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Abstract 
 
 
 In the Arctic and subarctic regions, the winter is the season more susceptible to be 

impacted by climate change. However, it is difficult to evaluate the magnitude of the impact of the 

climate change, because there is an absence of information during cold season due to the 

difficulty in the collection of data in this extreme season. This absence was seen as an opportunity 

and an incentive to choose this season to study the biogeochemical processes of permafrost thaw 

lakes. Those lakes are a good source of information of the changes that occur in the region. Thus, 

there were collected samples (water, soils and sediments) from three permafrost thaw lakes in 

Canadian sub-arctic. 

 

 The collected samples were submitted to a set of analytical methods in order to discover 

their composition and content of trace elements. The obtained results were after compared with 

results obtained in summer sampling in the same lakes. An innovation of this study was the cores 

study in the sediments samples, in order to see if there were variantions between the different 

depths. 

 

 Contrary to the expected, there weren’t found correlations between dissolved organic 

carbon (DOC) and sulphide (HS-), and between sulphate (SO4
2-) and sulphide (HS-). Those 

correlations were an evidence that the organic matter (OM) present in the lake waters was 

oxidised by sulphate. Thus, the oxidation of OM is associated to the production of methane, which 

is supported by the levels of conductivity and pH measured in thaw lakes. 

 

 One interesting result that came from the analysis of the cores was the evidence of the 

decomposition of OM only at the bottom of the sediments or at the sediment/water interface. This 

can be observed through the levels of organic carbon and of the 13CssNMR spectrum. 

  

Keywords: Subarctic region; Winter season; Permafrost thaw lakes; Organic Matter; Trace 

Elements; Sulphur. 
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Resumo 
 

No Ártico e no subárctico, o inverno é a estação mais suscetível ao aquecimento global. Os efeitos 

associados são ampliados, porém existe pouca informação relativamente à estação, devido à dificuldade de 

obter informação devido às condições climatéricas adversas. Esta ausência de informação foi vista como 

uma oportunidade e um incentivo para escolher o inverno para estudar e avaliar os processos 

biogeoquímicos que ocorrem nos lagos resultantes do degelo da permafrost. Estes lagos são uma boa fonte 

de informação das mudanças que ocorrem na região. Para tal, foram recolhidas amostras (águas, solos e 

sedimentos) de três desses lagos situados no subárctico canadiano. 

 

 As amostras recolhidas foram submetidas a um conjunto de métodos analíticos para conhecer a 

composição química, os seus níves e os processos envolvidos. Os resultados obtidos foram comparados 

com resultados de amostras de verão dos mesmos lagos. Uma inovação deste estudo foi o estudo de cores 

de sedimentos, para analisar as variações que ocorrem nas diferentes profundidades. 

 
 Ao contrário do que era esperado, não existiram correlações entre o Carbono Orgânico Dissolvido 

e o Oxigénio Dissolvido, entre o Carbono Orgânico Dissolvido e o Sulfureto, e entre o Sulfureto e Sulfato. 

Estas correlações defendiam que a matéria orgânica presente nas águas dos lagos era oxidada pelo 

oxigénio e pelo sulfato. Assim, a oxidação da matéria orgânica é associada à produção de metano, que é 

apoiado pelos níveis de conductividade e pH dos lagos. 
 

Um resultado interessante que foi obtido pelo estudo dos cores foi a evidência de 

decomposição de matéria orgânica apenas à superfície ou na interface sedimento/água. Esta 

decomposição pode ser observada através dos níveis de carbono orgânico e do espectro do 
13CssNMR. 

 

Palavras-Chave: Subártico; Inverno; Lagos do degelo da permafrost; Matéria Orgânica; 

elementos traço; Enxofre.  

  



 
VII 

Acronyms and Symbols 
 

As - Arsenic 

AVS – Acid Volatile Sulphides  

Cd - Cadmium 

CP – Cross Polarization 

CRM – Certificate Reference Materials 

CRS – Chromium Reduced Sulphur 

CV- Variation Coefficient 

DGT – Diffusive Gradient in Thin Films 

DME – Dropping-Mercury Electrode 

DO – Dissolved Oxygen 

DOC – Dissolved Organic Carbon 

DPCSV – Differential Pulse Cathodic Stripping Voltammetry 

DPP – Differential Pulse Polarography 

GHG – Greenhouse Gases 

HTCO – High Temperature Catalytic Oxidation 

ICDD – International Centre for Diffraction Data 

ICP-MS – Inductively Coupled Plasma Mass Spectrometry 

IPCC – Intergovernmental Panel on Climate Change 

LOD – Limit of Detection 

LOQ – Limit of Quantification 

MAS – Magic Angle Spinning 

NIST – National Institute of Standards and Technology 

OM – Organic Matter 

Pb - Lead 

RF – Radiofrequency 

RSD – Relative Standard Deviation 

SD – Standard Deviation 

ssNMR – Solid-State Nuclear Magnetic Resonance 

TMS – TetraMetilSilane 

TOSS – Total Sidebad Suppression 

XRD – X-Ray Diffraction 

 

  



 
VIII 

 
  



 
IX 

Index 

 
Acknowledgments ............................................................................................ III 
Abstract ............................................................................................................. V 
Resumo ............................................................................................................ VI 
Acronyms and Symbols ................................................................................ VII 
Index ................................................................................................................. IX 
Figure Index ..................................................................................................... XI 
Table Index ..................................................................................................... XIII 
1. Introduction ................................................................................................ 1 

1.1. Motivation and Context ................................................................................ 1 
1.2. Thesis Statement .......................................................................................... 1 
1.3. Organization .................................................................................................. 1 

2. Literature Review ....................................................................................... 3 
2.1. Arctic .............................................................................................................. 3 
2.2. Permafrost thaw lakes .................................................................................. 7 
2.3. Cold season ................................................................................................ 11 

3. Study Area and Sampling ........................................................................ 12 
3.1. Study Sites ............................................................................................ 12 
3.2. Water Sampling ..................................................................................... 14 

3.2.1. Physico-Chemical Parameters .............................................................. 14 
3.2.2. Sampling technique ................................................................................ 14 

3.3. Soils and Sediment Sampling ............................................................. 15 
4. Analytical Methods ................................................................................. 16 
4.1. Water Samples ...................................................................................... 16 

4.1.1. Dissolved Organic Carbon ..................................................................... 16 
4.1.2. Labile Trace Element .............................................................................. 17 
4.1.3. Total Element Concentration ................................................................. 22 
4.1.4. Total Dissolved Inorganic Sulphides .................................................... 23 
4.1.5. Dissolved Sulphate ................................................................................. 24 

4.2. Soil and Sediment Samples ................................................................. 25 
4.2.1. Organic Carbon ....................................................................................... 25 
4.2.2. Natural Organic Matter Characterization .............................................. 25 
4.2.3. Mineralogical Composition .................................................................... 26 
4.2.4. Total Element Concentrations ............................................................... 28 
4.2.5. Sulphur Compounds in the solid fraction ............................................ 29 

4.3. Quality Assurance and Quality Control .............................................. 30 
5. Results and Discussion ........................................................................... 33 
5.1. Water Samples ...................................................................................... 33 

5.1.1. Physico-Chemical Parameters .............................................................. 33 
5.1.2. Dissolved Organic Carbon, Sulphate and Sulphide ............................ 37 



 
X 

 

5.1.3. Labile and Total Element Concentrations ............................................ 39 
5.2. Soil and Sediment Samples ....................................................................... 42 
5.2.1. Organic Carbon ....................................................................................... 42 
5.2.2. Natural Organic Matter Characterization .............................................. 43 
5.2.3. Mineralogical Composition .................................................................... 44 
5.2.4. Total Element Concentrations in Soils and Sediments ...................... 46 
5.2.5. Inorganic Sulphur ................................................................................... 47 

Conclusion ....................................................................................................... 51 
Future Work ..................................................................................................... 53 
References ....................................................................................................... 54 
Annex A: Physico-Chemical data from the study lakes .............................. 62 
Annex B: Standard Solutions ......................................................................... 63 
Annex C: Calibration Curves Parameters Uncertainty ................................ 64 
Annex D: Mass of Solid Sample used in the TE determination .................. 65 
 
  



 
XI 

Figure Index 
 
Figure 1 - Delimitation map of the biomes of the Arctic (Source: CAFFs Arctic Flora & 

Fauna, 2001) ....................................................................................................................... 3 
Figure 2 - Distribution of permafrost landscape types in Canada (Source: Vincent et al., 

2017) .................................................................................................................................... 5 
Figure 3 - Permafrost layers (Modified from Page21, 2017) ................................................... 5 
Figure 4 - Northern Hemisphere mean annual temperature over the years (Source: 

Prowse et al., 2009) ............................................................................................................ 6 
Figure 5 - Distribution of dominant or co-dominant thaw landscapes in the circumpolar 

permafrost region (Modified from Olefeldt et al., 2016) ................................................. 8 
Figure 6 - Example of evolution in permafrost over the years (Source: Payette et al., 2004)

 ............................................................................................................................................. 9 
Figure 7 - Formation of thaw lakes in continuous and discontinuous permafrost (Modified 

from Bouchard et al., 2016) ............................................................................................. 10 
Figure 8 - Location of the sampling valleys (Source: Crevecoeur et al., 2015) .................. 12 
Figure 10 – BGR Area (2017) ................................................................................................... 13 
Figure 9 – SAS Area (2016) ...................................................................................................... 13 
Figure 11 - Drone footage of BGR Area .................................................................................. 13 
Figure 12 - Drone footage of SAS Area .................................................................................. 13 
Figure 13 - Collection of the samples in the winter season (left) by comparison with the 

summer season (right) .................................................................................................... 15 
Figure 14 - Sediment sample (left) and soil sample (right) ................................................... 15 
Figure 15 - Scheme of the High Temperature Catalytic Oxidation (HTCO) (Source:  

Gianguzza et al., 2013) .................................................................................................... 17 
Figure 16 - Schematic of DGT sampler (Modified from Peng et al., 2017) .......................... 18 
Figure 17 - Elements analysed by ICP-MS (in colour) (Source: Elmer, 2001) ..................... 19 
Figure 18 - Diagram of ICP-MS instrument (Source: Thomas, 2004) ................................... 20 
Figure 19 - 13C ssNMR chemical shift ranges in ppm (TMS – tetramethylsilane) (Extracted 

from http://www.che.hw.ac.uk/teaching/cheak2/B18OA1/Webtest/9.html) ................ 25 
Figure 20 - Diffractograms of three materials: a) Amorphous material; b) Semi-crystalline 

material; c) Crystalline material. (Source: Subramani, 2016) ...................................... 27 
Figure 21 - SAS 1A vertical profiles for temperature (ºC), DO (mg/L) and pH .................... 33 
Figure 22 - SAS 2A vertical profiles for temperature (ºC), DO (mg/L) and pH .................... 33 
Figure 23 -  BGR 1 vertical profiles for temperature (ºC), DO (mg/L) and pH ..................... 33 
Figure 24 - Vertical Profiles for conductivity (µS/cm) for SAS 1A (Top left), SAS 2A (Top 

right) and BGR 1 (Bottom) .............................................................................................. 35 
Figure 25 - Vertical Profiles for temperature (ºC), dissolved oxygen (DO), conductivity 

(µS/cm) and pH for SAS 1A under summer conditions (Source: Castanheira, 2015) 36 
Figure 26 - Vertical Profiles for temperature (ºC), dissolved oxygen (DO), conductivity 

(µS/cm) and pH for SAS 2A under summer conditions (Source: Castanheira, 2015) 36 
Figure 27 - Vertical Profiles for temperature (ºC), dissolved oxygen (DO), conductivity 

(µS/cm) and pH for BGR 1 under summer conditions (Source: Castanheira, 2015) . 36 
Figure 28 - Vertical profiles of Sulphate (SO4

2-) and sulphide (HS-) of each lake ............... 38 
Figure 29 - Total concentration profiles of elements in water column for SAS 1A ............ 39 
Figure 30 - Total concentration profiles of elements in water column for SAS 2A ............ 39 
Figure 31 - Total concentration profiles of elements in water column for BGR 1 .............. 40 
Figure 32 - ssNMR spectra of SAS 1A samples of sediment at different depths with the 

identification of the major peaks .................................................................................... 43 
Figure 33 - ssNMR spectra of SAS 1A samples of soil #1 (a) and sed (b) at summer 

conditions (Source: Castanheira, 2015) ........................................................................ 43 
Figure 34 - Diffractogram of BGR 1: Red - BGR 1 (0-2.5); Green - BGR 1 (2.5-5); Dark blue 

- BGR 1 (5-7.5); Light Blue - BGR 1 (7.5-10). ................................................................. 44 
Figure 35 - Diffractrograms of BGR 1 under summer conditions: a) BGR 1 Soil#1; b) BGR 

1 Soil #2; c) BGR 1 Sed #1 (Source: Castanheira, 2015) .............................................. 45 
Figure 36 - Diffractogram of BGR 1: Black - Soil 2; Red - Sed 0-2.5; Green - Sed 2.5-5; 

Dark blue - Sed 5-7.5; Light Blue - Sed 7.5-10; Pink - Soil 1. ....................................... 45 
Figure 37 - Organic and inorganic sulphur composition of the sediment samples at the 

three lakes in study at core 0-2.5 in the first row, core 2.5-5 in the second row, core 



 
XII 

5-7.5 in the third row and core 7.5-10 in the fourth row. First column values from 
SAS 1A, second column values from SAS 2A and third column values from BGR 1 48 

Figure 38 - Graphic representation of total sulphur, its relative percentage of organic-S 
and inorganic-S (on the left) and also the relative amount of the inorganic-S species 
(on the right) in SAS 1A (a), SAS 2A (b) and BGR1 (d) samples under summer 
conditions (Source: Castanheira, 2015) ........................................................................ 49 

 
 
 
  



 
XIII 

Table Index 
 
Table 1 - Types of Permafrost and correspondent extent ...................................................... 4 
Table 2 - Depths of the collection of the water samples of each lake ................................. 14 
Table 3 - Polyatomic Interferences in ICP-MS. Extracted from May and Wiedmeyer (1998)

 ........................................................................................................................................... 21 
Table 4 - Operating conditions for ICP-MS ............................................................................ 21 
Table 5 - Values of the diffusion coefficients for each element (Source: 

www.dgtresearch.com) ................................................................................................... 22 
Table 6 - Calibration curves parameters with 95% confidence for each element .............. 23 
Table 7 – Regression data for the calibration curves parameters ....................................... 28 
Table 8 - Concentrations of the elements in the blanks, and LOD and LOQ of trace 

elements determination .................................................................................................. 31 
Table 9 - Certificated and Obtained concentration values and standard deviation of As, 

Cd and Pb in µg/g. Also presented the recovery in percentage. ................................. 31 
Table 10 - Resume of RSD (%) obtained for replicates used for total element 

concentrations on soils by ICP-MS. n>10% represent the number of samples that 
presented a RSD higher than 10%. ................................................................................ 32 

Table 11 - Limit of Detection, Variation Coefficient and Precision of dissolved sulphate 
(µM) and sulphide (pM) .................................................................................................... 32 

Table 12 - Detection limit, precision, and accuracy (p<0,05) of the extractions procedures 
performed on sediment for AVS (µmol/g) and pyrite (nmol/g) .................................... 32 

Table 13 - Concentration of dissolved organic carbon (DOC, mg/L), sulphide (HS-, mg/L) 
and Sulphate (SO4

2-, mg/L) in the water samples ......................................................... 37 
Table 14 - Labile and total lead concentration ranges (ppb) from summer season (Source: 

Castanheira, 2015) and winter season ........................................................................... 40 
Table 15 - Percentage of Organic Carbon at the thaw lakes in study in the winter and 

Sedimentary Organic Matter (SOM) obtained by Loss On Ignition (LOI) in the 
summer (Source: Castanheira, 2015) ............................................................................ 42 

Table 16 - Total elements concentration (µg/g) obtained in the sediments of the lakes 
under study ...................................................................................................................... 46 

Table 17 - Total elements concentration (µg/g) obtained in the soils of the lakes under 
study ................................................................................................................................. 46 

Table 18 - Range of total elements concentration in sediments and soils observed in 
summer session in the same lakes of the current study (Castanheira, 2015) ........... 47 

Table 19 - Concentrations of inorganic sulphur (Sinorg) compounds (Acid Volatile 
Sulphides (AVS), Pyrite and elemental sulphur (S0)) in the sediments of permafrost 
thaw lakes ......................................................................................................................... 50 

  



 
XIV 

 
 



 

   

1. Introduction 
1.1. Motivation and Context 

 
The Polar Regions are extremely sensitive to changes of the climate, which makes them 

important to predict the fast transformations that occur in those ecosystems. The forecast can be 

obtained by studying the regions and the environmental changes that occur nowadays, creating 

standard behaviours and predicting future variations. One important component of the Polar 

Regions and its response to climate change is permafrost thaw lakes. These lakes have been 

studied generally in the summer season, which leaves an entire gap of information in the winter. 

This absence of information of the thaw lakes during the winter was the motivation to this study, 

compiling the values of the winter and comparing them with values obtained at the summer 

season. 

 

1.2. Thesis Statement 
 

This study will focus on biogeochemistry of thaw lakes in winter season, through the 

evaluation of some biogeochemical processes occurring in soils, sediments and waters. The 

objective is to better understand the biogeochemical composition of thaw lakes and the processes 

involved during winter season, the longest period in the north. 

Through this work it is aimed to understand the origin of the organic matter and the 

influence on the lability of some trace elements. To accomplishes these goals, several samples 

were collected in three thaw lakes situated in the Canadian subarctic region of Nunavik, province 

of Quebec, Canada. 

Sampling occurred in the cold season and the obtained results were compared to results 

from the same thaw lakes in the summer season. 

The main objectives are to: 

1. Improve the knowledge of the chemical composition of permafrost thaw lakes 

during winter; 

2. Identify the similarities and differences between summer and winter. 

 

1.3. Organization 
 

The present thesis is divided in five sections, being the first one the introduction, followed 

by a literature review, where is possible to witness a review of the theme and essential concepts 

for the understanding. The third section approaches the study sites where the samples were 

collected and how the collection was performed, and the fourth section resumes the analytical 

processes of the samples. The results are show and discussed in the fifth section. The 

conclusions of this research work are presented at the end, followed with some suggestions to 

future work. Finally, the references and the annexes are presented. 
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2. Literature Review 
 

2.1. Arctic 
 

The Polar Regions are characterized by extreme climate conditions, and are composed 

by the Arctic and Antarctic regions (Couch, 1957). 

 

 The Arctic region includes the Arctic Ocean and the surrounding seas, and the land areas 

around the Arctic ocean, such as the northern areas of Scandinavian, Russia, Alaska, Canada, 

and all of Greenland (Couch, 1957). The boundaries of the Arctic region are a subject that hasn’t 

found concordance in the scientific community. Some define the Arctic as the region that is above 

the 66,6ºN, defined as the Arctic Circle. But these boundaries don’t limit the biological features, 

meaning that the Arctic conditions extend bellow the Arctic Circle (Schindler & Smol, 2006). 

 

 The terrestrial part of Arctic is mainly composed by two main biomes, boreal forest and 

tundra (CAFFs, 2001). Tundra is a cold climate landscape, characterized by low vegetation, as 

shrubs and dwarfs’ trees (CAFFs, 2001), being sometimes divided in zones due to changes in 

the vegetation (Gajewski et al., 1993). The northern tundra is the one with absence of tree 

species, which start to appear in the southern areas (Gajewski et al., 1993). As can be visualized 

in figure 1, most of the northern part of the terrestrial of Arctic region is tundra. Southern of tundra 

is found the boreal forest, a landscape entirely tree-covered (Gajewski et al., 1993), characterized 

by its coniferous and deciduous trees (Bonan & Shugart, 1989). 

  

 
Figure 1 - Delimitation map of the biomes of the Arctic (Source: CAFFs Arctic Flora & Fauna, 2001) 
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Other important feature of the Arctic is permafrost, that consists in a perennial frozen 

ground, where temperature is equal or below 0°C for two consecutive years, minimum (Bonan & 

Shugart, 1989; Gabriel & Talbot, 1984; IPA, 1998). Permafrost works as a barrier to lakes and 

wetlands, working as an impermeable layer to the water bodies, avoiding the infiltration of the 

water to the sub-surface (Quinton et al., 2011; Rouse et al., 1997; Smith et al. , 2007). This frozen 

ground covers a quarter of the Northern Hemisphere area (Bonan & Shugart, 1989) and extends 

over more than 50% of Canada landscape (Narancic et al., 2017), being a major component of 

the ecosystems where is present, affecting its hydrology and ecology (Narancic et al., 2017).  

 

 Permafrost can be distributed in different types, as continuous, discontinuous, sporadic 

or isolated, depending on the amount of perennially frozen ground on the land area (Vincent et 

al., 2017, Bonan & Shugart, 1989). The percentage value of perennial frozen ground 

correspondent to each type of permafrost is show in table 1.  

 
Table 1 - Types of Permafrost and correspondent extent 

 

 

 

** (Source: Vincent et al., 2017; Bonan & Shugart, 1989) 

 

 In figure 2, is shown the distribution of the different permafrost landscape types present 

in Canada. It is possible to identify that the continuous permafrost is predominant in the northern 

latitudes, especially above 60ºN, which is near to the Arctic Circle. 

Type of Permafrost Extent of perennially frozen ground (%) 

Continuous >90 

Discontinuous 50-90 

Sporadic 10-50 

Isolated <10 
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Figure 2 - Distribution of permafrost landscape types in Canada (Source: Vincent et al., 2017) 

 
The permafrost ground can be divided in two main layers: the active layer and the 

permafrost layer. These two layers differ in the physical state, meaning that, while the permafrost 

remains frozen all year round, the active layer is the one that suffers freezing and thawing during 

the different seasons (Vincent et al., 2017). Usually, the active layer depth varies between 30 and 

200 centimetres, but the thickness has shown a tendency to increase due to the increasing 

atmosphere temperature observed in the last decades (IPCC, 2013).  

 

 
Figure 3 - Permafrost layers (Modified from Page21, 2017) 
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 In the last 400 years, the records of the annual mean temperature in the Arctic showed a 

progressive warming and several physical changes, such as permafrost thaw and reduction in 

sea-ice extent (Prowse et al., 2009; Cherry et al., 2017) . The warming of the Earth is a worrisome 

issue, because is amplified in the Arctic (Kaufman et al., 2009), due to being extremely sensitive 

to changes in temperature (Schindler & Smol, 2006). This is, major disruptions to the ecosystem 

in a small degree change the mean annual temperature (Christensen et al., 2004). The 

continuous and rising warming will lead, as mentioned before, to permafrost degradation (Quinton 

et al., 2011, Intergovernamental Panel on Climate Change, 2013, Cherry et al., 2017, Wilson et 

al., 2017 ), having major consequences on the terrestrial and freshwater ecosystems. The 

Intergovernmental Panel on Climate Change (IPCC) defines permafrost degradation as the 

decrease of thickness and/or areal extent (IPCC, 2013). The degradation can also modify the 

current ecosystems (Bonan & Shugart, 1989), creating interconnectivity between drainage 

networks (Quinton et al., 2011), provoking ground subsidence and leading to the formation of 

thaw lakes (Coulombe et al., 2016). 

 

 
Figure 4 - Northern Hemisphere mean annual temperature over the years (Source: Prowse et al., 2009) 

 Another issue related with the rising temperatures is the major carbon stocks present in 

permafrost soils (González-Eguino & Neumann, 2016; Panneer Selvam et al., 2017), which is 

believed to be the double than the amount of carbon present in the atmosphere (González-Eguino 

& Neumann, 2016). This carbon is mostly present in syngenetic permafrost, which is permafrost 

formed through sedimentary sequences added to the soil during extreme cold conditions (Vincent 

et al., 2017). When the permafrost thaws, the stored carbon begins to be available, switching 

from a sink of carbon to being a new source of greenhouse gases, normally CO2 and CH4 

(Panneer Selvam et al., 2017, Webb et al., 2016). This release will work as a positive feedback 

to the climate change (González-Eguino & Neumann, 2016) . The release of this greenhouse 

gases (GHG) are controlled by several factors, such as changes in soil water content, warmer 

winters, soil temperatures, active layer depth and, quantity and composition of the available 

organic matter (OM), among others (Wilson et al., 2017). 
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The main anthropogenic disturbances of the permafrost are related to the exploration and 

construction of infrastructures in the area, leading to tree canopy removal and compression of the 

ground surface, which results in permafrost degradation, due to the decrease of thermal insulation 

(Mohammed et al., 2017). This degradation and those landscape changes will affect the 

ecosystem, the animal and human populations and the infrastructures (Vincent et al., 2017). 

Being the active layer the support of the major infrastructures in the Arctic, when permafrost is 

degraded or thaws, they lose their sustenance and stability, which translates in massive economic 

consequences (Schindler & Smol, 2006). This not only applies to the already built infrastructures, 

but also to future projects and infrastructures, due to the increasing development of the area 

(Schindler & Smol, 2006). 

 

2.2. Permafrost thaw lakes 
 

Permafrost thaw lakes are one of the consequences of the rising temperatures, being 

formed through the thawing of permafrost or the melting of ground ice (NSIDC, 2017). This will 

lead to water accumulation in close depressions, forming lakes and ponds (Bouchard et al., 2016).  

 

It’s difficult to quantify the exact occupancy of thaw lakes and ponds in the subarctic 

region of Nunavik, Québec (the area of the current study) (Bouchard et al., 2014), but permafrost 

thaw landscapes are estimated to occupy 20% to 40% of the northern region (Arp et al., 2016; 

Olefeldt et al., 2016), having an extreme importance in the ecosystem services and 

biogeochemical cycles in the region (Bouchard et al., 2016). Although it’s not known the exact 

occupancy of thaw lakes, there are evidences that in the last years there has been an increase 

in number and size of landscapes due to permafrost thawing, in Arctic and subarctic regions 

(Narancic et al., 2017).  
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Figure 5 - Distribution of dominant or co-dominant thaw landscapes in the circumpolar permafrost region 

(Modified from Olefeldt et al., 2016) 

 In figure 6, is possible to observe an example of a permafrost region on the eastern coast 

of the Hudson Bay (56º11’N & 75º55’W) that suffered several changes through the years. 

Changes in the vegetation in C, D and E and formation of thaw ponds in A and B are visible. This 

is an example of the changes that occur in permafrost regions due to the increase of temperature. 
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Figure 6 - Example of evolution in permafrost over the years (Source: Payette et al., 2004) 

As said before, the formation of thaw lakes comes from the thawing of permafrost. In the case 

of continuous permafrost, the water origins in the melting of ice wedges, forming shallow ponds. 

They expand through lateral thermo-erosion, merging with other ponds, resulting in mature lakes, 

with thaw bulb or taliks below. In the case of discontinuous permafrost, there is normally a 

coverage of ice-rich cryogenic mounds of palsas and lithalsas above the ice lenses. When the ice 

lenses melt, the ground subsides, creating depressions. These depressions will growth with the 

thawing of the permafrost and then are filled with water from the thawing of the ice, originating 

mature permafrost thaw lakes (Grosse et al., 2013; Calmels et al., 2008; Bouchard et al., 2016). 

These two processes are illustrated in figure 7, modified from Bouchard et al., 2016. 
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Figure 7 - Formation of thaw lakes in continuous and discontinuous permafrost (Modified from Bouchard et 

al., 2016) 

Dissolved organic carbon (DOC) concentration is very high in these water bodies, most 

part of it originated from permafrost thawing. These high concentrations lead to a thermal 

stratification in the waters. Other chemical characteristic is the anoxic bottom, that combined with 

the DOC concentrations create the ideal environment to the formation of methane (Narancic et 

al., 2017). When the lakes are ice-cover free and suffer mixing, the methane is released to the 

atmosphere (James et al., 2016; Panneer Selvam et al., 2017; Wilson et al., 2017). 

 

These water bodies have an historic relevance, due to being sources of 

paleoenvironmental information. Thaw lakes are sediment sinks, so they possess environmental 

archives of their lifetime. Thus, the knowledge of the past allows a better understanding of the 

new changes. Neverthless, it is important to consider the disturbance of sediments caused by 

processes after their deposition, like OM mineralization and the redistribution of trace elements 

(Bouchard et al., 2016). 
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2.3. Cold season 
 

With all the changes in the climate, an important impact on the snowpack extent is 

expected, raising a dissimilar definition of the start and end of winter (Webb et al., 2016). For 

example, Grogan and Jonasson (2006) defined winter as the continuous period during which the 

mean diel soil temperature was less than 0.5ºC. 
 
Winter is the dominant season in the Arctic (Arp et al., 2016) and its reaction to climate 

change has distinctive significance, related to the warming being more pronounced in this season 

(Webb et al., 2016). There are simulations that predict an increase of 4.8ºC in the winter parallel 

to 2.2ºC in summer (Webb et al., 2016), which shows a more than double temperature increase 

in the winter. 

 

 

With the increase of temperature, the snow cover will decrease, exposing plants and soils 

to erosion and extreme cold, leading to winter desiccation and free-thaw cycles (Bokhorst et al., 

2008). This exposition will result in the damage of vegetation and, consequently, a decrease of 

growth in the following summer that can reach 87% (Bokhorst et al., 2009). The reduction of snow 

cover distribution will also result in a lower value of surface albedo and in an increasing of the 

surface temperature (Kane et al., 1990), which results in warming and consequent increase of 

the thickness of the active layer (Ling and Zhang, 2003).  

 

A problem related to the winter is the lack of data and interest (Bokhorst et al., 2009). 

Normally, the studies on the area of interest occurred in summer season, leaving an absence of 

information during winter season. This can be also related to the severe conditions that occurred 

in this season, making it more difficult to collect information.  
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3. Study Area and Sampling 

3.1. Study Sites 
 

Samples were collected from three different permafrost thaw lakes in the subarctic region of 

Nunavik, province of Québec, Canada. Two of the thaw lakes are on sporadic permafrost area in 

the Sasapimakwananisikw river valley (SAS valley), near to the village of Kuujjuarapik-

Whapmagoostui; and the third thaw lake is situated on discontinuous widespread permafrost in 

the Sheldrake river valley, near to the village of Umiujaq. In figure 8, are shown the locations of 

the lakes where the samples were collected. 

 
Figure 8 - Location of the sampling valleys (Source: Crevecoeur et al., 2015)  

The BGR thaw lakes (56º37’N; 76º13’W), have origin in the thawing of the lithalsas 

(Crevecoeur et al., 2015), that consists in permafrost mounds without peat cover (Calmels et al., 

2008). They are present in discontinuous permafrost and, usually, surrounded by shrubs, such 

as planeleaf willow (Salix planifolia), and sparse trees, such as black spruce (Piece mariana) and 

white spruce (Piece glauca) (Breton et al., 2009; Bhiry et al 2011; Crevecoeur et al., 2015).  

 

Close to Kuujjuarapik are the SAS thaw lakes (55º13’N;77º42’W), characterized by its 

origin in the decomposition/collapsing of palsas (Crevecoeur et al., 2015; Arlen-Pouliot & Bhiry, 

2005). Palsas are low mounds, circular or oval in plan, that can reach large dimensions (Gurney, 

2001). These lakes are located 110 metres above sea level and are dominated by linchen-moss 

and shrub, such as Carex and Sphagnum (Arlen-Pouliot & Bhiry, 2005; Crevecoeur et al., 2015).   
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 Figure 11 - Drone footage of BGR Area 

 

Figure 12 - Drone footage of SAS Area 

Figure 10 – SAS Area (2016) 

Figure 9 – BGR Area (2017) 



 
14 

3.2.  Water Sampling 
 

A total of twenty-one water samples were collected at different depths. Duplicates were also 

sampled in all areas to evaluate the spatial distribution of the analysed elements in the lake 

margins.  

 

Before sampling, all equipment was decontaminated with acid, according to the protocol 

presented in Canário (2004). For 24 hours, the materials were immersed in 20% solution of HCl 

and washed repeatedly with Milli-Q ultrapure water. Afterwards, they were immersed, for 48 

hours, in a solution of 25% of HNO3 and raised again with Milli-Q water. Finally, they were dried 

over 105ºC, in an oven and then stored in sealed plastic bags until used to the collection. 

 

3.2.1. Physico-Chemical Parameters 
 

Vertical profiles of several physico-chemical parameters were measured in each lake 

before sampling, using a Hydrolab® DS5 multiprobe. Parameters such as temperature, dissolved 

oxygen (DO), conductivity and the pH were measured at different depths to access vertical 

variations in the water column. Those values are presented in Annex A. The redox potential wasn’t 

measured due to failure of equipment. 

 

3.2.2. Sampling technique 
 

The water samples were collected at the depths that presented a meaningful changes of the 

physico-chemical parameters. These samples were used to determine the dissolved organic 

carbon (DOC), dissolved trace elements and the dissolved sulphur species. The depths of the 

water collection are presented in table 2 and weren’t deeper due to the extreme operational 

conditions and the absence of variation along the depth in winter conditions. 
Table 2 - Depths of the collection of the water samples of each lake 

Lake SAS 1A SAS 2A BGR 1 

Depths 

Surface Surface Surface 

0.5 0.5 0.5 

0.9 0.9 0.9 

 

 The depths of the three lakes weren’t equal, even if the samples were collected at the 

same depths. The BGR 1 had a depth of 3.8 metres, being the deeper of the three thaw lakes, 

followed by the SAS 2A with 2.3 metres and SAS 1A with a depth of 1.75 metres. 
 

Due to the collection being executed in winter, the lakes were frozen, but only at the surface, 

having an ice cover of 1 metre. Thus, to obtain the water samples it was necessary to remove the 
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snow at the surface and drill sampling holes in the ice to access the water column. In figure 13 

are presented images from the collection during winter and summer, showing the environmental 

conditions of the two seasons. 

 

Immediately after the collection, samples were filtered in situ by two different filters, 

depending on the type of determination. For the determination of DOC, samples were filtered by 

a glass fibre filter (GF-F - Whatman), and for the determination of sulphur and total trace-elements 

the samples were filtered by acetate filters (HA - Whatman). The samples for the determination 

of carbon and sulphur were frozen and to the ones for trace-elements were added 10 µL of double 

distilled HNO3, for preservation. Diffusive Gradient in Thin Films (DGT) were used for the 

determination of the labile trace-elements.  

Figure 13 - Collection of the samples in the winter season (left) by comparison with the summer season 

(right) 

3.3. Soils and Sediment Sampling 
Soils (Ntotal=6) were collected near the lakes under study using a small corer and stored in 

plastic bags. The samples were dried in an oven at 40ºC during the night, to avoid the loss of 

volatile compounds. Afterwards, they were disaggregated and powdered in an agate mortar and 

stored in polyethylene tubes. 

 

For sediment samples at the bottom of the lakes a hand corer sediments sampler was used. 

After the collection of each core, samples (Ntotal=3) were separated in layers of 2.5 cm depth until 

the end of the core. Sediment sample processing after collection were identical to the soil. In the 

figure 14 are examples of sediment and soil samples.  

 

              
Figure 14 - Sediment sample (left) and soil sample (right)          
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4. Analytical Methods 
 

 To better understand the biogeochemistry of the permafrost thaw lakes under study it 

was necessary to resort to a diversity of analytical methods. They will be described in this chapter. 

 

 

 

 

 

 
 

 

4.1. Water Samples 
 

4.1.1. Dissolved Organic Carbon  
 

In aquatic systems, the major part of OM is found in dissolved phase, consequently DOC 

is the major source of organic carbon (Tranvik & Kokalj, 1998).  

 

To determine the amount of DOC in the water samples the high temperature catalytic 

oxidation (HTCO) method was used. This method consists on the oxidation of a freed from 

inorganic carbon sample to CO2, and can be divided in four stages: sampling, preservation, 

decarbonation and analysis (Spyres et al., 2000). 

 

Water Samples
•Dissolved Organic 
Carbon (DOC)

•Labile Trace Element 
Concentrations

•Total Element 
Concentration

•Total dissolved 
inorganic sulphide

•Dissolved sulphate

Soil and Sediment 
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•Natural Organic Matter 
Characterization

•Mineralogical 
Composition
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Concentrations

•Solid Sulphur 
Compound

Quality Assurance 
and Quality control
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Figure 15 - Scheme of the High Temperature Catalytic Oxidation (HTCO) (Source:  Gianguzza et al., 

2013) 

 Firstly, the inorganic carbon is removed from the sample by acidification and bubbling 

with air, without CO2, followed by the injection of 100 µL of the sample into a vertical furnace. 

Then a catalyst of 0,5% platinum (Pt) on aluminium oxide (Al2O3) is added and the temperature 

is raised up to 680°C. Thus, the OM contained in the sample is oxidised to CO2, and afterward 

measured by a non-dispersive infrared detector. Finally, a calibration curve by injection a 

potassium hydrogen phthalate solution (0-100 mM) (Castanheira, 2015; Sugimura & Suzuki, 

1988; Spyres et al., 2000) is elaborated. All the values were determined by a minimum of three 

injections, with a variation coefficient of less than 2%. In figure 15 a scheme of the method is 

represented. 

 

 To avoid a carbon contamination of the system, a blank was injected always before and 

after an analysis using Milli-Q. The measurements of the samples were effectuated in a Shimadzu 

TOC 5000A. 

 

4.1.2. Labile Trace Element 
 

For the measure of labile trace element concentrations, the DGT technique was used. 

These films consist in a plastic shell surrounding a resin, a diffusive gel layer and a cellulose- 

acetate filter, as represented in the figure 16. This technique has the objective of quantifing the 

labile metal species in soil, sediment and water, and doesn’t need a pre-treatment, which will 

result on the elimination of analytical errors (Wang et al., 2016; Zhang & Davison, 1995).  
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Figure 16 - Schematic of DGT sampler (Modified from Peng et al., 2017) 

The resin present on the DGT works as a sink to the labile metal species that went 

through the diffusive gel layer (INAP, 2002). The cellulose-acetate filter works as a protective 

membrane of the other layers (Wang et al., 2016), isolating them from particles (INAP, 2002). 

 

The DGT samplers described above were used to sample the amount of labile metal 

fraction present in the thaw lakes. After the collection, all the DGTs were stored in the laboratory 

facility into a 2L of water sample during a deployment time of 48 hours, to ensure the sample 

homogeneity. The analysis of the metal content in the resin can be made directly through proton 

induced x-ray emission or by acid-extraction of the resin layer. In this work was used the last 

option, using Inductively Coupled Plasma Mass Spectrometry (ICP-MS: Perkin Elmer ELAN DRC-

e). Before processing the samples in the ICP-MS, an elution of the metals from the Chelex binding 

phase (3.14 cm2) was made by immersing it in 5.0 mL of 1% (v/v) bi-distilled HNO3. 

 

The DGT’s elution solutions obtained were then measured by ICP-MS discovering the 

concentrations of As, Cd and Pb. 

 

Inductively Coupled Plasma Mass Spectrometry is an analytical technique used for 

elemental determination and its characterized by its low detection limit and high level of 

productivity (Elmer, 2001). This technique allows the measure of most of the elements present in 

periodic table, represented in colour in figure 17. 
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Figure 17 - Elements analysed by ICP-MS (in colour) (Source: Elmer, 2001) 

The ICP-MS system is usually composed by: 

à Sample introduction system, that contains a nebulizer and a spray chamber; 

à ICP torch and RF(radiofrequency) coil, responsible for the generation of argon plasma; 

à Interface, the connection between the system; 

à Vacuum System; 

à Collision/reaction cell, eliminates the possible interferences, before the sample reaches 

the mass spectrometer; 

à Ion optics, conduct the desired ions to the quadrupole; 

à Mass spectrometer; 

à Detector, responsible to the count of the individual ions; 

à Data handling and system controller. 

The total schematic of the system can be observed in the figure 18. 
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Figure 18 - Diagram of ICP-MS instrument (Source: Thomas, 2004) 

The process begins with the input of the sample into the nebulizer, as an aerosol gas with 

argon plasma (Thomas, 2004). This plasma has the functions of drying the aerosol, dissociating 

the molecules and removing the electrons. The resulting aerosol is sprayed into the mass 

spectrometer where the ions will be divided according to their mass-to-charge ratio. At the end, 

the ions are converted into an electrical signal and a software compares the pulses from the 

electrical signal with standards, creating a calibration curve. It’s through this calibration curve that 

the concentrations of the elements are determined (Elmer, 2001). 

 

During the reading is possible to find some interferences. These interferences occur when 

ions generated from the plasma, the sample or both have the same mass-to-charge ratio to the 

analysed ion (Elmer, 2001), being qualified as isobaric or polyatomic. Isobaric interferences occur 

when isotopes of other elements generate interferences at the same mass as the ones being 

analysed (Thomas, 2004). Polyatomic interferences derived from the combination of two or more 

atomic ions (Thomas, 2004). In table 3 are presented the polyatomic interferences noted for the 

elements analysed in this work and found in the literature. The interferences that occur can be 

attenuated (Elmer, 2001).  
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Table 3 - Polyatomic Interferences in ICP-MS. Extracted from May and Wiedmeyer (1998) 

Isotope Abundance Interference 
75As 100 40Ar35Cl+, 59Co16O+, 36Ar38Ar1H+, 38Ar37Cl+, 36Ar39K, 43Ca16O2, 

23Na12C40Ar, 12C31P16O2
+ 

110Cd 12.5 39K2
16O+ 

111Cd 12.8 95Mo16O+, 94Zr16O1H+, 39K2
16O2

1H+ 
112Cd 24.1 40Ca2

16O2, 40Ar2
16O2, 96Ru16O+ 

113Cd 12.22 96Zr16O1H+, 40Ca2
16O2

1H+, 40Ar2
16O2

1H+, 96Ru17O+ 
114Cd 28.7 98Mo16O+, 98Ru16O+ 
116Cd 7.49 100Ru16O+ 
206Pb 24.1 190Pt16O+ 
207Pb 22.1 191Ir16O+ 
208Pb 52.4 192Pt16O+ 

 

The elements present in the water samples from the lakes were quantified by an internal 

calibration method, utilizing Rhodium (103Rh) as the internal standard 

 

To elaborate calibration curves of each element standard solutions through multi-element 

stock standard 3 solution (Perkin Elmer), ultrapure water (18 MΩ, Millipore) and bi-distillate 1% 

HNO3 were prepared. The table with the quantities of the standard solutions is presented in annex 

B. In order to verify the quality control of the reading blanks were prepared. 

 

In the table 4 are presented the operating conditions selected from the analysis. 

 
Table 4 - Operating conditions for ICP-MS 

Parameter Operating condition 

ICP RF Power 1100.00 W 

Nebulizer gas flow 0.78 L/min 

Auxiliary gas flow 1.20 L/min 

Plasma gas flow 15.00 L/min 

Replicates  5 

Monitored isotopes 75As, 111Cd and 208Pb 

Acquisition time ~12 min/element 

 

The concentration of the labile metals (𝐶"#$) is calculated through the equation 1, 

presented bellow (Castanheira, 2015): 

 

𝐶"#$ = 𝐶&'(×
𝑉+,-. + 𝑉012

𝑓1
×

Δ𝑔
𝐷 ∙ 𝑡 ∙ 𝐴

								 1  
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Where: 

𝐶&'( (µg/L) – Concentration of metal in the elution solution, measured by ICP-MS 

𝑉+,-.(mL) – Volume of acid added to the resin gel  

𝑉012 – Resin gel volume (0.15 mL) 

𝑓1 - Elution factor representing the eluted to bound metal ratio (0.8) 

Δ𝑔 - Thickness of the filter membrane (0.78 mm) 

𝐷 (cm2/s) – Diffusion coefficient of metal in the gel  

𝑡 - Deployment time (48 hours to seconds) 

𝐴 – Exposure area (3.14 cm2) 

 

The values of the diffusion coefficients presented on table 5 were found in the practical 

guide of DGT search (www.dgtsearch.com in 21/09/17). 

 

Table 5 - Values of the diffusion coefficients for each element (Source: www.dgtresearch.com) 

Elements D (x10-6) (cm2s-1) 

As 5.46 

Cd 7.19 

Pb 4.21 

 

4.1.3. Total Element Concentration 
 

Determination of the total concentrations of trace elements was accomplished by the 

technique described in the previous section. On this determination, filtrated water samples were 

analysed directly by the ICP-MS. The use of Rhodium (103Rh) was used again as a standard 

element. 

 

To elaborate calibration curves of each element standard solutions through multi-element 

stock standard 3 solution (Perkin Elmer), ultrapure water (18 MΩ, Millipore) and bi-distillate 1% 

HNO3 were prepared. The table with the quantities of the standard solutions is presented in annex 

B. In order to verify the quality control of the reading blanks were prepared. 

 

In table 6 is presented the linear regression analysis of the calibration curves obtained by 

the standard solutions. The values presented in the table have 95% confidence, and the 

calculation of these errors are shown in annex C. 
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Table 6 - Calibration curves parameters with 95% confidence for each element 

Elements Slope (x10-1) Intercept (x10-1) R2 

As 9.8±0.06 0.47±2.3 0.99989 

Cd 9.9±0.06 0.38±2.1 0.99990 

Pb 9.9±0.12 1.1±4.4 0.99959 

 

By the calibration curves it can be obtained the total metal concentration of the water 

samples. The units of the concentration are µg/L. 

 

𝐶;<=1> = 𝐶&'(								 2  

 

4.1.4. Total Dissolved Inorganic Sulphides 
 

 Differential pulse cathodic stripping voltammetry (DPCSV) was the chosen method to 

measure the amount of total dissolved inorganic sulphide, 𝐻𝑆B =. Cathodic stripping voltammetry 

has two main steps. First, the analyte species are concentrated into an electrode, then the 

previous concentrated analyte is stripped from the electrode (Mendoza et al., 2015). The 

analytical technique used is polarography, which is a voltammetry using a dropping mercury 

working electrode (DME) (Harris, 2007) and determines inorganic anions, as sulphide (Mendoza 

et al., 2015). 

 

 The reaction that occurs between the sulphide and the electrode, Hg, is represented in 

equation 3 (Castanheira, 2015). 

 

𝐻𝑆B 𝑎𝑞 + 𝐻𝑔E 𝑙 + 𝑂𝐻B 𝑎𝑞 → 𝐻𝑔𝑆 𝑎𝑑𝑠 + 2𝑒B + 𝐻L𝑂 𝑙 								 3  

 

In this work, an aliquot of 100-1000 µL of the samples from the lakes were added to a 

polarographic cell with 10 mL NaCl 36 g/dm3 solution (pH 10-12). Then, it was degassed with 

nitrogen.  

 

Metrohm apparatus equipped with a 693 VA processor and a 694 VA station was the 

equipment used to measure the total dissolved sulphide of the samples. This equipment contains 

a dropping-mercury electrode (DME), a Ag/AgCl/NaCl (36‰) standard electrode and a platinum 

electrode (Castanheira, 2015). 

  

 It was created a standard curve with 500 mg/L of Na2SH2O dissolved in Milli-Q water, 

previously degassed with nitrogen. This solution was used to quantify the analyte, adding 100 

and 200 µL of the solution to the sample.  
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 At a constant potential of -400 mV, occurred the deposition of HgS, which took 60 

seconds. The cathodic sweep occurred at 5 mV/s potential scan rate from -400 to -900 mV.  

 

4.1.5. Dissolved Sulphate 
 

Turbidimetric methods allowed the determination of dissolved sulphate in the samples. 

This method consists in the precipitation of barium sulphate crystals, after the combination of the 

sample with barium chloride (Swamy et al., 2014). Then, to determine the concentration of 

sulphate, the absorbance of the suspension obtained is compared to a standard calibration curve 

(Rossum et al., 1961). This method is suitable to low sulphate concentrations and is constituted 

by a photometer and a magnetic mixer, which is controlled by an electric timer (Rossum et al., 

1961). 

 

 To determine the sulphates of the lakes under study, it was added 5 mL of the reagent to 

an aliquot of 100-220 µL of sample, previously diluted with 21 mL of Milli-Q water. The reagent 

was composed by 75 g of NaCl, 50 mL of glycerol, 30 mL of concentrated HCl, 100 mL of ethanol 

(90% (v/v)) and Milli-Q water, obtaining a total volume of 500 mL. Subsequently, it was added the 

crushed barium chloride dehydrate crystals (BaCl22H2O) till the saturation point. In the following, 

the magnetic mixer blends the solution during 60 seconds at constant speed. 

 

 The absorbance was measured by a Hitachi U-2000 spectrophotometer at 400 nm. It was 

created a blank with 500 mL of Milli-Q water with 5 mL of the reagent and crushed barium chloride 

dehydrate crystals, for reference proposes. 

 

 Lastly, it was obtained a calibration curve using a Na2SO4 solution as standard (0-10 

mM), which allowed finding the concentrations of sulphate. 
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4.2. Soil and Sediment Samples 
 

4.2.1. Organic Carbon 

 
Organic carbon content was estimated by the difference between total carbon and 

inorganic carbon. Total carbon was determined directly from dry sediments and the inorganic was 

measured after heating samples at 450 ºC for 2 h, in order to remove the organic fraction (Verardo 

et al., 1990). 
 

4.2.2. Natural Organic Matter Characterization  
 

In order to characterize the natural OM, the samples were submitted to a solid-state 

nuclear magnetic resonance (ssNMR) using the 13C nuclei. This technique delivers an analysis 

of the local structure (Bruce et al., 2014) and the dynamics of molecules (Lindon, 2000), through 

the absorption in the radio-frequency region of the electromagnetic radiation (Fifield & Kealey, 

2000). 

 

 The spectrum obtained from the ssNMR is the representation of the intensity of 

absorption as a function of the chemical shift (δ,ppm) (Castanheira, 2015). Its absorption is a 

function of 1H or 13C nuclei present in the molecule (Fifield & Kealey, 2000), being possible to 

observe in figure 19 the usual 13C chemical shift ranges.  

 
Figure 19 - 13C ssNMR chemical shift ranges in ppm (TMS – tetramethylsilane) (Extracted from 

http://www.che.hw.ac.uk/teaching/cheak2/B18OA1/Webtest/9.html) 
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Normally, the ssNMR spectrum ranges from 0 to 200 ppm (Castanheira, 2015), in which 

is possible to assign to regions its specific chemical classes: Unsubstituted alkyl C (0-45 ppm), 

N-alkyl C and methoxyl C (45-60 ppm), aliphatic C-O (60-90 ppm), anomeric-C (90-110 ppm), 

aromatic C (110-140 ppm), phenolics (140-160 ppm), and carboxyl/carbonyl C (160-220 ppm) 

(Dai et al., 2002). 
 

 To obtain the ssNMR spectrum it was used a Magic Angle Spinning (MAS) and a Cross 

Polarization (CP) on a Bruker Advance 300 MHZ spectrometer. The equipment had a 7 mm Wide 

Bore MAS operating at 13C resonating frequency of 75.5 MHz. The samples of the lakes were 

preserved in a 7 mm zirconium rotors with Kel-F caps (Šmejkalová et al., 2008). 

 

 Through CP and total sideband suppression (TOSS) the qualitative and semi-quantitative 

compositions were obtained. These techniques were performed at a spinning speed of 5 kHz and 

a CP time of 1 millisecond with 1H 90º pulse-length of 4 µs and a recycle delay of 5 seconds 

(Castanheira, 2015). 

 

 The samples from the SAS thaw lake didn’t need any treatment, but the ones from the BGR 

thaw lake were treated with hydrofluoric acid (HF) to eliminate any non-material (for example, 

silicates), in order to increase its low OM content. Into Falcon tube 3 g of the sample and 25 mL 

of 10% (v/v) of HF were added, followed by an intense agitation for one minute. The agitation was 

repeated during one week and then washed with Milli-Q water for another week. Afterwards, the 

solution was decanted and the solid component dried in a closed oven at 40ºC. For the ssNMR 

analysis, the resulting solid was pulverized in an agate mortar. 

 

4.2.3. Mineralogical Composition  
 

The X-Ray diffraction (XRD) is a technique used to identify minerals or inorganic 

compounds. In the case of the mineralogical domain, this technique is used to identify unknown 

crystalline phases, determine crystal structures and physical analysis, among others (Lindon, 

2000). In this study, the X-Ray diffraction served to identify the crystalline compounds present in 

the samples from the thaw lakes on study. 

 

To execute the XRD it is necessary to have an x-ray source, an automated diffractometer 

and a detector, where the specifications can vary. For example, the diffractometer can have 2-

circles or 4 circles, depending on the sample. When doing the analysis there are three important 

parameters that are essential, namely the angular position of the plate, the integrated intensity 

and the peak profile shape (Lindon, 2000). 

 

 The X-rays occur when a high-speed electrons collide into a metal (Speakman, 1900). 

When the electrons reach the metal, its electrons are released resulting in instable orbitals. These 
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orbitals will be field with electrons from the outer shells, and the energy that results from this 

process is released has x-rays (Essington, 2004). 

  

 After being produced, the x-rays are emitted directly to the sample, placed on a rotating 

platform in the centre of the diffractometer. The detector is placed in a rotating arm and records 

the intensity of the reflected x-rays. The diffractometer is built to permit that the platform that 

contains the sample rotates at an angle θ and the arm with the detector rotates at an angle 2θ 

(Castanheira, 2015). 

  

 This type of technique is only worth to perform if the sample is crystalline or semi-

crystalline, because only in these cases the resulting diffractogram can be interpreted. If the 

sample is amorphous, it won’t be possible to identify the constituents by the diffractogram, due to 

the absence of several peaks. In figure 20 is shown an example of the diffractograms of three 

types, where is possible to see the differences between them. 

 

 
Figure 20 - Diffractograms of three materials: a) Amorphous material; b) Semi-crystalline material; c) 

Crystalline material. (Source: Subramani, 2016) 

 In this study, to execute the XRD it was used a D8 Advance Bruker AXS θ-2θ 

diffractometer. The diffractometer performed with Ni-filtered Cu Kα radiation (λ=1.5406 Å) at 40 

kV and 40 mA, and is equipped with an Anton Paar HTK 16N high temperature chamber and an 

Anton Paar TCU 200N temperature control unit. (Castanheira, 2015). The soil samples were 

homogenised in the plate, especially at the centre because is the location that receives the 

radiation.  

 

 The crystallographic spacing was calculated through the Bragg’s law (Equation 4), that 

relates the wavelength of the incoming radiation (λ) to the spacing of the atomic plane (d) and the 

angle of the diffracting plane (𝜃) (Lindon, 2000). 

 

λ = 2dsin 𝜃 								 4  
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 The diffractrograms pattern fitting were supported by the International Centre for 

Diffraction Data (ICDD) software database (PDF-2), which proposes the theoretical fits to the data 

obtained. 

4.2.4. Total Element Concentrations 
 

The determination of the total elements concentrations in ICP-MS is performed with liquid 

samples, so the soil and sediments samples collected from the surrounding and at the bottom of 

thaw lakes had to be acid digested. First, 100 mg of each sample is digested within Teflon bombs 

when mixed with 1 mL of aqua regia (double-distilled 35% (v/v) HCl; bi-distilled 65% (v/v) HNO3) 

and 6 mL of 40% (v/v) HF, and put on an oven at 100°C for one hour. 

 

 Afterwards, the Teflon bombs are placed in a sand bath at 90°C to evaporate the HF acid. 

Then, 1 mL of HNO3 1M (mixture between 1 mL HNO3 and 5 mL H2O) is added to the resulting 

residue and left to rest for twenty minutes. After that, the solution is transferred to sample tubes 

and diluted to 25 mL through ultrapure Milli-Q water, and refrigerated at 4°C until analysis. 

 

 To evaluate the recovery and the quality control of the process there were used two 

certificate reference materials (CRM). The two reference materials used were CRM IAEA-SOIL-

7 (superficial soil) and MESS-3 (estuarine sediment), from the NIST (National Institute of 

Standards and Technology, Gaithersburg, MD, USA) and from the NRC (National Research 

Council of Canada, Institute for Marine Biosciences, Halifax, Canada), respectively.  For the 

correction of instrument drifts an online addition system of Rhodium (103Rh) was used. 

 

 Similar to water samples analysis, some standard solutions with multi-element stock 

standard 3 solution (Perkin Elmer), ultrapure water and bi-distillate 1% HNO3 were prepared. The 

standard solutions, as the blanks and the digested solutions were analysed by the ICP-MS.  

 

In table 7, is presented the linear regression analysis of the calibration curves obtained 

by the standard solutions. The values presented in the table have 95% confidence, and the 

calculation of these errors are shown in annex C. 

 
Table 7 – Regression data for the calibration curves parameters 

Elements Slope (x10-1) Intercept (10-1) R2 

As 10.1±0.3 8.0±15.5 0.99870 

Cd 10.1±0.4 10.3±18.3 0.99871 

Pb 10.0±0.4 12.4±18.7 0.99862 

 

 The elements concentrations present in the samples were calculated through equation 5, 

where 𝐶&'( is the element concentration determined through the calibration curve and 𝑀RST2/R1V is 
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the mass of solid samples used for digestion. In annex D is presented the table with the 

corresponding mass of the solid samples used in each digestion. The uncertainty was calculated 

according to the equations presented in annex C. 

 

𝐶RST2/R1V
𝜇𝑔

𝑔RST2/R1V = 𝐶&'(
𝜇𝑔

𝐿 ×25	𝑚𝐿×
1

𝑀RST2/R1V 𝑚𝑔
								 5  

 

4.2.5. Sulphur Compounds in the solid fraction 
 

In order to better analyse the concentrations of sulphur on the soil and sediments of the 

thaw lakes, the total sulphur concentrations and the total inorganic sulphur were measured. For 

the first one, the analysis was performed by the CHNS Fissons NA1500 Analyser, after 

performing the method described in Canário (2004). 

 

Sulphur can be found in the environment as pyrite (FeS2), acid volatile sulphides (AVS), 

elemental sulphur (S0) in particulate forms, sulphates and sulphides in dissolved forms. In both 

fractions, organic sulphur species are common particulate in organic environments (Canfield, 

1986). The sum of the three inorganic species (FeS2, AVS and S0) is defined as the total inorganic 

sulphur (Castanheira, 2015). The measure of the total inorganic sulphur was activated by two 

distinct methods; one method measured the pyrite and S0, the other one the amount of AVS.  

 

To discover the amount of pyrite and S0 the chromium reduced sulphur (CRS) method 

was performed. This method merely analyses the reduced inorganic sulphur phases in the sample 

(Canfield , 1986) and determines the quantities of pyrite and AVS through a reduction of these 

species to H2S (Henneke et al., 1991). Firstly, through a 16 hour stirring with 20 mL of acetone 

followed by a 3000 rpm/10 min centrifugation and filtration with membranes of 0.45 µm, it is 

extracted the S0 from a 100 mg of dried sample. The remaining is attacked by 10 mL of acid (HCl 

1M) and, to obtain the AVS, purified during twenty minutes with N2. Lastly, 50 mL of CrCl3 in 1 N 

HCl was added to the solution and mixed and flushed with N2, during one hour. In the end, the 

solution will present H2S, which will be collected in 20 millilitres of 1M NaOH. 

 

 The collected H2S is then measured through a Differential Pulse Polarography (DPP) 

operating with a Metrohm apparatus equipped with a 693 VA processor and a 694 VA station, as 

was used to measure the total dissolved inorganic sulphide present in the water samples. 

 

 The amount of AVS was also measured through the DPP mentioned above. Primarily, 

AVS is extracted during thirty minutes with 1M HCl and then imprisoned in a de-areated NaOH 

solution of 20 mL (Henneke et al., 1991) . 
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 To elaborate a calibration curve, a standard solution of 500 mg/L Na2S.H2O, dissolved in 

Milli-Q water, was prepared added 100 and 200 µL to the samples. 

 

4.3. Quality Assurance and Quality Control 
 

In order evaluate the veracity of the results obtained with the analytical methods 

previously used, it’s important to do quality control. Thus, some replicates were elaborated to 

know the precision of the results, and calculating the Limit of Detection (LOD) and Limit of 

Quantification (LOQ).  The Limit of Detection is the lowest concentration of an analyte that can 

be detected with statistically significant certainty, and the Limit of Quantification is the smallest 

concentration of a substance that can be determined using a given analytical procedure with an 

assumed accuracy, precision, and uncertainty (Konieczka & Namiesnik, 2009). 

 

The LOD and LOQ were calculated through the calibration curves obtained in the 

methods and with equations 6 and 7, described by Konieczka & Namiesnik, 2009. 

 

𝐿𝑂𝐷 = 3.3
𝑆𝐷
𝑏
								 6 	

𝐿𝑂𝑄 = 3 ∙ 𝐿𝑂𝐷								 7  

 

Where SD is the standard deviation and b is the slope of the calibration curve. The SD was 

calculated through equation 8 (Konieczka & Namiesnik, 2009), presented below. 

 

𝑆𝐷 =
𝑥T − 𝑥b Lb

Tcd
𝑛 − 1

								 8  

 

 The variation coefficient (CV) was calculated through the Relative Standard Deviation 

(RSD), as shown in equation 9. 

 

𝐶𝑉 = 𝑅𝑆𝐷×100 =
𝑆𝐷
𝑥h

×100								 9  

Where 𝑥h is the arithmetic mean. 

 

 The validation of the accuracy of the process and the results were obtained by the blanks, 

the CRM and the random replicates. These samples were analysed exactly like the regular 

samples in the methods. In table 8 are displayed the concentrations of the elements (ppb) in the 

blanks. 
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Table 8 - Concentrations of the elements in the blanks, and LOD and LOQ of trace elements determination 

Samples As Cd Pb 

Blank 1 0.114 0.02 0.865 

Blank 2 0.097 0.029 0.982 

Blank H2O 1 0.039 <LOD 0.023 

Blank H2O 2 0.068 <LOD 0.005 

LOD 0.97 1.28 3.45 

LOQ 2.92 3.85 10.36 

 

 As mentioned previously, some certificate reference materials were used to evaluate the 

accuracy. Two CRMs IAEA-SOIL-7 (superficial soil) and MESS 3 (estuarine sediment) were used. 

In table 9 are presented the experimental values and the CRMs, namely the mean values and 

standard deviation of the elements. To calculate the percentage of recovery of trace elements it 

was used the equation 10. 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝑉𝑎𝑙𝑢𝑒

𝐶𝑒𝑟𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑒𝑑	𝑉𝑎𝑙𝑢𝑒
×100							 10  

 
Table 9 - Certificated and Obtained concentration values and standard deviation of As, Cd and Pb in µg/g. 

Also presented the recovery in percentage. 

Samples   As (µg/g) Cd (µg/g) Pb (µg/g) 

IAEA-SOIL-7 #1 Certificated 13.4 ± 1.7 1.3 ± 0.8 60 ± 15 

Obtained 16.0 ± 1.1 1.21 ± 1.1 58.0 ± 1.2 

Recovery (%) 119 92 97 

IAEA-SOIL-7 #2 Certificated 13.4 ± 1.7 1.3 ± 0.8 60 ± 15 

Obtained 15.0 ± 1.1 1.1 ± 1.1 54.0 ± 1.2 

Recovery (%) 112 92 90 

MESS-3 #1 Certificated 21.2 ± 1.1   0.24 ± 0.01   21.1 ± 0.7   

Obtained 24.0 ± 1.1 0.30 ± 1.1 22.0 ± 1.2 

Recovery (%) 113 125 104 

MESS-3 #2 Certificated 21.2 ± 1.1   0.24 ± 0.01   21.1 ± 0.7   

Obtained 23.0 ± 1.1 0.26 ± 1.1 22.0 ± 1.2 

Recovery (%) 109 108 104 
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 The precision of the ICP-MS on digested samples analysis was evaluated through the 

use of five random samples. In table 10 are presented the relative standard deviations (RSD, %) 

for each element. 

 
Table 10 - Resume of RSD (%) obtained for replicates used for total element concentrations on soils by 

ICP-MS. n>10% represent the number of samples that presented a RSD higher than 10%. 

RSD(%) As Cd Pb 

Minimum 2.4 8.4 1.0 

Maximum 8.1 14 2.7 

Mean 5.3 11 1.9 

n>10% 0 4 0 

 

 Tables 11 and 12 present the values of the Limit of Detection, variation coefficient and 

precision (measured as standard deviation) for dissolved sulphate and sulphide, and for AVS and 

pyrite, respectively.  

 
Table 11 - Limit of Detection, Variation Coefficient and Precision of dissolved sulphate (µM) and sulphide 

(pM) 

Parameter LOD CVm (%) Precision (%) 
Sulphate (µM) 2.1±0.4 7.9±1.8 10±1.2 
Sulphide (pM) 23.7±5.4 1.5±0.5 5.2±1.1 

 
 

Table 12 - Detection limit, precision, and accuracy (p<0,05) of the extractions procedures performed on 
sediment for AVS (µmol/g) and pyrite (nmol/g) 

Parameter LOD CVm (%) Precision (%) 
Accuracy 

Certificated Obtained 
AVS (µmol/g) 0.1±0.002 2.1±0.5 5.2±0.8 - - 

Pyrite (nmol/g) 12±1.3 4.8±0.9 2.8±0.7 2.2±0.3 2.2±0.1 
 
 The determination of the accuracy wasn’t always possible, due to the non-existent 
certificated materials. In the case of pyrite, a natural pyrite standard (Alfa Aesar) was used. 
 
 In all the analysis, there wasn’t obtained unpredicted values, proving the quality of the 
techniques. 
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5. Results and Discussion 
 

5.1. Water Samples 
 

5.1.1. Physico-Chemical Parameters 
 

The main objective of the measurements of these parameters was to guide the depths in 

which the water samples would be collected and also to characterize the lakes according to its 

redox status. Vertical profiles of water temperature, dissolved oxygen (DO) and pH are presented 

in figures 21, 22 and 23 for each study lake (raw values in Annex A).  

 

Figure 23 -  BGR 1 vertical profiles for temperature (ºC), DO (mg/L) and pH 

Figure 22 - SAS 2A vertical profiles for temperature (ºC), DO (mg/L) and pH 

Figure 21 - SAS 1A vertical profiles for temperature (ºC), DO (mg/L) and pH 
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After analysing the profiles, it was possible to see that all lakes present an increasing of 

temperature with depth. Dissolved oxygen presents an initial decrease until reaches zero. The 

pH varied from lake to lake and in general increase (with variation) with depth. All the lakes under 

study have pH bellow 7, meaning all lakes are acidic. The SAS lakes are more acidic than the 

BGR 1, presenting pH values in the range of 5, while BGR has a pH above 6,5. 

 

The levels of DO in thaw lakes are controlled by three major processes: consumption by 

respiration, production by photosynthesis and gas exchange with the atmosphere (Deshpande 

et al., 2017). The consumption during respiration is mainly associated with the degradation of 

OM present in the lakes (Coulombe et al., 2016). One example of this consumption is the 

oxidation of methane illustrated in the equation 11 (James et al., 2016). 

 

𝐶𝐻s 𝑎𝑞 + 2𝑂L 𝑎𝑞 → 𝐶𝑂L 𝑎𝑞 + 2𝐻L𝑂				∆𝐺E = −820	𝑘𝐽 ∙ 𝑚𝑜𝑙Bd𝑂𝑀							 11  

 

The amount of OM in the lake water is one of the effects of the thawing of permafrost. 

This is, more thawing and erosion (Deshpande et al., 2017) results in a higher availability of OM 

in the lakes, which leads to an increase of its degradation. This carbon degradation consumes 

oxygen, resulting in lowers levels of DO (Vonk et al., 2015). The effect of the OM degradation at 

different depths results also in a lake vertical stratification.  

 

Although, the two SAS lakes in study have similar biological characteristics, they present 

different levels of DO. This can be related to physical aspects, such as advection or diffusion 

(Deshpande et al., 2017), mainly related with the different depths and therefore different transport 

processes. 

 

As shown in figure 24, the conductivity of the lakes increases with the depth. This higher 

conductivity can be related with a higher content of ions in the bottom water, since the 

conductivity is related to the ions present in the solution (Essington, 2004). These results suggest 

that bottom water of the studied lakes have a higher dynamic in trace-element remobilization 

from sediment floor, probably indicating more active process of OM mineralization. 
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Figure 24 - Vertical Profiles for conductivity (µS/cm) for SAS 1A (Top left), SAS 2A (Top right) and BGR 1 

(Bottom) 

 

Comparing the winter results with the ones obtained in the summer (figures 25, 26 and 

27), as expected, there is a decrease of the temperature of the water. While the pH is in the 

same range of values, the DO presents a decrease in the SAS thaw lakes and a considerable 

increase in the BGR 1 thaw lake. These results suggest that SAS thaw lakes are more anoxic 

during winter, probably due to the surface ice cap during the cold season that avoid O2 dissolution 

from the atmosphere.  As for the conductivity, the values were considerable higher in the winter 

season for the three lakes. The conductivity in the summer is more constant with the depth, 

which can be related to the better mixture of the water, due to the wind and surface disturbances. 

This mixture doesn’t occur in the winter, because the lakes are covered with ice. This difference 

between the values from SAS lakes and BGR 1 can be related to the amount of OM and its 

consequently degradation. This difference between amount of OM can be related to the origin of 

the lakes. In the case of SAS lakes, as mentioned before, they have origin in the decomposition 

of palsas, which have a higher content of OM than lithalsas, which are the origin of the BGR 1 

lake. 
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Figure 25 - Vertical Profiles for temperature (ºC), dissolved oxygen (DO), conductivity (µS/cm) and pH for 

SAS 1A under summer conditions (Source: Castanheira, 2015) 

 

 
Figure 26 - Vertical Profiles for temperature (ºC), dissolved oxygen (DO), conductivity (µS/cm) and pH for 

SAS 2A under summer conditions (Source: Castanheira, 2015) 

 

 
Figure 27 - Vertical Profiles for temperature (ºC), dissolved oxygen (DO), conductivity (µS/cm) and pH for 

BGR 1 under summer conditions (Source: Castanheira, 2015) 
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5.1.2. Dissolved Organic Carbon, Sulphate and Sulphide 
 

Dissolved organic carbon and dissolved sulphur species (sulphate and sulphide) 

concentrations measured in the three different lakes in the winter campaigns are presented in 

table 13. 

In terms of the concentration of DOC in the lakes, the values of SAS 1A and SAS 2A are 

much higher than the ones measured in BGR 1, reflecting these differences on the permafrost 

soil origin. Although, while in SAS 1A and BGR 1 there no depth variation, in SAS 2A DOC level 

increase slightly with depth. 

 
Table 13 - Concentration of dissolved organic carbon (DOC, mg/L), sulphide (HS-, mg/L) and Sulphate 

(SO4
2-, mg/L) in the water samples 

Sample 
Depth 

(m) 
DOC 

(mg/L) 
HS- 

(mg/L) 
SO4

2- 
(mg/L) 

SAS 1A 

0 24.6 0.325 0.048 

0.5 24.4 0.421 0.053 

0.9 24.5 0.012 0.060 

SAS 2A 

0 18.3 0.356 0.048 

0.5 19.5 0.547 0.057 

0.9 20.9 0.022 0.053 

BGR 1 

0 3.78 0.035 0.051 

0.5 3.76 0.043 0.066 

0.9 3.84 0.040 0.073 

 

If we assume that the DOC degradation can occur by O2 consumption, a negative 

correlation was expected, and indeed, a negative Spearman correlation of DO and DOC was 

obtained with a coefficient (r) equal to -0.968 and with a (p) minor than 0.05, which proves there 

is a significant negative correlation. This negative correlation supports the hypothesis that the 

mineralization of OM by oxygen may be occurring in these lake waters. 

 

 On the contrary, in BGR 1 the water was surprisingly more enriched in oxygen even with 

a similar ice cap on the top of the lake, probably reflecting an internal source of O2, that still was 

not identified. Breton et al. (2009), identified in this same lake a persistent stratification during a 

year-long monitoring of the temperatures at surface and at the bottom. 

 

Castanheira (2015), Schmidt et al., (1991) and Wharton et al., (1993) suggested the 

existence of a frozen effect in water, meaning that DOC would accumulate at the bottom of the 

lake during the ice cover season. This wasn’t observed in the winter values, having similar 

concentration of DOC in the lake. The frozen effect can be observed for the conductivity (section 

5.1.1) with a higher value at the bottom of the lakes. 
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For the concentration of sulphide, the SAS lakes presented an analogous behaviour, 

presenting a small increase between the surface and 0.5 metres, and a great decrease till 0.9 

metres, reaching almost zero. In the BGR lake, sulphide maintains a similar concentration in the 

three points.  

 

With the exception of SAS 2A, the concentration of sulphate in the lakes increases with 

depth in small quantities. In SAS 2A, there is a decrease of concentration between 0.5 and 0.9 

metres. The concentration of sulphate ranges between 0.048 and 0.073 mg/L, presenting the 

maximum concentration at the bottom and minimum at the surface, contrary to what was 

measured in this summer (Castanheira, 2015). 

 

 

 
Figure 28 - Vertical profiles of Sulphate (SO4

2-) and sulphide (HS-) of each lake 

 

 Figure 28 shows that the two SAS lakes present the same behaviour. Both have a similar 

concentration of sulphate along the depth and a drastic decrease in the middle of the lake.  

 

 In the BGR 1 graph is shown an increase of the concentration of sulphate along the depth 

and a higher concentration of sulphide in the middle point.  

 

 In the summer season Castanheira (2015) observed a good negative correlation between 

DOC and HS-, and between SO4
2- and HS-. These correlations were attributed to the oxidation of 

OM in the water lake by sulphate. In the winter season, in spite of some variation of those 

parameters with depth, no correlation was found. This interesting result suggests that: or this 
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electron acceptor is not in use for the degradation of OM, or that the lake is in a kind of steady 

state/equilibrium. This last hypothesis is, however, not supported by the depth variation of pH or 

conductivity and by the intense methane production (easily smelled even after hours of sampling). 

It is expected that because of the strong anoxic condition in the water column, the degradation of 

OM with the production of methane should be the main focus during the winter season.  

 

5.1.3. Labile and Total Element Concentrations 
 

Vertical profiles of the total dissolved trace elements concentrations for each thaw lake 

are presented in figures 29, 30 and 31. The labile concentrations were below the limits of detection 

in the studied lakes, with the exception of labile Pb at the surface of BGR 1. This lake was also 

the only one that presented a total concentration of Cd above the detection limit. Comparing the 

three lakes, the SAS 1A is the lake that presents higher levels of As, while, in terms of Pb, the 

lake with higher values is BGR 1.  

 

 
Figure 29 - Total concentration profiles of elements in water column for SAS 1A 

 

 
Figure 30 - Total concentration profiles of elements in water column for SAS 2A 
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Figure 31 - Total concentration profiles of elements in water column for BGR 1 

 

Castanheira (2015) didn’t measure the concentrations of As and Cd, having only values 

of Pb to compare with the results obtained. In the table 14 are presented the range of 

concentrations in summer and winter seasons. 

 
Table 14 - Labile and total lead concentration ranges (ppb) from summer season (Source: Castanheira, 

2015) and winter season 

Lake 
Pb (ppb) 

Labile Total 
Summer Winter Summer Winter 

SAS 1A 0.11-0.27 - 0.21-0.5 0.32-0.38 
SAS 2A 0.14-0.44 - 0.24-19 0.39-0.65 
BGR1 0.06-0.38 0.049 0.18-4.6 0.41-0.72 

 

 The first difference between summer and winter are the labile concentrations. At summer 

season, all lakes present labile concentrations of Pb, but at winter only BGR 1 has a concentration 

above the limit of detection, and only at surface. This absence of labile concentrations can have 

three possible explanations. They can either precipitate or complex, due to the anoxic 

environment, or, related to the stable values of DOC in the lakes, there isn’t the formation of labile 

trace elements. 
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 Excluding the higher values, the range of values between summer and winter are quite 

analogous, which indicates that the season doesn’t affect the total concentrations. 

 

Through the analysis of the profiles it’s possible to observe that the elements have a 

different behaviour in the three lakes. The SAS 1A lake presents As concentration in the middle 

depth of the lake smaller than at the surface, increasing slightly at the bottom, while Pb 

concentration decreases with depth. In the SAS 2A, lake both elements present the same 

behaviour: higher concentration at middle depth than at the surface and bottom. As said before, 

the BGR 1 is the only lake where Cd concentration was above the limit of detection, presenting a 

similar concentration from the surface until the middle, decreasing considerably until the bottom, 

as occurs with As. The Pb concentration increases with depth at BGR 1. 
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5.2. Soil and Sediment Samples 

5.2.1. Organic Carbon 

 
Table 15 presents the percentage of the organic carbon (%) present in the soils 

surrounding the studied thaw lakes. The data from summer was collected from Castanheira 

(2015) and its indicated as natural OM obtained by loss of ignition (LOI) content and not organic 

carbon. 

 
Table 15 - Percentage of Organic Carbon at the thaw lakes in study in the winter and Sedimentary Organic 

Matter (SOM) obtained by Loss On Ignition (LOI) in the summer (Source: Castanheira, 2015) 

 

Lakes Sample 
Org. Carb (%) SOM (%) 

Winter Summer 

SAS 1A Sed 37.5 70 

SAS 2A Sed 24.5 93 

BGR 1 

Soil #1 0.18 1.19 

Soil #2 1.2 1.98 

Sed (0-5) 0.37 1.44 

Sed (5-10) 0.07 - 

Sed (10-12.5) 0.07 - 

Sed (12.5-15) 0.06 - 
 

The percentage of organic carbon in the BGR 1 soils and sediments are very low when 

compared to the values of SAS 1A and SAS 2A, which agrees with the DOC values. The DOC 

values of BGR 1 are also quite small, especially when compared to SAS values. This low amount 

of OM in the lake is related with the palsas, that are the origin of the SAS lakes. Palsas have a 

higher amount of OM than lithalsas, and though it seems to be the reason for this difference. 

 

Analysing the values of sedimentary OM from summer, the SAS lakes have a much 

higher percentage of OM when compared to the percentage of BGR 1. Even not being composed 

just by organic carbon, the values support the link between the OM with the surroundings of the 

lake. 

 

For the first time, sediment cores were analysed, just for the BGR 1 lake. The obtained 

values show a higher percentage at the surface. 
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5.2.2. Natural Organic Matter Characterization 

 
The results obtained by solid-state nuclear magnetic resonance (ssNMR) spectroscopy 

for the lake SAS 1A are presented in figure 32. In each thaw lake, sediment samples were 

collected from three different depths, to understand the differences in the OM composition with 

depth.  

 
Figure 32 - ssNMR spectra of SAS 1A samples of sediment at different depths with the identification of the 

major peaks 

 

Only the spectra from SAS 1A samples are presented, since the results obtained for SAS 

2A samples were similar. BGR 1 ssNMR spectra didn’t give any sign during the reading, due to 

its low carbon content. As observed for summer sediments and soils (Castanheira, 2015), the 

ssNMR in the winter spectra were also similar for both. 

Comparing the spectra of winter to the spectra obtained in the summer (Castanheira, 

2015) (figure 33), both present the same peaks, indicating no seasonal variation, as expected. 

 
Figure 33 - ssNMR spectra of SAS 1A samples of soil #1 (a) and sed (b) at summer conditions (Source: 

Castanheira, 2015) 
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The ssNMR spectra, which reflects, in general, the decomposition of OM, present a very 

interesting depth variation. While in deeper layers it is possible to identify the main functional 

groups and compounds, in the sediment-water interface the ssNMR spectra are not so conclusive 

as in higher depths. This result, which is in line with the low content of organic carbon in this layer 

(37.5%) suggests that the mineralization of OM is occurring in this interface (and in water column) 

and not in the deeper sediments of the lakes. These results are also in line with the ones obtained 

by Castanheira (2015) that observed a layer of metal sulphides at the topmost sediments of lake 

SAS 1A and 2A during summer. 

 

5.2.3. Mineralogical Composition 

 
The X-ray diffraction analysis only succeeds if the sample isn’t amorphous. From the 

samples acquired during the summer from the lakes in study, only the BGR 1 samples weren’t 

amorphous. Thus, for the winter samples, only samples from that lake were analysed. The 

amorphous feature of SAS is linked with the high OM content of the lakes. An innovation of this 

study, when compared to the summer one, is the analysis of depth cores, in order to identify 

differences with depth. Figure 34 is the X-Ray powder diffraction (XRPD) obtained for the BGR 1 

samples at different depths. 

 
Figure 34 - Diffractogram of BGR 1: Red - BGR 1 (0-2.5); Green - BGR 1 (2.5-5); Dark blue - BGR 1 (5-

7.5); Light Blue - BGR 1 (7.5-10). 

 

 Comparing the diffractograms obtained in the winter campaign to the one corresponding 

to the summer season (figure 35), they present the same peaks, as expected, meaning they 

present the same mineralogical composition, independently of the season. 
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Figure 35 - Diffractrograms of BGR 1 under summer conditions: a) BGR 1 Soil#1; b) BGR 1 Soil #2; c) 

BGR 1 Sed #1 (Source: Castanheira, 2015) 

 The diffractogram of BGR 1 confirms that the samples are crystalline in every core. 

Throughout the diffractogram it can be recognised that all the peaks coincide at the different 

cores, which means that they have the same structures.  

 

 In order to identify the crystalline structures, present in the samples, they were compared 

to patterns retrieved from PDF2® database (from International Centre for Diffraction Data 

product). From this comparison, the main inorganic structure identified was silica. Figure 30 

presents the diffractogram of the samples of the four cores and the samples of the soils 1 and 2.  

 

 
Figure 36 - Diffractogram of BGR 1: Black - Soil 2; Red - Sed 0-2.5; Green - Sed 2.5-5; Dark blue - Sed 5-

7.5; Light Blue - Sed 7.5-10; Pink - Soil 1. 

 

 The diffractrograms of BGR 1 presented in figure 36 show that all samples present the 

same peaks, independently of the core and of the type of sample, which indicates they have the 

same minerals, without any difference in the mineral composition. Through the database, 

hexagonal, orthorhombic and monoclinic silica was identified. 
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5.2.4. Total Element Concentrations in Soils and Sediments 

 
Tables 16 and 17 show the values of total elements concentrations contained in the 

sediments and soils, respectively.  

 
Table 16 - Total elements concentration (µg/g) obtained in the sediments of the lakes under study 

Lake Depth As Cd Pb 

SAS 1A 
0-2.5 0.47 0.142 1.70 

2.5-5 0.79 0.203 3.21 

SAS 2A 

0-2.5 2.15 0.125 5.98 

2.5-5 1.69 0.143 5.93 

5-7.5 1.45 0.167 5.57 

7.5-10 2.03 0.227 6.90 

BGR 1 

0-2.5 0.14 0.019 2.15 

2.5-5 0.11 0.015 2.19 

5-7.5 0.10 0.015 2.11 

7.5-10 0.10 0.014 2.05 

 
Table 17 - Total elements concentration (µg/g) obtained in the soils of the lakes under study 

Lake Soils As Cd Pb 

SAS 1A 
#1 0.81 0.133 3.77 

#2 0.22 0.190 3.88 

SAS 2A 
#1 0.12 0.120 1.74 

#2 1.06 0.174 5.82 

BGR 1 
#1 0.09 0.018 2.02 

#2 0.08 0.017 2.07 
 

 Comparing the results from the sediments, SAS 2A presented the higher concentrations 

of the three elements. For the results concerning the soils, with the exception of Cd levels, which 

were higher in the SAS 1A (soil #2), the higher concentrations refer to SAS 2A. 

  

As occurred in the labile and total element concentration of the water samples, only Pb 

was measured at the summer season. The concentrations corresponding to the sediments and 

soils samples of this season are presented in table 18. 
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Table 18 - Range of total elements concentration in sediments and soils observed in summer session in 

the same lakes of the current study (Castanheira, 2015) 

Lakes  Pb (µg/g) 

SAS 1A 

Soil #1 6.8±2.3 

Soil #2 2.0±2.4 

Sed <LOD 

SAS 2A 

Soil #1 8.6±3.7 

Soil #2 <LOD 

Sed 2.5±1.7 

BGR 1 

Soil #1 19±1.7 

Soil #2 16±1.7 

Sed #1 17±1.7 

Sed #2 17±1.6 

 

 Comparing the results for Pb in summer and in the winter, the values concerning to BGR 

1 are the most significant different. In winter, all values round 2 µg/g, which is eight times less 

than the smaller concentration in summer. Although this difference was observed it’s unlikely that 

it represents a season effect, but more a spatial variation. 

 

 The concentrations of Pb in SAS lakes in the sediments are higher in winter season, while 

the values in the soils are mainly higher in summer. Even though there is a difference between 

these levels, they are of the same magnitude. As mentioned for BGR 1, the difference can be 

related not to the season, but to the spatial variation. 

 

 The sediment samples collected during the summer season only refer to the surface. In 

this study, the cores were sampled in different locations in order to evaluate concentration in 

depth. In the case of SAS 1A only two depth cores were collected, not allowing much 

considerations. The other two lakes have shown the same behaviour in the case of As. Both 

present a decrease of concentration in the first three cores and an increase of concentration in 

the last core. Finally, for the Cd concentration, SAS 2A presents an increase with the depth and 

BGR 1 a decrease. 

 

5.2.5. Inorganic Sulphur 
 

This study, as far as it is known, is the first that measured the inorganic sulphur at different 

sediment cores. The objective was to understand the variability of the sulphur constituents at 

several depths. 

 

In figure 37 are presented the graphs relative to the lakes under study for all cores, 

showing the percentage of inorganic and organic sulphur. 
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Figure 37 - Organic and inorganic sulphur composition of the sediment samples at the three lakes in study 

at core 0-2.5 in the first row, core 2.5-5 in the second row, core 5-7.5 in the third row and core 7.5-10 in the 

fourth row. First column values from SAS 1A, second column values from SAS 2A and third column values 

from BGR 1 

 

 At the surface, the organic sulphur is predominant in the SAS lakes, while in the BGR 1 

the predominant form of sulphur is inorganic. Comparing to the data obtained in the summer 

season (figure 38), the BGR 1 results are similar in the two seasons, but the SAS lakes presented 

an almost equally distribution of organic and inorganic sulphur. The lakes with higher carbon 

content (SAS 1A and SAS 2A) have more organic sulphur, which supports that the idea the 

principal source of sulphur is natural OM.  
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Figure 38 - Graphic representation of total sulphur, its relative percentage of organic-S and inorganic-S (on 

the left) and also the relative amount of the inorganic-S species (on the right) in SAS 1A (a), SAS 2A (b) 
and BGR1 (d) samples under summer conditions (Source: Castanheira, 2015) 

 

 Both SAS lakes present inorganic sulphur mainly at the surface, since at the other depths 

is close to zero. This result can be linked to the palsas in the neighbourhood, a typical landform 

of these regions. The BGR 1 has a similar percentage of organic and inorganic sulphur at the 

different cores with a small rise of organic sulphur in depth. 

 

 Another interesting result is the composition of the inorganic sulphur, namely the amount 

of AVS and pyrite present in the cores and how they change with the depth. Since the levels of 

elemental sulphur were so small in the summer measure, this study didn’t measure this element, 

because it wouldn’t affect the rest. In table 19 are presented the concentrations of AVS and Pyrite 

obtained. 

 



 
50 

Table 19 - Concentrations of inorganic sulphur (Sinorg) compounds (Acid Volatile Sulphides (AVS), Pyrite 

and elemental sulphur (S0)) in the sediments of permafrost thaw lakes 

Lake 
Depth 
(cm) 

Sinorg (µg/g) 

AVS Pyrite S0 

SAS 1A 

0-2.5 223 1,3 N/D 

2.5-5 1,23 2,41 N/D 

5-7.5 0,13 3,19 N/D 

SAS 2A 

0-2.5 185 0,75 N/D 

2.5-5 2,4 1,21 N/D 

5-7.5 2,7 3,45 N/D 

BGR 1 

0-2.5 101 0,23 N/D 

2.5-5 94 1,23 N/D 

5-7.5 83,1 2,41 N/D 

7.5-10 65,2 2,36 N/D 

 

 As detected before, the SAS lakes present the same changes in the cores, while BGR 1 

has different behaviour. Although all lakes present a decrease of AVS with depth and an increase 

of pyrite, there are some differences between them. The SAS lakes have a predominant 

concentration of AVS at the surface, but an immense decrease after, which is similar to the 

decrease of the percentage of inorganic sulphur. Meanwhile, the BGR 1 presents a more gradual 

decrease of AVS with the cores. In all lakes the amount of pyrite increases with depth in the same 

order of magnitude. The changes observed in the cores are related to the remineralization at the 

surface and the precipitation of pyrite in anoxic conditions (Castanheira, 2015). 

If we observe the behaviour of sulphide in the water (section 5.1.2), it also presented a 

great decrease in the vertical profile, probably due to precipitation. Thus, the precipitation of the 

dissolved sulphide can be the source to the AVS present in the sediments, as noted in the summer 

analysis (Castanheira, 2015).  
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Conclusion 
 

 The rising temperatures that have been occurring in the last decades, are having a higher 

impact in the Polar regions. Those temperatures induce the degradation of permafrost and the 

melting of ground ice, forming permafrost thaw lakes. Their occupancy isn’t clearly defined, but 

these thaw lakes have been spreading in number and size. Their higher distribution makes them 

a vital asset to the ecosystem and an important source of information of the changes that occurred 

in the ecosystem, especially the ones related to climate change. 

 

 Although the winter is the predominant season in the Arctic, there is still a breach of 

information related to it. The studies in the region mainly focus in the summer season, and the 

extreme conditions during the winter are not an incentive. However, this season has an important 

influence in the ecosystem and is affected strongly with the increase temperatures. All these 

factors were the motivation to the realization of this work. 

 

 This work studied the biogeochemistry of three permafrost thaw lakes in the Canadian 

subarctic (SAS 1A, SAS 2A and BGR 1) during the winter season, through water, soils and 

sediments samples. The results obtained were compared to the results of the same thaw lakes, 

but in the summer season.  

 

 Contrary to what was observed in the summer, there weren’t detected correlations 

between OM in the water column (measured as DOC) and other parameters such as HS-, and 

between HS- and SO4
2-. These results suggest that the oxidation of OM in the water column could 

be more related with fermentation reactions and the consequent production of methane.  

 

 Another difference is the levels of conductivity in each lake. In winter, conductivity values 

are much higher than in the summer, specially in bottom waters which translates in high active 

processes in the sediment/water interface. Therefore, and contrarily to what was observed in 

summer, the active processes of OM degradation occur at the bottom water of the lakes, where 

temperature is relatively higher and which can promote more bacterial activity. These results for 

the water column are also supported by the NMR data obtained in the sediment cores of SAS 1A 

and 2A. In fact, NMR results showed that sediments collected in the sediment interface showed 

the presence of more degradation of several OM compounds that in deeper sediments layers. 

Particulate sulphur data also corroborate this hypothesis, particularly in SAS lakes. 

 

 Trace-element data obtained in the winter were similar to the summer although in the 

winter no labile metals were quantified, suggesting a more effective process of precipitation (as 

AVS) or complexation in the water column, therefore being measured as total trace-element 

concentration. 
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 Concluding, the accomplished study served the initial objectives, however it also brought 
new doubts, that can be interesting to study. These doubts are presented in the next section. 
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Future Work 
 
 The development of this work clarified some doubts and helped understanding the 

biogeochemistry of thaw lakes during the cold season, and how they interact with the surrounding 

ecosystems. Neverthless, it also raised some uncertainties and new strands that are interesting 

to study, which are: 

 

à A more detailed study of deep variation of sulphur species in both seasons. 

à Chemical characterization of organic carbon and organic sulphur compounds and their role on OM 

degradations and the release of greenhouse gases. 

à Coupled studies in lake biogeochemistry and the bacterial biodiversity and activity to 

the better understanding of the key process of OM degradation, their rates and the 

bacterial involved. 
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Annex A: Physico-Chemical data from the study lakes 
 
Table A 1 - Limnological properties of the study lakes: Temperature in ºC, Dissolved Oxygen (DO) in mg/L, 

Conductivity in µS/cm and pH 

Sample 
Depth 

(m) 
Temperature 

(ºC) 
DO 

(mg/L) 
Conductivity 

(µS/cm) 
pH 

SAS 1A 

0 0,17 0,41 122,3 5,67 

0,25 0,18 0,29 122,6 5,71 

0,5 0,2 0,22 122,7 5,66 

0,75 0,24 0 122,2 5,69 

1 0,69 0 123,2 5,69 

1,25 1,04 0 123,5 5,69 

1,5 1,56 0 124,1 5,71 

1,75 2,04 0 125,5 5,75 

SAS 2A 

0 0,48 0 68,9 5 

0,5 0,45 0 68,5 4,98 

0,75 0,47 0 68,5 4,99 

1 0,52 0 68,8 5 

1,25 0,76 0 69,9 4,99 

1,5 1,2 0 70,8 5,01 

1,75 1,68 0 81,8 5,07 

2 2,06 0 99,5 5,12 

2,25 2,49 0 114,6 5,16 

2,3 2,73 0 134,3 5,24 

BGR 1 

0,0 -0,37 17,02 6,6 6,59 

0,5 -0,34 16,71 15,1 6,65 

1,0 -0,34 15,75 33,3 6,66 

1,5 0,27 14,81 62,5 6,66 

2,0 0,53 5 123,5 6,71 

2,5 0,84 1,37 126,2 6,69 

3,0 0,97 0,5 126,3 6,68 

3,5 1,16 0 125,7 6,69 

3,8 1,32 0 169,1 6,59 
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Annex B: Standard Solutions 
 

Table B 1 – Standard Solutions used to elaborate the Calibration curves 

 

 

 
  

 Conc. 
(ppb) 

V 
(mL) 

HNO3 1% 
(mL) 

Total 
(mL) 

Density 
(g/mL) 

HNO3 1% 
(g) 

Total 
(g) 

Stock Tertiary 
Solution 

0,01 0,1 9,9 10 1,0195 9,9264 10,025
8 

0,02 0,2 9,8 10 1,0195 9,8208 10,018
3 

0,05 0,5 9,5 10 1,0195 9,4487 9,9463 
0,1 1 9 10 1,0195 8,9499 9,9425 
0,2 2 8 10 1,0195 7,9305 9,9240 
0,5 5 5 10 1,0195 4,9196 9,9404 

Stock Secondary 
Solution 

1 0,1 9,9 10 1,0195 9,8668 9,9659 
2 0,2 9,8 10 1,0195 9,7611 9,9609 
5 0,5 9,5 10 1,0195 9,4987 9,9941 

10 1 9 10 1,0195 8,9535 9,9450 
20 2 8 10 1,0195 7,9210 9,9189 
40 4 6 10 1,0195 5,9018 9,9095 

Stock 
Primary 
Solution 

50 1 9 10 1,0195 8,9251 9,9286 
75 1,5 8,5 10 1,0195 8,4094 9,9096 

100 2 8 10 1,0195 7,9480 9,9396 
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Annex C: Calibration Curves Parameters Uncertainty 
 
 In each ICP-MS reading were elaborated calibration curves through standard solutions 
to confirm the state of the equipment. The uncertainties of the calibration curves parameters were 
calculated to know the confidence of the results, being calculated through the data analysis of 
Excel. 
 
 The type of equation of the calibration curve is y=mx+b, where m is equivalent to the 
slope and b to the intercept. Their uncertainties are related to the uncertainties in each measure 
of y, thus the estimation of the standard of the y population is given by the equation 1A, where di 
is the vertical deviation for a vertical point (xi,yi), and N is the degrees of freedom, for this case is 
the number of standard solutions used to elaborate the calibration curve. 
 

𝑆x =
𝑑T
L

𝑁 − 2
							(1𝐶) 

 
 The standard deviations of m and b are calculated through the equations 2C and 3C, 
respectively. 

𝑆h =
𝑆xL

𝑁 𝑥TL − 𝑥T L 															(2𝐶)

𝑆| =
𝑆xL 𝑥TL

𝑁 𝑥TL − 𝑥T L 															(3𝐶)

 

 
 in order to precise a confidence interval it was used a statistical tool named Student’s t, 
which uses the N and a chosen percentage of confidence level to determine the t. The confidence 
level for all calculations was 95% and was used the table from Brereton (2003).  
 
 After the calculations, the calibration curves equations were rewritten with a 95% 
confidence as illustrated in equation 4C. 
 

𝑦 = 𝑚 ± ∆𝑚 𝑥 + 𝑏 ± ∆𝑏 							 𝟒𝑪  
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Annex D: Mass of Solid Sample used in the TE determination 
 
 

Table D 1 - Mass of the solids samples used to determine the trace elements 

Lake Type Sample Mass (g) Mass (mg) 

BGR 1 

Sediments 

0-2,5 0,1005 100,5 
2,5-5 0,1017 101,7 
5-7,5 0,103 103 

7,5-10 0,1003 100,3 

Soils 1 0,1002 100,2 
2 0,1007 100,7 

Soils REP Soil 2 0,1002 100,2 

Sediments REP 5-7,5 0,1003 100,3 
REP 7,5-10 0,1013 101,3 

SAS 1A 
Sediments 

SAS 1A 0-2,5 0,1000 100,0 
SAS 1A 2,5-5,0 0,1000 100,0 

Soils SAS 1A S1 0,1000 100,0 
SAS 1A S2 0,1000 100,0 

SAS 2A 
Sediments 

SAS 2A 0-2,5 0,1000 100,0 
SAS 2A 2,5-5,0 0,1000 100,0 
SAS 2A 5,0-7,5 0,1000 100,0 
SAS 2A 7,5-10 0,1000 100,0 

Soils 
SAS 2A S1 0,1000 100,0 
SAS 2A S2 0,1000 100,0 

Certificate 
Materials 

Soils MRC_Soil7_1 0,1000 100,0 
MRC_Soil7_2 0,1003 100,3 

Sediments 
MESS3_1 0,1013 101,3 
MESS3_2 0,1011 101,1 

 


