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Abstract 

The ongoing climate warming is expected to increase thermokarst activity and their 

impacts by inducing permafrost degradation and active layer deepening. A 

retrogressive thaw slump, which represents the most dynamic thermokarst 

landform, was investigated in the Richardson Mountains-Peel Plateau region. The 

exposed material at the thaw slump represents an opportunity to characterize the 

cryostratigraphy of the uppermost 5 m of permafrost. Analyses of the stratigraphy, 

sedimentology, isotope geochemistry and radiocarbon dating is presented. Six sites 

were also identified on an elevation-vegetation gradient to provide complementary 

data on thaw layer thickness. Summer air temperatures, vegetation cover type, 

mesoscale conditions modifying the snowpack, timing of the snow accumulation 

and winter air temperature inversions are identified as the main drivers of thaw 

layer thickness in the region. The physical and chemical parameters of the massive 

ground ice exposed at the thaw slump are characteristic of buried glacier ice that 

experienced water infiltration and partial refreezing. The layer between the massive 

ground ice units and the thaw layer in the thaw slump is identified as a relict thaw 

layer and represents the period of maximum active layer deepening. It dates to the 

Holocene thermal maximum, which represents a period of important thermokarst 

activity that resulted in widespread paleo-thaw unconformities across northwestern 

Canada. Association of the region’s thaw slump activity with paleoclimatic 

parameters provide indication that the combination of formerly glaciated 

continuous permafrost, hummocky rolling moraine terrain, stream-incised relief, 

and massive ground ice, coupled with major rainfall events, represents a set of 

condition that is favourable to thaw slump activity. 
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Résumé 

Il est prévu que le réchauffement climatique en cours aura pour effet d’augmenter 

les activités thermokarstiques et leurs impacts, en induisant la dégradation du 

pergélisol et l’approfondissement de la couche active. Un glissement de fonte 

régressif, la forme thermokarstique la plus dynamique, a été étudié dans la région 

des Monts Richardson et du Plateau de la Peel. Le matériel exposé dans le 

glissement de fonte représente une opportunité de caractériser la cryostratigraphie 

des cinq premiers mètres du pergélisol.  Les analyses de la stratigraphie, la 

sédimentologie, la géochimie isotopique et la datation au radiocarbon sont 

présentées. Six sites ont été identifiés sur un gradient d’élévation-végétation pour 

fournir des données complémentaires sur l’épaisseur de la couche de dégel. Les 

températures de l’air en été, le type de végétation, les conditions à moyenne échelle 

qui modifient le manteau neigeux, le timing de l’accumulation de la neige et les 

inversions de température de l’air en hiver sont identifiés comme les principaux 

déterminants de l’épaisseur de la couche de dégel dans la région. Les paramètres 

physiques et chimiques de la glace massive exposée au glissement de fonte sont 

caractéristiques de la glace de glacier enfouie qui a fait l’expérience d’infiltration 

d’eau et de regel partiel. La couche qui se trouve entre les unités de glaces massives 

et la couche de dégel dans le glissement de fonte est identifiée comme une paléo-

couche active qui représente la période d’approfondissement de la couche active 

maximal. Elle date du maximum thermique de l’Holocène, une période d’activité 

thermokarstique importante qui a mené à une discordance de paléo-fonte répandue 

à travers le nord-ouest du Canada. L’association de l’activité des glissements de 

fonte de la région avec certains paramètres paléoclimatique permet d’indiquer que 

la combinaison d’un pergélisol continu qui a été englacé, d’un terrain de moraines 

vallonné caractérisé par la présence d’hummocks, d’un relief incisé par les cours 

d’eau and de glace massive dans le sol, couplés avec des évènements de 

précipitations majeures, représente un ensemble de conditions favorable à l’activité 

des glissements de fonte.  
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Chapter 1: Introduction 

 

Permafrost degradation in Arctic regions has gained attention in recent years, mostly 

because of the ongoing climate warming, which is enhanced in Arctic regions (IPCC, 2013). In 

ice-rich permafrost terrain, permafrost degradation can lead to the formation of thermokarst 

terrain, landscapes that are characterized by irregular topography that result from the subsidence 

of the ground following the thawing and the subsequent release of excess water (Harry, 1986; Van 

Everdingen, 1998). Multiple thermokarst landforms can be found in permafrost terrain (i.e., 

mounds, slumps, lakes and depressions, such as retrogressive thaw slumps, collapsed pingos, and 

thaw lakes), the most impressive being retrogressive thaw slumps (Burn and Lewkowicz, 1990). 

Thaw slumps frequently expose meters to tens of meters of permafrost terrain and offer an 

opportunity to examine the cryostratigraphy of permafrost. Periods of permafrost aggradation and 

degradation are logged into frozen soils as cryostratigraphic evidence such as paleo-thaw 

unconformities, truncated ice bodies and variations in cryostructures. Studying cryostratigaphy in 

combination with isotopic geochemistry and dating, and multiple proxy data allows for a better 

understanding of the genesis of permafrost terrain and its climatic significance, which is notably 

relevant in the context of the study of Holcoene climate changes (French and Shur, 2010; French, 

2007). 

This thesis focuses on describing the cryostratigraphy of permafrost at a site in the 

Richardson Moutains-Peel Plateau region, NWT, Canada. The region is underlain by ice-rich 

permafrost as inferred from the presence of nearly 200 active thaw slumps. However most of the 

thaw slumps (70%) are concentrated between the maximum extent of the Laurentide Ice Sheet and 

a recessional limit (Lacelle et al., 2015). Past studies in the region determined the origin and age 



2 

 

of ground ice and timing of past thaw slumping at sites near the maximum extent of the Laurentide 

Ice Sheet (Lacelle et al., 2004; 2010; 2013); here the first site within the recessional limit of the 

LIS is investigated. This thesis will contribute to reconstruct the overall regional glacial and 

permafrost history in the Richardson Moutains-Peel Plateau region. It is organized in a series of 

chapters: Ch. 1) introduction to the thesis along with the research questions and objectives; Ch. 2) 

background on the subjects of permafrost, thaw slumps, and climate changes; Ch. 3) description 

of the study area; Ch. 4) methodologies used during this project; Ch. 5) the results; Ch. 6) 

discussion of the results; Ch. 7) the conclusions, limitations of this study, and future work to be 

undertaken. 

1.1 Research Questions and Objectives 

 

The main goal of the thesis is to characterize the cryostratigraphy of the uppermost 5 m of 

permafrost at a site on the lower Peel Plateau, NWT.  The specific objectives of the thesis are to 

determine: 

a) The origin and age of the ground ice exposed in a retrogressive thaw slump; 

b) The response of permafrost to Holocene climate changes. 
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Chapter 2: Background 

 

2.1 Permafrost 

Permafrost is, by definition, ground that remains at or below 0°C for at least two 

consecutive years (French, 1996). However, it may or may not be frozen depending on whether 

water or ice is present or absent in the soil. In addition, unfrozen water may exist in permafrost for 

several reasons such as 1) a depression of the standard melting point due to the dilution of solutes 

from the soil, 2) particles’ surface melting where free energy is reduced by a melted layer at the 

surface of solid particles and 3) the presence of curved surface particles where the surface energy 

varies upon freezing because of the associated change in surface area, known as the Gibbs-

Thomson effect (Sparrman et al., 2004). Therefore, not all water freezes at 0°C and, in certain 

frost-susceptible soils, as much as 40% of water content may remain unfrozen at −1°C (French, 

1996). The terms “cryotic” and “non-cryotic” are used to clarify the difference between the state 

and the temperature of permafrost. These terms refer to the temperature of the ground material 

itself (van Everdingen, 1998). Cryotic is synonymous with permafrost, meaning that the ground 

could be frozen or unfrozen, that is contain water in its solid or its liquid state, and still be at a 

temperature below 0°C. Non-cryotic means that the ground temperature is above 0°C. 

Permafrost growth is determined by a balance between heat loss from ground surface and 

internal earth heat gain from depth. The deepest limit of permafrost, the permafrost base, is found 

where the temperature increase explained by the geothermal gradient offsets the amount by which 

the freezing point exceeds the mean surface temperature (Fig. 2.1) (French, 1996). The depth of 

the upper limit of the permafrost, the permafrost table, is determined by the thickness of the active 

layer, that is the layer that thaws and freezes seasonally (van Everdingen, 1998).  
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Generally, the lower limit of the active layer is located at the depth where the maximum 

mean annual temperature is 0°C. However, the surface of the permafrost table can sometimes be 

separated from the active layer by a surficial water layer that thaws and freezes every year, but still 

remains cryotic. Some scientists propose that this seasonally active permafrost in terms of state, 

that is frozen or unfrozen, should still be included in the active layer (French, 1996).  

 

Fig. 2.1   Permafrost thermal regime and terminology. 

(from French, 1996) 
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2.1.1 Ground Ice 

Ground ice is a key component in the study of permafrost. It refers to any type of ice present 

in frozen ground and can occur in many forms such as lenses, wedges, veins, sheets, seams, 

irregular masses, or individual crystals or coatings on mineral or organic particles (Van 

Everdingen, 1998). There are two quantitative parameters that define ground ice conditions: the 

ice content, which describes the percentage of ice to dry soil (French, 1996); and the excess ice, 

which represents the volume of water that exceeds the total pore volume that a frozen ground 

would have if unfrozen (Van Everdingen, 1998). 

Ground ice is usually the product of four main freezing mechanisms. These include: 1) 

freezing of water that infiltrated from the surface by gravity along thermal contraction cracks, 

which creates single or multiple ice veins, or ice wedges, 2) in situ freezing of subsurface water, 

which forms crystals or grains of pore ice in the sediment interstices, 3) freezing of water that 

migrated to the freezing front, which creates lenses and layers of segregated ice and results in an 

ice-rich aggradational ice layer at the base of the active layer and sometimes in thick sheets of 

massive segregated ice and 4) freezing of moisture injected under pressure into permafrost 

sediments, which forms layers and flame-like bodies of intrusive ice (Harry, 1986). The freezing 

processes of ground ice can be identified by the cryostructures and cryotextures of frozen ground. 

The cryostructures define the type and arrangement of ice in the frozen ground, and cryotextures 

describe the grains or ice crystals size and shape and the contacts between them (French, 1996). 

In northwestern Canada, massive ground ice bodies are commonly attributed to two 

different origins: 1) segregated-intrusive ice or 2) buried glacier ice (French and Harry, 1988, 1990; 

French and Pollard, 1986; Harry, French and Pollard, 1988; Mackay, 1971, 1973; Rampton, 1988).  
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Theoretically, segregated ice is formed by freezing of groundwater that migrated through 

soil pores to the freezing front, and intrusive ice is formed by freezing of moisture injected under 

pressure into permafrost sediments and to the freezing front (Harry, 1986; Williams and Smith, 

1989). Segregated ice is usually aligned horizontally and presents bubbles elongated in the same 

direction, but it can also occur vertically as the result of lateral shrinkage of the soil that causes 

vertical cracks where ice lenses form (Mackay, 1974; Williams and Smith, 1989). Segregated ice 

is often found as aggradational ice layers at the base of the active layer, and sometimes as thick 

bodies of massive ground ice in the uppermost layers of permafrost (Harry, 1986; O’Neill and 

Burn, 2012). That is because when the permafrost table rises, it traps the aggradational ice layers 

and as segregated ice forms at the base of the active layer annually, this trapped ice grows vertically 

into an ice-rich zone at the top of permafrost (Mackay, 1972). In that case, the rate of permafrost 

aggradation is important because it determines the amount of segregated ice lenses that will be 

incorporated to this ice rich zone (Kokelj and Burn, 2003). Permafrost may aggrade because of a 

climate cooling (e.g., following the Holocene Thermal Maximum in Northwestern Canada; Burn 

1988, 1997; Burn et al. 1986; Kokelj et al. 2002; Kokelj and Burn 2003; Mackay, 1978), or because 

of the thinning and retreat of an ice sheet (Rampton, 1984, 1978). Because segregated-intrusive 

ice is the result of freezing of water under equilibrium conditions, fractionation occurs and 

modifies the isotopic composition of both the water and the ice: the ice becomes enriched in the 

heavier isotopes (18O and D) compared to the source water (Knight, 1997; Lacelle, 2011). In the 

case of freezing under equilibrium in a closed-system, if the water reservoir freezes entirely, the 

last layers to freeze will have a lighter isotopic composition because less heavy isotopes are 

available (Knight, 1997). The ice that is enriched in the heavier isotopes will have less negative 
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δ18O values, which means that δD and δ18O will plot on a lower regression slope compared to the 

local meteoric water line (LMWL) (Lacelle, 2011). 

Glacier ice turns into buried glacier ice during deglaciation when a cover of till, originating 

from melt out of sediment-rich glacier ice, mass movement, lacustrine and aeolian processes, or 

glacial thrusting and shearing, is deposited on top of the ice (Harris and Murton, 2005; Moorman 

and Michel, 2000). The thickness of the deposit must exceed the active layer thickness to insulate 

the ice and keep it from atmosphere conditions and thawing. Basal glacier ice is the most 

susceptible to be preserved that way, because it would be rapidly insulated and integrated in the 

permafrost (Lacelle et al., 2004). That is why it is important to highlight the difference between 

the two types of glacier ice: 1) firnified glacier ice, and 2) basal glacier ice. The firnified ice 

represents the vast majority of the ice mass and it is the result of firnification processes that take 

place at or near the ice surface (Hubbard and Sharp, 1989). Because it is resulting from the 

compaction of snow which comes from meteoric precipitation, the isotopic composition of the ice 

will correspond to the LMWL (Knight, 1997). The ice at the base of a glacier is very different 

from this overlying firnified ice because it interacts with the bedrock (Waller, Murton and Knight, 

2009). Basal ice usually has a high sediment content, with stratified debris in the lower layers and 

dispersed debris in the upper layers, and it is highly deformed, with layers, lenses and pods of 

different chemical composition (Hubbard and Sharp, 1989). The incorporation of sediment in the 

basal layers is due to regelation of basal water (Waller, Murton and Knight, 2009). Also, regelation 

(or refreezing) of water at the base of the glacier causes for changes in the isotopic composition of 

the ice. When basal glacier ice experiences refreezing of meltwater in a closed system, the first ice 

to form is characterized as being enriched in 18O because of fractionation, and therefore δD-δ18O 

will plot on a lower regression slope than for firnified glacier ice or the LMWL, similarly to 
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segregated-intrusive ice (Knight, 1997; Waller, Murton and Knight, 2009). However, if the 

freezing occurs in an open system, where the water reservoir is constantly fed with water that is 

isotopically lighter or if it is supplied with water from different sources, the isotopic composition 

can be similar to that of meteoric precipitation (Hubbard and Sharp, 1989; Knight, 1997). On the 

other hand, if the water input has the same isotopic composition as the initial water, the slope will 

be similar than that of the closed system (Hubbard and Sharp, 1989). However, basal glacier ice 

has been inferred has being the result of partial refreezing of basal meltwater which means it should 

normally show an enriched 18O composition and a lower δD-δ18O regression  slope (Knight, 1997). 

The differentiation between segregated-instrusive ice and buried glacier ice is therefore 

very difficult, as they may have a very similar appearance and isotopic composition (French and 

Harry, 1990; Lacelle, 2011). That is especially true if the ice is basal glacier ice, as it can 

theoretically be identified as segregated ice because of its high sediment content and its potential 

for enriched 18O and D values (French and Harry, 1990; Hubbard and Sharp, 1989; Knight, 1997; 

Waller, Murton and Knight, 2009). A combination of the analysis of the ice physical and chemical 

parameters is then essential. Some diagnostic criteria described by French and Harry (1990) are 

taken into consideration. First, the contact between segregated-intrusive ice bodies and the 

enclosing (i.e., overlying or underlying) soil should be gradual and sediments can be suspended in 

the ice up to 20 cm beneath the contact, whereas for glacier ice the contact should be sharp (e.g., 

a thaw unconformity) and the ice must be older than the overlying material. Second, for 

segregated-intrusive ice, water chemistry should change following a trend continuing into the ice 

found in the surrounding sediments, and for buried glacier there should be no trend but rather a 

discontinuity between the massive body and the ice in the overlying sediments. Third, as explained 

above, if freezing took place under equilibrium in a closed system (e.g., segregated-intrusive ice 



9 

 

or basal glacier ice), the consequent isotopic fractionation will result in an enrichment of 18O and 

D and in δD-δ18O plotting on a lower regression slope (approx. 6) compared to the LMWL. Lacelle 

(2011) also identified a slope value between δD and δ18O of less than 7.3 as indicative of freezing 

under equilibrium conditions. Because this threshold corresponds to the meteoric water line of our 

study area (δD = 7.3 δ18O − 3.37), which is also true for a number of sites in the Arctic, the relation 

between δD and δ18O might not help to differentiate the ice origin. The research made by Lacelle 

(2011) determined that considering the relation between D-Excess and δD is more efficient. In 

fact, it was shown that in freezing resulting of meteoric precipitation (i.e. firnified glacier ice), D-

Excess and δD plot on a broad horizontal band with a very low slope (approx. 0.04), whereas in 

freezing of water under equilibrium conditions (i.e. segregated-intrusive ice or basal glacier ice), 

because of the depletion in δD due to fractionation, the ice is enriched in D-Excess, therefore D-

Excess and δD plot on a distinctively negative slope (Lacelle, 2011).  

It should be kept in mind that results of isotopic analysis of ground ice typically cannot 

give direct answers as to the origin of the ice, because the accumulation is not continuous. Isotopic 

results should therefore be interpreted together with other evidences to draw a big picture 

(Williams and Smith, 1989).  

2.1.2 Thermokarst Terrain 

While the growth of ground ice results in many landforms, degradation of ice-rich 

permafrost triggers the development of landscapes of irregular topography caused by the 

compression of the ground following the thawing and the subsequent draining of excess water 

(Harry, 1986; Van Everdingen, 1998). These are known as thermokarst terrain.  
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Periods of degradation of permafrost and the resulting formation of thermokarst terrain are 

described as thermokarst events and they are logged in the permafrost stratigraphy as paleo-thaw 

unconformities (Harry, 1986). These unconformities represent layers of permafrost that once were 

non-cryotic, meaning that ground ice or cryostructures were destroyed or amputated (French, 

1996). When this formally non-cryotic layer refroze, new cryostructures formed, which means that 

it is possible to easily identify the paleo-thaw unconformity as a transition between two zones of 

different cryofacies (i.e., cryostructures and ice contents) (Fig. 2.2) (French, 1996; Harry, 1986). 

Differences in stable isotope contents, heavy mineral and pollen assemblages are also indicators 

of transitions between cryofacies. These paleo-thaw unconformities represent a valuable source of 

evidence for reconstructing past permafrost conditions (French, 1996).  

Humans can be the cause of the creation of thermokarst terrain, but natural thermokarst 

events are the most active process affecting permafrost landscapes (Harry, 1986). Consequences 

of the formation of thermokarst terrain are multiple. Among those are changes in ecosystem, for 

example in Alaska where areas of upland forests changed into wetlands (Osterkamp et al., 2000); 

disturbance of biota, through oversaturation or drying (Callaghan and Jonasson, 1995); creation of 

depressions that catches snow or water, inducing more warming of the ground and thawing of 

slopes that can lead to land failures and mass movements; damages on infrastructures underlain by 

permafrost and consequent reparation issues; a reduced bearing capacity and creep resistance of 

the ground, which diminishes the strength of the soil itself and induces slope instability 

 (Smith, 1993); and others. Regarding these effects of thermokarst events, one component is 

critical to the determination of the intensity of the consequences, namely the ground ice content. 

The amount of ground ice has a crucial influence on subsidence of a thawing or thawed ground, as 
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grounds with small ice content will be less affected by effects of permafrost thawing because they 

experience less subsidence (ACIA, 2005). 

 

2.1.3 Retrogressive thaw slumps 

The most dynamic landforms of thermokarst terrain are retrogressive thaw slumps (Burn 

and Lewkowicz, 1990). These are horseshoe-shaped depressions initiated by ablation of ground 

ice following ice-rich permafrost exposure, which can be caused by diverse sources of disturbance 

and erosion (Lacelle et al., 2015; Burn and Lewkowicz, 1990). Lacelle et al. (2010) described these 

Fig. 2.2   Cryostratigraphic evidence of the thawing and refreezing of 

permafrost. T-U1 is the primary thaw unconformity at the top of 

permafrost (A). When thawing occurs, T-U1 deepens (B), and when 

refreezing occurs, it moves back towards the surface, leaving T-U2, a 

paleo-thaw unconformity, as evidence of previous thawing (C). (from 

French, 2007) 
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sources as being either climatic or geomorphic. A majority of thaw slumps are found on lakeshores, 

coastlines or river banks and are caused by thermal and mechanical coastal erosion (Lewkowicz, 

1987; Lantz et Kokelj, 2008; Kokelj, Zajdlik and Thompson, 2009). However, in highlands, coastal 

erosion cannot justify initiation of thaw slumps. Lacelle et al. (2015) rather identified water tracks 

forming at diverse location following significant precipitations or mass wasting, and streams 

undercutting the base of moderately steep hillslopes to be crucial points for formation of thaw 

slumps, especially following important rainfall events. Other sources of disturbance and erosion 

are wildfires and warmer summer and annual air temperatures, which have been proven to 

contribute to active layer deepening and detachment causing initiation of thaw slumps (e.g., Lantz 

and Kokelj, 2008; Kokelj, Zajdlik and Thompson, 2009; Burn and Lewkowicz, 1990; Lewkowicz 

and Harris, 2005) 

Following the ground ice ablation, sediments drop to the base of the headwall and form an 

accumulation of fluid mud (Lantz and Kokelj, 2008). Once the creation of a thaw slump is 

completed, other factors contribute to its growth. A thaw slump remains active as long as summer 

ablation of ground ice is possible (Lewkowicz, 1987).  The rate of headwall retreat is mainly 

determined by ground ice content (French, 1974), but in order for ground ice to ablate, permafrost 

must be exposed, net radiation must be sufficient, and summer air temperatures must be warm 

enough (Lewkowicz, 1986; Lacelle et al., 2015). Other factors such as ground ice content, face 

orientation, slump geometry, and relief have an influence (Lewkowicz, 1986, 1987). The headwall 

can be kept from exposure if slumping sediments accumulate at its base. These sediments are 

transported away from the headwall through their mobilisation in water. Meltwater from ground 

ice thawing is often not sufficient as it is rapidly drained from the sediment accumulations. 

However, periods of heavy and continuous precipitations have shown a positive impact on 
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evacuation of slumped sediments at the base of the headwall, as they make the sediments fluid 

enough to generate mudflows (Lacelle et al., 2010). Precipitations, by increasing soil moisture, 

have the potential to reduce the soil strength and trigger large mass flow events (Kokelj et al., 

2015). Also, as mentioned above, thaw slumps were proven to develop more often on moderately 

steep hillslopes, which means that after important rainfall events, the movement of slumped 

sediment would be even easier (Lacelle et al., 2015). All of these factors allow for the headwall to 

be exposed to solar radiation and warm air temperatures. Thaw slump will stabilize if the ice-rich 

headwall is no longer exposed, which often occurs when the rate of accumulation of sediments at 

the base of the headwall is greater than the rate of evacuation of these sediments which end up 

insulating the headwall, or if the ice-rich ground supply is exhausted (Burn, 2000; French, 1974). 

2.2 Climate changes 

The most considerable climate change Earth has known during the last tens of thousands 

of years is the passage from the cold, dry, windy and sparsely vegetated glacial world of 21 ka ago 

to the warm, widely vegetated, interglacial world of today (Ruddiman, 2008). About 900 ka ago, 

Earth’s climate started to respond to approximately the 100,000-year eccentricity cycles in terms 

of oscillations in ice volume. This shift from the previous 41,000-year cycles to the 100,000-year 

cycles of glacial worlds was probably linked to the slow cooling of the Earth that had been ongoing 

for millions of years, which gradually reduced ablation in high latitudes enough so that ice would 

persist through relatively weak insolation maxima. The 100,000-year oscillations of glacial worlds 

are clearly explained by the summer insolation trends of the last hundreds of thousands of years; 

the trends follow the 23,000-year precession cycle, with a modulation of the precession signal by 

eccentricity at a period near 100,000 years (Fig. 2.3). The explanation of these 100,000-year 

oscillations of glacial worlds is still the subject of many studies, but results define large ice sheets 
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as producers of internal responses that act as positive feedbacks to the melting or formation of the 

ice that was first initiated by changes in insolation (Ruddiman, 2008). Processes such as ice-albedo 

feedback and deepwater formation in the North Atlantic most likely contribute (Serreze and Barry, 

2005).  

 

2.2.1 Climate Changes since the Last Glacial Maximum 

2.2.1.1 Last Glacial Maximum 

The most recent 100,000-year cycle occurred around 21 ka ago. This period is known as 

the Last Glacial Maximum (LGM), the time at which ice sheets were at their maximum extent, 

and it lasted from about 25 to 18 ka, depending on the region and interpretation (Serreze and Barry, 

2005). CLIMAP, a large interdisciplinary reconstruction of Earth’s conditions during a typical 

northern summer of the LGM, describes a world covered by 35 million km2 of ice, which 

corresponds to 25% of the planet’s land surface, compared to today’s 14.2 million km2, with a sea 

Fig. 2.3   Modulation of summer insolation by eccentricity 

near 100 000 years. (from Ruddiman, 2008) 
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level 110 to 125 m lower than today, joining Asia with Australia and Britain with mainland Europe, 

and global temperatures almost 4°C colder than today. This reconstruction is still questioned, 

notably on the aspect of the extent and thickness of the ice sheets and the temperature anomaly. 

For example, ice sheets in the northern hemisphere are thought by many researchers to have been 

less extensive than during previous glaciations because of the dryer climate of the LGM that led 

to a lesser availability of moisture (Ruddiman, 2008). Other studies have also found greater cooling 

of global temperatures, describing a global mean cooling of 5.8 ± 1.4°C because of the added 

effects of atmospheric dust content and vegetation (Schneider Von Deimling et al., 2006). 

2.2.1.2 Deglaciation 

After the Last Glacial Maximum (LGM), Earth has undergone an irregular deglaciation 

before entering the present warm interglacial period, the Holocene. The deglaciation started 

approximately between 15 and 13 ka, and ended around 6 ka (Ruddiman, 2008; Serreze and Barry, 

2005). Just like for the glaciation, the deglaciation and the Holocene warmth occurred in response 

to Earth’s orbital variations (Kaufman et al., 2004). Around 20 ka ago, Earth’s angle of tilt and 

precessional motion caused the summer insolation to increase, reaching maxima around 10 ka 

(Ruddiman, 2008). Even though the deglaciation was driven mainly by a gradual increase in 

summer insolation, combined with increased concentrations in CO2 and methane in the 

atmosphere, it was not uniform (Ruddiman, 2008; Serreze and Barry, 2005). That is due to the 

major role of processes that relate the atmosphere, ocean and ice sheet systems (Serreze and Barry, 

2005). Indeed, according to a study made by Menviel et al. (2011) using an Earth system model 

and paleo-proxy data, the irregularity that characterizes the deglaciation was driven by changes in 

the strength of deep water formation induced by freshwater input from ice sheets in the North 

Atlantic (Menviel et al., 2011). Some of the major events that define the variability of the 
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deglaciation are the Heinrich event 1, a cold interval that lasted from about 17.8 to 15.2 ka 

(Menviel et al., 2011), the Bølling-Allerød, an abrupt warming event that lasted from about 14.7 

to 13 ka, and the Younger Dryas, a sudden cooling episode that lasted from about 13 to 11.7 ka 

(Serreze and Barry, 2005).  

Even though the deglaciation was punctuated by colder intervals that sometimes 

contributed to a re-advance of the ice sheets (e.g., The Laurentide Ice Sheet during the Younger 

Dryas) (Serreze and Barry, 2005), they still gradually melted, and, as they disappeared, their 

influence on climate reduced. The present interglacial period, the Holocene, theoretically started 

about 11.5 ka ago, at the end of the Younger Dryas. Around 10 ka, orbital factors started to change 

again, gradually shifting insolation values towards today’s. By 10 ka the CO2 levels had stabilized 

and by 6 ka the ice sheets had melted to their modern extent (Ruddiman, 2008). 

2.2.1.3 Holocene Thermal Maximum 

The most important event of the beginning of the Holocene is the Holocene thermal 

maximum (HTM), a warmer interval that represents the temperature peak of the Holocene 

(Kaufman et al., 2004). According to a study conducted by Kaufman et al. (2004) on 140 sites 

across the North American Arctic, the HTM start, end and duration varied widely depending on 

the location. Generally, it started around 8.9 ± 2.1 ka and ended around 5.9 ± 2.6 ka, starting and 

ending earlier in the northwest. All of northern America seemed to have warmed and cooled in the 

same order, which is starting in central and eastern Beringia, followed by Greenland and Iceland, 

the Canadian Arctic Islands and northern continental Canada (Kaufman et al., 2004).  

During the HTM, temperatures across northern Canada increased following a range of 0.5 

to 3°C and an average 1.6 ± 0.8°C. For Alaska and northwestern Canada, temperatures increased 
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approximately in-phase with the summer insolation anomaly, while the rest of northern Canada 

entered the HTM several thousand years later, due particularly to the presence of the residual 

Laurentide Ice Sheet (Kaufman et al., 2004). 

2.3 Climate changes and permafrost 

Permafrost depth is defined by the mean surface temperature and the geothermal heat flux, 

and the active layer thickness is determined by seasonal and interannual temperature variations. If 

the mean annual air temperature rises due to a change in climatic conditions, the active layer will 

thicken. If the climate warming persists, the permafrost table will deepen and the permafrost base 

will rise as surface warming migrates downwards. Ground conditions could reach a point where 

permafrost would disappear completely (Smith, 1993). 

Heat conduction defines how ground temperatures will react to changes in surface 

temperatures. It is determined by the thermal properties of the ground, more exactly by the thermal 

diffusity, that is the ratio of thermal conductivity to volumetric heat capacity. The higher the 

diffusity of a ground, the faster it will respond to changes in surface conditions. This property 

varies depending on the type of soil, but most importantly depending on the moisture content of 

the ground, especially in frozen ground where temperature changes are highly influenced by water 

phase changes that release latent heat and that can make the ground temperatures stagnate near 

melting point (Smith, 1993). If increased surface temperatures carry on for a long period of time, 

the thawing of permafrost at depth can be delayed for as long as decades or centuries (Riseborough, 

1990). This means that under warming conditions permafrost with a high ground ice content is 

especially susceptible to have a smaller rate of degradation in terms of time and extent (Smith, 

1993), unless active layer detachment occurs and exposes the permafrost in which case a high 
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ground ice content augments the rate of growth of thermokarst landforms such as retrogressive 

thaw slumps (Lewkowicz, 1987; French, 1974).  

Permafrost not only is affected by climatic changes, but it also plays a role in the climate 

system. At depth where seasonal changes have no influence, permafrost represents a good record 

of climate changes. Also, it transfers air temperature changes to the hydrological and biological 

systems by, for example, modifying the subsurface water circulation. Moreover, permafrost as an 

impact on climate as it has the ability to act as a positive feedback to warming through the release 

of gases like CO2 and CH4 (Koven et al., 2011), which links climate changes in the Arctic to the 

global climate change (Anisimov, Shiklomanov and Nelson, 1997; Fukuda, 1994). 

Measurements of ground temperature in Canada, Alaska, and Russia have proven a general 

warming of permafrost over the last several decades (Couture et al., 2003; Lachenbruch and 

Marshall, 1986; Nelson, 2003). With increasing air temperatures in regions underlain by 

permafrost and recent evidence of warming ground temperatures, the study of permafrost is 

growing in importance, especially within the framework of past and present climatic changes 

(IPCC, 2013). 
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Chapter 3: Study Area 

3.1 Geology and physiography 

The study area is located in the Richardson Mountains-Peel Plateau region, northwestern 

Canada (Fig. 3.1). The Richardson Mountains stand at the northeast extremity of the North 

American Cordillera and they consist of a series of north-south orientated smooth ridges separated 

Fig. 3.1   Study area map showing sampling sites and other locations mentioned 

in this thesis. 



20 

 

by wide valleys (Catto, 1996). The mountains are elevated between 320 and 1575 m a.s.l., although 

they are generally above 500 m a.s.l.. The ridges of the mountains are formed of resistant quartzites 

and sandstones, and the valleys are shaped in weathered siltstones and shales (Norris, 1985). The 

Peel Plateau region is located about halfway of the north-south orientated Richardson Mountains, 

where a vast plateau extends eastward from the mountains with a gentle slope and elevation 

varying from 650 to100 m a.s.l., with a relatively even relief of less than 100 m (Catto, 1996). 

The north-south trending mountains are the result of the regional tectonic of east-west 

convergence that caused the uplifting of Paleozoic deep-water clastic sediments along the western 

paleo-coastline of North America during the latest Cretaceous or early Tertiary (Ecosystem 

Classification Group, 2010; Lane, 1996; Smith, Meikle and Roots, 2004). The sediments were 

truncated, folded and overturned, and water, ice and wind sculpted the ridges and valleys 

(Ecoystem Classification Group, 2010). The southern Richardson Mountains are a fractured 

anticlinorium with sandstones and limestone of Lower and Middle Cambrian age in the hinges, 

bordered by more resistant chert and limestone of Ordovician to Middle Devonian age (Smith, 

Meikle and Roots, 2004). The mountains are still seismically active (Forsyth, Wetmiller and 

Basham, 1996). 

Surficial deposits in the study area are separated in two broad categories: exposed bedrock 

and thin colluvial deposits in the unglaciated region, and till in the formerly glaciated areas (Duk-

Rodkin and Hughes, 1992; Hughes, Hodgson and Pilon, 1972) (Fig. 3.2). The region is incised by 

a network of rivers and stream valleys that were shaped after the deglaciation, resulting in low 

relief V-shaped valleys in the highlands, and canyon-like valleys of about 350 m of relief near the 

Peel river (Lacelle et al., 2015).  
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Fig. 3.2   Surficial geology of the study area. 
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3.2 Vegetation 

Vegetation in the Richardson Mountains-Peel Plateau is characterized by alpine and arctic 

tundra communities consisting of sedges, cottongrasses, low shrubs and a few herbs on higher 

elevated plateaus; krummholz colonies of spruce on south-facing slopes below 1000 m a.s.l.; open 

spruce woodlands in lower  elevated  southern  plateaus; tall willow,  green  alder  and dwarf birch 

shrub thickets in the valley bottoms; and white spruce communities with paper birch and balsam 

poplar on south-facing slopes and alluvial terraces below 500 m a.s.l. (Ecosystem Classification 

Group, 2010) (Fig. 3.3).  

Fig. 3.3   Ecoregions of the study area. 
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Palynological and fossil evidence from regions surrounding the Richardson Mountains-

Peel Plateau area sustain that there were important changes in the vegetation in the region 

following the deglaciation (Ritchie, Cwynar and Spear, 1983; Dyke, 2005; Ritchie, 1982; Ritchie 

and Hare, 1971). There was first a transition from tundra to boreal forest, with the tree line 

migrating northward up to the Tuktoyaktuk Peninsula. Presence of Picea on the Peninsula is 

recorded from about 10 to 6 ka (Ritchie, Cwynar and Spear, 1983). Similar evidence of this 

transition to boreal forest was found at Lateral Pond, at the south end of the Richardson Mountains, 

with the spread of dwarf shrubs, increased organic sedimentation, soil humification and 

paludification following the rapid transition from a warming glacial to a non-glacial climate around 

12 ka, and the total pollen influx reaching a maximum around 10.3 ka (Ritchie, 1982). Generally, 

in northwestern Canada, genera such as Myrica, Typha, Populus, and Picea extended their limit 

northward between 11.6 and 5.6 ka, reaching maxima around 10.3 ka (Cwynar, 1982; Ritchie, 

Cwynar and Spear, 1983; Ritchie and Hare, 1971). While sites at the Tuktoyaktuk Peninsula have 

transitioned to a tall shrub tundra with only dispersed Picea around 5.6 ka, and reached the present 

dwarf birch heath tundra around 4 ka (Ritchie and Hare, 1971), evidence from sites at the south 

end of the Richardson Mountains show that the gradual increase in Picea reached its modern extent 

in the forest profile around 7.5 ka and that only slight changes occurred until 6 ka, as alder and 

tree birch grew to their modern position in the vegetation (Ritchie, 1982). 
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3.3 Climate 

 

Fig. 3.4   Mean air temperatures in Old Crow, YK (1952-2007), Fort McPherson, NWT (1985-2007) and 

Inuvik, NWT (1957-2006). Trends based on an average of the three stations. Pearson Product-Moment 

Correlation Coefficient shown for trends as r(df)=a, p=b, where df is the degree of freedom, a is the 

correlation coefficient and b is the p-value. 
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The regional contemporary climate is characterized by short cool summers and long cold 

winters. Mean July temperature at the closest meteorological station, namely Fort McPherson, 

NWT, is 15.2°C (1985-2007), and mean January temperature is −27.5°C (1986-2007). The mean 

annual air temperature is −7.3 ± 1.8°C (1986-2007). Average total annual precipitation at Fort 

McPherson is 297.7 mm (1981-2007), with a little more than half of it being snowfall 

(Environment Canada, 2015). Based on three meteorological stations surrounding the study area, 

that is in Fort McPherson, NWT, Inuvik, NWT, and Old Crow, YK, recent mean annual air 

temperatures have experienced a slight increase, especially since the end of the 1970s. While mean 

July temperatures remained fairly stable, but with greater interannual variations since the end of 

the 1970s, mean January temperatures have had a more pronounced increase since the mid-1970s 

(Fig. 3.4) (Environment Canada, 2015). Total annual precipitations have also experienced an 

increase, especially since the end of the 1980s (Fig. 3.5).  

 

 

Fig. 3.5   Total annual precipitation in Old Crow, YK (1952-2007), Fort McPherson, NWT (1985-2007) 

and Inuvik, NWT (1957-2006). Trends based on an average of the three stations. Pearson Product-

Moment Correlation Coefficient shown for trends as r(df)=a, p=b, where df is the degree of freedom, a 

is the correlation coefficient and b is the p-value. 
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3.4 Glaciation 

The Richardson Mountains represent the western limit of the extent of the Laurentide Ice 

Sheet (Duk-Rodkin and Hughes, 1992) and their eastern slope was covered by ice during the Last 

Glacial Maximum (Lacelle et al., 2013) up to about 750 m a.s.l. (Duk-Rodkin and Hughes, 1992). 

The region was the subject of two re-advances of the Laurentide Ice Sheet, that is the Tutsieta Lake 

Phase around 15 ka cal yr BP, and an unnamed phase a few kilometers east of the Tutsieta Lake 

Phase (Duk-Rodkin and Hughes, 1992). It has been ice-free since approximately 13 ka cal yr BP 

as suggested by the presence of Bison priscus near the community of Tsigetchiic (Zazula et al., 

2009). The basal condition of the Laurentide Ice Sheet is inferred to have been warm-based, as 

evidenced from its reconstructed thickness, presence of eskers in the region and carbonates found 

in buried aufeis ice beneath till (Beget, 1987; Lacelle et al., 2013). Permafrost aggraded in the 

glacial sediments during the late Pleistocene, prior to the onset of the early Holocene warm 

interval, as supported by modeled three-dimensional bed thermal field and related permafrost 

conditions (Tarasov and Peltier, 2007). 

3.5 Permafrost 

The climate and vegetation conditions of the Richardson Mountains-Peel Plateau region 

ensure that permafrost is continuous, thick (ca. 100-300 m) and relatively warm (mean annual 

ground temperatures > –2.5°C). Measurements made by Lacelle et al., 2004 and Malone et al., 

2013 indicate that uppermost 10 m of permafrost is ice-rich (ice content ranging from 50 vol.% to 

tabular bodies of massive ice) (Lacelle et al., 2015). Similarly, analysis of qualitative data from 

121 seismic shothole drillers’ log records (Smith and Lesk-Winfield, 2012) indicate that massive 

ice is present in more than 50% of the case in the 6 meters below ground surface. This is consistent 

with the region’s surficial geology, which is characterized by moraine plains less than 6 m thick, 



27 

 

and broad hummocky rolling moraines up to 20 m thick (Duk-Rodkin and Hughes, 1992; Hughes, 

Hodgson and Pilon, 1972), as hummocks are typically found in areas of continuous permafrost 

with high ice content (van Everdingen, 1988). 

The modern active layer fluctuates in terms of thickness across the region and its 

surroundings. Data varies from 50-90 cm near Mayo in central Yukon (Burn, Michel and Smith, 

1986), to 25-90 cm at Crumbling Point in the Tuktoyaktuk Coastlands, NWT (Murton, Whiteman 

and Allen, 1995), to 40-60 cm on Pelly and Gary Islands, near Illisarvik, and at Todd Lake also in 

the Tuktoyaktuk Coastlands (Burn, 1997). At Inuvik, in hummocky terrain beneath an open canopy 

forest, active layer thickness is about 1 m, which is 2 times the thickness of the active layer at the 

coast (Burn, 1997; Mackay, 1995). Moreover, in mountainous regions, such as in the Richardson 

Mountains, south and west facing slopes may have a thicker active layer because of the higher 

amount of insolation they receive (Lacelle et al., 2015). 

 

3.6 Climate history and permafrost conditions 

In northwestern Canada, summer temperatures began to be warmer than today’s around 

10.6 ka and the transition to near-present temperatures occurred between 6.7 and 5.6 ka (Kaufman 

et al., 2004). Kaufman et al. (2004) gathered evidence of this warmer climate, notably on the 

Tuktoyaktuk Peninsula, central Yukon and the coastal plain of northwestern Canada, suggesting a 

general warming of temperatures between approximately 12.2 and 5.6 ka, with a peak around 10.3 

ka (Kaufman et al., 2004). However, a subsequent review of diverse proxy records indicates that 

temperature and moisture values in the region were spatially variable during the early Holocene 

and that the temperature maximum could have been reached between 7 and 5 ka, suggesting a mid-

Holocene thermal maximum (Kaufman et al., 2016). 
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Studies conducted in northwestern Canada indicate varying results in terms of temperature 

anomaly for the Holocene thermal maximum (HTM). On the Tuktoyaktuk Peninsula, on the 

northwest coast of the Northwest Territories, proof of the northward shift of the tree line during 

the HTM was interpreted as a mean annual air temperature (MAAT) 3°C higher than today 

(Ritchie, 1984). Other evidence based on shelled invertebrates from the Richardson Mountains 

and the Mackenzie Delta in the Northwest Territories indicate that the MAAT was from 8.2 to 

11.6°C higher than today, with a peak around 10.5 ka (Delorme et al., 1977). Palynological and 

megafossil record from the Tuktoyaktuk Peninsula imply mean  daily  temperatures for  the  

warmest  months  (June,  July,  and  August)  about  5°C  higher  than today,  accompanied by a  

growing  season  about  30 days  longer (Ritchie and Hare, 1971). Similarly, evidence from 

endrostromatolites from permafrost karst in central Yukon reflects summer air temperatures 7 ± 2 

°C higher than today (Clark et al., 2004). 

Based on this variety of evidence of the early Holocene thermal maximum from 

northwestern Canada, it is possible to assume that mean summer air temperatures were between 

2.5 and 11.6°C higher than today in the region (Clark et al., 2004; Delorme et al., 1977; Ritchie 

and Hare, 1971).  

During this early Holocene warm interval, permafrost has known important changes. The 

active layer thickness was on average 2 to 3 times greater than today, with sites reaching up to 8 

times the modern thickness. The paleo-active layer in the Tuktoyaktuk Coastlands was estimated 

as being 2.5 times as deep as the modern active layer based on botanical and cryostratigraphic 

evidence (Burn, 1997). Similarly, ice-rich glaciolacustrine sediments near Mayo, central Yukon 

Territory, showed an early Holocene active layer that was approximated as having a thickness of 

132 cm. Compared to today’s active layer, it represents on average 2 times the modern thickness 
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(Burn, Michel and Smith, 1986). Other evidence from the Herschel Island, northern Yukon 

Territory, revealed a paleo-active layer as much as 150 to 300 cm thick, representing about 5 to 7 

times the modern thickness (Fritz et al., 2012). Moreover, sedimentary structures observed on the 

Tuktoyaktuk Coastlands reflected a paleo-active layer as much as 8 times thicker than today 

(Murton, 2001). The active layer deepening during the HTM is not only linked to summer 

temperatures being higher than today (Fritz et al., 2012), but it is also largely due to the presence 

of forest, snow trapping, and increasing ground temperatures in winter (Burn, 1997). This warmer 

climate induced active layer deepening also led to a larger rate of thermokarst activity (Rampton, 

1982). As temperatures reached near-modern values, permafrost aggregated and a paleo-thaw 

unconformity marking the extent of a relict thaw layer was left as proof of this Holocene warm 

interval (e.g., Burn, 1997; Burn, Michel and Smith, 1986; Fritz et al., 2016; Kokelj, Smith and 

Burn, 2002; Malone et al., 2013; Murton, 2001; Murton and French, 1994; Worsley, 2000;) 

Global circulation models project an increase of 0.3 to 4.8 °C in global air temperature over 

the 21st century, depending on the model (IPCC, 2013), and an increase of 3 to 6 °C for the Arctic 

by 2080 (Callaghan et al., 2011). Recent projections of the magnitude of permafrost degradation 

vary greatly depending on the forcing mechanisms and physics of the climate models, but 

considerable degradation and active layer thickening is expected over much of the areas underlain 

by permafrost (Collins et al., 2013). Regional models project that the upper 2 to 3 meters of 16% 

to 20% of permafrost in Canada will thaw by the end of the 21st century, and that widespread 

permafrost degradation will occur over about 57% of Alaska (Callaghan  et  al.,  2011). Currently, 

numerical models of permafrost degradation are accused of not effectively considering permafrost 

distribution and parameters, such as surface cover, ground ice content, presence of excess ice, and 
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vegetation changes, which in turn have an impact on the frequency of wild fires (Callaghan et al., 

2011; Froese et al., 2008). 

As mentioned before, initiation of retrogressive thaw slumps is caused by heavy 

rainstorms, wildfires and increased air temperatures, which all lead to active layer deepening and 

detachment (Burn and Lewkowicz, 1990; Kokelj, Zajdlik and Thompson, 2009; Lacelle et al., 

2015; Lantz and Kokelj, 2008; Lewkowicz and Harris, 2005), and their growth is maintained by 

solar radiation and warmer air temperatures, as long as ice-rich permafrost is exposed, which 

remains true when enough meltwater is available or if heavy rainfalls occur (Lacelle et al., 2015; 

Lacelle, Bjornson and Lauriol, 2010; Lewkowicz, 1986). Therefore, as the recent climate warming 

continues, retrogressive thaw slump activity will most likely rise, especially in hilly ice-rich 

terrain, and their impact on permafrost landscapes will intensify the already felt impacts of this 

warming on soil and water ecosystems (Lantz and Kokelj, 2008). 
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Chapter 4: Methodologies 

 

4.1 Determination of Thickness of Thaw Layer  

In July 2016, the thaw layer thickness (TLT) was determined at six sites along the Dempster 

Highway between Fort McPherson (NWT) and the frontier between the Yukon Territory and the 

Northwest Territories (Fig. 3.1). This layer is characterized as a thaw layer, because the 

measurements were not done during the period of maximum thaw, in which case it would have 

been referred to the as the active layer. The method used is based on the frost probing procedure 

described in the International Permafrost Association (IPA) Working Group on Periglacial 

Processes and Environments’ Handbook on Periglacial Field Methods (Nelson and Hinkel, 2004). 

A metal rod was pushed in the ground at each intersection of a 11 × 11 m grid separated into 121 

squares of 1 m2. The thickness of the thaw layer was considered reached when resistance made it 

impossible to continue probing and depth of penetration was measured. Two measurements were 

made at each intersection and the average of the two was taken. Sediment samples were also taken 

at each site, every five centimeters when horizons were visible, and only one when the ground was 

cryoturbated. The choice of the sites was determined by an elevation gradient, which also has an 

effect on the vegetation cover; each site was located at approximately 1000, 800, 600, 500, 425 

and 30 m of elevations, with vegetation changing from grassy alpine tundra (GAT), to hummocky 

alpine tundra (HAT), to sub-alpine tundra (SAT), to dwarf shrub tundra (DST), to tall shrub tundra 

(TST), and to lowland spruce forest (LSF). 

4.2 Sampling of Thaw Layer and Permafrost at Thaw Slump 

A hole was dug above the headwall of Roger Thaw Slump until the permafrost table was 

reached at 60 cm below surface. The thaw layer was sampled in 5 cm sections using a knife, the 
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first 15 cm being litter and humus (Fig. 4.1). Pieces of wood of around 1 cm of diameter and 5 cm 

long were found at the bottom of the thaw layer, between 50 and 55 cm below surface. A 

permafrost core was collected using a Cold Region Research Engineering Laboratory (CRREL) 

corer. Coring was made to a depth of 105 cm below surface. The core was also subdivided in 5 cm 

sections. All samples were put in sealed plastic bags for transportation to the University of Ottawa 

(ON, Canada). 

Fig. 4.1   Photograph of the thaw layer at Roger Thaw Slump, 

NWT, on August 1st, 2016 (RTS; 67°37'05.2''N, 135°33'23.2''W, 

350 m a.s.l.).  
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Samples of massive ice and permafrost were also collected from different units exposed in 

the headwall using a trowel and ice pick. These were also placed in sealed plastic bags and left to 

thaw before being transported. The headwall samples were divided in five units in the field based 

on visible cryostratigraphy (Fig. 4.2). Unit 1 is a horizontal body of massive ice starting 250 cm 

below surface extending to the floor of the slump. West of the body of massive ice is Unit 2; a 

zone of vertically banded ice and sediments. Unit 3 is a body of bluish ice situated between Units 

1 and 4. Unit 4 is a massive milky white ice body rich in air bubbles located east of Unit 3 in the 

middle of the thaw slump. All of these units are overlain by a mixture of fine sands and sections 

of buried organics, identified as a relict thaw layer (RTL). Sediments and buried organic debris 

were sampled and are referred to as RTL samples. 

 

4.3 Ground Ice Analyses 

4.3.1 Samples Preparation 

Once in Ottawa, all samples were stored in a refrigerator kept at 4°C until preparation and 

analyses. Meltwater from massive ice samples and from excess ice of permafrost and thaw layer 

samples were filtered through a 0.45 µm filter and placed in the appropriate vials for analysis. 

 

Fig. 4.2   Photograph of the headwall at Roger Thaw Slump, NWT, on August 1st 

2016, showing the four massive ice units, and the limit of the relict thaw layer (RTL) 

(RTS; 67°37'05.2''N, 135°33'23.2''W, 350 m a.s.l.).  
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4.3.2 Major Ions 

Melted ground ice samples were analyzed for major cations (Ca2+, Mg2+, Na+, K+, Fe+) and 

anions (Cl−, SO4
2−, NO3−) at the Geochemistry Laboratory of the University of Ottawa. The 

approach of this study for determining major ions concentrations is comparable to that of studies 

analyzing the geochemistry of groundwater in the active layer or non-permafrost soils, as it uses 

melt-water from thawed ice-bearing permafrost and massive ice samples to measure the 

concentration of solute per liter of solution (mg L−1) (Lacelle et al., 2014).  

For major cations analysis, the samples were first acidified with ultra-pure HNO3 acid to 

pH 2. The measurement of the concentrations of major cations was done using a Varian Vista-Pro 

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). The measurement of the 

concentrations of major anions was done by ion chromatography using a Dionex-100. All of the 

analyzed samples had two duplicates and internal standards were added to the analysis. The 

analytical reproducibility of the analyses is ±5%. 

4.3.3 Stable Isotopes 

Filtered melted ground ice samples were analyzed for stable water isotopes (δ18O and δ2H, 

or δD) using a Los Gatos Research (LGR) Triple Isotope Water Analyzer (TIWA-45-EP). The 

analyzer uses Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) laser absorption 

technology to simultaneously and directly measure 18O/16O, 17O/16O and 2H/H ratios in liquid water 

samples (Berman et al., 2013).  One ml of water sample along with ten duplicates were analyzed 

in the laser analyzer through a CTC LC-PAL autoinjector. Seven measurements were taken and 

the mean of the four last measurements was retrieved to obtain one high-throughput result (Berman 

et al., 2013). The analyzer contains a Spectral Contamination Identifier (SCI) software that 
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determines and corrects for the presence of organic contaminants, which confirmed that the 

samples were free of contaminants. The results were calibrated to three water standards that were 

previously calibrated relative to Vienna Standard Mean Ocean Water (VSMOW) (Lis, Wassenaar 

and Hendry, 2008; Berman et al., 2013). The results are expressed in the δ-notation referenced to 

VSMOW.  The precisions of the δ18O and δD analysis are ±0.3‰ and ±1‰, respectively.  

The relation between δ18O and δD was plotted against the global and local meteoric water 

lines. Globally, it plots along a regression slope of 8, which defines the global meteoric water line 

(GMWL; δD = 8 δ18O + 10; Craig, 1961). However, since precipitations’ isotopic composition 

vary based on air temperature, proximity to moisture sources and trajectories of weather systems 

over land masses, the regression slope values of the meteoric water line also vary regionally 

(Lacelle, 2011). That defines different local meteoric water lines (LMWL). In the case of this 

study, Inuvik’s LMWL was used (δD = 7.3 δ18O − 3.37; Lacelle, 2011). 

Finally, Deuterium excess was determined since the relation between D-Excess and δD can 

be a good indicator of ice origin (Lacelle, 2011).: 

D­Excess =  δD − 8 δ18O (Dansgaard, 1964)                                (4.1) 

 

4.3.4 Radiocarbon dating of Dissolved Organic Carbon 

The concentration of dissolved organic carbon (DOC) in the melted ground ice samples 

was first determined to measure the volume of water required for 14CDOC analyses. The DOC 

content was analyzed at the G.G. Hatch Stable Isotope Laboratory at the Advanced Research 

Complex (ARC) of the University of Ottawa. Dissolved organic carbon extraction was done by 

wet chemical oxidation based on Zhou et al. (2015) and Lang et al. (2016). The potential presence 

of dissolved inorganic carbon was first purged from the samples as CO2 by acidification (85% 
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H3PO4). The acidified samples were heated to 60°C for an hour, sparged with helium and the 

inorganic CO2 was eliminated from the samples to the atmosphere (Lang et al., 2016). The DIC 

purged samples were oxidized with sodium persulfate and a catalyst. The samples were then heated 

to 98°C for an hour, cooled to room temperature, sparged with helium, purified in a vacuum line 

to convert DOC to pure CO2, which was then trapped in a breakseal containing a few grains of 

silver cobaltous that were previously baked at 500°C for two hours, and baked overnight at 200°C 

to remove sulphur (Palstra and Meijer, 2014). The organic CO2 samples then passed through a 

non-destructive infrared (NDIR) detector which measured the CO2  concentrations (ppm) that are 

proportional to the DOC content of the samples (St-Jean, 2003). 13C stable isotope analysis was 

also done in an automated continuous-flow isotope ratio mass spectrometer (CF-IRMS) system 

(St-Jean, 2003). 

DOC concentrations and collected volume of water were sufficient in massive ice samples 

of units 1, 3 and 4 to permit radiocarbon dating (14CDOC). The wet chemical oxidation method was 

applied to larger water samples of these sites (approx. 250 ml). The resulting DOC CO2 samples 

underwent graphitization where they were converted to elemental carbon in the presence of iron 

and hydrogen on a semi-automated graphitization line designed and built at the A.E. Lalonde AMS 

Laboratory (ARC, University of Ottawa) (St-Jean et al., 2016; Crann et al., 2016). The graphitized 

samples were pressed into targets that were loaded in the 3MV tandem accelerator mass 

spectrometer (High Voltage Engineering) at the A.E. Lalonde AMS Laboratory for determination 

of 12C and 14C. The fraction modern carbon (F14C) is calculated as the ratio of the sample 14C/12C 

ratio to the Ox-II standard 14C/12C ratio, and the 14C ages are calculated as −8033ln(F14C) and 

reported in 14C and then corrected to cal yr BP (BP = AD 1950) using OxCal v4.2.4 (Bronk 
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Ramsey, 2009) and the IntCal13 calibration curve (Reimer et al., 2013). For more details on the 

procedures and protocols of the A.E. Lalonde AMS Laboratory, see Crann et al. (2016). 

 

4.4 Thaw layer and Permafrost Soil Analyses 

4.4.1 Particle Size Analysis 

Particle size distribution of thaw layer and permafrost soil samples was done using a laser 

diffraction analyzer (Microtrac S3500). Soil sample preparation consisted of two series of three 

hydrogen peroxide (H2O2) solution attacks spread over 8 days to remove organic matter, a method 

derived from a procedure proposed by van Reeuwijk, 2002. Two cm3 sub-samples of soils were 

transferred into 50 ml centrifuge tubes. First series of attack consisted of adding 5 ml of 30% H2O2 

to the samples on days 1, 4 and 8. Second series of attack also consisted of adding 5 ml of 30% 

H2O2, but this time the tubes were placed in a hot water bath consisting of 500 ml beaker filled 

with water and placed on a hot plate. Samples that reacted violently during the first series were 

transferred in 250 ml beaker and placed directly on the hot plate for the attack. Attacks were 

considered complete after a reaction had happened or after one hour without any reaction. Samples 

that were transferred into beakers were rinsed back into their centrifuge tubes with deionised water. 

All tubes were filled with deionised water, put in the centrifuge (2700 rpm for 7 minutes), and the 

supernatant water was discarded. The tubes were then filled with a 3% sodium hexametaphosphate 

solution ((NaPO3)6 ) which acts as a dispersing agent, mixed on a vortex mixer for two minutes, 

and put in the refrigerator for three days before being loaded into the particle sizer analyzer. A 

sand standard was analyzed before every set of analyses (3) to assure the good functioning of the 

Microtrac analyzer. Out of the 37 samples analyzed, 14 were duplicated and their mean particle 

size determined an error of ±2.5% (0.02 µm).  
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4.4.2 Water Content and Organic Carbon Content 

Gravimetric Water Content (GWC) was determined for all samples according to the 

equation (van Everdingen, 1998): 

GWC (%) =
Mass of water (g) 

Mass of dry soil (g)
 × 100                                        (4.2) 

Permafrost samples which had been kept in sealed plastic bags in a refrigerator at 4°C were 

weighted to obtain the mass of moist soil. Some samples had excess water which was extracted 

and filtered through a 0.45 µm filter and put in the appropriate vials for ground ice analyses 

outlined above. The samples were then dried in a furnace at 105°C for 24 hours and weighted again 

to obtain the mass of dry soils. The difference between mass of dry soil and mass of moist soil and 

excess water represents the mass of water contained in the soil samples. 

Organic carbon content was determined through loss on ignition (LOI) using a Leco 

thermos-gravimetric analyzer (TGA701). This LOI procedure is described as successive heatings 

of the samples to specific temperatures. Organic matter is combusted to ash and carbon dioxide at 

a temperature of 550°C (Heiri et al., 2001). The organic matter content is then determined 

according to the following equation: 

Organic matter (%) =
LOI105(g)−LOI550(g)

LOI105(g)
× 100                               (4.3) 

where LOI150 represents the weight of the sample after being dried in the furnace at 105°C and 

LOI550 is the weight of the sample after combustion to 550°C. The weight loss between 105°C and 

550°C is proportional to the amount of organic matter in the sample (Heiri, Lotter and Lemcke, 

2001). To obtain the organic carbon content from the organic matter content, a conversion factor 

of 2 was used (Pribyl, 2010). Out of the 43 samples analyzed, 11 were duplicated and determined 
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an error of ±18.8% (0.19 g). A Calcium Oxalate Standard is analyzed with every set of analyses 

and defines an analytical accuracy of ±2% (0.02 g).  

4.4.3 Radiocarbon Dating of Organics 

Organic debris extracted from the RTL was observed under a microscope and fragments 

of wood and leaves were extracted, along with a sample of bulk fragments of between 0.5 and 1 

mm. These organic samples, along with the wood pieces found at the bottom of the thaw layer, 

were radiocarbon dated at the A.E. Lalonde AMS Laboratory (ARC, University of Ottawa). There, 

they underwent pre-treatments. The leaves fragment sample was given an AAA (standard acid-

alkali-acid) pre-treatment. Following the protocol described by Brock et al. (2010), the samples 

undergo a first acid wash (HCl, 1N, 80°C, 30 mins) to remove carbonates. They are then rinsed in 

an alkali solution (NaOH, 0.2N, 80°C, 30 mins) to remove humics. Finally, they undergo a second 

acid wash (HCl, 1N, 80°C, 30 mins) to remove any CO2 absorbed during the alkali step. The 

samples are rinsed in Milli-Q water after each step. The wood and bulk samples were given an A 

pre-treatment, because they were smaller and more fragile samples, so they were only subjected 

to the first acid treatment of the AAA protocol, before being freeze-dried overnight (Crann et al., 

2016). These pretreated, freeze-dried samples are combusted in a Thermo Flash 1112 elemental 

analyzer (EA) and the resulting CO2 is trapped in breakseals. The samples then undergo 

graphitization and AMS measurement, as described in Section 4.3.4. 
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Chapter 5: Results 

 

5.1 Stratigraphy 

Roger Thaw Slump (RTS) consists of a 70 m wide and ca. 5 to 6 m high headwall that 

exposes a thaw layer, a relict thaw layer and massive ice (Fig. 5.1).  

Fig. 5.1   Field photograph taken at Roger Thaw Slump, NWT on August 1st 2016 

(RTS; 67°37'05.2''N, 135°33'23.2''W, 350 m a.s.l.). A. Overview of the headwall 

showing the paleo-thaw unconformity delimiting the relict thaw layer (RTL) and 

the four massive ice units sampling sites. B. Close up on the eastern part of the 

headwall showing the extent of Unit 4, the relict thaw layer (RTL) and the thaw 

layer (TL) C. Unit 4 overlain by the relict thaw layer (RTL) and thaw layer (TL) D. 

Unit 1, 2 and 3 overlain by the relict thaw layer (RTL). 

0 2 4  m 

0 2  m 1 
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5.1.1 Thaw Layer 

Based on the core taken on top of RTS and on observations of the headwall, the thaw layer 

has a thickness of ca. 60 cm. That is consistent with the other measurements of thaw layer thickness 

taken along the Richardson Mountains-Peel Plateau elevation gradient, which vary from 63.71 to 

43.71 cm below surface (Fig. 5.2). The thaw layer is shallower in the lowland spruce forest (LSF) 

at 31 m a.s.l. (µ=43.71) and in the tall shrub tundra (TST) at 425 m a.s.l. (µ=47.01), and deeper in 

the sub-alpine (SAT), hummocky alpine (HAT), and grassy alpine (GAT) tundra at 611, 790, and 

957 a.s.l. (µ=57.08, µ=57.79, µ=58.83, respectively). There is a discontinuity in relation between 

the thaw layer thickness and the elevation gradient in the dwarf shrub tundra (DST) site at 493 m 

a.s.l., where the thaw layer is the deepest (µ=63.71). 

Fig. 5.2   Depth model showing thaw layer thickness from surface in different 

vegetation types on an elevation gradient in the Richardson Mountains-Peel Plateau 

region. Mean depth is shown as µ = x. A. Grassy Alpine Tundra (GAT; 957 m a.s.l.) 

B. Hummocky Alpine Tundra (HAT; 790 m a.s.l.) C. Sub-alpine Tundra (SAT; 611 m 

a.s.l.) D. Dwarf Shrub Tundra (DST; 493 m a.s.l.) E. Tall Shrub Tundra (TST; 425 m 

a.s.l.) F. Lowland Spruce Forest (LSF; 31 m a.s.l.).  
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5.1.2 Relict Thaw Layer 

 The relict thaw layer (RTL) at RTS extends from the base of the thaw layer at 60 cm to 

ca. 250 cm below surface. It is identified through the presence of a sharp discontinuity above the 

massive ice units. Beyond this discontinuity lie sediments of lighter color (compared to the thaw 

layer) containing buried organic sections (Fig. 5.1B).  

5.1.3 Massive Ice 

The exposed massive ice is separated into four units based on appearance. Unit 1 is a 1 m 

wide body of massive ice poor in 1 × 2 mm elongated air bubbles (Fig. 5.1D). Unit 2 is a 1 m wide 

zone of vertically banded ice and sediments west of Unit 1 body of massive ice (Fig. 5.1D). The 

ice is poor in air bubbles and the sediments are fine with aggregates of 2 to 10 mm. Unit 3 is a 2 

m wide body of bluish ice that is poor to average in elongated air bubbles situated between Units 

1 and 4 (Fig. 5.1D). Unit 4 is a 10 m wide zone of white ice, rich in round air bubbles of 1 to 3 

mm of diameter located east of Unit 3 in the middle of the thaw slump (Fig. 5.1B-C). Units 1, 3, 

and 4 extend from below the relict thaw layer down to the floor of the slump. 

5.2 Sedimentology 

5.2.1 Thaw Layer 

Fig. 5.3 presents the results of gravimetric water content, grain size and organic carbon 

analysis for sediment samples taken at RTS. The thaw layer (TL) consists of 10 cm of litter and 

hummus and 45 cm of sediments, which is overlain by about 5 cm of tundra vegetation (Fig. 4.1). 

The litter and hummus horizon, along with the underlying 5 cm of sediments have the largest 

gravimetric water content (GWC), with values ranging from 640 to 1200%. The values for the rest 

of the TL are lower but still show a high water content, with all values ranging from 45.5 to 59.6% 
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and an outlier of 94.3% at 45 cm of depth. Sediments of the TL consist of very fine to fine silts 

(7.9-9.8 µm). The organic carbon content is higher in the litter and hummus and in the 5 cm below 

these horizons (32.28-49.64%). The rest of the TL has an organic carbon content ranging from 

3.38 to 8.1% with a peak at 45 cm depth.  

 

Fig. 5.3    A. Gravimetric water content (GWC), grain size, organic carbon content, Deuterium excess, δ
18

O, and 

radiocarbon dates of the thaw layer and relict thaw layer at Roger Thaw Slump, NWT (RTS; 67°37'05.2''N, 

135°33'23.2''W, 350 m a.s.l.). Dashed line represents thaw layer thickness on August 1st 2016. Below is the relict 

thaw layer (RTL) B. Radiocarbon dates inset. 
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5.2.2 Relict Thaw Layer 

The relict thaw layer (RTL) has a lower GWC compared to the TL, ranging from 25.4 to 

40.3%, with an outlier of 200%, which corresponds to a sample of buried organics (Fig. 5.3). The 

RTL sediments have smaller grains compared to the TL, with grain sizes corresponding to very 

fine silts (6.7-7.9 µm). The organic carbon content is also smaller. The values range from 1.97 to 

4.31%, with an outlier of 16.98%, which also corresponds to the sample of buried organics.  

5.2.3 Unit 2 

Sediments from Unit 2 which are vertically banded with ice have varying GWC, with 

values ranging from 77.2 to 930.7% (Fig. 5.3). Sediments are within the range of clays and very 

fine silts (3.35-6.52 µm). The organic carbon content is low, varying between 10.1 and 12%. 

5.3 Geochemistry 

5.3.1 Dissolved Organic Carbon 

The dissolved organic carbon (DOC) and δ13CDOC results of 35 massive ice samples and  

excess ice extracted from the RTL of RTS are shown in Fig. 5.4. DOC is highest in the ice taken 

from the RTL (30.15 ppm). Concentrations of the massive ice units range between 1.83 and 8.4 

ppm and Unit 2 has slightly higher concentrations. δ13CDOC is also highest for the RTL (−26.33‰). 

For the massive ice units, values range from −29.82 and −26.89‰, and Unit 2 has a higher median 

and a bigger spread than the other three. 

5.3.2 Major Ions 

Fig. 5.5 shows the major ions concentrations for 51 massive ice samples and for excess ice 

extracted from the RTL of RTS. Unit 2 has higher concentrations and spread of values for SO4−, 
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NO3−, Ca2+, K+, Mg2+, and Na+. Values are very similar for Cl− and Fe+, except for Unit 3 which 

is slightly lower concentrations of Cl− and Unit 4 which has higher concentrations of Fe+. 

 

5.3.3 Stable Isotopes 

δ18O and D-Excess values for the TL and the RTL are shown in Fig. 5.3, and Fig. 5.6. The 

δ18O values are higher in the TL and RTL, and the majority of the values are highest in the TL 

(−21.8-−20.4‰) then in the RTL (−22.7-−20.4‰). δ18O is similar for Units 1 and 2 (−31.3‰-

Fig. 5.4   Dissolved organic carbon (DOC) and δ
13

C concentrations of ice from the 

relict thaw layer (RTL) and four massive ice units samples taken at Roger Thaw 

Slump, NWT (RTS; 67°37'05.2''N, 135°33'23.2''W, 350 m a.s.l.). 
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−28.7‰), higher for Unit 3 (−28.2‰—27.3‰), and slightly lower for Unit 4 (−32‰-−29.5‰). 

D-excess is similar for the TL, the RTL, and Units 1 and 2. It is a little higher in the RTL (5.7-

7.2‰) than in the TL (4.7‰-6.4‰). In comparison, Unit 3 values are lower (−0.5‰-2‰), and 

Unit 4 values are higher (5‰-9.8‰). 

Fig. 5.5 Major anions and cations profile of ice from the relict thaw layer (RTL) and four massive ice 
units samples taken at Roger Thaw Slump, NWT (RTS; 67°37'05.2''N, 135°33'23.2''W, 350 m a.s.l.). 
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Correlation between δD and δ18O is shown in Fig. 5.7 in comparison to the local meteoric 

water line (LMWL) for Inuvik, NWT (δD = 7.3 δ18O − 3.37; Lacelle, 2011). All data sets have a 

high degree of correlation. The TL and RTL plot along higher regression slopes of 8.573 and 8.001 

respectively, compared to the LMWL, whereas the four massive ice units have lower slopes of 

6.539, 6.911, 5.64, and 6.3 respectively, which is especially true for Unit 3. 

 

 

Fig. 5.6   Stable water isotope composition (δ
18

O and Deuterium Excess) of ground 

water from the thaw layer (TL), ice from the relict thaw layer (RTL) and four massive 

ice units samples taken at Roger Thaw Slump, NWT (RTS; 67°37'05.2''N, 

135°33'23.2''W, 350 m a.s.l.). 
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Fig. 5.8 presents the correlation between D-Excess and δD. The TL plots on a positive 

slope (0.077) and the RTL on a very low positive slope (0.005). The four massive units, however, 

plot on highly negative slopes of −0.203, −0.106, −0.3, and −0.219, respectively. The degrees of 

correlation are fairly low for most of the data sets.  

 

Fig. 5.7   δD and δ18O scatter plot of ground water from the thaw layer (TL), ice from the relict thaw layer 

(RTL) and four massive ice units samples taken at Roger Thaw Slump ,NWT (RTS; 67°37'05.2''N, 

135°33'23.2''W, 350 m a.s.l.). LMWL = Local Meteoric Water Line for Inuvik, NWT (δD = 7.3 δ18O − 3.37; 

Lacelle, 2011). Pearson Product-Moment Correlation Coefficient shown as r(df)=a, p=b, where df is the 

degree of freedom, a is the correlation coefficient and b is the p-value. 
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5.4 Age Determination 

Pieces of wood found at the bottom of the TL and leaves, wood and bulk fragments from 

buried organics in the RTL were radiocarbon dated (Fig. 5.3 and 5.9). The wood pieces at the 

bottom of the TL date to 2805 cal yr BP, where BP = AD 1950 (2860–2755 (95.4%)). The buried 

organics samples are dated to an average age of 9498.3 cal yr BP, with leaves fragment dating at 

9460 cal yr BP (9540–9302 (95.4%)), wood fragments dating at 9534 cal yr BP (9560–9485 

(95.4%)), and bulk fragments dating at 9501 cal yr BP (9539–9453 (95.4%)). Macrofossils were 

Fig. 5.8   δD and D-Excess scatter plot of ground water from the thaw layer (TL), ice from the relict thaw 

layer (RTL) and four massive ice units samples taken at Roger Thaw Slump ,NWT (RTS; 67°37'05.2''N, 

135°33'23.2''W, 350 m a.s.l.).  
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also dated but results showed low confidence (9962–9531 (83.1%)) so they are not presented, and 

they are not included in the average age of the buried organics. 
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Chapter 6: Discussion 

 

6.1 Thaw Layer Thickness 

Active layer thickness is recognized as being a function of three main factors: 1) shortwave 

radiation, 2) vegetation density and height, and 3) snowpack depth (Chang et al., 2015).  

In summer, shortwave radiation warms the ground surface. In areas of denser and higher 

vegetation cover, such as forests and tall shrub tundra, this radiation cannot reach the ground 

surface as easily because of the vegetation cover and this moderates ground warming (Chang et 

al., 2015). Soil moisture, which influences the thickness of the organic layers of soil and the 

vegetation cover, also has an impact on the active layer thickness (Almeida et al., 2014; Fisher et 

al., 2016 ; Genx et al., 2012). For instance, important deep soil moisture often results in a shallower 

TL by insulating the ground through increased understory and forest canopy cover, while 

important surface soil moisture may lead to a deeper TL by increasing the thermal conductivity of 

the soil (Fisher et al., 2016). On the other hand, dried moss and peat layer in the summer have a 

smaller heat conductivity which leads to shallower TL (Fisher et al., 2016; Smith, 1975). 

 In winter, snow cover insulates the ground, limiting the influence of the atmosphere to the 

ground temperature. Snowpack thus reduces and delays the freezing of the ground (Chang et al., 

2015). Snow accumulation is normally more important in denser and higher vegetation (Burn and 

McDonald, 2014; Chang et al., 2015; Kokelj et al., 2010; Palmer et al., 2012; Roy-Léveillé, Burn 

and McDonald, 2014; Thompson et al., 2004). Therefore, areas of dense and high vegetation cover 

are expected to have cooler ground temperatures in the summer and warmer ground temperatures 

in the winter compared to areas of sparse and low vegetation cover. It is then possible to affirm 

that permafrost areas with denser and higher vegetation should be characterized by shallower 
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active layer thicknesses and permafrost areas with sparse and lower vegetation by deeper active 

layer thicknesses in summer. 

However, active layer thickness patterns are often more complicated than explained above, 

as other factors do impact permafrost temperature. For example, Roy-Léveillé, Burn and 

McDonald (2014) found unexpected lower annual mean near-surface permafrost temperature in 

taiga patches than in shrub tundra. This ground temperature inversion was related to the taiga 

patches being large enough to limit snow accumulation and the wind-blown snow being trapped 

at the patches edge. Therefore, not only the snow-holding capacity of the local vegetation, but also 

the larger scale conditions which control snow input, such as being surrounded by high vegetation  

that has the capacity to trap wind-blown snow, influence the snow cover depth and, consequently, 

near-surface permafrost temperature (Pomeroy et al., 1995; Roy-Léveillé, Burn and McDonald, 

2014; Smith, 1975). Similarly, O’Neill et al. (2015), studying annual mean near-surface permafrost 

temperature in different vegetation covers at different elevations on the Peel Plateau, found that, 

in tundra sites, there is no correlation between mean maximum vegetation height and late winter 

snow depth. They suggest that vegetation acts as a secondary control of snow depth at the site 

scale. Mesoscale controls, such as topography and winds, would have a more important impact on 

snow accumulation (O’Neill et al., 2015). Furthermore, the difference in ground temperature in 

forest compared to tundra is usually explained by deeper snow covers in forest, as expressed by 

the vegetation height-snow depth relation. However, O’Neill et al. (2015) describe that since snow 

accumulation can also be significant in tundra sites on the Peel Plateau because of mesoscale 

controls, the importance of the timing of snow accumulation also has considerable impact on near-

surface ground temperature. By monitoring snow accumulation at a high elevation dwarf shrub 

tundra site (same as this study’s DST site) and at a low elevation spruce forest site (same as this 
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study’s LSF site), they found that >90 cm of snow accumulated by early November in the tundra, 

whereas snow depth in the forest reached 90 cm in early February. This more gradual snow 

accumulation at the LSF site partially explains why the annual mean near-surface permafrost 

temperature is higher in the DST site, and it may also explain the discontinuity our data shows in 

the thaw layer thickness at the DST site. That is because even though considerable amounts of 

snow accumulated at the DST site, the tundra was isolated from atmosphere conditions earlier in 

winter. Another important factor that may have contributed to the warmer near-surface permafrost 

temperature at the DST site is the air temperature regime, which shows strong inversions between 

the high elevation DST site and the low elevation LSF site during the winter. This causes for daily 

mean air temperature to be frequently higher at the DST site than at the forest site, especially 

during the coldest months (55% of the days when forest air temperatures were below 0°C), and for 

a greater number of freezing degree days to occur in the forest.  

Therefore, although active layer thickness is usually monitored and analysed based on its 

summer conditions, and thus is strongly associated with summer temperatures and vegetation 

cover type, winter conditions seem to also have a considerable influence, mainly because of the 

mesoscale conditions modifying the snowpack, the timing of the snow accumulation, and, in 

mountainous regions, winter air temperature inversions. The gradient and discontinuity of the thaw 

layer thicknesses measured at our six sites may therefore be caused by residual effects of winter 

conditions on the region. 

6.2 Massive Ground Ice Origin 

Based on the visual aspect of the four massive ice units in this study, the nature of the 

contact between them and the overlying sediments, their geochemistry, and a comparison of their 
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geochemistry with that of the ice contained in the overlying sediments, the massive ice exposed at 

Roger Thaw Slump (RTS) shows evidence of both typical massive ground ice origins in 

northwestern Canada; buried glacier ice and segregated-intrusive ice.  

The four massive ice units contain very little sediments and that is consistent with glacier 

ice, as segregated ice usually has relatively high particle content (Lorrain and Demeur, 1985). 

Moreover, the fact that Unit 2 is banded with sediments supports the hypothesis that this ice could 

be basal glacier ice, which is often stratified with sediments (French and Harry, 1990). The contact 

between the ice units and the RTL is sharp and corresponds to a thaw unconformity, which points 

towards a glacier ice origin. Also, no trend exists between the geochemistry of the massive body 

and the ice in the overlying sediments.  That is shown by the difference in the δD and δ18O slopes, 

which is higher for the RTL ice (8.001) compared to the massive ice units (6.539, 6.911, 5.64, 6.3) 

(Fig. 5.8), and by the difference in the D-Excess and δD slopes, which is much lower and positive 

for the RTL ice (0.005) compared to the massive ice units which are highly negative (−0.203, 

−0.106, −0.3, −0.219) (Fig. 5.9). DOC concentrations are also low in Units 1, 3, and 4 (Fig. 5.5), 

as can be expected for buried glacier ice (Fritz et al., 2015). Unit 2 values are a little higher, which 

is consistent with the higher concentrations it presents for most ions. As highlighted above, Unit 2 

is stratified with sediments which points towards a basal glacier ice origin, and this type of ice can 

be defined as segregation-intrusive ice because it has experienced regelation (French and Harry, 

1990), which explains the higher DOC concentrations. 

On the other hand, the fact that Units 1 and 3 show elongated air bubbles is more consistent 

with the segregated-intrusive ice origin. Also, the D-Excess-δD slopes (Fig. 5.9) point towards a 

segregated-intrusive ice origin of the units, as explained by Lacelle (2011). The four massive ice 

units plot on a highly negative slope that corresponds to freezing of water under equilibrium 
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conditions. The δD-δ18O relation is also expected to plot on a lower slope compared to the LMWL 

(<7.3) for segregated-intrusive ice. In the case of the massive ice units, all four plotted on lower 

slopes than 7.3 (Fig. 5.8). 

Another important factor to take into account is that our site is located at the western margin 

of the Laurentide Ice Sheet. Marginal glacier ice presents varying facies and chemical parameters, 

as there may be open-system refreezing within basal cavities that form at the glacier margins 

(Hubbard and Sharp, 1995). 

Our hypothesis is therefore that the ice exposed at RTS is buried glacier ice that 

experienced water infiltration and partial refreezing, because of the physical evidence (i.e. lack of 

sediments or stratified sediments, sharp contact, varied bubble aspects, variations in colorations), 

and because of the chemical evidence (i.e. varied isotopic composition, absence of a trend between 

the massive body and the ice in the overlying sediments, varied DOC concentrations). We could 

characterize this type of massive ice as a co-existence of basal and segregated ice, which would 

have formed within the margin of the Laurentide Ice Sheet (Waller, Murton and Knight, 2009). 

The important thickness of this buried glacier ice can be explained by the glacier being 

polythermal, meaning that it experienced both warm and cold-based conditions, causing melting 

and refreezing which contributes to the accretion of new and existing ice (and sediments) onto the 

bottom of the glacier (Moorman and Murton, 2000; Waller, Murton and Knight, 2009). During the 

deglaciation, stagnation of the ice sheet, permafrost aggradation and burial by melt-out of till from 

the ice surface would have preserved the marginal ice (Waller, Murton and Knight, 2009). 
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6.3 Relict Thaw Layer 

The layer of material of lighter color situated between the sharp upper contact of the 

massive ice units and the thaw layer was already identified as being a relict thaw layer (RTL) (Fig. 

5.1). Indeed, sediments found above a thaw unconformity generally have a lighter coloration 

(Burn, 1997). Additionally, the fact that buried organic sections were found within that layer is 

indicative of it being a RTL. There are two scenarios that could explain the origin of the presence 

of these organic sections; They could have been incorporated in the soil during a period of 

permafrost degradation and active layer deepening by cryoturbation (Burn, 1997; Mackay, 1981), 

or Roger Thaw Slump could be located on the floor of an ancient thaw slump where the slumped 

vegetation was incorporated in the soil following permafrost aggradation. Radiocarbon dating of 

materiel from one of the buried organic sections gave an average age of 9498.3 cal yr BP (Fig. 

5.3). This age represents an indication of the period of maximum active layer deepening. It is 

consistent with the Holocene thermal maximum and its warm and humid climate in northwestern 

Canada between ca. 12.2 and 5.6 ka (Clark et al., 2004; Delorme et al., 1977; Kaufman et al., 2016; 

Ritchie and Hare, 1971). It represents a period of important active layer deepening and thermokarst 

activity that resulted in widespread paleo-thaw unconformities in northwestern Canada (Burn, 

1997; Burn, Michel and Smith, 1986; Fritz et al., 2016; Kokelj, Smith and Burn, 2002; Mackay, 

1992, 1978; Malone et al., 2013; Murton, 2001; Murton and French, 1993, 1994; Rampton, 1982; 

Worsley, 2000) 

The Holocene thermal maximum relict thaw layer hypothesis is also supported by the 

oxygen isotopic composition of the ground ice (Fig. 5.7). It is typical to find ice of low δ18O 

(<−27‰) below a paleo-thaw unconformity and ice of higher δ18O (>−25‰) above it (Burn, 1997). 

That explains how the ice below the unconformity was formed from Pleistocene water, and the ice 
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above it is a mix of Pleistocene and Holocene water of higher 18O concentration, giving it its less 

negative δ18O values (Fritz et al., 2016; Mackay, 1983; Murton and French, 1994) 

Moreover, the ice content of the RTL provides information on the rate of aggradation of 

the permafrost table following the active layer deepening responsible for the paleo-thaw 

unconformity. As explained above, an ice rich layer may form just below the permafrost table 

during a slow permafrost aggradation in relation with water migrating through the active layer to 

the freezing front and being incorporated to the permafrost (Harry, 1986; Mackay, 1972; O’Neill 

and Burn, 2012). For instance, a study conducted near Inuvik, NWT by Kokelj and Burn (2003) 

has related ice-poor material beneath the permafrost table with a rapidly aggrading permafrost, and 

ice-rich material with a period of permafrost table stability. The low GWC and the absence of 

excess ice in the RTL is therefore indicative of a rapidly aggrading permafrost table following the 

creation of Roger Thaw Slump. 

6.4 Thaw Slump Activity during the Holocene 

Thaw slump initiation in highlands is the result of ground ice ablation following ice-rich 

permafrost exposure through active layer deepening and detachment which has been related to 

wildfires, warmer summer and annual air temperatures, and water tracks or streams formation 

following important rainfall events (Burn and Lewkowicz, 1990; Kokelj, Zajdlik and Thompson, 

2009; Lacelle et al., 2010; Lantz and Kokelj, 2008; Lewkowicz and Harris, 2005). When plotting 

events of thaw slump activity (i.e. initiation and retrogression) in the Richardson Mountains 

against insolation values, temperature and precipitations anomalies, and elevation, two distinct 

periods of thaw slump activity seem to emerge (Fig. 6.1).  
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Fig. 6.1   Insolation (July 65°N, Berger and Loutre, 1991), July temperature, January temperature and 

annual precipitation anomalies for western Canada (Viau and Gajewski, 2009), elevation of stream incisions 

in the Bonnet Plume Creek terraces (Lacelle et al., 2010), and thaw slumps activity in the Richardson 

Mountains region (Lacelle et al., 2004; this study). The light gray area represents the extent of the Holocene 

Thermal Maximum, and the dark gray shaded area represents the extent of the Little Ice Age. 
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The most recent period took place in the late Holocene and four out of the five events of 

thaw slumps activity dated correspond to the Little Ice Age (AD 1400-1900 = 550-50 yr BP, where 

BP = AD 1950), which could indicate that cooler air temperatures are susceptible to trigger thaw 

slump activity. These thaw slumps were also active during a period of positive precipitation 

anomalies, therefore linking thaw slump activity to important precipitations. Observation of 70 

modern thaw slumps in the Richardson Mountains by Lacelle et al. (2010) has revealed that in 

68% of the cases (46 out of 70) thaw slumps were initiated during a period of cooler air temperature 

(1930-1950), which is also known as a period being wetter than present-day (Wahl et al., 1987). 

On the other hand, this study found that the rate of thaw slumps initiation increased between the 

periods of 1954-74 and 1985-2004 from 0.35 new thaw slumps per year to 0.68, a trend that follows 

the 10-year running average summer air temperature, but that is inversely related to the 10-year 

total precipitation record. This is however contradicted by a study conducted by Kokelj et al. 

(2015) of thaw slumps number and size in the Peel Plateau which looks at a more extensive period 

of time. It shows that since the mid-‘80s, no trend with summer temperatures (1986-2010) exists 

but rather a strong correlation with increased magnitude and intensity of rainfall. Colder air 

temperatures being linked to thaw slump activity is also observed on the Fosheim Peninsula on 

Ellesmere Island in Canada’s High Arctic. The peninsula has a much colder and drier climate 

compared to the Peel Plateau, with a mean annual air temperature of -19.7°C and mean annual 

precipitations of 64 mm, with 60% of it being snow (Pollard and Bell, 1998; Pollard 2000). 

Nevertheless, many thaw slumps occur in the region (Pollard, 1991; Robinson, 2000; Robinson 

and Pollard, 1998) 

The second period of important thaw slump activity occurs between 10236 and 9071 cal yr 

BP (10439-10120 (83.9%)-9288-8858 (91%)), which falls within the extent of the Holocene 
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Thermal Maximum (HTM).  In western Canada, July temperatures experienced an increase 

between 11 and 9 ka and stayed fairly high until after 5 ka (Fig. 6.1; Viau and Gajewski, 2009). 

Paleoclimate reconstructions of northwestern Canada suggest a general warming of temperatures 

between approximately 12.2 and 5.6 ka, with maximum temperatures being reached between 7 

and 5 ka (Kaufman et al., 2004, 2016). Also, the region was wetter than present-day during the 

vast majority of the Holocene and most significantly between 11 and 7 ka (Fig. 6.1). Thaw slump 

initiation during the HTM can be linked to warmer air temperatures and important precipitations. 

Six out of the seven HTM thaw slumps dated to a period of important July temperature and annual 

precipitation increase (Fig. 6.1).  

While it is not possible to make a direct relation between thaw slump activity and large-

scale fluctuations in air temperatures based on these two periods of thaw slump activity, they seem 

to have at least one thing in common: increased precipitations. This is consistent with thaw slump 

initiation and growth being associated with important rainfall events, as they can create stream 

tracks susceptible to induce active layer deepening and detachment and as they contribute to 

evacuation of the slumped sediments that accumulate at the base of the headwall, keeping the thaw 

slump active (Kokelj et al., 2015; Lacelle, Bjornson and Lauriol, 2010; Lacelle et al., 201;). 

However, in order for these effects of precipitations to take place, the landscape must also present 

favourable settings. Thaw slump activity in the Richardson Mountains-Peel Plateau has been 

associated with post-glacial stream network incision (Kokelj et al., 2017, 2015; Lacelle, Bjornson 

and Lauriol, 2010; Lacelle et al., 2015). Stream incision occurs through water channel eroding the 

bedrock and moving the sediments downstream (Phillips and Robert, 2005). Incision rates are 

usually highly influenced by precipitation rates (Ferrier, Huppert and Perron, 2013) and, in 

formerly glaciated regions by direct meltwater and fluctuations in proglacial lakes level (Phillips 
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and Robert, 2005). When scars of stream systems larger than present-day are visible in the 

landscape, it usually represents an evidence of the action of wetter paleoclimates and deglaciation 

meltwater (Phillips and Robert, 2005). After the deglaciation, the rapid initial development of the 

fluvial system in the Richardson Mountains has led to unstable slopes across the landscape, 

creating conditions suitable to the exposure of ice-rich permafrost and thaw slump initiation 

(Lacelle et al., 2010). The stream network has been developing ever since and the decrease in age 

with elevation of the stream incision in Bonnet Plume Creek terraces (Fig. 6.1) support the idea 

that it is still gradually being incised downslope (Lacelle et al., 2010). 

When analyzing the spatial distribution of thaw slumps in northwestern Canada, coastline 

and fluvially incised environments are the areas that are the most susceptible to thaw slump 

occurrence because of their sensitivity to erosion and their more pronounced relief (Kokelj et al., 

2017). These sensitive areas are described by Kokelj et al. (2017) as being driven by their past 

climate, ground thermal conditions, topography, and geomorphic settings. The formerly glaciated 

continuous permafrost moraine dominated terrains of the Richardson Mountains-Peel Plateau are 

ice-rich and have a relative relief because of stream incision, and that makes them prone to the 

creation of large thaw slumps, especially during increased precipitation periods (Kokelj et al., 

2017, 2015; Lacelle et al., 2015). In fact, many thaw slumps in the region are located on or at the 

base of hillslopes along streams (Lacelle et al., 2015). When looking at an aerial view of the region, 

it becomes clear that many thaw slumps in the region are distributed following the fluvial network. 

That is also the case for Roger Thaw Slump, which is located along one of the tributaries of 

Longstick River.  
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Moreover, the vast majority of the thaw slumps in the region occur between the Last Glacial 

Maximum Limit (LGM) and the Tutsieta Lake Phase limit, an area characterized by ice-rich broad 

hummocky rolling moraine terrain (Duk-Rodkin and Hughes, 1992; Hughes et al., 1972). Indeed, 

analysis of qualitative data from 121 seismic shothole drillers’ log records (Smith and Lesk-

Winfield, 2012) has revealed that between the LGM and Tutsieta Lake Phase, ground is more 

likely to contain ice, with about 70% of shotholes having massive ice within 4 meters below the 

surface (Fig. 6.2). On the other hand, only 28 to 44% of shotholes east of the Tutsieta Lake Phase 

showed evidence of massive ice above 4 meters. 

Fig. 6.2   Comparison of shotholes massive ice occurrence at given depths 

between the Last Glacial Maximum (LGM) and the Tutsieta Lake Phase, and 

between the Tutsieta Lake Phase and the Peel River.   
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Therefore, stream incision of ice-rich ground results in slope instability and easy removal 

of slumped sediments and creates a landscape that has a great potential for thaw slump activity 

(Lacelle et al., 2015), while precipitation increase plays a role in augmenting this potential (Kokelj 

et al., 2015). For Kokelj et al. (2017), the most recent period of thaw slump activity shows how 

permafrost has delayed the postglacial landscape modifications, and they qualify it has being a 

resumption of deglaciation and postglacial processes, with the main driver being increased rainfall.  

Overall, Roger Thaw Slump represents a witness of its region’s climate history since the 

Last Glacial Maximum. Throughout the glaciation, ice and meltwater accreted on the base of the 

LIS, forming a thick layer of basal ice. During the deglaciation, the glacier thinned at its margins, 

permafrost aggregated and till buried the ice, preserving it. Following the deglaciation, the rapid 

initial stream network incision created a relief susceptible to slope instability and mass wasting. 

During the Holocene Thermal Maximum, the warm and humid climate caused active layer 

deepening and detachment following the stream network and this led to the initiation of many thaw 

slumps. Following that, permafrost aggregated rapidly, leaving a paleo-thaw unconformity 

marking the extent of a relict thaw layer. 
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Chapter 7: Conclusions 

 

7.1 Conclusions 

Studying the headwall of Roger Thaw Slump enabled us to make detailed observations of 

the thaw layer, the relict thaw layer, and four massive ice units. These contribute to the 

understanding of the genesis of thaw slumps and how they fit in the climate history and terrain 

conditions of the region. We were able to draw the following main conclusions: 

a) Summer air temperatures, vegetation cover type (height and density), mesoscale conditions 

modifying the snowpack, timing of the snow accumulation and winter air temperature 

inversions are the main drivers of active layer thickness in the Richardson Mountains-Peel 

Plateau. 

b) The physical and chemical parameters of the four units of massive ground ice exposed at 

Roger Thaw Slump are characteristic of buried glacier ice that experienced water infiltration 

and partial refreezing. This layer most likely formed at the margin of the Laurentide Ice Sheet 

as it was experiencing an alternation of warm and cold-based conditions, causing melting and 

refreezing which contributes to the accretion of ice onto the bottom of the glacier. During the 

deglaciation, this ice was preserved by glacier stagnation, permafrost aggradation and till 

burial. 

c) The layer above the massive ground ice and below the thaw layer at Roger Thaw Slump, 

which presents a lighter coloration, buried organic sections, and ice of low δ18O values, is 

identified as a relict thaw layer (RTL). It dates to the Holocene thermal maximum, which 

represents a period of important active layer deepening and thermokarst activity that resulted 

in widespread paleo-thaw unconformities across northwestern Canada. 
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d) The combination of formerly glaciated continuous permafrost, hummocky rolling moraine 

terrain, stream-incised relief, and massive ground ice in the Richardson Mountains, coupled 

with major rainfall events, represents a set of condition that is favourable to thaw slump 

activity (i.e. initiation and retrogression), by inducing slope instability and easy removal of 

slumped sediments. 

7.2 Limitations of Study 

Limitations of this study mainly concern field methods and sampling. The profile of the 

thaw layer and the relict thaw layer was done by combining data from the core extracted on top of 

the thaw slump and from the samples taken with a trowel from the headwall. It would have been 

more precise to be able to either core down to the bottom of the relict thaw layer, or to take all of 

the samples from the headwall. However, giving the depth of the thaw unconformity (2.5 m) and 

the height of the headwall (5-6 m), it was only possible to do one series of sampling in the same 

place. This resulted in a gap in the soil profile, has seen in Fig. 5.3. Generally, it would have been 

very useful to be able to undergo a second field season to fill in the gaps, but the headwall would 

have still been difficult to access. 

This thesis is based on one thaw slump and it would have been interesting to include more 

thaw slumps and do the same type of analyses. The recent data published on the region was 

nevertheless efficient in supporting this study. Also, only one section of buried organics was 

sampled and used to date the thaw slump. This is again due to hard accessibility of the headwall. 

More dates would have added confidence to the chronological results. 

Finally, there are some limitations concerning the link made between thaw slump activity 

and increased precipitations during the Holocene, because it is impossible to differentiate between 
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rain and snow when working with paleo-climatic reconstructions as the seasonal variability 

determining the limit between rainfall and snow varied. 

7.3 Future Work 

More thaw slumps could be studied on the regional scale, to further support the idea that 

stream-incised, ice-rich permafrost in formerly glaciated areas present great potential for thaw 

slump activity. Also, dating more thaw slumps would help strengthen the link between thaw slump 

activity and precipitations, or possibly establish a relation with air temperatures. 

Furthermore, as highlighted in this study, distinguishing between ground ice origin being 

glacier ice or segregated-intrusive ice is very difficult. It would be interesting to study more 

massive ground ice, especially by comparing formerly glaciated and unglaciated regions and how 

they react during periods of increased thermokarst activity. 

Finally, the discontinuity of the thaw layer thicknesses measured at our six sites was linked 

to residual effects of winter conditions in the region. Measuring the active layer at the end of the 

summer season would determine if this residual effect fades during the summer or if active layer 

thickness is also strongly related to winter conditions. 
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APPENDIX A: LABORATORY ANALYSES RESULTS 

Table A1   Major cations measurements results 

  Concentration (ppm) 

Sample ID 
Sample 
Unit Ca2+ Fe+ K+ Mg2+ Na+ 

RS1-16-16+17+18+19 RTL 127.34 0.02 6.37 25.81 8.77 

RS2-16-MI-1 Unit 1 11.55 0.02 0.47 1.96 1.87 

RS2-16-MI-2 Unit 1 14.15 0.02 0.39 1.56 2.17 

RS2-16-MI-3 Unit 1 21.98 0.02 0.42 1.79 1.83 

RS2-16-MI-4 Unit 1 10.63 0.00 0.59 1.35 2.03 

RS2-16-MI-5 Unit 1 25.87 0.00 0.83 2.62 2.45 

RS2-16-MI-7 Unit 1 17.08 0.00 1.87 2.58 2.96 

RS2-16-MI-8 Unit 1 17.50 0.02 0.62 1.59 1.96 

RS2-16-MI-9 Unit 1 19.67 0.02 0.55 3.00 2.38 

RS2-16-MI-10 Unit 1 14.58 0.00 4.60 2.49 2.75 

RS2-16-MI-11 Unit 1 21.57 0.00 3.75 2.83 2.36 

RS2-16-MI-12 Unit 1 20.96 0.00 0.97 3.42 3.23 

RS2-16-MI-13 Unit 1 21.59 0.03 0.75 4.68 3.69 

RS2-16-MI-14 Unit 1 9.54 0.02 0.26 1.90 1.89 

RS2-16-MI-15 Unit 1 22.74 0.12 3.67 4.44 4.42 

RS2-16-MI-16 Unit 1 22.08 0.19 1.25 6.93 7.28 

RS2-16-MI-17 Unit 1 16.82 0.07 1.11 3.75 2.92 

RS2-16-MI-18 Unit 1 13.26 0.07 0.47 2.18 1.92 

RS2-16-MI-26 Unit 2 39.87 0.02 1.34 3.70 2.75 

RS2-16-MI-28 Unit 2  23.39 0.02 2.47 6.19 4.81 

RS2-16-MI-29 Unit 2 46.97 0.07 3.12 8.51 7.24 

RS2-16-MI-31 Unit 2 141.70 0.00 7.93 30.52 16.62 

RS2-16-MI-32 Unit 2 272.96 0.00 13.01 59.68 29.20 

RS2-16-MI-33 Unit 2 253.73 0.00 11.12 51.58 22.19 

RS2-16-MI-34 Unit 2 302.99 0.00 12.39 80.60 43.90 

RS2-16-MI-35 Unit 2 83.90 0.00 5.18 19.94 11.31 

RS2-16-MI-36 Unit 3 3.79 0.04 0.15 1.27 0.94 

RS2-16-MI-37 Unit 3 3.65 0.07 0.20 1.04 0.86 

RS2-16-MI-38 Unit 3 3.68 0.03 0.78 1.21 1.39 

RS2-16-MI-39 Unit 3 8.46 0.00 0.60 2.24 1.05 

RS2-16-MI-40 Unit 3 7.26 0.05 1.26 1.93 1.95 

RS2-16-MI-41 Unit 3 3.67 0.06 0.51 1.15 1.06 

RS2-16-MI-42 Unit 3 5.06 0.01 0.42 1.76 1.21 

RS2-16-MI-43 Unit 3 3.92 0.08 0.38 1.20 1.15 
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RS2-16-MI-44 Unit 3 3.03 0.06 0.75 0.91 1.39 

RS2-16-MI-45 Unit 3 3.36 0.09 0.35 1.02 1.14 

RS2-16-MI-46 Unit 3 2.92 0.00 0.58 0.89 0.99 

RS2-16-MI-47 Unit 3 2.33 0.01 0.34 0.62 1.05 

RS2-16-MI-48 Unit 3 3.07 0.03 0.42 0.96 1.27 

RS2-16-MI-49 Unit 3 3.69 0.03 0.69 1.22 1.09 

RS2-16-MI-51 Unit 4 6.99 0.00 0.21 1.60 1.14 

RS2-16-MI-53 Unit 4 8.71 0.38 1.41 2.63 1.18 

RS2-16-MI-54 Unit 4 8.53 0.08 0.25 2.82 0.92 

RS2-16-MI-55 Unit 4 10.62 0.13 0.52 2.59 2.88 

RS2-16-MI-56 Unit 4 4.92 0.11 3.08 1.56 1.16 

RS2-16-MI-57 Unit 4 4.30 0.04 6.60 1.24 1.33 

RS2-16-MI-59 Unit 4 3.84 0.06 0.36 1.19 0.97 

RS2-16-MI-60 Unit 4 3.60 0.26 0.27 1.21 1.00 

RS2-16-MI-61 Unit 4 5.56 0.00 0.07 1.97 0.50 

RS2-16-MI-62 Unit 4 4.67 0.16 1.09 1.45 1.57 

RS2-16-MI-63 Unit 4 7.41 0.08 2.98 1.95 1.84 

RS2-16-MI-64 Unit 4 14.65 0.22 0.77 3.75 3.70 
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Table A2   Major anions measurements results 

  Concentration (ppm) 

Sample ID Sample Unit Cl− SO4− NO3− 

RS1-16-16+17+18+19 RTL 1.96 205.29 5.47 

RS2-16-MI-1 Unit 1 1.08 18.35 0.21 

RS2-16-MI-2 Unit 1 1.39 17.18 0.19 

RS2-16-MI-3 Unit 1 1.10 9.36 0.09 

RS2-16-MI-4 Unit 1 1.66 11.44 0.15 

RS2-16-MI-5 Unit 1 1.45 42.22 0.04 

RS2-16-MI-7 Unit 1 2.64 23.71 0.19 

RS2-16-MI-8 Unit 1 1.62 14.56 0.04 

RS2-16-MI-9 Unit 1 1.10 27.84 0.02 

RS2-16-MI-10 Unit 1 5.14 27.27 0.13 

RS2-16-MI-11 Unit 1 4.29 29.82 0.13 

RS2-16-MI-12 Unit 1 1.74 33.23 0.23 

RS2-16-MI-13 Unit 1 1.47 34.54 0.20 

RS2-16-MI-14 Unit 1 1.14 15.80 0.15 

RS2-16-MI-15 Unit 1 4.53 34.95 0.01 

RS2-16-MI-16 Unit 1 8.28 25.39 0.80 

RS2-16-MI-17 Unit 1 1.96 21.52 0.02 

RS2-16-MI-18 Unit 1 1.17 17.63 0.01 

RS2-16-MI-26 Unit 2 1.79 42.09 0.02 

RS2-16-MI-28 Unit 2  1.88 34.33 0.17 

RS2-16-MI-29 Unit 2 3.40 60.90 3.69 

RS2-16-MI-31 Unit 2 0.56 452.54 0.03 

RS2-16-MI-32 Unit 2 0.65 988.20 2.77 

RS2-16-MI-33 Unit 2 0.62 864.88 0.79 

RS2-16-MI-34 Unit 2 1.67 1791.80 0.40 

RS2-16-MI-35 Unit 2 7.85 215.21 2.77 

RS2-16-MI-36 Unit 3 0.40 1.05 0.27 

RS2-16-MI-37 Unit 3 0.48 1.27 0.28 

RS2-16-MI-38 Unit 3 1.27 0.95 0.28 

RS2-16-MI-39 Unit 3 0.63 1.95 0.18 

RS2-16-MI-40 Unit 3 1.74 1.82 0.31 

RS2-16-MI-41 Unit 3 0.84 0.88 0.29 

RS2-16-MI-42 Unit 3 0.74 1.49 0.33 

RS2-16-MI-43 Unit 3 0.81 0.92 0.27 

RS2-16-MI-44 Unit 3 1.34 0.74 0.02 

RS2-16-MI-45 Unit 3 0.63 0.83 0.26 
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RS2-16-MI-46 Unit 3 1.03 0.79 0.13 

RS2-16-MI-47 Unit 3 0.84 0.67 0.01 

RS2-16-MI-48 Unit 3 0.95 1.06 0.23 

RS2-16-MI-49 Unit 3 1.06 0.89 0.01 

RS2-16-MI-51 Unit 4 0.71 3.97 0.18 

RS2-16-MI-53 Unit 4 1.54 2.06 0.00 

RS2-16-MI-54 Unit 4 0.59 1.69 0.01 

RS2-16-MI-55 Unit 4 1.53 5.33 0.03 

RS2-16-MI-56 Unit 4 3.08 1.35 0.16 

RS2-16-MI-57 Unit 4 6.23 2.08 0.24 

RS2-16-MI-59 Unit 4 0.77 0.77 0.24 

RS2-16-MI-60 Unit 4 0.66 0.94 0.01 

RS2-16-MI-61 Unit 4 0.35 1.22 0.03 

RS2-16-MI-62 Unit 4 1.59 2.22 0.05 

RS2-16-MI-63 Unit 4 3.38 5.61 0.02 

RS2-16-MI-64 Unit 4 1.33 20.44 0.04 

Note: Grayed values are below LOD    
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Table A3   Dissolved organic carbon (DOC) and δ13C measurements results 

Lab ID Sample ID 
Sample 
Unit 

DOC 
(ppm) δ13CDOC (‰) 

C-111354 RS1-16-16+17+18+19 RTL 30.15 -26.33 

C-111355 RS2-16-MI-1+2 Unit 1 4.53 -28.19 

C-111356 RS2-16-MI-3+4 Unit 1 4.3 -28.61 

C-111357 RS2-16-MI-5 Unit 1 1.83 -28.24 

C-111358 RS2-16-MI-7 Unit 1 3.72 -27.03 

C-111359 RS2-16-MI-8+9 Unit 1 4.15 -29.36 

C-111360 RS2-16-MI-10 Unit 1 2.67 -28.57 

C-111361 RS2-16-MI-11 Unit 1 3.16 -27.1 

C-111362 RS2-16-MI-12 Unit 1 3.23 -27.85 

C-111363 RS2-16-MI-13+14 Unit 1 4.2 -28.4 

C-111364 RS2-16-MI-15 Unit 1 4.82 -28.64 

C-111365 RS2-16-MI-16 Unit 1 4.38 -28.79 

C-111366 RS2-16-MI-17+18 Unit 1 6.16 -27.79 

C-111367 RS2-16-MI-26 Unit 2 4.37 -29.82 

C-111368 RS2-16-MI-27+28+29 Unit 2 8.4 -27.82 

C-111369 RS2-16-MI-31+32 Unit 2 6.31 -26.98 

C-111370 RS2-16-MI-33+34+35 Unit 2 5.51 -26.89 

C-111371 RS2-16-MI-36 Unit 3 3.09 -28.1 

C-111372 RS2-16-MI-37+38 Unit 3 3.14 -27.85 

C-111373 RS2-16-MI-39+40 Unit 3 4.91 -27.86 

C-111374 RS2-16-MI-41+42 Unit 3 4.21 -28.32 

C-111375 RS2-16-MI-43+44 Unit 3 4.77 -28.97 

C-111376 RS2-16-MI-45+46 Unit 3 4.33 -27.83 

C-111377 RS2-16-MI-47 Unit 3 3.42 -29.48 

C-111378 RS2-16-MI-48+49 Unit 3 3.83 -28.09 

C-111379 RS2-16-MI-51 Unit 4 2.54 -27.82 

C-111380 RS2-16-MI-53 Unit 4 3.92 -29.82 

C-111381 RS2-16-MI-54 Unit 4 5.07 -28.55 

C-111382 RS2-16-MI-56 Unit 4 4.1 -27.03 

C-111383 RS2-16-MI-57 Unit 4 3.12 -27.65 

C-111384 RS2-16-MI-59 Unit 4 3.32 -28.27 

C-111385 RS2-16-MI-60 Unit 4 6.36 -28.45 

C-111386 RS2-16-MI-61 Unit 4 1.84 -28.3 

C-111387 RS2-16-MI-62 Unit 4 6.23 -28.12 

C-111388 RS2-16-MI-63+64 Unit 4 5.75 -28.82 
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Table A4   Particle size analysis results 
       

Sample ID 
Sample 
Unit 

Size (µm) 

  

2,00
0 

1,67
4 

1,40
8 

1,18
4 

995.
5 

837.
1 

703.
9 

591.
9 

497.
8 

RS1_16_5 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_6 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_7 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_8 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_9 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_10 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_12 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 

RS1_16_15 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_16 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_20 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_19 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_21 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_18 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_14 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_17 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_13 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_19 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 

RS2_16_MI_20 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_21 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_22 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 

RS2_16_MI_24 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_25 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 

RS2_16_MI_30 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.38 

RS2_16_MI_31 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.23 

RS2_16_MI_32 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.43 

RS2_16_MI_33 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.39 

RS2_16_MI_34 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_35 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Sample ID 
Sample 
Unit 

Size (µm) 

  418.6 352.0 296.0 248.9 209.3 176.0 148.0 124.4 104.6 

RS1_16_5 TL 0.00 0.00 0.00 0.43 0.66 1.06 1.64 2.34 3.03 

RS1_16_6 TL 0.00 0.00 0.00 0.38 0.57 0.92 1.47 2.19 2.92 

RS1_16_7 TL 0.00 0.00 0.00 0.36 0.53 0.83 1.31 1.94 2.63 

RS1_16_8 TL 0.00 0.00 0.00 0.44 0.69 1.14 1.83 2.70 3.57 

RS1_16_9 TL 0.00 0.00 0.21 0.45 0.72 1.18 1.87 2.71 3.54 

RS1_16_10 TL 0.00 0.00 0.33 0.49 0.77 1.26 1.95 2.67 3.27 

RS1_16_12 TL 0.39 0.56 0.81 1.14 1.48 1.79 2.10 2.49 2.98 

RS1_16_15 RTL 0.37 0.51 0.70 0.92 1.12 1.30 1.46 1.69 2.04 

RS1_16_16 RTL 0.00 0.00 0.00 0.00 0.22 0.43 0.61 0.87 1.26 

RS1_16_20 RTL 0.00 0.00 0.35 0.44 0.55 0.68 0.85 1.09 1.46 

RS1_16_19 RTL 0.00 0.34 0.43 0.52 0.62 0.74 0.91 1.19 1.62 

RS1_16_21 RTL 0.00 0.23 0.42 0.50 0.59 0.68 0.81 1.02 1.38 

RS1_16_18 RTL 0.00 0.35 0.45 0.56 0.67 0.79 0.95 1.20 1.59 

RS1_16_14 RTL 0.00 0.00 0.12 0.26 0.47 0.62 0.83 1.12 1.52 

RS1_16_17 RTL 0.34 0.45 0.59 0.76 0.94 1.10 1.29 1.55 1.91 

RS1_16_13 RTL 0.32 0.42 0.57 0.76 0.97 1.19 1.44 1.77 2.20 

RS2_16_MI_19 RTL 0.41 0.57 0.78 1.01 1.21 1.35 1.50 1.70 2.03 

RS2_16_MI_20 RTL 0.21 0.42 0.55 0.72 0.88 1.06 1.27 1.56 1.97 

RS2_16_MI_21 RTL 0.39 0.53 0.73 0.97 1.18 1.35 1.51 1.75 2.09 

RS2_16_MI_22 RTL 0.48 0.69 0.98 1.26 1.45 1.52 1.58 1.73 2.04 

RS2_16_MI_24 RTL 0.21 0.42 0.56 0.72 0.90 1.09 1.32 1.64 2.12 

RS2_16_MI_25 RTL 0.38 0.52 0.71 0.93 1.13 1.31 1.50 1.76 2.16 

RS2_16_MI_30 Unit 2 0.53 0.76 1.05 1.28 1.32 1.22 1.08 0.99 0.98 

RS2_16_MI_31 Unit 2 0.44 0.60 0.79 0.95 1.00 0.99 0.97 1.00 1.09 

RS2_16_MI_32 Unit 2 0.63 0.94 1.32 1.61 1.65 1.47 1.27 1.16 1.17 

RS2_16_MI_33 Unit 2 0.55 0.80 1.09 1.30 1.33 1.23 1.13 1.11 1.17 

RS2_16_MI_34 Unit 2 0.00 0.24 0.42 0.50 0.55 0.60 0.66 0.76 0.93 

RS2_16_MI_35 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Sample ID 
Sample 
Unit 

Size (µm) 

  87.99 73.99 62.22 52.32 44.00 37.00 31.11 26.16 22.00 

RS1_16_5 TL 3.67 4.27 4.84 5.34 5.68 5.75 5.77 5.71 5.44 

RS1_16_6 TL 3.54 4.07 4.56 4.98 5.21 5.11 5.21 5.14 5.06 

RS1_16_7 TL 3.31 3.97 4.63 5.21 5.62 5.72 5.69 5.72 5.56 

RS1_16_8 TL 4.32 4.91 5.31 5.33 5.46 5.28 5.08 4.93 4.78 

RS1_16_9 TL 4.26 4.81 5.15 5.24 5.19 5.26 5.22 5.15 4.98 

RS1_16_10 TL 3.70 4.07 4.44 4.79 5.03 5.16 5.06 5.08 5.05 

RS1_16_12 TL 3.51 3.99 4.32 4.48 4.54 4.50 4.57 4.44 4.48 

RS1_16_15 RTL 2.54 3.17 3.82 4.37 4.70 4.64 4.81 4.75 4.64 

RS1_16_16 RTL 1.84 2.64 3.66 4.74 5.60 6.02 5.89 5.82 5.46 

RS1_16_20 RTL 2.01 2.77 3.70 4.65 5.40 5.79 5.65 5.63 5.30 

RS1_16_19 RTL 2.24 3.05 3.94 4.69 5.15 5.14 5.27 5.14 4.97 

RS1_16_21 RTL 1.91 2.61 3.43 4.24 4.88 5.25 5.15 5.23 5.02 

RS1_16_18 RTL 2.14 2.85 3.62 4.32 4.80 5.02 4.90 4.98 4.79 

RS1_16_14 RTL 2.10 2.87 3.82 4.77 5.51 5.71 5.82 5.50 5.09 

RS1_16_17 RTL 2.41 3.04 3.73 4.39 4.89 5.08 5.01 5.00 4.77 

RS1_16_13 RTL 2.73 3.34 3.93 4.45 4.82 4.94 4.87 4.89 4.69 

RS2_16_MI_19 RTL 2.49 3.03 3.58 4.04 4.34 4.50 4.59 4.42 4.56 

RS2_16_MI_20 RTL 2.53 3.20 3.91 4.49 4.84 4.78 4.94 4.80 4.66 

RS2_16_MI_21 RTL 2.57 3.15 3.73 4.22 4.55 4.72 4.61 4.75 4.62 

RS2_16_MI_22 RTL 2.51 3.10 3.69 4.16 4.43 4.31 4.50 4.39 4.29 

RS2_16_MI_24 RTL 2.80 3.69 4.66 5.50 5.91 5.89 5.70 5.24 4.75 

RS2_16_MI_25 RTL 2.70 3.34 3.98 4.49 4.79 4.71 4.87 4.80 4.63 

RS2_16_MI_30 Unit 2 1.04 1.15 1.32 1.56 1.87 2.24 2.66 3.12 3.59 

RS2_16_MI_31 Unit 2 1.23 1.41 1.62 1.85 2.11 2.39 2.71 3.06 3.43 

RS2_16_MI_32 Unit 2 1.28 1.46 1.69 1.95 2.23 2.54 2.87 3.24 3.60 

RS2_16_MI_33 Unit 2 1.30 1.44 1.61 1.81 2.05 2.35 2.70 3.09 3.49 

RS2_16_MI_34 Unit 2 1.20 1.56 2.04 2.63 3.28 3.93 4.53 5.05 5.43 

RS2_16_MI_35 Unit 2 0.33 0.38 0.45 0.56 0.72 0.94 1.25 1.65 2.13 
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Sample ID 
Sample 
Unit 

Size (µm) 

  18.50 15.55 13.08 11.00 9.25 7.78 6.54 5.50 4.62 

RS1_16_5 TL 5.04 4.58 4.14 3.78 3.51 3.32 3.15 2.97 2.78 

RS1_16_6 TL 4.90 4.62 4.26 3.93 3.68 3.52 3.40 3.31 3.19 

RS1_16_7 TL 5.28 4.88 4.45 4.06 3.75 3.52 3.33 3.14 2.94 

RS1_16_8 TL 4.60 4.36 4.08 3.79 3.54 3.33 3.15 2.99 2.83 

RS1_16_9 TL 4.70 4.35 4.00 3.70 3.46 3.27 3.11 2.97 2.81 

RS1_16_10 TL 4.86 4.58 4.23 3.91 3.65 3.46 3.30 3.16 3.00 

RS1_16_12 TL 4.26 3.96 3.68 3.48 3.37 3.33 3.31 3.29 3.24 

RS1_16_15 RTL 4.47 4.24 4.00 3.83 3.75 3.74 3.75 3.74 3.68 

RS1_16_16 RTL 5.05 4.65 4.33 4.14 4.05 4.03 4.01 3.95 3.84 

RS1_16_20 RTL 4.93 4.58 4.28 4.08 3.97 3.92 3.86 3.78 3.66 

RS1_16_19 RTL 4.73 4.44 4.17 3.99 3.90 3.88 3.86 3.82 3.74 

RS1_16_21 RTL 4.75 4.47 4.24 4.10 4.05 4.07 4.09 4.08 4.02 

RS1_16_18 RTL 4.54 4.28 4.07 3.96 3.96 4.01 4.07 4.10 4.06 

RS1_16_14 RTL 4.67 4.31 4.06 3.93 3.89 3.88 3.87 3.83 3.76 

RS1_16_17 RTL 4.50 4.23 3.98 3.81 3.72 3.72 3.74 3.75 3.71 

RS1_16_13 RTL 4.46 4.20 4.00 3.86 3.79 3.78 3.76 3.71 3.60 

RS2_16_MI_19 RTL 4.45 4.27 4.06 3.91 3.85 3.86 3.88 3.87 3.81 

RS2_16_MI_20 RTL 4.48 4.26 4.05 3.89 3.82 3.81 3.82 3.80 3.73 

RS2_16_MI_21 RTL 4.42 4.19 4.00 3.90 3.86 3.85 3.84 3.79 3.70 

RS2_16_MI_22 RTL 4.18 4.07 3.95 3.88 3.83 3.80 3.77 3.72 3.65 

RS2_16_MI_24 RTL 4.28 3.88 3.58 3.41 3.34 3.33 3.34 3.32 3.25 

RS2_16_MI_25 RTL 4.39 4.11 3.88 3.73 3.68 3.69 3.69 3.68 3.61 

RS2_16_MI_30 Unit 2 4.01 4.36 4.66 4.96 5.30 5.64 5.91 5.86 6.02 

RS2_16_MI_31 Unit 2 3.80 4.12 4.43 4.78 5.17 5.58 5.93 6.16 5.99 

RS2_16_MI_32 Unit 2 3.91 4.15 4.36 4.60 4.90 5.21 5.47 5.42 5.61 

RS2_16_MI_33 Unit 2 3.86 4.17 4.49 4.85 5.28 5.73 6.08 6.04 6.19 

RS2_16_MI_34 Unit 2 5.43 5.60 5.47 5.31 5.21 5.15 5.07 4.93 4.71 

RS2_16_MI_35 Unit 2 2.72 3.37 4.03 4.69 5.33 5.94 6.53 7.09 7.62 
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Sample ID 
Sample 
Unit 

Size (µm) 

  2.75 2.31 1.94 1.64 1.38 1.16 0.972 0.817 0.687 

RS1_16_5 TL 1.93 1.52 1.12 0.78 0.53 0.37 0.00 0.00 0.00 

RS1_16_6 TL 2.39 1.91 1.39 0.95 0.64 0.44 0.32 0.00 0.00 

RS1_16_7 TL 2.03 1.60 1.17 0.80 0.54 0.37 0.00 0.00 0.00 

RS1_16_8 TL 2.02 1.59 1.17 0.81 0.56 0.39 0.00 0.00 0.00 

RS1_16_9 TL 2.03 1.62 1.20 0.84 0.58 0.41 0.00 0.00 0.00 

RS1_16_10 TL 2.16 1.72 1.27 0.89 0.61 0.43 0.32 0.00 0.00 

RS1_16_12 TL 2.56 2.08 1.57 1.12 0.77 0.55 0.41 0.32 0.00 

RS1_16_15 RTL 2.87 2.32 1.74 1.23 0.86 0.60 0.45 0.35 0.00 

RS1_16_16 RTL 2.92 2.33 1.71 1.18 0.79 0.54 0.38 0.00 0.00 

RS1_16_20 RTL 2.74 2.21 1.66 1.19 0.83 0.59 0.44 0.34 0.00 

RS1_16_19 RTL 2.90 2.36 1.77 1.26 0.88 0.62 0.46 0.36 0.00 

RS1_16_21 RTL 3.14 2.54 1.90 1.34 0.92 0.64 0.47 0.37 0.00 

RS1_16_18 RTL 3.18 2.56 1.91 1.34 0.92 0.64 0.47 0.37 0.00 

RS1_16_14 RTL 2.95 2.40 1.79 1.27 0.87 0.61 0.45 0.35 0.00 

RS1_16_17 RTL 2.92 2.37 1.79 1.27 0.88 0.62 0.46 0.36 0.00 

RS1_16_13 RTL 2.75 2.22 1.67 1.18 0.81 0.57 0.42 0.33 0.00 

RS2_16_MI_19 RTL 2.95 2.40 1.81 1.28 0.89 0.63 0.47 0.37 0.00 

RS2_16_MI_20 RTL 2.91 2.37 1.78 1.27 0.88 0.62 0.46 0.36 0.00 

RS2_16_MI_21 RTL 2.85 2.30 1.71 1.20 0.82 0.57 0.42 0.33 0.00 

RS2_16_MI_22 RTL 2.87 2.34 1.77 1.26 0.88 0.63 0.47 0.37 0.31 

RS2_16_MI_24 RTL 2.51 2.03 1.53 1.09 0.76 0.54 0.40 0.31 0.00 

RS2_16_MI_25 RTL 2.78 2.24 1.68 1.19 0.82 0.58 0.43 0.33 0.00 

RS2_16_MI_30 Unit 2 4.40 3.34 2.32 1.50 0.95 0.62 0.43 0.32 0.00 

RS2_16_MI_31 Unit 2 4.60 3.53 2.45 1.59 1.01 0.66 0.46 0.34 0.00 

RS2_16_MI_32 Unit 2 4.11 3.16 2.21 1.45 0.93 0.61 0.43 0.33 0.00 

RS2_16_MI_33 Unit 2 4.14 3.04 2.03 1.27 0.78 0.50 0.34 0.00 0.00 

RS2_16_MI_34 Unit 2 3.28 2.53 1.79 1.20 0.79 0.53 0.38 0.00 0.00 

RS2_16_MI_35 Unit 2 7.58 6.38 4.80 3.29 2.16 1.42 0.98 0.72 0.56 
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Sample ID 
Sample 
Unit 

Size (µm) 

  0.409 0.344 0.289 0.243 0.204 0.172 0.145 0.122 0.102 

RS1_16_5 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_6 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_7 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_8 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_9 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_10 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_12 TL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_15 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_16 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_20 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_19 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_21 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_18 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_14 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_17 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS1_16_13 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_19 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_20 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_21 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_22 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_24 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_25 RTL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_30 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_31 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_32 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_33 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_34 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

RS2_16_MI_35 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Sample ID 
Sample 
Unit 

Size (µm) 
MV 
(µm) 

MN 
(µm) 

  

0.061
0 

0.051
0 

0.043
0 

0.036
0 

0.030
0 

0.025
5   

RS1_16_5 TL 0.00 0.00 0.00 0.00 0.00 0.00 34.92 2.03 

RS1_16_6 TL 0.00 0.00 0.00 0.00 0.00 0.00 32.71 1.78 

RS1_16_7 TL 0.00 0.00 0.00 0.00 0.00 0.00 32.37 2.04 

RS1_16_8 TL 0.00 0.00 0.00 0.00 0.00 0.00 36.68 2.01 

RS1_16_9 TL 0.00 0.00 0.00 0.00 0.00 0.00 37.18 1.99 

RS1_16_10 TL 0.00 0.00 0.00 0.00 0.00 0.00 36.10 1.76 

RS1_16_12 TL 0.00 0.00 0.00 0.00 0.00 0.00 43.06 1.49 

RS1_16_15 RTL 0.00 0.00 0.00 0.00 0.00 0.00 36.34 1.50 

RS1_16_16 RTL 0.00 0.00 0.00 0.00 0.00 0.00 24.35 1.77 

RS1_16_20 RTL 0.00 0.00 0.00 0.00 0.00 0.00 27.91 1.50 

RS1_16_19 RTL 0.00 0.00 0.00 0.00 0.00 0.00 29.84 1.49 

RS1_16_21 RTL 0.00 0.00 0.00 0.00 0.00 0.00 27.68 1.51 

RS1_16_18 RTL 0.00 0.00 0.00 0.00 0.00 0.00 29.32 1.51 

RS1_16_14 RTL 0.00 0.00 0.00 0.00 0.00 0.00 26.84 1.50 

RS1_16_17 RTL 0.00 0.00 0.00 0.00 0.00 0.00 34.33 1.49 

RS1_16_13 RTL 0.00 0.00 0.00 0.00 0.00 0.00 35.46 1.51 

RS2_16_MI_19 RTL 0.00 0.00 0.00 0.00 0.00 0.00 37.16 1.49 

RS2_16_MI_20 RTL 0.00 0.00 0.00 0.00 0.00 0.00 33.58 1.49 

RS2_16_MI_21 RTL 0.00 0.00 0.00 0.00 0.00 0.00 36.87 1.52 

RS2_16_MI_22 RTL 0.00 0.00 0.00 0.00 0.00 0.00 40.90 1.27 

RS2_16_MI_24 RTL 0.00 0.00 0.00 0.00 0.00 0.00 36.20 1.50 

RS2_16_MI_25 RTL 0.00 0.00 0.00 0.00 0.00 0.00 37.64 1.50 

RS2_16_MI_30 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 32.92 1.66 

RS2_16_MI_31 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 28.81 1.64 

RS2_16_MI_32 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 38.93 1.63 

RS2_16_MI_33 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 35.05 1.93 

RS2_16_MI_34 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 23.37 1.84 

RS2_16_MI_35 Unit 2 0.00 0.00 0.00 0.00 0.00 0.00 7.73 1.16 
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Sample ID 
Sample 
Unit 

SD Mz aI Ski Kg 10 
%tile 

20 
%tile 

         
RS1_16_5 TL 29.84 30.76 31.68 0.54 1.17 3.62 6.54 

RS1_16_6 TL 29.00 28.71 30.63 0.58 1.15 3.11 5.40 

RS1_16_7 TL 27.26 28.30 29.08 0.54 1.17 3.51 6.20 

RS1_16_8 TL 32.72 32.80 33.69 0.55 1.07 3.52 6.36 

RS1_16_9 TL 33.03 32.97 34.25 0.56 1.09 3.48 6.33 

RS1_16_10 TL 32.22 31.47 34.35 0.60 1.20 3.28 5.83 

RS1_16_12 TL 37.44 34.48 43.70 0.67 1.43 2.86 4.97 

RS1_16_15 RTL 29.01 27.40 36.42 0.67 1.61 2.69 4.43 

RS1_16_16 RTL 20.34 21.25 21.29 0.52 1.07 2.77 4.48 

RS1_16_20 RTL 22.21 22.75 24.75 0.56 1.23 2.75 4.56 

RS1_16_19 RTL 23.95 23.70 27.07 0.60 1.27 2.66 4.37 

RS1_16_21 RTL 21.90 21.71 25.01 0.61 1.30 2.57 4.10 

RS1_16_18 RTL 23.55 22.87 27.29 0.64 1.35 2.56 4.06 

RS1_16_14 RTL 22.20 22.54 24.07 0.55 1.15 2.65 4.33 

RS1_16_17 RTL 26.94 25.92 33.21 0.64 1.54 2.65 4.36 

RS1_16_13 RTL 28.81 27.51 34.46 0.65 1.48 2.76 4.59 

RS2_16_MI_19 RTL 29.63 27.46 38.18 0.70 1.73 2.63 4.30 

RS2_16_MI_20 RTL 27.04 25.88 32.35 0.65 1.45 2.65 4.36 

RS2_16_MI_21 RTL 29.62 27.79 37.36 0.68 1.65 2.72 4.47 

RS2_16_MI_22 RTL 32.26 29.45 43.18 0.71 1.85 2.61 4.34 

RS2_16_MI_24 RTL 28.42 28.59 33.27 0.56 1.35 2.90 5.03 

RS2_16_MI_25 RTL 30.08 28.44 37.43 0.66 1.58 2.74 4.55 

RS2_16_MI_30 Unit 2 18.32 16.92 37.61 0.82 4.31 2.37 3.36 

RS2_16_MI_31 Unit 2 17.62 16.28 31.37 0.82 3.45 2.31 3.26 

RS2_16_MI_32 Unit 2 25.87 22.35 45.44 0.85 3.70 2.41 3.48 

RS2_16_MI_33 Unit 2 21.70 19.41 40.21 0.84 3.94 2.53 3.56 

RS2_16_MI_34 Unit 2 16.22 16.90 20.45 0.65 1.65 2.68 4.07 

RS2_16_MI_35 Unit 2 5.09 6.23 6.15 0.63 1.58 1.67 2.27 
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Sample ID 
Sample 
Unit 

50 
%tile 

60 
%tile 

70 
%tile 

80 
%tile 

90 
%tile 

95 
%tile 

        
RS1_16_5 TL 22.13 29.93 40.46 55.97 84.34 113.10 

RS1_16_6 TL 19.37 27.17 38.01 53.54 81.30 108.60 

RS1_16_7 TL 20.35 27.60 37.39 51.45 77.35 104.40 

RS1_16_8 TL 22.79 32.15 44.35 61.41 89.48 116.80 

RS1_16_9 TL 22.73 31.73 44.21 61.70 90.76 119.40 

RS1_16_10 TL 20.60 28.99 40.67 58.63 91.33 122.70 

RS1_16_12 TL 20.52 30.16 44.24 65.84 110.80 166.90 

RS1_16_15 RTL 16.84 24.48 35.26 51.56 88.77 146.60 

RS1_16_16 RTL 15.61 21.73 29.26 39.12 55.94 75.42 

RS1_16_20 RTL 16.27 22.71 30.87 41.92 62.93 92.01 

RS1_16_19 RTL 15.96 22.76 31.73 44.46 67.96 101.50 

RS1_16_21 RTL 14.47 20.79 29.05 40.63 62.79 94.64 

RS1_16_18 RTL 14.67 21.38 30.37 43.18 67.98 104.20 

RS1_16_14 RTL 16.04 22.75 30.86 41.90 61.94 87.51 

RS1_16_17 RTL 16.66 23.99 33.85 48.43 81.08 132.10 

RS1_16_13 RTL 17.33 25.00 35.61 51.57 85.86 134.40 

RS2_16_MI_19 RTL 15.97 23.47 34.43 51.77 92.78 156.10 

RS2_16_MI_20 RTL 16.35 23.78 33.92 48.87 79.78 126.20 

RS2_16_MI_21 RTL 16.74 24.37 35.30 52.21 91.46 150.80 

RS2_16_MI_22 RTL 16.66 24.94 36.96 55.68 105.00 180.40 

RS2_16_MI_24 RTL 20.77 28.81 38.69 52.56 82.18 127.80 

RS2_16_MI_25 RTL 17.67 25.60 36.75 53.49 91.39 149.70 

RS2_16_MI_30 Unit 2 8.20 11.58 17.21 29.08 85.48 189.60 

RS2_16_MI_31 Unit 2 7.85 11.14 16.83 28.69 68.46 150.70 

RS2_16_MI_32 Unit 2 9.22 13.61 21.25 38.82 119.30 216.40 

RS2_16_MI_33 Unit 2 8.55 12.24 18.76 33.43 93.92 195.70 

RS2_16_MI_34 Unit 2 11.29 15.43 21.22 30.25 50.32 83.41 

RS2_16_MI_35 Unit 2 4.43 5.65 7.45 10.39 16.64 25.06 
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Table A5   Stable water isotopes analysis results 
 

Sample ID Sample Unit δD (‰) δ18O (‰) D-Excess (‰) 

RS1-16-5 TL -170.06 -21.84 4.67 

RS1-16-6 TL -158.60 -20.48 5.21 

RS1-16-7 TL -158.26 -20.41 4.99 

RS1-16-8 TL -157.78 -20.52 6.38 

RS1-16-16 RTL -158.39 -20.64 6.74 

RS1-16-17 RTL -156.54 -20.38 6.50 

RS1-16-18 RTL -174.22 -22.68 7.24 

RS1-16-19 RTL -173.19 -22.36 5.72 

RS2-16-MI-1 Unit 1 -233.22 -29.70 4.40 

RS2-16-MI-2 Unit 1 -231.30 -29.51 4.77 

RS2-16-MI-3 Unit 1 -228.62 -29.01 3.46 

RS2-16-MI-4 Unit 1 -230.29 -29.46 5.38 

RS2-16-MI-5 Unit 1 -234.70 -30.01 5.38 

RS2-16-MI-7 Unit 1 -235.82 -30.17 5.52 

RS2-16-MI-8 Unit 1 -241.34 -31.05 7.08 

RS2-16-MI-9 Unit 1 -240.70 -30.93 6.70 

RS2-16-MI-10 Unit 1 -239.20 -30.68 6.28 

RS2-16-MI-11 Unit 1 -236.03 -30.29 6.30 

RS2-16-MI-12 Unit 1 -236.43 -30.42 6.91 

RS2-16-MI-13 Unit 1 -238.34 -30.40 4.89 

RS2-16-MI-14 Unit 1 -240.22 -30.77 5.96 

RS2-16-MI-15 Unit 1 -238.69 -30.74 7.24 

RS2-16-MI-16 Unit 1 -242.50 -31.18 6.95 

RS2-16-MI-17 Unit 1 -236.11 -30.24 5.82 

RS2-16-MI-18 Unit 1 -232.04 -29.67 5.28 

RS2-16-MI-26 Unit 2 -232.54 -29.70 5.05 

RS2-16-MI-27 Unit 2 -228.99 -29.07 3.59 

RS2-16-MI-28 Unit 2 -235.38 -30.01 4.73 

RS2-16-MI-29 Unit 2 -245.55 -31.33 5.08 

RS2-16-MI-31 Unit 2 -242.96 -30.87 4.02 

RS2-16-MI-32 Unit 2 -240.53 -30.56 3.99 

RS2-16-MI-33 Unit 2 -238.61 -30.46 5.06 

RS2-16-MI-34 Unit 2 -234.65 -29.36 0.22 

RS2-16-MI-35 Unit 2 -227.23 -28.69 2.30 

RS2-16-MI-36 Unit 3 -224.02 -28.14 1.10 

RS2-16-MI-37 Unit 3 -223.55 -28.19 1.95 

RS2-16-MI-38 Unit 3 -222.67 -28.01 1.40 
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RS2-16-MI-39 Unit 3 -222.52 -27.88 0.53 

RS2-16-MI-40 Unit 3 -223.36 -27.94 0.18 

RS2-16-MI-41 Unit 3 -223.85 -28.18 1.60 

RS2-16-MI-42 Unit 3 -218.45 -27.30 -0.02 

RS2-16-MI-43 Unit 3 -223.21 -28.15 2.01 

RS2-16-MI-44 Unit 3 -220.51 -27.64 0.62 

RS2-16-MI-45 Unit 3 -222.75 -27.80 -0.38 

RS2-16-MI-46 Unit 3 -222.63 -27.87 0.36 

RS2-16-MI-47 Unit 3 -219.87 -27.48 -0.04 

RS2-16-MI-48 Unit 3 -220.34 -27.47 -0.54 

RS2-16-MI-49 Unit 3 -222.11 -27.87 0.87 

RS2-16-MI-51 Unit 4 -239.97 -31.13 9.09 

RS2-16-MI-53 Unit 4 -246.08 -31.98 9.80 

RS2-16-MI-54 Unit 4 -239.68 -31.01 8.37 

RS2-16-MI-55 Unit 4 -230.75 -29.47 5.01 

RS2-16-MI-56 Unit 4 -238.64 -30.96 9.08 

RS2-16-MI-57 Unit 4 -240.95 -31.27 9.23 

RS2-16-MI-59 Unit 4 -243.05 -31.50 8.97 

RS2-16-MI-60 Unit 4 -241.48 -31.30 8.91 

RS2-16-MI-61 Unit 4 -247.06 -31.90 8.14 

RS2-16-MI-62 Unit 4 -244.21 -31.69 9.28 

RS2-16-MI-63 Unit 4 -242.41 -31.13 6.60 

RS2-16-MI-64 Unit 4 -238.37 -30.65 6.87 
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Table A6   Loss on ignition (LOI) procedure results 
   

Sample ID 
Sample 
Unit 

LOI105 
(g) 

LOI550 
(g) 

LOI950 
(g) 

Moisture 
(%) 

Organic 
Matter 
(%) 

Organic 
Carbon 
(%)a 

Carbonates 
(%) 

RS1-16-1 TL 0.43 0.39 0.40 3.25 92.17 46.09 0.19 

RS1-16-2 TL 0.29 0.27 0.28 4.27 94.48 47.24 0.28 

RS1-16-3 TL 0.37 0.35 0.35 3.87 94.14 47.07 0.30 

RS1-16-4 TL 0.70 0.57 0.57 2.89 80.71 40.36 0.40 

RS1-16-5 TL 4.77 0.62 0.65 0.42 12.59 6.30 0.77 

RS1-16-6 TL 5.62 0.49 0.53 0.35 8.46 4.23 0.79 

RS1-16-7 TL 6.16 0.71 0.75 0.32 11.25 5.63 0.81 

RS1-16-8 TL 4.93 0.89 0.92 0.45 17.62 8.81 0.80 

RS1-16-9 TL 4.89 0.67 0.70 0.37 13.47 6.74 0.83 

RS1-16-10 TL 4.45 0.92 0.95 0.52 20.25 10.13 0.82 

RS1-16-12 TL 2.15 0.28 0.30 0.49 12.77 6.39 0.90 

RS1-16-13 RTL 1.35 0.12 0.13 0.44 8.50 4.25 1.55 

RS1-16-14 RTL 3.82 0.30 0.35 0.25 7.74 3.87 1.63 

RS1-16-15 RTL 3.70 0.21 0.27 0.24 5.57 2.79 2.00 

RS1-16-16 RTL 3.22 0.18 0.22 0.29 5.24 2.62 1.88 

RS1-16-17 RTL 6.09 0.38 0.49 0.04 6.28 3.14 2.34 

RS1-16-18 RTL 3.51 0.21 0.27 0.01 5.90 2.95 2.52 

RS1-16-19 RTL 3.59 0.18 0.26 0.02 5.02 2.51 2.92 

RS1-16-19 RTL 3.37 0.15 0.21 0.16 4.29 2.15 2.59 

RS1-16-20 RTL 2.71 0.14 0.20 0.08 4.92 2.46 3.19 

RS1-16-21 RTL 3.99 0.23 0.31 0.05 5.75 2.88 2.80 

RS2-16-MI-19 RTL 2.39 0.12 0.17 0.11 4.82 2.41 3.08 

RS2-16-MI-20 RTL 2.37 0.13 0.18 0.14 5.24 2.62 3.20 

RS2-16-MI-21 RTL 3.62 0.18 0.26 0.12 4.89 2.45 2.96 

RS2-16-MI-22 RTL 1.47 0.13 0.19 0.21 8.62 4.31 5.21 

RS2-16-MI-23 RTL 3.09 1.05 1.10 0.04 33.95 16.98 2.29 

RS2-16-MI-24 RTL 3.47 0.17 0.24 0.06 4.76 2.38 2.87 

RS2-16-MI-25 RTL 3.38 0.17 0.24 0.09 4.89 2.45 2.92 

RS2-16-MI-30 Unit 2 2.78 0.14 0.21 0.40 4.78 2.39 3.31 

RS2-16-MI-31 Unit 2 2.49 0.12 0.19 0.35 4.55 2.28 3.95 

RS2-16-MI-32 Unit 2 2.82 0.14 0.22 0.37 4.76 2.38 3.63 

RS2-16-MI-33 Unit 2 3.15 0.17 0.25 0.82 4.58 2.29 3.35 

RS2-16-MI-34 Unit 2 2.73 0.13 0.20 0.72 4.05 2.03 3.42 

a Obtained from the organic matter content using a conversion factor of 2 (Pribyl, 2010).   
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APPENDIX B: A.E. LALONDE AMS LABORATORY RESULTS 
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APPENDIX C: EXTERNAL DATA 

Table C1   Radiocarbon dates used in Fig. 6.1 

Lab ID 

 14C Age 
(yr BP) cal yr BPb 

Median 
cal yr 
BP 

Material 
type Source 

TO-8890 150±50 286-56(78.2%) 150 Organics Lacelle et al., 2004 

TO-8891 270±50 479-269(81.3%) 341 Organics Lacelle et al., 2004 

TO-8895 350±50 499-308(95.4%) 400 Organics Lacelle et al., 2004 

TO-8893 350±50 499-308(95.4%) 400 Organics Lacelle et al., 2004 

TO-8898 790±50 796-658(95.1%) 716 Organics 
Lacelle, Bjornson and Lauriol, 
2010 

TO-8892 2040±50 2128-1887(95.4%) 2002 Organics Lacelle et al., 2004 

TO-8896 4230±60 4883-4569(94.2%) 4744 Organics 
Lacelle, Bjornson and Lauriol, 
2010 

TO-8899 6820±60 7786-7575(95.4%) 7657 Organics 
Lacelle, Bjornson and Lauriol, 
2010 

TO-8888 8120±70 9288-8858(91%) 9071 Organics Lacelle et al., 2004 

TO-8887 8180±70 9320-8997(92.2%) 9144 Organics Lacelle et al., 2004 

TO-8894 8240±70 9414-9027(95.4%) 9216 Organics Lacelle et al., 2004 

UOC-
3457-
3460a 

− − 9498.3 Organics This study 

TO-8889  8560±70 9688-9443(95.4%) 9536 Peat Lacelle et al., 2004 

TO-8897  9070±80 
10439-
10120(83.9%) 

10236 Organics Lacelle et al., 2004 

a Mean of four samples taken from a buried organics section at Roger Thaw Slump (see Appendix B) 

b Calibration was achieved using OxCal v4.3 (Bronk Ramsey, 2017) and the IntCal13 calibration curve 
(Reimer et al., 2013). 
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APPENDIX D: R CODE 

Code 1: Basic code for box plots 

> #Import data 

> Data=read.csv(file.choose()) 

> #View data 

> Data 

> #Plot 

> boxplot(Data) 

 

Code 2: Basic code for line plot with trendline 

> #Import data 

> Data1=read.csv(file.choose()) 

> Data2=read.csv(file.choose()) 

> Data3=read.csv(file.choose()) 

> DataAv=read.csv(file.choose()) 

> #View data 

> Data1 

> Data2 

> Data3 

> DataAv 

> #Plot 3 lines 

> plot(Data1$X,Data1$Y) 

> lines(Data2$X,Data2$Y) 

> lines(Data3$X,Data3$Y) 

> #Add trendline based on average of 3 data sets 

> lines(DataAv$X,DataAv$Y,col="NA") 

> abline(lm(Data$Y~Data$X)) 

 

Code 3: Adding a linear regression line 

> #Import data 

> Data=read.csv(file.choose()) 

> #View data 

> Data 

> #Add linear regression 

> fit_Data<- glm(Data$Y~Data$X) 
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> co_Data<-coef(fit_Data) 

> abline(fit_Data, col="#7A8B8B") 

> #View regression coefficients 

> co_Data 

 

Code 4: Calculating Pearson product-moment correlation coefficient 

> #Calculate Pearson correlation coefficient 

> cor_Data<-cor.test(Data$X, Data$Y) 

> #View Pearson correlation coefficient 

> cor_Data 


