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Abstract 

High Arctic meromictic lakes are frequently used to generate detailed records of 

past environmental variability within their sedimentary profiles.  However, without 

detailed analyses of sedimentation influences over time, their paleoclimate 

records cannot be accurately interpreted.  This thesis presents a comprehensive 

examination of the sedimentology and paleoenvironmental records of meromictic 

Lake A, Ellesmere Island (83°00’N, 75°30’W), including detailed analysis of the 

sedimentary history, development and evaluation of several paleoclimate 

records. 

The sedimentary record was primarily composed of clastic material but 

varying inputs of authigenic components from biological and chemical processes 

in the water column resulted in a complex history of lake sedimentation.  Under 

chemically stratified conditions during the past millennium, annual laminae 

(varves) formed and were used to develop a sedimentary chronology.  

Sedimentary pellets were most likely formed by ice-rafting processes and were 

deposited during high melt years in this perennially ice-covered lake.  The pellet 

frequency record indicated that the twentieth century contained the most frequent 

reduced ice cover summers during the past millennium, although the 1500s and 

1600s were also inferred warm periods.  Comparison with instrumental climate 

data indicated that varve thickness was primarily related to late summer and 

autumn snowfall in the previous year, which highlighted the importance of snow 

availability in spring rather than melt energy in sediment transfer to the lake in 

this non-glacial catchment.  The varve thickness and grain size records 
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suggested increased flow competency and autumn snowfall particularly during 

the late-1000s to early-1100s and first half of the 1900s. Paleoenvironmental 

records from Lake A corresponded well with many regional proxy records and 

provided a long-term framework within which to examine observed environmental 

change along the northern Ellesmere Island coast during the past century.   

Finally, these analyses would not have been possible without obtaining 

high quality sediment cores.  This research also investigated the effectiveness of 

a gel seal method for preserving the fragile sediment-water interface during 

transport and its results could be useful for other sediment core studies. 
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Statement of originality 

This research contributes to understanding complex sedimentology within 

meromictic lakes in Arctic environments and the late Holocene climate history of 

the northernmost part of Canada.  The sediments of Lake A were found to be a 

complex combination of clastic, biogenic and chemical deposits.  While many 

studies have been conducted on each of these three lake sedimentation 

influences, rarely have the multiple sediment constituents been considered 

together in detail to reconstruct a lake’s history.  Chapter 3 provides a 

comprehensive analysis of Lake A’s sedimentary record that incorporates the 

clastic, biogenic and chemical sedimentary components.   

Chapter 4 introduces a new type of proxy record from lacustrine sediments 

that can be used to analyse past ice cover variability and, by extension, melt 

season temperatures.  The frequency of sedimentary pellets within the Lake A 

sedimentary record was used to develop a record of ice cover changes during 

the past millennium.  This novel methodology has the potential to be used in 

other Arctic perennially ice-covered lakes since similar pellets have been 

observed in two similar neighbouring lakes (Lakes B and C2).   

Chapter 5 investigates the various methodologies that have been used to 

develop varve chronologies from Arctic lakes and describes a new methodology 

that was used for Lake A’s sediments.  The Lake A varve thickness record 

provides a record of August to October cumulative snowfall, which is one of only 

two in the High Arctic.  This record highlights the importance of amount of snow 
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available for melt rather than melt energy in determining spring discharge and 

sediment transport in an unglacierized catchment.   

Chapter 2 describes a new and effective technique for protection of the 

surface sediments of unfrozen sediment cores during transport from a field site to 

the laboratory.  The uppermost sediments are the most fragile, due to their high 

moisture content, and may be disturbed by many traditional methods of 

packaging cores for transport.  The method discussed in Chapter 2 involves the 

use of a sodium polyacrylate powder to form a gel seal over the sediment 

surface.  This technique was found to be effective at protecting the sediment 

surface, preserving fine sediment structure (< 0.2 mm) and not hindering 

common sedimentological laboratory analyses.  This method could benefit 

researchers studying sediments who require cores to remain intact for 

subsequent laboratory analyses.  Please note that this chapter is formatted in the 

style of the journal in which it is currently in press (Journal of Paleolimnology).        
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Glossary of uncommon terms 
 
The following is a list of uncommon terms that are used in this thesis and their 
definitions, as used in this research. 

Chemocline  
The chemocline is a zone of rapid change in chemical composition (dissolved 
solutes) within the water column of a meromictic lake (Ludlam, 1996). 
 
Epilimnion  
The epilimnion is the upper layer of water in a lake that undergoes the most 
mixing during ice-free conditions (Smith and Ashley, 1985). 
 
Euxinic  
Euxinic conditions occur when lake or sea bottom waters are not only anoxic but 
also contain dissolved hydrogen sulphide (H2S; Lyons, 1997). 
 
High Arctic  
The Canadian High Arctic region encompasses the northernmost area of Canada 
and is defined, by some, based on vegetation as the most extreme growing 
environment in Canada with sparse vegetation covering.  The High Arctic is 
generally defined as being north of 75 ºN (Polunin, 1951).  
 
Hypolimnion  
The hypolimnion is the lowest layer of water in a lake and is typically composed 
of relatively cold water that is largely undisturbed by wind and wave action (Smith 
and Ashley, 1985). 
 
Ice shelf  
An ice shelf is a floating sheet of ice that is attached to a coastline by grounded 
ice.  In the Arctic, it is formed by multi-year landfast sea ice, basal accretion, 
snow accumulation and, sometimes, glacier inputs (Vincent et al., 2001). 
 
Interflow  
An interflow is a plume of water that moves across a lake along the zone of 
stratification (e.g., thermocline, chemocline), as its density is greater than that of 
the epilimnion but less than hypolimnion water due to temperature and 
suspended sediment concentration (Smith and Ashley, 1985). 
 
Meromictic lake  
A meromictic lake is a body of water that is chemically stratified with minimal to 
no mixing between upper (mixolimnion) and bottom (monimolimnion) waters, thus 
creating a monimolimnion that is isolated from the atmosphere (Ouellet et al., 
1989). 
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Mesothermic  
Mesothermic conditions occur when a lake has a single thermal maximum within 
the middle of the water column (Ludlam, 1996). 
 
Mixolimnion  
The mixolimnion is the upper water unit of a meromictic lake that undergoes 
some degree of vertical mixing each year due to wind-induced mixing and 
freshwater inputs.  In chemically stratified lakes, it forms a freshwater cap 
overlying the saline monimolimnion (Ouellet et al., 1989). 
 
Monimolimnion  
The monimolimnion is the lowest layer of water within a meromictic lake and is 
typically anoxic and isolated from mixing with the lake’s mixolimnion (Ludlam, 
1996). 
 
Overflow  
An overflow is a plume of water that enters a lake from an inflowing stream and 
moves across the lake within the epilimnion, as its density is not greater than the 
epilimnion (Smith and Ashley, 1985). 
 
Proxy record  
A proxy record is data used to examine a process or phenomena when 
instrumental or direct measurements are not available or cannot be obtained 
(Kemp, 1988). 
 
Pyrite  
Pyrite is a precipitate (FeS2) formed from precursor iron monosulphides and is a 
common authigenic deposit in sediments and sedimentary rocks (Berner, 1970). 
 
Thermocline  
The thermocline is a zone of rapid temperature change within a lake’s water 
column that separates the typically warmer epilimnion above and colder 
hypolimnion below (Smith and Ashley, 1985). 
 
Underflow  
An underflow is a plume of water that moves across a lake bottom after entering 
a lake from an inflowing stream because its density is greater than that of the 
water in the epilimnion or hypolimnion (Smith and Ashley, 1985). 
 
Varve  
A varve is a sedimentary unit representing one year of deposition in a lacustrine 
or marine environment, including varying degrees of clastic and biogenic inputs 
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depending on the depositional environment (Zolitschka, 2006; Tomkins et al., 
Chapter 3).  The classic varve structure is a silt (melt season) unit overlain by a 
clay (winter) cap (de Geer, 1912). 
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Chapter 1: General Introduction 

Introduction 

The Arctic is an integral part of the global climate system.  It controls the 

thermal gradient between equatorial regions and the North Pole, and greatly 

influences atmospheric circulation in the Northern Hemisphere (ACIA, 2005).  

This region has some of the harshest environments on Earth, with mean annual 

temperatures reaching as low as -18°C (Alert, Ellesmere Island, Nunavut; 

Environment Canada, 2008) and most areas classified as being within a polar 

desert due to extremely low precipitation (Maxwell, 1981).  However, long-term 

climatic variability in this region is not well documented due to limited 

instrumental meteorological data that usually extend back at most to the 1940s 

from a sparse network of mostly coastal meteorological stations (Bradley, 1990; 

Przybylak, 2000).   

Notable warming has been observed during recent decades at many 

Arctic meteorological stations outside of the Baffin Bay area, although the 

seasonality of these changes varies spatially (Przybylak, 2000; Serreze et al., 

2000).  Coincident with these changes in temperature have been recent changes 

to the region’s landscape and sea ice cover.  Arctic Ocean seasonal sea ice 

coverage continues to decline rapidly (Stoeve, 2005), most Arctic glaciers have 

experienced negative mass balances since AD 1940 (Dowdeswell et al., 1997) 

and Arctic ice shelves continue to degrade and shrink (Vincent et al., 2001; 

Mueller et al., 2003; Braun et al., 2004; Copland et al., 2007).  Moreover, in the 

past decade, lakes thought to have perennial ice covers (e.g., Lakes A and B, 
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Ellesmere Island) have experienced ice-off events and years with small mobile 

residual ice pans by the end of summer, which suggests a change towards 

seasonal ice covers (Van Hove et al., 2006; D. Mueller, pers. commun. 2007).  

Furthermore, these changes and their linkages to documented climate warming 

have come to the forefront of scientific, environmental and political agendas with 

focuses on causes of observed warming and future climate scenarios based on 

human activities and known natural climate forcing mechanisms (e.g., IPCC, 

2007).  The Intergovernmental Panel on Climate Change (IPCC, 2007) has 

shown the circumpolar Arctic to be the area projected to have the highest 

increases in temperature in modelled scenarios of future climate and the Arctic 

Climate Impact Assessment (ACIA, 2005) has documented observations of 

changes already occurring in the region due to changing temperatures and 

seasonality.  Significant feedback effects are predicted to further propagate 

warming through lowered sea and land albedo as sea ice, glaciers, ice caps and 

snow cover are reduced (ACIA, 2005). 

The response of Arctic terrestrial, lacustrine and marine environments to 

recent observed changes are beginning to be documented but their future 

trajectory is uncertain without full knowledge of how they have responded to past 

climate fluctuations.  Therefore, recent documented changes must be placed into 

the context of long-term variability of climate processes and their forcing 

mechanisms through examination of proxy (indirect) records of climate and 

hydrology (Zolitschka, 1996).  Few high-resolution proxy records exist in the 

Arctic but information down to the sub-annual scale can be ascertained from 
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annually-laminated (varved) lacustrine sediments and some ice cores.  While ice 

core records often have exceptionally long records of climatic variability (e.g., 

Koerner, 1977; Fisher and Koerner, 1994), they are available in only a few 

locations.  Lakes are ubiquitous in the Arctic, covering 10% of the landscape 

(Ouellet and Pagé, 1989), and many have the necessary conditions for annually 

laminated structures (varves) to form and be preserved (Bradley et al., 1996).  

These sedimentary records have the potential to provide extensive chronologies 

of climatic variability in the region, in addition to information on the aquatic 

environmental responses to changes in hydrology, limnology and ecology.     

Increasing attention to developing climate reconstructions using varve 

thickness records from Arctic lakes has developed in recent decades as interest 

in the Arctic and its modern landscape changes have occurred (e.g., Lamoureux 

and Bradley, 1996; Hughen et al., 2000; Moore et al., 2001, Smith et al., 2004).  

Suspended sediment input to Arctic lakes is usually related to snowpack or 

discharge energy (e.g., Lewkowicz and Wolfe, 1994; Hardy, 1996; Forbes and 

Lamoureux, 2005), although sediment supply and various stream channel 

controls may affect the nature of the relationship (e.g., Threlfall, 1987).  Despite 

these limitations, varve thickness has been used successfully to reconstruct 

climate and hydrological processes over time in many Arctic locations (e.g., 

Lamoureux, 2000; Hughen et al., 2000).   

While the information from these varve thickness studies has been 

important for understanding long-term Arctic climate variability, particularly during 

the past few centuries (e.g., Overpeck et al., 1997), relatively few studies have 
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involved detailed examinations of sedimentology, which is integral for 

understanding any climate signal that may be interpreted from a varve thickness 

record (e.g., Zolitschka, 1996; Lewis et al., 2007).  Some process studies have 

been conducted (e.g., Retelle and Child, 1996), while others have examined 

physical properties and sedimentary structures within varve records (e.g., 

Lamoureux and Bradley, 1996).  Detailed sedimentological analyses, involving 

investigations of not only physical components of the sedimentary record, but 

also constituents from biological and chemical processes within a lake are 

uncommon but have the potential to provide extensive information on a lake’s 

history. 

Meromictic lakes composed of trapped sea water underlying a freshwater 

cap are uncommon in the Arctic but can be found along some coastlines where 

either isostatic rebound or ice shelf development isolated the lake basins from 

ocean waters to form the stratified lakes (Bradley et al., 1996; Van Hove et al., 

2006).  Some of these lakes are found on the northern coast of Ellesmere Island 

where their limnology, in addition to near-perennial ice covers and harsh climatic 

conditions, make them among the most unusual and extreme lacustrine 

environments in the world.  Similar lakes are only found in parts of Antarctica 

(e.g., Vestfold Hills, Gibson, 1999) and northern Greenland (Vincent et al., in 

press).  Anoxia and hydrogen sulphide in the lower saline waters 

(monimolimnion), supersaturation of oxygen in the fresh upper waters 

(mixolimnion), strong reducing conditions and the persistent attenuation  of solar 

insolation  by ice cover contribute to the unusual limnology and ecology of these 
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lakes (Doran et al., 2004; Vincent et al., in press).  Not surprisingly, the 

sedimentology of these lakes is complex and involves inputs of clastic and 

authigenic deposits (Tomkins et al., Chapter 3).  The calm, anoxic environment of 

these lakes’ monimolimnia is also conducive to the formation and preservation of 

fine sedimentary structures, including varves.  Their sedimentary records 

therefore have the potential to provide high-resolution information on 

hydrological, climatic and, possibly, ice cover variability over time (e.g., Bradley 

et al., 1996).  These records are particularly important, given recent changes to 

ice shelves (Vincent et al., 2001; Mueller et al., 2003, Copland et al., 1997) and 

ponds and lakes (Antoniades et al., 2005 and 2007) on northern Ellesmere Island 

that have been attributed to observed warming in the area (based on data from 

Alert; Environment Canada, 2008).   

This doctoral research examines the history of one remarkable meromictic 

lake environment at the northern edge of the Canadian High Arctic through its 

sedimentary record.  The study site, Lake A, Ellesmere Island (unofficial name; 

83°00’N, 75°30’W), has been examined for its unusual limnology (e.g., 

Hattersley-Smith et al., 1970; Jeffries et al., 1984; Ludlam, 1996; Van Hove et al., 

2006) but its sediments have not been analysed for their potential to provide 

paleoenvironmental information.  This study is designed to address some 

research gaps (e.g., detailed sedimentology) while also exploring the wealth of 

information available from the sediments regarding lake formation and 

development, the varying importance of physical, biological and chemical 
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processes on sedimentation over time and climate signals recorded in the 

sedimentary record.  

 

Research focus and objectives 

 This research aimed to develop further understanding of the sedimentary 

environments of and climate processes in the Canadian High Arctic through long-

term records of their variability and forcing mechanisms.  The hypothesis of this 

study was that the Lake A sedimentary record would provide a long-term (> 2000 

year) history of lake sedimentation that could be used to develop high-resolution 

hydroclimate records for the study region and analyse causes for variability in 

these records over time.  Collaborative investigations into the lake’s limnology 

and microbial communities by the research group lead by Dr. W.F. Vincent, 

(Université Laval), provide a crucial understanding of the limnological influences 

on the sedimentary record.  Field and data analysis methodologies were also 

examined to develop improved techniques for transport of sediment cores without 

damage to the surface sediments to enable the development high-quality varve 

chronologies with multiple cores.   

The objectives of this research were to: 

1. Analyse the sedimentology of Lake A to identify influences on sedimentation in 

the lake and changes over time;  
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2. Develop annual-resolution records of climate and catchment hydrology 

extending as far into the past as possible through varve thickness measurements 

and sedimentological analyses; 

3. Examine variability within these records and identify causes for these changes 

over time, particularly during the past 200 years when human activity has most 

influenced global climate; 

4. Combine the results with limnological and biological data from Lake A 

developed by colleagues at Université Laval to develop a more comprehensive 

perspective of environmental change in the study area over time; and 

5. Extend the results at Lake A to other proxy records to examine regional 

climate signals and sedimentation processes in similar lakes. 

 

Thesis outline 

This thesis is composed of an introduction, four chapters presenting the research 

results, a general discussion and appendices.  Original data from most laboratory 

analyses and corresponding figures are documented within the appendices.  

The first research chapter (Chapter 2) describes a field method to 

preserve the fragile sediment-water interface of sediment cores during transport 

from the study site to the laboratory.  The effects of the gel seal used to protect 

the core tops on subsequent laboratory analyses are also investigated.  

Chapter 3 examines Lake A’s sedimentology, including its clastic, biogenic 

and chemical precipitate components.  This chapter provides the sedimentary 
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history of the lake and provides a basis for examining the paleoenvironmental 

records within the sediments.   

Chapter 4 explores a new type of proxy record from Lake A’s annually-

laminated uppermost sediments.  The origin of sediment aggregates or “pellets” 

is examined, followed by the development of a pellet frequency record that 

reflects ice cover variability on the lake over time.  This record is compared with 

temperature and paleoecological records from other High Arctic lakes to examine 

regional signals.   

Chapter 5 examines the varve thickness and grain size records from Lake 

A’s varved uppermost sediments.  These records are used to examine late 

summer to autumn snowfall variability in the area during the past millennium and 

are compared to regional paleoclimate records.    

 

Study site 

Lake setting  

 Lake A (unofficial name, 83°00’N, 75°30’W) is located on the northern 

coast of Ellesmere Island in Nunavut within Quttinirpaaq National Park (Figure 1).  

The lake is situated at 4 m above sea level (a.s.l.), has a surface area of 4.9 km2 

and lies within a high-relief (up to 800 m a.s.l.), unglacierized, 37 km2 catchment.  

The lake consists of a single, glacially-overdeepened basin centred in the 

southern part of the lake, with a maximum known depth of 128 m.  The largest 

inlet is located on the eastern shore and forms a delta extending into the lake.  

Prior to reaching the delta, this stream is deeply incised into the bedrock.  This  
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Figure 1: Lake A bathymetry (in metres), catchment physiography (relief in 
metres above sea level, after NTS mapsheets 340 E/15 and 340 H/02 (1: 
50,000), Department of Energy, Mines and Resources Canada, 1992) and 
sampling locations.  The lake’s location relative to the Ward Hunt Ice Shelf, 
regional lakes and meteorological records at Alert, Nunavut, is also indicated 
(inset maps). 
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stream drains the eastern part of the catchment and smaller streams drain the 

slopes that surround the lake.  A second lake, Lake B (unofficial name), is 

located within the catchment, immediately south of Lake A and drains into it via 

the second-largest inlet to the lake on the south shore.  The single outlet from 

Lake A is located on the northeast shore, and passes through a rock sill before it 

drains into Rambow Bay.  This sill prevents subsurface transfer of water between 

Lake A and the Arctic Ocean (Jeffries and Krouse, 1985).  Rambow Bay is 

isolated from the Arctic Ocean by the 3000-4000 year old Ward Hunt Ice Shelf, 

which is the Arctic’s largest remaining ice shelf (Lemmen et al., 1988; Vincent et 

al., 2001).   

 

Lake formation processes 

 Lake A is one of only 12 lakes known in the Canadian Arctic archipelago 

that are composed of anoxic, saline water (monimolimnion) trapped below a 

freshwater or low salinity cap (mixolimnion; Van Hove et al., 2006).  Most of 

these lakes are coastal and formed when post-glacial isostatic rebound isolated 

former bays of the Arctic Ocean above sea level, effectively trapping sea water in 

the basins (Jeffries et al., 1984).  The former Ellesmere ice shelf complex may 

also have influenced the isolation of northern Ellesmere Island coastal lakes (i.e., 

Lakes A, B, C1, C2 and C3), causing stratification within the lakes prior to their 

reaching sea level through isostatic rebound (Bradley et al., 1996).  These lakes 

are at different stages of freshening but the chemical stratification in Lake A is 

highly stable (Hattersley-Smith et al., 1970).  However, freshwater inputs in lakes 
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with less stable stratification can eventually dilute the saline water and freshen 

the lake (Hattersley-Smith et al., 1970).   

 

Limnology 

Although Lake A is also temperature-stratified, salinity is the dominant 

influence on density and, thus, stratification in Lake A (Hattersley-Smith et al., 

1970).  The lake’s oxycline is abrupt with oxygen levels dropping from 

supersaturated levels within the mixolimnion (261% in May 1993; Ludlam, 1996) 

to no oxygen below 13 m.  Mixolimnion oxygen maxima were recorded as 17.5 

g·L-1 at 2.5 m water depth in May 2005 and 18.5 g·L-1 immediately below the ice 

cover in May 2006 (W.F. Vincent, pers. comm., 2007).  The chemocline is more 

gradual, with the concentration of various solutes increasing substantially 

between 10 and 30 m (Jeffries et al., 1984; Ludlam, 1996).  The temperature 

maximum in the lake is typically located at 15-17 m in spring and has varied only 

slightly among the profiles taken by various researchers (e.g., ~7°C in May 1970 

(Hattersley-Smith et al., 1970), 8.28°C in May 1982 (Jeffries et al., 1984), 8.90°C 

in May 1993 (Ludlam, 1996), 8.35°C in May 2005, and 8.41°C in May 2006 (W.F. 

Vincent, pers. comm. 2007).   

The temperature profile within this lake, as well as many other High Arctic 

meromictic lakes, is mesothermic (containing one peak at depth; Ludlam, 1996).  

The single thermal maximum is created by increased absorption of solar energy 

within the transition from freshwater to saline water and is maintained by stable 

stratification that prevents mixing with cooler surrounding waters (Ouellet et al., 
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1989; Ludlam, 1996).  Below the chemocline, the saline monimolimnion water 

has been reported in all studies as 4°C with salinity near that of sea water 

(~31‰).  Conversely, temperature and salinity within the mixolimnion has varied, 

depending on ice cover changes.  In years after low ice cover and related mixing 

events, salinity has decreased in the freshwater cap and isohaline conditions 

have occurred (Van Hove et al., 2006).   

An unusual feature of Lake A is its near-perennial ice cover, which has 

been reported in the literature as ~2 m thick since the lake’s discovery 

(Hattersley-Smith et al., 1970; Jeffries et al., 1984; Van Hove et al., 2006).  A 

moat (< 25 m wide) typically forms around the shoreline in summer and refreezes 

in winter.  However, in August 2000, for the first time since Lake A began to be 

monitored, RADARSAT-1 imagery showed that the lake became ice-free, except 

for one small ice pan, during the melt season (D. Mueller, pers. comm., 2007).  

Other reduced ice years occurred in 2003 and 2006 and showed mobile ice pans 

within open water (D. Mueller, pers. comm., 2007).  In 2005 and 2006, mean ice 

thickness was approximately 1.54 m (n = 8) and 1.25 m (n = 11), respectively.   

Lake A has a light transmission level of 73.8% at 11 m in May 1993 

(Ludlam, 1996), but < 0.005% of incident irradiance reached 20-45 m depth 

through the lake’s 2 m ice cover and 50 cm snow cover in June 1999 (Belzile et 

al., 2001).   Ice cover thickness controls light penetration into the water column 

and, subsequently affects levels of photosynthesis (Wharton et al., 1993).  

Oxygen concentrations in the mixolimnion are influenced by the permanent ice 

cover, which limits exposure of the surface waters to the atmosphere.  Biological 
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activity within the mixolimnion, aerated runoff from the catchment and oxygen 

exclusion from the ice cover each may enhance oxygen concentrations (Wharton 

et al., 1993; Ludlam, 1996). However, seasonal changes in the oxygen profile in 

northern Ellesmere Island lakes suggest that gas exclusion from the ice is not a 

dominant control on mixolimnion oxygen supersaturation (Ludlam, 1996).   

Due to the wide ranges of temperatures, salinities, oxygen levels and light 

availability within the water column, Lake A has an unusual assemblage of 

biological communities.  For example, picocyanobacteria are present, anaerobic 

green sulphur bacteria exist near the top of the monimolimnion (Belzile et al., 

2001; Van Hove et al., 2006) and iron-reducing bacteria are also present at 29 m 

and create a thin depth interval of iron-rich water (Van Hove et al., 2006).  Green 

sulphur bacteria require anoxia and only minimal amounts of light to grow 

through photolithotrophic metabolism, which involves fixation of carbon dioxide 

with sulphur or sulphide as an electron donor for anaerobic photosynthesis 

(Overmann, 2001).  In lakes such as Lake A, sulphur-reducing bacteria within the 

monimolimnion convert sulphate to sulphide, which produces hydrogen sulphide 

to be used by green sulphur bacteria (Noffke, 2003).   

 

Climate 

Lake A lies within a polar desert climate, with an extremely low mean 

annual temperature (-18°C at Alert, Nunavut, 175 km east) and low annual 

cumulative precipitation (154 mm at Alert; Environment Canada, 2008).  

Temperature data from nearby Ward Hunt Island (15 km north, operated by 
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Parks Canada (1995-2005) and Centre d’Études Nordiques, Université Laval 

(2005-2007)) indicate that local temperatures are, on average, 1.2°C  lower than 

at Alert and the seasonal mean temperatures in both records are highly and 

significantly correlated (Veillette et al., in prep.).  This local data also indicate that 

only July and August have mean temperatures above freezing, although 

individual days above 0°C are found in June through August.  As no local 

precipitation records are available, the record from Alert indicates that most 

precipitation in the area falls as snow during June through November.  Surface-

based temperature inversions are also prevalent in the area during both winter 

(Maxwell, 1981) and summer (Hardy, 1996).  Additionally, flooding of persistent 

sea ice near Lake A during the summer causes frequent stratus cloud cover and 

fog conditions (Maxwell, 1981).   

 

Catchment geology, vegetation and geomorphology 

The catchment lies within the Challenger Mountains on the Marvin 

Peninsula and is within the Pearya geological province (Trettin, 1987, 1991).  

The upper Ordovician M’Clintock Formation, which is composed of pyroclastic 

and volcanic flow rocks with limestone inclusions, underlies the catchment 

(Okulitch, 1991).  Continuous permafrost and the cold climate limit vegetation to 

only herbaceous tundra varieties growing in sparse patches and having limited 

species diversity (Edlund and Alt, 1989; Hodgson, 1991).  Slumping is evident on 

steep slopes on the northeast side of Lake A and around Lake B.  Sediment 

availability is low in this catchment, as most of the landscape is covered by 
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coarse, frost-shattered bedrock debris and no glaciers are present to generate 

finer material for transport to the lake.   

 

Glacial history of the catchment 

Deglaciation after the last glacial maximum began in the Lake A area ca. 

9560 BP (years before AD 1950) and regional glaciers were at their current 

positions ca. 7200 BP (Lemmen, 1989).  Major ice flow from the Challenger 

Mountains during the Last Glacial Maximum was directed north towards Lake A 

on the Marvin Peninsula and glacial fluvial deposits are present just west of the 

Lake A catchment (Geological Survey of Canada, 1966).  Marine limit within the 

catchment was at least 72 m a.s.l. (where a marine limit delta is present) and was 

reached before ca. 8600 BP (Lemmen, 1989).  The main inlet to Lake A was 

once a meltwater channel (Lemmen, 1989) and a glacial trimline is also present 

along the hills bordering the eastern edge of Lake A, indicating past glacier 

presence within the valley.  The Geological Survey of Canada (1966) first noted 

this trimline but did not determine the direction of glacier flow.  Lemmen (1989) 

identified ice flow directed into the Lake A embayment from the east moving 

towards the northwest.  Field observations in 2005 and 2006 also corroborated 

this assertion.   

 

Rationale for study area 

Given the main objectives of this research, involving the development of 

long-term, annual-resolution records of climatic and hydrological variability in the 
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High Arctic, Lake A was promising location to study, as its features suggested 

that its sedimentary record would be varved.  Previous work on the lake’s 

sedimentary record also indicated that the lake had annual laminae and a priori 

knowledge of the sediments and bathymetry in Lake A aided in selecting coring 

sites for this study.   Research at this site also permitted collaboration with Dr. 

Warwick Vincent, Dr. Dermot Antoniades and other colleagues at Université 

Laval through their investigations of limnology and ecological variability at Lake 

A, nearby fiords and the Ward Hunt Ice Shelf.  This research was complementary 

to the sedimentological work at Lake A.  Their results proved to be integral to 

understanding the sedimentology of the lake and, thus, greatly benefitted overall 

research in this thesis.  
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Abstract 
 
We describe a method for preserving the upper sediments of fragile sediment 

cores during transport from field sites and assess potential effects on subsequent 

laboratory analyses.  This method addresses the need to minimize disturbance to 

the surfaces of unfrozen sediment cores used for paleoenvironmental or other 

high-resolution sedimentological analyses during transport.  A polymer gel 

(sodium polyacrylate) applied above the sediment surface acts as a barrier to 

movement while also preserving surface undulations.  The gel seal can preserve 

even exceptionally fine sedimentary structures (< 0.2 mm) in the upper 

sediments of lacustrine and fiord sediment cores, but may react with organic 

material (e.g. algal mats) present on some sediment surfaces.  This reaction 

creates an adhesive layer at the gel’s base but it can be handled effectively 

during sampling.  The gel seal minimizes surface deformation and preserves 

surficial sediments better than traditional seals made of water-absorbent floral 

foam, wax or paper towel.  In addition to permitting detailed sedimentary and 

subfossil investigations of the sediment-water interface, this method shows no 

detectable effects on measurements of total organic carbon or total nitrogen 

values in the sediment.  This method is inexpensive, non-hazardous and 

applicable to many coring systems and sediment types.  
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Introduction 
 
Collecting high-quality sediment cores is necessary for developing accurate and 

reliable data to be used for environmental reconstructions from lacustrine and 

marine environments.  Recent environmental change is an important topic of 

research in paleolimnology, and the recovery of undisturbed surface sediment 

cores is especially important for analysing modern environmental changes.  

However, in most settings, the uppermost sediments have a relatively low bulk 

density and high water content that increase their susceptibility to even minor 

disturbance (Glew et al. 2001).  As such, a major challenge associated with 

sampling soft lacustrine and marine sediments is retrieving sediment cores with 

intact and undisturbed sediment-water interfaces.  If cores are not subsampled in 

situ, shipment to the laboratory without damage to the surface sediments can 

present significant challenges (Glew et al. 2001; Lamoureux 2001).  While 

freezing may be one option to stabilize the sediments, many high-resolution 

physical and chemical analyses performed on sedimentary records require 

undisturbed and unfrozen sediments, and the freezing process may induce 

significant disturbance through ice crystal growth.  Minimal surface sediment 

disturbance is especially important for geochronological analyses of 

radioisotopes (e.g. 210Pb or 137Cs) and for determining annual lamina (varve) 

chronologies (Lamoureux 2001), as these records are often the primary 

chronological bases for paleoenvironmental analysis.   

Many researchers have developed and tested coring techniques for 

retrieving undisturbed surface sediments (e.g. Blomqvist 1985; Leonard 1990; 
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Blomqvist 1991; Fisher et al. 1992), but techniques for preserving the core tops 

during transport have not frequently been reported.  In most coring techniques 

that preserve the sediment-water interface, water is removed from the core tube 

above the sediment surface immediately after retrieval to prevent mixing at the 

sediment-water interface.  Additionally, cores are often stored vertically in an 

above-freezing location, to further minimize the potential for disturbance.  Cores 

can dewater during this time, which allows the upper sediments to consolidate 

more and become less susceptible to disturbance during subsequent transport.  

However, there is often insufficient time available in the field for dewatering and, 

therefore, other methods of preparing the sediment-water interface for transport 

are necessary.  While water-absorbing floral foam has been used successfully to 

minimize disturbance, it can leave room for the sediment to move as the 

sediment continues to dewater and it does not aid in the preservation of surface 

undulations.  This foam may also shift during transport and thereby disturb 

surface sediments.  Similarly, paper towel or other solid, water-absorbent media 

placed between the sediment surface and the tube seal may absorb moisture but 

can also disturb the surface sediments and any void space can create the 

potential for sediment movement. 

In this study, a technique using a gel seal above the sediment surface was 

evaluated as a way to minimize surface sediment disturbance during sediment 

core transport from field sites without compromising the structural and chemical 

integrity of the sedimentary record.  This method was briefly mentioned by Glew 

et al. (2001) but its effectiveness has not been evaluated.  This procedure is 
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intended for intact preservation of the sediment surface when unfrozen sediment 

cores are required.   

The gel seal method 

We report here on the effectiveness of sodium polyacrylate, a non-toxic, gel-

forming agent, for core surface preservation.  It is generally available in various 

forms from medical suppliers as an absorbent of biomedical spills.  In our study, 

we used Zorbitrol® Plus Superabsorbent Polymer (Ulster Scientific Incorporated, 

New Paltz, NY), which is a sodium polyacrylate powder that can absorb many 

times its weight in water (Lukens Medical Corporation 1996).  In our laboratory 

test, 100 mg of this powder was sufficient to absorb up to 25 ml of distilled water 

while maintaining a thick consistency.  The gel began to lose its structural 

integrity if more water was added.   

To examine its effectiveness in preservation of the sediment-water 

interface, sodium polyacrylate was used on eleven lacustrine (Lake A, 83°00’N, 

75°30’W) and five fiord sediment cores (Disraeli Fiord, 82°52’N, 73.30’W; 

Markham Fiord, 82°56’N, 71°05’W; and Ayles Fiord, 82°40’N, 78°45’W) collected 

along the northern coast of Ellesmere Island, Nunavut, Canada, during May and 

June of 2006 (site descriptions and maps are given in Van Hove et al. (2006) and 

Mueller et al. (2006)).  These cores were returned to the field camp from sample 

locations via helicopter.  The intact cores were then transported by air and land to 

laboratories over 4000 km away at Queen’s University (Kingston, ON) and 

Université Laval (Québec, QC) for fine-scale sampling (1 mm) and thin section 

preparation, among other analyses.   
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The sediment cores were collected using messenger-operated gravity and 

percussion coring systems (Aquatic Research Instruments, Hope, ID).  The cores 

were taken from water depths of 11 – 82 m (Lake A), 48 – 140 m (Disraeli Fiord), 

43 – 127 m (Markham Fiord) and 80 m (Ayles Fiord).  After coring, the corer was 

carefully removed, the tube bottom was sealed and holes were made in the core 

tube above the sediment-water interface with an awl to release the overlying 

water slowly.  At least 2-3 cm of water was retained in the core tube in order to 

prevent disturbance of the sediment-water interface.  While holding the core 

vertical and still, a sufficient amount of sodium polyacrylate was added to the 

core tube to absorb the water and form a stiff gel that moulded to the surface 

contours of the sediment sample within 1-2 minutes.  To determine the amount of 

sodium polyacrylate required to absorb the water, approximately 1 g of powder 

was initially added and observed as the gel formed.  If the gel did not have 

sufficient viscosity after 1-2 minutes, additional sodium polyacrylate was added 

until a thick gel seal developed.  After formation of the gel seal, a small amount of 

dry sodium polyacrylate was added on the top to absorb any water released 

during transport to the field camp, and the top of the core tube was capped and 

sealed with tape.  This on-site addition of sodium polyacrylate allowed for the 

removal of excess water from the core tube without disturbing the uppermost 

sediments and preserved the form of the sediment-water interface.   

The cores were stored vertically in the field camp and allowed to dewater 

for up to one week.  During this time, more sodium polyacrylate was added, as 

necessary, by sprinkling powder on top of the gel seals to thicken them as 
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dewatering occurred.   Just prior to shipping, extra dry powder (approximately 

500 mg) was sprinkled on top to absorb any water released during transport from 

the field camp to the laboratory.  Loosely bunched paper towel filled any 

remaining space between the top of the gel and the core cap and the cap was 

taped securely to the tube.  The additions of sodium polyacrylate in the field 

camp prior to shipping were for maintenance of thick gel seals and to reduce the 

risk of damage to the sediment-water interfaces due to water released from the 

cores during travel to the laboratory.  Ten lacustrine sediment cores were 

transported vertically to Queen’s University and one lacustrine and all fiord 

sediment cores were transported horizontally to Université Laval in protective 

cases.   

Physical influences on the upper sediments 

Thin sections (embedded sediment slabs) are sometimes used for detailed 

sedimentological studies, and particularly for varved sedimentary records 

(Lamoureux 2001).  Undisturbed surface sediments are necessary for varved 

sediment studies not only to obtain good thin sections, but also to compare varve 

chronologies to dated instrumental or proxy climate records.  Without the 

uppermost varves, the sediment chronology does not have an accurate starting 

year and cannot be easily compared to other records.  In this study, thin sections 

were used to assess the effectiveness of sodium polyacrylate in preventing the 

disturbance of surficial sediment laminae during transport.  Based on previous 

work at the study lake, our lacustrine sedimentary cores were known to have 
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extremely thin varve structures (< 0.2 mm).  These fragile units were particularly 

useful for the purposes of this study.  

In the laboratory, the sediment cores were split lengthwise and the gel 

seal was carefully removed from the sediment surface.  The only problem in 

removing the gel arose in cores that had organic material at the sediment 

surface.  The organic material appeared to react to the gel, creating a stiff, 

adhesive gel layer (2-3 mm thick) at the bottom of the gel seal.  The overlying gel 

was removed easily but the adhesive gel layer had to be handled carefully during 

sampling.  For thin section preparation, the adhesive gel layer was cut carefully 

such that a thin unit of the layer remained in the uppermost thin section of each 

affected core.  Thin sections were made following the methods of Lamoureux 

(1994, 2001), which involved dehydrating the samples in acetone and embedding 

them in a single application of Spurr’s low viscosity epoxy resin under low 

vacuum.  The residual gel did not adversely affect polymerization of the epoxy 

resin.  When sampling for other analyses, sediment grains attached to the base 

of the adhesive gel layer were carefully scraped off and added to the uppermost 

sediment sample.  As such, the adhesive gel layer could be handled 

appropriately for different analyses without compromising the sampling process.  

Cores that had clastic material at the sediment surface (i.e. minimal organic 

material, no algal mats) did not form an adhesive gel layer and had no 

discernable disturbance due to the gel seal.   

No sediment-water interface can be preserved perfectly and, given the 

exceptionally fine structure of the lacustrine cores used in this study, all cores 
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showed some disturbance at the surface induced by the coring process.  

However, only two of the nine lacustrine sediment cores that were subsampled 

for thin section preparation showed disturbance (mixed sediments to 7 and 20 

mm, respectively) that hindered thin section analyses.  The gel seal, however, did 

not appear to be the cause of the disturbances, as no gel was incorporated into 

the sediment.  Thin section analyses suggested that the fine laminae in the 

lacustrine sedimentary record were likely disturbed by the coring process or by 

handling before the addition of sodium polyacrylate.  The remaining cores had 

intact microlaminae (mean thickness < 0.3 mm in the uppermost 2 cm) and could 

be cross-correlated at the surface, indicating minimal disturbance (Fig 1).  The 

slight disturbances evident in the surface sediments of these cores involved small 

areas of mixing or deformed lamina that did not inhibit thin section analyses.  The 

gel seal also preserved uneven surfaces, although settling throughout the core 

permitted some flattening over time (Fig 1).  In some cores with irregular tops, 

void spaces extended down the side of the core tubes.  Gel formed in these 

voids when sodium polyacrylate was added to the cores and, thus, preserved the 

spaces and prevented surface sediments from shifting into the voids during 

transport.  Additionally, the fiord cores and single lacustrine core that were 

transported horizontally generally showed little to no surface disturbance, based 

on thin section (lacustrine core) and core face (fiord cores) analyses.  Although 

slight deformation was apparent at the top of the lacustrine sediment core, it did 

not hamper thin section examination. 
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Fig. 1 Backlit thin section scans (2400 dpi) from two cores from 2006 cores 
(scale bar = 5 mm).  (a) Surface undulations were preserved and microstructures 
(< 0.2 mm) were not substantially affected by the gel seal.  (b) Both coarse and 
fine surface deposits were not notably disturbed 
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During core collection at the same lake in 2005 with the same coring 

equipment, we used water-absorbent floral foam to protect the sediment surface.  

These cores were disturbed by subsequent transport substantially more than 

those capped with sodium polyacrylate, and five of the seven thin-sectioned 

cores showed notable disturbance (mixing and deformation) in the top 7 to 29 

mm that hindered thin section analyses.   

Chemical influences on the upper sediments 

Carbon and nitrogen levels are often measured in the sedimentary profile to 

examine relative levels of aquatic and terrestrial productivity over time (Meyers 

and Teranes 2001).  To determine if the addition of sodium polyacrylate had an 

effect on sediment carbon and nitrogen levels, total organic carbon (TOC) and 

total nitrogen (TN) measurements were conducted.  A sediment sample (~4 g) 

was taken from 5 - 5.5 cm depth in one of the 2006 lacustrine sediment cores 

and was mixed and halved.  This sampling depth was chosen because it was 

considered to be too deep for influence by the gel seal and it would be 

representative of the laminated upper sedimentary record.  Approximately 5 mg 

of sodium polyacrylate, mixed with 1.5 ml of distilled water, was added to one half 

of the sample and the other half remained untreated.  Additionally, TOC and TN 

measurements were taken throughout two cores taken from the same area of the 

study lake in 2005 (floral foam seal) and 2006 (gel seal) to examine potential 

chemical influences of the gel seal on the upper sediments.  All samples were 

pretreated with dilute hydrochloric acid (2N) for 24 hours to remove carbonates 
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and thoroughly rinsed with distilled water before measurement in a Leco CNS-

2000 analyser.   

The control and treated samples from 5 – 5.5 cm depth showed no 

substantial difference in their TOC and TN levels (Table 1).  The difference 

between each set of values was within the measurement error range and 

indicated negligible influence by the gel seal.  The TOC and TN profiles revealed 

some differences between the 2005 and 2006 cores but no trends were evident 

to suggest substantial changes in these chemical constituents towards the top of 

the 2006 core, where the gel seal would have had the most influence (Fig 2).  

The upper sediments of the 2006 core showed slightly lower levels of TOC and 

TN than the 2005 core, and, hence, the gel seal did not cause any organic 

enrichment.  The deviations in the profiles may have been due to slight offsets in 

depths between the cores, surface sediment disturbance in the 2005 core or 

variations in organic sedimentation at each core location.   

Although the gel seal did not appreciably alter the carbon and nitrogen 

components of the sedimentary record, replicate testing should be conducted to 

confirm these initial results.  The influence of sodium polyacrylate on other 

common paleoenvironmental analyses remains yet to be verified.  This 

preservation technique is particularly useful for field work in remote locations 

where transport may be lengthy, but it is applicable to many situations where 

sediment surface preservation is important for modern environmental change 

analyses.   
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Table 1 Summary of TOC and TN analyses of the treated and control samples.  
The ranges of measurement error for TOC and TN are also shown.  They are 
based on two standard deviations (2σ) from the mean TOC and TN values of 
standard blank (empty) samples (TOC, n = 95; TN, n = 101) (L. Cameron, pers. 
commun.)  

Sample treatment TOC (%) TN (%) 

Gel seal (treated sample) 2.07 0.13 

No gel seal (control sample) 
 

2.01 
 

0.13 
 

 
Analyser error range (2σ) 
 

 
0.03 – 0.10

 

 
-0.04 – 0.05 
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Fig. 2 (a) TOC and (b) TN profiles from the upper sediments of 2006 (black lines) 
and 2005 (grey lines) cores obtained from the same area of Lake A.  The 2006 
core had a gel seal and the 2005 core had water-absorbing floral foam as a core 
tube seal.  The 2005 core’s sampling depths were adjusted to corresponding 
depths in the 2006 core using marker beds 
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Abstract 

The sedimentology of coastal meromictic Lake A, Ellesmere Island (83°00’N, 

75°30’W), was investigated in detail to understand the linkages between the 

extreme environment of the lake and its sedimentary features.  Four sedimentary 

facies were identified within the sedimentary record that represented stages of 

the lake’s development from a marine embayment to a meromictic lake 

environment.  Despite low ecosystem productivity, both clastic and biogenic 

materials contributed substantially to the lake’s sedimentology.  Highly seasonal 

sedimentation, pervasive ice cover, and anoxia in the saline bottom waters 

(monimolimnion) acted to preserve annual sedimentary units (varves) within the 

upper part of the sedimentary record.  Sediment texture was predominantly silt 

and clay but the irregular presence of sand (including in the most recent 

sediments) indicated past episodes of higher energy stream discharge to the 

lake.  Oxygen incursions into the chemocline may have caused bacteria die-out 

and provided elemental sulphur for reaction with ferrous iron and hydrogen 

sulphide to form iron sulphides (e.g., pyrite) that were deposited in the sediments.  

Millimetre-scale pellets were also a conspicuous feature in the sediments and 

were interpreted to result from littoral sediment transport by mobile ice pans.  

Many of the most notable sedimentary features of Lake A, including 

microlaminae, iron-rich deposits, ovoid clay structures and coarse pellets, were 

also evident in other High Arctic meromictic lakes, particularly those on the 

northern coast of Ellesmere Island.  These similarities and the important biogenic 
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component identified in Lake A suggest that processes in these sedimentary 

environments that are more complex than previously thought. 

 

Introduction 

Permanently stratified (meromictic) lakes located in polar regions are some of the 

most extreme lacustrine environments on Earth.  Many high latitude meromictic 

lakes are coastal, and formed primarily due to glacioisostatic rebound (e.g., 

Lakes A, C1, C2 and C3, Nunavut (unofficial names; Bradley et al., 1996), and 

lakes in the Vestfold Hills, Antarctica (Gibson, 1999)).  These former marine 

embayments contain trapped sea water and receive seasonal freshwater runoff 

from the surrounding landscape (Gallagher et al., 1989; Bradley et al., 1996; 

Gibson, 1999; Van Hove et al., 2006).  Therefore, High Arctic meromictic lakes 

are composed of a fresh, oxygenated upper unit (mixolimnion) overlying a saline, 

anoxic monimolimnion (Bradley et al., 1996; Gibson, 1999). 

In the monimolimnia, anoxia, strong reducing conditions, high 

concentrations of hydrogen sulphide and, in some cases, hypersalinity, limit the 

biota to bacteria that can withstand such harsh conditions (Parker et al., 1981; 

Doran et al., 2004).  Cold water temperatures and permanent ice cover, with its 

effect on light attenuation, also contribute to the unusual limnology and biota 

within such lakes (W.F. Vincent et al., in press).  Additionally, the most northerly 

Arctic lakes and many Antarctic lakes have perennial or near-perennial ice 

covers, which limit wave activity and interaction between the lake and the 

atmosphere for most of the year (Wharton et al., 1993).  This situation, combined 
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with strong stratification and highly seasonal sedimentation, creates an 

environment that promotes the formation and preservation of annually-laminated 

(varved) sediments (Bradley et al., 1996).  In the High Arctic, varve thickness and 

structure records are particularly useful as proxy records of climate, hydrology 

and limnology, since ice core records provide the only other annual resolution 

paleoclimate records for studies of long-term variability (Bradley et al., 1996). 

Despite the relative wealth of limnological information available from polar 

meromictic lakes, their sedimentary processes and deposits remain poorly 

documented, including only a few process studies (e.g., Davidge, 1994; Retelle 

and Child, 1996) and sedimentary investigations (Gilbert and Church, 1983; 

Zolitschka, 1996; Lewis et al., 2007).  The sedimentary records of these lakes 

have been studied in some cases (e.g., Lamoureux and Bradley, 1996) but these 

studies have emphasized sedimentary structures and physical properties.  This 

study reports a comprehensive analysis of the sedimentary record of meromictic 

Lake A at the northern extreme of the Canadian High Arctic.  Our objectives were 

to detail sedimentary features and related processes in the context of detailed 

ongoing limnological studies of the lake (Belzile et al., 2001; Van Hove et al., 

2006) and to compare these features to other meromictic lakes in the region.  

This research also provides a baseline description of Lake A’s sedimentary 

characteristics for paleoenvironmental studies of Lake A and similar regional 

lakes. 

 

  



 
 

42 
 

Study Site 

Lake A (unofficial name, 83°00’N, 75°30’W) is located on the Marvin Peninsula in 

Quttinirpaaq National Park along the northern coast of Ellesmere Island, Nunavut 

(Figure 1).  The 4.9 km2 lake is comprised of a single glacially overdeepened 

basin with a maximum known depth of 128 m.  Bathymetric data were collected 

from point measurements through holes drilled through the ice cover during field 

work in spring 1993, 2005 and 2006, and isobaths were developed by 

interpolating depths between these locations.  The lake has two major inlets from 

an unglacierized 37 km2 catchment, including a stream that flows from a smaller 

(0.9 km2) meromictic lake (Lake B, unofficial name).  The largest inflow is on the 

eastern shore and is deeply incised before reaching the delta.  A rock sill across 

the northern end of the lake isolates it from the Arctic Ocean and prevents 

subsurface water transfer between the two water bodies (Jeffries and Krouse, 

1985).  The single outlet flows into Rambow Bay, which is blocked from the Arctic 

Ocean by the approximately 3000-year old Ward Hunt Ice Shelf (Lemmen et al., 

1988). 

Although the lake is situated at ~4 m above sea level (a.s.l.), catchment 

relief reaches 800 m a.s.l.  The lake’s catchment is within the Pearya geological 

province (Trettin, 1991) and it is underlain by the upper Ordovician M’Clintock 

Formation (pyroclastic and volcanic rocks with limestone components) (Okulitch, 

1991).  The mountains are mantled with weathered bedrock and evidence for 

past glacial erosion is pervasive across the landscape.  Mass movements are 

evident on steep slopes on the northeast shore of Lake A and around Lake B. 
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Figure 1: Lake A bathymetry (in metres), sampling locations and catchment 
physiography (in metres above sea level, after NTS mapsheets 340 E/15 and 
340 H/02 (1: 50,000), Department of Energy, Mines and Resources Canada, 
1992a, b).  The lake’s location relative to the Ward Hunt Ice Shelf, Agassiz Ice 
Cap, regional lakes and meteorological records at Alert, Nunavut, is also 
indicated with the inset maps.  
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The climate of northern Ellesmere Island is typical of High Arctic areas 

with cold temperatures and low precipitation.  Mean annual temperature at Alert, 

Nunavut (175 km east), is -18°C and mean annual precipitation is 154 mm 

(Environment Canada, 2008).  Local temperature records from a SILA network 

weather station on Ward Hunt Island (Parks Canada (1995-2005) and Centre 

d’Études Nordiques, Université Laval (2005-2007)) show that mean monthly 

temperatures are above freezing in the Lake A area only during July and August, 

and, at Alert, most precipitation falls during summer and autumn (July-October) in 

the form of snow.  In this polar desert environment with continuous permafrost, 

herbaceous tundra vegetation is sparse and has limited species diversity (Edlund 

and Alt, 1989; Hodgson, 1991). 

 

Methods 

During May and June, 2005, ten sediment cores were collected from Lake A 

using an Aquatic Research Instruments gravity and percussion coring system.  

Coring locations that were expected to contain the most detailed sedimentary 

records were chosen, based on bathymetry, inlet and outlet locations and 

previous research conducted at the lake.  A transect of cores along a depth 

gradient was also collected to investigate sedimentation variability at different 

depths.  An additional 11 cores were recovered from Lake A in May and June, 

2006, to provide longer records from the areas that yielded the best records in 

2005 and to complete the core transect.  Cores were dewatered in the field and 

all but one was transported vertically to the laboratory.  The 2006 core sediment 
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surfaces were sealed using gel made of sodium polyacrylate to prevent 

disturbance to the sediment-water interface during transport (Tomkins et al., in 

press; Chapter 2). 

Water column properties were measured each year using a Hydrolab 

Surveyor 3 data logger (temperature, dissolved oxygen, pH and conductivity) and 

a Richard Brancker Research (RBR) XR-420 CTD probe (salinity, temperature 

and depth).  The Hydrolab was calibrated by sampling the lake’s surface water 

and, for dissolved oxygen, the atmosphere.  The RBR system was accurate to 

±0.003 mS·cm-1 (conductivity), ±0.002°C (temperature) and ±0.05% (depth).  The 

presence of dissolved hydrogen sulphide (H2S) in the monimolimnion was 

evidenced by a distinct odour from water overlying all cores collected from below 

the oxycline. 

In the laboratory, Lake A cores were split lengthwise, cleaned with a razor 

blade, photographed and logged.  Overlapping sediment slabs (7.0 x 1.5 x 0.3 

cm) were sampled for thin section preparation following the methods of 

Lamoureux (1994, 2001).  Thin sections were scanned at 2400 dpi on a Hewlett-

Packard S20 slide scanner.  Detailed observations of microlaminae found in the 

cores also required the use of light microscopy.  Thickness measurements were 

obtained under light microscopy with a dissecting microscope and a Quick-Chek 

QC-1000 measurement system mounted on an Acu-Rite Absolute Zero II 

precision measurement stage (±0.001 mm).  Thin sections made from the 

sedimentary records of Lakes A, B, C1, C2 and C3 for the Taconite Inlet Lakes 
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Project (Bradley et al., 1996; Lamoureux and Bradley, 1996) were made 

available by Dr. Raymond Bradley for light microscopy observations. 

Radioisotopic dating was conducted on a representative 2005 core (A-02-

05).  Samples (3 cm3) covering contiguous 0.5 cm depth intervals from 0-3 cm 

were collected for 137Cs determinations.  After drying in an oven (60°C) overnight, 

gamma activity was measured on the crushed samples for 80,000 seconds with 

an ORTEC high-resolution gamma counting system, following the methods of 

Appleby (2001).  210Pb activity was measured in 0.5 cm3 samples collected at 

progressively larger depth intervals to 8.5 cm.  The samples were oven-dried 

(60°C) for 24 hours, crushed, and analysed by MyCore Scientific Inc. (Deep 

River, ON) with alpha spectroscopy.  Dates were established using the Constant 

Rate of Supply (CRS) 210Pb dating model (Appleby and Oldfield, 1978).  As the 

sedimentary records did not contain macro organic material, bulk sediment was 

also collected at five locations within core A-04-06 for radiocarbon dating.  These 

samples were dried for 24 hours in an oven (60°C) and submitted for accelerated 

mass spectrometry (AMS) radiocarbon dating at the KECK Carbon Cycle AMS 

Facility, University of California, Irvine (Table 1).  All radiocarbon dates were 

calibrated using OxCal 4.0 (Bronk Ramsey, 1995). 

Samples were collected from A-02-05 for dry and wet density 

determinations to assess compaction within the sedimentary record.  These 

samples were weighed before and after oven drying overnight (60°C) to obtain 

density and water content. 
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Table 1: Summary of the 14C ages for bulk sediment samples collected from various depths within the Lake A sedimentary 
record (core A-04-06).  Dating was conducted at KECK Carbon Cycle AMS Facility (University of California, Irvine.)  14C 
ages were calibrated using the IntCal04 calibration curve (Reimer et al., 2004) in the program OxCal 4.0 (Bronk Ramsey, 
1995). 
Depth 
(cm) 

Material  
dated 

14C age  
(4C BP)1 

Calibrated (cal.) age 
range (1σ, cal. BP)1,2 

Cal. and adjusted 
age  (cal. BP)1,3 

Median cal. and adjusted 
age (cal. BP)1,4 

Laboratory 
sample  no. 

0.0-0.2 Bulk sediment 3215 ± 20 3401 - 3450 0 0 UCIAMS-41208 
8.2-8.4 Bulk sediment 4265 ± 15 4836 - 4851 1410 - 1425 1418 UCIAMS-39015 
13.3-13.4 Bulk sediment 6300 ± 20 7177 - 7262 3751 - 3836 3794 UCIAMS-39018 
29.2-29.3 Bulk sediment 6925 ± 20 7710 - 7786 4284 - 4360 4322 UCIAMS-39016 
46.4-46.5 Bulk sediment 8940 ± 25 9950 - 10191 6525 - 6765 6645 UCIAMS-39017 

1 Uncalibrated and calibrated radiocarbon dates are respectively in radiocarbon and calibrated years before present (1950).   
2 The calibrated age ranges represent one standard deviation (1σ), which gives a probability of 68.4% that the true age of the sample falls within 
the age range listed. 
3 The calibrated age ranges were adjusted for the reservoir effect by subtracting the median value of the calibrated surface age range (3426 cal. 
BP) from the calibrated age range for each sample.   
4 These values represent the median value for each calibrated age range with the median calibrated surface age (3426 cal. BP) subtracted to 
account for the reservoir effect. 
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The core with the longest record (A-04-06) was sampled at millimetre 

intervals for grain size analysis.  These samples were treated with repeated 

applications of 35% hydrogen peroxide and heated to 40ºC over a period of two 

to three weeks to completely remove organic material.  After peroxidization, 1-2 

mL of sodium hexametaphosphate (38 g·L-1) and sodium carbonate (8 g·L-1) in 

distilled water was added immediately prior to measurement to disperse 

aggregates.   Samples were analysed three successive times with a Beckman 

Coulter LS200 laser diffraction grain size instrument, equipped with a fluid 

module, under continuous sonication.  The third determination was retained and 

reported unaveraged for each sample. 

Total organic carbon (TOC) and total nitrogen (TN) were measured at 0.5 

cm increments within the upper 3 cm (to observe recent trends) and at 1 cm 

increments below 3 cm of cores A-02-05 and A-04-06.  The samples were 

treated with dilute hydrochloric acid (2 N) for 24 hours to remove carbonates and 

centrifuged four times with distilled water to remove the acid.  The samples were 

then freeze-dried and crushed before measurement in a Leco CNS-2000 

analyser.  This analyser had mean errors of 3.3% for carbon and 7.0% for 

nitrogen measurements.  Organic and inorganic carbon content was also 

examined at 1 cm intervals using loss-on-ignition analysis, following the methods 

of Dean (1974). 

A sample representative of the laminated sediments (1.9-2.4 cm) from 

core A-04-06 was analysed with scanning electron microscopy (SEM) and energy 

dispersive x-ray spectrometer (EDS) analysis on JEOL JSM-840 Scanning 



 
 

49 
 

Electron Microscopes.  A sample of distinct ovoid features (26.4-26.5 cm) in core 

A-04-6 was analysed in an Electroscan Environmental Scanning Electron 

Microscope (ESEM) 2020.  Thin sections from cores A-05-06 and A-07-06 were 

also examined using an electron microprobe system with an Applied Research 

Laboratories SEMQ Scanning Electron Microscope Quantometer with a 

TRACOR-Northern 5500 energy dispersive x-ray spectrometer. 

 

Results 

Limnology 

Similar to a number of lakes on the northern coast of Ellesmere Island, Lake A’s 

meromictic nature is due to isolation from coastal waters during postglacial 

isostatic uplift (Jeffries et al., 1984).  The lake is believed to have been isolated 

from the ocean between 2500 and 4450 BP (years before present (1950); and 

Mielke, 1973; Jeffries et al., 1984; England and Stewart, 1985).  Highly stable 

stratification is predominantly maintained by the salinity gradient, rather than by 

temperature (Hattersley-Smith et al., 1970).  Stratification may have been present 

in the basin before isolation from the Arctic Ocean, if northern Ellesmere ice 

shelves were formed before isostatic rebound elevated the lake above sea level 

(Bradley et al., 1996). 

The oxycline shows a rapid transition from surface waters above 10 m that 

are supersaturated with oxygen to anoxic conditions at 13 m (Figure 2, 3).  The 

transition between fresh and euxinic, saline water is evident through the 

chemocline (10 to 30 m), where large increases in specific conductivity and ion  
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Figure 2: Profiles of temperature, dissolved oxygen, conductivity and pH in the 
Lake A water column below the ice cover in spring (a) 2005 and (b) 2006.  Note 
that specific conductivity measurements of 10,000 µS·cm-1 indicate values above 
the upper limit of instrument sensitivity.  Shading at the top of the profile indicates 
ice cover thickness.
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Figure 3: Temperature and salinity profiles below the ice cover of Lake A at the 
deepest part of the lake in June 2006. 
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concentrations are found with depth (Jeffries et al., 1984; Ludlam, 1996; Gibson 

et al., 2002) and a narrow band of iron-rich water exists at approximately 30 m 

depth (Gibson et al., 2002; Van Hove et al., 2006).  The thermocline is present 

between 15 and 30 m and the maximum water temperature is found between 15 

to 17 m (8.4°C in May 2006 and 2005, 8.9°C in May 1993 (Ludlam, 1996) and 

8.3°C in May 1982 (Jeffries et al., 1984)).  Below this temperature peak, the 

monimolimnion is 4°C and has a salinity of ~31 ‰ (Figure 3).  These results are 

consistent with previous measurements in the lake (e.g., Hattersley-Smith et al., 

1970; Jeffries et al., 1984; Ludlam, 1996; Van Hove et al., 2006) and indicate 

intermediate-term stability of these features.  From a single profile in the deepest 

part of the lake, there is no evidence of salt movement into the lake from 

groundwater in the substrate but additional profiles would further test this finding 

(Figure 3). 

An important feature of Lake A is its near-perennial thick ice cover, which 

prevents wind-induced mixing and aids in maintaining strong chemical 

stratification, both of which permit the preservation of microlaminated sediments.  

Since the first studies of Lake A (Hattersley-Smith et al., 1970), spring ice 

thickness has typically been reported as approximately 2 m (e.g., Jeffries et al., 

1984; Gibson et al., 2002; Van Hove et al., 2006).  A moat typically forms around 

the edge of the ice cover in summer, often leaving a large ice pan in the centre of 

the lake, and the moat refreezes in winter.  However, in 2000, for the first time 

since Lake A began to be monitored, satellite imagery showed that the lake 

became mostly ice-free during the melt season (D. Mueller, pers. comm., 2007).  
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Other reduced ice years occurred in 2003 and 2006, with ice pans floating within 

open water in both years (D. Mueller, pers. comm., 2007).  In spring 2005 and 

2006, mean ice thickness was approximately 1.5 m (n= 8) and 1.3 m (n = 11), 

respectively.  However, the snowpack on the lake in those years was 

approximately 60 and 50 cm thick, respectively, which may have insulated the ice 

cover during the winter.  Van Hove et al. (2006) suggested that Lake A is 

currently in transition from a perennial to seasonal ice cover. 

 

Sedimentary record structure and lithology 

The sediment surface 

Despite being obtained from an anoxic basin, only the uppermost parts of the 

cores appeared strongly reduced and exhibited a black hue when initially 

recovered.  Microbial mats have been observed on the lake bottom at < 1 m on 

the delta (A. Jungblut, pers. comm., 2008) and at 20 m depth, and dark organic 

material with pinnacle forms has been noted at 62 m (Figure 4; D. Andersen, 

pers. comm., 2007).  The organic matter at depth appears to be detrital but only 

limited information is available to analyse it.  Organic material was evident at the 

surface of many cores obtained from below the oxycline as black flaky material 

forming uneven surfaces.  This surface material reacted with the core sealant 

(sodium polyacrylate; Tomkins et al., in press; Chapter 2) and, hence, thin 

section analysis of this material could not be performed.  Core A-10-06, obtained 

from within the chemocline but below the oxycline, had a thin, bright green 

microbial mat on its surface when the core was collected (Figure 4).  The only 
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Figure 4: Images of the bottom of Lake A at (a) 10 m, (b) 20 m and (c) 62 m 
water depth (reproduced with the permission of D. Andersen).  The tuft of green 
plant material in (a) and the opening in the microbial mat in (b) are each 
approximately 10 cm wide.  The pinnacles in (c) are up to 5 cm high (D. 
Andersen, pers. comm.). 
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core obtained from an oxygenated location (core A-11-06) had no visible surface 

organic material. 

 

Sedimentary facies 

Four different facies were evident within the Lake A sedimentary record and 

could be correlated between all cores obtained from < 54 m water depth (Figure 

5).  Sediments from areas close to the delta, from > 54 m water depth or within 

the deep basin of the lake were coarser and were commonly interbedded with 

relatively coarse lenses and thick deposits.  Several of these deposits were 

graded and some had erosive contacts with underlying sediments.  In the 

northern portion of the lake at water depths < 54 m, the sedimentary record was 

largely undisturbed and the longest, uninterrupted record was preserved.  Cores 

from 2005 were missing the lowermost facies, as they were shorter than the 2006 

cores.  Additionally, the uppermost 6 cm of core A-05-06 was sampled in the field 

for analysis of organic contaminants and therefore part of the uppermost facies in 

this core was unavailable for sedimentological analyses. 

The lowermost facies (Facies 1) contained massive silt and clay (Figure 

6).  This sediment was denser than sediments in other facies and had a grey hue 

(Munsell 2.18Y 6/2).  Some sub-millimetre black granules were notable within the 

massive mud and small clasts (up to 1 cm diameter) were frequent, typically just 

below the transition to Facies 2.  This facies had the finest grain size and lowest 

organic carbon and nitrogen content of the four facies (Table 2).  Small 

foraminifera (likely Eponides tener (Brady), Vilks, 1969) were present within this 
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Figure 5: Facies 1-4 within the Lake A sedimentary record.  Water depths from 
which the cores were obtained are listed.  The top 6 cm of core A-05-06 was 
sampled in the field.  Uncertain facies boundaries (due to diffuse sedimentation 
(two shallowest cores) or disturbance (core A-03-06) are indicated by dashed 
lines. 
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Figure 6: Photomicrographs of typical sedimentation in the Lake A sedimentary 
record including (a) massive sediments in Facies 1, (b) wavy and diffuse units in 
Facies 2, (c) interbedded clastic and clay aggregate units in Facies 3 and (d) 
microlaminae in Facies 4.  Arrows highlight ovoid features in (b) and (c).  All 
scale bars equal 1 mm. 
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Table 2: Particle size data and total organic carbon (TOC), total nitrogen (TN) and C/N data for the entire A-04-06 
sedimentary record, its four sedimentary facies and pellets from cores A-02-06 to A-09-06.  The facies are presented from 
the top of the core to the bottom and sample sizes for each data set are listed. 

Particle Size  TOC, TN and C:N 

Facies n 
Mean 
(μm) 

Median 
(μm) 

Clay
(< 2 μm; %) 

Silt (2-
62.5 μm; %) 

Sand (62.5-
1000 μm; %)  n 

Mean TOC 
(%) 

Mean TN 
(%) 

C/N 
(atomic) 

4 179 6.77 7.45 21.19 78.14 0.67  21 1.93 0.15 15.43 

3  86 8.12 9.56 18.84 80.91 0.25  9 1.93 0.14 16.44 

2  197 5.55 5.84 26.52 73.45 0.03  19 2.25 0.15 18.14 

1  65 5.26 5.03 27.45 71.45 1.13  8 0.97 0.06 21.06 

Entire core  527 6.35 6.89 23.57 76.01 0.42  57 1.90 0.14 17.28 

Pellets  1 11.12 15.14 16.36 80.35 3.3  1 1.45 0.06 28.47 
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facies in four of the five cores examined. 

Facies 2 was composed of sediments with diffuse laminated structure (fine 

brown units with wavy black, red and green laminae (0.1-0.7 mm thick)) and 

detrital organic fragments.  On the core face, this section appeared to have 

slightly wavy laminae throughout but in thin section, the units were vague (Figure 

6).  This facies had relatively high chlorophyll levels (D. Antoniades, unpublished 

data) and a greenish brown hue (6.71YR 2/4).  The sediment texture was finer 

than the overlying facies and this section contained the lowest proportion of sand 

(Table 1).  Ovoid, pale yellow to red-hued features with no crystalline structure 

were present alone or in bands with connective dark strands of organic matter 

and black granules (Figure 7).  Semi-quantitative analyses of elements within the 

ovoid features and the black granules, conducted using EDS analysis with SEM 

and electron microprobe systems, indicated that the ovoid features were 

predominantly composed of Si, Al, and Mg with relatively lesser amounts of K, Cl, 

Fe, Na, Ca and Ti (Figure 8).  This chemical composition suggested that the 

ovoid features were made of a smectite mineral, likely montmorillonite (Anthony 

et al., 1995).  The black granules, also notable in the other facies and sometimes 

concentrated within coarse units of laminated sections, were rich in iron and 

sulphur (Figure 8).  Some of the black granules had a framboid structure 

identified as pyrite (Anthony et al., 1995; Figure 9) and they were also commonly 

found along the edge of the ovoid clay aggregates (Figure 7).  The base of 

Facies 2 was typically delineated by darker sediment and a sudden cessation of  
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Figure 7: Photomicrograph of ovoid clay aggregates found in sections of the (a) 
Lake A and (b) Lake C1 sedimentary records.  Note the small black granules 
surrounding each mass.  Pyrite forms some of these granules in Lake A.  Both 
scale bars equal 250 µm.
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Figure 8: Mean energy spectra for (a) ten pyrite framboids and (b) five ovoid 
structures.  Counts indicate the number of x-rays detected at each energy level 
and the elements corresponding to the peak counts are listed. 
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Figure 9: SEM images of (a) large (3000x magnification) and (b) small (6000x 
magnification) euhedral pyrite framboids within microlaminated Facies 4.  Both 
scale bars equal 5 µm. 
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the diffuse, wavy laminae.  However, one core had a 2-3 mm thick massive dark 

deposit at the base of this facies. 

In Facies 3, structures remained vague but became progressively clearer 

in the upper sediment. The ovoid features noted in Facies 2 were also prominent 

in this facies and bands of these features were commonly interlaminated with 

sub-millimetre units of coarse, grey to red mineral grains, sometimes with detrital 

organic material (Figure 6).  Laminae were evident towards the top of this facies, 

but the ovoid features and related structures reduced the clarity of contacts and 

made laminae appear more diffuse relative to Facies 4.  Facies 3 had the 

coarsest mean grain size (Table 1) and the sediments had brown and orange 

hues (7.76YR 3/6), with a green component towards the base.  This facies was 

transitional between sediments with diffuse structure below (Facies 2) and the 

clearly laminated sediments above.  Within Facies 3, cores A-04-06 to A-09-06 

also contained a narrow section of massive sediments (30.6-32.6 cm in core A-

04-06) with small black grains or stains (< 50-500 μm diameter). 

The uppermost facies (Facies 4) was composed mainly of well-defined, 

silt-clay couplets with orange and brown hues (7.96YR 4/8; Table 1; Figure 6).  

The couplets had a mean thickness of 0.17 mm, based on five cores containing 

805-937 couplets within Facies 4.  The couplets ranged in thickness from < 0.1-5 

mm and were interrupted occasionally by normally graded thicker brown units 

and coarse, grey units with detrital organic matter.  The well-defined 

microlaminae in Facies 4 varied in thickness, composition and colour.  The thin 

laminae precluded observation of internal structure.  Contacts were typically 
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sharp and conformable between couplets, but a few thicker units in cores from 

deeper areas of the lake had possible erosional contacts. 

The most common type of structure in Facies 4 was a simple couplet.  

These couplets showed a rhythmic pattern of clastic sedimentation and were 

typically composed of an orange-hued, fine unit overlying a lighter, coarser unit 

that sometimes contained small fragments of organic matter (Figure 10).  This 

pattern was evident in all cores collected below the oxycline and particularly in 

those obtained from water depths between 36.5-53 m (cores A-04-06 to A-09-

06).  Based on grain size data and microscopy, the coarse units typically 

contained silt, while the fine units were dominated by clay.  Organic matter was 

not apparent in the clay caps. 

Laminae typically had a light to deep orange hue (darkest shade, 3.09 YR 

2/6), although some sediments had reduced colouring with no orange hue 

(typical hue, 8.76Y 7/4).  Couplets with a light hue were commonly diffuse in 

structure and had wavy contacts.  The contacts between coarse and fine units 

within each couplet were usually not as sharp as the contacts between couplets.  

Some couplets had light, translucent grains with an orange hue (1.89YR 9/2) 

within the lower unit and orange-hued clay cap.  The coarse unit of these 

couplets appeared friable and was commonly discontinuous within the uppermost 

3 cm of the sedimentary record, where these laminae were most common.  Other 

couplets within Facies 4 maintained the coarse-fine structure but were brown with 

little orange hue (5.01Y 4/4).  Moreover, a pattern of thin, vague laminae with 

minimal colour and no orange hue (8.76Y 7/4) overlain by a series of thicker,  
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Figure 10: Photomicrographs of varves composed of silt and clay couplets Facies 
4 of cores (a) A-03-06 and (b) A-04-06.  Note the black granules, which are either 
mineral grains or ferrous sulphide granules.  Both scale bars equal 250 µm. 
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dark orange laminae (3.09YR 2/6) was notable throughout the microlaminated 

sections of all cores collected below the oxycline (Figure 11). 

Some couplets consisted of poorly-sorted coarse material (possibly sand) 

with detrital plant macrofossils overlain by a clay cap.  The coarse material was 

usually grey and brown but some of these units had a deep orange tint.  Black 

grains were also common within these units.  These laminae increased in 

frequency in the lower units of Facies 4 and were most common within Facies 3.  

Thicker units (up to 5 mm) within the sedimentary record were sometimes 

normally graded, contained coarse mineral grains (up to fine sand), and 

sometimes had detrital organic material at their base. 

Cores collected at 81.5 m water depth (A-02-06 and A-03-06) had mean 

couplet thicknesses of 0.25 and 0.34 mm, respectively.  This value decreased 

progressively to 0.15 mm at shallower locations (cores A-10-06 and A-11-06).  

Distal thinning was also apparent in the overall thickness of each sedimentary 

facies (Figure 5).  Dry density measurements from Facies 2 to 4 ranged from 0.8-

1.1 g·cm-3 but did not show any consistent trends.  Therefore, no density 

corrections for compaction were made to lamina couplet thickness or depth 

measurements for various analyses. 

 

Sedimentary chronology 

The laminated, uppermost section of the sedimentary record (Facies 4) appeared 

to contain annual laminae (varves).  Based on the highly seasonal nature of 

sediment delivery to the lake and characteristics of the lake that promoted  
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Figure 11: Dark bands (with orange or red tint) overlying more diffuse, paler 
laminae in (a) Lake A (two sequences) and (b) Lake C2 (one sequence).  Both 
scale bars equal 1 mm. 
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preservation of sedimentary structures, the laminae in Facies 4 were 

hypothesized to be varves.  Notably, lakes with similar limnological conditions on 

northern Ellesmere Island and elsewhere in the Arctic have been shown to 

contain varves (e.g., Lake C2 (Zolitschka, 1996) and Tuborg Lake (Smith et al., 

2004)).  To test our hypothesis of varve formation, radioisotopic dating (137Cs and 

210Pb) was conducted on core A-02-05 (Figure 12).  Radioisotopic ages were 

transferred to core A-04-06, which was recovered from a nearby location, 

because the uppermost 2 cm of core A-02-05 had disturbed couplets and 

therefore had no lamina counts above 2 cm.  The cores were cross-correlated 

using common marker beds (distinctive laminae visible in multiple cores). 

Low radioisotopic deposition in Arctic lakes, particularly in those with 

perennial ice covers, is common and can limit age model development (Wolfe et 

al., 2004).  137Cs deposition was low in Lake A and the 137Cs profile did not show 

notable peaks.  Due to the sample size required for analysis, each 137Cs sample 

represented 0.5 cm depth within the core.  Measureable 137Cs was present only 

in the uppermost 1.50 cm of the A-02-05 sedimentary record (corresponding to 

2.0 cm in core A-04-06).  Similarly, low levels of unsupported 210Pb were 

observed and limited the application of dating models.  However, dates 

generated for three depths using the constant rate of supply (CRS) model 

(Appleby and Oldfield, 1978) suggested that the top 0.90 cm of the A-02-05 

sedimentary record (1.2 cm in A-04-06) represented sedimentation from ca. 

1969-2005.  Low 210Pb activities precluded dating below this point.  The year of  
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Figure 12: (a) 137Cs and (b) 210Pb decay and lamina ages over depth in the Lake 
A sedimentary record.  Radionuclide decay was measured in core A-02-05 and 
lamina counts were conducted on core A-04-06. 
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peak of 137Cs production (i.e., 1963) identified by lamina counts coincided with 

peak 137Cs abundance in the sedimentary record.  Moreover, two of the profile’s 

three date estimates corresponded with lamina counts, while the third was only 

slightly offset.  This discrepancy could be due to slight differences in 

sedimentation in core A-02-05 and A-04-06, which would have influenced cross-

correlation depths.  As such, laminae counts corroborated the radioisotopic age 

models, although the coarse resolution of the radioisotopic sampling prohibited 

annual comparisons (Figure 12). 

The chronology of older sediments in Lake A cores was assessed using 

radiocarbon dating of bulk sediment samples.  The surface sediment had a 

radiocarbon date of 3426 cal. BP (3401-3450; calibrated years before 1950), 

which indicated a reservoir effect in the lake (Table 2).  This date was subtracted 

from all other radiocarbon dates but the resulting ages for two samples from 

Facies 4 were substantially older than estimated varve counts.  At 8.2 cm, the 

dates diverged by ~990 years and at 13.3 cm, the dates were offset by ~3070 

years. 

 

Carbon and nitrogen 

TOC and TN levels were low within the sedimentary record, with ranges of 0.43-

3.58% and 0.02-0.27%, respectively in core A-04-06.  Mean values within the 

profile were 1.90% TOC and 0.14% TN.  The carbon to nitrogen ratio (C/N) can 

be used to assess aquatic versus terrestrial sources of productivity based the 

relationship between carbon and nitrogen within algae and vascular terrestrial 
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plants (Meyers and Teranes, 2001).  In Lake A, the mean C/N ratio (based on 

atomic weight) was 17.3 within the sedimentary record, but it ranged from 9.5-

31.6.  The dominant sources of organic matter to the Lake A sediments have 

varied within the record, given that lower C/N ratios (generally 4-10) indicate 

aquatic contributions and higher ratios (typically 20 or higher) suggest more 

terrestrial inputs to the lake (Meyers and Teranes, 2001).  The highest C/N ratios 

occurred at the base of the sedimentary record within Facies 1, while Facies 4 

contained some of the lowest values. 

 

Sedimentary pellets 

Sub-rounded pellet structures composed of mostly grey (1.24 GY 5/0) clastic 

grains, fine detrital organic material and, often, black granules were prominent in 

the Lake A sedimentary record.  The pellets were < 1-9 mm (long axis) and often 

loaded the underlying unit, which indicated that they landed intact.  Some were 

large enough to deform multiple underlying units (Figure 13).  They appeared to 

have a cohesive structure (possibly a biofilm) that held the grains together.  The 

pellets were typically found as isolated individuals, but formed units at shallower 

water depths (< 20 m, cores A-10-06 and A-11-06).  In some cases, these units 

appeared to be aggregates of smaller pellets.  Their presence in all cores from all 

water depths indicated that they were able to maintain cohesion while sinking 

through a deep water profile.  These macroscopic pellets were visible throughout 

Facies 4 and the upper part of Facies 3.  Microscopic pellets (~0.1-0.5 mm, long 

axis) were also noted at up to 63x magnification.  The largest pellet observed  
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Figure 13: Photomicrographs of sedimentary pellets from within microlaminated 
sections of the (a) Lake A and (b) Lake C2 sedimentary records and unique 
pellets near the surface of the (c) Lake A and (d) Lake B sedimentary records.  
Note the warped units above and below the pellets in (a) and (b).  Scale bars 
equal 1 mm. 
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was approximately 9 by 4 mm.  A grain size measurement showed the pellets to 

be coarser than the surrounding sediment, with a mean grain size of 11.12 µm 

(Table 1), primarily due to the presence of more sand (3.3%) and silt (80.4%).  

The pellets contained lower TOC (1.45%) and TN (0.06%) than typical sediment 

within Facies 3 and 4 and the C/N ratio (atomic) was notably higher at 28.5 

(Table 1). 

 

Discussion 

Sedimentation in High Arctic meromictic lakes 

Meromictic lakes on northern Ellesmere Island are some of the harshest and 

most unusual limnological environments on Earth.  Similar lake environments are 

only found in certain areas of Antarctica, where similar polar desert conditions 

and even thicker lake ice covers exist (e.g., Burton, 1981; Gibson, 1999; McKay 

et al., 1985).  Meromictic lakes in both the Canadian High Arctic and Antarctica 

show a range of stages, from almost complete dilution of the monimolimnion 

(e.g., Lake C3, Van Hove et al., 2006) through to hypersalinity (e.g., Garrow 

Lake, Pagé et al., 1986).  Most of these lakes are characterized by perennial ice 

cover, low sedimentation, anoxic deep waters and limited light penetration into 

the water column (Van Hove et al., 2006).  The dry, cold environment and strong 

stratification in many High Arctic meromictic lakes results in unusual 

sedimentation regimes. 

Sedimentation processes were previously largely undocumented in Lake 

A, although a number of studies have examined the lake’s limnology (e.g., 
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Jeffries et al., 1984; Ludlam, 1996; Belzile et al., 2001; Van Hove et al., 2006).  

Despite the observation of simple varve structures within the uppermost facies of 

the sedimentary record, the deposition of clastic and biogenic material in Lake A 

is clearly highly complex.  Whereas most polar lakes have low productivity and 

are often dominated by allochthonous sedimentation (Lamoureux and Gilbert, 

2004), microbial activity within the water column and, in some areas, at the 

sediment surface has actively influenced the sedimentology of Lake A and 

resulted in discernable autochthonous deposits as well.  Thus, sedimentation has 

been influenced by climatic, fluvial and geomorphic processes within the 

catchment, as well as biochemical cycling, water column microbiota structure and 

benthic microbial activity.  Strong biological influences and features in dominantly 

clastic sedimentary sequences have also been suggested in a few other High 

Arctic lakes, including Lake DV09 on Devon Island (unofficial name; Gajewski et 

al., 1997), unnamed lakes on Devon Island (K. Chutko, pers. comm., 2007) and 

southern Melville Island (S. Lamoureux, pers. comm., 2007).  With multiple 

processes influencing the sedimentary record, the resulting Lake A sedimentary 

profile varies substantially temporally and spatially, even within a few metres.  

Despite these challenges, multiple core analyses of the sedimentation within the 

lake provide considerable insight into the numerous influences on deposition 

within this unusual lacustrine environment. 

Lake A has a range of sediment types, as characterized by four facies that 

were noted throughout all cores collected between 36.5-53 m water depth.  

These facies represent the development of the system from pre-isolation marine 
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embayment through to a highly-stratified meromictic lake.  Sediment texture did 

not vary extensively throughout the sedimentary record but the relative changes 

were notable.  Silt was consistently the dominant fraction of grain size 

measurements (Table 1).  The amount of sand in each facies is of particular 

interest, as sand was not routinely present throughout the sedimentary record.  

Sand concentrations within the Facies 1 and 4 suggest changing sediment 

sources or discharge intensity during these periods, compared to the finer-

grained sediments of Facies 2 and 3.  Though no facies showed high levels of 

organic matter, the relatively low levels of TOC and TON in Facies 1 and the 

highest levels in Facies 2 suggest a notable change in lake conditions spanning 

the same interval as the inferred progression from marine to lacustrine 

conditions.  Additionally, the progressive upward decrease in C/N values also 

indicates increased contributions of aquatic organic matter and/or decreased 

terrestrial organic inputs over time.   

Sedimentary process studies have been conducted at nearby meromictic 

Lake C2 (35 km west), which is similar in structure and climatic conditions to 

Lake A (Bradley et al., 1996; Retelle and Child, 1996).  Given the similarity of the 

two lakes, sedimentation processes at the two lakes are likely to be similar.  

Comparison of thin sections from both lakes (Lake C2 thin sections as reported in 

Lamoureux and Bradley, 1996) support this assertion, as both lakes have similar 

sedimentary features including iron-rich sediments, lamina couplet structure, 

black granules and pellets (Figures 11 and 13).  At Lake C2, the main period of 

sediment delivery to the lake is confined to only a few days of maximum 
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discharge during the melt season (Hardy, 1996).  The Lake C2 catchment has a 

small glacier but its influence on sedimentation is considered minimal at present 

(Hardy, 1996).  In the High Arctic, snowmelt during the extremely short melt 

season largely controls stream discharge and effectively, sediment transport 

(Hardy, 1996).  Snow melt is the dominant source of meltwater and suspended 

sediment to periglacial Arctic lakes, although summer rain events occasionally 

trigger high discharge events (Woo, 1983; Lamoureux, 2000; Braun et al., 2000). 

Suspended sediment reaching a perennially ice-covered lake is affected 

first by the ice cover and then by water column stratification.  Sediment may enter 

the lake directly from streams flowing into the lake’s moat or from the ice surface 

if early season runoff reaches the lake prior to moat formation (Lamoureux and 

Gilbert, 2004).  Aeolian sediment deposits have also been noted in some polar 

lakes (e.g., Romulus Lake, Ellesmere Island (Davidge, 1994), Nicolay Lake, 

Cornwall Island (Lamoureux, 1999), Bear Lake, Devon Island (Lamoureux et al., 

2002), and Lake Hoare, Antarctica (Nedell et al., 1987; Squyres et al., 1991)) but 

an absence of sediment-rich layers within the winter snowpack on Lake A in 2005 

and 2006 and the lack of isolated coarse grains within the sedimentary record 

suggest that aeolian sediment is not a prominent sediment source for this lake 

(cf., Retelle, 1986; Lamoureux, 1999; Lamoureux and Gilbert, 2004). 

Once flow enters the lake, it is routed as either overflow or interflow 

currents, depending on the density of the incoming water (Smith and Ashley, 

1985).  Sediment grains are then deposited by suspension settling through the 

water column, as individuals, as flocs or within fecal pellets (e.g., Smith and 
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Syvitski, 1982).  Underflows will not typically occur in meromictic lakes due to the 

high density that is required to overcome the saline monimolimnion (Zolitschka, 

1996; Gibson, 1999).  In Lake C2, overflows and interflows distribute sediment 

across the lake from the main inlet stream and interflows can reach into the 

chemocline when discharge and inflowing water density are high (Retelle and 

Child, 1996).  Given the similar strong stratification of Lake A, sediment 

dispersion is likely also by similar overflow and interflow processes. 

The gentle northern slope of the Lake A basin, located between the delta 

and the outlet, contained laminated sediments that were rarely disturbed by 

event deposits.  Cores from this area had the longest uninterrupted sedimentary 

records of all locations studied in Lake A.  Sedimentation rates inferred from 

lamina couplet counts suggested extremely low sedimentation (e.g., 0.2 mm·yr-1 

at the core A-04-06 site), although sedimentation rates were higher in the deep 

basin (e.g., 0.3 mm·yr-1 at the core A-03-06 site).  The sediments from the 

northern area of the lake were similar to those in Lake C2, as described by 

Lamoureux and Bradley (1996), whereas the deep basin sediments were similar 

to those in deeper locations of Lake C2 (Zolitschka, 1996).  The shallower 

sediments in both lakes appeared to represent relatively calm depositional 

environments dominated by suspension settling from overflows and interflows, 

while sediments from deeper locations indicated a more dynamic depositional 

environment where slumping off the delta and, possibly, turbidites influence the 

sedimentary records (Zolitschka, 1996). 
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Differences in sediment structure based on location relative to the oxycline 

(approximately 10-13 m) were apparent along the core transect that extended 

towards the north shore.  Sediments from below the oxycline contained 

microlaminae that were preserved due to the absence of bioturbation under 

anoxic conditions.  Cores obtained from immediately below the oxycline (cores A-

08-05 (14.5 m) and A-10-06 (18 m)) contained microlaminae, but their distal 

locations precluded identification of potential annual laminae, as they contained 

fewer units than more proximal cores.  The laminae were also more diffuse, 

particularly in core A-08-05.  A single core was obtained from an oxygenated 

location (11 m, core A-11-06) and contained the shortest laminated section and 

the most diffuse units of the cores studied.  This core also had massive brown silt 

in the upper 0.5 cm, suggesting recent changes to sedimentation in shallow 

areas of Lake A.  Increased mixing activity at this location or a deepening of the 

oxycline may have resulted in the recent massive sediments observed in this 

shallow location.  Diffuse laminae were also noted in Lake C2 in cores obtained 

from locations above the oxycline (Lamoureux and Bradley, 1996). 

There were variations in facies thickness between all cores studied, and 

sedimentation varied in cores obtained from locations only metres apart.  At least 

one erosive event removed 1.5 cm of sediment from a section of core A-03-06 

but did not affect the sedimentary record core A-02-06, five metres away.  

Moreover, core A-03-06 was disturbed at depth (sediment structures folded, 

18.5-31 cm) while core A-02-06 did not show any evidence of disturbance.  

Coring may have caused the folded section in A-03-06, but this is unlikely, given 
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the passive nature of the coring process and the presence of undisturbed 

sediments above and below the disturbed section. 

Given Lake A’s numerous characteristics that were conducive to varve 

sedimentation, including perennial ice cover, limited wind and wave activity, 

highly-seasonal sediment delivery and anoxic bottom waters with no sediment 

bioturbation, varve preservation is highly likely within most areas of Lake A.  

Consistent couplet structures within Facies 4 also supported the hypothesis of 

annual laminae, as most couplets were simple varve structures.  Additionally, 

although the radioisotopic data cannot be used as a high-resolution dating tool 

for the Lake A sedimentary record, both the 137Cs and 210Pb profiles 

corresponded with lamina couplet counts.   

Throughout the basin, individual laminae between marker beds in Facies 4 

were difficult to cross-correlate due to sedimentation differences and the extreme 

thinness of the units.  Given such heterogeneity in sedimentation within Lake A, 

the use of multiple cores and marker beds was integral for analysing sediment 

characteristics and spatial and temporal changes in sedimentation.  Differences 

in sedimentation across a lake can lead to substantial chronological errors when 

developing varve thickness records and parts of a lake’s sedimentation history 

may be missing due to erosion in a single core or localized deposition processes 

(Lamoureux, 2001).  This situation is not unique to Lake A, as other High Arctic 

lakes have had similar issues within their sedimentary records.  Lamoureux and 

Bradley (1996) effectively dealt with variations in the sedimentary record of Lake 
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C2 by using multiple cores to account for eroded sections and differences in 

varve thickness measurements. 

Further dating of the sedimentary record using radiocarbon yielded poor 

results due to a strong reservoir effect in the lake (surface sediment age: 3426 

cal. BP (3401-3450)) that compromised the radiocarbon dates determined from 

sediments throughout the sedimentary profile (Table 2).  This situation can occur 

in polar, perennially ice-covered lakes, where the ice cover seals the water 

column from the atmosphere and largely prevents the water from equilibrating 

with atmospheric carbon dioxide (Doran et al., 1999; Björck and Wohlfarth, 

2001).  However, the reservoir age in Lake A appeared to be largely due to the 

age of the trapped sea water and its pool of old carbon, although modern 

terrestrial inputs of carbon added complexity to the carbon store within the lake.  

With an exceptionally long residence time for the monimolimnion water, organic 

components of the water were substantially depleted in 14C (Wolfe et al., 2004).     

Based on the strong reservoir effect and substantial divergence between 

radiocarbon ages and varve estimated ages at two depths within Facies 4, we 

believe that the reservoir effect cannot be properly accounted for by subtracting 

the surface radiocarbon age from ages obtained from other parts of the 

sedimentary record and, thus, we believe that the 14C dates are not reliable.  This 

finding is not unique for the area, as radiocarbon dates from nearby Lake C2 

were older than varve estimates (Zolitschka, 1996) and did not correspond with 

the isostatic rebound history of the area (Lamoureux and Bradley, 1996).  

Similarly, radiocarbon dates from the sediments of the Beaufort Lakes of 
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northeastern Ellesmere Island also were not compatible with post-glacial isostatic 

rebound curves for the area (Retelle et al., 1989).  

 

Chemical influences on varve sedimentation 

Like other Arctic lakes with substantial iron availability in the catchment and/or in 

the water column (e.g., Coakley and Rust, 1968; Gilbert and Church, 1983), the 

orange hue common within the Lake A lamina couplets is likely due to iron 

deposition and oxidization.  In water bodies with anoxic bottom waters and 

available iron and hydrogen sulphide such as Lake A, chemical and biological 

activities can act together to form ferrogenic varves (Dickman and Artuz, 1978; 

O’Sullivan, 1983).  This varve type contains discernable units largely due to 

seasonal changes in redox conditions that affect the type and amount of iron 

deposited (O’Sullivan, 1983).  A peak in total iron concentration in the Lake A 

water column (> 15 mg·L-1) near 30 m (Van Hove et al., 2006) and detrital iron-

rich grains transported to the lake provide sufficient iron for these chemical 

processes within the reducing conditions found in the monimolimnion and 

sediment. 

Despite the availability of iron, the strong stratification within the water 

column would prevent seasonal changes in monimolimnion redox conditions, 

beyond occasional interflows that may mix the upper part of the oxycline.  

However, mixing due to thermohaline convection could influence oxygen levels in 

the upper monimolimnion, particularly during winter (Ferris et al., 1991; Gibson, 

1999).  In some Antarctic lakes this process can sometimes cause mixing to the 



 
 

82 
 

same depth as wind-induced mixing (Ferris et al., 1991), but without direct 

measurements, its potential influence in Lake A remains unknown.  The presence 

of reduced iron (e.g., pyrite) throughout the Facies 4 microlaminae as black 

granules suggested that a seasonal signal could not be consistently determined 

based primarily on these deposits.  The black granules were typically more 

concentrated within coarse units, but they did not show a continuously 

discernable annual cycle of deposition.  Therefore, the varves had components 

of ferrogenic varves but did not, by definition, fit this classification. 

Pyrite (FeS2) is formed in a meromictic lake through a number of steps.  

Sulphur-reducing bacteria in the monimolimnion reduce sulphates to form 

hydrogen sulphide (H2S) that, in turn, reacts with ferrous ions (Fe2+) in the water 

column to form iron monosulphides (Berner, 1970).  When mixing within the 

mixolimnion reaches into the upper monimolimnion and oxygenates it, anaerobic 

bacteria (e.g., green sulphur bacteria) die and, as they settle through the water 

column, they release elemental sulphur that was stored within cells as 

photosynthesis waste products (Berner, 1970; Dickman, 1979).  This sulphur 

reacts with the iron monosulphides to form pyrite (Berner, 1970).  Pyrite is 

therefore a product of a chemical reaction between metals in the water column 

and sulphur produced by biological means (Sawlowicz, 1993), although sulphur 

from other sources (e.g., clastic grains) may also contribute to this process.   

Photosynthetic pigments from the water column indicate the presence of 

picocyanobacteria within the water column and green sulphur bacteria in anoxic 

waters, particularly near 29 m water depth (Belzile et al., 2001; Van Hove et al., 
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2006).  These anaerobic bacteria utilize hydrogen sulphide or other reduced 

sulphur compounds to photosynthetically fix carbon dioxide as cellular carbon 

(Overmann, 2001).  In Lake A, these bacteria could provide the elemental 

sulphur needed to form pyrite in the water column when chemocline ventilation 

events occur.  The structure of the pyrite varies, but in Lake A, it is present as 

individual pyrite granules clustered as spherical framboids (Figure 9; cf., 

Kalliokoski, 1974).  These pyrite framboids did not have overgrowths of crystals 

that can signify diagenetic pyrite formation, which suggested that the pyrite in the 

sediments was likely formed in the water column (Suits and Wilkin, 1998).  

Syngenetic pyrite also forms in a similar setting at Framvaren, Norway, where 

purple sulphur bacteria provide elemental sulphur for the chemical reactions 

(Skei, 1988). 

 Intermittent observations of the Lake A ice cover from 1969-2006 

(Hattersley-Smith et al., 1970; Jeffries et al., 1984; Belzile et al., 2001; Van Hove 

et al., 2006) recorded a thick spring ice cover (~2 m) and multi-year ice, which 

suggests that Lake A retains its ice cover throughout the summer in most years.  

Additionally, satellite images from 1995-2006 during late summer (D. Mueller, 

pers. comm., 2007) showed one year with near ice-off conditions (2000) and two 

years with reduced ice cover (2003 and 2006) but no other observations of 

reduced ice cover have been reported in the literature.  Other evidence from 

Lake A also suggests that significant mixing events are infrequent.  Lake A’s 

mesothermic profile does not vary substantially from year to year.  All published 

temperature profiles of Lake A, except the August 2001 profile shown in Van 
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Hove et al. (2006), show the same general pattern of steadily increasing 

temperature with depth in the mixolimnion and a thermal peak just below it 

(Hattersley-Smith et al., 1970; Jeffries et al., 1984; Jeffries and Krouse, 1985; 

Ludlam, 1996; Belzile et al., 2001; Gibson et al., 2002; Van Hove et al., 2006).  

The profiles were all collected during the early melt season but the lake’s unusual 

thermal properties, due to its ice cover, suggest that the mixolimnion would not 

become isothermic at any point during the year.  The only known exception was 

in August 2001, when the mixolimnion temperature profile showed near 

isothermy due to the exceptionally low ice cover in the previous summer that 

would have permitted wind-induced mixing (Van Hove et al., 2006).  The salinity 

gradient in the mixolimnion was also reduced by this mixing event (Van Hove et 

al., 2006).  Steps within the temperature profile were evident in 2005 and, to a 

lesser extent in 2006, showing the redevelopment of the traditional temperature 

profile over time (Figure 2).  The reduced ice cover in summer 2003 may have 

influenced these most recent profiles.  A small step in the temperature profile was 

also noted in May 1993 (Ludlam, 1996) and may also indicate a mixing event due 

to a prior low summer ice cover.  Additionally, a model of the development of 

Lake A’s thermal profile suggested that the lake experienced substantial mixing 

60-70 years ago (A.C. Vincent et al., in press).  

In addition to low ice cover years, more frequent, but weaker, oxygen 

incursions into the chemocline could occur through the movement of inflowing 

water through the lake as an interflow, if density conditions were sufficient.  This 

scenario was documented in nearby Lake C2 (Retelle and Child, 1996).  Oxygen 
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incursions could occur annually, but strong mixing events would occur only when 

ice cover was substantially reduced permitting wave activity to actively mix 

surface waters. 

In this context, the orange-hued sediments of Lake A likely reflect 

moderate mixing within the lake’s upper waters and oxidation.  However, thick 

and/or notably dark orange or red laminae and pyrite-rich units likely reflect 

ventilation events that caused increased iron deposition from dissolved iron and 

bacteria colonies in the chemocline.  The thick, dark laminae often exhibited 

basal load structures, which suggested relatively rapid sedimentation.  Similarly, 

the frequent pattern of pale, diffuse laminae immediately underlying a series of 

thick, dark orange or red laminae may indicate a period of chemocline oxidation 

events after a period of consistent upper monimolimnion anoxia (Figure 11).  

Notably dark, iron-rich laminae near the top of the sedimentary record may reflect 

some of the most recent mixing events and the resultant deposition of iron from 

the chemocline. 

 

Biological influences on varve sedimentation 

Indicators of autochthonous sedimentation 

Biogenic structures are not commonly noted in polar lacustrine sedimentary 

records due to extremely low sedimentation rates.  However, in meromictic lakes 

where the probability of lamina preservation is high and mineral sedimentation 

rates are often low, organic deposits representing lake productivity can be 

discerned (Lamoureux and Gilbert, 2004).  Biogenic varves can appear 
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completely black immediately after coring, as sediment oxidization is required for 

the laminae to appear (O’Sullivan, 1983).  The Lake A cores contained some 

black zones within the upper sediments after coring but were not uniformly black 

throughout, and most laminae in Facies 3 and the lower part of Facies 4 were 

visible through the core tubes immediately after coring.  Organic content was 

relatively low in the Lake A sediments and some common organic constituents of 

sediments, such as terrestrial macrofossils, were uncommon.  However, the 

abundance of pyrite in the sediments appeared to be directly related to microbial 

activity and thus could be considered an indirect indicator of biogenic 

sedimentation. 

The Lake A varves represent a combination of various catchment and lake 

processes including clastic inputs from nival runoff, bacterial contributions and 

pyrite formation and deposition.  The variety of varve compositions, particularly in 

the recent record, demonstrates that the influence of these processes varies on 

an interannual basis.  The varves in Lake A could not be classified solely as 

clastic, ferrogenic or biogenic, but rather they represent contributions from all of 

these classes.  Inputs of mineral grains, autochthonous organic deposits and 

chemical precipitates each play an important and discernable role in 

sedimentation and provide unique information about hydroclimatic and 

limnological conditions at the time of deposition. 
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Evidence of microbial activity influences on sedimentation 

Benthic microbial mats have been found at the bottom of stratified lakes in some 

of the most unusual lake environments in the world (e.g., Parker et al., 1981; 

Simmons et al., 1993).  In a sedimentological context, these mats are of interest 

due to their influences on sediment deposition and paleoenvironmental records 

developed within polar lakes. 

Microbial mats were observed growing in shallow (< 1 m water depth) 

locations along the shoreline of Lake A, including the main inflow channel from 

the delta, and these mats may continue into nearby deeper locations (A. 

Jungblut, pers. comm., 2008).  Additionally, prostrate microbial mats were 

evident within anoxic waters at 20 m water depth (D. Andersen, pers. comm., 

2007), but the extent of these features along the lake bottom is unknown (Figure 

4).  A bright green microbial mat was also found on the surface of a core 

recovered from 18 m water depth (core A-10-06) and moss tufts were noted at 

shallower depths.  Apart from the shallowest mats growing in water along the 

delta, none of the benthic organic features outwardly resemble the microbial mats 

found in similar lakes in Antarctica (e.g., Lake Fryxell (Parker et al., 1981), Lake 

Hoare and Lake Vanda (Simmons et al., 1993; Vopel and Hawes, 2006)).  Lake 

A is deeper than these lakes and has a thinner ice cover, which would affect both 

the types of microbes present and the extent of benthic microbial activity 

(Simmons et al., 1993; Wharton et al., 1993).  Calcite and other carbonate 

deposits, which are common in Antarctic microbial mats (Simmons et al., 1993), 

were not evident in the microbial mats of Lake A or the inferred biogenic deposits 
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examined in thin section.  The microbial mats in shallower locations of Lake A 

would undoubtedly influence sedimentation but the influence of the organic 

features on the sediment surface at deeper locations is not fully understood. 

Modern sedimentation in the lake is high enough for the preservation of 

annual laminae but obviously does not preclude benthic microbial activity in some 

areas of the lake and, in all areas, deposits from microbial activity within the 

water column.  Picocyanobacteria are present and green sulphur bacteria are 

active well into the monimolimnion (Belzile et al., 2001; Van Hove et al., 2006).  

The most recent sediments of cores A-07-06 to A-10-06 (ranging from 18 to 41 m 

water depth) had lamina structure and composition that was seldom noted 

elsewhere within the record.  In the uppermost 1-2 cm, clastic material formed 

most of the sediments but friable coarse units that appeared to be biogenic and 

laminae with horizontal discontinuities were common.  Tearing of thin microbial 

mat layers or similar microbially induced sedimentary structures (Noffke et al., 

2001) and subsequent burial might explain the laminae disruptions (Schieber, 

1999).  However, of these cores, only core A-10-06 was collected from a known 

depth where microbial mats form (18 m) and, therefore, this interpretation could 

not be extended to the deeper three cores.  Without more information about the 

extent of microbial mats in the lake or bacteria within these uppermost 

sediments, the exact processes involved in their formation remain unresolved.  

As microbes are always active within the water column, some of these units may 

be the result of biogenic deposits from activity within the water column rather 

than benthic activity, especially in deep locations.   
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Deeper in the sedimentary record, evidence for past microbial activity was 

also available, although it could not be determined with full confidence.  Traces of 

the organisms that form biolaminae (laminated biogenic or microbial mat units 

and other (e.g., clastic) units; Gerdes, 1991) often are not preserved for more 

than a few hundred years within the sedimentary record (Krumbein and Cohen, 

1977), which can make positive identification of a mat deposit or biolaminae in 

older sediments difficult (Schieber, 1999). Indeed, no bacterial filaments were 

noted in SEM studies of two depths in the sedimentary record.  However, many 

indicators were suggestive of the past presence of benthic microbial features, 

whether they were mats, other microbially induced sedimentary structures 

(Noffke et al., 2001) or biogenic deposits from microbial activity within the water 

column.  

In Facies 2 and 3, relatively coarse units that sometimes included detrital 

organic material were interbedded with thin units that were inferred to be 

biogenic.  These units were comprised of finer material with ovoid clay 

aggregates that commonly had pyrite framboids along their edges, and 

sometimes, connecting thin bands of black granules (presumably pyrite, Figure 

7).  Wavy iron-rich bands (red and black) were also notable within both facies.  

Facies 3 showed a transition between underlying diffuse sedimentary structures 

and overlying clearly defined varves in Facies 4 (Figure 6).  Both Facies 2 and 3 

had wavy or crinkled bedding but this was particularly notable in Facies 2.  This 

structure is indicative of a biologically stabilized surface (Schieber, 1999; Noffke 

et al., 2001).  The formation of the ovoid clay aggregates is not clear but 
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cohesive clay masses may have been incorporated into the biogenic structure of 

mat deposits.  This can occur with individual sand grains (Noffke et al., 2001) but 

its association with clay aggregates is uncertain. 

Alternatively, the clay aggregates may represent authigenic clay 

precipitates, possibly formed within the water column.  In both river and fresh 

water lake environments, bacteria in biofilms have been observed to act as nuclei 

for the precipitation of typically amorphous (Fe, Al)-silicates (Konhauser, 1999, 

2006).  Iron accumulates on cell walls and reacts with silica and aluminum in the 

water to precipitate clay minerals (Konhauser, 2006).  Iron sulphides are also 

commonly formed alongside these clays (Ferris et al., 1987) and this would 

explain the pyrite crystals observed around some of the ovoid clay features.  

However, this process was described at the cellular level and aggregates of the 

precipitated clay would have to develop to produce the relatively large ovoid 

structures found in Lake A’s sediments.  Additionally, this process was also 

examined in a fresh water environment, and Lake A’s monimolimnion is saline.  

Despite these issues, all ovoid features studied using EDS showed the same 

elemental composition.  If the ovoid features were detrital clay grains, more 

variety in elemental composition would likely be expected.  Although many 

characteristics of the ovoid clay features suggest a biogenic origin, we have as 

yet been unable to directly associate them with bacterial remains using SEM 

analyses.  
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Sedimentary pellets 

Several potential sources exist for the sub-rounded pellets of coarse material with 

fine organic inclusions.  Due to the large size of the pellets compared to the 

surrounding fine-grained matrix, the pellets are unlikely to be of fluvial origin.  The 

features also do not match the individual aeolian coarse grains that have been 

described in other Arctic lakes (e.g., Retelle, 1986; Lamoureux, 1999; Lamoureux 

et al., 2002).  Aeolian deposition is a key sedimentation process in some 

Antarctic lakes (e.g., Lake Hoare, Antarctica (Nedell et al., 1987)) and is 

important in some Arctic locations (e.g., Crater Lake, Baffin Island, Nunavut 

(McKenna Neuman, 1990)), but no notable aeolian deposits have been observed 

at Lake A during field work or within the sedimentary record.  Aeolian sediment 

transported onto lake ice, glaciers, sea ice and ice shelves preferentially melts 

into the ice surfaces due to its low albedo and forms cryoconite holes (Fountain 

et al., 2004).  These sediment inclusions can support microbial activity when 

meltwater develops in the holes or cavities within the ice during summer (Priscu 

et al., 1998; Fountain et al., 2004).  The microbial activity may assist with 

sediment cohesion but cryoconite holes have not been observed at Lake A and 

aeolian deposits appear to be minimal.  Without further observations of the ice 

cover aeolian deposits and, possibly, cryoconite hole development cannot be 

discounted as a possible pellet origin processes. 

Ice-rafting as a pellet formation mechanism is best supported by the 

available data.  The pellets may originate from littoral sediment scavenging by 

anchor ice, which has been observed to form at the bottom of the lake’s moat 
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(July 2007).  Frazil ice attaching to bottom sediments, forming anchor ice and 

subsequently becoming buoyant could transport littoral sediments to the ice 

cover, where they would eventually become ice inclusions (Gilbert, 1990).  

Alternatively, if the ice cover were to come into contact with littoral sediments 

during fall or winter, sediment could adhere to the ice and become incorporated 

into the ice cover (Smith, 2000).  Additionally, littoral sediment could also become 

attached as ice pans are pushed by the wind into shallow areas during high melt 

years, but no shoreline ice push features have been observed to support this 

hypothesis (cf., Dionne, 1979).  In each case, the pellets would be transported to 

other areas of the lake by ice pans during reduced ice cover periods and 

deposited during melt.  Given that the pellets appeared to be composed of lithic 

grains likely coated with a biofilm, it is possible that the pellets could be sourced 

from littoral areas where microbial communities are present.  The pellets’ 

relatively high C/N value suggests inputs of terrestrial organic material, which 

could have been integrated into littoral sediments.  The composition of the pellets 

also appears consistent across the lake, which suggests a common sediment 

source.  The authors have observed sediment aggregates in Lake A’s ice cover 

and Belzile et al. (2001) reported the presence of pellets up to 2 cm in diameter 

within the top 1 m of the 2 m thick ice cover on Lake A in spring 1999 (Belzile et 

al., 2001).  The lake was observed to have a multi-year ice cover that year (C. 

Belzile, pers. comm., 2008) and littoral sediment would have been incorporated 

into the ice during previous summers. 
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Another potential source for the pellets is copepod activity, which would 

produce fecal pellets.  Smith and Syvitski (1982) observed that copepod fecal 

pellets in Bow Lake, Alberta, were a significant sedimentary deposit composed 

mostly of inorganic material, but of much smaller size (100-250 µm) than the 

pellets found in Lake A.  Fecal pellets of a similar size were also noted in nearby 

Lake C2 (Zolitschka, 1996).  Ferrante and Parker (1977) noted that copepod 

fecal pellets in Lake Michigan lost structural integrity if they had to settle to 

depths greater than 70 m due to bacterial decomposition of the pellets’ 

peritrophic membrane.  The relatively large size, low organic content and intact 

structure of the pellets suggests that they are not fecal pellets.   

Ice-rafting appears to be the most likely mechanism for pellet deposition 

within the lake, although aeolian sediment deposition cannot be discounted as 

another mechanism.  If the pellets within the Lake A sedimentary record were 

due to ice-rafting, reduced ice cover would be necessary to allow transport of 

littoral sediment and deposition as pellets elsewhere in the lake.  Reduced ice 

cover would also be necessary for pellet deposition if the sediment within the ice 

cover was deposited by aeolian processes.  Hence, the sedimentary pellet record 

may be representative of past ice cover variability. 

 

The sedimentary history of Lake A 

Facies 1 - Holocene marine sedimentation 

Lake A began as an embayment of the Arctic Ocean as glaciers retreated after 

the Last Glacial Maximum and the sea transgressed to the Holocene marine limit 
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(Hattersley-Smith et al., 1970).  As no coarse glaciogenic sediment was 

recovered from Lake A, it appears all of the postglacial record was not recovered 

and initial sedimentation in the core record was likely associated with the marine 

phase.  Marine limit (~72 m a.s.l.) was reached before approximately 8600 BP 

(Lemmen, 1989).  Sediments deposited in the embayment contained 

considerable fine material but also sand and pebbles from glacial meltwater 

entering the bay (Lemmen, 1989).  As isostatic rebound progressed and the 

northern Ellesmere ice shelves formed under cooling temperatures, the lake 

became isolated from marine waters between 2500-4450 BP (Lyons and Mielke, 

1973; England and Stewart, 1985; Bradley et al., 1996). 

 

Facies 2 - Late Holocene initial isolation phase 

As isostatic rebound continued, Lake A emerged from the sea.  At this point, 

stratification began to develop as freshwater runoff entered the newly-isolated 

lake.  During the isolation process, sedimentation changed in Lake A, with 

primary sediment inputs becoming nearly devoid of sand.  Under reduced current 

conditions in the isolated basin, aquatic productivity increased and biologically 

stabilized, or at least biologically influenced, sedimentary features formed to at 

least 53 m water depth, and resulted in increased total organic carbon and total 

nitrogen.  Glacier activity within the catchment was likely limited as sedimentation 

remained low enough to permit the deposition of only diffuse sedimentary units, 

although some bioturbation may have occurred prior to the onset of anoxia and 

disturbed sedimentary structures.  This was a known cold period in the region 
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(Bradley, 1990) and reduced runoff and more persistent ice cover also may have 

played roles in limiting sediment inputs to the lake.  Biolaminae formed as 

microbially-derived biogenic units were deposited and covered by seasonal to 

periodic sediment inflow.  

 

Facies 3 - Late Holocene pervasive anoxia in the hypolimnion 

Once the lake was fully stratified, with the oxycline at or near its present depth, 

the stagnant bottom waters supported only anaerobic bacteria.  Coarser 

sediments were deposited at this time, indicating new sediment sources in the 

catchment or increased discharge intensity to the lake.  At present, the 

catchment contains a plateau with a glacier immediately adjacent to, but outside 

of, the watershed divide.  During this period, the glacier may have extended into 

the catchment and its meltwater may have delivered coarser and more episodic 

clastic sedimentation to the lake.  With this new sedimentation regime, microbial 

communities had to adapt to the new conditions.  Biogenic deposits were 

reduced as more clastic material was deposited.  The interbedding of coarse and 

ovoid clay aggregate-rich fine units became more clearly defined and the inferred 

biogenic units gave way to dominantly clastic sedimentation in the late stages of 

this facies. 

 

Facies 4 - Late Holocene varve sedimentation 

In Facies 4, Lake A attained the necessary conditions to consistently preserve 

varves.  Clastic sedimentation dominated over microbially-derived inputs and, 
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thus, well-defined highly clastic laminae with some biogenic input were 

deposited.  The coarse units with terrestrial organic matter that were common in 

Facies 3 became infrequent, suggesting a lower energy sedimentation regime.  

Silt and clay couplets dominated the sedimentary record, although oxygen 

incursions into the upper monimolimnion were common and the mortality of 

green sulphur bacteria in the upper anoxic waters likely contributed to prominent 

iron-rich deposits within the sediments.  The frequent presence of pellets within 

this section also suggests periods of reduced ice cover. 

 

Comparative sedimentology of High Arctic meromictic lakes 

Lake A is only one of only a dozen known meromictic lakes in the Canadian High 

Arctic, including neighbouring Lakes B, C1, C2 and C3 (Van Hove et al., 2006) 

and Romulus Lake (Davidge, 1994) on Ellesmere Island, Lake Sophia on 

Cornwallis Island (Pagé et al., 1984) and Garrow Lake on Little Cornwallis Island 

(Ouellet et al., 1989).  Sedimentation processes differ in these lakes due to 

differences in ice cover regimes, local relief and sediment availability but 

common features are evident amongst some their sedimentary records (Table 3). 

The sedimentary profiles of Lakes B, C1, C2 and C3 have sections of 

microlaminae that are commonly orange-hued.  The sediments of Romulus Lake 

have thicker couplets (0.6-1.2 mm thick) than those of Lake A but they often also 

have a red hue due to iron oxides (Davidge, 1994).  Of these lakes, only Lake A 

and Lake C2 have varve structures confirmed by radioisotopic analyses (this 

study and Lamoureux and Bradley, 1996) but others potentially also contain  
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Table 3: Summary of regional meromictic lake locations, morphometry, water column properties and presence of key 
sedimentary structures identified using the Lake A sedimentary record.  Question marks indicate information that is 
unavailable.   
Lake characteristics1       Water column properties1   Sedimentary structures  
Lake  
name 

Location Area 
(km2) 

Catchment
area (km2)

Specific 
conductivity 
peak (μS·cm-1) 

Total iron
peak (mg·L-1) 

Micro- 
laminated  
couplets 

Orange/
red 
hue 

Ovoid
features 

Pellets Black
granules

A 83°00’N, 75°30’W 4.9 37.0 49000 2.00 X X X X X 

B 82°58’N, 75°30’W 0.9 5.0 43000 ? X X X X 

C1 82°51’N, 78°12’W 1.1 3.3 40000 0.03 X X X X 

C2 82°50’N, 78°05’W 1.8 23.5 44000 12.10 X X X X 

C3 82°48’N, 78°05’W 1.7 180.0 250 0.49 X X 

Romulus 79°53’N, 85°07’W 4.4 28.0 98000 71.00 X X ? ? ? 
 1 Sources for lake characteristic data: Lakes A and B (this study), Lakes C1, C2 and C3 (Van Hove et al., 2006) and Romulus Lake (Davidge, 
1994).  Sources for water column property data: Lake A, Lakes C1, C2, and C3 and Romulus Lake (Van Hove et al., 2006) and Lake B (Ludlam, 
1996).  
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varved sediments.  The pattern of light, diffuse varves below a series of thick, 

dark orange or red varves seen in Lake A is also evident within the 

microlaminated portions of some Lake C2 cores (Figure 11).  Biogenic 

components in the Lake C2 sedimentary record are also apparent as wavy 

deposits that appear friable, similar to those near the surface of the Lake A 

sediments. 

Small black granules, similar to those identified as pyrite or mineral grains 

in the Lake A sediments, are also present in Lake B (although not as 

prevalently), Lake C1 and Lake C2.  Green sulphur bacteria were identified within 

the water column of Lake C1 (Van Hove et al., 2006) and may be influencing 

pyrite deposition during chemocline ventilation events in this lake.  The black 

granules in the Lake C1 record also form units within sections with diffuse 

sediment structure, which is reminiscent of similar units within Lake A’s Facies 2.  

Although black granules were not specifically noted in the Romulus Lake 

sediments, the sedimentary record was mostly black prior to oxidization 

(Davidge, 1994), suggesting the deposition of iron sulphides (Dickman, 1979).  

Additionally, the paucity of black granules in the sedimentary record of Lake C3 

may be due to the lake’s nearly freshened state (Van Hove et al., 2006), which 

would limit anaerobic biological communities within the lake and, thus, pyrite 

formation by the same means as in Lake A. 

The sub-rounded pellets of coarse lithic material with organic matter that 

deform the sediment below them are also present in Lakes B and C2 (Figure 13).  

The pellets appear to be ice-rafted and may represent records of ice cover 
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variability.  Additionally, the ovoid clay aggregates (Figure 7) found in Lake A’s 

Facies 2 and 3 are also present within diffuse sediments of Lake C1, although 

infrequently. 

Comparison of Lake A’s sedimentary characteristics to those of other 

Arctic meromictic lakes demonstrates the likelihood of common sedimentation 

processes.  Higher sediment input to Romulus Lake and its seasonal ice cover 

likely contribute to differences in its sedimentary record when compared to that of 

Lake A.  Lakes B, C1 and, particularly, C2 appear to have more complex 

sedimentary deposits than previously assumed.  The records of pyrite deposition 

and its associated chemical and biological activities in these lakes may aid in 

further understanding their limnology and sedimentology and provide additional 

paleoenvironmental information. 

 

Conclusions 

The distinct limnology, stratification and perennial ice cover of meromictic Lake A 

and its chemical and biological activities have produced a complex sedimentary 

record that incorporates clastic, chemical and biogenic components.  The 

sedimentary record contains four different facies representing various stages of 

the lake’s development from an embayment of the Arctic Ocean (Facies 1) 

through to a stratified meromictic lake (Facies 4).  Biogenic markers, including 

wavy, diffuse laminae and ovoid clay aggregates are most evident within Facies 

2, which represents a time when microbial communities appeared to flourish in 

the calm waters of the newly isolated lake.  Clastic sedimentation increased in 
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Facies 3 and resulted in reduced biogenic features and clearer laminae.  Finally, 

Facies 4 shows clear varve sedimentation under anoxic conditions in a strongly 

stratified lake.  Sedimentary pellets are also most notable in this section of the 

record.  Black granules of pyrite and mineral grains are evident in varying 

amounts in all facies and, in at least the upper two facies, suggest biological and 

chemical inputs to sedimentation.  Additionally, particularly iron-rich deposits may 

be indicative of reduced ice cover periods when wind mixing allows for partial 

ventilation of the upper chemocline and results in pyrite precipitation. 

Given the many processes contributing to various features of the Lake A 

sedimentary record, this sedimentary environment is complex.  Features in the 

sedimentary record of other meromictic lakes on northern Ellesmere Island show 

many similarities to Lake A, and these results suggest complex sedimentation 

processes and depositional environments.  These environments have more in 

common than previously thought and their records could be further exploited for 

more details of their development and the limnological, hydrological and 

climatological records held within their sediments. 
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Abstract 
 
Sediment aggregates within the sedimentary record of Lake A (83°00’N, 

75°30’W), Ellesmere Island, Canada, provided a 1000-year record of ice cover 

variability on this near-perennially ice-covered, High Arctic lake.  These pellets 

were interpreted to form during fall or early winter when littoral sediment adheres 

to ice forming around the lake’s periphery or during summer through the 

development of anchor ice.  The sediment likely collects in ice interstices and is 

concentrated in the upper ice layers through summer surface ice melt and winter 

basal ice growth.  The pellets remain frozen into the ice until a summer with 

reduced ice cover allows for their deposition across the lake during melt.  

Sedimentary pellet frequency within multiple sediment cores was used to develop 

a chronology of ice cover fluctuations.  This proxy ice cover record was largely 

corroborated by a record of unusual sedimentation involving iron-rich, dark 

orange to red laminae overlying more diffuse laminae with a lighter hue.  This 

sediment sequence was hypothesized to represent reduced ice cover years 

through increased levels of chemocline ventilation and iron deposition.  During 

the past millennium, the most notable period of inferred reduced ice cover was 

ca. AD 1891 to present.  Other periods of ice cover mobility were suggested ca. 

AD 1017-1209, 1264-1367 and 1443-1713.  More persistent ice cover was 

inferred during the 1700s and 1800s.  The proxy ice cover record corresponded 

well with most regional melt season proxy temperature records and 

paleoecological studies, especially during the 1800s and 1900s.  Similar pellets 

were noted in other High Arctic meromictic lakes and suggested the potential to 
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develop records of ice cover variability from these lakes.  Additionally, given the 

importance of ice cover to aquatic communities in Arctic lakes, pellet records 

could potentially be used together with biological records to examine past ice 

cover changes and their biological implications in lakes where both types of 

records are available.  

 

Introduction 

Perennially ice-covered lakes exist in only a few locations in the world, such as 

the McMurdo Dry Valleys of Antarctica (Wharton et al., 1993), northern 

Greenland (Vincent et al., in press (a)) and northern Ellesmere Island, Canada 

(Bradley et al., 1996).  Extremely low temperatures are required to develop their 

thick ice covers and maintain them through summer melt seasons.  Ice cover has 

important effects on limnology and sedimentation, but perennial ice covers are 

unique in influencing lake processes throughout the year, including during the 

melt season when most sedimentation occurs.  A permanent ice cover influences 

sediment input and deposition (Coakley and Rust, 1968; Retelle and Child, 

1996), light penetration into the water column (Belzile et al., 2001), microbiotic 

structure (Belzile et al., 2001; Smol and Douglas, 2007a), water column 

stratification (Doran et al., 1996) and the preservation of sedimentary structures 

(Bradley et al., 1996; Tomkins et al., Chapter 3).  Therefore, perennial ice covers 

profoundly influence their lake environments. 

Meromictic, perennially ice-covered Lake A, located on the northern coast 

of Ellesmere Island (Figure 1), had a summer with a near ice-off event (AD 2000) 

and subsequent low ice years (AD 2003 and 2006; D. Mueller, 2007, pers. 
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comm., 2007).  Spring ice thickness on Lake A has also been reduced in recent 

years from the previously recorded 2 m thickness (Hattersley-Smith et al., 1970; 

Jeffries et al., 1984; Lamoureux, 1993, unpublished data; Belzile et al., 2001) to 

1.54 m (n = 8) in 2005 and 1.25 m (n = 11) in 2006.  Lake A may be in transition 

from a perennially ice-covered lake to one with seasonal ice cover (Van Hove et 

al., 2006) and the repercussions of this change could drastically alter the lake’s 

stratification, sedimentation regime and aquatic communities.   

Paleoecological studies of High Arctic lakes have identified ice cover as 

the main factor controlling diatom and invertebrate habitats and, thus, their 

assemblages and abundances over time (e.g., Smol, 1983; Smol and Douglas, 

2007a).  Diatom communities in lakes with more persistent ice covers have 

shown muted responses to increased air temperatures relative to nearby lakes 

with shorter ice cover duration (Keatley et al., in press).  Additionally, numerous 

studies have identified species shifts in many Arctic lakes during the past two 

centuries and attribute these changes to climate warming and associated 

reductions in ice cover thickness and areal extent (e.g., Douglas et al., 1994; 

Doubleday et al., 1995; Michelutti et al., 2003; Antoniades et al., 2005; Smol et 

al., 2005; Antoniades et al., 2007; Smol and Douglas, 2007a).  While biological 

proxy records of ice cover variability have been inferred from Arctic sedimentary 

sequences, reliable physical records of such changes have not yet been 

developed.   

In this study, we use mineral grain aggregates (“pellets”), an unusual 

feature of Lake A’s sedimentary record, to develop a proxy record of relative ice 
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cover extent and, by inference, thickness.  This record is used to place recent ice 

cover changes into context and to understand the history of ice cover variability 

at Lake A during the past millennium.   

 

Study site 
 
Lake A (unofficial name; 83°00’N, 75°30’W), is located ~4 m above sea level 

(a.s.l.) on the northern coast of Ellesmere Island, Nunavut, in Quttinirpaaq 

National Park (Figure 1).  This 4.9 km2 basin lies in an unglacierized 37 km2 

catchment within the Challenger Mountains on the Marvin Peninsula and is 

underlain by pyroclastic rocks with limestone inclusions within the M’Clintock 

Formation (Okulitch, 1991).  Frost-shattered rock covers much of the landscape 

and relief in the catchment rises to 800 m a.s.l.  Herbaceous tundra vegetation is 

sparse and species diversity is low in this extreme environment (Edlund and Alt, 

1989; Hodgson, 1991).  The melt season is confined to a brief period, mostly 

during July and August (Environment Canada, 2008).  Meteorological records for 

the study area are available from Alert, Nunavut (175 km east; Environment 

Canada, 2008), Parks Canada (AD 1995-2005) and SILA Network (AD 2005-

2007; Centre d’Études Nordiques, Université Laval) weather stations on Ward 

Hunt Island (15 km northeast) and a weather station at Lake A (Centre d’Études 

Nordiques, Université Laval) that has been operational since AD 2004.  

The lake is thought to have formed between 2500-4450 BP (years before 

present (AD 1950)) when isostatic rebound raised the lake above sea level, but it 

may also have been isolated earlier by the growth of the adjacent Ward Hunt Ice  



 
 

117 
 

 

 

 

 

 

 

 

Figure 1: Study lake bathymetry, core sampling locations and location relative to 
other paleoclimate records from lakes and an ice cap on Ellesmere Island. 
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Shelf (Lyons and Mielke, 1973; Jeffries et al., 1984; England and Stewart, 1985; 

Bradley et al., 1996).  The lake has a maximum known depth of 128 m and is 

strongly stratified with ancient, anoxic sea water containing hydrogen sulphide 

(monimolimnion) underlying a freshwater cap (mixolimnion).  A sharp oxycline 

(10-13 m) and more gradual chemocline (10-25 m) represent the transition zone 

between the two water masses.  The lake has a near-perennial ice cover and 

typically forms only a moat of open water (usually < 25 m) wide along the 

shoreline by late summer.  Three recent reduced ice cover years observed with 

satellite imagery (D. Mueller, pers. comm., 2007) suggest that the extent of ice 

cover can vary substantially on an interannual basis, at least in recent times.  The 

ice cover limits wind-induced mixing during the summer, aiding in preserving 

stratification in the lake and minimizing disturbance to sediments within the 

monimolimnion (Tomkins et al., Chapter 3).  These lake characteristics, in 

addition to highly seasonal sediment input and anoxia in the lake’s bottom 

waters, provide conditions conducive to the formation and preservation of 

microlaminated sediments.     

 

Methods 

During spring 2005 and 2006, 21 sediment cores were collected from Lake A 

using an Aquatic Research Instruments gravity and percussion coring system.  

Sediment cores were labelled according to the order of collection in each year, 

such that core A-07-06 would indicate the seventh core collected in AD 2006 

(Figure 1).  Sediment cores were dewatered and kept unfrozen in a vertical 
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position during storage and transport.  Cores collected in AD 2006 were capped 

with a sodium polyacrylate gel seal to prevent surface disturbance during 

transport (Tomkins et al., in press; Chapter 2).  Water column properties were 

collected using a Richard Brancker Research (RBR) XR-420 CTD instrument 

(conductivity, temperature and depth) and a Hydrolab Surveyor 3 SVR3-DL data 

logger instrument (temperature, dissolved oxygen, conductivity and pH).  The 

RBR instrument was accurate to ±0.003 mS·cm-1 for conductivity, ±0.002°C for 

temperature and ±0.05% for depth.  Measurements for the Hydrolab instrument 

were calibrated using a surface lake water sample and, for the oxygen sensor, 

water and air measurements.   

All sediment cores were split lengthwise in the laboratory and their 

surfaces were cleaned with a razor blade.  Thin sections were prepared from 

overlapping sediment slabs (7.0 x 1.5 x 0.3 cm) following the methods of 

Lamoureux (1994, 2001).  Thin sections were scanned at 2400 dpi using a 

Hewlett-Packard S20 slide scanner and also examined using standard light 

microscopy.  Laminae thickness measurements were made using light 

microscopy (dissecting microscope) and a Quick-Check QC-1000 measurement 

system mounted on an Acu-Rite Absolute Zero II precision measurement stage.  

Dr. Raymond Bradley provided access to thin sections created from the 

sedimentary records of Lakes A, B, C1, C2 and C3 for the Taconite Inlet Lakes 

Project (Bradley et al., 1996; Lamoureux and Bradley, 1996) for light microscope 

observations.   
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Grain size was determined for the sediments throughout core A-04-06 and 

pellets from cores A-02-06 to A-10-06.  Core A-04-06 was sampled at 1 mm 

intervals using a razor blade and visible pellets from cores A-02-06 to A-10-06 

were carefully sampled to obtain enough material for a single grain size 

measurement.  All samples were treated with repeated applications of 35% 

hydrogen peroxide at 40°C for up to three weeks to completely remove organic 

material.  Prior to measurement, 1-2 mL of sodium hexametaphosphate (38 g·L-1) 

and sodium carbonate (8 g·L-1) solution were added to each sample to disperse 

aggregates during measurement in a Beckman Coulter LS200 grain size 

analyser.  Each sample was measured three successive times with continuous 

sonication.  The third run was retained unaveraged after visual comparison with 

the other two runs for quality assurance. 

Total organic carbon (TOC) and total nitrogen (TN) were measured in the 

pellets and throughout core A-04-06 (0.5 cm increments in the upper 3 cm, 1 cm 

increments below 3 cm) using a Leco CNS-2000 analyser.  All visible pellets in 

cores A-02-06 to A-10-06 were sampled to collect enough material for a single 

TOC and TN measurement.  All samples were treated with dilute (2N) 

hydrochloric acid overnight to dissolve carbonates and centrifuged four times with 

distilled water to remove the acid.  The samples were then freeze-dried and 

crushed before measurement.  Light microscopy analysis of the pellets indicated 

the same pellet structure, texture and general composition in all cores and, 

therefore, combining material from different pellets for the grain size and TOC 

and TN measurements was deemed appropriate, given sample size 
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requirements of the instrument.  Core A-04-06 was also analysed at 100 μm 

increments with an ITRAX-XRF (x-ray fluorescence) Core Scanner to provide 

relative abundances of elements throughout the sediments. 

The uppermost sedimentary record (core A-02-05) was also sampled for 

radioisotopic dating.  Contiguous samples (3 cm3) were collected at 0.5 cm 

intervals for 137Cs determinations.  The samples were dried in an oven (60°C) for 

24 hours and crushed before 137Cs activity was determined by measuring the 

samples for 80,000 seconds in an ORTEC high-resolution gamma counting 

system, following the methods of Appleby (2001).  Samples (0.5 cm3) were also 

collected at increasingly larger depth intervals to 8.5 cm for unsupported 210Pb 

activity.  After drying in an oven (60°C) for 24 hours, the samples were crushed 

and sent to MyCore Scientific Inc. (Deep River, Ontario) for 210Pb decay 

measurements using alpha spectroscopy.  The unsupported 210Pb activity was 

converted into ages within the sedimentary record by using the Constant Rate of 

Supply (CRS) dating model (Appleby and Oldfield, 1978).  Due to the presence of 

disturbed laminae that could not be counted or measured accurately within the 

uppermost sediments of core A-02-05, the results of the radioisotope 

measurements were transferred to core A-04-06 using marker beds.   

Due to a paucity of macrofossils within the sediments, bulk sediment 

samples were collected from five locations in core A-04-06 for radiocarbon 

dating.  The samples were dried in an oven (60°C) for 24 hours and sent to 

KECK Carbon Cycle AMS Facility, University of California, Irvine, for accelerated 
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mass spectrometry (AMS) radiocarbon dating and all resulting radiocarbon dates 

were calibrated using OxCal 4.0 (Bronk Ramsey, 1995). 

 

Results 

Core sedimentology 

Sedimentary facies 

The longest, uninterrupted sedimentary record in Lake A was found within the 

northern portion of the lake at water depths < 54 m.  This area of the lake did not 

have the slumping problems of deeper areas with steeper slopes.  Sedimentation 

rates were extremely low and the sediment was composed mostly of clay and silt 

with some biogenic components (Tomkins et al., Chapter 3).  All cores from this 

part of the lake contained four facies, except for the three shallowest, most distal 

cores.  Full details of the lake’s sedimentology are available in Chapter 3.   

The bottom facies, Facies 1, contained massive marine clay and silts 

(mean grain size: 5.3 μm) and fossil foraminifera and was inferred to represent 

sedimentation prior to the lake`s isolation from the Arctic Ocean.  Facies 2 had a 

fine texture (mean grain size: 5.6 μm) and higher levels of total organic carbon 

than other facies (mean: 2.25%).  This facies contained diffuse, wavy laminae 

and ovoid clay structures, both likely derived from biological processes.  These 

characteristics and the presence of high pigment concentrations (D. Antoniades, 

unpublished data) suggested the possibility of microbially-influenced surface 

development or increased water column productivity and subsequent biogenic 

deposits, in addition to intermittent clastic sediment inputs (Tomkins et al., 

Chapter 3).   Facies 3 had the coarsest mean grain size (mean: 8.1 μm) and 
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represented a transition from diffuse structure to annually-laminated (varved) 

sedimentation in a stably stratified meromictic lake (Tomkins et al., Chapter 3).   

This facies had coarse units, commonly with detrital organic material, that 

were interbedded with units containing the ovoid clay structures also noted in 

Facies 2.  Sedimentary pellets were present for the first time within this facies, at 

230 mm depth (in core A-04-06).  The uppermost sediments of the sedimentary 

record formed Facies 4, which contained microlaminae, some biogenic deposits 

and pellets (Figure 2).  The microlaminae were interpreted to be annual laminae 

(varves), typically composed of a silt unit with a clay cap (Tomkins et al., Chapter 

3).  Mean grain size in this facies was 6.8 μm and total organic carbon remained 

low at 1.9%.  The carbon to nitrogen ratio (C/N), which can be used to examine 

the relative contributions of aquatic and terrestrial sources of organic matter 

(Meyers and Teranes, 2001), showed a decreasing trend towards the top of the 

sedimentary record and suggested increased aquatic contributions and/or 

decreased terrestrial organic matter inputs over time (Facies 1 C/N: 21.1, Facies 

4 C/N: 15.4; Tomkins et al., Chapter 3).   

Laminae within Facies 4 most commonly had an orange hue (Munsell 

colour 7.96YR 4/8).  Although some laminae were shades of brown (5.01Y 4/4) 

or had minimal colouring (8.76Y 7/4), orange was the most common lamina 

colour.  Orange laminae were also common with Facies 3 but were less common 

within Facies 2, which had a greenish brown hue (6.71 YR 2/4).  Notably dark 

orange to red laminae (darkest hue: 3.09YR 2/6), likely indicating increased iron 

deposition, were sometimes found in a series overlying more diffuse, pale 
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Figure 2: Examples of pellets within the Lake A sedimentary record including (a) 
and (b) larger solitary pellets in core A-04-06 (scale bar = 1 mm), (c) solitary and 
chains of pellets in core A-07-06 and flattened pellet material in cores (d) A-10-
06, (e) A-08-05 and (f) A-11-06.  Scale bars in (c) through (f) are 5 mm in length.  
Scratch marks on (c) and (f) are an artefact of thin section preparation. 
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laminae (8.76Y 7/4).  This sedimentation pattern was suggested to indicate upper 

chemocline mixing events after a period of reduced mixing and full 

monimolimnion anoxia (Tomkins et al., Chapter 3).   

 

Sedimentary pellets 

Ovoid sediment aggregates, or “pellets,” of different texture and colouring than 

the surrounding sediment, were apparent within the uppermost sediments of 

cores collected from water depths ranging from 11-81.5 m (Figure 2).  These 

pellets were also evident in cores from deeper locations in the lake (up to 126 m) 

collected in 1993.  The long axis of the pellets was parallel to laminae horizons.  

The pellets often warped the sediment below them and sometimes formed load 

structures, which suggests that they landed intact.  Their structure appeared to 

be cohesive, possibly due to a biofilm holding the grains together, and they were 

able to maintain their structure while settling through a relatively deep water 

profile.  Most pellets were solitary, but sometimes multiple pellets were found 

within the same sedimentary unit.  Additionally, pellets within the same 

sedimentary unit were sometimes connected by a thin band of the pellet material.  

The pellets ranged widely in size.  Macroscopic pellets (those visible to the 

unaided eye) are the focus of this study but microscopic pellets were noted at up 

to 63x magnification.  The smallest pellets were sub-millimetre in size, whereas 

the largest specimen was 9 by 4 mm.  Most pellets were composed mostly of 

grey (1.24 GY 5/0) clastic grains with some black granules and fine detrital 

organic material.  Mean pellet grain size (11.1 µm) was notably coarser than the 
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Table 1: Particle size, total organic carbon (TOC), total nitrogen (TN) and C/N 
data for the pellets and their surrounding sediment (0-230 mm depth in core A-
04-06). 
  Pellets Surrounding 
  sediment 
Grain size     
Mean (μm) 11.12 6.99 
Median (μm) 15.14 7.75 
% Clay 16.36 20.78 
% Very fine silt 22.89 33.45 
% Fine silt 13.12 19.24 
% Medium silt 17.40 14.71 
% Coarse silt 26.94 11.24 
% Total silt 80.35 78.64 
% Sand 3.30 0.58 
Organic content 
% TOC 1.45 1.93 
% TN 0.06 0.15 
C/N (atomic) 28.47 15.25 
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surrounding sediment (7.0 µm; Table 1) and the pellets contained higher 

amounts of medium and coarse silt and sand.  The pellets also had lower TOC 

and TN values and a carbon to nitrogen (C/N) value (28.5) that was much higher 

than the surrounding sediment (15.3).   

While most cores contained rounded pellets, those from shallower areas 

had pellets with flattened profiles.  The most flattened pellets were in the 

shallowest core, A-11-06 (11 m water depth).  These pellets occasionally formed 

near-continuous units across thin sections (Figure 2).  Additionally, cores A-10-06 

(18 m water depth) and A-08-05 (14 m water depth) contained both solitary 

pellets and chains of pellets, but nearly all had a more flattened profile than 

pellets in cores from deeper locations (Figure 2). 

 

Sedimentary chronology 

Verification of varves 

Lake A has many characteristics that are conducive to the preservation of varves.  

In this harsh lacustrine environment, highly seasonal sediment delivery, a 

perennial ice cover, water column stratification and monimolimnion anoxia each 

support the formation and preservation of varves (Bradley et al., 1996; Tomkins 

et al., Chapter 3).  Sediment structure in Facies 4 also suggested the presence of 

varves.  Microlaminae couplets typically showed a simple varve structure of a silt 

unit with a clay cap, although deposits from chemical processes and biological 

activity complicated the sedimentary record (Tomkins et al., Chapter 3).  Despite 
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these complexities, varve structures recording seasonal changes in 

sedimentation could be discerned. 

 The inferred varve record was independently verified using 137Cs and 

210Pb dating.  Both radioisotopes were present in extremely low levels within the 

Lake A sediments (137Cs peak: 0.007 Bq·g-1, 210Pb peak: 0.13 Bq·g-1), which 

limited the number of dates that could be estimated from the radioisotope decay 

profiles.  This occurrence is common in Arctic lakes and can complicate dating 

(Wolfe et al., 2004).  However, the profiles developed from Lake A’s sediments 

were adequate for providing age estimates of the uppermost sediments.   

No major peak in 137Cs was noted within the sediments to suggest the 

year of peak 137Cs production (i.e., AD 1963; Appleby, 2001) but the highest 

activity occurred at the same depth as the estimated AD 1963 lamina couplet 

(Figure 3).  Additionally, 137Cs fallout did not occur in notable amounts in the 

Northern Hemisphere until AD 1954 (Appleby, 2001) and measurable 137Cs is not 

present in the sediments below the depth of lamina couplets from the 1950s.  

These results indicated that the past 50 years of sedimentation were within the 

uppermost 2.0 cm of core A-04-06 (Tomkins et al., Chapter 3).   

 210Pb dating produced three dates for the sedimentary record and two of 

the three dates (AD 2005 and 1969) corresponded with lamina counts (Figure 3).  

The one date that did not correspond (AD 1994) was offset by 1 mm.  This 

discrepancy could have been caused by transferring the 210Pb results from core 

A-02-05 to core A-04-06 to compare with lamina counts.  The results indicated 

that sedimentation since 1969 is contained within the uppermost 1.2 cm of core 
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Figure 3: (a) 137Cs and (b) 210Pb decay and lamina ages with depth in the Lake A 
sedimentary record.  Radionuclide decay was measured in core A-02-05 and 
lamina counts are from core A-04-06. 



 
 

130 
 

A-04-06 and this is consistent with the 137Cs results.  These results are similar to 

radioisotopic dating of sediments from nearby meromictic Lake C2 (35 km west), 

which indicated that the uppermost 1 cm of the sedimentary record represent 

sedimentation since the early 1960s (Zolitschka, 1996).  The results of the 

radioisotopic analyses supported the hypothesis that the microlaminae in Facies 

4 were varves (Tomkins et al., Chapter 3) and sedimentary structures below the 

radioisotope-dated sediments suggested that varves continued throughout the 

facies.  Varves have been identified in meromictic Lake C2, a lake with similar 

characteristics to Lake A (Lamoureux and Bradley, 1996), and in meromictic 

Lake Tuborg, located 300 km south (Smith et al., 2004).   

Radiocarbon dates from the microlaminated section of the sedimentary 

record were deemed unreliable due to a strong reservoir effect in the lake and 

could not be used to support the varve chronology (Tomkins et al., Chapter 3).  

Surficial sediments were dated to 3426 cal. BP (3401-3450; calibrated years 

before AD 1950).  When the reservoir age was removed from the two 

radiocarbon dates at 8.2-8.4 cm and 13.3-13.4 cm depth, the resulting ages were 

approximately 990 and 3070 years older than ages estimated using varve 

counts.  These radiocarbon dating issues are not unique to Lake A, as large 

reservoir effects were also found in similar lakes such as Lake Hoare, Antarctica, 

and can greatly influence radiocarbon dates (Doran et al., 1999).  Radiocarbon 

dates from the sediments of nearby Lake C2 (35 km west) were older than varve 

estimates (Zolitschka, 1996) and did not correspond with isostatic rebound 

curves for the area (Lamoureux and Bradley, 1996).  Similarly, sediment samples 
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from the Beaufort Lakes on northeastern Ellesmere Island were also 

contaminated with old carbon and the resulting radiocarbon dates also did not 

agree with the area’s post-glacial isostatic rebound history (Retelle et al., 1989).  

 

Age-depth model construction 

Based on the verification of varves within Facies 4, an age-depth model was 

developed for the Lake A sedimentary record.  This model accounted for the 

difficulties that arose in correlating laminae on an interannual basis, and provided 

estimated ages for common marker beds and their associated error estimates.  

The extremely low sedimentation rates increased the likelihood of Type A errors 

in counting (missing varves; Lamoureux and Bradley, 1996) and, thus, varve 

counts in each core were estimated to be minimum ages.  Following the methods 

of Sprowl (1993), varve counts from multiple cores were used to develop the age-

depth model.  This model accounted for variations in sedimentation and aided in 

reconciling Type A errors by incorporating multiple cores, rather than depending 

on a single core to develop the model.   

Marker beds throughout Facies 4 and the upper part of Facies 3 were 

cross-correlated among all cores collected from the northern part of the lake, 

except for the three shallowest cores where marker beds were correlated only at 

depth (Figure 4).  Low sedimentation rates precluded cross-correlation at an 

interannual scale but general trends in lamina thickness between marker beds 

were evident among the cores (Figure 5).  As such, cores were selected for the 

age-depth model based on varve clarity and the presence of marker beds.   
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Figure 4: Marker beds within the varved section of the Lake A sedimentary 
record.  The cores are in order of deepest to shallowest (water depths listed 
under core identification numbers).  Note that core A-05-06 was sampled to 6 cm 
in the field and, thus, its record does not begin until that depth.  The tops of A-02-
06 and A-03-06 had disturbance that hindered identification of marker bed A. 
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Figure 5: Skeleton plot of varve thicknesses (transformed using logarithm base 
10) to marker bed M with 15-year unweighted moving means from cores A-02-06 
to A-09-06.  Due to vague structure between marker beds J and M, varve 
thicknesses from core A-04-06 extend only to marker bed J.  Core A-05-06, 
missing its uppermost 6 cm, is aligned at its top with core A-04-06 using marker 
bed F. 



 
 

134 
 

Common marker beds were identified within cores A-02-06 to A-11-06 and 

assigned identifying letters (Figure 4).  Marker bed C was later eliminated 

because of its close proximity to marker bed B.  Varves were counted and 

measured between the marker beds and these counts were repeated three to 

eight times, until similar consecutive counts were achieved.  Varve counts were 

stopped at the depth where sedimentary structure changed and discrete couplets 

could no longer be delineated with confidence (marker bed M).  Microlaminae 

were evident below marker bed M in all cores but uncertainties prevented the 

development of the age-depth model below this horizon.  The shallowest two 

cores were excluded from the age-depth model development because they were 

missing common marker beds above marker bed J.  Given the low sedimentation 

rate within the lake, it is likely that not all sediment inputs reach the shallow, distal 

area from which these cores were collected and, therefore, their sedimentary 

records likely do not reflect regular annual sedimentation (Smith, 1978).   

Summary statistics were calculated for each marker bed section and the 

maximum varve count per section was retained as the best estimate of the 

number of varves (Table 2).  The value of two standard deviations from the varve 

count estimate was used to represent the 95% confidence interval for each 

section’s counts.  By progressively summing the confidence interval values, 

estimated conservative cumulative errors were assigned to each marker bed 

level.  When eight cores were used in the model, the error estimates were 

substantial.  The lowest marker bed had a cumulative counting error of 26%.  

Missing marker beds and slight differences in sedimentation between the  
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Table 2: Lamina count data set incorporating eight cores collected in 2006 (after Sprowl, 1993).  Counts represent the 
number of varves between marker beds, starting with the top of the core to the base of marker bed A.  Repetitions 
indicate the number of times the varves in each marker bed section were counted. 

Marker bed 
Core labels and water depths (m) A B D E F G H I J K L M 
A-02-06 (81.5 m) varve counts 21 40 26 
• Repetitions 3 3 3 
A-03-06 (81.5 m) varve counts 40 8 49 70 36 
• Repetitions 3 3 3 3 3 
A-04-06 (50 m) varve counts 103 62 48 58 131 139 67 87 33 
• Repetitions 6 5 6 6 7 7 5 5 5 
A-05-06 (50 m) varve counts* 75 51 94 26 42 
• Repetitions 3 3 3 3 3 
A-06-06 (45 m) varve counts 97 44 42 47 82 97 67 83 53 49 
• Repetitions 5 5 6 3 3 3 5 3 3 3 
A-09-06 (41 m) varve counts 79 65 44 61 132 131 74 104 54 51 103 39 
• Repetitions 3 3 3 3 3 3 3 3 4 3 3 3 
A-07-06 (39 m) varve counts 115 61 51 55 123 138 75 99 39 49 93 34 
• Repetitions 6 8 6 6 4 4 5 4 3 3 5 3 
A-08-06 (36.5 m) varve counts 66 47 44 58 116 138 66 103 34 36 
• Repetitions 5 6 6 4 3 3 3 3 3 4 
Number of cores used: 5 5 7 6 6 8 6 6 8 2 3 5 
Maximum count: 115 65 51 61 132 139 75 104 54 51 103 49 
Minimum count: 66 44 21 8 49 40 51 83 26 49 93 34 
Mean count: 92 56 41 48 106 104 67 95 38 50 98 40 
Standard deviation: 19.5 9.6 9.7 20.1 33.2 38.6 8.6 8.6 10.8 1.4 7.1 5.9 
Percent deviation: 17.0 14.7 19.1 32.9 25.2 27.7 11.5 8.3 20.0 2.8 6.9 12.0 
95 % C.I.:** 39.0 19.2 19.5 40.2 66.4 77.1 17.2 17.2 21.6 2.8 14.1 11.7 
Cumulative number of laminae:*** 115 180 231 292 424 563 638 742 796 847 950 999 
Cumulative deviation at 95% C.I.: 39 58 78 118 184 261 278 296 317 320 334 346 
Estimated error (%): 34 32 34 40 43 46 44 40 40 38 35 35 
A-02-06 and A-03-06 removed: 
Cumulative deviation at 95% C.I. 39 58 65 76 117 171 189 206 229 231 246 257 
Estimated error (%): 34 32 28 26 28 30 30 28 29 27 26 26 
* The top 6 cm of core A-05-06 were subsampled in the field and could not be counted;  
**Number of laminae representing the 95% confidence interval (C.I.) based on two standard deviations 
***Based on the maximum number of counts, assuming that all counts are minimums 
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deepest two cores analysed and those from shallower locations suggested that 

some cores were likely missing more varves than others, which would contribute 

to increased errors in the model.  Additionally, substantial differences in 

sedimentation were noted in portions of the sedimentary records of cores A-02-

06 and A-03-06, which were obtained from locations only 5 m apart (Tomkins et 

al., Chapter 3).  When these two records were excluded from the age model, the 

estimated errors for each marker bed were substantially reduced (Table 2).  As 

such, not all cores appear to be representative of annual sedimentation within the 

lake.   

To minimize potential errors due to differing sedimentation, the three 

records with the longest, clearly-defined varved sections (e.g., A-04-06, A-07-06 

and A-09-06) were used to develop the final age model.  The highest level of 

error in this age-depth model was above marker bed D (21-32%) but at the 

deepest marker bed, cumulative error was reduced to 15% at the 95% 

confidence level (Table 3).  This value was higher than estimated errors from 

age-depth models developed for cores from Lake C2 (0.4% (for 453 varves) to 

10.6% (for 1991 varves); Lamoureux and Bradley, 1996) and Lake Valkiajärvi, 

Finland (2.9% for 8400 varves; Ojala and Saarnisto, 1999).  Additionally, in 

Nicolay Lake, Cornwall Island, varve counts had an estimated error of < 0.5% (for 

197 varves), although varve thickness was substantially higher (mean: 2.9 mm, 

Lamoureux, 1999b) than in Lake A.  However, the Lake A estimated counting 

error was only slightly higher than the error determined for the Elk Lake, 

Minnesota, varve chronology (12%; Sprowl, 1993).  The resulting Lake A age- 
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Table 3: Lamina count data set using the clearest and longest varve records from Lake A (after Sprowl, 1993).  Counts 
represent the number of varves between marker beds, starting with the top of the core to the base of marker bed A.  
Water depths for each core are also listed. 

Marker bed 
Core labels and water depths (m) A B D E F G H I J K L M 
A-04-06 (50 m) varve counts 103 62 48 58 131 139 67 87 33 
• Repetitions 6 5 6 6 7 7 5 5 5 
A-09-06 (41 m) varve counts 79 65 44 61 132 131 74 104 54 51 103 39 
• Repetitions 3 3 3 3 3 3 3 3 4 3 3 3 
A-07-06 (39 m) varve counts 115 61 51 55 123 138 75 99 39 49 93 34 
• Repetitions 6 8 6 6 4 4 5 4 3 3 5 3 
Number of cores used: 3 4 5 6 7 8 9 10 11 12 13 14 
Maximum count: 115 65 51 61 132 139 75 104 54 51 103 39 
Minimum count: 79 61 44 55 123 131 67 87 33 49 93 34 
Mean count: 99 63 48 58 129 136 72 97 42 50 98 37 
Standard deviation: 18.3 2.1 3.5 3.0 4.9 4.4 4.4 8.7 10.8 1.4 7.1 3.5 
Percent deviation: 15.9 3.2 6.9 4.9 3.7 3.1 5.8 8.4 20.0 2.8 6.9 9.1 
95 % C.I.:* 36.7 4.2 7.0 6.0 9.9 8.7 8.7 17.5 21.6 2.8 14.1 7.1 
Cumulative number of laminae:** 115 180 231 292 424 563 638 742 796 847 950 989 
Cumulative deviation at 95% C.I.: 37 41 48 54 64 72 81 99 120 123 137 144
Estimated error (%): 32 23 21 18 15 13 13 13 15 15 14 15
*Number of laminae representing the 95 % confidence interval (C.I.) based on two standard deviations 
**Based on the maximum number of counts, assuming that all counts are minimums 
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depth model covered approximately 1000 years of sedimentation in Lake A 

(Figure 6).    

   

Records of pellet frequency, orange-hued lamina patterns and iron 
concentrations 

Using the age-depth model, a pellet frequency record was developed for all cores 

with varve count records (Figure 7).  Most individual cores had peaks in pellet 

frequency at the top of the record (ca. AD 1891 to present) and ca. AD 1017-

1209, 1264-1367 and 1582-1713.  Pellet frequency was reduced in most cores 

ca. AD 1210-1263, 1368-1442 and 1775-1890.  The records were pooled to form 

a mean pellet frequency record, representing the mean frequency of pellets per 

marker bed interval per core (Figure 8).  This mean record indicated that the 

highest pellet frequency of the past millennium occurred from ca. AD 1890 to the 

present, with another period of high prevalence ca. AD 1443-1713 (Figure 8).  

Relatively low pellet frequency was notable prior to ca. AD 1443 and from ca. AD 

1714-1890.   

Iron precipitates were hypothesized to form in Lake A during strong mixing 

events that bring oxygen to the upper anoxic waters and, therefore, iron-rich units 

may be indicative of times with low ice cover and increased wind-induced mixing 

(Tomkins et al., Chapter 3).  Iron-rich units were identified as dark orange to red 

hued laminae within the sedimentary record, as these units are indicative of iron 

oxidization after sediment exposure to oxygen.  Most notably, a distinct pattern of 

dark orange to red laminae overlying pale, diffuse laminae was suggested to  
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Figure 6: Age-depth model for the Lake A sedimentary record from cores A-04-
06, A-07-06 and A-09-06, including cumulative error (95% confidence interval) for 
the age at each marker bed (denoted by letters).  Depths represent the mean 
depth of each marker bed from the three cores used in the age-depth model. 
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Figure 7: (a) Pellet frequency between marker beds in all cores examined.  Asterisks (*) indicate pellets are present but 
disturbed sediment or a missing marker bed prevents the counts from being listed. (b) Frequency of the pattern of 
prominent dark orange laminae overlying laminae with reduced pigmentation.  Cores are in order from deepest to 
shallowest and estimated ages for marker beds and corresponding error estimates are given on the y-axis.  Note the 
differing scales on the x-axes.     
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represent a period of persistent anoxia in the upper monimolimnion, followed by 

years with strong mixing events and associated iron precipitate deposition 

(Tomkins et al., Chapter 3).  This pattern’s inferred representation of reduced ice 

cover, however, was much weaker than the pellet frequency record due to the 

many processes that lead to iron deposition in the lake (e.g., terrestrial inputs of 

iron-rich grains, various aquatic chemical processes that form iron precipitates).  

Hence, frequency records of the pattern of dark orange to red laminae overlying 

pale, diffuse laminae that were developed for comparison with the pellet 

frequency records provided general support for the pellet record but were not 

independent ice cover records (Figure 7).   

These records were not as spatially coherent as the pellet frequency 

records, but some similarities among the cores were notable.  The highest 

frequency of this unusual sedimentation pattern occurred between ca. AD 1582-

1713, with other periods of increased frequency ca. AD 1017-1209, 1264-1367 

and 1443-1581.  These records were also combined to form a mean frequency 

record (Figure 8).  This record corresponded well with the pellet mean frequency 

record from ca. AD 1017-1774, showing relatively low values ca. AD 1210-1442, 

higher frequency ca. AD 1443-1713 and reduced frequencies after this point.  

However, the dark orange lamina pattern record diverged substantially from the 

pellet frequency record after ca. AD 1891.  Pellet frequency reached its highest 

level ca. AD 1891 to present but the frequency of the dark orange lamina 

patterns remained low.  By contrast, the record of the mean percentage of all 

orange or red-hued laminae within the sedimentary record reached its highest 
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Figure 8: (a) Mean frequency of macroscopic pellets on core faces and thin sections using cores A-02-05 and A-02-06 to 
A-11-06.  No large pellets were visible below 230 mm in any core.  Asterisks (*) indicate large pellets (> 1 mm in height) 
within the section.  (b) Mean frequency of the pattern of prominent dark orange laminae overlying laminae with reduced 
pigmentation and (c) mean percentage of orange or red hued units per marker bed interval from cores A-02-06 to A-11-06 
and A-02-05. Bars represent intervals between marker beds.  Estimated ages for each marker bed, derived from a varve-
based age-depth model, are shown with estimated cumulative error on the left y-axis. (d) Relative iron abundance within 
the sediments of core A-04-06 expressed as x-ray counts at the iron energy level from ITRAX-XRF analysis.  Note the 
different scaling of estimated ages with depth for (d) on the right y-axis.  
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values ca. AD 1826 to present (Figure 8).     

The record of relative iron concentrations within the sedimentary record 

was also compared to the dark orange lamina pattern and all orange or red-hued 

lamina records to test if these units represent variability in iron deposition within 

the lake (Figure 8).  Although the iron record has limited variability, it indicates 

relatively high values ca. AD 1443-1713 and reduced values ca. AD 1891 to 

present.  This pattern corresponds well with the dark orange lamina pattern 

record. 

 

Discussion 

Pellet deposition 

The presence of pellets in cores from a variety of depths across the northern part 

of Lake A indicates a wide spatial distribution.   Therefore, there are a number of 

possibilities for the origin of the pellets.  While no single pellet origin process can 

be determined, some can be effectively eliminated based on the available data.  

The pellets are not formed in situ, as load depressions indicate they are 

emplaced intact in the sediments.  The pellets are not of conventional fluvial 

origin, based on their large size and the mixture of unsorted, relatively coarse 

grains compared to the fine-grained lacustrine matrix.  Other possible sources 

include aeolian processes and fecal pellets, but the evidence suggests most 

strongly that the pellets form through ice-rafting processes.  Sediment transport 

via iceberg and sea ice movement has been recognized as an important process 

in glacimarine environments (e.g., Ovenshine, 1970; Gilbert, 1990) and in some 
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Arctic lacustrine environments, particularly proglacial ones (e.g., Smith, 2000).  

Ice-rafted deposits in these environments range from coarse diamicton deposits 

(Smith, 2000), drop stones and frozen sediment aggregates (Gilbert, 1990) to 

sedimentary pellets (Ovenshine, 1970).    

 In the ice-rafting hypothesis, littoral sediment could become incorporated 

into the lake ice cover by three possible mechanisms: anchor ice formation, ice 

cover contact with the lake bottom or ice pan movement into the shore.  While 

Lake A is a near-perennially ice-covered lake, in most summers it forms a moat 

of open water along the shoreline.  In July 2007, anchor ice was observed to 

form on the lake bottom within the moat area.  During its formation, anchor ice 

incorporates sediment as frazil ice crystals attach to lake bottom sediments and 

when the anchor ice becomes buoyant, it transports sediment to the lake’s ice 

cover (Reimnitz et al., 1987; Gilbert, 1990).  Alternatively, if the lake’s growing ice 

cover during fall and winter were to come into contact with littoral sediments, 

sediment could adhere to the base of the ice and eventually be transported to 

other locations of the lake (Smith, 2000).  A final proposed ice-rafting process 

involves the movement of ice pans into shallow areas.  In some recent years, the 

ice cover of Lake A has melted substantially in summer, breaking it into smaller, 

mobile ice pans (D. Mueller, pers. comm., 2007).  During years when mobile ice 

pans exist, wind-induced ice scouring of the shoreline could permit sediment to 

adhere to the ice.  However, a lack of ice push ridges or similar shoreline 

formations (c.f., Dionne, 1979) suggests that this process is not greatly influential.   
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With each of these suggested processes for sediment inclusion within the 

lake’s ice cover, the sediment would be concentrated in the upper layers of the 

ice cover through surface ice melt during the summer and basal winter ice growth 

(Gilbert, 1990; Smith, 2000).  During subsequent high melt years, mobile ice 

pans would form and release the sediment for deposition across the lake.  The 

composition of the pellets, including lithic grains likely coated with a biofilm, 

suggest that littoral areas could have been the sediment source area.  Shoreline 

moss or microbial mat communities in Lake A could provide the biogenic 

components of the pellets.  The relatively high C/N value for the pellets also 

suggests inclusions of terrestrial organic matter, which could be incorporated into 

shoreline sediments.  Alternatively, the sediment aggregates within the ice 

cover’s interstices may act as substrates for microbiota, which could aid in 

maintaining pellet cohesiveness (Priscu et al., 1998.). 

Similar sediment ice-rafting processes are also found in glacimarine 

environments, where sea ice or icebergs transport sediment and sometimes even 

boulders entrained in the ice from littoral areas to deeper locations after the 

sediments adhere to the ice (Gilbert, 1990).  Sedimentary pellets have been 

observed in the sediments of Glacier Bay, Alaska, where iceberg overturning 

causes rapid deposition of poorly sorted material held on the ice surface or within 

ice interstices, resulting in pellet deposition (Ovenshine, 1970; Hoskin and 

Valencia, 1976).  The ice interstices are typically 2-3 mm and the sediment 

entrained within them maintains coherence as pellets after release to the water 

column (Ovenshine, 1970).  These iceberg-rafted pellets are coarser than the 
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pellets found in Lake A, but this is due to the coarser material entrained within 

the glacial ice calving into Glacier Bay.  By contrast, the sediments available for 

ice-rafting in Lake A are primarily from a fluvial source, resulting in finer 

sediments available for incorporation into the ice cover and subsequent transport 

within the lake. 

The authors observed sediment aggregates in Lake A’s ice cover (Figure 

9) and Belzile et al. (2001) reported pellets up to 2 cm in diameter within the 

upper 1 m of the 2 m Lake A ice cover in spring 1999.  The ice cover was 

observed to be composed of multi-year ice (C. Belzile. pers. comm. 2008) and, 

thus, contained sediment collected during other years.  During subsequent 

reduced ice cover years, mobile ice pans would release the accumulated 

sediment to various parts of the lake.  Hence, the high number of small pellets 

near the surface of many cores (Figure 7) could have resulted from the AD 2000 

near ice-off event, when the pellets observed within the multi-year ice cover in 

spring 1999 would have been released from the ice.  

Alternative explanations for the source of the pellets remain difficult to 

reconcile with the sedimentology of these features.  Some Antarctic perennially 

ice-covered lakes have a large aeolian component to their sedimentary records 

due to sediment movement through fractures and melt holes in the ice cover 

(e.g., Lake Hoare (Nedell et al., 1987; Squyres et al., 1991)).  These aeolian 

deposits form sediment mounds on the lake bottom below weaknesses in the ice 

cover and unstructured sand units within the sedimentary record (Squyres et al., 

1991).  Moreover, some Arctic lakes have substantial aeolian contributions to 
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Figure 9: An image of sediment with a rounded shape (indicated with an arrow) 
within a piece of Lake A ice during spring (reproduced with permission of W.F. 
Vincent, 1999). 



 
 

148 
 

their ice covers that would likely influence the sedimentary record (e.g., Crater 

Lake, Baffin Island, Nunavut (McKenna Neuman, 1990)).  Within Arctic lake 

sedimentary records, individual coarse grains (often sand) within finer lacustrine 

sediments have been inferred to be of aeolian origin (e.g., Retelle, 1986; 

Lamoureux, 1999a; Lamoureux et al., 2002).  No sediment mounds have been 

noted at the bottom of Lake A and individual coarse grains were not common 

within any of the sediment cores studied.  Additionally, there were no notable 

amounts of sediment on or within the winter snow cover at numerous Lake A 

sampling locations during the AD 2005 and 2006 field seasons to suggest 

substantive aeolian sediment deposition on the lake.   

Aeolian sediment transport can lead to the formation of cryoconite holes or 

similar liquid water inclusions in ice that have a sediment base on which microbial 

activity may develop (Priscu et al., 1998; Fountain et al., 2004).   These features 

have been studied mostly on glaciers, sea ice and ice shelves (e.g., Säwström et 

al., 2002; Fountain et al., 2004; Mueller and Pollard, 2004), but can also form in 

lake ice.  The relatively low albedo of aeolian sediment and organic matter 

causes melt holes to develop that can become environments conducive to 

microbial activity during the summer when the holes become filled with water 

(Säwström et al., 2002).  Cryoconite holes have not been extensively studied in 

lake ice covers but in glaciers, these features have typical diameters ranging 

from 5-145 cm and depths of a few centimetres to 56 cm (Säwström et al., 2002, 

Fountain et al., 2004; Mueller and Pollard, 2004).  The size of these observed 

cryoconite holes would suggest that any deposit from such sediment inclusions in 
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the ice cover would be larger than the typical pellets observed at Lake A.  

Moreover, a higher organic content would be expected in sediment from 

cryoconite holes than the low total organic carbon values observed in the 

sedimentary pellets of Lake A.  Sediment accumulation within small cryoconite 

holes remains a possible pellet origin process at Lake A, but aeolian deposits 

have not been notable during field observations and no cryoconite holes have 

been observed in the ice cover. 

 Another possible pellet deposition process involves aquatic organisms 

living in the mixolimnion.  Fecal pellets are common in many lakes, including 

nearby Lake C2 (Zolitschka, 1996) and the Beaufort Lakes of eastern Ellesmere 

Island (Retelle, 1986).  In montane Bow Lake, Alberta, copepod (zooplankton) 

fecal pellets comprise a substantial component of sedimentation (Smith and 

Syvitski, 1982).  The Bow Lake and Lake C2 pellets were described as mostly 

inorganic but much smaller (100-500 µm) than the pellets found in Lake A (up to 

4 mm by 9 mm; Smith and Syvitski, 1982; Zolitschka, 1996).  Additionally, fecal 

pellets may not remain intact while settling through relatively deep water 

columns.  Copepod fecal pellets in Lake Michigan were notable in shallower 

areas but disaggregated if they had to settle through 70 m or more of the water 

column, due to bacterial decomposition of their peritrophic membranes (Ferrante 

and Parker, 1977).  The Lake A pellets did not show notable structural 

degradation after settling through the water column, except in shallow areas 

where the pellets were flattened.  Based on the available evidence, the Lake A 

pellets appear unlikely to be derived from copepod activity.   
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Formation of iron-rich laminae within the sedimentary record 

Other Arctic lakes with high iron availability within the water column or 

from terrestrial inputs also have orange sediments likely formed by iron 

deposition and oxidization (e.g., Coakley and Rust, 1968; Gilbert and Church, 

1983).  In Lake A, iron is plentiful within the water column (> 15 mg·L-1 at 30 m; 

Van Hove et al., 2006) and likely common in detrital grains transported to the 

lake, based on the catchment’s bedrock.  Iron may be deposited within the 

sediments within mineral grains or as compounds formed within the water 

column.  The latter process begins when mixing occurs in the upper chemocline 

due to wind activity when ice cover is reduced (Tomkins et al., Chapter 3), during 

strong interflow events (Retelle and Child, 1996) or, possibly, through 

thermohaline convection (Ferris et al., 1991; Gibson, 1999).  During these 

chemocline ventilation events, oxygen from the mixolimnion is mixed into 

underlying anoxic water, which kills anaerobic bacteria (identified as green 

sulphur bacteria in Lake A, Belzile et al., 2001; Van Hove et al., 2006) whose 

remains, in turn, provide a supply of elemental sulphur to the monimolimnion 

(Berner, 1970; Tomkins et al., Chapter 3).  Ferrous ions react with hydrogen 

sulphide in the monimolimnion to form iron monosulphides and these compounds 

react with elemental sulphur from the bacteria to form pyrite precipitates (Berner, 

1970).  Pyrite is commonly found within the Lake A sedimentary record as black 

granules and is particularly notable within orange units, which supports the idea 

that the orange hue is due to iron deposition and post-coring oxidization. 
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While orange-hued sediments appear to represent iron deposition from 

smaller mixing events in Lake A, particularly dark orange to red laminae suggest 

increased iron deposition during stronger mixing events (Tomkins et al., Chapter 

3).  A pattern of dark orange to red laminae overlying more diffuse laminae with 

less pigmentation is hypothesized to indicate a period with minimal mixing and 

low iron deposition (light laminae) followed by relatively high iron deposition, 

likely due to strong mixing events (dark orange laminae).  The mean frequency 

record of this sedimentation pattern corresponds well with the record of relative 

iron concentrations (Figure 8), which suggests that the colour of these laminae 

may be due to iron deposition and post-coring oxidization.  While iron deposition 

in the lake’s sediments is at least partially dependent on ice cover variability, 

pyrite may also form within the sediments and other forms of iron may be 

deposited.  Iron records in lake sediments can be difficult to interpret because of 

the number of processes that deliver, deposit or precipitate iron, the different 

types of iron compounds that can be deposited and the mobility of some types of 

iron under reducing conditions within the sediments after deposition (Engstrom 

and Wright, 1984).  While pyrite is highly insoluble, some iron compounds 

become mobile within the sediments and may be diffused into the overlying 

anoxic water due to reducing conditions within the monimolimnion (Engstrom and 

Wright, 1984).  This mobility will affect the iron record at the top of the 

sedimentary profile.  Without further information on the types of iron with the 

sediments and process studies of iron deposition within the lake, we cannot 

accurately determine the influence of each process on the deposition of iron in 
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the Lake A sedimentary record.  Therefore, although the dark orange lamina 

pattern and relative iron concentration records contain information about ice 

cover variability through monimolimnion ventilation and the deposition of pyrite, 

these processes are clearly complex and influenced by numerous, as yet 

undefined factors.  While these records provide support to the pellet proxy ice 

cover record, further research is required to fully understand the processes 

involved in iron delivery to Lake A sediments.   

 

The proxy ice cover record 

As pellet deposition in Lake A is presumably dependent on ice-rafting 

during high melt years, the frequency of pellets within the sedimentary record 

could be used as a proxy indicator of past reduced ice conditions.  However, it is 

important to note that the ice cover may not reflect summer climatic conditions in 

a direct or proportional manner.  The warmest year on record (AD 1998) did not 

result in an ice-off event or even notably fragmented ice pans (D. Mueller, pers. 

comm., 2007).  Similarly, during the near ice-off year (AD 2000), summer mean 

temperature was the seventh highest on record, spring mean temperature was 

average and the previous winter’s mean temperature was below average 

(Environment Canada, 2008).  However, the high temperatures of AD 1998 may 

have preconditioned the ice cover for subsequent ice-off in AD 2000 by altering 

ice porosity, density, thickness, fracture density or surface albedo.  These 

factors, in addition to ice type (i.e., first-year or multi-year), initial snow cover and 

melt rates at the base of the ice cover, may have contributed to the stability and 
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longevity of the ice (Heron and Woo, 1994).  The high thermal inertia of this lake 

prevents individual warm years from completely melting the ice cover.  The pellet 

frequency record is, therefore, not accurate on an interannual basis but provides 

a relatively direct indication of past ice cover variability and an indirect estimate of 

melt season temperatures on a longer timescale, likely decadal in nature.  

An additional limitation of the pellet frequency record is its temporal 

resolution due to the summing of the pellets between marker beds, rather than 

using an interannual record.  However, the age-depth model provides a much 

longer and generally higher-resolution chronology than other common dating 

methods, such as radioisotopic dating (e.g., 14C, 137Cs and 210Pb).  The verified 

varve chronology could not offer dates to develop an interannual pellet frequency 

record due to extreme thinness of the Lake A varves.  Macroscopic pellets 

viewed on thin sections using light microscopy or pellets counted on core faces 

could not be assigned to individual years with certainty, but could be located 

relative to marker beds.  The use of marker beds to constrain approximate 100-

year periods allowed for the maximum number of cores to be included in the 

pellet frequency record.  Some cores with identifiable marker beds but diffuse 

varves would not have been used in this study if an interannual record had been 

used.   Hence, the temporal resolution for the pellet frequency record is relatively 

high and could not be improved without removing the shallowest and deepest 

cores from the analysis.   

Pellet frequency variations suggest a relatively persistent ice cover during 

the early part of the record (ca. AD 1000-1440), followed by reduced ice cover 
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from the mid-1400s to early-1700s (Figure 8).  More persistent ice cover is 

suggested during the late-1700s and 1800s.  After ca. AD 1891, pellet frequency 

reaches its highest level of the past millennium, although this is largely due to the 

presence of many small pellets at the top of many sediment cores (Figure 7).  

These uppermost pellets likely represent deposition after the near ice-off event of 

AD 2000 or reduced ice cover of AD 2003, largely supported by varve counts at 

the top of the cores.  Other pellets were evident within the twentieth century 

sediments, including a cluster of pellets in core A-04-06 corresponding to 

sedimentation during the 1930s (determined using approximate depths from the 

varve record).  This was a period of known warmth in the Arctic (Serreze et al., 

2000) and was likely a time of substantial Ellesmere Ice Shelf break-up (Vincent 

et al., 2001).  Additionally, Lake A temperature profile modelling suggests that 

reduced ice conditions were present during this time (Vincent et al., in press (b)).  

Difficulties in assigning exact ages to individual pellets prevented a more detailed 

investigation of twentieth-century pellet deposition.  However, the pellets at the 

top of the sedimentary record dominate the pellet frequency record from AD 1891 

to present and suggest that either the most recent changes to ice cover are more 

strongly recorded within the sedimentary record than those from the 1930s and 

1940s or that recent ice reductions are more significant than those during the 

1930s and 1940s.  

Both the pellet and dark orange lamina pattern frequency records suggest 

increased numbers of summers with reduced ice cover from the mid-1400s to 

early-1700s (Figure 8).  However, the pellet frequency record suggests the most 
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reduced ice cover summers of the past millennium during the 1900s, while the 

dark orange laminae pattern frequency and relative iron concentrations records 

suggest less iron deposition and, by extension, more persistent ice cover.  The 

cause for this discrepancy is likely related to post-depositional iron mobility within 

the uppermost sediments.  A reduced form of iron, such as pyrite, is highly 

insoluble and will maintain its position within the sediment profile over time but 

other forms of iron may be diffused as ferrous ions into the overlying anoxic water 

(Engstrom and Wright, 1984).  This iron would be stored within the 

monimolimnion until reacting with hydrogen sulphide to form pyrite (Engstrom 

and Wright, 1984).  In some euxinic water bodies, such as the Cariaco Basin and 

Black Sea, iron from the upper sediments is commonly diffused into the overlying 

anoxic water, although trends in sedimentary iron concentrations are related in a 

complex manner to redox conditions in the water column (Lyons and Berner, 

1992; Lyons, 1997; Yarincik et al., 2000).  Hence, iron diffusion from the 

sediments could be the cause of the decrease observed in relative iron 

concentrations observed in the uppermost 2 cm of core A-04-06 (Figure 8).   

Our results show that pyrite is an important component of the sediments 

but the relative contributions by other forms of iron to the sediments remain 

unknown.  Therefore, the reasons for the divergence of the dark orange lamina 

pattern, relative iron concentration and pellet frequency records in recent times 

can only be speculated upon at this point.  It is of interest to note that the mean 

percentage of all orange or red-hued varves is highest ca. 1891 to present, 

despite the relatively low frequency of dark orange lamina patterns during this 
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time (Figure 8).  These results may indicate multiple moderately low ice cover 

years but few summers with greatly reduced ice cover that would be required for 

higher levels of iron to be deposited after wind-mixing. 

 

Paleoclimate implications and regional associations 

The energy balance of an ice cover controls its growth and decay and, as 

sensible heat is an integral component of this energy balance, summer 

temperature is a major influence on ice melt (Heron and Woo, 1994).  Given this 

process linkage, regional temperature reconstructions were compared to the 

proxy ice cover record from Lake A and the records show strong similarities 

(Figure 10).  It is important to note that some discrepancies between the pellet 

frequency record and regional proxy melt season temperature records may be 

due to the differing temporal resolutions and uncertainties of the records.  

Sections of sediment between marker beds cover decades to centuries and 

pellets are not evenly spaced throughout each section.  However, this pooling of 

data was necessary to allow for the most cores possible to be used in the pellet 

frequency record.   

Regional lake records largely corroborate the Lake A proxy ice cover 

record.  The nearby Lake C2 varve thickness record, an estimate of mean 

summer temperature (Hardy et al., 1996), suggests below mean to mean 

temperatures prior to ca. 1400 and above mean temperatures ca. 1400-1700, 

followed by relatively cold conditions until the mid-1900s (Lamoureux and 

Bradley, 1996).  This record corresponds well with the entire Lake A proxy ice  
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Figure 10: Comparison of regional climate records including (a) Upper Soper 
Lake, Baffin Island, reconstructed June mean temperature (Hughen et al., 2000), 
(b) Tuborg Lake varve thickness standardized to the 1901-1961 mean (Overpeck 
et al., 1997) (c) Agassiz Ice Cap percent melt record (core A84; Fisher and 
Koerner, 1994; Fisher et al., 1995), (d) Lake C3 varve thickness standardized to 
the AD 1901-1961 mean (Lasca, 1997), (e) unfiltered Lake C2 varve thickness 
(Lamoureux and Bradley, 1996) and (h) the Lake A pellet mean frequency 
record.  Mean values the data sets are denoted by dashed lines.  Data for all 
locations, except Lake A (this study) and Lake C2 (Lamoureux and Bradley, 
1996), were obtained from the IGBP PAGES/World Data Center for 
Paleoclimatology, NOAA/NGDC Paleoclimatology Program 
(http://www.ncdc.noaa.gov/paleo/data.html).   
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cover record.  Similarly, the varve thickness record from adjacent Lake C3, 

Ellesmere Island, also suggests warmth during the first half of the 1600s, 

extended periods of cool summer temperatures during the 1700s and 1800s and 

a return to warmer temperatures during the mid-1900s (Lasca, 1997).  However, 

this record shows a period of warmth during the early 1700s that is not reflected 

in the Lake A proxy ice cover record.  Additionally, the varve thickness record 

from Lake Tuborg, Ellesmere Island, suggests a brief period of above mean 

summer temperatures during the 1600s, followed by reduced temperatures 

during the 1700s and early-1800s and warmer conditions from AD 1865-1962 

(Smith et al., 2004).  This record largely corresponds with the latter part of the 

Lake A proxy ice cover record, although nineteenth-century warming begins 

earlier in the Lake Tuborg record and sedimentation in the lake is dominated by 

glacial melt (Smith et al., 2004).  A June temperature reconstruction from the 

varved sediments of Upper Soper Lake, Baffin Island, also corresponds well.  

This record estimates mean to above mean temperatures from the early-1500s to 

late-1600s (Hughen et al., 2000), which corresponds to a notable period of 

reduced ice in the Lake A record.  Both records indicate relatively cold conditions 

during the 1700s and 1800s, followed by strong warming during the 1900s 

(Hughen et al., 2000). 

Climate records reconstructed from High Arctic ice caps also record 

similar phases of inferred warmth to the proxy ice cover record.  Using δ18O and 

summer ice melt layer records, warm summer temperatures were inferred at 

Agassiz Ice Cap, Ellesmere Island, during the late-1300s, late-1400s and 1900s 
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(Fisher and Koerner, 1983; Fisher et al., 1995) and cold conditions ca. 1600-

1900 (Fisher et al., 1983).  The Lake A proxy ice cover record corresponded with 

much of variability within the ice core records, although these records showed 

colder conditions beginning during the 1600s, rather than the early-1700s, and 

warming beginning in the mid-1800s, rather than the late-1800s.  At Devon Ice 

Cap, Devon Island, warm conditions are inferred from ice melt features and δ18O 

measurements ca. 1240 and 1380 and more prolonged warmth was suggested 

during the 1900s (Paterson et al., 1977).  Cold periods were inferred on the 

Devon Ice Cap ca. AD 1300, 1430, 1520 and 1560, with more consistently cold 

conditions during the 1700s and 1800s (Paterson et al., 1977; Fisher and 

Koerner, 1983; Alt, 1985).  The Devon Ice Cap records largely corroborate the 

Lake A proxy ice cover record after AD 1700, but there are conflicts in the 

inferred variations of summer temperature prior to this time. 

Paleoecological records from Arctic lakes also largely corroborate the 

latter part of the Lake A proxy ice cover record.  On a regional scale, changes in 

freshwater ecosystems are evident throughout the circumpolar Arctic due to 

recent climate amelioration and its inferred influence on ice cover, with numerous 

ponds and lakes showing changes in diatom and chironomid assemblages after 

1850 (Smol et al., 2005).  Ward Hunt Lake, Ward Hunt Island (15 km north), has 

diatoms present only during the past 200 years of sedimentation and increases in 

photosynthetic pigments and organic matter content were noted beginning only 

slightly before the appearance of diatoms (Antoniades et al., 2007).   In Lake C2, 

diatom assemblages record a change to more open water conditions during the 
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past approximately 200 years (Douglas et al., 1996).  Diatoms are evident only in 

sediments from the latter half of the 1900s in Lower Dumbell Lake, Ellesmere 

Island (Doubleday et al., 1995) and Self Pond, Ellesmere Island diatom 

assemblages showed pronounced changes after ca. 1920 (Antoniades et al., 

2005).  Ponds at Cape Herschel, Ellesmere Island, show shifts in diatom 

assemblages starting during the 1800s (Douglas et al., 1994) and these ponds, 

alongside others in the area, have become ephemeral in recent years (Smol and 

Douglas, 2007b).  Additionally, ponds at Isachsen, Ellef Ringnes Island, show 

substantial changes in diatom species assemblages after 1850 (Antoniades et 

al., 2005) and diatom assemblage changes are also noted in Char Lake, 

Cornwallis Island, after ca. 1987 (Michelutti et al., 2003).  The changes noted in 

each of these records are attributed to recent increases in temperature, longer 

melt seasons and reduced ice cover, which would increase light infiltration into 

the water column, mixing within the water column and habitat availability (Smol et 

al., 2005; Smol and Douglas, 2007a).  Each of these records support the reduced 

ice cover inferred by the Lake A pellet frequency record after ca. 1891.  Ice cover 

is integral to both physical and biological characteristics of perennially ice-

covered lakes and the potential exists to link the abiotic and biotic records of ice 

cover variability when both types of records are present within a lake’s 

sedimentary record.  A paucity of diatoms prevented such a comparison in Lake 

A but other sites may have the potential for using both types of records to assess 

past ice cover variability.  This type of comparison would provide corroborating 

physical and biological evidence for ice cover changes over time. 
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The use of pellets as a general ice cover proxy may be feasible beyond 

Lake A, as pellets similar to those in Lake A were also common within the 

sediments of Lake B, a smaller meromictic lake upstream from Lake A, and Lake 

C2 (thin sections from Lakes B and C2 provided by Lamoureux and Bradley 

(1996 and unpublished data)).  These smaller meromictic lakes share many 

characteristics with Lake A, including perennial ice covers that have been 

observed to be reduced or melted completely in some years (Van Hove et al., 

2006).  The colour, structure and size range of the pellets was similar in all three 

lakes (Tomkins et al., Chapter 3) and these pellets could potentially provide other 

regional records of ice cover variability.  Additionally, these lakes are shallower 

than Lake A and their aquatic communities are likely more sensitive to 

temperature and ice cover changes (Smol and Douglas, 2007a).  The Lake C2 

diatom community is more developed than that of Lake A and has been shown to 

reflect recent ice-cover variability (Douglas et al., 1996; D. Antoniades, 

unpublished data).  

 

Conclusions 

Pellets within a lake sedimentary record may be the result of ice pan movement 

and ice scavenging of littoral sediments.  Relatively coarse pellets are distinct 

features of the Lake A sedimentary record, with an ovoid shape that becomes 

more lenticular in shallow areas.  The composition of these pellets is distinct from 

the surrounding microlaminated, fine-grained sediment, suggesting a different 

deposition mechanism.  Based on the available data, ice-rafting is the most likely 
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process for pellet deposition in Lake A, although aeolian sediment inclusions or, 

possibly, cryoconite holes cannot be completed discounted as pellet sources.  In 

perennially ice-covered lakes such as Lake A, these pellets may provide a proxy 

record of ice cover variability.  During anchor ice formation or ice cover contact 

with the lake bottom during fall or winter, littoral sediments are collected within ice 

interstices to be released during subsequent high melt summers.  This process 

results in a spatially-random deposition of pellets to the water column.   

The connection of pellet frequency to ice cover variability is supported by 

the observation of sediment aggregates held within the ice cover in spring 1999 

and the corresponding deposition of numerous pellets in the sedimentary record 

after a near ice-off event in the following year.  The Lake A proxy ice cover record 

indicates that ice mobility in the twentieth century appears to be unprecedented 

in the past 1000 years.  Other periods of increased numbers of inferred reduced 

ice cover summers include ca. 1000-1200 and 1440-1700.  More persistent ice 

cover was inferred during the 1200s to mid-1400s and during the 1700s and 

1800s.  This proxy record of ice cover variability is largely corroborated by 

regional climate reconstructions and paleoecological studies from Arctic lake 

sediments and ice caps, particularly during the late-1800s and 1900s when 

increased summer temperatures and reduced ice cover is inferred. 

An independent record of iron-rich laminae, hypothesized to represent 

reduced ice conditions, largely corresponded with the pellet record prior to the 

late-1700s.  The presence of these units is consistent with the inferred ice 

mobility from the pellets and the only major divergence is within the uppermost 
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sediments, when pellet frequency was high but iron-rich laminae frequency was 

low.  Mobility of iron within the uppermost sediments and diffusion into overlying 

anoxic water is suggested to be the reason for the divergence of the two records 

in recent sediments.  

Not all perennially ice-covered lakes will have the necessary conditions for 

pellets to form, but a comparison with sediments from similar nearby meromictic 

lakes suggests that similar sedimentological features occur in these settings as 

well.  This physical signal of ice cover variability could be particularly useful when 

used in conjunction with biological proxy records of ice cover changes and 

associated changes in air temperature.  The use of both physical and biological 

records, where they co-exist in Arctic lakes, could strengthen interpretations of 

past ice cover variability by providing independent verification and by identifying 

weaknesses in individual records. 
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Abstract 
 
The hydroclimatic signal was examined in a record of annual lamina (varve) 

thickness from High Arctic Lake A, Ellesmere Island (83°00’N, 75°30’W).  In this 

unglacierized catchment, nival melt was the dominant source for meltwater and 

transport of sediment to the lake, and autumn snowfall was highly influential on 

varve thickness through the amount of snow available for melt in the following 

year.  Varve thickness in Lake A significantly corresponds (r = 0.50, p < 0.01) 

with August to October (ASO) cumulative snowfall in the previous year and, to a 

lesser extent, ASO mean daily temperature (r = 0.39, p < 0.01) at Alert, Nunavut 

(175 km east).  The varve thickness record, interpreted as a proxy record of ASO 

snowfall and, by extension, ASO temperature, suggested above mean conditions 

during the late-1000s to early-1100s, mid-1400s to late-1500s, most of the 

1600s, late-1700s to early 1800s and most of the 1900s.  Below mean conditions 

were inferred during the late-1100s, early-1300s, early-1400s, early-1700s and 

mid- to late-1800s.  These results corresponded well to the only other high-

resolution proxy autumn snowfall and temperature record available from the 

region.  Most other available high-resolution proxy climate records represent melt 

season temperatures but generally corresponded well with the Lake A record, 

although discrepancies were most notable prior to AD 1500 and during the AD 

1700 to 1900 period.    
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Introduction 

The northernmost part of the Canadian High Arctic has undergone many 

notable recent environmental changes.  Along the northern coast of Ellesmere 

Island, a formerly extensive ice shelf complex was reduced in size by 90% during 

the 1900s (Vincent et al., 2001) and the largest residual Arctic ice shelf (Ward 

Hunt Ice Shelf) recently fractured and resulted in the drainage of an epishelf lake 

in Disraeli Fiord (Mueller et al., 2003).  Most recently, the rapid break-up of Ayles 

Ice Shelf occurred in AD 2005 (Copland et al., 2007) and reductions in ice cover 

extent and thickness at Lake A have been observed since AD 2000 (D. Mueller, 

pers. comm., 2007).  These physical changes have been paralleled by a 

remarkable increase in aquatic production at Ward Hunt Lake during the past two 

centuries (Antoniades et al., 2007) and collectively, these indicators suggest 

substantial environmental changes are underway. 

 Proxy climate indicators are one means to extend instrumental climate 

records and put observed changes in perspective, but few records with annual 

resolution are available (e.g., Lamoureux and Bradley, 1996; Hughen et al., 

2000; Lamoureux and Gilbert, 2004).  High Arctic ice caps can provide high-

resolution paleoclimate data but these records are available in only a few 

locations (e.g., Fisher and Koerner, 1994).  Annually-laminated (varved) 

sedimentary records are particularly useful proxy records of climatic and 

hydrological variability because they can be found at a number of locations within 

the region (e.g., Lamoureux and Bradley, 1996; Lamoureux, 2000; Francus et al., 
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2002; Lamoureux and Gilbert, 2004; Besonen et al., 2008) and they provide high-

resolution information on past environmental variability.      

Paleoenvironmental studies were previously conducted on northern 

Ellesmere Island at three adjacent chemically-stratified (meromictic) lakes near 

Taconite Inlet (Bradley et al., 1996).  This initial work revealed substantial 

changes in long-term inferred melt season temperatures during the past 3300 

years (Lamoureux and Bradley, 1996).  Similarly, recent work on northeastern 

Ellesmere Island by Besonen et al. (2008) provided a 1000-year record of 

sedimentation rates and grain size, and indicated general declines in both during 

that period.  This work builds on studies elsewhere in the Canadian Arctic that 

suggests declining intensity of spring runoff in snowmelt systems (Lamoureux et 

al., 2006).   

In this study, a meromictic lake located 35 km east of Taconite Inlet and 

adjacent to the Ward Hunt Ice Shelf provided the opportunity to build upon the 

initial paleoclimate research and extend results across the region.  The 

meromictic environment and near-perennial ice cover found at Lake A is 

conducive to the formation and preservation of varves (Tomkins et al., Chapter 3) 

and its location within a region with documented environmental change 

suggested that a varve record could provide information on both past and 

modern hydroclimatic variability.  We develop a 989-year varve thickness record 

from Lake A and investigate the causes of variability within the record.  

Paleoclimatic interpretations of the varve thickness record are used to examine 

ongoing environmental change in the area and are compared with High Arctic 
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counterparts to assess regional signals during the past millennium.  This 

research also examines methodology for developing varve records from multiple 

cores, as no standard method is currently employed within the research 

literature.     

 

Study Site 
 

Lake A (unofficial name, 83°00’N, 75°30’W) is a strongly stratified lake 

located at ~4 m above sea level (a.s.l.) in the Challenger Mountains on the 

northern coast of Ellesmere Island, Nunavut (Figure 1).  The bottom waters 

(monimolimnion) of this meromictic lake are comprised of anoxic sea water, while 

the upper 10 m of the water column contains a freshwater mixolimnion.  A sharp 

oxycline (10-13 m) and more gradual chemocline (10-25 m) delineate the 

transition between the two water masses (Jeffries et al., 1984; Ludlam, 1996).  

The lake’s near-perennial ice cover (mean thickness in 2006, 1.25 m) inhibits 

wind-mixing within the upper waters, which perpetuates anoxia in the 

monimolimnion and enhances preservation of microlaminated sediments below 

the oxycline (Tomkins et al., Chapter 3).  The lake has a single basin with a 

surface area of 4.9 km2 and a known maximum depth of 128 m.  It lies within a 

37 km2 unglacierized catchment with relief up to 800 m a.s.l.  Two main inlets 

enter the lake on the eastern and southern shores, respectively, and the lake’s 

single outlet on the northern shore drains into Rambow Bay.  This bay is isolated 

from the Arctic Ocean by the 3000 to 4000 year old Ward Hunt Ice Shelf (Lyons 

and Mielke, 1973; Lemmen et al., 1988).   
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Figure 1: Lake A bathymetry, core sampling locations, catchment physiography 
(after NTS mapsheets 340 E/15 and 340 H/02 (1: 50,000), Department of 
Energy, Mines and Resources Canada, 1992) and location relative to 
meteorological records at Alert and other paleoclimate records from northern 
Ellesmere Island (inset maps). 
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The catchment is underlain by pyroclastic and volcanic flow rocks (with 

limestone inclusions) of the upper Ordovician M’Clintock Formation (Okulitch, 

1991).  Frost-shattered debris drapes the landscape and vegetative species 

diversity is limited to a sparse covering of herbaceous tundra in this polar desert 

(Edlund and Alt, 1989; Hodgson, 1991).  Homogenized meteorological records, 

which have been adjusted by Environment Canada to account for instrument 

changes and other potential non-stationarities, are available from the weather 

station at Alert (175 km east, 30 m a.s.l.; Environment Canada, 2008).  

Additionally, local temperature records are available from a Parks Canada (1995-

2005) and SILA Network (Centre d’Études Nordiques, Université Laval, 2005-

2007) weather station on Ward Hunt Island, located 15 km northeast of Lake A.  

These local records indicate that July and August are the only months with mean 

temperature above the freezing point.   Meteorological records from Alert indicate 

a mean annual temperature of -18°C and annual total precipitation of only 154 

mm (Environment Canada, 2008).     

 

Methods 

In May and June of 2005 and 2006, twenty-one sediment cores (12 to 78 cm 

long) were collected from Lake A using an Aquatic Research Instruments gravity 

and percussion coring system.  Coring locations were chosen based on previous 

research on the lake, bathymetric data, and inlet and outlet positions.  Most cores 

were collected from an area that was expected to have the longest, undisturbed 

sedimentary records in the lake and others were collected to form a transect of 
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cores from deeper to shallower locations.  The sedimentary records were least 

disturbed at the northern end of the lake, where all cores were collected, as 

disruptive sand deposits were common in deeper locations where the lake slopes 

steeply into its deep basin (Tomkins et al., Chapter 3).  All cores were stored 

vertically, unfrozen, and sealed with hydrophilic foam (2005) or a sodium 

polyacrylate gel (2006) prior to transport to the laboratory (Tomkins et al., in 

press; Chapter 2).  A Hydrolab Surveyor 3 SVR3-DL data logger and a Richard 

Brancker Research (RBR) XR-420 CTD instrument were lowered through the 

water column to collect data on temperature, specific conductivity, pH and 

oxygen levels.  The Hydrolab instrument was calibrated by sampling the lake’s 

surface water and the atmosphere (for dissolved oxygen).  The RBR system was 

accurate to ±0.003 mS·cm-1 (conductivity), ±0.002°C (temperature) and ±0.05% 

(depth).   

 In the laboratory, all cores were cut lengthwise, and the exposed core face 

cleaned with a razor blade, logged and photographed before being subsampled 

for analyses.  Overlapping sediment slabs (7.0 x 1.5 x 0.3 cm) were sampled 

from all cores for thin section preparation following the methods of Lamoureux 

(1994, 2001).  Detailed analyses of sedimentary structure and composition were 

conducted using standard light microscopy.  Digital scans (2400 dpi) of the thin 

sections had insufficient resolution to clearly identify the thinner laminae and 

examine the sedimentology.  Hence, precision measurements (0.001 mm) of 

lamina couplet thickness were recorded using a Quick-Chek QC-1000 

measurement system and dissecting microscope mounted on an Acu-Rite 
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Absolute Zero II precision measurement stage.  Couplets were counted and 

measured three to eight times between each pair of common marker beds, until 

consistent values were achieved.  The final set of measurements was retained 

and the records between marker bed pairs were combined to create a record of 

lamina couplet measurements for each core. 

The longest core from 2005 (A-02-05) was sampled for wet and dry 

density measurements but no systematic changes in density were observed.  

The samples were weighed, dried for 24 hours in an oven (60°C) and weighed 

again to obtain the density data.  Samples from the same core were taken for 

independent dating of the sedimentary record using radioisotopes (137Cs and 

210Pb).  For 137Cs determinations, contiguous 3 cm3 samples were collected at 

0.5 cm intervals to a depth of 3 cm.  The samples were dried for 24 hours at 

60°C and crushed before radionuclide activity was measured using an ORTEC 

gamma counting system, following the methods of Appleby (2001).  For 210Pb 

testing, 0.5 cm3 samples were collected at progressively larger depth intervals to 

8.5 cm, with two samples from the base of the core also collected to determine 

supported 210Pb activity.  These samples were dried for 24 hours at 60°C and 

crushed before being prepared and measured by MyCore Scientific Inc. (Deep 

River, Ontario) using alpha spectroscopy.  The Constant Rate of Supply (CRS) 

210Pb dating model (Appleby and Oldfield, 1978) was used to assign estimated 

ages to the sedimentary record.  Due to a lack of macrofossils, radiocarbon 

dating was also conducted on five bulk sediment samples from the sedimentary 

record.  These samples were dried (60°C) for 24 hours before being sent to 
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KECK Carbon Cycle AMS Facility, University of California, Irvine, for accelerated 

mass spectrometry (AMS) radiocarbon dating.  All radiocarbon dates were 

calibrated using OxCal 4.0 (Bronk Ramsey, 1995).   

Grain size was measured throughout the sedimentary record of core A-04-

06 at contiguous 1 mm intervals.  Organic material was removed from all 

samples through repeated applications of hydrogen peroxide (35%) at 40°C 

during a period of up to three weeks, before application of 1-2 mL of sodium 

hexametaphosphate (38 g·L-1) and sodium carbonate (8 g·L-1) solution to 

separate aggregates prior to measurement in a Beckman Coulter LS200 grain 

size analyser.  Three successive 60-second measurements were made with 

sonication for each sample and the third set of measurements was retained after 

comparing all measurements for consistency. 

Total organic carbon (TOC) and total nitrogen (TN) were measured 

throughout core A-04-06 at 0.5 cm increments in the upper 3 cm and at 1 cm 

increments below 3 cm.  Carbonates were removed from samples by application 

of dilute (2N) hydrochloric acid for 24 hours.  The acid was then removed from 

the samples by centrifuging four times with distilled water.  All samples were then 

freeze-dried and crushed prior to measurement in a Leco CNS-2000 analyser.  

Measurement errors for this equipment were < 0.10% for TOC and < 0.05% for 

TN. 
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Results 

Sedimentary record 

The sedimentary record encompassed the history of the lake from an embayment 

of the Arctic Ocean, through basin isolation during post-glacial isostatic rebound 

and, finally, to its current state as a stratified meromictic lake (Tomkins et al., 

Chapter 3).  The northern portion of the lake provided the longest, clearest 

records of sedimentation in locations below the oxycline (Figure 1; Tomkins et al., 

Chapter 3).  At locations near or above the oxycline (e.g., cores A-10-06 (18 m) 

and A-11-06 (11 m)), sedimentary structures were more diffuse and, because 

they were distal, they appeared to be missing periods of sedimentation evident in 

deeper cores.  Given the low sedimentation rate, only large suspended sediment 

inputs would likely allow sediment to reach shallow locations on the northern 

shore and sediment may not have reached these areas in all years (Smith, 

1978).  In the deep basin of the southern part of the lake, sand inclusions from 

slumps and disturbance along the relatively steep slopes complicated the 

sedimentary record.  Therefore, the most suitable cores for examination of the 

sedimentary record were located between 36.5-53 m water depth in the northern 

part of Lake A (Tomkins et al., Chapter 3).  

The uppermost sediments (0-179 mm) in Lake A’s sedimentary record 

were microlaminated, with clearly defined silt and clay lamina couplets.  Below 

this point, discrete sedimentary units became more diffuse and vague with depth 

(Tomkins et al., Chapter 3).  The microlaminated section was primarily composed 

of silt and clay, with occasional fine sand inputs, particularly in the upper 50 mm 
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and between 158-180 mm in core A-04-06 (Figure 2).  Sedimentation between 

50-158 mm was almost entirely silt and clay.  Mean grain size for the 

microlaminated section (A-04-06) was 6.8 μm (Figure 2).  The influence of coarse 

silt and fine sand on the record was evident at the base of this section, where 

individual sample mean and median grain sizes were relatively high and variable.  

Above 140 mm, mean and median grain size exhibited reduced variability and 

remained near the long-term mean.   

Levels of TOC and TN were low (mean TOC: 1.93%, mean TN: 0.15%) 

and the profiles of these constituents exhibited minimal variability (Figure 2).  

Carbon to nitrogen ratio (C/N), a measure of the relative contributions from 

aquatic and terrestrial organic matter (Meyers and Teranes, 2001), also showed 

limited variability.   

 

Verification of the varve interpretation 

Highly seasonal sedimentation to Lake A, in addition to water column 

stratification, anoxic monimolimnion and near-perennial ice cover, supported the 

formation and preservation of fine sedimentary structures.  With limited mixing 

below the mixolimnion and no bioturbation within the monimolimnion, it was 

hypothesized that the lake environment was conducive to the formation and 

preservation of varves.  Biological and chemical processes within the lake and 

sediments added complexity to the clastic structures.  Other components, 

including intermittent vague sedimentary structures and sedimentary pellets 

consisting of coarse material, were also present in the sedimentary record 

(Tomkins et al., Chapter 3).  Despite these complexities, simple silt-clay couplet  
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Figure 2: Grain size, total organic carbon (TOC), total nitrogen (TN) and C/N 
(atomic) data from the varved section of core A-04-06.  Dates are given for core 
A-04-06 by fitting the varve thickness record to marker beds and date error 
estimates were derived from an age-depth model (Tomkins et al., Chapter 4).  
Mean values (0-179 mm) are indicated by dashed lines for mean and median 
grain size and C/N.   
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structures could be discerned.  Lamina couplets were counted and measured 

between common marker beds (designated A-M) in one 2005 core and all 2006 

cores from 36.5-53 m depth (Figure 3).  Although microlaminae were present for 

a few centimetres below the section studied in each core, lamina couplet 

measurements ceased at the depth at which sedimentary structure changed and 

discrete couplets could not be identified with confidence. 

Radionuclide analyses corroborated the hypothesis that the lamina 

couplets were varves (Figure 4).  137Cs was present within the uppermost 2 cm of 

the sedimentary record (core A-04-06) but an absence of a clear AD 1963/64 

peak was likely due to low 137Cs levels (< 0.007 Bq·g-1) and low sedimentation 

rates.  137Cs fallout did not occur in notable quantities until after AD 1954 

(Appleby, 2001) and sediments below lamina from the 1950s did not contain 

measurable 137Cs.   In addition, peak atmospheric 137Cs fallout in the Northern 

Hemisphere occurred in AD 1963 (Appleby, 2001) and the AD 1963 lamina 

broadly corresponded with the depth of highest 137Cs activity within the 

sediments, although the depth resolution of the 137Cs analyses prevented closer 

comparison.   

The 210Pb profile could be dated only to 1 cm depth due to low 

unsupported lead activity (< 0.13 Bq·g-1).  Two of the three dates within the 

profile corresponded to laminae counts and the one date that did not correspond 

was offset by only 1 mm.  Although low levels of radioisotopes in Arctic lake 

sediments can complicate dating (Wolfe et al., 2004), the decay profiles in Lake 

A were sufficient to estimate ages within the upper sediments.  Silt-clay couplets  
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Figure 3: Marker beds within the varved section of the Lake A sedimentary 
record.  The records are in order of deepest to shallowest (water depths identified 
for each sediment core).  Core A-05-06 was completely sampled to 6 cm in the 
field for another study and the uppermost sediment of cores A-02-06 and A-03-
06 had surface disturbance that hindered identification of marker bed A. 
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Figure 4: Profiles of (a) 137Cs and (b) 210Pb activity in the Lake A sedimentary 
record compared with corresponding lamina couplet counts. 
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continued below the depth of radioisotopic dating and suggested that varves 

were present throughout the microlaminated sediments.   

Radiocarbon dates from Lake A’s sedimentary record were deemed 

unreliable due to a large reservoir effect in the lake (Tomkins et al., Chapter 3).  

The surface sediments of Lake A were dated to 3426 cal. BP (3401-3450; 

calibrated years before AD 1950).  Similar dates have been obtained for 

sediment-water interface samples from other polar lakes, such as Lake Hoare, 

Antarctica (Doran et al., 1999).  The age of the trapped bottom waters likely 

contributes to the reservoir effect.  Even after subtraction of the reservoir age 

from radiocarbon dates obtained from two additional samples within the varved 

section of the sedimentary record (8.2-8.4 cm and 13.3-13.4 cm depth), the 

radiocarbon dates were approximately 990 and 3070 years older than age 

estimates from varve counts, respectively.  These results appear typical for the 

region.  Radiocarbon dates were also older than estimated varve ages for 

samples from the nearby Lake C2 (35 km west) sedimentary record (Zolitschka, 

1996) and incompatible with the region’s isostatic rebound history (Lamoureux 

and Bradley, 1996).  Similarly, sediment from the Beaufort Lakes of northeastern 

Ellesmere Island yielded radiocarbon dates that did not correspond with isostatic 

rebound curves for the area (Retelle et al., 1989). 

 

Development of the varve chronology and thickness record 

No standard method has been used to develop lacustrine varve chronologies.  

Most studies incorporate multiple cores into the final chronology to account for 
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differences in sedimentation in different parts of a lake (e.g., Lamoureux and 

Bradley, 1996; Hughen et al., 2000), but the creation of a composite of varve 

thicknesses varies, and depends on the available cores and the varve 

characteristics.  In lakes with low sedimentation rates, the potential to miss 

varves is increased and it is possible for cores to be missing years of 

sedimentation (Lamoureux and Bradley, 1996; Lamoureux and Gilbert, 2004).  

Additionally, altered stream inflow and sediment dispersal within a lake can also 

influence the varve thickness record by creating variability among cores from 

different areas of a lake (e.g., Lamoureux, 1999).  The use of one or more than 

one sedimentary record to develop a composite varve chronology is, therefore, 

preferred whenever possible (Lamoureux, 2001).   

 In the High Arctic, several approaches have been used to develop 

composite varve thickness records.  At Donard Lake, Baffin Island, Moore et al. 

(2001) identified the core with the thickest, clearest varves and combined the 

floating varve thickness record with a surface core to develop the full varve 

chronology.  Smith et al. (2004) developed a stacked mean varve thickness 

record from Lake Tuborg, Ellesmere Island, by taking the mean of varve 

thickness measurements from three cores obtained from the lake’s two basins, 

despite offsets among the varve measurements in each core and notable 

differences in the means and variances.  Hughen et al. (2000) standardized three 

varve thickness chronologies, applied a correction for notable changes in porosity 

through the profiles and averaged the three chronologies for a final varve 

thickness record.  At Lake C2, Lamoureux and Bradley (1996) used a non-
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parametric method of standardizing three varve thickness records by applying a 

linear detrending function typically used in dendrochronology.  These records 

had been carefully examined to correlate each varve among the three different 

cores and the standardized values were averaged to create a varve thickness 

index.  Additionally, Lamoureux and Bradley (1996) also developed a filtered 

version of the index by removing anomalously thick units that were suspected to 

originate from geomorphic activity (e.g., subaqueous slumping) rather than 

hydroclimatic influences on sedimentation.  Each of these methods strived to 

account for differences in sedimentation among cores that showed substantial 

chronological similarity but, in the case of Lake Tuborg and Upper Soper Lake, 

could not be reconciled throughout on an annual basis.   

 Due to the extreme thinness of the varves in Lake A (0.2 mm in A-04-06) 

and difficulties in correlating each varve between distinct marker beds in the 

cores, a method was developed to construct the Lake A varve thickness 

composite record that incorporated components from the methodologies used in 

the studies discussed above.  In Lake A, the three cores with the longest varved 

sequences, best varve clarity, common marker beds and demonstrated similarity 

in varve measurements between marker beds were chosen to develop the varve 

thickness chronology (Figure 3).  Given the extremely low sedimentation rates in 

this lake, the cores with the most varves were deemed to have the most 

complete records with the fewest missing varves between a given marker bed 

pair.  Two of the cores (A-07-06 and A-09-06) had an identical mean thickness 

and standard deviation, whereas core A-04-06 had slightly thicker varves with 
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more variance (Table 1).  Distal fining was notable in Lake A but sedimentation 

rates were similar among the three cores to marker bed I (Figure 5).   

Sedimentation was notably higher in A-04-06 between marker beds I and 

J, likely due to a change towards coarser and less discernable varves below 

marker bed J in this core.  However, core A-07-06 also exhibited high 

sedimentation in the same section.  Although not every varve could be cross-

correlated among the three varve records, similarities in each varve record were 

apparent (Figures 6 and 7).  Divergence among the records was most notable 

during the late twentieth century, where A-09-06 showed opposite trends to the 

other two cores, likely due to the influence of biogenic deposits on the uppermost 

sediments (Tomkins et al., Chapter 3).   

Each varve thickness record was also filtered for anomalously thick units 

that appeared to be most likely formed from geomorphic activity to produce 

unfiltered and filtered varve thickness records for each core (Table 1).  A 

thickness threshold of four standard deviations was chosen to characterize 

anomalously thick varves, as this value allowed for the removal of all suspected 

event deposits, based on sedimentological observations.   

Varve counts between marker beds in each core were similar (Table 2) but 

the differences in varve counts created offsets that were cumulative with depth.  

Thus, the three records could not be averaged, as was carried out at Lake C2 

(Lamoureux and Bradley, 1996) and Upper Soper Lake (Hughen et al., 2000).  

For Lake A, the core with the highest number of varve counts between each 

marker bed pair was identified and its varve thickness measurements were  
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Figure 5: Sedimentation rates between marker beds in cores A-04-06, A-07-06 
and A-09-06 and mean sedimentation rates for all three cores.  Marker bed C 
was not included due to its close proximity to marker bed B and marker beds K 
and L in core A-04-06 were not clearly discernable. 
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Table 1: Descriptive statistics of the unfiltered and filtered varve thickness 
records from cores A-04-06, A-07-06 and A-09-06 during their period of overlap 
(Top of core to marker bed J). 

Unfiltered Filtered  
Core n Mean (mm) SD (mm) n Mean (mm) SD (mm)
A-04-06 728 0.19 0.28 725 0.18 0.16 
A-07-06 728 0.15 0.10 720 0.15 0.08 
A-09-06 728 0.15 0.10 723 0.14 0.08 
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Table 2: Varve counts between marker beds in cores A-04-06, A-07-06 and A-09-
06.  Periods covered by each marker bed section, based on the maximum varve 
count, and the core record used for each marker bed interval are also indicated.  
Diffuse sedimentation between marker beds J and M in core A-04-06 prevented 
accurate varve counts for these sections.  Bolded numbers indicate the highest 
varve count between a given marker bed interval. 
Marker bed 
sections 

Varve counts Period Core used  
A-04-06 A-07-06 A-09-06 (AD yr) 

  

Top to A 103 115 79 1891-2005 A-07-06 
A to B 62 61 65 1826-1890 A-09-06 
B to D 48 51 44 1775-1825 A-07-06 
D to E 58 55 61 1714-1774 A-09-06 
E to F 131 123 132 1582-1713 A-09-06 
F to G 139 138 131 1443-1581 A-04-06 
G to H 67 75 74 1368-1442 A-07-06 
H to I 87 99 104 1264-1367 A-09-06 
I to J 33 39 54 1210-1263 A-09-06 
J to K -- 49 51 1159-1209 A-09-06 
K to L -- 93 103 1056-1158 A-09-06 
L to M -- 34 39 1017-1055 A-09-06 
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retained for the final unfiltered and filtered varve composite records (Table 2).  

For each core, these retained segments of varve thickness measurements were 

compiled into a single data set for statistical analyses prior to compiling the final 

composite records.  Mann-Whitney non-parametric tests were performed on the 

data sets (both the unfiltered and filtered records) to determine if each set of 

samples were statistically from the same population.  The results showed at a 

95% significance level that the varve thickness values of the segments from each 

core could be considered to be from the same population.  Levene’s tests were 

also conducted to test the equality of variances among the varve thickness 

records and the results indicated that the data from each of the three cores also 

had statistically equal variance (95% confidence level).  As such, the records did 

not have to be standardized prior to amalgamation.   

After confirmation of the similarity of the varve thickness record segments 

within the three cores, varve thickness measurements from each marker bed 

segment were appended to each other to form the full unfiltered and filtered 

varve thickness composite records (Figures 6, 7).  Each of the three cores 

contributed to these records, although A-09-06 was most frequently used (Table 

2).   

The methodology used to develop the unfiltered and filtered varve 

thickness composite records allowed for dating error estimates to be attributed to 

each marker bed interval through the previously-developed Lake A age-depth 

model (Tomkins et al., Chapter 4).  Following the methods of Sprowl (1993), 

varve counting error estimates were derived for the section between each  
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Figure 6: Unfiltered varve thickness records from cores (a) A-04-06, (b) A-07-06 
and (c) A-09-06 and (d) the unfiltered composite varve thickness record that 
incorporates varve thickness values from all three cores.  Thick black lines 
indicate 25-year unweighted moving means.  Dashed lines in (d) indicate 
intervals between marker beds and the numbers shown correspond to the core 
whose varve record was used in that interval within the composite.   
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Figure 7: Filtered varve thickness records from cores (a) A-04-06, (b) A-07-06 
and (c) A-09-06 and (d) the filtered composite varve thickness record that 
incorporates varve thickness values from all three records.  Thick black lines 
indicate 25-year unweighted moving means. Dashed lines in (d) indicate intervals 
between marker beds and the numbers shown correspond to the core whose 
varve record was used in that interval within the composite.   
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common marker bed within the microlaminated sedimentary record (Tomkins et 

al., Chapter 4).  The cores used had the longest varved sections and, therefore, 

should have had the fewest missed varves.  Varves counted between common 

marker beds were assumed to be minimum values due to low sedimentation 

rates and the possibility of missed varves (Type A errors, Lamoureux and 

Bradley, 1996).  Two standard deviations from the mean of the varve counts from 

all three cores for each marker bed interval were calculated to represent a 95% 

confidence interval for the varve counts.  When these values were summed 

progressively with depth, cumulative error estimates were available for each 

marker bed.  Based on the age-depth model, the estimated counting error for the 

earliest marker bed in the varve thickness composite records (AD 1017) was ± 

144 years, which represented a cumulative counting error of 15% (Tomkins et al., 

Chapter 4).   

 

The meteorological signal in the varve thickness composite record  

Temperature records from Ward Hunt Island (WHI) and Alert showed close 

correspondence.  Seasonal mean temperatures (AD 1995-2007) at WHI were 

highly and significantly (p < 0.0001) correlated to those at Alert and were, on 

average, 1.2°C  lower (Veillette et al., in prep.).  While precipitation records are 

more spatially variable than temperature records, snowfall records were not 

available from WHI for comparison with the Alert data.  However, both coastal 

locations have similar temperature records and are on the leeward side of the 

British Empire Range of northern Ellesmere Island, which influences air masses 
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reaching the coast from the south (Hardy, 1996).  Therefore, similarities should 

be present in snowfall trends at both locations as well.   

The filtered varve thickness composite record was compared to Alert 

temperature (AD 1950-2005) and precipitation (AD 1951-1999) records to 

examine the climate signals recorded in the sedimentary record.  No melt season 

temperature records had statistically significant relationships with the varve 

thickness series.  For example, summer (June, July and August) mean daily 

temperature had no correspondence with the varve thickness record (r = -0.04, n 

= 58, p = 0.76).  By contrast, some snowfall variables corresponded well with 

varve thickness.  Snowfall from the previous cold season would influence melt 

water amounts and sediment transport in the following melt season (e.g., Forbes 

and Lamoureux, 2005).  Cumulative August to October (ASO) daily snowfall, 

lagged by one year, had a statistically significant correlation (r = 0.50, n = 48, p < 

0.01) with the varve record, which was transformed (log10) to normalize the 

series prior to statistical analyses (Figure 8).  Cumulative August daily snowfall 

(lagged by one year) also corresponded significantly with the varve thickness 

record (r = 0.41, n = 48, p < 0.01).  Snowfall during the previous winter 

(December to February; r = 0.25, n = 48, p = 0.09) and spring (March to May; r = 

0.15, n = 48, p = 0.30) were more poorly related to varve thickness than ASO 

snowfall.  Given the importance of ASO snowfall on varve thickness in Lake A, 

temperature during this season was also examined.  ASO mean temperature, 

lagged by one year, had a significant positive correlation with varve thickness (r = 

0.39, n = 55, p < 0.01; Figure 8).   
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Figure 8: Comparison of the Lake A filtered varve thickness composite record 
with (a) August and combined August, September and October (ASO) cumulative 
daily snowfall records (lagged one year) and (b) the ASO mean daily temperature 
record (lagged one year) from Alert, Nunavut.   
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Discussion 

The hydroclimatic record from Lake A 

A growing number of studies in High Arctic non-glacial catchments have 

demonstrated the importance of snow available for melt, often quantified as snow 

water equivalence (SWE), for sediment transport processes each year and a 

lesser role for melt season temperatures (e.g., Braun et al., 2000; Forbes and 

Lamoureux, 2005; Lamoureux et al., 2006b; Cockburn and Lamoureux, in press).    

Similar to other unglacierized High Arctic catchments (Forbes and Lamoureux, 

2005; Cockburn and Lamoureux, in press), snowmelt dominates sediment 

transport to Lake A.  Suspended sediment concentrations in these catchments 

have been found to parallel or slightly precede stream discharge peaks (e.g., 

Lewkowicz and Wolfe, 1994; Cockburn and Lamoureux, in press), which 

highlights the strong relationship between discharge magnitude and sediment 

transport in catchments with ample sediment supply.  The magnitude and 

duration of peak discharge is controlled by snow availability and melt intensity 

(Cockburn and Lamoureux, in press) and, thus, snowpack exhaustion can limit 

the amount of meltwater and sediment transport to a lake (Braun et al., 2000; 

Forbes and Lamoureux, 2005).  Most sediment transport occurs over only a few 

days to weeks during the brief High Arctic melt season (Hardy, 1996), but 

catchment SWE, rather than melt season temperatures and associated runoff 

intensity are key determinants of suspended sediment transport to lakes in non-

glacial catchments (Lamoureux et al., 2006b; Cockburn and Lamoureux, in 

press).  Sediment supply and interannual variations in runoff accessibility to 
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these deposits further complicate downstream sediment yields and suggest that 

a direct relationship between melt season temperatures and varve sedimentation 

cannot be assumed in a non-glacial lake (Lamoureux et al., 2006a; Cockburn 

and Lamoureux, in press).  

Based on these studies, Lake A varve thickness was expected to be a 

function of the amount of snow available to melt, and to a lesser extent, melt 

energy and sediment supply (Cockburn and Lamoureux, in press).  No process 

studies have been conducted at Lake A to provide detailed information on nival 

melt processes and the relationship between stream discharge and suspended 

sediment transport but such research was undertaken at nearby Lake C2 (Hardy, 

1996; Retelle and Child, 1996).  Discharge and suspended sediment transport 

were closely related, with a minimal lag (Hardy, 1996).  The amount of energy 

available for snowmelt and, to a lesser extent, glacier ablation in the catchment 

was related to the warmest air mass to reach the area in summer and, hence, an 

upper air summer temperature record was recorded in the lake’s varve thickness 

record (Hardy, 1996; Hardy et al., 1996).  Other Arctic varve thickness records, 

particularly from proglacial or ice-contact lakes, have been correlated to spring or 

summer temperatures (Hughen et al., 2000; Moore et al., 2001; Francus et al., 

2002; Smith et al., 2004; Hambley and Lamoureux, 2005) due to their influence 

on snow and ice melt and subsequent sediment transport to lakes by fluvial 

action.   

Conversely, the Lake A varve thickness record suggested a dominant 

influence of snowpack on sediment transport during the following summer, rather 
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than melt season warmth.  The varve record contained precipitation and 

temperature signals relating to the period of highest snowfall each year (August 

to October; Environment Canada, 2008).  Snowfall during these three months 

provides, on average, 41% of the annual cumulative snowfall (August to July).  

The influence of ASO mean daily temperature in the previous year may seem 

counterintuitive but likely reflects the influence of relatively warm autumn storm 

systems that generate snowfall along the northern Ellesmere Island coast.  ASO 

cumulative daily snowfall and ASO mean daily temperature are correlated, albeit 

weakly (r = 0.26, n = 48, p = 0.08).  Thus, the ASO mean daily temperature 

signal within the varve series appears to be a co-indicator of the storm systems, 

rather than a direct influence on varve sedimentation.  While the varve thickness 

record may provide some information on late melt season and autumn 

temperatures, the predominant signal is snowfall during the peak snowfall period 

the previous year.   

Although nival melt is important at both Lake A and Lake C2, catchment 

relief at Lake C2 is substantially greater (up to 1200 m a.s.l.) and a small glacier 

also influences sediment transport to the lake (Bradley et al., 1996).  Additionally, 

the extent of the relationship between snowpack levels and varve thickness was 

not explored at Lake C2 (Hardy, 1996), which leaves uncertainty in its influence 

on sedimentation in the lake.  It is interesting to note that the total seasonal 

discharge and suspended sediment transport reported by Hardy (1996) are 

proportionate and suggest a link between water availability and seasonal 

sediment flux.  However, Hardy (1996) suggested that discharge magnitude and 
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the corresponding amount of sediment transported to this lake appeared to be 

limited by energy available for snowmelt, rather than the amount of snow 

available for melt.  In this polar desert environment, it is plausible that during 

warm summers with low winter snowfall, Lake C2 could still have meltwater and 

associated sediment inflow from glacier ablation, while inflow to Lake A would be 

limited by the reduced snow cover.  Hence, the presence of the glacier in the 

Lake C2 catchment may be a reason for divergent sediment-climate relationships 

between the sites. 

Sanagak Lake, Nunavut, located in the Middle Arctic, also contained an 

SWE signal in its varve thickness record due to the positive relationship between 

SWE, stream discharge and sediment transport in its main inflow, the Lord 

Lindsay River (Forbes and Lamoureux, 2005; Lamoureux et al., 2006b).  Melt 

energy was also a secondary influence on sediment transport in this 

environment, primarily through daily runoff amounts (Forbes and Lamoureux, 

2005).  Additionally, at Bear Lake, Devon Island, the varve record corresponded 

most strongly with autumn snowfall at regional weather stations, and with a 

notable but lower correlation with autumn temperatures (Lamoureux and Gilbert, 

2004).  Relatively warm weather systems are common in Baffin Bay during 

autumn and provide snowfall to eastern Devon Island that, in the subsequent 

summer, strongly influences varve formation in Bear Lake (Lamoureux and 

Gilbert, 2004).  Although sedimentation processes are likely markedly different in 

proglacial Bear Lake, Lake A recorded a similar signal, but not necessarily the 

same storm system pattern.  The northern coast of Ellesmere Island is isolated 
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from warm southern weather systems in Baffin Bay due to the presence of the 

British Empire Range immediately south (Hardy, 1996).  However, low pressure 

systems in the Atlantic, displaced northward during relatively warm periods from 

June to September, can move into the Arctic Ocean, strengthen along the 

Siberian coastline and bring precipitation to the Queen Elizabeth Islands, most 

notably to areas southwest of northern Ellesmere Island (Bradley and England, 

1979).   

It is interesting to note that annual total snowfall from Isachsen, Ellef 

Ringnes Island (650 km southeast), was moderately but significantly correlated 

with annual total snowfall from Alert during the period of the records’ overlap 

(1951-1977, r = 0.48, n = 27, p = 0.01).  Although this station is further south, it is 

similar to Alert in its coastal location on an island at the edge of the Arctic Ocean.  

Its correspondence with Alert snowfall suggested that both locations, and 

possibly Lake A, may receive some of their snowfall from the same storm 

systems that reach the northwestern edge of the Queen Elizabeth Islands each 

year, such as the synoptic pattern previously mentioned.  Other important 

synoptic patterns that bring precipitation to northern Ellesmere Island during late 

summer to autumn involve low sea level pressure in Baffin Bay and associated 

airflow from the Arctic Ocean onto Ellesmere Island (Bradley and England, 1979).    

Variations in melt season temperatures undoubtedly influence nival melt 

rates but, given the multitude of influences on sediment transport in non-glacial 

catchments, the importance of their influence may fluctuate over time 

(Lamoureux and Gilbert, 2004).  At Bear Lake, July mean temperatures are 
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weakly related to varve thickness during a period of high sedimentation (AD 

1923-1950) and may reflect the increased importance of melt energy in glacial 

meltwater production during this time (Lamoureux and Gilbert, 2004).  Such 

correlations were not evident between Lake A varve thickness and Alert melt 

season temperatures, but the lack of glacial influences likely limits a temperature 

signal in the sediments of Lake A.   

 

Climate variability during the past millennium recorded in Lake A 

The filtered varve thickness composite record, interpreted primarily as an 

autumn snowfall record, showed notable variability during the past millennium.   

Increased ASO snowfall was inferred during most of the AD 1000 to early-1300s 

period (Figure 9).  The grain size record showed relatively coarse sedimentation 

during these periods, including several fine sand deposits (Figure 2).  

Collectively, these results suggested increased flow competency within the 

streams carrying sediment to Lake A.  Thicker varves coinciding with coarser 

grain sizes may indicate a thicker winter snowpack that would prolong the peak 

melt season and allow for more sediment influx than years with a reduced snow 

cover (Francus et al., 2002; Forbes and Lamoureux, 2005).  Conversely, the 

early-1200s and most of the AD 1300-1450 period appeared to have had 

reduced ASO snowfall.  These periods represented drier periods that restricted 

sediment transport to the lake through reduced meltwater production, which was 

evident through finer grain sizes. 
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Figure 9: Comparison of regional paleoclimate records including (a) Agassiz Ice 
Cap δ18O (25-year unweighted moving mean) and percent melt records (5-year 
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means; core A77, Fisher and Koerner, 1994; Fisher et al., 1995), (b) Devon Ice 
Cap δ18O (25-year unweighted moving mean) and percent melt records (5-year 
means; 1973 core, Fisher et al., 1983), (c) Lake C2 filtered varve thickness index 
(25-year unweighted moving mean, Lamoureux and Bradley, 1996), (d) Bear 
Lake varve thickness (25-year unweighted moving mean), (e)Lake A filtered 
varve thickness composite (25-year unweighted moving mean) and (f) Lake A 
sedimentary pellet frequency (Tomkins et al., Chapter 4).   Data for (a) and (b) 
were obtained from the IGBP PAGES/World Data Center for Paleoclimatology, 
NOAA/NGDC Paleoclimatology Program (http://www.ncdc. 
noaa.gov/paleo/data.html) and data for (c) and (d) were obtained from 
Lamoureux and Bradley (1996) and Lamoureux and Gilbert (2004), respectively. 
  



 
 

211 
 

Increased snowfall was inferred from AD 1450-1675 and the unfiltered 

varve record showed increased frequency of anomalously thick varves (Figure 6).  

Grain size was relatively fine during this time and included little sand, which 

suggested reduced runoff intensity (Figure 2).  The early-1700s and late-1800s 

were characterized by lower autumn snowfall and by reduced anomalously thick 

deposit frequency, interrupted by a century of above mean ASO snowfall during 

the late-1700s to mid-1800s (Figure 9).  This period corresponded to Little Ice 

Age conditions in the Arctic when many glaciers reached their maximum extents 

(Bradley, 1990), although some regional variability in temperatures was apparent 

after AD 1800 (Overpeck et al., 1997).  Fine sand became more common in Lake 

A during this period and the late-1700s to early-1800s contained several notable 

anomalously thick deposits (Figure 6).  Hence, while melt energy may have been 

relatively low during this period due to regionally cooler conditions (Overpeck et 

al., 1997), coarser sediment deposits may indicate infrequent high melt years that 

resulted in sand transport and above mean varve thickness during this time.  It is 

interesting to note that thicker varves were observed during similar cold periods 

in Nicolay Lake, Cornwall Island, and were interpreted to be caused by major 

summer rainfall, although increased runoff ratios due to reduced soil moisture 

storage could have also produced similar sediment yield signals (Lamoureux, 

2000).  Additionally, paleoecological records from some High Arctic ponds began 

to show changes in diatom species abundances and assemblages by the mid-

1800s that have extended through to present (e.g., Douglas et al., 1994; 

Antoniades et al., 2005).  Reduced snow cover on regional lakes by the mid-
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1800s could have influenced interannual ice cover variability and increased light 

penetration into the water column, which could alter species assemblages (Smol 

and Douglas, 2007).    

High autumn snowfall was evident in the first half of the twentieth century 

(Figure 9).  While the highest ASO snowfall levels of the millennium were inferred 

during the early-1900s, they were comparable in magnitude to conditions inferred 

during the 1100s.  Relatively consistent sand inputs to the sedimentary record 

were evident after the late-1800s and they largely paralleled the inferred snowfall 

record for the 1900s.  The post-1950 period was characterized by decreased 

snowfall that approached long-term mean levels in recent years.  Above mean 

snowfall, coupled with higher inferred temperatures during the first half of the 

1900s (Overpeck et al., 1997; Tomkins et al., Chapter 4) created a complex 

hydroclimate signal within the sedimentary record.  Whether the variability in the 

grain size record is attributable to increased streamflow intensity during the first 

half of the 1900s or changed sediment sources remains unknown, but snowfall 

runoff magnitude likely also influenced the amount of sand that reached the lake 

during the twentieth century.  Additionally, the sedimentary pellets in Lake A and 

a water profile temperature model from Lake A suggested reduced ice cover 

during the 1930s to 1940s (Tomkins et al., Chapter 4) and correspond to an 

inferred warming event still evident in the thermal profile of the lake (Vincent et 

al., in press).  Instrumental temperature and precipitation records indicate that 

this period had above mean temperatures during all seasons and above mean 

summer precipitation in areas from 55-85°N (Serreze et al., 2000) and Vincent et 
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al. (2001) suggested that this period was likely a time of enhanced ice shelf 

break-up on northern Ellesmere Island. 

     

Regional comparisons 

The Lake A sedimentary record contained two complementary climate records.  

The varve thickness record was correlated to ASO snowfall and, to a lesser 

extent, ASO mean temperature, while the record of sedimentary pellet frequency 

provided an indication of ice cover variability on the near-perennial lake, and by 

extension, melt season temperatures.  The transport of littoral sediment that 

became adhered to the lake’s near-perennial ice cover and its deposition across 

the lake was inferred to be a function of the frequency of reduced-ice summers 

(Tomkins et al., Chapter 4).  In turn, reduced ice cover is largely dependent on 

summer warmth.  Therefore, the varve thickness record can be interpreted from 

the perspective of ASO snowfall and the sedimentary pellets record acts as an 

independent record of summer temperature from the same location.   

The two records generally corresponded well, although discrepancies 

were most notable during the 1700s and 1800s and above mean ASO snowfall 

during the 1100s was not reflected as strongly in the sedimentary pellet record 

(Figure 9), although the lower temporal resolution of the pellet record could cause 

some of the divergence apparent between the records.  The two records 

corroborated each other during many periods due to the influence of snow cover 

on ice growth.  Increased snow cover insulates lake ice when wind scouring is 

minimal and reduces ice growth during the winter (Adams et al., 1989; Williams 
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and Stefan, 2006).  As such, thinner ice covers that are more susceptible to melt 

could form when snowfall during the previous winter is relatively high.  Many 

inferred reduced ice cover periods at Lake A coincide with inferred increased 

snowfall (Figure 9). 

There are few long-term proxy precipitation records from the High Arctic.  

Autumn precipitation was a significant influence on varve formation at Bear Lake, 

Devon Island, where varve thickness was most closely related to autumn 

snowfall, although varve formation processes were notably different in this 

proglacial lake than in Lake A (Lamoureux and Gilbert, 2004).  Both the Lake A 

and Bear Lake varve thickness records corresponded well, showing below mean 

snowfall during the early-1700s and last half of the 1800s and above mean 

snowfall during the late-1200s, late-1300s, early-1600s and much of the 1900s, 

with decreased runoff after mid-century.   

 Some of these snowfall fluctuations were also evident in ice core records 

from Agassiz Ice Cap, Ellesmere Island, and Devon Ice Cap, Devon Island 

(Figure 9).  Relatively high summer precipitation was inferred from the Devon Ice 

Cap during AD 1550-1620, the late-1800s and most of the 1900s and cold, dry 

conditions were suggested during the late-1600s to early-1700s and late-1700s 

to early-1800s (Alt, 1985).  The Lake A varve thickness record suggested similar 

trends, with the exception of the late-1700s to early-1800s.  The Devon Ice Cap 

records suggested that the coldest Little Ice Age conditions occurred during ca. 

AD 1680-1730 and 1820-1860 (Koerner, 1977; Bradley, 1990), coincident with 

reduced snowfall at Lake A during the early 1700s and mid- to late-1800s.   
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Both the Devon and Agassiz Ice Cap records indicated summer warmth 

during the 1900s that was unprecedented in the past millennium (Fisher and 

Koerner, 1983).  Agassiz Ice Cap, located closest to Lake A, also suggested 

colder conditions from ca. AD 1650-1900 and warmer periods during the 1100s, 

late-1400s and early-1500s (Fisher and Koerner, 1994; Fisher et al., 1995).  

These results generally correspond with above mean ASO snowfall at Lake A 

during the inferred warm periods and reduced snowfall during the cold periods 

(Figure 9).  

 Interestingly, other Arctic proxy temperature records also show similarities 

to the Lake A varve record, although the different dominant climate signals 

recorded in each proxy likely cause some of the divergences evident between 

the records.  The inferred upper air summer temperature record at Lake C2 

(Hardy et al., 1996) was similar to the Lake A sedimentary pellets signal 

(Tomkins et al., Chapter 4) and corresponded well with Lake A varve thickness 

after AD 1500.  Similar trends were apparent during much of the 1500s, 1600s 

and 1900s (Lamoureux and Bradley, 1996; Figure 9).  Additionally, a June 

temperature reconstruction from the varved sediments of Upper Soper Lake, 

Baffin Island, showed relative warmth during the 1500s, 1600s and 1900s 

(Hughen et al., 2000) that broadly coincides with the patterns in the Lake A 

sedimentary records.   

The Lower Murray Lake, Ellesmere Island, and Lake A varve thickness 

records showed some correspondence, most notably during times of thicker 

varve sedimentation (early-1100s to mid-1300s, 1500s and 1900s).  This record 
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was not directly correlated to instrumental weather records and was inferred to 

represent melt season temperatures (Besonen et al., 2008).  Interestingly, the 

grain size records from the two lakes both show generally decreasing trends after 

the coarsest sediments were deposited early in the records (1100s and 1200s; 

Figure 2).  Besonen et al. (2008) interpreted this time as a warm period with 

increased runoff.  The Lake A varve thickness and grain size records suggested 

thicker winter snowpacks and extended melt seasons during at least the first half 

of the 1100s and most of the 1200s. 

The Lake A varve series, however, did not correspond well with a varve 

record from Lake Tuborg, Ellesmere Island, where upper air melting degree days 

and, by extension, summer temperature, strongly influenced varve sedimentation 

(Smith et al., 2004).  This record showed opposite trends to the Lake A record 

prior to AD 1900, and above mean conditions during much of the 1900s.  The 

different climate influences on varve sedimentation at Lake A and Lake Tuborg 

suggested that glacial influences on the latter record were likely responsible for 

the lack of correspondence.      

 

Conclusions 
 
The chronology and varve thickness record from Lake A was developed with a 

new approach that was based on the methods of previous Arctic varved sediment 

studies.  While a standard methodology for developing varve chronologies from 

High Arctic lakes may not be feasible considering the range of local environments 

studied, logistical constraints in this remote region and differences in 



 
 

217 
 

sedimentation in each lake, common methodologies would aid in interpretation 

and comparison between varve records.  The use of multiple sediment cores to 

develop a varve thickness record remains an important strategy to follow 

(Lamoureux, 2001), as sedimentological studies from multiple cores from the 

same lake have shown notable differences in sedimentation and varve clarity that 

might cause errors if only a single core is used (e.g., Lamoureux and Bradley, 

1996; Zolitschka, 1996; Lamoureux and Gilbert, 2004; Tomkins et al., Chapter 3).   

While biogenic and chemical deposits complicated the sedimentary 

record, the dominant clastic component of the varves preserved in Lake A 

contained a quantifiable climate signal.  The most important time of year for 

snowfall on the northern Ellesmere Island coast (August to October) appeared to 

be integral in runoff magnitude and hence, sediment transport and varve 

thickness in the following year.  These results were similar to other studies 

conducted in unglacierized Arctic catchments where the amount of snow 

available for melt and runoff intensity were identified as more important 

influences on sediment transport to lakes than melt energy (e.g., Lamoureux and 

Forbes, 2005; Cockburn and Lamoureux, in press).  The Lake A varve thickness 

record also carried a weaker autumn mean daily temperature signal, which was 

likely related to the thermal influence of relatively warm, snow-bearing storm 

systems that reach northern Ellesmere Island during late summer and autumn.   

 The Lake A varve thickness record corresponded well with the only other 

long-term, high-resolution proxy record of autumn snowfall in the Arctic, and both 

records appeared to capture precipitation and temperature signals from autumn 
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air masses bringing snowfall to the Queen Elizabeth Islands, although the storm 

cells that affect each location may differ.  Some trends within the Lake A varve 

series were also recorded in regional proxy temperature records.  While trends in 

the records were more variable from AD 1000-1500, increased regional 

coherence was evident in the latter half of the record.  The dominance of an 

autumn snowfall signal on the Lake A varve record was likely the reason for 

divergence from some of the temperature records, although some of these 

records also had complicating glacial influences.  Nearly all proxy records 

compared showed above mean precipitation and/or temperature during the first 

half of the twentieth century and these values were sometimes unprecedented in 

their respective records during the past millennium.   
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Chapter 6: General Discussion and Conclusions 

 The sedimentary environment of Lake A, Ellesmere Island, is distinct due 

to its near-perennial ice cover, strong chemical stratification, mesothermic water 

profile and highly seasonal sedimentation regime.  Few similar lakes exist in the 

world, other than neighbouring lakes on the northern Ellesmere Island coast 

(Bradley et al., 1996) and parts of Antarctica (Doran et al., 1994).  These lakes 

have remarkable and unusual sedimentation processes and aquatic biological 

community structures and, as such, their sediments have the potential to provide 

information about long-term variability in climate, limnological and terrestrial 

processes. 

During the past century, northern Ellesmere Island has experienced 

substantial environmental changes and some of these appear to be 

unprecedented during at least the past millennium.  The former Ellesmere Island 

Ice Shelf complex along the northern shore lost 90% of its areal extent during the 

1900s (Vincent et al., 2001).  The largest remaining remnant, the Ward Hunt Ice 

Shelf, is located adjacent to Lake A and experienced substantial fracturing from 

AD 2000-2002 (Mueller et al., 2003).  Aquatic productivity has increased 

substantially at Ward Hunt Lake (located 15 km northeast of Lake A) during the 

past two centuries (Antoniades et al., 2007) and Self Pond (located at Alert, 

Nunavut, 175 km east) experienced notable species assemblage shifts after AD 

1920 that are inferred to be due to climate warming and its effects on the pond’s 

ice cover (Antoniades et al., 2005).  Additionally, ice cover on Lake A melted 

completely in AD 2000 and was reduced to mobile ice pans during the summers 
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of AD 2003 and 2006.  This ongoing environmental change on northern 

Ellesmere Island and predicted increases in temperature and precipitation in the 

Arctic (IPCC, 2007), suggest that this change is underway in the area and the 

responses of water resources and aquatic ecosystems to these changes are not 

fully understood.  Through analysis of the sedimentary record of Lake A, this 

research has developed information on how the lake is responding to modern 

observations of environmental variability while also identifying the extent of past 

changes and their influences on sedimentation.     

The sedimentary record in Lake A reflects the history of this unusual 

lacustrine environment while also integrating records of changing catchment 

hydrology and local climate.  It shows a complex array of clastic, biogenic and 

chemical constituents that vary in importance and nature through the four facies 

that show the lake’s progression from an embayment in the Arctic Ocean to the 

present highly-stratified meromictic lake system.  Sediments immediately after 

inferred lake isolation contain biologically-induced sedimentary features that 

include diffuse and wavy structures, ovoid clay features, all of which are likely 

related to bacterial activity and increased organic content.  Conversely, the 

uppermost two facies had fewer visible biogenic deposits and showed 

considerable grain size variability, which reflected changes in sediment 

availability and stream discharge energy to the lake.  After ca. AD 1000, 

sedimentation and lake stratification became conducive for the formation and 

preservation of clearly defined microlaminae.  Additionally, iron-rich material 

appeared to be the most notable chemical deposits in the sediments, particularly 
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orange-hued oxidized iron.  Notably, dark orange to red units were inferred to 

represent periods of mixing and ventilation of the upper monimolimnion, mass 

mortality of anaerobic green sulphur bacteria, and the formation of iron 

monosulphides (most notably pyrite) in the monimolimnion (Berner, 1970).  Black 

granules, often containing pyrite framboids, were evident throughout the 

sedimentary record and suggested biological and chemical influences on 

sedimentation.   

The detailed lacustrine sedimentology conducted in this research shows 

the potential in investigating biological and chemical influences on sedimentation 

in conjunction with more conventional clastic laminae analyses to develop a more 

complete understanding of sedimentation processes in a lake.  The 

allochthonous and autochthonous components in the Lake A sedimentary record 

both had to be recognized in order to understand the sedimentary history of the 

lake and the inferred limnological changes over time.  Sedimentary features 

similar to those identified in Lake A (e.g., ovoid clay structures, black granules, 

sedimentary pellets) were also identified in other Ellesmere Island meromictic 

lakes, which suggested that further examination of these features may provide 

additional information on the development of these lakes.    

One clastic feature, sedimentary pellets, were identified mostly within the 

uppermost microlaminated facies and their frequency within the sedimentary 

record provided a new and novel proxy record that has the potential to be 

examined in other meromictic, perennially ice-covered lakes.  Based on the 

shape, composition of relatively coarse grains and low organic content, these 
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pellets were determined most likely to be of an ice-rafted origin.  Observed 

reduced ice cover in recent years provided support to the hypothesis that littoral 

sediment adheres to ice along the shoreline and, during high melt summers, is 

rafted to other areas of the lake before release into the water column and 

ultimate deposition.  Hence, the pellet frequency record provides a record of ice 

cover variability and, by extension, summer warmth during the past millennium.  

The most notable part of this record is the 1900s, when ice mobility is inferred to 

have been higher than any other time during the past millennium.  The pellet 

frequency record corresponds well with other proxy records of summer air 

temperature (e.g., Lake C2, 35 km west, Lamoureux and Bradley, 1996) and 

numerous paleoecological studies (e.g., Douglas et al., 1994; Doubleday et al., 

1995; Michelutti et al., 2003; Antoniades et al., 2005; Smol et al., 2005; 

Antoniades et al., 2007) that noted substantial shifts in diatom and invertebrate 

species abundance and community composition during the past 200 years due to 

changing ice covers within a warming Arctic climate (Smol and Douglas, 2007; 

Keatley et al., in press).  However, no complementary physical records of ice 

cover variability have been developed prior to the ice pellet frequency record 

from Lake A.  In lakes where both types of records co-exist, the records could be 

use to verify each other and strengthen interpretations of ice cover and, by 

extension, summer temperature variability over time.  

The unusual limnology of Lake A provides a setting that is conducive to 

the deposition and preservation of annual laminae (varves) within the anoxic 

monimolimnion.  Detailed sedimentology and independent radioisotopic dating 
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(137Cs and 210Pb) confirmed the presence of varves in the uppermost sediments.  

The extremely low sedimentation rates in this lake cause the varves to be 

extremely thin and biogenic and chemical deposits further complicate the record.  

Despite these complexities, a coherent climate signal was discerned in the record 

and indicated the importance of August through October (ASO or autumn) 

cumulative snowfall and mean daily temperature during the previous year (at 

Alert weather station, 175 km east; Environment Canada, 2008) on varve 

formation and thickness.  August to October is the period of highest snowfall 

each year and the climate record within the varves of Lake A may reflect the 

influence of storm systems reaching the northern Ellesmere Island coast in late 

summer and autumn. This record corresponded well with the only other high-

resolution proxy autumn snowfall and temperature record from the Arctic that was 

developed from the varved sediments of Bear Lake (Lamoureux and Gilbert, 

2004).  Although the two lakes are at different latitudes and have differing 

sedimentation processes and limnological conditions, both of their varve 

thickness records appear to record snowfall and temperature signals from late 

summer and autumn storm systems in the Queen Elizabeth Islands.  The highest 

periods of snowfall along the northern coast of Ellesmere Island during the past 

millennium were the early- to mid-1900s and late-1000s to early-1100s and 

notably dry periods were notable during the late-1100s to early-1200s, early-

1300s to mid-1400s, early-1700s and late-1800s.  The varve thickness record 

was also used in conjunction with the pellet frequency record of inferred summer 

temperature for comparison with regional proxy temperature records.  The 
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correspondence with these records was most notable after AD 1500.  Above 

mean conditions during the 1500s, 1600s and first part of the 1900s are common 

in many records but the Lake A varve series diverged from some records during 

the Little Ice Age during the 1700s and 1800s (Bradley, 1990; Overpeck et al., 

1997).  This was likely due to the differing climate signals within the proxy 

records and differences in proxy formative processes (e.g., glacial influences on 

some varve thickness records).  The Lake A varve thickness record provides a 

new long-term of climate variability in the High Arctic that is notably longer than 

many currently available varve thickness records.   

This research also examined methods for the construction of varve 

chronologies and showed the importance of providing error estimates for such 

records.  A new method for varve thickness record composition was introduced in 

this research that may be applicable to lakes with similar extremely low 

sedimentation rates that cause some areas of these lakes not to receive 

sediment inputs during some dry and/or cold years.  The new method builds on 

previous studies and provides an effective means of constructing a varve 

chronology when varve measurements are difficult to resolve among multiple 

cores due to varve thinness. 

The collection of high-quality, undisturbed sediment samples is integral for 

any lacustrine sediment study because all subsequent laboratory analyses 

depend on having samples that are fully representative of a lake’s sedimentary 

record (Glew et al., 2001).  The ability to develop varve chronologies that are not 

floating (i.e., the top varve is at the sediment-water interface) is dependent on 
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retrieving sediment cores that have an intact, undisturbed surface.  For studies 

that require the transport of unfrozen, intact sediment cores to the laboratory, the 

uppermost sediments must be protected from motion and disturbance while in 

transit, as their high water content makes them particularly fragile (Glew et al., 

2001).  These sediments are most important in developing varve chronologies 

that are datable from the year of core collection.  During this study, a relatively 

new method of protection for surface sediments during transport through the use 

of a sodium polyacrylate gel seal was evaluated for its ability to preserve fine 

sedimentary structures and its effects on the results of common laboratory 

analyses including thin section preparation and total organic carbon (TOC) and 

total nitrogen (TN) measurements.  The gel seal formed a strong but soft seal 

over the surface sediments, preserved some surface undulations, protected the 

sides of cores that had voids along the sides near the surface and limited 

disturbance to extremely thin laminae (< 0.2 mm) within the surface sediments.  

Extra powder added to the gel seal also absorbed water released during 

transport and, thus, provided continued protection to the surficial sediments while 

the cores were in transit.  In the laboratory, the gel seal was found to cause no 

adverse effects to the preparation of thin sections following the methods of 

Lamoureux (1994, 2001) or significantly alter the results of TOC and TN 

measurements through carbon enrichment.  This method has the potential to be 

used by researchers of sediments from many different environments that require 

intact cores to be transported for analysis of the sedimentary stratigraphy. 

The main conclusions of this research are summarized as follows: 



 
 

233 
 

1. The sedimentology of meromictic Lake A reflects a complex set of processes 

including deposition of clastic grains through sediment transport from the 

catchment via nival meltwater, biogenic deposits from water column and benthic 

biological activity and chemical precipitates from interactions between bacteria, 

dissolved iron and hydrogen sulphide. 

 

2. Pellets in the sedimentary record were likely derived from littoral sediment 

scavenging by anchor ice formation or ice cover contact with the lake bottom and 

subsequent ice-rafting processes that redistributed the sediment across the lake 

during times of reduced ice cover.  These pellets can be used to examine past 

ice cover variability on the lake and, by extension, melt season warmth. 

 

3. The most notable period of reduced ice cover on Lake A during the past 

millennium is inferred by the sedimentary pellet frequency record during the 

twentieth century, with other low ice periods suggested during the 1500s and 

1600s. 

 

4. In lakes with extremely low sedimentation where varves are difficult to cross-

correlate among cores, a method involving identifying common marker beds, 

measuring varves between the marker beds, comparing the records for 

similarities and choosing the longest varve records between each marker bed 

pair to form a composite varve record may provide a varve chronology with the 
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fewest missed varves and offer the opportunity to develop error estimates for the 

dates of each marker bed. 

 

5. Conditions conducive to varve formation and preservation in Lake A resulted in 

a varve thickness record that spans the past millennium and suggests increased 

late summer to autumn cumulative snowfall during  the late-1000s to early-1100s, 

mid-1400s to late-1600s and, most notably, early- to mid-1900s. 

 

6. The Lake A proxy ice cover and autumn snowfall records correspond well with 

each other.  However, more persistent ice cover and, therefore, colder melt 

season temperatures at Lake A are inferred during the 1700s and 1800s from the 

sedimentary pellets record but the varve thickness record suggests dry and, 

likely, cold autumn conditions during only the early-1700s and late-1800s. 

 

7. The Lake A paleoenvironmental records correspond well with regional 

paleoclimate records (varve and ice cover) during the past millennium and, 

particularly, during the past century. 

 

8. The collection of minimally-disturbed sediment cores is integral to any study 

using lacustrine or marine sediments and the use of a sodium polyacrylate gel 

seal to protect the fragile upper sediments of sediment cores during transport 

from the field site to the laboratory is effective for the preservation of surface 

sediments. 
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Future research 

While this research developed new ideas for approaching 

sedimentological analyses in meromictic lakes and novel methods of examining 

paleoenvironmental signals within lacustrine sedimentary records, it also created 

additional research questions for future study.  Further knowledge of iron cycling 

within the water column and sediments of Lake A would aid in further examining 

the pyrite and other iron deposits and the influence of wind-induced mixing 

events on pyrite formation.  Additional scanning electron microscope analysis of 

the ovoid clay features and wavy laminae in the post-isolation sediments could 

potentially result in finding microbial remains that would further develop 

discussions of these features’ origins.  Some unusual sedimentary record 

features (e.g., sedimentary pellets, ovoid clay features) were noted in other 

northern Ellesmere Island meromictic lake records and suggest more 

commonalities among these lakes than previously suspected.  Based on the work 

done at Lake A, examination of these features in the other lakes may result in 

improved understanding of their sedimentary records and possibly allow for the 

development of new paleoenvironmental records from these locations. 

 

References 

Antoniades, D., Douglas, M.S.V. and Smol, J.P. 2005. Quantitative estimates of 
recent environmental changes in the Canadian High Arctic inferred from diatoms 
in lake and pond sediments. Journal of Paleolimnology, 33: 349-360. 
 
Antoniades, D., Crawley, C., Douglas, M.S.V., Pienitz, R., Andersen, D., Doran, 
P.T., Hawes, I., Pollard, W. and Vincent, W.F. 2007. Abrupt environmental 
change in Canada’s northernmost lake inferred from fossil diatom and pigment 



 
 

236 
 

stratigraphy. Geophysical Research Letters, 34, L18708, 
doi:10.1029/2007GL030947.  
 
Bradley, R.S., 1990. Holocene paleoclimatology of the Queens Elizabeth Islands, 
Canadian High Arctic. Quaternary Science Reviews, 9: 365-384. 
 
Bradley, R.S., Retelle, M.J., Ludlam, S.D., Hardy, D.R., Zolitschka, B., 
Lamoureux, S.F. and Douglas, M.S.V. 1996. The Taconite Inlet Lakes Project: a 
systems approach to paleoclimatic reconstruction. Journal of Paleolimnology, 16: 
97-110. 
 
Berner, R.A., 1970. Sedimentary pyrite formation. American Journal of Science, 
268: 1-23. 
 
Doran, P.T., Wharton, R.A. Jr. and Lyons, W.B. 1994. Paleolimnology of the 
McMurdo Dry Valleys, Antarctica. Journal of Paleolimnology, 10: 85-114. 
 
Doubleday, N.C., Douglas, M.S.V. and Smol, J.P. 1995. Paleoenvironmental 
studies of black carbon deposition in the High Arctic: a case study from Northern 
Ellesmere Island. The Science of the Total Environment, 160/161: 661-668. 
 
Douglas, M.S.V., Smol, J.P. and Blake, Weston Jr. 1994. Marked post-18th 
century environmental change in High-Arctic ecosystems. Science, 266: 416-419. 
 
Glew J.R., Smol, J.P. and Last, W.M. 2001. Sediment core collection and 
extrusion. In Last, W.M. and Smol, J.P. (eds.), Tracking Environmental Change 
Using Lake Sediments, Volume 1: Basin Analysis, Coring, and Chronological 
Techniques. Kluwer Academic Publishers: Dordrecht, Netherlands, pp 73-105. 
 
Keatley, B.E., Douglas, M.S.V. and Smol, J.P. (in press). Prolonged ice cover 
dampens diatom community responses to recent climatic change in high Arctic 
lakes. Arctic, Antarctic and Alpine Research. 
 
Lamoureux, S.F. 1994. Embedding unfrozen lake sediments for thin section 
preparation. Journal of Paleolimnology, 10: 141 – 146. 
 
Lamoureux, S.F. 2001. Varve chronology techniques. In Last, W.M. and Smol, 
J.P. (eds.), Tracking Environmental Change Using Lake Sediments, Volume 2:  
Physical and Chemical Techniques. Kluwer Academic Publishers: Dordrecht, 
Netherlands, pp. 247-260. 



 
 

237 
 

 
Lamoureux, S.F. and Gilbert, R. 2004. A 750-yr record of autumn snowfall and 
temperature variability and winter storminess recorded in the varved sediments of 
Bear Lake, Devon Island, Arctic Canada. Quaternary Research, 61: 134-147. 
 
Michelutti, N., Douglas, M.S.V. and Smol, J.P. Diatom response to recent climatic 
change in a high Arctic lake (Char Lake, Cornwallis Island, Nunavut). Global and 
Planetary Change, 38: 257-271. 
 
Mueller, D.R., Vincent, W.F. and Jeffries, M.O. 2003. Break-up of the largest 
Arctic ice shelf and associated loss of an epishelf lake. Geophysical Research 
Letters, 30, 2031, doi: 10.1029/2003GL017931. 
 
Overpeck, J., Hughen, K., Hardy, D., Bradley, R., Case, R., Douglas, M., Finney, 
B., Gajewski, K., Jacoby, G., Jennings, A., Lamoureux, S., Lasca, A., 
MacDonald, G., Moore, J., Retelle, M., Smith, S., Wolfe, A. and Zielinski, G. 
1997. Arctic environmental change of the last four centuries. Science, 278: 1251-
1256. 
 
Smol, J.P., Wolfe, A.P., Birks, H.J.B., Douglas, M.S.V., Jones, V.J., Korhola, A., 
Pienitz, R., Rühland, K., Sorvari, S., Antoniades, D., Brooks, S.J., Fallu, M., 
Hughes, M., Keatley, B.E., Laing, T.E., Michelutti, N., Nazarova, L., Nyman, M., 
Paterson, A.M., Perren, B., Quinlan, R., Rautio, M., Saulnier-Talbot, E., Siitonen, 
S., Solovieva, N. and Weckström. 2005. Climate-driven regime shifts in the 
biological communities of Arctic lakes. Proceedings of the National Academy of 
Sciences, 102: 4397-4402. 
 
Smol, J.P. and Douglas, M.S.V. 2007. From controversy to consensus: making 
the case for recent climate change in the Arctic using lake sediments. Frontiers in 
Ecology and the Environment, 5: 466-474. 
 
Vincent, W.F., Gibson, J.A.E. and Jeffries, M.O. 2001. Ice-shelf collapse, climate 
change, and habitat loss in the Canadian High Arctic. Polar Record, 37: 133-142. 
 

  



 
 

238 
 

Appendices 

Appendix 1: Sediment core collection and subsampling metadata 
 
All coordinates are UTM, Zone 18, NAD 83 
 
2005 Field Season 
 
A-01-05 
Dated collected: 20/05/05 
Location: 0494379E, 9216927N 
Water depth: 70 m 
Ice thickness: 146 cm 
Snow depth: 58 cm 
Field notes: Top may be disturbed – another core attempt was made previously using 
same ice hole 
Core length: 10 cm 
Subsampling: 

• Subsampled in Resolute, NU, for preliminary diatom counts 
 
A-02-05 
Dated collected: 20/05/05 
Location: 0494574E, 9217099N 
Water depth: 53 m 
Snow depth: 61 cm 
Core length: 19.5 cm 
Field notes: Minimal top disturbance 
Subsampling:  

• 137Cs dating (0.5 intervals in uppermost 3 cm)  
• 210Pb dating (progressively larger intervals with depth, MyCore Scientific, Inc.)  
• thin sections (throughout) 
• wet and dry density (1 cm intervals throughout) 
• total organic carbon (TOC) and nitrogen (TN) measurements (0.5 cm intervals in 

uppermost 3 cm, 1 cm intervals below to base of core) 
• paleomagnetics (J. Stoner, Oregon State University) 

 
A-03-05 
Dated collected: 21/05/05 
Location: 0494752E, 9217244N 
Water depth: 40 m 
Snow depth: 52 cm 
Field notes: Top disturbed, gas bubbles up sides immediately after coring 
Core length: 
Subsampling: 

• thin sections (throughout) 
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A-04-05 
Dated collected: 21/05/05 
Location: 0494754E, 9217309N 
Water depth: 43 m 
Ice thickness: 160 cm 
Snow depth: 52 cm 
Field notes: Minimal top disturbance 
Core length: 11.8 cm 
Subsampling: 

• thin sections (throughout) 
 

A-05-05 
Dated collected: 21/05/05 
Location: 0494747E, 9217444N 
Water depth: 32 m 
Ice thickness: 155 cm 
Snow depth: 45 cm 
Field notes: Minimal top disturbance 
Core length: 17 cm 
Subsampling: 

• thin sections (throughout) 
 
A-06-05 
Dated collected: 22/05/05 
Location: 0494741E, 9217538N 
Water depth: 19 m 
Ice thickness: 155 cm 
Snow depth: 50 cm 
Field notes: Core overshot, top disturbed/missing sediment 
Core length: 27 cm 
Subsampling: 

• thin sections (throughout) 
 

A-07-05 
Dated collected: 22/05/05 
Location: 0494741E, 9217538N (3 m N of A-06-05) 
Water depth: 19 m 
Ice thickness: ~155 cm 
Snow depth: 50 cm 
Field notes: Undulating top 
Core length: 23 cm 
Subsampling: 

• thin sections (throughout) 
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A-08-05 

Dated collected: 23/05/05 
Location: 0494742E, 9216734N 
Water depth: 15 m 
Ice thickness: 155 cm 
Snow depth: 50 cm 
Field notes: Hollows on edges of core top from core catcher 
Core length: 19.7 cm 
Subsampling: 

• thin sections (throughout) 
 

A-09-05 
Dated collected: 26/05/05 
Location: 0494399E, 9216755N 
Water depth: 60 m 
Ice thickness: ~150 cm 
Snow depth: ~ 50 cm 
Field notes: Core overshot, missing ~30 cm sediment from the top 
Core length: 78 cm 
Subsampling: 

• thin sections (throughout) 
• paleomagnetics (but through thin section analysis, the core sample was found to 

be inadequate) 
 

A-10-05 
Dated collected: 26/05/05 
Location: 0494399E, 9216755N (2 m S of A-09-05) 
Water depth: 60 m 
Ice thickness: ~150 cm 
Snow depth: ~55 cm 
Field notes: Minimal top disturbance 
Core length: 72.4 cm 
Subsampling: 

• thin sections (throughout)  
• wet and dry density (1 cm intervals throughout) 

 
2006 Field Season 
 
A-01-06 
Dated collected: 30/05/06 
Location: 0494396E, 9216750N 
Water depth: 61 m 
Ice thickness: ~115 cm 
Field notes: Top could be disturbed by coring attempts in nearby holes 
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Core length: 26.2 cm 
Subsampling: 

• thin sections (throughout) 
• ice rafted pellets (frequency) 

 
A-02-06 
Dated collected: 30/05/06 
Location: 0494260E, 9216906N 
Water depth: 81.5 m  
Ice thickness: ~115 cm 
Field notes: Clouded water to surface sediment appears undisturbed, dark matter on 
surface, undulating top 
Core length: 23.7 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 
• foraminifera (1 cm3 sample, 22-23 cm) 

 
A-03-06 
Dated collected: 30/05/06 
Location: 0494260E, 9216906N (3 m NE of A-02-06) 
Water depth: 82 m 
Ice thickness: ~115 cm 
Field notes: Top may be disturbed slightly (dark flakes in water above sediment) 
Core length: 36.3 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 
• foraminifera (1 cm3 sample, 35.1-36.1 cm)  

 
A-04-06 
Dated collected: 02/06/06 
Location: 0494584E, 9217134N 
Water depth: 47 m (dark matter with undulating top) 
Ice thickness: 130 cm 
Snow depth: 35-37 cm 
Field notes: Minimal top disturbance, dark matter on surface, undulating top 
Core length: 54.4 cm 
Subsampling: 

• thin sections (throughout) 
• particle size measurements (1 mm intervals throughout) 
• TOC and TN measurements (0.5 cm intervals in uppermost 3 cm and 1 cm 

intervals below to base of core) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 
• 14C dates (0.0-0.2, 8.2-8.4, 15.2-15.3, 29.2-29.3 and 46.4-46.5 cm) 
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• SEM imagery (1.9-3.4 cm) 
• ESEM imagery (26.4-26.5 cm) 
• foraminifera (0.5 cm3 samples at 1 cm intervals from 48.5-53 cm) 
• paleomagnetics (J. Stoner, Oregon State University) 
• diatoms, pigments and Itrax geochemistry (D. Antoniades, Université Laval) 

 
A-05-06 
Dated collected: 02/06/06 
Location: 0494584E, 9217134N (5 m N of A-04-06) 
Water depth: 50 m 
Ice thickness: 131 cm 
Snow depth: 36-37 cm 
Field notes: Cloudy water over surface sediments, dark matter on surface, undulating 
top 
Core length: 32.5 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 
• electron microprobe analysis of ovoid features and black granules (~28.5 cm) 
• contaminants (J. Veillette, Université Laval) 

 
A-06-06 
Dated collected: 02/06/06 
Location: 0494596E, 9217288N 
Water depth: 45 m 
Ice thickness: 125 cm 
Snow depth: 55 cm 
Field notes: Top disturbed, dark matter on surface, undulating top  
Core length: 38.1 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 

 
A-07-06 
Dated collected: 02/06/06 
Location: 0494750E, 9216296N 
Water depth: 39 m 
Ice thickness: 128 cm 
Snow depth: 48 cm 
Field notes: Minimal top disturbance, dark matter on surface, undulating top 
Core length: 42.4 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 
• magnetic susceptibility 
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• electron microprobe analysis of black granules (~22-22.3 cm) 
 
A-08-06 
Dated collected: 02/06/06 
Location: 0494652E, 9217384N 
Water depth: 37 m  
Ice thickness: 125 cm 
Snow depth: 46 cm 
Field notes: Minimal top disturbance, dark matter on surface, undulating top 
Core length: 39.3 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 
• foraminifera (1 cm3 samples, 37.5-38.5 cm and 38.5-39.5 cm) 

 
A-09-06 
Dated collected: 02/06/06 
Location: 0494652E, 9217384N (5 m W of A-08-06) 
Water depth: 41 m (clear water, dark matter with undulating top) 
Ice thickness: 125 cm 
Snow depth: 50 cm 
Field notes: Minimal top disturbance (clear water), dark matter on surface, undulating top 
Core length: 43.3 cm 
Subsampling: 

• thin sections (throughout) 
• sedimentary pellets (frequency, TOC, TN, grain size (all visible pellets)) 

 
A-10-06 
Dated collected: 02/06/06 
Location: 0494739E, 9217560N 
Water depth: 18 m 
Ice thickness: 117 cm 
Field notes: Minimal top disturbance (clear water), flat green microbial mat on surface, 
no dark matter 
Core length: 37.1 cm 
Subsampling: 

• thin sections (throughout) 
• ice rafted pellets (frequency, TOC, TN, grain size (all visible pellets)) 

 
A-11-06 
Dated collected: 02/06/06 
Location: 0494705E, 9217604N 
Water depth:  m (clear water, no dark matter) 
Ice thickness: 115 cm 
Field notes: Minimal top disturbance (clear water), no dark matter 
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Core length: 17.4 cm 
Subsampling: 

• thin sections (throughout) 
• (TOC, TN, grain size (all visible pellets)) 
• foraminifera (1 cm3 sample, 15.5-17 cm) 
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Appendix 2: Radioisotopic dating information and data 

137Cs data for Lake A, Ellesmere Island 
Equipment used: ORTEC gamma counting system (PEARL, Queen’s University) 
Core analysed: A-02-05  
Date core obtained: 20/05/2005 
Dates core tested: 11/17/05-11/23/05 
 
Table A1: Summary of 137Cs decay measurement data and sample depths in both the 
sampled core (A-02-05) and a core taken from a nearby location (A-04-06).  

Depth Interval 
(A-02-05, cm) 

Estimated bottom 
depth (A-04-06, cm)* 

137Cs 
(dpm·g-1) 

137Cs 
(Bq·g-1) 

0-0.5 0.66 0.405 0.007 
0.5-1.0 1.32 0.417 0.007 
1.0-1.5 1.99 0.160 0.003 
1.5-2.0 2.65 -0.024 0.000 
2.0-2.5 3.31 0.075 0.001 
2.5-3.0 4.02 -0.106 -0.002 

*Depths based on sedimentation between marker beds in cores A-02-05 and A-04-06 
 
 

 
 
 

Figure A1: 137Cs decay profile in Lake A’s sedimentary record (A-02-05).
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210Pb data for Lake A, Ellesmere Island 
Equipment used: Alpha Spectrometer (MyCore Scientific, Inc., Deep River, ON) 
Core analysed: A-02-05 
Dates core tested: 05/03/2006 and 04/08/2006 

Table A2: Summary of 210Pb decay measurement data 
     

Sample 
Top 
Depth 
(cm) 

Total 
Dry 
Weight 
(g·ml-1) 

% 
Moisture 

210Pb 
(Bq·g-1) 

Precision
1 STD 
(%) 

Interp-
olate 
Pb-210 
(Bq·g-1) 

210Pb 
excess 
(sample) 
(Bq·g-1) 

210Pb-
excess 
(core) 
(Bq·cm-2) 

Mass
210Pb-
excess 
(Bq) 

Age
at top 
of 
section 
(year) 

CRS
Sediment 
Accum. 
Rate 
(g·m-2·yr-1) 

CV
in 
SAR 
(%) 

STD
in date 
(years) 

0.0-0.25 7.835 44% 0.116 8.2 0.116 0.076 0.593 1.962 2005.4 257 22 0 
0.25-0.5 7.983 45% 0.133 6.7 0.133 0.093 0.744 1.368 1994 146 17 2 
0.5-0.9 10.589 46% 0.099 8.2 0.099 0.058 0.618 0.624 1969 106 26 9 
1.0-1.4 11.907 41% 0.041 9.1 0.041 0.001 0.006 0.006 *bkgr    
1.5-1.9 12.312 40% 0.039 6.9 0.039        
2.0-2.4 11.907 40% 0.037 7.0 0.037        
2.5-2.9 11.831 41% 0.035 6.2 0.035        
3.0-3.4 11.273 41% 0.049 6.6 0.049        
3.5-2.9 11.653 42% 0.046 5.9 0.046        
4.0-4.4 11.147 45% 0.048 5.7 0.048        
4.5-4.9 11.045 45% 0.041 8.6 0.041        
5.0-5.4 10.513 47% 0.049 7.1 0.049        
5.5-5.9 10.893 45% 0.038 8.9 0.038        
6.0-6.4 11.385 43% 0.038 8.8 0.038        
7.0-7.4 11.699 42% 0.032 8.4 0.032        
8.0-8.4 12.793 38% 0.028 9.6 0.028        

Background samples         
16.0-16.4 13.018 35% 0.025 8.8         
19.0-19.4 13.750 37% 0.024 8.8        
*Background determined to be 0.041 Bq·g-1
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Figure A2: 210Pb decay profile in Lake A’s sedimentary record (A-02-05). 
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Appendix 3: Detailed grain size data 

Equipment used: Beckman-Coulter LS-200 particle size instrument (EVEX Laboratory) 
Core analysed: A-04-06 
Dates of measurement: 13/03/07-16/03/07, 20/03/07, 21/03/07, 29/03/07, 30/03/07, 
03/04/07 
 
Table A3: Summary of grain size measurement data for the Lake A sedimentary record.  
Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
0 1 6.31 6.32 6.45 22.03 76.60 1.39 
1 2 6.15 6.42 7.08 21.48 78.30 0.20 
2 3 5.53 5.65 6.45 24.52 74.05 1.49 
3 4 6.40 6.69 7.78 20.50 78.06 1.44 
4 5 6.25 6.32 7.08 21.04 76.92 2.03 
5 6 6.12 6.21 7.08 22.01 77.32 0.66 
6 7 6.16 6.12 7.08 22.45 74.97 2.59 
7 8 5.87 5.77 5.88 23.14 74.13 2.70 
8 9 5.39 5.42 5.88 24.22 74.77 0.99 
9 10 5.93 5.77 5.35 23.21 74.84 1.94 
10 11 5.57 5.42 5.35 24.65 73.35 2.02 
11 12 6.21 6.25 5.88 22.42 75.66 1.91 
12 13 7.50 7.75 7.78 19.61 77.40 2.97 
13 14 6.83 6.80 5.35 21.31 77.06 1.68 
14 15 6.70 6.89 10.29 21.66 75.90 2.41 
15 16 6.97 7.26 11.29 21.79 75.54 2.65 
16 17 7.27 7.54 7.08 20.65 77.45 1.88 
17 18 6.94 7.09 5.35 21.91 75.87 2.25 
18 19 6.80 7.01 6.45 22.02 75.83 2.17 
19 20 6.68 7.06 10.29 22.57 75.83 1.63 
20 21 6.02 6.02 5.35 23.07 76.50 0.44 
21 22 6.06 6.11 6.45 22.95 75.89 1.20 
22 23 5.63 5.68 6.45 23.98 75.44 0.62 
23 24 6.30 6.58 8.54 20.78 77.85 1.39 
24 25 6.40 6.61 8.54 21.49 76.47 2.05 
25 26 6.33 6.44 7.78 22.17 75.65 2.18 
26 27 6.69 7.07 9.37 20.74 77.20 2.05 
27 28 6.33 6.56 8.54 22.45 75.30 2.26 
28 29 6.79 7.19 9.37 20.04 77.80 2.17 
29 30 5.82 6.20 10.29 22.42 76.90 0.66 
30 31 5.84 6.06 7.78 23.17 76.29 0.57 
31 32 5.97 6.05 6.45 21.99 77.55 0.45 
32 33 6.33 6.49 7.08 21.14 78.37 0.49 



 
 

249 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
33 34 5.97 5.94 5.35 22.15 76.82 1.04 
34 35 6.33 6.44 6.45 21.13 77.76 1.09 
35 36 5.90 5.77 4.88 22.36 76.56 1.08 
36 37 5.84 5.78 5.35 22.69 76.12 1.20 
37 38 6.06 6.12 6.45 22.24 76.58 1.19 
38 39 5.31 5.17 4.44 24.25 75.43 0.32 
39 40 6.20 6.03 4.88 22.00 76.02 2.01 
40 41 7.12 6.46 4.44 21.86 71.94 6.21 
41 42 6.09 5.74 4.44 23.09 74.73 2.20 
42 43 5.51 5.38 5.35 24.76 73.81 1.45 
43 44 6.17 6.02 5.35 22.86 75.28 1.87 
44 45 6.02 6.01 5.35 23.38 75.15 1.46 
45 46 7.03 7.05 4.88 20.64 77.02 2.36 
46 47 6.23 6.11 4.88 22.25 76.25 1.52 
47 48 5.81 5.80 5.88 23.11 75.69 1.20 
48 49 6.84 7.19 10.29 20.35 78.13 1.49 
49 50 6.49 6.62 6.45 20.76 78.08 1.15 
50 51 4.96 4.86 4.44 22.87 77.09 0.00 
51 52 6.58 6.88 8.54 20.18 79.56 0.26 
52 53 5.64 5.47 5.35 25.04 74.66 0.33 
53 54 5.79 5.56 4.44 23.24 76.59 0.18 
54 55 6.04 5.77 5.35 23.45 75.77 0.78 
55 56 6.46 6.22 4.88 22.08 77.61 0.32 
56 57 4.95 4.66 4.44 28.12 71.63 0.24 
57 58 4.98 4.75 4.88 28.03 71.70 0.27 
58 59 5.18 4.90 4.88 26.94 72.75 0.29 
59 60 4.95 4.86 5.35 26.84 72.93 0.22 
60 61 5.97 5.85 5.35 21.32 78.62 0.06 
61 62 6.31 6.37 6.45 20.86 79.10 0.05 
62 63 5.61 5.80 6.45 21.17 78.83 0.00 
63 64 4.57 4.42 4.44 28.22 71.76 0.03 
64 65 5.76 5.60 5.35 22.58 77.37 0.03 
65 66 5.23 4.99 4.88 25.66 74.25 0.05 
66 67 4.94 4.88 5.35 26.87 73.13 0.03 
67 68 4.24 4.14 4.88 30.85 69.09 0.05 
68 69 5.43 5.15 4.88 25.40 74.34 0.23 
69 70 4.92 4.58 4.44 28.20 71.59 0.23 
70 71 5.79 5.42 4.88 25.18 74.11 0.75 
71 72 4.06 3.94 4.44 31.75 67.96 0.26 
72 73 5.34 5.17 5.35 25.42 74.51 0.06 
73 74 5.25 5.14 5.35 26.09 73.88 0.05 



 
 

250 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
74 75 4.01 3.99 4.88 31.53 68.49 0.00 
75 76 5.46 5.47 5.88 25.04 74.92 0.05 
76 77 5.24 5.15 5.35 24.82 75.16 0.02 
77 78 4.61 4.58 4.88 28.80 71.22 0.00 
78 79 4.71 4.56 4.88 29.27 70.67 0.02 
79 80 5.01 5.26 6.45 25.23 74.79 0.00 
80 81 5.46 5.54 5.88 24.05 75.98 0.00 
81 82 6.33 6.35 5.35 21.26 78.71 0.03 
82 83 6.37 6.58 6.45 20.74 79.19 0.04 
83 84 6.27 6.56 7.78 20.26 79.68 0.02 
84 85 6.21 6.48 7.08 21.81 78.11 0.06 
85 86 6.35 6.63 7.78 19.62 80.37 0.01 
86 87 5.76 5.95 7.08 22.23 77.76 0.04 
87 88 5.91 6.06 7.08 21.57 78.37 0.05 
88 89 6.57 6.99 9.37 18.79 81.20 0.01 
89 90 6.49 6.66 7.08 19.06 80.93 0.00 
90 91 6.88 7.40 10.29 17.94 82.05 0.00 
91 92 6.32 6.50 6.45 20.53 79.47 0.00 
92 93 5.75 5.88 6.45 22.76 77.22 0.01 
93 94 5.72 5.77 5.88 21.81 78.17 0.00 
94 95 5.66 5.77 5.88 22.40 77.61 0.00 
95 96 5.43 5.49 5.88 23.13 76.84 0.00 
96 97 5.70 5.89 6.45 22.83 77.14 0.00 
97 98 5.06 5.21 5.88 25.16 74.82 0.00 
98 99 4.57 4.63 5.35 27.18 72.86 0.00 
99 100 4.73 4.60 4.44 26.26 73.75 0.00 
100 101 4.93 4.90 5.35 26.70 73.30 0.00 
101 102 5.21 5.05 4.88 25.56 74.43 0.01 
102 103 5.19 5.02 4.05 24.94 75.04 0.00 
103 104 5.99 6.07 5.88 21.11 78.86 0.00 
104 105 6.72 6.87 5.88 17.43 82.55 0.00 
105 106 6.56 6.68 6.45 19.33 80.63 0.00 
106 107 6.99 7.25 7.08 17.65 82.39 0.00 
107 108 7.05 7.35 7.78 17.99 82.03 0.00 
108 109 7.28 7.78 34.58 17.52 82.47 0.00 
109 110 7.12 7.23 6.45 17.92 82.04 0.05 
110 111 6.31 6.41 6.45 20.18 79.81 0.01 
111 112 5.94 5.97 5.88 20.80 79.16 0.01 
112 113 5.94 5.99 5.88 21.40 78.57 0.00 
113 114 6.04 6.30 7.08 21.02 78.97 0.00 
114 115 5.67 5.79 5.88 23.81 76.17 0.00 



 
 

251 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
115 116 5.62 5.76 5.88 22.90 77.07 0.00 
116 117 5.46 5.56 5.88 23.90 76.07 0.00 
117 118 5.81 6.08 8.54 21.95 78.04 0.00 
118 119 6.60 7.14 10.29 18.56 81.45 0.00 
119 120 6.91 7.65 11.29 18.85 81.13 0.00 
120 121 7.06 7.79 34.58 18.57 81.43 0.00 
121 122 7.26 8.13 34.58 18.30 81.69 0.00 
122 123 7.32 8.20 34.58 18.47 81.53 0.00 
123 124 6.57 7.02 9.37 20.28 79.72 0.00 
124 125 5.59 5.80 6.45 22.25 77.72 0.00 
125 126 5.39 5.60 6.45 23.28 76.72 0.00 
126 127 5.32 5.45 5.35 23.14 76.83 0.00 
127 128 5.35 5.61 7.78 23.06 76.95 0.00 
128 129 5.75 6.06 9.37 21.71 78.28 0.00 
129 130 6.58 7.06 10.29 20.31 79.68 0.00 
130 131 6.40 6.86 10.29 20.78 79.22 0.00 
131 132 6.72 7.36 11.29 20.10 79.94 0.00 
132 133 7.93 9.17 34.58 17.76 82.21 0.00 
133 134 7.91 9.15 34.58 17.76 82.21 0.00 
134 135 7.19 8.19 31.50 18.49 81.52 0.00 
135 136 7.93 9.37 34.58 17.21 82.76 0.00 
136 137 7.97 9.46 34.58 17.25 82.75 0.00 
137 138 7.56 8.75 31.50 17.66 82.35 0.00 
138 139 9.40 12.03 31.50 14.41 85.58 0.00 
139 140 10.67 14.64 34.58 13.48 86.53 0.00 
140 141 10.08 13.35 34.58 13.83 86.17 0.00 
141 142 7.53 8.78 31.50 17.83 82.18 0.00 
142 143 6.72 7.47 31.50 19.26 80.77 0.00 
143 144 6.31 6.88 11.29 20.33 79.65 0.00 
144 145 6.93 7.71 31.50 19.00 81.00 0.00 
145 146 7.37 8.28 34.58 18.22 81.79 0.00 
146 147 6.15 6.57 10.29 20.75 79.27 0.00 
147 148 5.43 5.61 5.88 21.85 78.15 0.00 
148 149 5.43 5.70 7.78 22.55 77.45 0.00 
149 150 5.76 6.06 8.54 21.56 78.43 0.00 
150 151 6.65 7.06 34.58 19.75 80.22 0.00 
151 152 8.54 9.89 37.97 18.22 81.63 0.11 
152 153 7.98 9.30 34.58 18.30 81.67 0.00 
153 154 7.56 8.65 34.58 18.58 81.42 0.00 
154 155 7.63 8.90 34.58 18.58 81.45 0.00 
155 156 7.81 9.18 34.58 18.05 81.93 0.00 



 
 

252 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
156 157 8.29 10.12 34.58 17.60 82.41 0.00 
157 158 9.39 11.86 37.97 17.04 82.86 0.11 
158 159 9.97 12.62 45.75 17.02 81.94 1.07 
159 160 9.51 11.56 41.68 17.37 82.04 0.62 
160 161 9.45 10.95 45.75 16.86 81.44 1.68 
161 162 9.39 10.79 45.75 16.72 81.91 1.39 
162 163 13.04 19.45 50.22 13.73 82.28 3.99 
163 164 11.23 14.77 45.75 14.05 84.28 1.65 
164 165 11.64 15.78 45.75 14.01 84.14 1.86 
165 166 10.55 14.24 37.97 15.00 84.88 0.13 
166 167 11.42 15.96 41.68 13.62 86.23 0.15 
167 168 14.89 22.20 45.75 11.05 85.19 3.75 
168 169 15.91 24.83 50.22 11.29 82.92 5.76 
169 170 12.31 16.42 50.22 13.35 82.25 4.43 
170 171 9.57 11.96 41.68 17.10 82.41 0.52 
171 172 8.31 9.68 37.97 18.55 81.36 0.09 
172 173 8.69 10.22 41.68 18.08 81.26 0.65 
173 174 10.79 14.43 45.75 15.59 83.56 0.86 
174 175 10.55 14.41 45.75 17.21 81.96 0.84 
175 176 10.43 13.51 45.75 17.32 80.78 1.88 
176 177 8.71 10.11 41.68 18.12 81.51 0.38 
177 178 10.28 13.19 41.68 14.94 84.76 0.31 
178 179 10.49 14.46 41.68 16.27 83.54 0.17 
179 180 8.01 9.12 37.97 17.97 82.02 0.01 
180 181 6.76 7.43 11.29 18.87 81.16 0.00 
181 182 6.24 6.86 11.29 19.60 80.35 0.00 
182 183 7.62 8.77 34.58 18.19 81.83 0.00 
183 184 8.90 10.88 37.97 17.49 82.47 0.05 
184 185 8.20 9.50 37.97 19.50 80.46 0.01 
185 186 7.18 8.22 31.50 18.98 81.04 0.00 
186 187 7.98 9.53 34.58 17.54 82.44 0.00 
187 188 10.20 13.26 41.68 15.46 84.34 0.21 
188 189 8.92 10.81 37.97 18.39 81.48 0.11 
189 190 8.53 9.60 41.68 18.62 80.88 0.47 
190 191 6.28 6.53 6.45 20.75 79.24 0.00 
191 192 7.46 8.47 31.50 17.56 82.43 0.00 
192 193 7.72 8.89 31.50 17.36 82.65 0.00 
193 194 7.27 8.12 31.50 18.13 81.90 0.00 
194 195 8.26 9.53 37.97 17.00 82.95 0.05 
195 196 9.61 11.93 41.68 15.81 84.08 0.13 
196 197 9.92 12.51 41.68 16.42 82.97 0.64 



 
 

253 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
197 198 7.70 8.05 41.68 20.46 79.00 0.52 
198 199 6.29 6.23 4.44 21.83 78.14 0.01 
199 200 6.43 6.53 34.58 21.44 78.60 0.00 
200 201 6.74 7.01 34.58 19.90 80.07 0.00 
201 202 6.64 7.01 34.58 20.09 79.93 0.00 
202 203 5.98 6.19 6.45 21.94 78.05 0.00 
203 204 5.33 5.45 5.35 23.87 76.12 0.00 
204 205 4.61 4.66 4.88 26.26 73.76 0.00 
205 206 4.53 4.58 4.88 27.36 72.66 0.00 
206 207 4.68 4.76 4.88 27.30 72.73 0.00 
207 208 5.14 5.19 4.88 23.79 76.23 0.00 
208 209 5.28 5.37 5.35 23.49 76.55 0.00 
209 210 5.60 5.73 5.35 22.24 77.81 0.00 
210 211 5.57 5.74 5.88 23.00 76.98 0.00 
211 212 5.73 6.00 8.54 22.12 77.89 0.00 
212 213 6.07 6.37 10.29 21.75 78.24 0.00 
213 214 7.02 7.59 34.58 20.89 79.13 0.01 
214 215 9.50 11.59 45.75 17.73 81.06 1.19 
215 216 8.05 9.23 37.97 19.15 80.76 0.06 
216 217 10.77 14.35 45.75 15.86 83.20 0.91 
217 218 9.55 11.74 41.68 16.78 82.65 0.59 
218 219 10.34 13.03 45.75 16.90 81.10 2.00 
219 220 9.67 11.86 41.68 16.84 82.77 0.37 
220 221 9.70 11.63 41.68 16.61 82.95 0.46 
221 222 9.00 10.33 41.68 17.73 82.07 0.15 
222 223 9.86 11.53 45.75 17.22 80.98 1.79 
223 224 9.60 11.13 45.75 17.08 82.06 0.84 
224 225 9.80 11.43 45.75 16.50 82.21 1.31 
225 226 9.28 10.48 41.68 16.71 82.74 0.57 
226 227 9.25 10.21 45.75 17.05 82.03 0.90 
227 228 8.69 9.25 41.68 17.59 81.72 0.63 
228 229 8.76 9.64 45.75 18.18 81.07 0.69 
229 230 8.09 8.76 37.97 18.62 81.33 0.06 
230 231 7.73 8.55 37.97 19.36 80.61 0.02 
231 232 6.33 6.56 34.58 22.77 77.26 0.00 
232 233 5.48 5.45 3.69 24.84 75.15 0.00 
233 234 5.80 5.96 34.58 24.91 75.07 0.00 
234 235 6.45 6.49 34.58 22.15 77.84 0.01 
235 236 6.97 7.46 37.97 21.12 78.86 0.01 
236 237 7.39 8.15 37.97 19.92 80.07 0.03 
237 238 9.26 11.08 45.75 17.37 82.01 0.64 



 
 

254 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
238 239 10.14 13.57 41.68 16.82 82.99 0.17 
239 240 12.10 17.71 45.75 14.96 82.65 2.40 
240 241 11.28 16.17 41.68 15.35 84.11 0.55 
241 242 10.88 14.72 41.68 15.52 83.86 0.61 
242 243 10.28 13.36 41.68 15.98 83.64 0.37 
243 244 9.52 11.96 37.97 16.70 83.20 0.12 
244 245 10.34 13.22 45.75 15.86 83.38 0.79 
245 246 8.89 10.85 37.97 17.26 82.69 0.01 
246 247 9.79 12.27 41.68 16.32 83.12 0.54 
247 248 8.80 10.67 37.97 18.08 81.86 0.06 
248 249 9.53 11.82 41.68 16.99 82.61 0.39 
249 250 8.03 9.35 34.58 18.68 81.35 0.00 
250 251 8.05 9.29 34.58 18.80 81.20 0.00 
251 252 8.60 10.26 37.97 18.01 81.99 0.01 
252 253 8.39 10.00 37.97 18.63 81.39 0.01 
253 254 8.74 10.84 37.97 18.05 81.94 0.06 
254 255 8.60 10.68 37.97 18.10 81.91 0.01 
255 256 8.96 11.29 37.97 17.68 82.28 0.04 
256 257 8.99 11.19 41.68 17.60 82.20 0.18 
257 258 8.21 10.06 34.58 18.94 81.08 0.01 
258 259 8.93 11.56 34.58 17.46 82.52 0.01 
259 260 9.87 13.00 34.58 14.86 85.12 0.01 
260 261 9.51 12.06 37.97 15.07 84.89 0.04 
261 262 8.57 10.46 34.58 16.30 83.68 0.00 
262 263 7.84 9.31 31.50 17.12 82.85 0.00 
263 264 7.59 8.90 31.50 17.41 82.60 0.00 
264 265 8.04 9.70 34.58 16.96 83.03 0.00 
265 266 8.72 10.89 34.58 16.87 83.13 0.01 
266 267 8.21 9.14 34.58 16.26 83.74 0.00 
267 268 9.01 11.34 34.58 16.71 83.29 0.01 
268 269 8.88 10.76 37.97 17.14 82.82 0.03 
269 270 8.63 10.13 37.97 16.99 83.04 0.01 
270 271 9.33 11.10 41.68 15.99 83.86 0.14 
271 272 9.50 11.22 41.68 16.37 83.05 0.59 
272 273 9.48 11.22 41.68 17.17 82.11 0.72 
273 274 11.20 14.79 45.75 15.59 81.53 2.89 
274 275 11.27 15.87 45.75 15.43 83.74 0.85 
275 276 10.91 15.13 41.68 14.94 84.91 0.15 
276 277 10.83 14.96 37.97 14.91 84.96 0.12 
277 278 9.79 12.93 37.97 15.85 84.10 0.01 
278 279 8.64 10.54 34.58 17.36 82.61 0.01 



 
 

255 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
279 280 8.42 10.34 34.58 18.12 81.89 0.00 
280 281 8.82 11.03 34.58 16.94 83.10 0.00 
281 282 8.46 10.43 34.58 17.26 82.70 0.00 
282 283 8.81 10.91 34.58 17.03 82.95 0.01 
283 284 7.80 9.10 34.58 19.09 80.94 0.00 
284 285 7.68 9.00 34.58 19.11 80.94 0.00 
285 286 7.84 9.12 34.58 18.69 81.28 0.00 
286 287 6.64 7.23 28.70 20.57 79.40 0.00 
287 288 6.58 7.26 28.70 20.62 79.34 0.00 
288 289 6.68 7.32 31.50 20.23 79.74 0.00 
289 290 7.10 8.02 31.50 18.70 81.31 0.00 
290 291 6.71 7.79 28.70 19.93 80.05 0.00 
291 292 6.96 8.12 28.70 19.15 80.85 0.00 
292 293 7.18 8.47 28.70 18.52 81.48 0.00 
293 294 7.26 8.63 28.70 18.00 81.96 0.00 
294 295 7.24 8.45 31.50 18.33 81.66 0.00 
295 296 6.41 7.04 28.70 20.30 79.74 0.00 
296 297 7.22 8.41 31.50 18.58 81.42 0.00 
297 298 7.23 8.41 31.50 18.69 81.30 0.00 
298 299 7.69 9.05 31.50 17.81 82.18 0.00 
299 300 7.01 8.06 28.70 19.19 80.82 0.00 
300 301 6.96 8.03 28.70 19.46 80.55 0.00 
301 302 7.22 8.44 31.50 19.01 80.97 0.00 
302 303 5.91 6.26 31.50 23.37 76.62 0.00 
303 304 6.74 7.35 28.70 19.08 80.93 0.00 
304 305 6.60 7.26 28.70 19.39 80.60 0.00 
305 306 7.02 7.88 28.70 17.93 82.07 0.00 
306 307 6.43 6.80 28.70 19.14 80.84 0.00 
307 308 6.98 7.76 28.70 18.10 81.88 0.00 
308 309 5.95 6.31 26.14 21.55 78.45 0.00 
309 310 6.33 6.93 28.70 21.27 78.76 0.00 
310 311 5.78 6.02 28.70 23.84 76.15 0.00 
311 312 5.72 5.81 28.70 23.18 76.80 0.00 
312 313 5.96 6.16 34.58 24.43 75.59 0.00 
313 314 5.04 4.96 3.36 25.34 74.67 0.00 
314 315 4.88 4.74 3.06 26.73 73.24 0.00 
315 316 4.92 4.89 3.36 25.23 74.81 0.00 
316 317 5.02 4.92 3.06 26.44 73.56 0.00 
317 318 5.49 5.66 26.14 24.22 75.80 0.00 
318 319 5.04 5.01 3.06 26.91 73.09 0.00 
319 320 5.21 5.20 28.70 26.97 73.01 0.00 



 
 

256 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
320 321 5.14 5.12 31.50 28.33 71.69 0.00 
321 322 5.25 5.13 3.06 25.38 74.62 0.00 
322 323 5.19 5.13 28.70 26.32 73.68 0.00 
323 324 5.23 5.14 28.70 25.92 74.10 0.00 
324 325 5.06 5.00 3.06 26.95 73.05 0.00 
325 326 5.07 4.94 2.79 27.28 72.71 0.00 
326 327 4.89 4.84 3.06 25.95 74.01 0.00 
327 328 5.01 4.91 3.06 26.92 73.06 0.00 
328 329 5.04 4.94 2.79 28.89 71.08 0.00 
329 330 4.88 4.78 28.70 29.58 70.40 0.00 
330 331 4.73 4.62 31.50 31.15 68.86 0.00 
331 332 5.00 4.92 34.58 30.87 69.14 0.00 
332 333 4.97 4.91 34.58 30.93 69.09 0.00 
333 334 4.94 4.78 34.58 31.21 68.81 0.00 
334 335 4.77 4.43 2.11 31.87 68.12 0.00 
335 336 4.58 4.08 2.54 30.79 69.23 0.00 
336 337 4.73 4.22 3.06 28.71 71.27 0.00 
337 338 4.85 4.51 3.69 24.70 75.31 0.00 
338 339 5.18 5.00 2.54 27.70 72.30 0.00 
339 340 4.82 4.75 31.50 31.10 68.91 0.00 
340 341 4.83 4.68 31.50 30.67 69.30 0.00 
341 342 4.80 4.65 31.50 31.33 68.67 0.00 
342 343 5.43 5.43 34.58 28.12 71.91 0.00 
343 344 5.60 5.82 31.50 26.03 74.00 0.00 
344 345 5.13 5.17 31.50 29.44 70.55 0.00 
345 346 4.91 4.90 31.50 30.69 69.34 0.00 
346 347 4.87 4.82 31.50 30.71 69.27 0.00 
347 348 5.15 5.25 31.50 28.72 71.28 0.00 
348 349 5.29 5.41 31.50 28.94 71.04 0.00 
349 350 5.58 5.86 31.50 26.31 73.67 0.00 
350 351 5.08 5.15 31.50 29.02 70.97 0.00 
351 352 4.98 5.00 31.50 30.18 69.83 0.00 
352 353 5.86 6.27 31.50 25.74 74.23 0.00 
353 354 4.97 4.99 28.70 29.67 70.33 0.00 
354 355 5.11 5.18 31.50 28.99 71.00 0.00 
355 356 4.99 5.05 28.70 29.40 70.57 0.00 
356 357 4.71 4.63 26.14 30.34 69.68 0.00 
357 358 4.39 4.13 28.70 33.70 66.31 0.00 
358 359 4.15 3.85 2.31 33.15 66.86 0.00 
359 360 4.26 4.05 2.11 33.84 66.16 0.00 
360 361 4.30 4.16 2.31 32.26 67.72 0.00 



 
 

257 
 

Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
361 362 3.86 3.61 2.31 34.77 65.20 0.00 
362 363 3.65 3.32 2.11 37.86 62.16 0.00 
363 364 3.72 3.38 2.11 36.87 63.12 0.00 
364 365 4.06 3.83 2.31 34.79 65.21 0.00 
365 366 4.39 4.15 2.31 32.93 67.04 0.00 
366 367 4.46 4.28 28.70 32.77 67.21 0.00 
367 368 4.74 4.62 2.54 29.61 70.38 0.00 
368 369 4.73 4.63 28.70 31.20 68.81 0.00 
369 370 4.14 3.78 2.11 35.37 64.63 0.00 
370 371 3.97 3.40 2.11 37.28 62.71 0.00 
371 372 3.71 3.29 2.11 37.69 62.32 0.00 
372 373 3.34 2.90 2.11 41.18 58.80 0.00 
373 374 3.21 2.83 2.11 41.64 58.39 0.00 
374 375 3.72 3.43 2.31 35.89 64.10 0.00 
375 376 3.79 3.60 2.79 34.97 65.03 0.00 
376 377 3.56 3.28 2.31 37.43 62.56 0.00 
377 378 3.34 3.02 2.31 39.71 60.25 0.00 
378 379 4.03 3.57 2.31 35.91 64.05 0.00 
379 380 3.65 3.34 2.31 37.33 62.66 0.00 
380 381 3.54 3.15 2.31 38.28 61.71 0.00 
381 382 3.30 2.97 2.31 40.01 59.99 0.00 
382 383 3.23 2.93 2.31 40.39 59.61 0.00 
383 384 3.61 3.39 2.54 36.58 63.42 0.00 
384 385 3.25 2.93 2.31 39.66 60.34 0.00 
385 386 3.63 3.36 2.54 35.57 64.42 0.00 
386 387 3.59 3.24 2.31 37.05 62.94 0.00 
387 388 3.93 3.64 2.54 33.43 66.57 0.00 
388 389 4.42 3.67 2.11 35.91 64.06 0.00 
389 390 3.42 2.92 2.11 40.28 59.72 0.00 
390 391 3.78 3.31 2.31 36.97 63.03 0.00 
391 392 3.98 3.48 2.31 34.94 65.03 0.00 
392 393 3.68 3.22 2.31 37.70 62.30 0.00 
393 394 3.53 3.17 2.31 38.27 61.75 0.00 
394 395 3.66 3.35 2.54 35.09 64.92 0.00 
395 396 3.90 3.68 2.54 34.27 65.73 0.00 
396 397 3.87 3.53 2.31 35.66 64.35 0.00 
397 398 4.28 4.08 2.79 30.70 69.29 0.00 
398 399 4.28 4.12 2.79 30.11 69.88 0.00 
399 400 4.42 4.00 2.31 33.19 66.79 0.00 
400 401 4.46 4.14 2.54 31.79 68.21 0.00 
401 402 4.39 4.14 2.54 31.71 68.29 0.00 
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Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
402 403 4.69 4.44 2.79 29.07 70.96 0.00 
403 404 4.22 3.90 2.31 33.82 66.20 0.00 
404 405 5.67 5.66 3.36 23.36 76.63 0.00 
405 406 6.03 6.25 11.29 23.48 76.48 0.00 
406 407 5.65 5.55 3.06 24.89 75.09 0.00 
407 408 5.84 5.84 3.36 24.41 75.60 0.01 
408 409 5.96 6.00 4.05 23.45 76.54 0.02 
409 410 6.00 6.21 11.29 22.77 77.23 0.01 
410 411 5.75 6.05 11.29 23.40 76.59 0.00 
411 412 5.70 6.03 11.29 22.80 77.20 0.00 
412 413 5.40 5.42 4.44 23.72 76.30 0.00 
413 414 5.52 5.52 4.05 23.26 76.74 0.00 
414 415 5.53 5.67 10.29 23.88 76.12 0.00 
415 416 5.19 5.10 3.69 25.40 74.58 0.00 
416 417 5.30 5.28 3.69 24.38 75.62 0.00 
417 418 4.96 4.85 3.36 26.46 73.53 0.00 
418 419 4.80 4.66 3.06 26.88 73.12 0.00 
419 420 4.76 4.64 3.06 27.30 72.73 0.00 
420 421 5.04 5.06 3.69 25.57 74.41 0.00 
421 422 5.36 5.50 11.29 23.27 76.73 0.00 
422 423 5.88 6.19 13.61 23.41 76.64 0.00 
423 424 5.56 5.82 13.61 23.95 76.03 0.00 
424 425 6.16 6.44 31.50 23.86 76.14 0.00 
425 426 4.45 4.34 3.06 29.59 70.40 0.00 
426 427 4.33 4.19 3.06 30.11 69.91 0.00 
427 428 4.92 4.97 4.05 25.95 74.06 0.00 
428 429 4.78 4.75 3.69 26.79 73.22 0.00 
429 430 5.26 5.39 4.88 24.42 75.58 0.00 
430 431 5.02 5.08 4.44 25.71 74.29 0.00 
431 432 5.61 5.83 13.61 23.79 76.20 0.00 
432 433 5.48 5.23 3.06 24.63 75.38 0.00 
433 434 4.69 4.61 3.06 27.71 72.28 0.00 
434 435 4.92 4.85 3.69 25.77 74.21 0.00 
435 436 5.16 5.19 4.05 24.93 75.10 0.00 
436 437 5.26 5.35 4.44 24.08 75.90 0.00 
437 438 5.24 5.44 5.88 26.64 73.36 0.00 
438 439 5.33 5.39 3.36 24.26 75.73 0.00 
439 440 5.66 5.84 4.88 22.31 77.69 0.00 
440 441 5.41 5.50 4.44 23.35 76.67 0.00 
441 442 5.37 5.43 4.44 23.96 76.06 0.00 
442 443 5.65 5.79 4.44 22.75 77.26 0.00 
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Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
443 444 5.73 5.92 12.40 22.23 77.78 0.00 
444 445 5.86 6.06 12.40 22.33 77.65 0.00 
445 446 5.44 5.43 3.36 23.92 76.07 0.00 
446 447 5.76 5.98 5.35 21.68 78.33 0.00 
447 448 5.93 6.28 11.29 22.31 77.71 0.00 
448 449 5.53 5.52 3.69 23.86 76.11 0.00 
449 450 5.43 5.47 4.05 24.38 75.62 0.00 
450 451 5.41 5.44 4.44 23.59 76.42 0.00 
451 452 5.72 5.95 6.45 21.85 78.11 0.00 
452 453 5.33 5.39 4.44 24.54 75.46 0.00 
453 454 5.97 6.28 12.40 21.39 78.62 0.00 
454 455 5.29 5.35 4.05 24.29 75.73 0.00 
455 456 6.12 6.39 14.94 21.42 78.56 0.00 
456 457 4.85 4.77 3.69 25.87 74.14 0.00 
457 458 4.99 5.01 3.69 25.57 74.47 0.00 
458 459 5.06 5.11 4.05 25.30 74.65 0.00 
459 460 5.13 5.24 9.37 25.78 74.18 0.00 
460 461 5.23 5.46 10.29 25.20 74.81 0.00 
461 462 5.36 5.65 10.29 24.59 75.45 0.00 
462 463 5.21 5.46 9.37 25.21 74.78 0.00 
463 464 5.46 5.78 11.29 24.16 75.85 0.00 
464 465 4.87 4.95 5.35 27.35 72.66 0.00 
465 466 5.83 6.32 12.40 22.53 77.45 0.00 
466 467 4.90 5.05 8.54 26.06 73.96 0.00 
467 468 4.90 5.00 5.35 26.00 73.99 0.00 
468 469 4.96 5.14 8.54 25.64 74.33 0.00 
469 470 5.00 5.11 5.88 25.98 74.03 0.00 
470 471 5.01 5.18 6.45 25.76 74.23 0.00 
471 472 4.76 4.67 3.69 26.15 73.85 0.00 
472 473 4.85 4.85 4.88 26.80 73.22 0.00 
473 474 4.75 4.76 4.05 26.41 73.59 0.00 
474 475 4.83 4.88 4.88 26.04 73.97 0.00 
475 476 4.75 4.73 4.05 26.59 73.38 0.00 
476 477 4.64 4.53 3.69 27.45 72.56 0.00 
477 478 4.64 4.59 4.44 27.44 72.55 0.00 
478 479 4.62 4.48 3.36 28.15 71.87 0.00 
479 480 4.68 4.56 3.36 27.35 72.62 0.00 
480 481 6.30 6.90 13.61 21.85 78.17 0.00 
481 482 4.87 4.86 5.35 28.15 71.88 0.00 
482 483 4.72 4.71 5.35 28.00 71.98 0.00 
483 484 4.71 4.67 4.05 27.50 72.52 0.00 
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Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
484 485 4.80 4.89 5.35 26.52 73.46 0.00 
485 486 4.74 4.75 5.35 27.91 72.09 0.00 
486 487 4.66 4.62 4.88 28.94 71.10 0.00 
487 488 4.54 4.40 3.06 30.05 69.96 0.00 
488 489 4.42 4.22 2.79 30.48 69.53 0.00 
489 490 4.64 4.59 4.44 27.86 72.14 0.00 
490 491 4.17 3.86 2.31 33.79 66.23 0.00 
491 492 4.17 3.80 2.54 32.90 67.10 0.00 
492 493 4.57 4.45 3.69 28.83 71.18 0.00 
493 494 4.65 4.58 4.05 27.77 72.24 0.00 
494 495 5.00 4.81 3.06 27.70 72.29 0.01 
495 496 4.65 4.42 3.36 28.73 71.30 0.00 
496 497 4.79 4.45 2.79 29.00 70.99 0.02 
497 498 5.05 4.77 3.36 27.14 72.82 0.08 
498 499 5.16 4.94 3.69 27.04 72.83 0.15 
499 500 5.15 4.92 3.36 27.60 72.12 0.29 
500 501 5.22 4.99 3.06 26.70 73.12 0.18 
501 502 4.67 4.36 3.06 29.39 70.56 0.02 
502 503 5.04 4.82 3.36 27.71 72.19 0.11 
503 504 4.51 4.05 2.54 31.90 68.01 0.08 
504 505 4.64 4.08 2.31 32.22 67.30 0.47 
505 506 4.89 4.47 3.06 28.66 71.06 0.29 
506 507 4.87 4.28 2.54 29.89 69.47 0.66 
507 508 4.91 4.22 2.54 29.89 69.23 0.88 
508 509 5.29 4.64 2.31 30.49 67.38 2.13 
509 510 5.35 4.67 2.54 28.75 69.11 2.13 
510 511 5.59 4.99 2.31 29.17 68.23 2.59 
511 512 5.83 5.28 2.31 29.39 66.67 3.93 
512 513 5.86 5.20 2.54 28.15 68.52 3.33 
513 514 5.87 5.39 2.31 28.11 69.96 1.92 
514 515 5.86 5.34 2.54 27.40 70.67 1.91 
515 516 6.04 5.52 2.54 27.35 69.67 2.95 
516 517 5.99 5.31 2.54 27.19 69.22 3.58 
517 518 5.94 5.38 2.54 27.18 71.03 1.82 
518 519 6.73 6.30 3.06 24.08 71.57 4.36 
519 520 6.72 6.10 2.54 26.36 67.17 6.46 
520 521 6.71 6.19 3.06 24.60 70.40 5.00 
521 522 6.47 5.94 2.54 26.07 69.99 3.96 
522 523 6.49 6.40 45.75 26.07 72.42 1.50 
523 524 6.40 6.06 2.79 25.47 72.66 1.88 
524 525 6.84 6.30 2.79 24.61 70.12 5.29 
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Sample depth (mm) Grain size (μm) Grain size components (%) 
Top Bottom Mean Median Mode Clay Silt Sand 
525 526 7.20 6.36 2.54 24.76 67.03 8.20 
526 527 7.34 6.54 2.79 23.84 68.81 7.36 
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Figure A3: Grain size profiles for Lake A’s sedimentary record (core A-04-06) with facies 
boundaries indicated.
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Appendix 4: Total organic carbon, total nitrogen and C/N data 

Core A-02-05 
Equipment used: Leco CNS-Analyser (Dr. Paul Grogan’s Laboratory, Queen’s 
University) 
Core sampled: A-02-05 
Dates measured: 28/02/06 and 14/03/06 
 
Table A4: Summary of total organic carbon, total nitrogen and C/N data for the Lake A 
sedimentary record. 
Sample depth 
interval (mm) 

Carbon (%) Nitrogen (%) C/N (atomic) 

0-5 2.331 0.197 0.230 
5-10 2.238 0.214 0.249 
10-15 2.045 0.167 0.195 
15-20 2.066 0.182 0.212 
20-25 1.783 0.130 0.152 
25-30 1.808 0.154 0.180 
30-35 1.768 0.124 0.145 
40-45 1.791 0.132 0.154 
50-55 1.858 0.123 0.144 
60-65 1.726 0.123 0.143 
70-75 2.124 0.135 0.157 
80-85 1.807 0.126 0.147 
90-95 1.531 0.102 0.119 
100-105 1.632 0.122 0.142 
110-115 1.512 0.094 0.109 
120-125 1.730 0.116 0.135 
130-135 1.887 0.123 0.144 
140-145 1.685 0.118 0.138 
150-155 1.809 0.108 0.126 
160-165 1.993 0.130 0.151 
170-175 1.647 0.098 0.115 
180-185 1.704 0.110 0.129 
190-195 1.669 0.100 0.117 
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Figure A4: Profiles of total organic carbon (TOC), total nitrogen (TN) and C/N (atomic) in 
Lake A’s sedimentary record (A-02-05) with facies boundaries indicated. 
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Core A-04-06 
Equipment used: Leco CNS-Analyser (Dr. Paul Grogan’s Laboratory, Queen’s 
University) 
Core sampled: A-04-06 
Dates measured: 04/05/07, 04/09/07 and 04/13/07 
 
Table A5: Summary of total organic carbon, total nitrogen and C/N data from core A-04-
06. 
Sample depth 
interval (mm) 

Carbon (%) Nitrogen (%) C/N (atomic) 

0-5 2.204 0.150 17.135 
5-10 2.074 0.169 14.279 
10-15 2.151 0.201 12.463 
15-20 2.249 0.191 13.705 
20-25 2.216 0.177 14.536 
25-30 2.000 0.246 9.472 
30-35 1.955 0.136 16.665 
40-45 1.612 0.106 17.647 
50-55 2.006 0.134 17.392 
60-65 1.713 0.106 18.753 
70-75 1.859 0.153 14.179 
80-85 2.170 0.158 15.967 
90-95 1.804 0.157 13.383 
100-105 2.180 0.155 16.381 
110-115 2.076 0.143 16.882 
120-125 1.932 0.140 16.024 
130-135 1.519 0.123 14.365 
140-145 1.786 0.134 15.554 
150-155 1.766 0.117 17.495 
160-165 1.583 0.110 16.733 
170-175 1.728 0.134 15.049 
180-185 1.757 0.180 11.391 
190-195 1.991 0.222 10.461 
200-205 1.923 0.137 16.285 
210-215 1.952 0.140 16.213 
220-225 1.880 0.120 18.146 
230-235 2.576 0.169 17.725 
240-245 1.665 0.101 19.219 
250-255 1.887 0.115 19.066 
260-265 1.743 0.104 19.464 
270-275 1.645 0.104 18.335 
280-285 1.762 0.105 19.472 
290-295 1.979 0.118 19.423 
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Sample depth 
interval (mm) 

 Carbon (%) Nitrogen (%) C:N (atomic) 

300-305 2.0000 0.1258 18.553 
310-315 2.3310 0.1480 18.380 
320-235 2.2510 0.1443 18.205 
330-335 1.9050 0.1174 18.936 
340-345 1.8840 0.1137 19.337 
350-355 1.9210 0.1144 19.596 
360-365 2.0220 0.1243 18.984 
370-375 1.9220 0.1199 18.707 
380-385 2.6230 0.1822 16.800 
390-395 2.0500 0.1331 17.974 
400-405 2.0240 0.1287 18.353 
410-415 1.9480 0.1204 18.881 
420-425 2.7520 0.1917 16.753 
430-435 3.1140 0.2249 16.159 
440-445 3.5830 0.2691 15.538 
450-455 3.0900 0.2222 16.229 
460-465 1.9830 0.1229 18.830 
470-475 1.3650 0.0933 17.083 
480-485 1.2720 0.0939 15.810 
490-495 1.1500 0.0864 15.537 
500-505 0.5987 0.0389 17.956 
510-515 0.4322 0.0226 22.367 
520-525 0.4755 0.0176 31.565 
530-535 0.4715 0.0187 29.362 
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Figure A5: Profiles of total organic carbon (TOC), total nitrogen (TN) and C/N (atomic) in 
Lake A’s sedimentary record (A-04-06) with facies boundaries indicated. 
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Appendix 5: Scanning electron microscope (SEM) imagery 

Equipment used: JEOL JSM-840 Scanning Electron Microscopes (Department of 
Geology, University of Toronto and Department of Civil Engineering, Queen’s University)  
Cores sampled: A-04-06 
Dates of analysis: 09/02/07 and 20/09/07  

Reference: 

Vilks, G. 1969. Recent foraminifera in the Canadian Arctic. Micropaleontology, 15: 35-
60. 

Images: 

 
 

 

 

 

 

Figure A6: Pyrite framboid in the microlaminated facies of Lake A’s sedimentary record 
(core A-04-06, 1.9-3.4 cm, 3500x magnification).  
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Figure A7: Partially disaggregated pyrite framboid in the microlaminated facies of Lake 
A’s sedimentary record (A-04-06, 1.9-3.4 cm, 3500x magnification). 
 

 
Figure A8: Partially disaggregated pyrite framboid in Lake A’s microlaminated sediments 
(core A-04-06, 1.9-3.4 cm, 3000x magnification). 
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Figure A9: Detailed image (6000x magnification) of pyrite crystals within partially 
disaggregated framboid in Lake A’s microlaminated sedimentary facies (core A-04-06, 
1.9-3.4 cm). 
 

 
Figure A10: Small pyrite framboid in Lake A’s microlaminated sediments (core A-04-06, 
1.9-3.4 cm, 3000x magnification). 
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Figure A11: Detailed image of a small framboid in Lake A’s microlaminated sediments 
(core A-04-06, 1.9-3.4 cm, 6000x magnification). 
 

 
Figure A12: Disturbed fossilized foraminifera (likely Eponides tener (Brady), Vilks, 1969) 
in inferred marine sediments from Lake A’s sedimentary Facies 1 (A-04-06). 
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Figure A13: Fossilized foraminifera (likely Eponides tener (Brady), Vilks, 1969) from the 
inferred marine sediments of Lake A’s sedimentary Facies 1 (A-04-06). 
 

 
Figure A14: Fossilized foraminifera (likely Eponides tener (Brady), Vilks, 1969) from 
inferred marine sediments in Lake A’s sedimentary Facies 1 (A-04-06).  
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Appendix 6: Detailed macroscopic pellet frequency data 

Equipment used: Light table (EVEX Laboratory) 
Cores sampled: A-02-05, A-02-06 to A-09-06 
Date measured: 01/28/07 and 02/29/07  
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Figure A15: Detailed profiles of macroscopic pellet frequency in each core examined with marker bed ages based on the composite 
varve chronology.  Pellets were counted from thin sections and on core faces.  Note the different x-axis values.  
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Appendix 7: Density data 

Equipment used: Oven and high-precision scales (EVEX Laboratory) 
Core sampled: A-02-05 
Date measured: 01/09/05-03/09/05 
 
Table A7 Summary of wet and dry density data from core A-02-05. 
Sample depths: Wet sample 

weight (g) 
Wet Density 
(g·cm-3) 

Dry sample 
weight (g) 

Dry Density 
(g·cm-3) 

Percent  
water (%) Top Bottom 

0.5 1.5 0.744 1.487 0.399 0.798 46.3 
1.5 2.5 0.786 1.571 0.424 0.848 46.0 
2.5 3.5 0.843 1.685 0.486 0.973 42.3 
3.5 4.5 0.795 1.589 0.456 0.912 42.6 
4.5 5.5 0.789 1.577 0.428 0.857 45.7 
5.5 6.5 0.790 1.580 0.428 0.856 45.9 
6.5 7.5 0.756 1.511 0.417 0.834 44.8 
7.5 8.5 0.780 1.560 0.431 0.861 44.8 
8.5 9.5 0.795 1.589 0.457 0.914 42.5 
9.5 10.5 0.824 1.647 0.530 1.061 35.6 
10.5 11.5 0.797 1.594 0.484 0.967 39.3 
11.5 12.5 0.865 1.729 0.555 1.110 35.8 
12.5 13.5 0.804 1.607 0.498 0.997 38.0 
13.5 14.5 0.786 1.571 0.502 1.004 36.1 
14.5 15.5 0.767 1.534 0.442 0.885 42.3 
15.5 16.5 0.754 1.508 0.470 0.940 37.7 
16.5 17.5 0.752 1.504 0.455 0.910 39.5 
17.5 18.5 0.834 1.669 0.540 1.079 35.3 
18.5 19.5 0.833 1.666 0.534 1.067 35.9 
19.5 20.5 0.798 1.596 0.525 1.050 34.2 
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Figure A16: Wet and dry density profiles in Lake A’s sedimentary record (A-02-05). 
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Appendix 8: Magnetic susceptibility data 

Equipment used: Bartington MS2 Magnetic Susceptibility System (EVEX Laboratory) 
Core sampled: A-07-06 
Date measured: 02/03/07 
 
Table A8: Summary of magnetic susceptibility from Lake A’s sedimentary profile. 
Depth interval (mm)    Depth interval (mm)   
From: To: MS value  From: To: MS value 
0 1 10  39 40 37 
1 2 16  40 41 34 
2 3 23  41 42 31 
3 4 24  42 43 29 
4 5 20  43 44 30 
5 6 25  44 45 31 
6 7 25  45 46 30 
7 8 29  46 47 29 
8 9 26  47 48 30 
9 10 27  48 49 28 
10 11 31  49 50 28 
11 12 36  50 51 27 
12 13 42  51 52 23 
13 14 46  52 53 15 
14 15 47  53 54 14 
15 16 46  54 55 12 
16 17 46  55 56 11 
17 18 45  56 57 15 
18 19 47  57 58 11 
19 20 50  58 59 12 
20 21 52  59 60 13 
21 22 50  60 61 14 
22 23 49  61 62 13 
23 24 46  62 63 14 
24 25 46  63 64 12 
25 26 46  64 65 14 
26 27 44  65 66 15 
27 28 42  66 67 15 
28 29 40  67 68 14 
29 30 39  68 69 12 
30 31 37  69 70 14 
31 32 36  70 71 15 
32 33 35  71 72 16 
33 34 35  72 73 16 
34 35 34  73 74 15 
35 36 35  74 75 18 
36 37 36  75 76 18 
37 38 38  76 77 19 
38 39 37  77 78 18 
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Depth interval (mm) Depth interval (mm)

From: To: MS value  From: To: MS value 
78 79 20  126 127 20 
79 80 18  127 128 18 
80 81 17  128 129 19 
81 82 17  129 130 18 
82 83 14  130 131 18 
83 84 18  131 132 19 
84 85 18  132 133 19 
85 86 17  133 134 21 
86 87 16  134 135 21 
87 88 14  135 136 23 
88 89 16  136 137 26 
89 90 15  137 138 28 
90 91 13  138 139 31 
91 92 13  139 140 30 
92 93 12  140 141 34 
93 94 13  141 142 34 
94 95 14  142 143 36 
95 96 13  143 144 33 
96 97 14  144 145 33 
97 98 15  145 146 34 
98 99 18  146 147 34 
99 100 18  147 148 33 
100 101 18  148 149 34 
101 102 18  149 150 35 
102 103 18  150 151 36 
103 104 18  151 152 39 
104 105 18  152 153 37 
105 106 17  153 154 36 
106 107 20  154 155 35 
107 108 18  155 156 33 
108 109 19  156 157 29 
109 110 20  157 158 31 
110 111 20  158 159 29 
111 112 19  159 160 27 
112 113 19  160 161 23 
113 114 21  161 162 21 
114 115 19  162 163 20 
115 116 18  163 164 19 
116 117 19  164 165 17 
117 118 17  165 166 17 
118 119 17  166 167 15 
119 120 17  167 168 15 
120 121 17  168 169 14 
121 122 18  169 170 13 
122 123 18  170 171 14 
123 124 19  171 172 13 
124 125 20  172 173 15 
125 126 20  173 174 15 
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Depth interval (mm)   
MS value 
(SI units) 

 Depth interval (mm) 
MS value 
(SI units) From: To:  From: To: 

174 175 17  222 223 13 
175 176 19  223 224 14 
176 177 23  224 225 12 
177 178 31  225 226 12 
178 179 36  226 227 12 
179 180 28  227 228 12 
180 181 23  228 229 11 
181 182 21  229 230 11 
182 183 19  230 231 11 
183 184 18  231 232 11 
184 185 20  232 233 11 
185 186 21  233 234 12 
186 187 21  234 235 11 
187 188 21  235 236 10 
188 189 22  236 237 9 
189 190 21  237 238 9 
190 191 21  238 239 10 
191 192 19  239 240 9 
192 193 17  240 241 10 
193 194 16  241 242 9 
194 195 17  242 243 10 
195 196 17  243 244 11 
196 197 17  244 245 11 
197 198 15  245 246 11 
198 199 14  246 247 10 
199 200 14  247 248 10 
200 201 14  248 249 11 
201 202 12  249 250 9 
202 203 13  250 251 9 
203 204 11  251 252 11 
204 205 11  252 253 12 
205 206 11  253 254 9 
206 207 11  254 255 10 
207 208 11  255 256 9 
208 209 11  256 257 11 
209 210 11  257 258 11 
210 211 13  258 259 12 
211 212 12  259 260 11 
212 213 14  260 261 12 
213 214 13  261 262 11 
214 215 13  262 263 12 
215 216 13  263 264 12 
216 217 13  264 265 11 
217 218 12  265 266 12 
218 219 11  266 267 11 
219 220 14  267 268 11 
220 221 13  268 269 10 
221 222 13  269 270 11 
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 Depth interval (mm) 
MS value 
(SI units) From: To:  From: To: 

270 271 12  318 319 10 
271 272 11  319 320 11 
272 273 12  320 321 11 
273 274 12  321 322 12 
274 275 12  322 323 14 
275 276 11  323 324 13 
276 277 12  324 325 14 
277 278 11  325 326 17 
278 279 12  326 327 16 
279 280 12  327 328 17 
280 281 12  328 329 18 
281 282 12  329 330 17 
282 283 13  330 331 18 
283 284 11  331 332 17 
284 285 12  332 333 16 
285 286 12  333 334 17 
286 287 12  334 335 17 
287 288 12  335 336 17 
288 289 12  336 337 18 
289 290 13  337 338 16 
290 291 13  338 339 18 
291 292 13  339 340 16 
292 293 14  340 341 16 
293 294 14  341 342 18 
294 295 13  342 343 17 
295 296 12  343 344 17 
296 297 12  344 345 16 
297 298 13  345 346 16 
298 299 13  346 347 15 
299 300 11  347 348 14 
300 301 11  348 349 15 
301 302 11  349 350 15 
302 303 12  350 351 13 
303 304 10  351 352 14 
304 305 11  352 353 13 
305 306 9  353 354 13 
306 307 11  354 355 11 
307 308 10  355 356 12 
308 309 10  356 357 11 
309 310 8  357 358 12 
310 311 9  358 359 12 
311 312 10  359 360 11 
312 313 8  360 361 11 
313 314 10  361 362 12 
314 315 9  362 363 10 
315 316 10  363 364 11 
316 317 11  364 365 10 
317 318 10  365 366 10 
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Depth interval (mm)   
MS value 
(SI units) 

 

From: To:  
366 367 11 
367 368 9 
368 369 9 
369 370 9 
370 371 10 
371 372 9 
372 373 11 
373 374 11 
374 375 11 
375 376 11 
376 377 11 
377 378 11 
378 379 12 
379 380 12 
380 381 13 
381 382 12 
382 383 11 
383 384 11 
384 385 12 
385 386 12 
386 387 12 
387 388 13 
388 389 13 
389 390 13 
390 391 13 
391 392 13 
392 393 14 
393 394 13 
394 395 14 
395 396 15 
396 397 14 
397 398 15 
398 399 11 
399 400 16 
400 401 15 
401 402 16 
402 403 16 
403 404 15 
404 405 17 
405 406 17 
406 407 17 
407 408 18 
408 409 20 
409 410 20 

 
  



 
 

282 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A17: Magnetic susceptibility profile of Lake A’s sedimentary record (A-07-06) with 
sedimentary facies boundaries indicated. 


