 
geometry and sediment water content, debris may free fall, slide, rotate and/or flow. Mass wasting 
processes in the study area are primarily related to permafrost thaw.

Landslides

Landslides generally occur on moderate to steep slopes due to a variety of contributing and 
triggering factors that include: intense rainfall or snowmelt events, permafrost degradation, forest 
fires, river erosion, groundwater flow, earthquakes, and/or human modifications to the landscape. 
In many cases, several of these contributing and triggering factors act in combination. 

Landslides in the Old Crow map area have been mapped through observations of mass movement 
on the ground (i.e., slumped material, landslide debris, tension cracks, split trees, and stretched 
roots; Figure 40); from historic and modern imagery of the map area (i.e., aerial photographs and 
satellite images); and from digital elevation models of the earth’s surface. The bulk of detailed 
mapping was made possible by the acquisition of a one-metre or better resolution elevation 
surface created with a LiDAR dataset collected in 2014. The resolution of the LiDAR dataset is 
significantly better than other digital images and the ‘bare-earth’ processing (vegetation removed 
digitally) reveals features that are indistinguishable on the highest resolution air photos and 
satellite images (Figure 41).

Figure 40. Examples of features that are used to map landslides and mass wasting in the study area:  
(a) ‘trees with knees’ are evidence of slow slope movement; (b) slickened surfaces and stretched roots 
show evidence of sliding over what was likely a frozen surface; (c) colonizing vegetation on a slope 
four years after an active layer detachment slide occurred; and (d) a tension crack near the top of the 
escarpment above town.

ba
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More than 100 landslide head scarp features were mapped across the ~6 km-long escarpment 
above Old Crow (Figure 42). These features represent both ancient and recent mass wasting 
events. Landslides occur on all aspects and on both shallow and steep slopes. Mounded colluvial 
material at the base of the escarpment is interpreted to be landslide debris, but individual 
landslide deposits and paths are difficult to distinguish once they become vegetated. Some 
landslide features are muted, indicating they may have been caused by valley incision early in the 
Pleistocene and are largely relict features. Other landslide deposits are fresh looking, with clear 
run-out paths and debris deposits, and are known to have occurred recently. Landslide debris in 
the study area typically travels ~50-100 m downslope of the head scarp, but larger slides have run 
outs as far as 200 m from the head scarp. Landslide deposits make up 1% of the total map area 
(cross-hatched pattern on Figure 42), and the area at risk for landsliding accounts for ~14% of the 
total map area (stippled pattern on Figure 42). 

Debris Falls

Landslides initiated above ~300 m a.s.l. have crescent-shaped head scarps and small debris cones 
close to the base of the slope (see B1 on Figure 41). These landslides are interpreted as debris 
falls and are relatively small and active features that release material as permafrost melts in the 
exposed face of the slope. Debris-fall landslides also occur where slopes are being undercut by 

Figure 41. Hillshade images created from LiDAR data (A1 and B1) show considerably more detail than high 
resolution satellite images (A2 and B2) of the same landscape. Mass wasting features are circled on both 
images to show the difference in resolution with the vegetation removed from the LiDAR image.
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landslide debris
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river erosion, by mass wasting in lower stratigraphic units, or by other natural and anthropogenic 
modifications that remove material from the base of the slope. Debris-fall landslides are interpreted 
to occur in permafrost-affected fluvial and colluvial materials, and as such, are sensitive to climatic 
factors such as heat and precipitation which diminish permafrost and may contribute to instability 
on these slopes. 

Active Layer Detachment

Landslides initiated below ~280 m a.s.l. are characterized by shallow translational slides, also 
known as active layer detachment or thaw-flow slides. These slides are characteristic of a type 
of fast periglacial mass wasting that occurs where the thawed or thawing portion of the active 
layer detaches from the underlying frozen material and moves downslope through sliding 
and sometimes flowing of the thawed debris. Events that cause rapid thickening of the active 
layer combined with high porewater pressure, such as forest fires and hot and/or wet weather, 
commonly trigger active-layer detachments (Lewkowicz, 1992; Lewkowicz and Harris, 2005). These 
landslides are likely to have head scarps characterized by linear cracks which may propagate into 
undisturbed materials upslope of the head scarp (i.e., tension cracks; see A1 on Figure 41). Active 
layer detachment slides occur when sufficient water collects at the base of the active layer to allow 
overlying saturated sediments to slide on a thin layer of water, ice and/or mud (Lewkowicz, 2007). 
As a result, these thaw detachments are most common in fine-grained soils on slopes underlain 
by ice-rich permafrost and in association with areas of surface water convergence such as water 
tracks (Kokelj and Joergenson, 2013).

Figure 43 shows stratigraphic controls on landslide generation in the study area. Neogene and 
older lacustrine sediments (zcLb>Q) are susceptible to thaw-detachment slides because they are 
fine grained (primarily silt), ice rich, and are covered in blankets of silty colluvium that can become 
mobilized when saturated. Ice lenses at the base of the active layer are common in this unit, and 
when this layer thaws rapidly it can release water into already wet soils and trigger sliding in the 
thawed part of the slope (Lewkowicz, 2007). Alternatively, overlying sand (sFb), gravel (sgFb), and 
diamict (dzCpbv) materials are more likely to be affected by debris fall mass wasting because they 
maintain steeper slopes, are well drained, and are less ice rich than lacustrine units. Surface water 
from Berry Hill drains easily through the thawed components of high-level sand and gravel deposits 
before saturating the poorly drained active layer soils of the lacustrine and colluvial deposits on 

1 km
North Road

Quarry Road

Figure 42. Distribution of landslide head scarps and landslide terrain in the map area. Red lines are 
mapped landslide head scarps. Cross-hatched pattern is the mapped distribution of landslide deposits. 
Stippled pattern indicates area affected by landsliding. Berry Hill is toward the top of the image and the 
Porcupine River is toward the bottom.
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the lower slopes of the escarpment. Additional water added to these materials through heavy 
rain, or thawing of ice lenses at the base of the active layer, can cause rapid increases in pore water 
pressure that triggers detachment slides.

In August 2010, heavy rainfall triggered seven landslides in the community of Old Crow. Preliminary 
investigations found that saturated soils following a period of unusually high precipitation levels 
were the likely cause of the landslides (EBA, 2012). Of the seven landslides documented that 
year, three impacted infrastructure in the community. An active layer detachment slide beside 
the Quarry Road (see Figure 40c) deposited debris on the road, and within a day, two slides with 
combined run out paths deposited debris within 40 m of a residence (known as Rosalie’s Slide; 
Figure 44; EBA, 2012). The four remaining slides occurred in undeveloped parts of the community 
and their impact was limited to small trails. Two of the slides in the undeveloped part of the 
community were still active in 2015, but all the remaining slides that occurred in 2010 have since 
stabilized. 
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behind town.

Figure 44. A photo taken in 2015 of 
bright green colonizing vegetation 
covering the surface of the active 
layer detachment slide called 
“Rosalie’s Slide” that occurred in 
August 2010.
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While the Quarry Road slide occurred in a visible location and impacted a major piece of community 
infrastructure, it was a relatively small size with limited run out (less than 60 m). In comparison, 
Rosalie’s slide travelled more than 200 m from the highest head scarp and almost certainly 
incorporated large volumes of downslope materials. This entrainment of saturated downslope 
material is common in active layer detachment slides, and enables large amounts of material to 
be mobilized even on very gentle slopes (Lewkowicz, 2007). 

Slow Periglacial Wasting

Periglacial wasting is a general term that describes cold-climate colluvial processes that are 
mediated by freeze-thaw and permafrost conditions (French, 1983). Periglacial wasting includes 
both slow processes such as solifluction, slopewash, solution, nivation, and rapid processes 
such as active layer detachments (described in previous section). Slopewash (modifier “-Xs” on 
accompanying map), and to a lesser degree solifluction, operate on upland slopes in the study 
area and contribute to downslope colluvial processes. 

Solifluction, the slow downslope movement of saturated sediments, can be identified by distinctive 
slope morphology of lobes and terraces on moderate slopes, but can also occur in broad sheets 
on low angle slopes (French, 1983). Slopewash (also known as sheetwash), is difficult to quantify, 
but is a significant modifier of the landscape in the map area, particularly on the pediment slope 
below Berry Hill. Slopewash is characterized by unconcentrated surface wash where particles are 
carried downslope in an overland flow and deposited as fine unconsolidated sediment, typically 
at the foot of slopes as the result of the continual percolation of water downslope (French, 1983). 
While unlikely to cause catastrophic events, slow periglacial wasting can be a significant hazard to 
infrastructure built upon, or at the base of, landforms that are experiencing gradual downslope 
movement. 

Examples of slow periglacial processes in the map area include the ‘trees with knees’ pictured in 
Figure 40a, and abundant tension cracks, hillslope terraces and slumps that are all evidence of the 
slow downward movement of the escarpment slope. It is unclear how slow periglacial processes 
contribute to rapid mass wasting processes, but evidence of slow slope movement may be a sign 
of increasing slope instability leading to larger mass wasting events.

FLOODING

There is a history of spring flooding in the Old Crow area, as outlined in “Regional Hydrology”  
(p. 13), and flooding continues to pose a hazard risk to the community. As part of a 
complementary Indigenous and Northern Affairs Canada-funded project in Yukon communities  
(http://northernadaptation.ca/sites/default/files/flood_risk_mapping.pdf), LIDAR (light imaging 
and ranging) imagery was captured along a swath of the Porcupine River in the vicinity of Old 
Crow in the summer of 2014. With this data, a high-resolution digital elevation model (DEM) of 
the image area was created by Yukon Government (horizontal accuracy = 50 cm, vertical accuracy 
= 10 cm). 

Based on this DEM, project researchers developed modelled flood risk maps for the image area that 
depict potential flood extents based on increases in water level of the Porcupine River, simulating 
floods of different elevations. The models are simplistic and do not integrate hydraulic gradient, 
the role of secondary input sources to the Porcupine River (e.g., local creeks), or upstream or 
downstream propagation of flood events over time. However, given that the notable floods in the 
Old Crow region have been caused by ice jam events upstream of the townsite, the model is still 
informative, and may support planning for climate change adaptation in the context of changing 
hydrology. 

http://northernadaptation.ca/sites/default/files/flood_risk_mapping.pdf
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It is important to note that any elevations within the LIDAR imagery area that fall within the 
elevation of each flood extent are depicted as being under water, even if they cannot be reached 
by floodwaters. In other words, areas behind elevated roads that may impede flood propagation 
are shown as being flooded, regardless of the fact that an elevated roadway may prevent water 
movement during a flood and prevent lower-lying areas from becoming flooded. However, the 
modelled flood extents are still significant, because they indicate areas that may be susceptible to 
flooding under substantial river level increases, or if breaches in barriers were to occur.

To examine flood risk regionally, a composite of several water level stages is presented in Figure 
45. This figure illustrates the extent of flooding under water level scenarios between 241 and  
246 m. It is important to note that there is some discrepancy between observed flood levels 
measured relative to an existing datum and the elevations measured during the LIDAR surveys. 
Observed minor flood levels in the Old Crow region are measured (relative to a datum) at 
approximately 246.4 m (R. Janowicz, pers. comm.), while LIDAR imagery shows substantial 
flooding of the townsite at this stage. Further surveying is required to reconcile this difference, 
but patterns of flooding depicted by the LIDAR imagery are nonetheless informative in the context 
of risk assessment. 

Generally, low-water levels are present across the area of imagery between 238 and 240.5 m 
(not shown on Figure 45). Below 243 m, river levels remain primarily confined to normal stream 
channels, although by 243 m, many sand bars and small islands have been submerged. At 244 m, 
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the river is still primarily confined to the stream channel, although a few low-lying areas along the 
river’s edge experience moderate water incursion, as do areas around the island at the confluence 
of the Old Crow and Porcupine rivers. With continued water level increases, flooding begins to 
leave channels and undeveloped low-lying areas, and may begin to impact infrastructure.

The area around the lagoon, at the west end of the community, is the first to be affected by 
modelled water level increases, as it is the most low-lying area of the community (Figure 46). 
Based on the LIDAR imagery, normal water levels on the Porcupine River in the vicinity of the 
lagoon are between 239 and 240 m. Between 241 and 243 m, rising water is contained in the 
main river channel, although some water begins to back up a gulch for a distance of about 250 m, 
towards the south end of the lagoon. At 244 m, water has pooled south of the road to the lagoon. 
Figure 46 shows water pooling on the northeast side of the road as well, although the road may 
act as a barrier to water movement. At 244.8 m, a 20-m segment of road at the west end of the 
runway is breached, causing flooding to extend along the north side of the runway. The lagoon 
itself is protected from flooding by the road and the berm surrounding it, and will not flood at this 
stage unless the berm is breached. 

In the core area of the community, flooding is minimal at all modelled stages (Figure 47). Based 
on the LIDAR imagery, the low-water level near the boat launch is approximately 238.5 to 239 m, 
while the top of the bank is 246 m. As a result, the river would have to rise approximately 7 m 
to overtop the bank along most of the developed portion of town. Modelling shows high water 
beginning to approach in the vicinity of the Northern Store at 244.8 m, although the road will act 
as a barrier to water movement at this stage.
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As with the community core, the area around the school is also out of reach of modelled high-
water events (Figure 48). The school itself is situated at 248 m of elevation (based on the LIDAR 
imagery), approximately 8 m above low-water levels for the Porcupine River. Water levels up to 
245 m are contained within a small gulch east of the school, and flood risk to the school is non-
existent.

High-water levels can impact the island located at the confluence of the Porcupine and Old Crow 
rivers (Figure 49). In this area, normal low-water levels appear to be between 241 and 243 m, 
and the main channel is approximately 100 m wide. At 243 m, the river level is high, but remains 
contained within the river channel. At 244 m, the island shoreline begins to flood, and an incursion 
of floodwater inland begins to appear. At 245 m, over 50% of the island is flooded and the main 
channel width has increased to approximately 200 m.
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Figure 48. Close-up of modelled flood extents in the vicinity of Chief Zzeh Gittlit School illustrating river 
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Figure 49. Close-up of modelled flood extents in the vicinity of the island at the confluence of the Porcupine 
and Old Crow rivers, illustrating river levels between 242 and 244.8 m. Note that elevated roads and 
drainage ditches are not included as barriers to flooding. Model results are based on LIDAR imagery 
provided by the Government of Yukon.
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PERMAFROST

Hazards related to permafrost have the potential to impact several elements such as ground 
stability, hydrology, and infrastructure integrity. The following section provides a general 
description of permafrost structure and characteristics, in order to present a more comprehensive 
picture of the risks associated with permafrost thaw.

Permafrost Development 

In permafrost regions, the distribution of ice in surface materials or soil (i.e., cryostratigraphy) 
is related to the manner in which permafrost has aggraded and degraded through time. The 
understanding of permafrost genesis at a given site is important because permafrost structure 
and composition is directly related to the type of permafrost development and the distribution 
of ground ice. Permafrost genesis can be divided into five main types: epigenetic, syngenetic, 
quasi-syngenetic, para-syngenetic and polygenetic (French and Shur, 2010; O’Donnell et al., 2012). 
Epigenetic permafrost forms in bedrock and sediments following deposition. The ice content 
of epigenetic permafrost usually increases with depth, and the sediment layers in between ice 
features are usually ice poor and over consolidated or stiff (Stephani et al., 2010). The syngenetic 
growth of permafrost occurs when material is deposited at the surface while freezing is in progress. 
Thus, the permafrost is approximately the same age as the sediment in which it is found. The 
ice content of syngenetic permafrost is more likely to be uniform and ice rich throughout the 
soil column (Fortier and Allard, 2004; Kanevskiy et al., 2011). Quasi-syngenetic permafrost forms 
when the permafrost table shifts upward in response to vegetation growth at the surface, leading 
to the formation of an intermediate, ice-rich layer at depth. Para-syngenetic permafrost is defined 
by multidirectional refreezing of a talik zone (e.g., those areas of unfrozen ground under drained 
lakes) or a subsurface cavity. The ice content of para-syngenetic permafrost relates to the degree 
of saturation of the material prior to refreezing. If the permafrost has more than one origin it can 
be defined as polygenetic (Lunardini, 1994; French and Shur, 2010).

Geotechnical Properties

The cryostratigraphy and geotechnical properties of the ground are important characteristics 
as they influence permafrost dynamics and the thermal and mechanical sensitivity of frozen 
ground. Cryostratigraphy is defined as the study of frozen layers in the Earth’s crust and is used to 
reconstruct the deposition history of a given site, define the type of permafrost present, determine 
how ice developed, and how the ice is distributed within the permafrost. It is useful to predict the 
rheology (rate and type of deformation) of surface and sub-surface materials in the context of 
permafrost thaw (French and Shur, 2010). Cryostratigraphy is defined by cryofacies (e.g., ice-rich 
or ice-poor sediments), which are characterized by typical cryostructures. 

Cryostructures are determined by the amount and distribution of ice within the pore structure, 
and by ice in excess of the porosity (e.g., lenses, layers of segregated ice; French and Shur, 2010). 
Table 4 presents typical cryostructures that may be observed in permafrost. Layered, lenticular, 
and microlenticular cryostructures are present in ice-rich permafrost. They are the result of 
ice segregation in the sediment and are typical of fine-grained syngenetic permafrost. When 
permafrost thaws, the water from the melting of excess ice is drained, leading to settlement of 
the ground. Porous visible and porous invisible cryostructures are ice poor and result from in-situ 
freezing of water trapped in the soil pores with little to no migration of water to the freezing front 
(cryosuction) within the freezing soil. These types of cryostructures are common in coarse-grained 
sediments, but can also develop in fine-grained sediments that were originally ice rich, thawed, 
drained, and subsequently refrozen (Stephani et al., 2010). Because there is no excess ice present, 
no significant subsidence of the ground is expected upon thawing (Stephani et al., 2014).
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Table 4. Cryostructure classification, from Stephani et al. (2014) and based on Murton and French (1994).

Name Equivalent Description Sediment type Illustration* 

Lenticular Lenticular1

• lens-shaped ice in sediment  
• generally continuously shaped 
• generally horizontal (parallel to 
freezing front) 
• may be straight, wavy, inclined, 
interlaced 
• may contain air bubbles 
• thickness: ≥1 mm:  
Syngenetic permafrost: mm to cm 
thick  
Epigenetic permafrost: cm to dm 
thick  
• usually ice-rich sediment

silt to fine sand; 
silty clay

see Fig. 3.1A

Microlenticular Lenticular1,2

• lens-shaped ice in sediment 
• generally discontinuously 
shaped 
• generally horizontal (parallel to 
freezing front) 
• may be straight, wavy, inclined, 
interlaced 
• very few air bubbles 
• thickness: <1 mm 
• usually ice-rich sediment:  
Syngenetic permafrost: >50% by 
volume  
Epigenetic permafrost: 30-50% by 
volume

silt to fine sand; 
peat

see Fig. 3.1A

Layered/belt-like 
structure Layered1 

• assemblage of lenticular 
cryostructures 
• thickness: centimetre to 
decimetre 
• usually ice-rich sediment

silt to fine sand; 
peat

see Fig. 3.1C

Ice veins

• ice-filled crack or fissure in 
sediment 
• thickness variable (millimetre 
to centimetre)  
Frost crack: 1-5 mm thick  
Dilation/extension cracks: cm to 
dm thick

all types

Reticulate Reticulate1,2 

• net-like cryostructure of 
interconnected sub-horizontal 
ice lenses and sub-vertical ice 
veins 
• usually ice-rich to very ice-rich 
sediment (~35-95% by volume)

silt to fine sand

see Fig. 3.1F

Suspended
Suspended1; 

Ataxitic2

• suspended aggregates in ice 
• usually very ice-rich sediment 
(up to 90-95% by volume) 
• common in upper part of 
permafrost

silt to fine sand; 
occasionally 

peat; silty clay

see Fig. 3.1E
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Generally, dry or unsaturated frozen materials or soils do not present a high risk upon thawing, 
as the water will remain in the soil porosity or will drain away. In contrast, when a saturated soil 
thaws, it presents a much higher risk of settlement, mass movement, or ponding in response to 
poor drainage. Hazards related to the thawing of ice-rich materials or soils is affected by factors 
such as stratigraphy and the grain size distribution of the stratigraphic layers, as well as external 
factors such as slope, surface roughness, and vegetation (Stephani et al., 2014). 

For thaw-settlement hazard assessments, cryostratigraphy is used to locate ice-rich and ice-poor 
layers, and determine the geometry and distribution of massive ice (e.g., patterns of ice wedges). 
Generally speaking, the presence of ice-rich deposits raises concern in terms of hazard potential. 
Where ice-rich deposits overlie ice-poor layers, the thaw-settlement hazard is high in the short 
term, and the rate of change is fast. Conversely, when ice-poor deposits overlie ice-rich sediment, 
the thawing of the upper layer is rapid but with minimal thaw settlement and will be followed 
by the slow, but constant thawing of the underlying ice-rich layer resulting in differential thaw 
settlement.

The grain size distribution of sediments determines the porosity and hydraulic conductivity of the 
ground. Coarse material (medium sand and coarser) has a high hydraulic conductivity and readily 
drains water as ice melts, whereas fine-grained material drains poorly once it thaws due to its 
low hydraulic conductivity. Furthermore, fine-grained sediments often contain excess ice (i.e., the 
volume of ice in excess of the total pore volume of the ground when unfrozen) and may form ice 
lenses or layers by ice segregation. On flat terrain, ground with excess ice will undergo severe thaw 
settlement; likewise, on slopes, silt and clay deposits may experience mass movement when the 
pore water pressure created by melting ice is high. For slope deposits, the plastic and liquid limits 
of the material are used to evaluate the potential of ground failure.

Table 4, continued. Cryostructure classification, from Stephani et al. (2014) and based on Murton and 
French (1994).

Name Equivalent Description Sediment type Illustration* 

Crustal Crustal1,2

• ice-coating around rock 
fragments, aggregates or wood 
fragments 
• usually partial coating, 
occasionally total 
• common just beneath 
permafrost table 
• thickness: few millimetres to 
centimetre-thick coating

gravel/rock 
fragments; 
diamicton

see Fig. 3.1D

Porous visible
Ice cement1; 

Massive2

• pore ice that is visible to the 
unaided eye 
• usually ice-poor sediment 
(<30% by volume)

gravel/rock 
fragments; 
diamicton

see Fig. 3.1F

Porous invisible
Ice cement1; 

Massive2

• pore ice not visible to the 
unaided eye 
• usually very ice-poor sediment 
(<10-30% by volume) 

all types

see Fig. 3.1F

*Illustrations modified from Murton and French, 1994
1 Murton and French (1994); 2 Kudryavtsev (1979) 
Legend: grey = sediment; dark grey = aggregate or wood fragments; white = ice.
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Permafrost as a Hazard Risk

The ground thermal regime of permafrost is influenced by climate, surface conditions, and the 
complex interactions of geophysical factors such as hydrography, topography, vegetation, soil 
texture and ground-ice content (Jorgensen and Osterkamp, 2005). As a result, variations in climate 
or terrain conditions (e.g., environmental changes or human interventions) can both have a great 
impact on permafrost stability. Higher surface temperatures, variation in snow cover depth, active-
layer hydrology variations, infrastructure, and fire disturbances are good examples of changes 
that can play, at various scales, a major role in permafrost degradation (Stephani et al., 2014). 
Additionally, since it is closely linked to local factors, permafrost response to environmental change 
can be spatially and temporally heterogeneous and can respond differently to geomorphological 
processes due to different terrain conditions. Therefore, permafrost landscapes will have a 
dynamic response to environmental change and must be considered holistically, at diverse spatio-
temporal scales. 

Because permafrost stability is essentially maintained by the bonding between ice and the ground 
particles, when ice melts, cohesion is lost and soil stability is diminished (French, 2007). Following 
an increase in air temperature, the active layer is expected to deepen as the ice contained in the 
upper part of the permafrost (right below the bottom of the active layer) melts. If the volumetric 
water content of the ground is lower than the volume of soil pores, the ground is not saturated. 
Thawing of this type of ice-poor soil results in moderate surface settlement and is essentially 
due to the loss of volume upon ground ice melting and subsequent soil consolidation. If the 
volumetric water content of the ground is equal to, or slightly above the volume of soil pores 
when unfrozen, the soil is saturated. Thawing of this type of ice-rich soil results in poorly drained 
surface conditions, and the soil will be unable to consolidate due to the high pore-water pressure. 
If the volumetric water content of the ground is higher than the volume of soil pores, the ground is 
‘super-saturated’ and contains excess ice in its frozen state. Thawing of this type of ground results 
in severe surface settlement, and is essentially due to the loss of volume upon ground ice melting 
and soil drainage (Nelson et al., 2002). In gently sloping areas, water ponding is frequent; on steep 
slopes, the release of water builds excess pore water pressure in the soil pores, which is conducive 
to rapid mass movements (e.g., slides, slumps and debris flows). When the material is coarse-
grained, soil water is drained according to the hydraulic conductivity of the material and there is 
minimal settling or movement of the sediment. When the material is fine-grained, the drainage 
is slow and pore water pressure may trigger slow mass movement (e.g., solifluction). Depending 
on the nature of the soil material and the amount of ground ice present, significant hazards may 
develop. Permafrost-related hazards represent some of the principal challenges for planning and 
development in northern environments.

To assess permafrost stability for land planning purposes, an estimation of the maximum thaw 
depth that could be reached under changing climatic conditions is essential, mainly to evaluate 
the potential deformation that the soil may undergo in the future (Instanes, 2003). The rate and 
type of deformation is closely linked to the type of surficial deposits, the ground ice content and 
its distribution, the ground temperature, and the soil hydrological regime. 

Permafrost is present the entire map area, and may be found within any of the materials described 
on the accompanying map. Ice-rich permafrost is common and may be present on all aspects 
and in moderately to well-drained materials. Near-surface permafrost within 1 m of the surface 
is encountered on most slopes, as well as on more level, valley-bottom sites where there is an 
insulating cover of organic material and/or finer textured soils. High ice contents are common 
especially where there is, or has been, subsurface water flow associated with large river systems, 
as well as surface water related to smaller drainages and fans. 
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Permafrost influences slope stability by strongly affecting drainage (which is restricted by the 
permafrost table), soil moisture (which may increase in response to rapid thaw of ground ice), and 
strength (through bonding of frozen soil particles). 

Disturbance or clearing of the organic cover, and/or changes in surface or subsurface drainage, 
can cause changes to the soil thermal regime and result in thermokarst development, subsidence, 
and terrain destabilization. 

ASSESSING CURRENT HAZARD RISKS FOR THE OLD CROW REGION

CASE STUDY SITES

To assess the risk of the hazards described above for the Old Crow region, the research team 
focused on several case study sites (Figure 50). Findings from case study sites were then used to 
assess risk on a regional scale.

The case study sites for the Old Crow area were determined in consultation with the Vuntut 
Gwitchin First Nation (VGFN) – they reflect areas where there are hazards-related concerns, or 
where future development may take place. Case study sites were also chosen to cover a variety 
of landscape types. Detailed investigations at each case study site is described below, and are 
grouped as follows: 1) the Old Crow community core; 2) North Road and vicinity; 3) the Ski Lodge 
and vicinity; 4) Crow Mountain Road and vicinity; and 5) Portage Trail. At each site, researchers 
used a combination of geophysical approaches (ERT and GPR), permafrost borehole and soil pit 
observations, and examined exposed surficial material where possible. (Note: not all techniques 
were used at every site.) Results from each case study site are described in the following section.
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included on this figure.
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OLD CROW COMMUNITY CORE

The Old Crow community core encompasses sites 1-6 (Figure 50; Figure 51). Results from field 
investigations at each site are described below.

Site 1

Groundcover at Site 1 was mainly composed of gravel material, used for construction of building 
pads for the John Tizya Centre and the arena. A 120 m-long ERT survey was run underneath the 
John Tizya Centre to the arena, and a GPR survey followed the same line, but its start point is 
located just beyond the John Tizya Centre (see Figure 51). 

The ERT survey shows a high resistivity body, interpreted as permafrost, occurring across the latter 
two-thirds of the profile and extending to its base at 23 m (Figure 52). This body is overlain by a  
1 to 3 m-thick low resistivity layer that represents seasonal thaw. The first third of the ERT profile, 
which was carried out beneath the John Tizya Centre, exhibits resistivities low enough to indicate 
unfrozen soils. This suggests that in some areas, thaw occurs to the base of this section of the 
profile at 8-10 m. If this interpretation is correct, a talik is present indicating that this thickness of 
sediment could not refreeze over the winter. 

The GPR survey shows only one clear contact at a depth of about 3 m (see red line on Figure 53), 
corresponding approximately to the depth of the thaw front on the ERT survey. This stratigraphic 
contact is interpreted to represent the bottom of the active layer/top of permafrost. A pattern of 
convex lines are visible throughout the profile and are likely due to anthropogenic disturbances. 
To display this profile, a velocity of 0.08 m/ns was used and a constant gain of 100 was applied.
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A second ERT survey was run directly beneath the John Tizya Centre and closer to the centre-
line of the building than the first ERT profile at this site (Figure 54). This 80 m-long profile  
(2 m electrode spacing) shows a high-resistivity body present at depths of 4-6 m at the western 
end of the building and a second high-resistivity body beneath gravel outside the building at the 
east end of the profile. Between these two bodies, low resistivities indicate possible thaw that 
extends to the base of the profile at 16 m. This profile suggests that the ground was deeply, but 
seasonally thawed at the western end under the building, while a talik is likely at the eastern end 
of the profile, adjacent to a 75 cm pit associated with the building’s water supply. However, this 
interpretation needs confirmation from ground temperature measurements as the resistivities 
may be reduced due to the presence of steel piles and buried cross-braces.

West East

PERMAFROST

UNFROZEN

pad adjacent to and beneath raised building; profile 
enters beneath building at 50 m and exits at 78 m gravel between buildings to east of John Tyzia Centre

Figure 52. ERT profile for Site 1. The survey is 120 m long and has a maximum penetration depth of about 
25 m. Black dashed lines outline likely areas of permafrost.

Figure 53. GPR profile for Site 1, displayed with a constant gain of 100 and a velocity of 0.08 m/ns. The red 
line represents the thaw front.
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Site 2 

Site 2 is situated in an area that was formerly occupied by a residential home that burned down in 
March 2014. The ground at the site was scattered with burned debris, gravel patches and garbage. 
A thin vegetative ground cover was composed of mosses and grasses, and some patches of taller 
dry grasses. ERT and GPR surveys were both run in an easterly direction over the abandoned lot 
southwest of the John Tizya Centre (see Figure 51 for location). 

A 160 m-long ERT profile (2 m electrode spacing) crossed the abandoned lot and continued on 
the southern side of the John Tizya Centre adjacent to the building, and passed beneath the 
entry steps (Figure 55). A high-resistivity body extended to the base of the profile at 16 m and 
was overlain by a continuous low-resistivity layer. The contact between the two was at a depth 
between 2 and 4 m beneath the abandoned lot, and up to 5 m beneath the gravel pad of the John 
Tizya Centre. The profile is interpreted as a thawed layer over permafrost with the variable thaw 
depth associated with the site’s disturbance history, and possibly due to the stratigraphy of the 
sediments. The eastern end of the profile was run parallel to the two profiles at Site 1 and shows 
similar apparent depths of thaw.

The GPR survey shows only one clear contact at a depth of about 3 m (see red line on Figure 56), 
corresponding to the depth of the thaw front on the ERT profile. This layer intercepts at least one 
other layer with a weaker signal, but the lack of information about the subsurface for this site does 
not allow for a proper interpretation of the signal. Presumably, this weaker signal corresponds to a 
change of material property in the stratigraphy of the active layer. To display this profile, a velocity 
of 0.08m/ns was used and an AGC gain (maximum gain of 500) was applied.

Figure 54. ERT profile for Site 1, underneath the John Tizya Centre. The survey is 80 m long and has a 
maximum penetration depth of about 16 m. Black dashed lines outline likely areas of permafrost.

West East

PERMAFROST UNFROZEN?

gravel pad gravelpad beneath raised building

75 cm-deep pit adjacent to ERT line
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Site 3

This site is the location of a proposed multiplex. GPR and ERT surveys were run along the north 
side of the former Northern Store (see Figure 51 for location). The first part of both surveys was 
conducted on grass-covered gravel, while the remaining part of the surveys crossed exposed 
gravel pads.

The 76 m-long ERT profile (2 m electrode spacing) reveals a near-surface, low-resistivity layer 
of variable thickness overlying moderate to high-resistivity materials that extend to the base of 
the profile (Figure 57). The profile is interpreted as follows: deep seasonal thaw (about 2 m) in 
the vegetated areas at the western end of the profile, and deeper seasonal thaw or taliks (up to  
4 m) beneath the unvegetated gravel pad. Permafrost extends to the base of the profile at 13 m. 
The central part of the profile has an area of lower resistivities that likely represent terrain near 
the thawing point but still frozen. The dry gravel pad creates some higher, near-surface resistivities 
in the eastern half of the profile. A pre-existing borehole drilled approximately 32 m along the 
profile showed 2.8 m of thaw over ice-poor sediments of sand with silt and gravel (R. Trimble, 
pers. comm.). The lesser amount of thaw in the borehole compared to the ERT profile suggests 
that the post-processing of the ERT profile may exaggerate the depth of the thaw front. 

Figure 55. ERT profile for Site 2. The survey is 120 m long and has a maximum penetration depth of about 
16 m. Black dashed lines outline likely areas of permafrost.

Figure 56. GPR profile for Site 2, displayed with an AGC gain (maximum gain of 500) and a velocity of  
0.08 m/ns. The red line represents the thaw front.
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The GPR survey shows a strong contact at a depth of about 2.5 m (see red line on Figure 58), 
which could correspond to the thaw front in the active layer. Another strong reflector appears at a 
depth of about 5 m (see green line on Figure 58), which likely corresponds to a major stratigraphic 
change. However, the lack of information about the subsurface for this site does not allow for a 
clear interpretation of the signal. To display this profile, a velocity of 0.08m/ns was used and an 
AGC gain (maximum gain of 500) was applied.

Site 4

Site 4 is located east of the tank farm where there are two abandoned log homes (see Figure 
51 for location). An ERT survey was run under the two log buildings. The survey was conducted 
mainly on the gravel pads and crossed a shallow ditch at its eastern end (Figure 59). The 76 m- 
long ERT survey revealed a continuous low-resistivity layer 4-5 m thick overlying high-resistivity 
material that extends to the base of the profile at a depth of 13 m. The profile is interpreted as 
having a subsurface of deep seasonal thaw, or a supra-permafrost talik that overlies permafrost. 
The substantial thaw of the permafrost is clearly linked to the structural damage evident in the log 
homes and it is therefore assumed that the soil that has thawed contained excess ice.

West
East

PERMAFROST

UNFROZEN

grass-covered gravel yard of log house

grassed area
in front of 

mobile home 
and under 
front steps gravel pad

Northern store, 1-3 m from profile
mobile home, 

1 m from profile
house, 3-4 m
from profile

Figure 57. ERT profile for Site 3. The survey is 76 m long and has a maximum penetration depth of about 
13 m. Black dashed lines outline likely areas of permafrost.

Figure 58. GPR profile for Site 3, displayed with an AGC gain (maximum gain of 500) and a velocity of  
0.08 m/ns. The red and green lines represent cryostratigraphic contacts.
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Site 5

Site 5 is located at the new tank farm (see Figure 51 for location). Here, GPR and ERT surveys 
were run in an eastward direction, beginning a few metres from the airport fence, through the 
former playground and between the oil tanks, and ending at another fence in the baseball field. 
No fill materials were present at the time of the investigations, and groundcover consisted solely 
of grass.

The ERT survey was 114 m long with 2 m electrode spacing. The ERT survey produced a profile 
with a uniform low-resistivity layer overlying materials of high resistivity extending to the base of 
the profile at a depth of 20 m (Figure 60). The profile is interpreted as having a subsurface with a 
deeply thawed active layer that overlies permafrost. The slightly lower resistivities at the western 
end of the transect indicate that this part of the profile may be slightly warmer, giving rise to 
higher unfrozen moisture contents and more electrically conductive soils.

Figure 59. ERT profile for Site 4. The survey is 76 m long and has a maximum penetration depth of about 
13 m. Black dashed lines outline likely areas of permafrost.

Figure 60. ERT profile for Site 5. The survey is 114 m long and has a maximum penetration depth of about 
20 m. Black dashed lines outline likely areas of permafrost.
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The GPR survey shows only one clear contact at a depth of about 2.5 m (see red line on Figure 
61). This is interpreted as the thaw front in the active layer, and corresponds to the depth of the 
thaw front on the ERT profile. Vertical artifacts are visible along the profile and are due to metal 
pipes and fences at surface. There is no indication of any changes to stratigraphy in the first 5 m. 
To display this profile, a velocity of 0.07 m/ns was used and an AGC gain (maximum gain of 500) 
was applied.

Site 6

Site 6 is located at the southwestern edge of the community, on the upper part of the north bank 
of the Porcupine River (see Figure 51 for location). One 200 m-long ERT transect was conducted in 
an east to west direction along the shore, and across a small gully (~6 m wide at its widest part). 
A two-section GPR transect was run along the same line as the ERT survey; however, the two 
GPR surveys are separated by the gully (see GPR a and b on Figure 51). The transects followed a 
narrow discontinuous path with a gentle slope to the south. Where the profiles crossed the gully, 
centimetre-wide tension cracks were visible on either side. The ground was covered with moss, 
grasses, scattered branches and pebble to cobble, subrounded gravel. Willow and alder shrubs 
were abundant along most of the pathway, reaching up to 2 m on the south side, and up to 4 m on 
the north side. A 220 cm-high exposure in the gully was investigated about 10 m inland from the 
stream outlet (see Site 6 cut on Figure 46). The site is situated on overbank deposits, composed of 
stratified layers of silty sand and subrounded gravel.

The ERT profile shows a 1 to 2 m-thick, low-resistivity layer overlying a layer with moderate to high 
resistivities that extends to a depth of 10-15 m (Figure 62). A second low-resistivity layer is present 
below ~15 m and extends to the base of the profile at a depth of 25 m. The higher resistivity layer 
is penetrated by low resistivities centred at 72 m along the profile, and is associated with the gully 
mentioned above. The profile is interpreted as follows: a thin active layer overlying permafrost 
whose base is at 10-15 m. The permafrost is penetrated by a talik beneath the gully that connects 
the surface and subsurface hydrological systems. The thin permafrost is likely the result of the 
combined effects of coarse, near-surface materials, the absence of an organic mat, enhanced 
snow accumulation around shrubs, and warming by the river when water levels are higher in the 
spring and early summer. 

Both GPR profiles show a strong reflector at a depth of about 2 m. It is interpreted as the thaw 
front, and can also be observed on the ERT profile (see red line on Figure 63). Another reflector 
emerges over this layer in the last third of the profile (see upper green line on Figure 63). The 
reflector located at a depth of about 5.5 m is considered a multiple. A last reflector appears in the 
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Figure 61. GPR profile for Site 5, displayed with an AGC gain (maximum gain of 500) and a velocity of  
0.07 m/ns. The red line represents the thaw front.
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last 15 m of the profile, at a depth of about 10 m (see lower green line on Figure 63). To display 
this profile, a velocity of 0.1 m/ns was used and an AGC gain (maximum gain of 500) was applied.

NORTH ROAD AND VICINITY

North Road and vicinity contains Sites 7 through 11 (see Figures 50 and 64). At the time of the field 
investigations, there was active development in the area – Sites 9 and 10 are located at a site of 
new pads for home construction, whereas Site 11 is a proposed location for another residential 
home. Sites 7 and 8 are located on the south and north sides of the runway, respectively. Results 
from field investigations at each site are described below.

Site 7

Site 7 is located halfway along the airport runway, 3 m south of the fence bordering the runway. 
It is mainly covered with tall grasses, sedge tussocks and small scattered willow shrubs 1-2 m 
high (Salix sp). GPR and ERT surveys were conducted along the same trajectory, running in a 
southwesterly direction on flat terrain. A borehole (Site 7 BH) was also drilled 60 m along the 
survey lines (see Figure 64). 

At Site 7, the borehole consisted of an overbank deposit comprising sandy organic silt, silty sand, 
and coarse sand. Finer material was moderate to ice rich (down to about 2 m), and ice poor in the 
coarser material (below 2 m). The permafrost table was encountered at a depth of 65 cm, under 
silty organic deposits. The permafrost was mainly composed of organic sandy silt (65 to 196 cm 
deep) overlying a sandy deposit with lesser amounts of gravel (196 to 253 cm deep). The borehole 
was drilled to a depth of 270 cm, at which point the presence of gravel prevented further coring. 

Figure 62. ERT profile for Site 6. The survey is 200 m long and has a maximum penetration depth of about 
25 m. Black dashed lines outline likely areas of permafrost.

Figure 63. GPR profiles for Site 6, displayed with an AGC gain (maximum gain of 500) and a velocity of  
0.1 m/ns. GPR survey a is shown on the right and survey b is on the left. The red lines represent the thaw 
front and the green lines represent a stratigraphic contact.
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The sandy silt unit was composed of a lenticular cryostructure with ice volume content between 
15 and 20%. At a depth of 141 cm, in ice-rich permafrost, thaw settlement and consolidation test 
results exhibited 52% total settlement under a stress load of 25 kPa (theoretical value for this 
material type = 39%), and 58% total settlement under a stress load of 150 kPa. Deeper, in the ice-
poor permafrost where the material was coarser, thaw settlement and consolidation test results 
revealed 19% total settlement under a stress load of 25 kPa (theoretical value for this material 
type = 15%), and 38% total settlement under a stress load of 150 kPa. The complete borehole log 
for this site is shown in Appendix B.

The ERT survey (2 m minimum electrode spacing) shows a complex pattern of low, moderate and 
high resistivities (Figure 65). A continuous low resistivity layer near surface is evident across the 
entire profile and corresponds to the active layer. The depth of thaw at the time of the survey in 
mid-August 2014, averaged 65 cm, having a range between 42 and 82 cm; however, at a ditch 
containing shallow water, the depth of thaw exceeded 120 cm. The higher resistivity layer beneath 
is interpreted as permafrost. The variable resistivities present are interpreted as being associated 
with variations in both stratigraphy and temperature. A talik, possibly connected to the active 
layer, appears to be present at 58 m along the profile; other isolated low-resistivity zones are 
apparent at 28 m, 168 m and 246 m along the profile and may represent intra-permafrost taliks. 
The permafrost varies in thickness from less than 5 m (e.g., at 136 m along the profile) to more 
than 25 m (e.g., at 154 m along the profile). If the inferences regarding ground freezing conditions 
are correct, the taliks may be associated with surface drainage (as is observed at the ditch at  
56-58 m along the profile), snow accumulation around shrubs, and possibly groundwater 
connections within and through the permafrost. 
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An irregular layer at a depth of 25 to 100 cm can be seen on the GPR profile, and is interpreted 
as the thaw front (see red line on Figure 66). Just below this contact, another strong reflection 
is visible at a depth that oscillates between 1 and 2.5 m which corresponds to the contact with 
the sand layer observed in borehole Site 7 BH (see uppermost green line in Figure 61). A third 
contact is visible at a depth of about 4 m (see lowermost green line in Figure 61) and is believed 
to represent a gravel layer based on the known stratigraphy in the area (i.e., overbank deposits) 
and corresponds well with a more resistive layer as is observed in the ERT profile. The lowest 
contact, at a depth of about 8 m, is considered to be a multiple. To display this profile, a velocity of  
0.09 m/ns was used and an AGC gain (maximum gain of 500) was applied. 

Site 8 

Site 8 is located on the north side of the airport runway. This site consisted mainly of a flat, open 
field with shallow standing water and sedges; slightly higher and drier areas had grasses and minor 
willow shrubs up to 1 m high. The shrubs were more abundant in the last third of the transect. 
ERT and GPR surveys (280 m long and overlapping) were run in a northeasterly direction a few 
metres from the fence that surrounds the airport. A 406 cm-deep borehole (Site 8 BH) was drilled 
at ~90 m along the survey lines, where the active layer was saturated with water (see Figure 64 
for location). 
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Borehole material (Site 8 BH) consisted of overbank deposits, which were moderate to ice rich 
in the first 130 cm, and ice poor below this depth. The permafrost table was encountered at a 
depth of 32 cm. The permafrost stratigraphy was composed of layers of ice-rich, microlenticular 
sandy silt, overlying layers of porous visible and invisible silty organic sand. Ice content was at its 
highest at the top of the permafrost having values of 69% by volume. Below, in coarser deposits, 
the volumetric ice content dropped considerably to values ranging from 24 to 36%. At a depth of 
114 cm, in ice-rich permafrost, thaw settlement and consolidation test results exhibited 45% total 
settlement under a stress load of 25 kPa, and 48% total settlement under a stress load of 150 kPa. 
Deeper, in coarser sand deposits, thaw settlement and consolidation test results revealed 15% 
total settlement under a stress load of 25 kPa, and 19% total settlement under a stress load of  
150 kPa. The complete borehole log for this site is shown in Appendix B.

The ERT survey is somewhat similar to that documented at Site 7 on the other side of the airstrip, 
that is, displaying a thin, quasi-continuous low-resistivity layer near surface that overlies a more 
resistive layer extending to depths of 4 m to >25 m (Figure 67). The latter exhibits considerable 
variation in modelled values with discrete zones exceeding 5 kilo-ohm m, alternating laterally with 
values of less than 1 kilo-ohm m. Resistivities remain moderate to high down to the base of the 
profile at a depth of 25 m and end at 160 m along the profile; from this point onward, the basal 
resistivities are much lower. Thaw depths were about one-third shallower than at Site 7, averaging 
47 cm, with a range of 35 to 82 cm. Interpretation of the resistivity profile reveals permafrost 
more than 25 m thick up to 166 m along the profile, at which point it thins to 5-10 m. This change 
may correspond to a slight rise in the ground surface at 178 m and the presence of shrubs which 
would affect snow accumulation, resulting in ground warming and thinning of the permafrost. In 
contrast, areas containing shallow standing water (marked with a W on Figure 67) did not have a 
major impact on the observed resistivities. 

A shallow reflector is visible at a depth of about 30 cm on the GPR profile, corresponding to the 
thaw front (see red line on Figure 68). Another reflector is observed at a depth of about 3 m (see 
green line on Figure 68). According to the borehole data, the lowermost reflector corresponds to 
a contact with coarse sand and small pebbles; this also correlates to a more resistive layer shown 
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on the ERT profile. The reflector seen at a depth of about 8 m is considered a multiple. To display 
this profile, a velocity of 0.09 m/ns was used and an AGC gain (maximum gain of 200) was applied.

Site 9

At the time of field investigations, a lot was being developed at the location of Site 9. ERT and GPR 
surveys at this site were conducted in an eastward direction, beginning at the end of a gravel pad, 
and running through an undisturbed forest of stunted black spruce up to 5 m high (Picea mariana). 
Both surveys then crossed a second gravel pad; the ERT survey was completed in undisturbed 
terrain at the end of this second gravel pad, while the GPR survey continued to approximately 
halfway across the second gravel pad. A borehole (Site 9 BH) was drilled ~50 m along the surveys 
in relatively undisturbed terrain (see Figure 64 for locations). Undisturbed groundcover consisted 
of a thick organic mat with peat (averaging 10 cm in thickness), and small shrubs up to 15 cm in 
height (Vaccinium oxycoccos and Rhododendron groenlandicum).

Borehole material consisted of overbank deposits. The material was moderate to ice rich in the 
first 130 cm, and ice poor to the bottom of the borehole. The permafrost table was encountered 
at a depth of 32 cm. Permafrost stratigraphy consisted of layers of ice-rich, microlenticular, silty 
organic sand and sandy silt, overlying layers of porous visible and invisible silty sand and sand. 
Ice content was at its highest at the top of the permafrost with values of 75% by volume (38% 
contained excess ice). Below, in coarser deposits, the volumetric ice content values dropped to 
values ranging from 39 to 49% (3 to 6% contained excess ice). At a depth of 114 cm, in ice-rich 
permafrost, thaw settlement and consolidation test results exhibited 35% total settlement under 
a stress load of 25 kPa (theoretical value for this material type = 28%), and 44% total settlement 
under a stress load of 150 kPa. Deeper, in dryer and ice-poor permafrost, thaw settlement and 
consolidation test results revealed 41% total settlement under a stress load of 25 kPa (theoretical 
value for this material = 12%), and 53% total settlement under a stress load of 150 kPa. The 
complete borehole log is shown in Appendix B.

The 80 m-long ERT survey (electrode spacing 2 m) exhibits an area of lower resistivities near 
surface underlain by a zone of higher resistivities that extends to the base of the profile at 15 
m (Figure 69). Most of the near-surface layer exhibits modelled values in excess of 1 kilo-ohm m 
which would normally indicate soils that are frozen. This is because the thawed layer averaged 
only 36 cm in thickness (range: 26-50 cm), preventing accurate modelling during the ERT inversion 
process. The gravel pad, which was certainly thawed at the time of the survey, also exhibits 
relatively high resistivities since dry, coarse materials are poor conductors of electricity. 

When examining the GPR profile, an uppermost reflector is visible at a depth of about 50 cm in 
that part of the GPR survey that was run through the forested area (from 0 to 42 m along the 
survey line); this reflector corresponds to the thaw front (see red line on Figure 70). Another 
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reflector is displayed at a depth of about 2 m (see green line on Figure 70). According to the 
borehole data, this second reflector likely corresponds to a sand layer. The lowermost reflector 
displayed at a depth of about 6 m is considered a multiple. To display this profile, a velocity of  
0.09 m/ns was used and a constant gain of 50 was applied.

Site 10 

At Site 10, a 160 m-long ERT survey (electrode spacing 2 m) was run through terrain comparable 
to that of Site 9, north of a recently constructed road (see Figure 64). The survey reveals a layer 
with lower resistivities near surface, underlain by a zone of higher resistivities that extends to the 
base of the profile at 25 m (Figure 71). Most of the near-surface layer exhibits modelled values 
in excess of 1 kilo-ohm m which would normally indicate soils that are frozen. However, because 
the thawed layer averaged only 36 cm in thickness (range: 26-50 cm), this prevented accurate 
modelling during the ERT inversion process. The gravel pad, which was most certainly thawed at 
the time of the survey, also shows relatively high resistivities because dry coarse materials are 
poor conductors of electricity. 
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Site 11

Site 11 is the location of a future residential development (see Figure 64). To characterize 
permafrost at this site, a 497 cm-deep borehole (Site 11 BH) was drilled 4 m north of the gravel 
pads. The surroundings consisted of an open black spruce forest with trees 3-5 m high (Picea 
mariana) with lesser amounts of birch trees up to 5 m high (Betula glandulosa), shrubs and 
bushes reaching up to 1.5 m in height (Salix and Alnus), and hummocks up to 50 cm high. Ground 
cover was composed of moss, lichen and small bushes less than 50 cm in height (Rhododendron 
groenlandicum, Vaccinium oxycoccos). The permafrost table was encountered directly under the 
organic cover at a depth of 35 cm. Borehole data revealed a permafrost stratigraphy consisting 
of layers of lenticular and microlenticular organic silty sand. The deposits became coarser with 
depth; occasional roots and branches were noted. Excess ice contents were higher towards the 
top of the permafrost and values ranged from 37 to 50% by volume. Lower down, in the dryer, 
coarser sediments, the volumetric ice content values dropped to 10%. The complete borehole log 
is shown in Appendix B.

SKI LODGE AND VICINITY

The area surrounding the ski lodge is characterized by an undisturbed forest of black spruce and 
birch (up to 6 m high), with an understory of scattered shrubs averaging 1 m in height (Salix, Alnus 
and Betula); ground cover consists of lichens, Sphagnum mosses, and small shrubs less than 50 cm 
high (Rhododendron groenlandicum and Vaccinium oxycoccos). This area of investigation includes 
sites 12 and 13 (see Figures 50 and 72).

Site 12 

At Site 12, a 160 m-long ERT transect was run eastward and a GPR survey directly overlapped the 
first 53 m of this survey. Additionally, two boreholes (‘Site 12 BH a’ and ‘Site 12 BH b’) were drilled 
at this site (see Figure 72). 

Figure 71. ERT profile for Site 10. The survey is 160 m long and has a maximum penetration depth of about 
25 m. Black dashed lines outline likely areas of permafrost. SD = standard deviation.
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Site 12 BHa was drilled near the beginning of the geophysical survey lines (southwest end of 
the transect) to a depth of 94 cm. The permafrost table was documented at a depth of 64 cm; 
subsurface sediments were composed of sandy silt (to a depth of 65 cm) overlying a layer of gravel 
with subrounded clasts up to 10 cm in diameter. The gravel layer prevented any further drilling 
beyond about 90 cm (see Appendix B). 

Borehole Site 12 BH b was drilled at the 150 m-mark along the ERT survey, to a depth of 308 cm. 
The site had been recently cleared at the time of drilling, however tree stumps still remained. The 
permafrost table was encountered at a depth of 45 cm. The permafrost consisted of interlaced 
layers of microlenticular and lenticular cryostructure with sand, overlying layers of porous visible 
and invisible silty sand. Multiple layers of ice-rich microlenticular cryostructure were observed 
between 113 and 171 cm. At the bottom of the borehole (308 cm), layers of sand and fine 
gravel were identified. Volumetric ice content was at its highest within the first metre in sandy 
silt with values ranging from 49-70% by volume. Further down in the borehole, in sandy and 
gravelly deposits, the volumetric ice content values dropped to 34%. At a depth of 116 cm, where 
volumetric ice content results were the highest, thaw settlement and consolidation test results 
revealed 44% total settlement under a stress load of 25 kPa (theoretical value for this material 
type = 34%), and 47% under a stress load of 150 kPa. Deeper, in layers containing coarser material, 
thaw settlement and consolidation tests resulted in 38% total settlement under a stress load of  
25 kPa (theoretical value for this material type = 23%), and 42% under a stress load of 150 kPa. The 
complete borehole log is shown in Appendix B.

The ERT survey at Site 12 shows a two-layered system comprising a low-resistivity, thawed 
layer, overlying permafrost with a higher resistivity that extends to the base of the profile at  
25 m (Figure 73). The near-surface thawed layer was of variable thickness, ranging from 33 cm to  
>120 cm (the length of the probe). Deeper thaw and lower resistivities are evident from 44 m to 
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110 m along the profile where active and inactive alluvial fan deposits were noted. At this location, 
three small channels containing flowing water were present and the vegetation consisted of 
very dense alder shrubs. The ERT survey suggests that thaw depths below the active alluvial fan 
deposits may be 2 m or more. The resistivities beneath these areas are noticeably higher than on 
either side at the same depth suggesting that the permafrost has been warmed by the surface 
drainage. Furthermore, differences in snow characteristics within the dense alder shrubs have 
likely contributed to warming of underlying permafrost. However, the thaw does not appear to be 
deep enough to constitute a talik, even beneath the active fan channels.

Several reflectors are visible on the GPR profile at Site 12. An upper reflector occurs at a depth 
of about 50 cm, corresponding to the thaw front (see red line on Figure 74). Another reflector is 
located at a depth between 2 and 2.5 m, and may correspond to a gravel layer (see green line on 
Figure 74). A lowermost reflector occurs at a depth of about 6 m and may indicate a stratigraphic 
change; however, since no change in resistivity is visible on the ERT profile at that depth, it likely 
represents an artifact. To display this profile, a velocity of 0.08 m/ns was used and an AGC gain 
(maximum gain of 200) was applied.
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Figure 74. GPR profile for Site 12, displayed with an AGC gain (maximum gain of 200) and a velocity of 
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Site 13

A third borehole (Site 13 BH) was drilled on the west side of the road, just west of a ski trail 
(see Figure 72). The borehole was drilled to a depth of 448 cm, at which point the extractor rod 
got stuck, preventing further coring. The permafrost table was encountered at a depth of 50 cm. 
Permafrost stratigraphy consisted of a succession of lenticular and microlenticular sandy silt and 
minor black, organic interlayers. The deposits were coarser with depth and contained occasional 
roots and branches. Excess ice contents were higher towards the top of the permafrost with 
values ranging from 51 to 55% by volume. At these depths, the ratio of silt to sand was significantly 
higher. The complete borehole log is shown in Appendix B.

CROW MOUNTAIN ROAD AND VICINITY

This area contains investigative Sites 14-17, and makes up a large portion of the land north of the 
community of Old Crow, including the Crow Mountain Road (Figure 75).

Site 14 

Site 14, at the eastern edge of the community, is characterized by a large scar left by a landslide 
that occurred in 2010 (Figure 76). The undisturbed vegetation above the landslide is composed of 
a mature forest of black spruce and birch up to 10 m tall, with a ground cover of moss and lichen. 
The landslide scar is partially colonized by early succession grasses and shrubs. To investigate 
permafrost conditions along the landslide profile, a 160 m-long ERT survey (2 m minimum 
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electrode spacing) was run upslope across the road, the landslide toe, and part of the landslide 
track. A second ERT survey (80 m long; electrode spacing 2 m) was run in the upper part of the scar 
zone and into undisturbed terrain. 

The ERT survey in the lower part of the landslide covered the accumulation zone, as well as a 
portion of the landslide track which had been subject to stream erosion following slope failure 
(Figure 77). Because the landslide track was not straight, the end of the ERT survey (from  
140 m to 160 m) intersected the side of the landslide and extended into adjacent terrain that 
was essentially undisturbed apart from the presence of tension cracks. The ERT profile shows a 
sharp contact and strong contrast between a near-surface, low-resistivity layer and an underlying, 
very high resistivity layer. Frost probing was carried out in several locations on the landslide and 
more than half of these locations exceeded 120 cm without encountering the frost table. The 
small patch of undisturbed forest at the end of the survey, in contrast, exhibited thaw depths of  
49-64 cm. The low-resistivity layer clearly represents a thawed layer with an apparent thickness of 
up to 3 m in the toe and accumulation zone of the landslide. The very high resistivities show that 
permafrost beneath remains cold and possibly ice rich. The only exception to this pattern is from 
130 m to 150 m along the profile where low resistivities are apparent beneath the 5 to 7-m thick 
layer of frozen ground. This area is tentatively interpreted as an unfrozen layer beneath the base 
of the permafrost. 

The second ERT survey began in the centre of the headscarp and extended upslope into the 
undisturbed terrain (Figure 78). Almost all of the thaw depths within that part of the scar with 
new colonizing vegetation exceeded 120 cm, whereas thaw depths in the undisturbed part of the 
slope ranged from 33 to 57 cm. The ERT profile depicts an upper low-resistivity layer within the 
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scar, overlying a high-resistivity body with a second lower resistivity layer beneath. This pattern 
continues beneath the upper, undisturbed portion of the slope, although the near-surface layer 
exhibits moderate resistivities. Beneath the scar zone, interpretation of the profile reveals a 
relatively thick thawed layer overlying permafrost. In the upper part of the slope, there exists 
a relatively thin thawed layer over permafrost. The low resistivities near the base of the profile 
indicate that the permafrost may be only about 10 m thick which corresponds with the upper part 
of the ERT profile from the survey undertaken on the toe of the landslide (see Figure 77).

In the undisturbed area above the landslide, probing with a hand auger (Site 14 BH) was completed 
to a depth of 97 cm, where the frost table was reached. A cut (Site 14 Cut) 147 cm high was 
investigated in the headscarp and was composed mainly of sandy silt. A pit was dug at the bottom 
of the cut and the frost table was encountered at a depth of 118 cm. A layer of pure ice was found 
at the top of the frost table, or the thaw front.
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Site 15

At Site 15, a borehole was drilled (Site 15 BH) on the west side of Crow Mountain Road, at the foot 
a landslide scar (Figure 79). The site is situated on a gentle, south-facing slope with a mixed forest 
of black spruce (1-8 m high) and birch. Ground cover consisted of rotting tree trunks and other 
forest litter, along with moss, lichen, tall grasses, spruce seedlings and small shrubs (Rhododendron 
groenlandicum, Vaccinium oxycoccos). The active layer was composed of layers of brown silty sand 
and grey sandy silt containing minor amounts of subrounded clasts (1-5 cm in diameter). The 
permafrost table was encountered at a depth of 50 cm. Permafrost consisted of a very ice-rich, 
suspended cryostructure in sandy silt deposits. The borehole was drilled to a depth of 140 cm, at 
which point the presence of coarse gravel, prevented further coring. Excess ice contents ranged 
from 26 to 34% by volume. The complete borehole log is shown in Appendix B.
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Site 16

Site 16 is located on the east side of Crow Mountain Road (Figure 79), behind a house that was 
under construction at the time of field investigations. Vegetation at the site included shrubs (Salix, 
Alnus, Betula, Rhododendron groenlandicum) ranging from 50 cm to 1 m in height and a ground 
cover of moss, lichen, tall grass patches, and small shrubs less than 50 cm high (Rhododendron 
groenlandicum, Vaccinium oxycoccos). 

A borehole (Site 16 BH) was drilled at this site. The active layer was composed of grey, silty 
sediment containing slightly decomposed organic matter. The permafrost table was encountered 
at a depth of 47 cm. Permafrost was composed of a very ice-rich sandy silt with lenticular and 
microlenticular cryostructure. High percentages of pebbles and cobbles (12 and 27%, respectively) 
were documented throughout the samples. The borehole was drilled to a depth of 225 cm, at which 
point the presence of coarse gravel prevented further coring. Excess ice contents were highest in 
the uppermost metre of the borehole, with values ranging from 16 to 58% by volume. Excess 
ice contents dropped significantly at the bottom of the borehole (11%), where the permafrost 
was dryer and had higher concentration of coarse gravel. The complete borehole log is shown in 
Appendix B.

Site 17

Site 17 is located north of Site 16 and east of Crow Mountain Road (Figure 80). ERT and GPR 
surveys were run in a northeast direction; the surveys were run parallel and began 20 m east 
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of the road. The surveys were carried out through a mature, open forest of black spruce (up to  
6 m high), with an understory of lichen, grass, shrubs (Rhododendron groenlandicum, Vaccinium 
oxycoccos), spruce seedlings and a ground cover of relatively thick moss (13 cm). 

A borehole (Site 17 BH) was drilled to a depth of 294 cm, 38 m along the ERT transect. The 
permafrost table was encountered at a depth of 48 cm. The first metre below the permafrost 
table was composed of ice-rich sandy silt. Below this was a deposit of very ice-rich gravel in a 
sandy to silty matrix; this unit continued to the end of the borehole in a coarsening-downward 
sequence. At the base of the borehole, samples contained high concentrations of coarse material 
(49% cobbles). Ice volumetric content was at its highest within the first metre below the frost 
table, due to the high concentration of sandy silt; values ranged from 49-55% by volume (15 to 
35% contained excess ice). Below, in sandy and gravelly deposits, the volumetric ice content values 
ranged from 23-52% (3 to 29% contained excess ice). At a depth of 105 cm, where volumetric 
ice content was the highest, thaw settlement and consolidation test results revealed 44% total 
settlement under a stress load of 25 kPa (theoretical value for this material type = 40%), and 48% 
under a stress load of 150 kPa. Deeper, in layers containing coarser material, thaw settlement and 
consolidation tests resulted in 15% total settlement under a stress load of 25 kPa (theoretical value 
= 5%), and 44% under a stress load of 150 kPa. The complete borehole log is shown in Appendix B.

The ERT profile from Site 17 shows a continuous, near-surface, low-resistivity layer underlain by 
higher resistivities that extend to the base of the profile at 25 m (Figure 81). The near-surface 
layer includes values that are indicative of unfrozen material. This layer thickens slightly at 
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approximately 120 m along the profile, a point that coincides with a depression at ground surface 
from an ATV/snowmobile trail. Depth to thaw ranged from 40 cm to 94 cm with an average of  
64 cm. The permafrost is characterized by an upper layer of high resistivities (extending to depths 
of 8-10 m) underlain by moderate resistivities. The change in resistivity likely corresponds to a 
cryostratigraphic change from higher to lower ice contents.

The GPR profile at Site 17 depicts an irregular, strong reflector at a depth of about 50 cm, 
corresponding to the thaw front (see red line on Figure 82). A second strong reflector is located 
at a depth of 3 m and is interpreted as a stratigraphic contact with a gravel unit (see green line 
on Figure 82). This reflector also corresponds well with a clear change observed in the ERT 
profile. A vertical artifact located at about 78 m along the profile corresponds to the location 
of a meteorological station with buried thermistor cables. To display this profile, a velocity of  
0.09 m/ns was used and an AGC gain (maximum gain of 200) was applied.
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PORTAGE TRAIL

Site 18 

Site 18 is located 3 km downstream of Old Crow, approximately 600 m west of the bank of the 
Porcupine River (Figure 83). A 561 cm-deep borehole (Site 18 BH) was drilled through saturated, 
hummocky terrain. Ground cover consisted of moss, lichen, tall grasses and small shrubs 
(Rhododendron groenlandicum and Vaccinium oxycoccos). Also present were taller bushes (up 
to 1 m high) of Betula, Salix and Alnus, and isolated black spruce (Picea marinara) 1 to 4 m high. 

Adjacent to the borehole, a Campbell Scientific meteorological station (CR1000, Wind Speed and 
Direction, Radiation, T-109 Air Temperature) was installed. The borehole was instrumented with a 
custom-made 11 channel thermistor string (measuring ground temperatures at depths of 0, 0.25, 
0.5, 1, 1.5, 2, D2.5, 3, 4, 5, and 5.60 m), which was then connected to the meteorological station 
data logger. 

In the borehole, the permafrost table was encountered at a depth of 35 cm, directly beneath the 
mossy ground cover. Permafrost stratigraphy consisted of interlaced layers of ice-rich, lenticular 
silty organic sand (from 101 to 258 cm), overlying layers of reticulate and suspended sandy organic 
silt (from 296 to 373  cm), and porous invisible coarse sand with gravel (from 394 to 561  cm). 
Pockets of porous invisible sandy organic silt were observed at the top of the permafrost from 70 
to 101 cm, and deeper in the borehole from 258 to 296 cm. The silty sand with gravel deposits 
at the bottom of the borehole were very dry and ice poor, and had an average of 9% excess ice 
content, compared to 31% for the silty organic sand deposits near the top of the permafrost. 
Thick ice lenses (up to 3 cm) were observed in the sandy organic silt deposit in the middle of the 
borehole. Grain size analysis and ice content results are shown in Appendix B. 
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HAZARD RISKS IN A CHANGING CLIMATE

PROJECTED CLIMATE CHANGE FOR THE OLD CROW REGION

Climate projection summaries are included for the Old Crow region in order to prepare for potential 
future changes in response to projected shifts in climate. Predicting future climate change around 
the globe has become a critical component in climate change science and adaptation. Scientists 
use a variety of Global Climate Models in combination with discrete scenarios in order to make 
a range of projections for numerous climate variables (e.g., temperature and precipitation). It is 
important to note, however, that due to uncertainty associated with climate models and natural 
variability in climate systems, climate projections are useful for examining trends over time rather 
than precise values at specific points in time.

Global Climate Models

Global Climate Models (GCMs) – also referred to as Atmosphere-Ocean General Circulation Models 
– are mathematical representations of atmospheric and oceanic circulation in the world. There are 
several types of GCMs; however, three-dimensional global atmosphere and ocean models are most 
commonly used to generate future climate projections. GCMs are complex mathematical models 
that incorporate a wide range of climate variables including radiation, energy transfer by winds, 
cloud formation, evaporation and precipitation of water, and transport of heat by ocean currents 
(CCRUN, 2011). The model calculations are based on a complex grid system that covers the globe 
in both a horizontal and vertical dimension on the order of 200-500 km. Data for each grid box is 
input into the model equations to solve for atmosphere, land surface and oceans (CCRUN, 2011).

Climate Change Scenarios

In order to generate future climate projections, the Intergovernmental Panel on Climate Change – 
the leading international body for the assessment of climate change – developed several scenarios 
that outline a range of possible emission futures. In its fifth Assessment Report (AR5), the IPCC 
refers to these scenarios as Representative Concentration Pathways (RCP; IPCC, 2014). Each RCP 
is extrapolated to the year 2100, and represents a different future climate scenario based on an 
assumption about socioeconomic responses to climate change. The RCPs are labelled according 
to the radiative forcing values relative to pre-industrial values, and are referred to as RCP 2.6, RCP 
4.5, RCP 6.0, and RCP 8.5. Each RCP scenario is summarized below (based on information provided 
by the Scenarios Network for Arctic and Alaska Planning (SNAP, 2016)):

▪▪ RCP 2.6: greenhouse gas emissions peak between 2010 and 2020 and then 
decline substantially. This is an unrealistic scenario and is not included in this 
report.

▪▪ RCP 4.5: greenhouse gas emissions peak around 2040 and then decline, and 
radiative forcing is stabilized shortly after 2100. This is considered a ‘low’ scenario.

▪▪ RCP 6.0: greenhouse gas emissions peak around 2080 and then decline, and 
radiative forcing is stabilized shortly after 2100. This is considered a ‘medium’ 
scenario.

▪▪ RCP 8.5: greenhouse gas emissions continue to rise throughout the 21st century. 
This is considered a ‘high’ scenario.

Projections based on RCP 4.5, 6.0 and 8.5 were regionally downscaled for the Old Crow region 
using PRISM as a baseline (see SNAP, 2016 for more details), and are summarized below.



Hazard Risks in a Changing Climate

79

Every RCP scenario projects temperature increases in all modelled decades (Figure 84). Temperature 
increases between 1.2°C and 3.1°C in January, and 0.8°C and 1.3°C in July, are projected to take 
place between the modelled historical period (1961-1990) and the current decade (2010-2019; 
Table 5), which is consistent with observations of on-going temperature change in the region. 
All projection models result in greater increases in temperature in winter than in summer; 
furthermore, there is a relatively steady increase in temperature regardless of projection and its 
associated socioeconomic scenario. By the decade 2090-2099, projections suggest temperature 
increases between 4.6°C and 7.9°C in January, and 2.1°C and 3.5°C in July (compared with the 
current decade, 2010-2019). Such temperature increases are likely to have profound effects on 
biophysical systems in the region, including hydrology, vegetation, permafrost and wildlife. Local 
observational data from the region identifies on-going concerns related to climate impacts on low-
water levels in rivers and lakes, thawing permafrost, and changing wildlife abundance (Wolfe et 
al., 2011), which are very likely to be exacerbated by continued increases in temperature.

Figure 84. Summary showing historical and projected average monthly temperatures for Old Crow using 
historical PRISM data and the Intergovernmental Panel on Climate Change’s Representative Concentration 
Pathway (RCP) scenario 6.0, downscaled to a 2 km resolution (see SNAP, 2016 for details). RCP 6.0 is shown 
here as a medium-range projection of potential temperature increases in a changing climate.
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As with temperature projections, RCP scenarios for precipitation also show increasing precipitation 
throughout most scenarios, regardless of scenario or decade modelled (Figure 85). However, 
projected precipitation values between the modelled historical period (1961-1990) and the 
current decade (2010-2019; Table 6) do not show notable increases for January; in fact, the 
RCP 4.5 scenario shows a decrease in precipitation over the period of -1 mm, while the highest 
scenario (RCP 8.5) shows a modest increase of 1 mm. However, all scenarios show increases in 
July precipitation over the period noted above, with highest increases under the RCP 4.5 scenario  
(+8 mm). Between the current decade (2010-2019) and 2090-2099, January precipitation 
is projected to increase between 1 and 2 mm, while July precipitation is expected to increase 
between 2 and 10 mm. Wetter summers may increase open-water flood risk, vegetation patterns, 
and active layer detachments like those that have already taken place near Old Crow (e.g., Rosalie’s 
slide).

Figure 85. Summary showing historical and projected average monthly precipitation for Old Crow using 
historical PRISM data and the Intergovernmental Panel on Climate Change’s Representative Concentration 
Pathway (RCP) scenario 6.0, downscaled to a 2 km resolution (see SNAP, 2016 for details). RCP 6.0 is shown 
here as a medium-range projection of potential precipitation change in a changing climate.

Temperature (°C)

1961-1990 2010-2019 2040-2049 2060-2069 2090-2099

RCP 4.5 January -33.8 -32.6 -28.5 (4.1) -28.4 (4.2) -28 (4.6)

RCP 6.0 January -33.8 -31.6 -29.8 (1.8) -28.1 (3.5) -25.9 (5.7)

RCP 8.5 January -33.8 -30.7 -27.9 (2.8) -25.9 (4.8) -22.8 (7.9)

RCP 4.5 July 13.8 14.6 15.9 (1.3) 16.2 (1.6) 16.8 (2.2)

RCP 6.0 July 13.8 15 15.7 (0.7) 16.4 (1.4) 17.1 (2.1)

RCP 8.5 July 13.8 15.1 16.8 (1.7) 17.5 (2.4) 18.6 (3.5)

Table 5. Summary of projected increases in temperature for historical and future decades, based on data 
from SNAP (2016). Values in brackets indicate changes in temperature between the current (2010-2019) and 
projected decade.
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IMPLICATIONS OF CLIMATE CHANGE FOR HAZARDS  
IN THE OLD CROW REGION

Under the projected climate scenarios presented in this report, risks associated with surficial 
materials are variable and primarily related to the effects of changing soil moisture and surface 
runoff on terrain stability. In general, terrain stability declines with increased soil moisture and/
or surface runoff, both of which can be caused by thawing of ice-rich permafrost, and changing 
hydrological regimes (including streamflow, flooding, groundwater flow, seasonal precipitation 
patterns and extreme snowmelt and rainfall events).

Changes in permafrost strongly affect surface and groundwater drainage and can cause near-
surface soils to become either wetter or drier depending on site conditions. In ice-rich permafrost, 
active layer thickening may increase soil moisture and decrease slope stability, whereas in ice-
poor permafrost, deepening of the active layer may actually improve local drainage capacity and 
increase surface slope stability. Increases in regional moisture delivery could also raise stream 
levels which, in turn, may enhance incision or aggradation rates, and erosion on stream banks. 
Changes in the amount or seasonal timing of precipitation, snowmelt and sediment supply may 
also increase stream channel instability and migration, undercutting and oversteepening of 
cutbanks and initiation of landslides. 

The ‘temperature at the top of permafrost-modelling’ (TTOP) described above (see Contemporary 
Permafrost Temperature Modelling, p. 34) suggests that the permafrost in Old Crow is more 
vulnerable to thaw than might be expected given the community’s location in the continuous 
permafrost zone. For example, if a site’s organic material is stripped, the ratio of thawed to frozen 
thermal conductivity of the ground will increase. If this reaches 0.85 at the elevation of the airport, 
the temperature at the top of permafrost becomes greater than 0°C. This explains results such as 
the talik development around the abandoned log homes at Site 4, as well as the thin permafrost 
at Site 6 indicating TTOP values close to 0°C along the bank of the Porcupine River.

In terms of climate change, the measured thawing and freezing factors in the forest zone indicate 
that one thawing degree-day increase in summer has four times the warming impact of one less 
freezing-degree day in winter. Global climate models for arctic regions predict the reverse, with 
much more warming in winter than in summer. The impact of this winter warming on permafrost, 
however, will be greatly buffered by the snow cover. 

Extreme rainfall and heating events will also trigger landslides by rapidly saturating soils, especially 
in areas where groundwater can accumulate, such as in gullies or depressions, or where drainage is 
limited by shallow permafrost or impermeable lacustrine sediments. Changes to existing drainage 

Table 6. Summary of projected changes in precipitation for historical and future decades, based on data 
from SNAP (2016). Values in brackets indicate changes in precipitation between the current (2010-2019) 
and projected decade.

Precipitation (mm)

1961-1990 2010-2019 2040-2049 2060-2069 2090-2099

RCP 4.5 January 11 10 13 (3) 14 (4) 12 (2)

RCP 6.0 January 11 11 11 (0) 12 (1) 13 (2)

RCP 8.5 January 11 12 12 (0) 13 (1) 13 (1)

RCP 4.5 July 31 39 40 (1) 39 (0) 41 (2)

RCP 6.0 July 31 34 33 (-1) 34 (0) 44 (10)

RCP 8.5 July 31 36 36 (0) 46 (10) 45 (9)
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patterns in ways that concentrate water into channels will have detrimental impacts on slope 
stability along the Old Crow escarpment. In particular, road building in the existing gullies could 
result in increased slope instability in the overall gully system and threaten homes on the fans at 
the mouths of the gullies. 

Flooding is an ongoing concern in the study area. With climate change, the intensities and 
frequency of this flooding will likely be less predictable. In addition, thermokarst development 
and channel migration may also pose significant hazards to any future development in the valley-
bottoms. The projected degradation of near-surface permafrost will increase the hazard associated 
with periglacial processes, including active layer detachment slides, sheetwash and thermokarst 
erosion. 

INTEGRATING RISK IN A LANDSCAPE HAZARDS MAP  
FOR THE OLD CROW REGION

Landscape hazards for the Old Crow study area are modelled using a Geographic Information 
System (GIS) to generate an integrated risk ranking for each landscape ‘unit’ (defined by 30 m2 
pixels). Input data for the model include the following datasets: slope angle (steepness); slope 
aspect (directionality); and surface materials (derived from geological maps).

Attributes of the individual datasets are classified on a 1-10 scale of potential risk, where one 
represents a low risk of landscape hazard and ten represents a high risk of landscape hazard. 
High-risk landscape units include steep or unstable slopes, low-lying areas subject to flooding 
or inundation by water, and landscape units with a high likelihood of being affected by ice-rich 
or thaw-unstable permafrost. Low-risk areas are predicted to have favourable conditions for 
landscape development and include areas with well-drained soils, gentle or moderate slopes, 
and a low likelihood of containing ice-rich or thaw-unstable permafrost. However, additional site-
specific geotechnical investigations are still necessary before development, even in low-risk areas.

Input data
Slope angle

Slope rankings are summarized in Table 7, and are based on the values recommended by the 
British Columbia Terrain Classification System (Howes and Kenk, 1997). Steep slopes were ranked 
the highest value possible (10), followed by moderately steep slopes (8), moderate slopes (6), 
gentle slopes (3), and flat to gentle slopes (1). Slope angles were computed and assigned rankings 
using a digital elevation model with a pixel resolution of 30 m2 (30 m DEM). Figure 86 depicts 
ranked risks associated with slope angle for the study area.

Description of Surface Slope Percentage Slope Degree Classified Value

flat to gently undulating 0-5 0-3 1

gentle slope 6-27 4-15 3

moderate slope 28-49 16-26 6

moderately steep slope 50-70 27-35 8

steep slope >70 >35 10

Table 7. Hazard risk rankings associated with different slope angles for the Old Crow region.
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Slope aspect

Aspect rankings were developed by identifying warmer slopes that are more susceptible to 
permafrost thaw (Table 8). While permafrost is prevalent throughout the study region and therefore 
all slopes in the study area contain permafrost, colder aspects (north, northwest, northeast and 
east) receive the least solar radiation and are therefore more likely to have colder, less thaw-
sensitive permafrost compared with warmer aspects. In contrast, warmer aspects (south, west, 
and southwest) receive the most sunlight and are likely more susceptible to permafrost thaw than 
colder aspects. Figure 87 depicts ranked risks associated with slope aspect for the study area.
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Figure 86. Hazard risk associated with slope angle for the Old Crow region.

Table 8. Hazard risk rankings associated with different slope aspects for the Old Crow region.

Slope Direction Slope Orientation (degrees) Classified Value

flat no slope (0) 1

northwest 295-340 2

northeast 25-70 2

north 340-25 2

east 70-115 2

southeast 115-160 6

west 250-295 8

southwest 205-250 10

south 160-205 10
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Surficial materials

Hazard risk rankings associated with surficial materials were determined based on a combination 
of material textures (e.g., fine or coarse-grained), material composition, landform shape (e.g., 
potential for drainage), landform location (e.g., slope position), and geological processes acting 
on the materials (e.g., permafrost, seasonal or regular inundation by water, mass movement 
processes); these are summarized in Table 9. In general, any geological units that were modified 
by landslides, thermokarst, ice-wedge polygons, or inundation were ranked at the highest level (9). 
Poorly drained, fine-grained materials in valley-bottom positions were also ranked at high levels 
(7-9). Field investigations suggest that these units are often ice rich and sometimes have notable 
thaw settlement potential. Most hillslope and colluvial materials, where ice content of permafrost 
can be highly variable, were ranked at intermediate levels (4-7). The lowest ranked (least risk) 
geological units include coarse fluvial terrace landforms above the floodplain, and weathered 
bedrock and coarse-grained (rubble) colluvium overlying bedrock (1-3). Figure 88 depicts ranked 
risks associated with surficial materials for the study area.
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Geological Process and Materials Classified Value

landslides 10

tension cracks 10

thermokarst 10

ice-wedge polygons 10

inundation (flooding) 10

active floodplain 9

Table 9. Hazard risk rankings associated with different surficial materials for the Old Crow region.
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Modelling

The model process used to generate cumulative hazard risk rankings for the study area is depicted 
in Figure 89. Each of the input datasets described above was assigned a unique weighting in the 
model to describe the degree to which they control cumulative landscape risk. For this model, 
slope angle (the steepness of the landscape) was given a weighting of 25%. Slope aspect (the 
degree to which the landscape is exposed to sunlight) was given a weighting of 15%. Surface 
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Figure 88. Hazard risk associated with surficial materials for the Old Crow 
region.

Table 9, continued. Hazard risk rankings associated with different surficial materials for the Old Crow region.

Geological Process and Materials Classified Value

lacustrine materials 7

gully erosion 7

colluvial materials and landforms 7

permafrost 5

fine-grained fluvial materials 5

coarse-grained fluvial materials 3

periglacial processes and bedrock materials 3
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materials have a significant impact on landscape stability, and integrate permafrost and flood 
characteristics. As a result, this input was given a weighting of 60%. 

To calculate cumulative hazard risk for the study area, the weightings for each input layer were 
combined as follows:

Cumulative Ranking = 0.25(slope angle) + 0.15(slope aspect) + 0.6(surface materials) 

Combining the individual rankings of each input raster, multiplied by their unique weighting, 
results in a cumulative hazard ranking for the landscape ranging from 1 (low) to 8 (high). The 
cumulative rankings were reclassified into four categories (low, moderate, moderately high, and 
high) that represent potential hazard due to permafrost, slope stability, and flooding in the map 
area (Table 10). The model represents current conditions, and does not integrate any potential 
changes to landscape stability associated with a changing climate.

25% 15% 60%

compute stats

1, 2, 3 low 15790 37.95 14.21
4 moderate 15973 38.39 14.38

5, 6 moderately
high 6492 15.60 5.84

7, 8 high 3353 8.06 3.02

1 408 0.98 0.37
2 6911 16.61 6.22
3 8471 20.36 7.62
4 15973 38.39 14.38
5 4215 10.13 3.79
6 2277 5.47 2.05
7 2521 6.06 2.27
8 832 2.00 0.75
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Figure 89. Flowchart illustrating the process used to create the cumulative hazard risk 
map out of model input parameters for the Old Crow region.
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HAZARD RISK RANKINGS FOR THE OLD CROW REGION

Based on the modelling exercise described above, the study region was classified info four colour-
coded categories representing hazard risk. These categories are characterized as follows:

Low-Risk terrain in the Old Crow area is characterized by flat to gently sloped terrain 
comprised of well-drained gravel or weathered bedrock surface materials. Low-risk terrain 
contains permafrost that may be ice rich, but it is less likely to be affected by flooding and 
mass movement than more hazardous terrain in the map area. 

Moderate-Risk terrain in the Old Crow area is characterized by gentle to moderate slopes 
with moderate to poor drainage. Moderate-risk terrain is found on the pediment slopes 
of Berry Hill, as well as on poorly drained parts of the fluvial terrace near the North Road 
and school subdivisions. Moderate-risk terrain contains finer grained material compared 
with material found in low-risk terrain, and is almost always affected by permafrost with 
high potential for thaw settlement. 

Moderately High-Risk terrain in the Old Crow area is characterized by moderate to 
steep slopes with all slope aspects. Moderately high-risk terrain is found on the steep 
escarpment above town, and in areas subject to regular flooding. Moderately high-risk 
terrain contains permafrost and is subject to landslides related to poor slope drainage and 
permafrost thaw. The difference between moderate and moderately high-risk terrain in 
the study area is largely related to landslide susceptibility. 

High-Risk terrain in the Old Crow area is characterized by steep slopes and warm aspects 
(i.e., west and south facing). It is characterized by an increased risk of landslides. High-
risk terrain in the study area occurs in areas with documented landslide debris, paths, or 
features of slow mass movement such as tension cracks. High-risk terrain contains both 
permafrost and fine-grained surficial materials on steep to very steep slopes that can 
easily generate landslides with significant run-out distances.

The hazard map for the Old Crow study area is comprised of 41,608 individually classified 30 m2 
pixels in a total map area of 37.4 km2. Of these, 38% (14.2 km2) are classified as low-risk terrain, 
48% (18.2 km2) are classified as moderate-risk terrain, 6% (2 km2) are classified as moderately 
high-risk terrain, and 8% (3 km2) are classified as high-risk terrain. Results are summarized in Table 
11. A subset of the hazard map is included in Figure 90, and the full map (Landscape Hazards Risk 
Old Crow, Yukon; Kennedy, 2016) accompanies this report.

Hazard Risk Cumulative Hazard Risk Ranking

low 0, 1, 2, 3, 4

moderate 5

moderately high 6

high 7, 8, 9

Table 10. Hazard risk categories assigned to cumulative risk rankings for the Old Crow region. Cumulative 
hazard risk rankings refer to the combined risks of slope aspect, slope angle and surficial material risk.
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Figure 90. Map depicting a subset of the mapped hazard risk rankings for the Old Crow region. A complete 
version of this map, covering the entire study area, is included in the map pocket at the back of this report, 
and is available online at yukoncollege.yk.ca/research.

Hazard Rank Class Pixel Count Percentage of Study 
Area Area (km2)

1, 2, 3 Low 15790 37.95 14.21

4 Moderate 15973 38.39 14.38

5, 6 Moderately High 6492 15.60 5.84

7, 8 High 3353 8.06 3.02

Table 11. Statistics summarizing cumulative hazard risk rankings by category and area for the Old Crow 
region.
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Hazard risks in the region align with site-specific findings. Much of the Old Crow community core 
is ranked as having a low hazard risk. Risks associated with surficial materials are low, given that 
most of the area is situated on a fluvial terrace, and slope angle and aspect are also ranked as 
low risk. Furthermore, the community core is generally above the floodplain of the Porcupine 
River, so flood risk is low. The area is underlain by continuous permafrost, and the coarse material 
making up the fluvial terrace is usually not frost-sensitive. Permafrost cores from the area were 
relatively ice poor for the first few metres, and the seasonal thaw depth appears to be relatively 
deep (1-4 m). Taliks (areas of permanently thawed ground under the seasonally thawed layer 
but above permafrost) have developed in many locations. While this indicates that permafrost 
in the community core is sensitive to thaw upon disturbance, existing taliks are likely to be fairly 
stable and not advancing rapidly, and may therefore represent relatively low risk. This area may 
be suitable for development (e.g., by infill on existing unused pads), if it is done in such a way as 
to mitigate additional future thaw (see Appendix C for details). 

Hazard risk is also generally low along the North Road and vicinity, although there are some 
moderate and moderately high-risk areas that are generally associated with zones where standing 
water was present in historical air photos. As with the community core, risks associated with 
surficial geology, slope angle and slope aspect are low throughout most of the area. Given the 
distance from the river, flood risk is also relatively low to all but the most extreme floods (e.g., 
245.6-246 m). In most areas in the vicinity of the North Road, the seasonal thaw depth was less 
than 1 m (and sometimes less than 50 cm), and ice content of sediments was generally moderate 
to ice rich, overlying ice-poor materials. Taliks were identified in this area, and are typically 
associated with surface drainage, snow accumulation, and potential groundwater connections 
within and through permafrost. As with the community core, the presence of taliks here indicates 
the sensitivity of permafrost to thaw. However, surface materials are finer grained compared 
with those areas of the community that are closer to the river, and there are fewer localities that 
have been developed, resulting in less time for the establishment of deep taliks. Consequently, 
development in this area should integrate thaw mitigation techniques (see Appendix C), and the 
continued development of taliks under building pads should be anticipated. On-going monitoring 
of permafrost temperatures under the pad at site 9 will be useful in identifying possible permafrost 
thaw associated with pad construction.

Hazard risk in the vicinity of the ski lodge is moderately high to high. This is due to the presence 
of steep, often west and south-facing slopes where landslide risk is high. Numerous tension cracks 
were noted in the slopes north of the ski lodge, and persist along the bluff bordering the community. 
Nearby surface features indicate evidence of past landslides, some which are quite recent such 
as Rosalie’s slide. This terrain is composed of fine-grained material with ice-rich permafrost, and 
local surface drainage features appear to have warmed shallow permafrost. Ice content and thaw 
settlement potential in sites at the base of slopes (e.g., Sites 12 and 13) were relatively high, and, 
as with other areas, the potential for permafrost thaw with disturbance is notably high. While this 
area is unlikely to be flooded during even the highest flood events, water movement downslope 
can trigger landslides with significant run-out distances. For example, extreme rainfall events have 
been associated with past slide activity in the area; increased frequency of extreme events as a 
result of a changing climate (IPCC, 2014) may exacerbate hazards in this region. Development 
in this area should be minimized as much as possible, and care should be taken to ensure any 
development that does take place is situated out of landslide run-out zones.   

Hazard risk in the Crow Mountain Road area and vicinity is variable, and generally decreases with 
elevation and proximity to the top of Crow Mountain. As with the area in the vicinity of the ski 
lodge, much of the terrain along the bluff on the southern, lower part of the road is classified as 
moderately high or high risk. This is due to the presence of steep slopes, documented landslide 
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activity, the presence of tension cracks, and the occurrence of permafrost which is commonly 
ice rich. As described above, hazard risk in this area can be exacerbated by water movement 
downslope, and development should be minimized or avoided. It is also important to note that 
quad trails in gullies increase erosion, and may exacerbate permafrost thaw associated with 
drainage and disturbance. 

Hazard risk generally declines with elevation up the Crow Mountain Road. North of Site 16, 
hazard risk becomes moderate. Slope angle and aspect both present moderate risk (although 
some areas of high risk associated with south and southwest-facing slopes are manifest in this 
area). Surficial material hazard risk is also moderate, as a result of the presence of a distributed 
pattern of drainage and surface sheetflow. Hazard risk continues to decline with elevation where 
there is more bedrock exposure, and permafrost in bedrock is typically ice poor. Low-risk terrain 
along Crow Mountain Road may be suitable for development, and development on moderate 
risk terrain should be done in such a way as to mitigate permafrost thaw and preserve natural 
drainage patterns (e.g., linear infrastructure should not be situated perpendicular to drainage).

Limitations

The Old Crow hazards map is meant to be used as a preliminary assessment of potential ground 
conditions in the study area, and does not replace detailed on-site investigations. Cumulative 
hazard rankings are highly dependent on rankings assigned to surface material units, and both the 
boundaries of the units and the materials assigned to those units are highly subjective and based 
on limited field checking conducted during surficial geological mapping studies.

Additionally, flood hazard mapping was not incorporated into the hazard model and flood potential 
is based on geological units mapped as active floodplains or as being subject to periodic inundation. 
These units likely represent areas that are subject to regular annual or decadal flooding, but are 
unlikely to represent the highest and most catastrophic floods with lower recurrence intervals.

Finally, the resolution of this map is limited by the 30 m2 pixel size used to calculate slope and 
aspect, and the 1:10 000-scale mapping used to identify surficial materials and landforms. Local 
variations in all model inputs should be expected, and will be more pronounced for surface 
materials.

It is important to note that cumulative hazard rankings are based on general observations of surface 
materials, drainage, slope angle, vegetation and the presence of permafrost landforms, as well as 
subsurface information provided by ERT and GPR profiles, drilling and probing of permafrost, and 
textural analyses of surficial and borehole samples. This has resulted in a projected risk ranking 
that will require geotechnical and/or engineering analyses to quantify.

The hazards map for the Old Crow region is presented in Figure 90, as well as in a larger print 
version in the back pocket of this report.  

GENERATING ACTION FROM SCIENCE

The knowledge and data generated by the Old Crow hazards mapping project can be used to 
inform planning and policy development and establish a baseline from which future science can 
be generated. It is the hope of the authors that the information contained herein informs planning 
and decision-making processes in the Old Crow area. 

This project has contributed to the assessment of vulnerability for the Old Crow area. In particular, 
this project has characterized the local landscape and assessed local hazards, while advancing our 
understanding of potential climate change impacts in the region. This information may serve as a 
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basis for evaluating how community infrastructure, security and well-being may be influenced by 
climate variability, and how the community might take action to respond. By integrating variability 
into decision-making through multiple scenarios, robust and responsive adaptation strategies can 
be developed. In this way, the science of hazards assessment is an important foundation from 
which to build action.
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APPENDIX A - APPROACH AND METHODS

SURFICIAL GEOLOGY

Surficial geology is the study of unconsolidated material (i.e., the surficial material that overlies 
bedrock) on the Earth’s surface, including all sediments and soils. These sediments may be 
deposited through a variety of different processes including glacial (deposited directly out of 
glacial ice); glaciofluvial (formed by glacial rivers and streams); colluvial (deposited on or at the 
base of hillslopes by gravity); fluvial (river and stream deposits); lacustrine (lake deposits); eolian 
(wind deposits); and organic (accumulation of vegetative matter). Additionally, organic deposits 
can accumulate over bedrock or unconsolidated material, particularly in depressions.

Surficial geology mapping involves a combination of aerial photograph interpretation and field 
work. The maps provide information on the physical properties and characteristics (e.g., texture or 
grain size) of the surface sediments, the morphology (shape) of the landforms produced, and the 
genesis or origin of the landforms (the past climate and environment in which the landform was 
produced), and identifies any geomorphological processes that may have significantly modified 
those materials (e.g., landslides, gullying, or permafrost). In the process of mapping the surficial 
geology, the distribution of permafrost is also captured, making these maps an essential part of 
the hazards assessment process.

Surficial geological field mapping was completed for the study area at a scale of 1:10 000 during the 
summers of 2014 and 2015 (Kennedy, 2016). Previous mapping of surficial geology within the study 
area includes 1:125 000-scale regional mapping (Hughes et al., 1973), as well as an unpublished 
report documenting landslide hazards in the community (EBA Engineering Consultants Ltd., 2012). 

Remote predictive mapping was completed using 1:40 000-scale 2002 digital monochrome 
aerial photographs with PurView/ArcGIS softcopy viewing software. LiDAR data acquired by the 
Government of Yukon in 2014 for part of the map area was also used to create a one-metre 
hillshade for detailed mapping where available. Historic geological features in the map area, many 
of which have been subsequently obscured by anthropogenic development in the community, 
were mapped from monochrome and colour digital aerial photographs dating from 1951  
(~1:70 000-scale), 1962 (1:40 000-scale), 1973 (1:12 000-scale) and 1988 (1:12 000-scale). Historic 
photos were also viewed and mapped using PurView/ArcGIS softcopy viewing software. 

Field checking of units was completed by documenting anthropogenic and natural exposures of 
surficial materials, and by digging soil pits (up to ~1 m deep) in a broad range of surface sediments 
and landforms. Other new data incorporated includes geophysical profiles of the subsurface (using 
ground-penetrating radar (GPR) and direct current electrical resistivity (ERT)), and new shallow 
boreholes. Previously acquired subsurface geological data was made available from borehole, test 
pits, and water well logs provided by EBA Engineering Consultants Ltd. (R. Trimble, Tetra Tech EBA, 
pers. comm., 2010). 

PERMAFROST

TEMPERATURE AT TOP OF PERMAFROST MODELLING

Trends in permafrost temperatures with elevation were estimated using the Temperature at 
the Top of Permafrost (TTOP) model (Smith and Riseborough, 2002). The model calculates the 
temperature at the top of permafrost under equilibrium conditions using inputs of total freezing 
degree-days in the air, total thawing degree-days in the air, n-factors (ratios of air and ground 
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surface temperatures), and the ratio of frozen and thawed thermal conductivities of the soil: 
Where:

TTOP is the temperature at the top of permafrost;

rk is the ratio of thawed to frozen thermal conductivity of the ground;

TDDa is the air thawing index (degree-days);

FDDa is the air freezing index (degree-days);

nt is the thawing n-factor (ratio of the ground surface thawing index to the air thawing index);

nf is the freezing n-factor (ratio of the ground surface freezing index to the air freezing index); and

P is the annual period (365 days).

The inputs needed for equation [1] were developed as follows:

1.	 rk was assumed to be 0.5 which is representative of organic soils.

2.	 Values of TDDa and FDDa were calculated for the three operational weather 
stations for 2014-2015, and for the 1981-2010 long-term climate normals at Old 
Crow airport (Environment Canada, 2014a). The rates of change with elevation 
for TDDa and FDDa were calculated using the measured data for 2014-2015. These 
TDDa/FDDa lapse rates were then applied to the long-term average values from 
the Old Crow airport and projected up to treeline using the lapse rate for the 
two lowest stations, and above treeline using one projected value, and the actual 
value for the highest station. Values of TDDa and FDDa were then calculated for a 
range of elevations from 250 to 750 m a.s.l.

3.	 nt and nf employed the surface lapse rates measured and inferred for the area 
and the long-term Old Crow climate normals (Environment Canada, 2014a). 
The n-factors were obtained for forest and tundra from the measured data at 
the three operational weather stations for 2014-2015. The shrub zone, which 
occurs immediately above treeline and extends to an elevation of 600 m a.s.l., 
was assumed to have the same nt and nf as the forest, based on measurements 
elsewhere in Yukon (Lewkowicz et al., 2012).

GROUND-PENETRATING RADAR

Ground-penetrating radar (GPR) is a non-invasive method used to identify subsurface features 
such as stratigraphic boundaries, permafrost, and other anomalies using electromagnetic fields. 
For this project, GPR was used to gain a two-dimensional image below the ground surface. The 
GPR system used for field investigations was a Pulse Ekko Pro system with 50 MHz antennas, with 
a maximum penetration depth of 8 m. The antennas were moved manually with a separation of 
2 m and a step size of 0.5 m. The penetration speed used for this system depended on ground 
type and was between 0.07 and 0.1 m/ns (determined by CMP analysis and validated with the 
cryostratigraphic boundaries observed in core samples). The GPR transects typically ran parallel 
to, or directly overlapped the electrical resistivity tomographic profiles and passed right over 
borehole sites; this enabled a comparison of the results from the three techniques and allowed 
verification of the findings. 

[1]TTOP = (rk . nt 
. TDDa - nf 

. FDDa) / P
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Post collection data processing was conducted using Ekko_Project 2 and EKKO_View software 
and was applied to all of the profiles. Processing of the GPR data included the following: the 
correction of the initial pulse to time-zero to ensure that the first reflection is at ground surface, 
and the subsequent reflections are from below the ground surface; correction of the penetration 
depth with a common midpoint method or with borehole information; and the application of 
dewow, lowpass, vertical and horizontal filters to remove unwanted low frequencies, as well as 
horizontal and vertical noise. The profiles were visualized either with a constant gain or with an 
automatic gain control (AGC), which enhances the spatial continuity of reflection events, but does 
not preserve the relative signal strength. Overall, the processing procedures were employed to 
reduce signal attenuation with depth, as well as improve the continuity of stratigraphic reflections 
and the signal-to-noise ratio.

ELECTRICAL RESISTIVITY

Electrical Resistivity Tomography (ERT) profiling is a geophysical technique that measures variations 
in the ability of the ground to conduct electricity along a transect, producing a two-dimensional 
image of changes in electrical conductance. In permafrost areas, variations in conductance relate 
mainly to the changes in frozen versus thawed ground, because water and ice serve as good and 
poor conductors of electricity, respectively. 

ERT profiling has been used extensively to investigate mountain permafrost in Europe (e.g., Kneisel 
et al., 2000, 2008; Hauck et al., 2004; Hilbich et al., 2008, 2009) and is growing in importance 
in North America as a technique for permafrost investigations in both mountains and lowlands 
(e.g., Lewkowicz et al., 2011; Miceli, 2012). ERT is regarded as one of the best methods to 
examine changes in frozen ground conditions over short distances, such as in areas underlain by 
discontinuous permafrost. 

Many ERT profiles show very clear distinctions relating to frozen ground conditions which can 
be correlated to surface changes in drainage, vegetation cover, or land use (Lewkowicz et al., 
2011). However, like all geophysical techniques, confidence in the interpretation increases where 
complementary information is available; this may include data from borehole logs, observations 
of natural exposures, ground temperature measurements, probing of the active layer, or other 
geophysical techniques such as ground penetrating radar. 

There is a major difference in the resistivity of water and ice, but there is not always a sharp line 
between the phase of water in soil pores (frozen or unfrozen) at temperatures above and below 0°C. 
Instead, percentages of unfrozen moisture gradually increase in the pores of frozen soils (especially 
in fine-grained soils such as silts and clays) as their temperatures approach 0°C. Consequently, the 
difference in the electrical resistivity of frozen and unfrozen soils can be gradational rather than 
sharp (Lewkowicz et al., 2011). In addition, because there can be differences in the porewater 
salinity and in the conductance of the soil minerals, it is not possible to identify a single universal 
threshold resistivity value below which soils are definitely unfrozen and above which soils are 
definitely frozen. However, given the scale of the case study sites examined in this project, 
a threshold value unique to each case study site was determined based on site characteristics 
and other ground-truthing approaches (e.g., permafrost drilling). This value is typically between 
300 and 800 ohm m in the southern Yukon (Lewkowicz et al., 2011), but it depends on the local 
ground temperatures and stratigraphy. The value used for most of the ERT profiles in this report is  
400 ohm m which generally coincided with a gradient in resistivity indicative of phase change. 

The ERT profiling included in this report was undertaken in September 2015, when the active layer 
(i.e., depth from ground surface to the top of permafrost) was at its thickest. The equipment used 
was an ABEM Terrameter LS profiling system with the electrode array (stainless steel pins) inserted 
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into the ground in a Wenner configuration. The electricity entering the ground builds up an image 
of its resistivity along a profile whose depth depends on the spread of the array of electrodes  
(25 m for an array 160 m in length, and 8 m for a 40-m array). The penetration depth remains at  
25 m, even if surveys longer than 160 m are created using a roll-along technique. Fifteen ERT 
profiles were completed.

Each ERT site was described in terms of vegetation and other salient features. UTM coordinates 
(relative to the WGS 84 datum) were taken using a hand-held Garmin Etrex Vista GPS. Relative 
variations in elevation along the individual profiles were measured in the field using an abney level 
and are expected to have accuracies of ±1 m.

Resistivity profiles were topographically corrected using the abney level surveys. The actual 
elevations shown on the surveys are approximate. Measured resistivity data were processed 
with RES2DINV software (Loke and Barker, 1996) using a robust inversion that can respond to the 
rapid transitions and high contrasts in resistivity (Loke et al., 2003) that occur between frozen and 
unfrozen ground. A reversed colour scheme was used to portray the profiles so that blue represents 
high resistivities (generally indicative of frozen soils) and red represents low resistivities (ice-poor 
or unfrozen soils). All the resistivity profiles use the same scale to allow for inter-site comparison.

There is no single model that fits the observed resistivities. Instead the modelled results converge 
by iteration with the measured values. The choice of when to stop iteration in the RES2DINV 
software is made by the operator. Too few iterations leads to large Root Mean Square (RMS) errors 
(i.e., the model does not fit the measurements). Too many iterations can result in model ‘over-fit’ 
in which the broad patterns are lost. Analyses for this study were stopped after the 4th iteration 
as RMS errors were all very low (less than 5%) by that point. The profiles are presented with 
a linear depth scale and no vertical exaggeration. ERT profiles were interpreted in conjunction 
with the results of frost probing along the profiles, GPR surveys, field descriptions of vegetation 
cover at the site, borehole and laboratory analyses undertaken by the research team, and surficial 
mapping.

DRILLING AND SAMPLE COLLECTION

The drilling program was carried out in September 2014 and September 2015. The objective was to 
core and collect permafrost samples from predetermined study sites. These sites were selected in 
advance through a desktop interpretation based on available maps, aerial photos, satellite images 
and consultation with community members. The drilling and coring operations required the use 
of two different drills to account for changes in subsurface conditions: one core-drill (a custom 
GÖLZTM portable core-drill system), and one hand auger.

The GÖLZTM portable core-drill system (Figure A1) is a light hand drill with a high rotation speed 
(600 rpm) that can be controlled by two people, and is therefore used with minimal impact on 
the environment. Stainless steel rods measuring 1 m in length and 4.5 cm in diameter, and a 
core barrel 40 cm long and 10 cm in diameter were used, making it possible to drill up to 5 m 
into unconsolidated, fine to medium-grained material (sand to clay). A core catcher was used to 
extract the frozen core out of the borehole, which allows for continuous undisturbed permafrost 
sampling.

The hand auger is used to sample the thawed active layer; it has a 10.2 cm-diameter sampling 
core barrel, and three 1 m-long extension rods (Figure A2). It is ideal for sampling near-surface, 
fine-grained, unfrozen soil (e.g., clay, silt, sand and fine gravel containing pebbles with a maximum 
diameter of 25 mm).
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Using a combination of these drills, boreholes were drilled along ERT and GPR profiles in 
representative areas (e.g., forested areas, open fields) or in an area belonging to a particular 
surficial geology unit. For each borehole, the same sampling and drilling procedures were followed. 
The site was first described (e.g., hydrology, vegetation type and density, and topography), photos 
were taken, and locations were recorded using a handheld GPS. The boreholes were initiated using 
a hand auger if the ground was soft or an auger drill if the ground was gravelly or compact. As soon 
as the permafrost table was reached, the GÖLZTM portable core-drill system was used. 

A sample of every unfrozen layer was collected from each borehole. Each sample was photographed 
and described in situ (e.g., soil type, soil moisture, presence or absence of organic matter, any 
particularities). The sample was identified with the borehole name and depth and put in sealed 
poly bags for laboratory analyses. Frozen samples were also collected and described on site (Figure 
A3). Each core was cleaned to remove the drilling mud and photographed.

Figure A1. Photograph of the GÖLZTM portable 
core-drill system used for permafrost coring.

Figure A2. Photograph of the hand auger, used for 
permafrost coring.

Figure A3. Photograph of the setup 
used for in-field core descriptions.
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GEOTECHNICAL ANALYSIS OF PERMAFROST

Laboratory analyses were carried out to measure geotechnical properties of active layer and 
permafrost samples, and additional tests were conducted to evaluate the mechanical behavior 
of the permafrost upon thawing. Both soil grain characteristics and ice characteristics were 
evaluated. To evaluate soil grain characteristics, a grain-size analysis was performed on every 
sample. Additionally, plasticity index, remolded bulk density, porosity, specific gravity and thaw 
settlement potential were calculated for representative samples. To evaluate ice characteristics 
in permafrost samples, the cryostructure, volumetric ice content, gravimetric ice content and 
settlement potential were quantified. These methods are described below.

Grain-Size Analysis

Sieve and hydrometer analysis of grain size were performed following a specifically modified 
American Standard and Testing Method protocol (ASTM D422-63, 2000). The sieves typically used 
were 4, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm. A hydrometer test was performed on samples with 
enough fine-grained material, or on specific samples. A 40-g subsample was passed through  
0.25 mm openings, and after sedimentation started, readings were taken after 0.25, 0.50, 0,75, 1, 
1.5, 2, 5, 15, 30, 60, 120, 180, 300 and 1440 minutes. A total of 56 analyses were completed.

Specific Gravity

Specific gravity (the ratio of a solid’s grain density to the density of water) was systematically 
measured for every sample collected, and followed the American Standard and Testing Method 
(ASTM D854-10, 2000). The results were used to compute the porosity of the soil (see below) for 
6 types of soils.

Cryostructure

Cryostructure (the geometry of the ice in the permafrost) depends on water availability, as well 
as the soil’s ice-segregation potential and the time of freezing, resulting in the development of 
ice structures in the soil matrix. Information such as soil genesis, climate conditions at the time 
of freezing, permafrost development history, and ground vulnerability when permafrost degrades 
can be interpreted from cryostructure, cryofacies analysis, and general cryostratigraphy. 

The cryostructure of the core samples was described in situ during the drilling process, using a 
standard terminology (Stephani et al., 2010; Murton and French, 1994). The classification was 
validated with the visual analysis of high-resolution photos taken of each sample in the field. 

Consolidation Testing

Compaction and consolidation testing were carried out at Laval University. They were measured 
by thawing a soil sample and measuring the associated total settlement. A load was then applied 
vertically (stress) on a confined and drained sample to simulate the influence of weight from an 
embankment, or a building on consolidation. The total settlement was the sum of two distinct 
processes: 1) the compaction associated with the water phase change, resulting in a significant 
decrease in volume, especially when excess ice is present; and 2) the consolidation of the soil 
under the applied stress following the expulsion of water out of the pore structure and the 
rearrangement of soil particles. In general, compaction is more prevalent for samples with excess 
ice (e.g., segregated ice lenses), whereas consolidation is common in samples with interstitial ice 
(e.g., unsaturated to saturated soils).

During testing, an initial vertical stress of 25 kPa (corresponding to the approximate weight of a 
thawed active layer) was applied to frozen samples. Using two thermal baths to control the upper 
and lower temperatures, the permafrost samples were thawed from above by applying heat with 
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a temperature of 2°C ± 1°C. Ultimately, the temperature of both thermal baths was increased 
to ensure complete thawing of the sample. After complete thawing, when there was no more 
vertical deformation, the stress was increased to 150 kPa for a minimum period of 24 hours in 
order to simulate the weight of an embankment or a medium-sized building. By proceeding in 
near oedometric conditions, it was possible to estimate the index of final voids (et) when thawing 
and consolidation of the grains were completed (at a given applied force). By also determining the 
index of initial voids in the frozen state (ef – calculated using the frozen density and water content), 
it was possible to obtain a total settlement value under different forces for the same sample.

To assess the total settlement (s), the sum of the thaw settlement (st) and the subsequent 
consolidation of the soil (sc) were calculated by using:

When the thickness of the original frozen soil layer (Hf) is subject to effective stress (σ’), the 
components of the total settlement are expressed using:

The thawing compaction parameter (A0) is expressed as a percentage and represents the 
relationship between void ratio in frozen (ef) and thawed (et) states which is summarized by using:

The volume change coefficient (mv) is defined as a volume changing unit added by an effective 
stress unit. When the effective stress increases from σ’ to σ0’ and the void ratio decreases from et 
to e, this coefficient is expressed using:

In order to determine the total settlement following the thawing of permafrost under loads 
imposed by buildings or transportation infrastructure, A0 and mV values ​​must be determined from 
consolidation tests on representative soil samples. Once these values are determined, the total 
compaction of partially or completely thawed frozen soil layers is determined by using:

Bulk Density

Bulk density and voids in aggregate (ρb; the ratio of a dried soil’s mass, including its porosity, to 
its volume (g/cm3)) were calculated following American Standard and Testing Method protocol 
(ASTM C29 – 09, 2000). Values were generated by weighing a 45-cm3 beaker filled with compacted 
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sediment and subtracting the empty beaker weight. The sediment weight was then divided by the 
beaker’s volume using:

where MS+B is the weight of the beaker full of compacted sediment, MB is the weight of the empty 
beaker, and VB is the beaker’s internal volume.

Gravimetric Ice Content

Ice content was calculated using:

where MI is the ice weight (measured as weight loss after drying (g)) and MS is dry soil weight (g). 
Results are expressed as percentages (dimensionless).

Volumetric Ice Content

Ice volume was measured using a water displacement method. The frozen sample was weighed 
and lowered into a four-inch diameter PVC tube filled with 1.5 L of water. Water was then extracted 
from the tube until the initial water level (1.5 L) was achieved. The amount of water displaced was 
measured using a 250 mL graduated cylinder with a precision of ±2 mL. The sample was then 
removed from the tube, placed in a clean tin tray, and dried completely in a drying oven at 60°C. 
The dry sample was then weighed, crushed using a mortar and pestle, vacuum sealed in a clear 
plastic bag, and labelled according to the borehole and sample increment. The volumes of the 
vacuum-sealed dry samples were measured using the same methods as the frozen cores, and 
the volume of the vacuum bags was subtracted from the measurement to obtain a dry sample 
volume. Assuming the density of ice to be 1.09 cm3/g, the volumetric ice content was calculated 
using: 

where Wc is the water mass content and Vtot is the total (frozen) core volume. Results are expressed 
as percentages.

For the consolidation test samples, the volume has been measured using Glycol displacement. 
This allowed the samples to remain under 0°C and avoid the use of vacuumed sealed bag. 

Volumetric Excess Ice Content	

The volume of excess ice content was calculated using:

where Vtot is the total frozen core volume and Vsed is the dry soil volume. The volumetric excess ice 
content (Vice) is then divided by the total frozen core volume (Vtot) and expressed as a percentage 
(fundamentally meaning cm3/cm3). This method is valid for mineral soils only. 
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Plasticity Index

The plasticity index (PI; the range of water content where the soil has a plastic behaviour) was 
measured according to the American Standard and Testing method (ASTM D4318-00, 2000) using:

where LL is the liquid limit and PL is the plastic limit.

The LL was calculated using the multipoint liquid limit (ASTM method A; ASTM D4318-00, 2000) 
which requires one of the trials to be between 25 to 35 blows, one closure between 20 and 30 
blows, and one trial with a closure requiring 15 to 25 blows. The PL was calculated using the Hand 
Method which consists of rolling the mass between the palm or fingers and the ground-glass plate 
with sufficient pressure to roll the mass into a thread of uniform diameter throughout its length. 
The thread is further deformed on each stroke so that its diameter reaches 3.2 mm (1⁄8 in).

Borehole Logs

A log for each borehole was created using the Rockware Log Plot software. Borehole logs include 
GPS coordinates; the pictures of core samples; the stratigraphy of the sediment; the depth 
to the water table, to the frozen table in the active layer, and to the permafrost table; the ice 
structure (cryostructure); the grain size ratio; the loss on ignition ratio; the frozen bulk density; the 
gravimetric water content; the volumetric ice content; the volumetric excess ice content; and the 
thaw-settlement potential (see Appendix B for all borehole log descriptions and data).
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APPENDIX B - BOREHOLE LOGS

Figure B1. Borehole log for borehole Site 6 cut, from the Old Crow Community Core case study site (see 
Figure 51 in the main body of this report for location).
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Figure B2. Borehole log for borehole Site 7 BH, from the North Road and Vicinity case study site (see 
Figure 64 in the main body of this report for location).
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Figure B3. Borehole log for borehole Site 8 BH, from the North Road and Vicinity case study site (see 
Figure 64 in the main body of this report for location).
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Figure B4. Borehole log for borehole Site 9 BH, from the North Road and Vicinity case study site (see 
Figure 64 in the main body of this report for location).
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Figure B5. Borehole log for borehole Site 11 BH, from the North Road and Vicinity case study site (see 
Figure 64 in the main body of this report for location).
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Figure B6. Borehole log for borehole Site 12 BH a, from the Ski Lodge and Vicinity case study site (see 
Figure 72 in the main body of this report for location).
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Figure B7. Borehole log for borehole Site 12 BH b, from the Ski Lodge and Vicinity case study site (see 
Figure 72 in the main body of this report for location).
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Figure B8. Borehole log for borehole Site 13 BH, from the Ski Lodge and Vicinity case study site (see Figure 
72 in the main body of this report for location).
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Figure B9. Borehole log for borehole Site 15 BH, from the Crow Mountain Road and Vicinity case study site 
(see Figure 79 in the main body of this report for location).
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Figure B10. Borehole log for borehole Site 16 BH, from the Crow Mountain Road and Vicinity case study 
site (see Figure 79 in the main body of this report for location).
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Figure B11. Borehole log for borehole Site 17 BH, from the Crow Mountain Road and Vicinity case study 
site (see Figure 80 in the main body of this report for location).
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Figure B12. Borehole log for borehole Site 18 BH, from the Portage Trail case study site (see Figure 83 in 
the main body of this report for location).
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INTRODUCTION

Construction in permafrost environments requires a good understanding of the nature of 
permafrost as well as the surficial geology. There are several principles and techniques for 
building on permafrost that have been proven efficient in various parts of northern Canada and 
Alaska. This report aims to briefly present the different approaches applied in construction of new 
buildings. In some ways, it can be considered as an introductory guide for basic principles, design 
and construction on permafrost. It is important to note, however, that this report is not prepared 
as an engineering design text and should not be used as such. 

This report on safe home construction in permafrost environments will provide an overview of 
building construction on permafrost including issues related to house construction on permafrost, 
types of surface materials and thawing processes, preliminary investigation procedures, 
construction data requirements, types of foundations built in northern regions, basic principles 
to maintain permafrost under existent structures, and finally, recommendations that should be 
followed throughout the construction process. 

CONSTRUCTION ON PERMAFROST

The best advice that could be given to an individual or to a contractor is to avoid building on 
permafrost terrain. If possible, it is always better to find a new site than to face the extra expense 
and maintenance involved in construction on permafrost. However, in many regions where 
permafrost is extensive (e.g., in northern Canada, including the Yukon) or where other factors 
preclude construction on non-permafrost terrain, this advice is sometimes impossible to follow. 
Building directly on bedrock is a good practice and should be done whenever possible (Figure C1).

In areas underlain by continuous permafrost, permafrost is one of the major controlling factors in 
design parameters. As a result, it is important to design and build in a way that will preserve the 
underlying permafrost. Stability and lifetime of the infrastructure depend directly on the success 
of this endeavour.

Figure C1. Houses 
in Ilulissat, western 
Greenland, built directly on 
bedrock.
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Areas that are underlain by discontinuous permafrost offer the greatest engineering challenge 
since it is very difficult to determine exactly where there is underlying permafrost as it may change 
on a very local scale. Despite the high costs associated with the analysis of a potential construction 
site by drilling, these analyses will never confidently ensure the presence or absence of permafrost. 
If the site is located in a thaw-stable area, more conventional and less expensive construction 
techniques can be used without risk of destabilizing the ground. However, if the site is located in 
an area of ice-rich soil, which is considered ​​thaw-unstable, standard structural foundations may 
thaw the underlying permafrost and potentially lead to an eventual failure of the structure. It is 
sometimes possible to remove or thaw permafrost on a site before starting construction, but this 
is a process that is rarely performed. The choice of a good structural foundation design and good 
mitigation techniques will help preserve permafrost, as well as respect a budget, which is the main 
challenge in regions underlain by discontinuous permafrost (Permafrost Technology Foundation, 
2000).

PROBLEMS RELATED TO HOUSE CONSTRUCTION ON PERMAFROST

The most significant impact to permafrost usually occurs immediately beneath the house as 
heat is conducted downwards into the soil foundation. If a heated building is directly placed 
on permafrost, it will warm the ground throughout the entire year (Figure C2). However, if the 
building is not in contact with the ground surface, as is commonly found in northern communities, 
thawing is still possible due to the following: obstructed water drainage, insulation of ground by 
snow piling, and wind obstruction beneath the house. Furthermore, impacts from site preparation 
and infrastructure construction such as vegetation clearance, surface grading, and removal or 
compression of the organic layer, can increase heat intake by the ground surface. These ground 
disturbances usually result in an increase of ground temperatures, deepening of the thaw 
depth, and subsequent thaw settlement. In most cases, it will take several years for permafrost 
temperatures to reach a new equilibrium following construction. 

Foundation failure does not normally occur in a short period of time. Sudden collapse is extremely 
rare in the context of permafrost and is more likely associated with thermal erosion by water. The 

Figure C2. Cross section displaying the evolution of permafrost degradation under house 
construction. Based on Barriault (2012).
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time it takes for heat generated by a building to diffuse into the underlying permafrost depends 
on permafrost type, as well as factors such as the thickness of the active layer (i.e., layer of soil 
that thaws and freezes annually), the soil type, the temperature of the permafrost, the presence 
of water in the soil, and the amplitude of temperature change at the surface. However, once the 
process of warming is initiated, thawing of the soil is irreversible. 

If buildings are left unattended, soil degradation can end up affecting the structure and will lead to 
the formation of cracks and bindings on doors, walls and ceilings (Figure C3). Tilted floors can also 
be associated with permafrost-related problems. Eventually, a building can become non-functional 
and even condemned. Damage associated with permafrost degradation should therefore be 
monitored and repaired as soon as possible to ensure viability of the structure. Monitoring can 
also be used to collect relevant data that would be useful in assessing permafrost-related damage. 
It is by far more cost effective to initiate repairs at the first signs of permafrost-related failures.

TYPES OF SURFACE MATERIALS AND THE THAWING PROCESSES

In permafrost regions, coarse, granular surface material (sand and gravel) and rocks without ice 
inclusions are typically the best material on which to construct a foundation. Upon thawing, these 
materials are stable and have good bearing capacity. Bearing capacity refers to the load a surface 
material can safely withstand, without significant compaction or settlement. Foundation design in 
such materials should follow the current practice of moderate temperature regions.

Conversely, fine-grained surface materials, which are often ice rich, have low permeability and 
tend to be oversaturated after thawing. Pore-pressure generated during thawing may result in a 
significant loss of stiffness (bearing capacity) and volume (Figure C4). For fine-grained deposits, 
foundation design in permafrost poses several challenges when attempting to control differential 
settlement of the materials that leads to the deformation of structures. The bearing capacity of 
fine-grained materials is largely a function of the amount and temperature of ground ice present. 

Figure C3. Examples of unmaintained buildings in Pyramiden, Svalbard, displaying cracks and uneven 
settlement in response to permafrost thaw.
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As the amount of ground ice commonly varies across a construction site in zones of discontinuous 
permafrost, bearing capacity may differ within a foundation, causing different portions of the 
structure to experience settlement at different rates. Furthermore, since ice-rich deposits 
consolidate and discharge excess water as they thaw, variably distributed ground ice can result in 
the settlement of specific areas of the ground, causing distortion in the structure above. Therefore, 
these types of surface materials do not offer good support for construction of buildings (Canadian 
Standard Association (CSA), 2010).

It is also important to note that permafrost with a temperature between -2°C and 0°C is marginally 
frozen (i.e., considered to be ‘warm permafrost’) and may not appear to be warming rapidly. At 
this temperature, a significant amount of heat transfer is mainly used to melt ground ice instead of 
warming the surface materials. Consequently, the strength of permafrost under the structure will 
be reduced significantly as the ground ice melts even if the temperature of the sediments remains 
below 0°C (see Figure C4). Moreover, several problems of creeping related to thick gravel pads 
and heavy structures are commonly associated with warm permafrost. Creep is related to slow ice 
deformation within the ground under a constant load. Ice then reacts as a malleable material and 
tends to flow laterally, away from the load source.

In summary, fine deposits of silt and clay are more likely to be problematic because of their frost 
susceptibility. Well-drained materials such as sand and gravel will be more stable; however, it is 
important to note that many sandy and gravelly deposits may contain a significant amount of 
fines that could pose a threat to the integrity of a structure. Frost susceptibility appears when 
approximately 10% of the mass of the surface deposit is composed of material with a fine grain 
size, i.e., 80 µm. If in doubt, it is best to seek advice from a geotechnical engineer.

SITE INVESTIGATION

The objectives of the site investigation are to identify terrain units, determine relevant surface 
material properties, and identify areas of thaw-sensitive or unstable deposits. The type of building 

Frozen Marginally Frozen Thawing/Thawed

~ -2°C 0°C

•  high strength 
and stiffness

•  stable

•  reduced strength and
stiffness

•  creep sensitive

•  very low shear resistance and stiffness
•  progressive strength recovery time
•  high volume change during thaw 

(short time)

volume

shear strength and sti�ness

Figure C4. Mechanical properties of frozen ground undergoing thaw (Doré, 2011).
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and its lifespan define the quantity and complexity of information necessary. The following section 
provides the current practices used during the site investigation.

PRELIMINARY OBSERVATIONS

The first step is an attentive observation of all permafrost-related features that could be present 
at the site. Features such as frost mounds, cracks, depressions and uneven terrain are typical 
characteristics of a permafrost landscape. Therefore, it is important to pay close attention to terrain 
morphology and topography since these are indicators of underlying permafrost conditions. 

FROST PROBING

When the top of the permafrost is shallow and the active layer is relatively soft, frost probing 
is an effective method for locating depth to permafrost (Figure C5). This technique uses a steel 
rod with a handle, which is pushed into the ground manually until the top of the permafrost is 
reached. With this method, shallow permafrost can easily be detected, and its depth measured. 
Frost probing is inexpensive, fast and very useful for preliminary site investigations.

DRILLING

The most effective way to determine ground ice 
conditions at a potential site is to drill boreholes 
and collect samples of permafrost for geotechnical 
analysis (Figure C6). This provides specific 
information about soil characteristics and conditions 
at the subsurface at a particular location. A good 
borehole log will provide information at varying 
depths, including the thickness of the active layer, 
the soil or rock types, the ice content, the depth 
and characteristics of permafrost, the presence of 
massive ice bodies, and in some cases, the depth to 
bedrock. 

The information derived from multiple boreholes 
in a given area can be extrapolated to obtain a 
spatial representation of subsurface conditions. It 
is very important to drill deep enough to obtain the 
appropriate information for each project. Generally 
speaking, the larger the building, the deeper the 
drilling must be. Permafrost drilling requires trained 
personnel with proper equipment adapted to site 
conditions.

GEOPHYSICS

If a larger area is being surveyed, complementary 
geophysical approaches like electrical resistivity 
tomography (ERT) and ground penetrating 
radar (GPR) surveys should be considered. Both 
applications work by sending signals into the ground 
and measuring the rate or strength of their return, 
and using those results to map subsurface conditions. 

Figure C5. Frost-probing to determine depth 
to permafrost.

Figure C6. Example of ice-rich permafrost 
core from the Beaver Creek area, Yukon.
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Geophysical surveys can be applied to help extrapolate information between boreholes. It is 
particularly useful for determining the thickness and extent of permafrost bodies, and zones of 
unfrozen ground within permafrost (Figure C7 a,b). ERT and GPR are applied for different detection 
purposes and professional geophysicists will select the most appropriate technique for the site. 
Geophysical surveys have the advantage of covering a relatively large area in a short period of 
time. Furthermore, ERT and/or GPR surveys are a cost-effective way to minimize the number of 
boreholes that need to be completed at any given site. The results obtained by drilling, coupled 
with geophysical surveys allow for a more comprehensive analysis of the subsurface conditions of 
the entire site.

FOUNDATIONS IN PERMAFROST

Robust foundations for infrastructure in permafrost areas are critical for long-term building 
stability. General data requirements and the most common types of foundations are presented 
below. 

CONSTRUCTION DATA REQUIREMENTS

The following list indicates principal information requirements related to construction and 
foundation design (Andersland and Ladanyi, 2004). This list is for large-scale projects and only 
needs to be fully applied in those cases. However, some elements are essential in the selection 
of the right type of foundation, such as the amount and temperature of ground ice, as well as the 
active layer thickness. It is good practice to gather as much information as possible about a site 
prior to construction. 

Figure C7. (a) ERT profile from the Klondike Valley, Yukon (Lewkowicz et al., 2014). (b) GPR profile along an 
ice-cored esker near Carat Lake, Northwest Territories (Moorman et al., 2007).

a

b
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1.	 Site data:

a.	 location

b.	 climate

c.	 physiography and geology

d.	 subsurface materials and their characteristics

e.	 thermal regime

f.	 hydrology and drainage

g.	 materials and construction

h.	 transportation facilities and access

i.	 construction cost factors

j.	 Availability of :

i.	 labor, skills, and knowledge

ii.	 construction equipment

iii.	 support facilities and equipment

2.	 Design policies, general criteria, and cost limitations

3.	 Technology (state of the art)

4.	 Facility technical data

a.	 size and design life (e.g., permanent versus temporary)

b.	 foundation loading

c.	 thermal conditions

d.	 movement and distortion

FOUNDATION TYPES

Good foundation construction in the North is essential to assure a full service life of a structure. 
Proper foundation design will be the difference between a safe, stable structure with relatively 
low maintenance costs, and one with constant stability problems leading to a shorter lifespan. 
The selection of a foundation type will generally depend on the soil behaviour upon thawing. 
Foundations built on permafrost can be divided into three main categories: 1) surface pads;  
2) deep foundations, and; 3) foundations with heat exchangers. 

Surface gravel pads

Construction on a surface pad to preserve the temperature of the underlying permafrost is 
common in northern Canada. According to Allard et al. (2010), houses built on properly designed, 
compacted, granular foundations should not undergo significant thaw settlement because the 
adjustment of the thermal profile to the new geometry leads to a rise of the permafrost into 
the gravel pad (Figure C8 a,b). The active layer then becomes limited to the non-frost sensitive 
foundation, which ensures stability over cycles of freezing and thawing. Gravel pads are frequently 
used with insulant panels and techniques that allow airflow beneath the building.
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Insulation 

Structures may be built directly on insulating material (Figure C9). Insulation will slow the rate 
at which heat enters the ground, but it does not eliminate heat exchange. It is possible to add 
enough layers of insulation to establish a new thermal balance between heat input from the area 
around the building and winter cooling, but this procedure is almost never performed due to the 
high cost. Insulation is commonly applied along with a gravel pad.

Several types of insulation can be considered in the construction of an unheated foundation. 
An insulated layer that is intended to be in contact with the soil must be able to withstand 
deterioration of its thermal properties and physical shape in the presence of soil moisture, soil 
chemicals, physical loading and other outside forces (Permafrost Technology Foundation, 2000). 

Figure C8. Schematics demonstrating the theoretical position of the 
permafrost table underneath (a) a building built directly on the ground, 
and (b) a building built on a gravel pad.

Figure C9. Basic insulation-pad 
foundation design (modified 
from CSA, 2010).

a

b
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Screw-jack foundations

In the 1980s, the Société d’Habitation du Québec developed a concept for house foundations to 
preserve permafrost. It involved buildings that are constructed on adjustable metal jacks over 
a compacted granular foundation (Figure C10). The granular foundation is laid directly on the 
ground surface without the removal of the vegetation cover. To date, this construction technique 
has been proven very effective for preserving permafrost (Gravel, 2012). The foundation must raise 
the building high enough to promote uninhibited air circulation beneath the building. It allows the 
wind to flow freely under the building, mainly to avoid snow accumulation that could increase the 
soil temperature (by insulation) under the foundation. Under these conditions, a snow bank will 
form approximately six metres away from the dwelling’s foundation. It is important that nothing 
be stored in the space between the floor and the ground surface so as to not interfere with the 
free air circulation during the winter months. The winter airflow allows for the extraction of heat 
from the ground beneath the building, and helps preserve permafrost. Sufficient insulation should 
be placed under the floor of the structure so the energy loss from the bottom of the building is 
minimized and the floor inside the building is comfortable for residents. 

Once or twice a year, maintenance of a building on jacks needs to be performed in order to 
preserve the building’s stability. During the maintenance process, screws in the middle of the 
jacks are used to raise or lower the height of the building (Figure C11). For a small, single-family 
house, it is common to use about nine adjustable jacks which can withstand nearly 35 000 kg each 
(Gravel, 2012). It is important to ensure that the slope of the terrain around the building allows for 
adequate drainage of surface water away from the structure. 

Figure C10. Conceptual design of a 
screw-jack foundation on a compact 
granular foundation (Gravel, 2012).

Figure C11. Examples of adjustable-jack foundations from Gravel (2012) and CSA (2010).
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Timber-block foundations

Timber-block foundations (Figure C12) work on the same principle as the screw-jack technique. 
However, screw jacks are not always easily obtainable and it can be more convenient to use timber 
blocks. Timber blocks are normally screwed together to ensure lateral stability. Timber blocks are 
commonly sited directly on natural ground (without a gravel pad).

Maintenance operations are almost the same as for 
screw-jack foundations, described above; however, 
the operator must use a hydraulic jack to lift the 
load of the building before shimming the timber 
blocks. Maintenance for this style of foundation 
is therefore more labour intensive than for screw-
jack foundations. 

 

Space-frame foundations

Another surface foundation that has proven successful in permafrost regions is the rigid, three-
dimensional, truss-type foundation (Figure C13). This is a commercially available, pre-manufactured 
foundation that consists of metal tube members flattened on each end and connected by metal 
node pieces at the top and bottom to form approximately one metre-square cells. It is custom-
made to fit the building, and is assembled directly on-site on a compacted, granular foundation. 

A screw at each structural node is used to level the building in the event of permafrost thaw 
underneath the building. These types of foundations are quite expensive, and are used mainly for 
service buildings and large, public infrastructure.

Pile foundations

In the far North, the majority of public and private dwellings, as well as commercial buildings, 
are built on steel piles. Piles are long steel pipes driven into the ground to stabilize buildings 
into the permafrost or bedrock (Figure C14). This type of foundation requires little to no gravel, 
which can be a very expensive resource to procure and transport to northern communities. The 

Figure C13. Examples of space-frame foundations in Nunavut (Barriault, 2012).

Figure C12. Example of a timber-block 
foundation used in Nunavut (Government of 
Nunavut, 2013).
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use of steel piles also allows for construction on harsher and steeper terrain compared with 
conventional foundations. The steel piles are also more resilient to climate change compared to 
other foundation types when they are placed directly on bedrock.

There are two principal pile types currently in use in the Canadian North: 1) adfreeze piles (driven 
and slurry), and 2) rock-socketed piles. Their design and applications are fundamentally different. 
Adfreeze piles are commonly installed where permafrost extends to substantial depths without 
encountering bedrock. These piles rely on the bond with the surrounding ground for their load-
bearing capacity. They can be driven directly into the ground, or a drill hole can be fixed to 
accommodate the pile. Slurry is then used to fill the empty space between the soil and the pile. 
For this application, the ground can be ice rich, but should be below -3°C, or colder if the soil is 
saline (CSA, 2010). 

Rock-socketed piles are used where bedrock occurs within a practical depth below the surface. 
These piles are designed to transfer the full load of a structure to the underlying bedrock. In 
Nunavut, rock-socketed piles are commonly used. Adfreeze piles have been either discontinued or 
are being driven deeper due to a deepening of the active layer (Barriault, 2012). 

In response to ground warming, if the active layer deepens, foundation systems that rely on piles 
may experience increased frost heaving (Figure C15). This frost heaving occurs when a small part 
of each pile’s surface is frozen to the surrounding soil year-round, while a larger part of the pile’s 
surface is exposed to the lifting force exerted through soil expansion when the water in the active 
layer re-freezes in the autumn and winter (CSA, 2010). If piles are used in a frost-sensitive soil and 
cannot be placed directly on bedrock, the piles must be equipped with anti-lift shafts to prevent 
the exertion of a vertical force by seasonal frost, which can distort the building’s structure. Various 
methods can prevent frost heaving when using pile jacking and a competent engineer should be 
consulted if this method is being considered. 

Figure C14. Example a steel-pile foundation in Nunavik (Gravel, 2012).
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Foundations with heat exchangers

Foundations enhanced with heat exchangers 
are now widespread in Canada’s North. 
They are generally used where heated crawl 
spaces and warm first floors at finished grade 
are required. For such structures, systems are 
built to intercept heat that would otherwise 
flow into the ground and affect the underlying 
permafrost. Thermosyphons are the most 
widely used heat exchangers (Figure C16). 
Two-phase thermosyphons work passively 
during the winter to extract heat from the 
ground and preserve permafrost (Figure C17 
a,b,c). When designs using thermosyphons 
are being considered, detailed geothermal 
analyses are required. The inclusion of climate 
warming in the design process requires 
careful consideration of the conditions of 
the site chosen for the design, particularly 
in winter when low temperatures drive heat 
removal (CSA, 2010). Due to their high cost, 
thermosyphons are mainly placed in strategic 
locations next to high-risk service buildings, 
bridges or pipelines. 

Figure C15. Examples of pile jacking in Nunavut 
(Barriault, 2012).

Figure C16. Example of thermosyphons, a 
foundation system that requires a significant 
amount of expertise to design, install, maintain and 
monitor (CSA, 2014).



Community Adaptation Project

134

BASIC PRINCIPLES TO MAINTAIN PERMAFROST 

Once construction of a building is finished, it is essential to maintain the permafrost beneath 
and around it. Basic elements to consider are outlined below. For more detail, please refer to the 
Canadian Standards Council (CSA, 2014 and 2013).

DRAINAGE

Because water transfers heat to the ground and can negatively impact permafrost, ditches should 
not be excavated in permafrost. Proper surface drainage to avoid water ponding beneath or next 
to the building is very important (Figure C18), especially with regards to spring meltwater (which 
can result in a high volume of flow during a short period of time). Slopes of approximately 4% are 
considered sufficient to drain any water at least 4 m (and preferably 6 m) from a building. Any 
terrain modification that could alter water paths should be carefully considered. 

Figure C17. Schematic demonstrating (a) and (b) a winter two-phase thermosyphon cycle, as well as (c) 
the non-operative state during summer.

Figure C18. Example of water 
ponding around a foundation 
built on permafrost (Government 
of Nunavut, 2013). Water 
ponding can have a negative 
impact on permafrost thermal 
regimes.

a cb
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VENTILATION

Winter airflow under buildings extracts considerable heat from the ground and thereby keeps the 
ground frozen. Air space should be at minimum 0.5-1 m to allow free circulation. Nothing should 
be stored beneath the building, in order to avoid restricting ventilation. Furthermore, snow should 
be managed such that it does not reduce ventilation and insulate the ground near the building. 
Frequent snow clearing may be required. 

SHADING 

In some cases, vegetation cover or a sun shade may be put in place to shade the ground surface. As 
mentioned above, it is important to not interfere with airflow or to enhance snow accumulation 
near the building. Natural vegetation and trees that exist prior to construction should not be 
disturbed in order to promote shading. 

HEAT EXTRACTION

Active heat extraction systems like thermosyphons may be installed if required. These are 
described in more detail above.

MONITORING

The effectiveness of measures used to preserve permafrost should be monitored to ensure 
performance is maintained. Ground temperature should also be monitored to detect changes 
to the ground thermal regime that may affect permafrost – the temperature regime can be a 
powerful forecasting tool. For example, thermistor cables may be inserted along a pile if drilling is 
used during the construction phase. 

CONCLUSIONS AND RECCOMMENDATIONS

Construction in regions underlain by permafrost is a process that requires many steps, including 
preliminary site investigation, drilling, data analysis, as well as the appropriate choice of foundation 
design, construction and maintenance. In summary, several recommendations related to building 
on permafrost can be made:

	 Foundations need to be adapted to local permafrost and landscape conditions.

	 The organic layer should not be removed before construction.

	 The best available geotechnical measures and techniques should be applied for all 
construction.

	 A geotechnical investigation should be completed before construction. 

	 Compacted granular foundations should be built at least two years in advance of 
construction to allow the rise of the permafrost table and the stabilization of the soil 
(Allard et al., 2010).

The permafrost thermal regime should be considered in the design-phase of construction while at 
the same time integrating the anticipated effects of climate warming in northern Canada.

It may also be appropriate, in some areas, to develop a municipal program with appropriate 
regulations to ensure yearly maintenance of houses and infrastructure (Allard et al., 2010).
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It must be reiterated that this guide does not replace the necessary engineering design needed for 
building on permafrost. It is important to consult permafrost experts in order to get appropriate 
advice at the preliminary investigation stages, as well as through the construction and maintenance 
phases. Additionally, for detailed guidance with respect to roads and permafrost, the “Guidelines 
for Development and Management of Transportation Infrastructure in Permafrost Regions” should 
be consulted (McGregor et al., 2010).
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