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ABSTRACT 
The main objective of this work was the study of permafrost thaw lakes during the winter season. Thus, water, 
soils and sediments samples were collected from three permafrost thaw lakes (SAS 1A, SAS 2A and BGR 1) in 
the Canadian subarctic, which were afterwards analysed by several analytical methods. The obtained results 
were compare with summer data obtained in the same lakes in previous campaigns. An innovation of this work 
was the analysis of sediment cores, in order to evaluate the variances of content between the different depths. 
One of the main differences between the two seasons were the absence of correlations between the dissolved 
organic carbon present in the water column and the other species, as sulphide, and between the sulphide and 
sulphate, which suggests that these electron acceptors are not playing an important role in organic matter 
mineralization during the winter season. Thus, the oxidation of the organic matter was related to the production 
of methane, which is supported by the levels of pH, conductivity and the intense methane release. This last 
parameter shown an immense increase in the winter values, when compared to summer data, especially at the 
bottom waters. Together with the NMR data, our results showed a higher degradation of organic matter at the the 
sediment/water interface. 
The trace-element data differed mainly in the concentration of labile metals in the water samples, not presenting 
concentrations above the limit of detection in the winter, with one exception at the surface. This result suggests 
that the labile metals either precipitate or complex in the water columns during the winter season. 
 

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

 
 
 

1 INTRODUCTION 

Arctic and subarctic are regions where the climate 
warming is amplified1. The temperature registered 
in those regions show an increase in the last 400 
years2,3, which is a worrisome issue, because, 
among other effects, it is the cause of several 
changes in the landscape. For example, these 
increase leads to permafrost degradation, having 
as result the formation of permafrost thaw lakes.  

Permafrost thaw lakes have origin in the melting 
of ground ice or through permafrost thaw4. The 
derived water accumulates in depressions, 
originating lakes and ponds5. Due to their origin in 
permafrost soils, which can be defined as being a 
sediment sink, these lakes are a 
paleoenvironmental information source, meaning 
they have environmental information of their 
lifetime5. Their study enriches the knowledge of 

the past conditions and allows the better 
understanding of the changes that occur nowadays. 
Thus, they become important sources of information 
of the evaluation of climate change and its effects in 
the arctic and subarctic regions. 

These lakes are known by their elevated 
concentration of Dissolved Organic Carbon (DOC), 
mostly due to their origin in permafrost enriched 
organic matter soils, and is the cause of thermal 
stratification of the lake6. This component combine 
with the anoxic bottom is the ideal mixture to the 
production of methane (CH4)6. This methane can be 
release to the atmosphere, if the lakes are ice-cover 
free and the lakes suffer mixture7,8,9, giving a 
positive feedback to the climate change10.  

Although the impact of climate change is felt all year, 
is important to remember that winter is the dominant 
season in the Arctic11, being important to study how 



 
 

climate warming affects this season. Small 
increases of temperature can pass unnoticed in 
other parts of the globe, but in the poles a small 
change can have a big impact. Warming is more 
pronounced in the winter season, existing 
simulations that predict a double increase of 
temperature during the winter season, comparing 
to the values for summer12. Increase of 
temperature during winter can lead to a 
disappearance of snow cover, exposing 
vegetation and soils to extreme weather 
conditions13. Thus, the growth of vegetation will be 
neglected in the following spring/summer, 
because the lack of snow cover results in the 
damage of vegetation14.  

Even being the most dominant season, its extreme 
weather conditions and an absence of interest in 
this season results in a scarcity of data13,14, which 
is a problem when studying extreme events and 
changes that occur due to climate warming. Most 
studies focus in the summer season. This lack of 
information was the principal reason to effectuate 
this study.  

On this work, were collected samples from 
permafrost thaw lakes situated in the Canadian 
subarctic, in order to study their biogeochemistry. 
The samples were submitted to several of 
analytical methodologies that will be summarized 
in the second section. Afterward, the acquired 
results were compare to data collected from the 
same lakes, but during the summer season, to find 
the main differences and possible changes.  

2 METHODS 
 
2.1 STUDY AREA 

 
The three study sites are located in the subarctic 
region of Québec, Canada, two of them in a 
sporadic permafrost area in 
Sasapimakwananisikw river valley (SAS valley) 
and the third in Sheldrake river valley, a 
discontinuous permafrost region.  
 
The two lakes from the SAS valley (SAS 1A and 
SAS 2A) have their origin in the decomposition of 
palsas15,16, predominant in the region.  
 
The third lake, BGR 1, situated more north that the 
other lakes (56º37 N 76º13 W), has origin in the 
thawing of lithalsas15, which consists in permafrost 
mounds without peat cover17. 

In total were collected twenty-one water samples 
and sixteen soils and sediments samples from the 
three lakes. Several physico-chemical parameters 
were measured in situ in the water column of the 
three lakes in order to identify in order to identify the 
depth where water samples should be collected. 
Water samples were collected in three depths 
(surface, 0.5 meters and 0.9 meters), due to be the 
depths where occurred meaningful changes of 
Dissolved Oxygen (DO). For the first time, as known 
during the writing, were collected sediments cores to 
evaluate the trace elements and inorganic sulphur. 

 
2.2 WATER SAMPLES ANALYSIS 

 
2.2.1 Dissolved Organic Carbon (DOC) 

 
DOC was measured by High Temperature Catalytic 
Oxidation (HTCO) method, using a Shimadzu TOC 
5000A. This method consists in an oxidation of a 
sample to CO2 and is divided in 4 stages: sampling, 
preservation, decarbonation and analysis18. Before 
adding the sample to the process is necessary to 
remove the the inorganic carbon, with is 
accomplished by acidification and bubbling with air, 
without CO2. Afterward is added 100 µL of sample to 
a vertical furnace, followed by addition of a catalyst 
[0.5% platinum (Pt) on aluminum oxide (AL2O3)] and 
raising of temperature to 680 ºC. This combination 
will oxidised the organic matter present in the sample 
to CO2, which is measured by a non-dispersive 
infrared detector. Lastly, is elaborated a calibration 
curve by injecting potassium hydrogen phthalate 
solution (0-100mM)18,19,20. To guarantee the quality 
of the results, they were determined by a minimum 
of three injections and a variation coefficient smaller 
than 2%, and between each injection were 
measured blanks (Milli-Q) to avoid contamination. 

 
2.2.2 Labile Trace Elements 

 
Diffusive Gradient in Thin Films (DGT) was the 
chosen technique to quantify the labile metal 
concentrations in the water samples. DGTs are 
constituted by a plastic shell surrounding a resin, a 
diffusive gel layer and a cellulose-acetate filter, and 
they were chosen because they allow the 
quantification of the labile metal species without pre-
treatment21,22. All samples suffered a deployment 
time of 48 hours, which served to the labile species 
sink to the resin23. Afterward, the resin layer suffered 
an acid-extraction, through an elution with 5.0 mL of 
1% (v/v) bi-distilled HNO3. Lastly, the samples were 
processed by an Inductively Coupled Plasma Mass 



 
 

Spectrometry (ICP-MS), using the isotopes 
75As,111Cd and 208Pb. This analytical technique has 
as advantages its low detection limit and a high 
level of productivity24. 

 
Firstly, the sample is introduced in the nebulizer, 
as an aerosol gas along with argon plasma25. This 
plasma is added to dissociate the molecules of the 
gas and eliminate the electrons. The obtained gas 
was sprayed into a mass spectrometer, which 
separated the ions accordingly to their mass-to-
charge ratio, followed by transformation of the ions 
in electrical signal. Those signals were compared 
to standards, resulting in calibration curves, that 
were used to determine the elements 
concentrations24. Rhodium (103Rh) was the internal 
standard used for the internal calibration method, 
and were prepared standard solutions to obtain 
calibration curves to each element, presented in 
the table 1. The parameters showed in the table 
were calculated with a 95% of confidence. 

 
Table 1 - Calibration curves parameters with 95% 

confidence for each element 

 
The concentrations of the labile metals were 
calculated through equation 1, where 𝐶"#$ is the 
concentration readied by the ICP-MS,  𝑉&'() is the 
volume of acid added to the resin gel (5.0 mL), 𝑉*+, is 
the volume of the resin gel (0.15 mL), 𝑓+ is the elution 
factor (0.8), ∆𝑔 is the thickness of the filter membrane 
(0.78 mm), 𝑡 is the deployment time (48 h), 𝐴 is the 
exposure area (3.14 cm2) and 𝐷 is the diffusion 
coefficient of metal in the gel. The diffusion 
coefficients referent to each element were found in 
the practical guide of DGT search26. 

 

𝐶345 = 𝐶"#$×
𝑉&'() + 𝑉*+,

𝑓+
×

∆𝑔
𝐷 ∙ 𝑡 ∙ 𝐴

			(1) 

 
2.2.3 Total Element concentration 

 
The water samples were measured directly in the 
ICP-MS in order to quantify the present total 
elements, not needing elution.  The standard 
solutions were the same used in the section 2.2.2, 
obtaining the same calibration curves of table 1. 
The concentration readied in the ICP-MS is the 

concentration of the total element. 
 

2.2.4 Total Dissolved Inorganic Sulphides 
 

The quantification of the total dissolved inorganic 
sulphide ([HS-]t) present in the water samples was 
obtained through Differential Pulse Cathodic 
Stripping Voltammetry (DPCSV). This technique can 
be divided in two main steps: firstly, the analyte 
species are concentrated into an mercury drop 
electrode; Then the analyte is stripped from the 
electrode27.  
It’s used a dropping mercury electrode (DME) 
through voltammetry28 to quantify the inorganic ions 
present in the samples27, in this case sulphide. This 
voltammetry is called polarography and the electro-
reduction reaction that occurs in the electrode is 
showed in equation 2. 

 
𝐻𝑆@ 𝑎𝑞 + 𝐻𝑔C 𝑙 + 𝑂𝐻@ 𝑎𝑞 														 
→ 𝐻𝑔𝑆 𝑎𝑑𝑠 + 2𝑒@ + 𝐻K𝑂 𝑙 							 2  

 
The water samples (100-1000 µL) from the lakes in 
study are added to a polarographic cell, along with a 
10 mL NaCl 36 g/dm3 solution (pH 10-12), being 
degassed with nitrogen afterwards. The samples 
were processed in a metrohm apparatus with a 693 
VA processor and a 694 VA station, with three 
electrodes: dropping mercury electrode (DME), a 
Ag/AgCl/NaCl (36‰) standard electrode and a 
platinum electrode19. 

A standard curve was assembled through 500 mg/L 
of Na2S.H2O dissolved in Milli-Q water, previously 
degassed with nitrogen as the samples.  A volume of 
100 and 200 µL of this standard solution was added 
to the samples, in order to quantify the analyte 
through standard addition method. The HgS 
deposition occurred at a constant potential of -400 
mV and took 60 seconds. 

2.2.5 Dissolved Sulphate 
 

Dissolved Sulphate is measured by turbidimetric 
method, which consists in the precipitation of barium 
sulphate crystals after mixing the sample with barium 
chloride29. The concentration is obtained by 
comparing the absorbance of the suspension with a 
standard calibration curve30. This method is suitable 
to low sulphate concentrations and is constituted by 
a photometer and a magnetic mixer30. 

 
To an aliquot with 100-220 µL of water sample, 
previously diluted in a 21 mL Milli-Q water, was 

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	



 
 

added a 5 mL of reagent. This reagent was 
constituted with 75 g of NaCl, 50 mL of glycerol, 30 
mL concentrated of HCl, 100 mL of ethanol (90% 
(v/v)) and Milli-Q water, resulting in a total volume 
of 500 mL. 
Afterwards, was added crushed barium chloride 
dehydrate crystals (BaCl2.2H2O) until reaching the 
saturation point, then the magnetic mixer was 
added and blended the solution during 60 seconds 
at a constant speed. 
The absorbance of the samples was measured by 
a Hitachi U-2000 spectrometry at 400nm and the 
calibration curve used to compare the absorbance 
was obtained through a Na2SO4 solution (0-10 
mM). To have a reference was prepared a blank 
with 500 mL Milli-Q water with 5 mL of the reagent 
and crushed barium chloride dehydrate crystals. 

 
2.3 SOILS/SEDIMENT SAMPLE ANALYSIS 

 
2.3.1 Organic Carbon 

 
The estimation of organic carbon was made by the 
subtraction of the inorganic carbon from the total 
carbon. The inorganic carbon was obtained 
through the heating of the soils and sediments 
samples up to 450ºC during 2 hours, and the total 
carbon was determined by dry sediments31. 

 
2.3.2 Natural Organic Matter Characterization 

 
Natural organic matter present in the soils and 
sediments samples were measured by a solid-
state Nuclear Magnetic Resonance (ssNMR) using 
a 13C nuclei. This technique consists in the 
absorption in the radio-frequency region of the 
electromagnetic radiation32, obtaining a spectrum 
where is possible to analyze the local structure33 
and the dynamics of the molecules34. The 
spectrum ranges between 0 and 200 ppm, being 
divided in regions correspondent to chemical 
classes. 
To obtain the spectrum was used a Magic Angle 
Spinning (MAS) and a Cross Polarization (CP) on 
a Bruker Advance 300 MHz sprectrometer. The 
MAS operated at a frequency of 75.5 MHz and the 
lakes samples were preserved in a 7mm zirconium 
rotors with Kel-F caps35. The qualitative and semi-
quantitative compositions were obtained through 
CP and Total Sideband Suppression (TOSS), with 
a spinning speed of 5 kHz and a CP time of 1 
milisecond with 1H 90º pulse-length of 4 µs and a 
recycle delay of 5 seconds. 
The BGR 1 samples suffered a hydrofluoric acid 

treatment to increase its low organic matter content. 
For the treatment, was added to 3 g of sample a 25 
mL of 10% (v/v) of HF, followed by agitation during a 
minute, repeating the 
stirring during a week. Afterwards, the samples were 
washed with Milli-Q water for another week. Lastly, 
the solution was decanted, drying the solid in a 
closed oven at 40ºC. 

 
2.3.3 Mineralogical Composition 

 
X-Ray diffraction was the technique used to identify 
the crystalline compounds present in the samples. 
For that identification, the samples were measured 
in a D8 Advance Bruker AXS θ-2θ diffractometer, 
which is performed with Ni-filtered Cu Kα radiation 
(λ=1,5406 Å) at 40 kV and 40 mA, and was equipped 
with an Anton Paar HTK 16 N high temperature 
chamber and an Anton Paar TCU 200N temperature 
control unit19. 
The Bragg’s Law was used to calculate the 
crystallographic spacing, relating the wavelength of 
the incoming radiation with the spacing of the atomic 
plate and the angle of the diffracting plate34. 
The analysis of the diffractograms was supported by 
the International Centre for Diffraction Data (ICDD) 
software database (PDF-2). 

 
2.3.4 Total element concentration 

 
Determination of total elements concentration was 
obtained through ICP-MS, as occurred with the water 
samples, but this method only analyzes liquid 
samples, which implies the dissolution of the soils 
and sediments samples. In Teflon bombs, to 100 mg 
of each sample was added 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, followed by one 
hour in an oven at 100ºC. After, the bombs were 
placed in a sand bath at 90ºC to evaporate the HF 
acid. To the remaining residue was added 1 mL of 
HNO3 1 M, resting for 20 minutes, after which the 
solutions were transferred to sample tubes and 
diluted to 25 mL with ultrapure Milli-Q water, kepted 
refrigerated at 4ºC until analysis. 

In order to evaluate the recovery and the quality 
control of the performance were used two reference 
materials (CRM IAEA-SOIL-7 and MESS 3). Similar 
to the labile and total elements analysis of the water 



 
 

samples, Rhodium was used for correction of 
instruments and the calibration curves were 
obtained with 95% of confidence (table 2). 

Table 2 - Calibration curves parameters with 95% 
confidence for each element 

 
To calculate the concentration of the trace 
elements on the soils and sediments samples was 
used the equation 3, where is the mass used of 
each sample and is the concentration readied on 
ICP-MS. 

𝐶LMN,/L+P = 𝐶"#$×25	𝑚𝐿×
1

𝑀LMN,/L+P
							(3)	 

 
2.3.5 Sulphur Compounds 

 
Through two methods, were measured the total 
sulphur and the inorganic sulphur present in the 
soils and sediments samples. The total sulphur 
concentration was measured by a CHNS Fissons 
NA 1500 Analyser, according to the method 
described in Canário (2004). The measure of the 
inorganic sulphur concentrations was made by the 
Chromium Reduced Sulphur (CRS) method. 
Firstly, the samples were stirring during 16 hours 
with 20 mL of acetone followed by a 3000 rpm/10 
min centrifugation. Then, they were filtrated with 
0,45 micrometres membranes, extracting the 
elemental sulphur (S0) from 100 mg of sample. The 
remaining was attacked with acid (HCl 1M) and 
purified during 20 minutes with N2 to obtain the 
Acid Volatile Sulphides (AVS).  
Afterwards, was added a solution of 50 mL of CrCl3 
in 1 N HCL, mixed and flushed with N2, for one 
hour. The resulting H2S was collected in a 20 mL 
solution of 1M NaOH, which was measured in a 
Differential Pulse Polarography (DPP), similar to 
what occurred with the water samples. The AVS 
was extracted during 30 minutes with 1M HCl and 
imprisoned in a de-arated NaOH solution of 20 mL, 
and was also measured in DPP37. 
As occurred with the water samples, was 
elaborated a calibration curve from a 500 mg/L 
Na2SH2O dissolved in Milli-Q water solution, that 
was added to the samples (100-200 µL). 

 

3 RESULTS AND DISCUSSION 
 

3.1 WATER SAMPLES 
3.1.1 Physico-Chemical Parameters 
 
The four parameters measured in the study lakes 
were temperature (ºC), dissolved oxygen (DO), pH 
and conductivity (µS/cm), and the main objective 
was to choose the depths which would be collected 
the water samples.  
In the three lakes, the temperature increased with 
depth, the DO decreases initially until reaches zero 
and pH increases with depth, even if doesn’t present 
a parallel behavior in three lakes. All lakes have a pH 
bellow 7, meaning that they are all acidic, with more 
acidic conditions in the SAS lakes. 
Even though SAS lakes have similar morphologic 
characteristics, they present a different DO, which 
can be related to physical aspects, as advection or 
diffusion38. 
Conductivity increases with depth in the three lakes, 
which means there is a higher content of ions in the 
bottom39. 
Comparing the results to the ones obtained in 
summer19, as expected, the temperature is minor in 
winter, and, in terms of pH, they present the same 
range of values in both seasons. The DO present 
different behavior in the SAS lakes and in BGR 1. In 
winter, SAS lakes showed a decrease of DO with 
depth, which was expected, because the ice cover 
avoids the dissolution of oxygen to the atmosphere, 
resulting in a more anoxic lake during winter. BGR 1 
levels of DO during winter are higher than during 
summer, which may be related to an unknown 
internal source of O2. As for conductivity, all lakes 
present a greater increase in the winter season, 
which can be related to the isolation of the lakes due 
to ice cover. Thus, in summer19, the lakes are 
subjected to mixing, either my wind or surface 
disturbances, resulting in a more constant 
conductivity along the depth because the water is 
more mixture. 
The differences between the levels in SAS lakes and 
the BGR 1 are probably related to the amount of 
organic matter (OM) in the regions. 

 
3.1.2 DOC, Sulphide and Sulphate 

 
The levels of DOC were much higher in SAS 1A and 
SAS 2A lakes compared to BGR 1, which can be 
related to the palsa enriched carbon soils. In terms 
of depth variation, in SAS 1A and BGR 1 doesn’t 

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

As	 (10.1±0.3)	 (8.0±15.5)	 0.9987	

Cd	 (10.1±0.4)	 (10.3±18.3)	 0.99871	

Pb	 (10.0±0.4)	 (12.4±18.7)	 0.99862	



 
 

present depth variation, showing more constant 
levels. However, SAS 2A showed an increase of 
DOC with depth. The concentrations of DOC, 
sulphide and sulphate are presented in table 3. 

 
Table 3 - Concentration of dissolved organic carbon 

(DOC, mg/L), sulphide (HS-, mg/L) and Sulphate (SO42-, 
mg/L) in the water samples 

 
As for the summer season, it was expected a 
negative correlation between DOC and DO, which 
would support the hypothesis of oxygen 
consumption due to DOC degradation. This 
correlation was obtained, getting a negative 
coefficient equal to -0.968, supporting the 
hypothesis.  
Some literature19,40,41 defends the idea of a frozen-
effect of DOC, during the ice-cover season. Thus, 
the DOC should accumulate at the bottom of the 
lakes during the winter season, reaching the 
surface, when the ice cover melts. This hypothesis 
was not supported by our results that showed DOC 
relatively constant concentrations with the depth.  

 
Sulphide (HS-) variation is analogous in the SAS 
lakes, showing an increase from surface to the 
middle of the lake, followed by a great decrease to 
bottom, close to zero. In BGR 1, the HS- is 
maintains a similar concentration along the depth. 

 
For the sulphate (SO4

2-), SAS 1A and BGR 1 show 
an increase in small quantities of concentration 
with depth, while SAS 2A presents a decrease of 
concentration between 0.5 and 0.9 meters. 
Contrary to what was obtained at the summer19, 
the maximum concentration of SO4

2- is at the 
bottom and the minimum at the surface. 

 

In summer19, there were good correlations between 
DOC and HS-, and HS- and SO4

2-, which were 
attributed to the oxidation of OM, but those 
correlations didn’t occur in the winter season. Thus, 
there is two hypotheses to justify this. Either these 
two electron acceptors are not used for OM 
degradation, or the lakes are in steady-
state/equilibrium. These last hypothesis is not 
supported by the variations of pH and conductivity 
presented in section 3.1.1. Thus, the oxidation of OM 
was linked to the production of methane. 

 
3.1.3 Labile and Total Elements 

 
Labile concentrations were above the limit of 
detection, except for the BGR 1 lake, at the surface, 
where was obtained a labile concentration for lead of 
0.049 ppb. In terms of total concentrations, cadmium 
as only above the limit of detection in the BGR 1 
lakes. 

 
Comparing the three lakes, SAS 1A is the one that 
presents a higher level of arsenic, while BGR 1 
presents higher values of lead. 

 
During the summer analysis19, of the three trace 
elements analyzed in the winter, only lead was 
measured. The values of lead obtained in the two 
seasons are in the same ranges for the three lakes, 
excluding the higher values obtained at summer. 
The ranges of the concentrations are presented in 
the table 4. 

 
Table 4 - Labile and total lead concentration range (ppb) 

from summer season19 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 
 

A difference between the two seasons is the 
existence of labile concentrations in the summer. 
This absence during winter can have three 
explanations: either they precipitate or complex, due 
to the anoxic environment, or they don’t form, due to 
the stable levels of DOC (section 3.1.2.). 

 
Comparing the behavior of elements in the three 
lakes, SAS 1A shows a smaller concentration of 
arsenic in the middle of the lake, showing a slight 

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	



 
 

increase in the bottom, and an increase of lead 
concentration with depth. SAS 2A presents the 
same behavior for arsenic and lead, presenting a 
higher concentration in the middle of the lake. 
Lastly, BGR 1 as a similar behavior in terms of 
arsenic and cadmium concentrations, showing a 
similar concentration between the surface and the 
middle, followed by a great increase until bottom. 
For the lead levels, it increases with depth. 

 
3.2 SOILS/SEDIMENTS SAMPLES 
3.2.1 Organic Carbon 

 
The values of organic carbon from BGR 1 lake are 
much lower comparing to the SAS lakes levels, 
which agrees with the DOC values (section 3.1.2). 
As mentioned before, this difference can be related 
to the surroundings of the lakes. SAS lakes 
present a high presence of palsas, which have a 
higher level of organic matter. 
 
During the summer19, instead of measure the 
organic carbon, sedimentary organic matter (SOM) 
was measured, through loss on ignition (LOI) 
method. SAS lakes presented a much higher 
percentage of SOM than the BGR 1 values, which 
agrees with the values from winter. 
 
In this study, were analyzed for the first time 
sediment cores, to evaluate the differences 
between depths. In the organic carbon, were only 
measured different sediments cores for the BGR 1.  

 
3.2.2 Natural Organic Matter 

 
For the three lakes were analyzed three sediments 
cores, in order to identify differences of OM 
composition with depth. The SAS 1A and SAS 2A 
presented similar results, and the BGR 1 samples 
didn’t give any sign during the reading, due to their 
low carbon content (section 3.2.1). The obtained 
spectra for SAS 1A samples is shown in figure 1. 

 

 
Figure 1 - ssNMR spectra of SAS 1A samples of sediment 

 
Comparing the spectra from summer19 with the one 
obtained in the winter, both present the same peaks, 
not showing seasonal variation. 

 
Comparing the different cores, the identification of the 
main functional groups was mainly possible at the 
deeper layer, which suggest the mineralization of OM 
in the sediment-water interface and not in the deeper 
layers. 

 
3.2.3 Mineral Composition 

 
The X-ray diffraction analysis only succeeds if the 
samples aren’t amorphous. In summer analysis19, 
only the BGR 1 sample was crystalline, thus, for the 
winter analysis, the samples from this lake were the 
only analyzed. As occurred in section 3.2.1. and 
3.2.2, an innovation was the analysis of different 
cores. 

 
Comparing the diffractrograms to the ones obtained 
at the summer19, they present the same peaks, not 
showing any seasonal variation related to the 
mineralogical composition, as expected. 

 
As for the different cores, were all crystalline and 
presented the same structures, coinciding the peaks. 

 
Through the PDF 2 database, silica was the main 
inorganic structure identified in the BGR 1 samples, 
appearing in the hexagonal, orthorhombic and 
monoclinic structures. 

 
3.2.4 Total Element Concentrations 

 
From the three lakes, SAS 2A was the lake that 
presented a higher concentration of the three 
elements, except for the cadmium, which were 



 
 

higher in the SAS 1A (soils). 
 

As mentioned in the section 3.1.3, the summer19 
analysis of total elements only measured the lead 
concentrations. Comparing the results of the two 
seasons, BGR 1 was the one with the higher 
difference, presenting a concentration in summer, 
at least, 8 times higher. This difference is more 
likely to be related to a spatial variation, than a 
seasonal effect. SAS lakes present a higher 
concentration of lead for the sediments samples in 
the winter season, and a higher concentration of 
lead for the soils samples in the summer season, 
but always in the same magnitude of values. This 
difference can also be related to a spatial variation. 
The results of the summer sediments were only 
referent to the surface, however, in the winter, 
were analyzed different cores. The SAS 1A were 
only measured two cores, not allowing much 
analysis. In terms of arsenic variation, both SAS 
2A and BGR 1 showed a decrease in the first 
cores, followed by an increase in the last core. As 
for the cadmium, SAS 2A presents an increase of 
concentration with depth, while BGR 1 shows a 
decrease with depth. 

 
3.2.5 Inorganic Sulphur 

 
For the first time, as known during the study, was 
measured the inorganic sulphur at different cores, 
in order to understand the variance along the 
depth. At figure 2 is presented the distribution of 
the organic and inorganic sulphur at the surface of 
the three lakes. 

 

 
Figure 2 - Organic and inorganic sulphur composition 
of the sediment samples at the three lakes in study at 

core 0-2.5 

At the winter, SAS lakes presented a predominance 
of organic sulphur at the surface, while BGR 1 had a 
higher percentage of inorganic sulphur. When 
comparing the results to summer19, BGR 1 as similar 
results, while SAS lakes had an almost equally 
distribution of inorganic and organic sulphur. One 
interesting evidence was that the lakes with higher 
carbon content, were also the ones with higher 

organic sulphur, proving that the principal source of 
sulphur is natural organic matter. 

 
As for the differences between cores, SAS lakes have 
a predominance of inorganic sulphur at the surface, 
reducing close to zero at the other cores. However, the 
BGR 1 presents a similar distribution of inorganic and 
organic sulphur along the depth, showing a small 
increase of organic sulphur. 

 
Due to low value of elemental sulphur (S0) during 
summer19, for the winter samples, it wasn’t measured. 
Analyzing the inorganic sulphur components (AVS and 
pyrite) behavior at the different cores, all lakes present 
a decrease of AVS and an increase of pyrite with depth. 
SAS lakes had a predominance of AVS at the surface, 
followed by an immense decrease, similar to what 
occurred with inorganic sulphur; while BGR 1 had a 
gradual decrease of AVS. These differences with 
depths are due to remineralization at the surface and 
the precipitation of pyrite in anoxic conditions19. 
The dissolved sulphide, measured in section 3.1.2, also 
presented a decrease with depth, probably related to 
precipitation. This can be the source for the AVS 
present at the sediments, as was mentioned in 
Castanheira (2015). 
 

4 CONCLUSIONS 

This work had as main objective the study of thaw 
lakes during the winter season, analysing water, soils 
and sediments samples from three lakes of the 
Canadian subarctic. The obtained results were after 
compared to data from the same lakes, measured 
during the summer season. 

One of the differences between the two seasons were 
the absence of correlations between organic matter in 
the water column and HS-, and HS- and SO4

2-, which 
supported the oxidation of OM by the oxygen and 
sulphate. Thus, this oxidation was linked to 
fermentation reactions and, consequently, to the 
production of methane. 

Another difference was the levels of conductivity, 
being much higher during winter, especially at bottom, 
meaning that the active processes of OM degradation 
occurs at the bottom of water lakes. These results are 
supported by the NMR data obtained, by showing a 
higher degradation of organic matter at the deeper 
layers, and by the particulate sulphur data. 

Trace-element data were similar in both seasons, with 
the exception of labile metals in the water samples. 

SAS	1A SAS	2A BGR	1



 
 

Their absence suggested the precipitation or 
complexation of the species in the water column. 
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