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To fill the present gap in the national carbon accounting, this study was carried out to measure the soil 
organic carbon (SOC) stock and distribution over northern Canada’s ecosystems. An analytical 
database of 382 soil profiles and 1376 horizons of SOC were compiled to represent the SOC stocks 
across northern Canada. In addition, to fill the data gaps of soil conditions in northern Canada, 
fieldwork collection of 60 soil profiles and 173 horizons as carried out to measure SOC and bulk density 
around Yellowknife (n~41) and Lupin (n~19) areas. The SOC storages to 1 m depth ranged from 1 to 74 
kg C m

-2
 with an average of 35 kg C m

-2
 in Yellowknife and from 4 to 70 kg C m

-2
 with an average of 37 kg 

C m
-2

 in Lupin areas. Active layer to permafrost portioning of carbon storages varied, but an average 
SOC indicates an even partitioning of storages in both layers. The average horizon SOC density was 
highest in the L, F, & H horizons of 0.76 and 0.71 kg C m

-2
 cm

-1
, then O horizons of 0.52 and 0.61 kg C m

-

2
 cm

-1
, then permafrost layers of 0.45 and 0.61 kg C m

-2
 cm

-1
 for both Yellowknife and Lupin areas, 

respectively. In the mineral horizons, average SOC concentrations ranged from 0.08 to 0.16 kg C m
-2
 cm

-

1
, decreasing with depth. The results of this study indicate the northern Canada’s SOC pool size 

estimate is 1.5 times higher than the currently prepared literature database (24 kg C m
-2

). To provide 
strong confidence of SOC stock and its distribution, more site specific field measurements in relation 
with SOC and bulk density and biomass are emphasized for Canada’s north.  
 

Key words: Soil organic carbon, bulk density, profiles, horizons, active and permafrost layers, Eco-climatic 
Provinces, northern Canada’s ecosystems 

 
 
INTRODUCTION 
 
Global warming has led to numerous attempts to 
ascertain the role of terrestrial ecological communities 
such as soil organic carbon (SOC) which plays an 
important role in the global C budget (Eswaran et al., 
1993; Lal, 2004; Kelly & Mays, 2005; Janzen, 2005; Tate 
et al., 2005; Gerzabeck et al., 2005; Jones et al., 2005; 
Rasmussen, 2006; Hossain et al., 2007; Parry et al., 
2009; Ontl and Schulte, 2012; Hossain et al., 2014). It 
also represents the largest  source  of  terrestrial  carbon  
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that has been estimated, globally representing two to 
three times more C to a depth of 1 m (1500 to 2000 Pg 
by Janzen, 2005; or Gt; 1 Pg or Gt = 10

9
 tones) than in 

the above ground biomass (720 Pg by IPCC 2001; ~500 
Pg by Smith 2004) and approximately double the amount 
stored in the atmosphere (730 Pg by Manning et al., 
2005; 800 Pg by Janzen, 2005). Carbonate carbon within 
soils accounts for an additional 720 Pg C (Batjes, 1996). 
Thus soils have the largest C sink among terrestrial C 
pools (Vogt et al., 1995). The large size of the SOC pool, 
especially in organic and wetland soils, make it a 
potentially important carbon sink that requires accounting 
and reporting. 

The potential presence of a large sink for soil C in 
Canada’s northern terrestrial ecosystems will have  great  



 
 
 
 
impacts on the environment, which contains about 45% 
of the total SOC of all Canadian soils (Tarnocai and 
Lacelle, 1996). As a result, SOC storage has been 
estimated by many authors (Post et al., 1990; Tarnocai 
and Lacelle, 1996; Siltanen et al., 1997; Tarnocai, 1998, 
1999, 2000). The SOC pool is very active in the surface 
layer to a depth of 1 m, where as much as 60% of SOC 
occurs (Bockheim et al., 1999). This surface or active 
layer, atmosphere and terrestrial biota SOC pool is very 
dynamic, with C continually cycling within and among 
them, and every year 120 Pg C is removed from the 
atmosphere by terrestrial hypothesis (Janzen, 2005) and 
half of this quickly returned to the air by plant respiration 
which is about 60 Pg C per year (IPCC, 2001). Much of 
this assimilated C enters the “soil” pool as plant litter and 
a roughly equivalent amount of C is released back to the 
atmosphere as CO2 (Janzen, 2005) and enhancing global 
climate change (ACIA, 2004). It is also noted that the 
shallow zone above permafrost or within 1m depth that 
experiences alternative freezing and thawing in the active 
layer (Bockheim et al., 1999). Due to alternative freezing 
and thawing, predicted climate warming, this zone most 
certainly will be affected by climate change and a portion 
of soil C will enter the active layer by geochemical 
process (Kane et al., 1992).  

The Intergovernmental Panel on Climate Change 
(IPCC, 2001) indicates that climate warming in the high 
northern latitudes will exceed the global average. It has 
also been suggested by some authors in northern 
Canada, surface temperature will increase by 4°C (Woo 
et al., 1992) and by others between 4°C and 10°C 
(Tarnocai, 1999). The warming scenario for northern 
Canada predicts a northward shift of the current 
temperature zones, increasing the snow–free period in 
the High Arctic and there will be greater areas of open 
sea and an increase in Arctic precipitation, especially in 
the autumn and winter, because of northward displace-
ment of storm tracks, resulting the maximum snow depth, 
predicted to increase about 40% (Tarnocai, 1999). In 
spite of this, large scale drying in the summer has been 
predicted for Canada’s north since evapotranspiration 
increases under warmer conditions (Tarnocai, 1999). 
Consequently, if summer precipitation does not increase, 
the surface will become drier (Woo et al., 1992) and 
predicted changes in the permafrost environment, which 
has strong impact on soil C pool size, distribution and 
geochemical cycles, resulting thaw process and redistri-
bution of surface accumulated SOC. These processes, 
collectively called cryoturbation (Michaelson et al., 1996), 
are strongly observed in most soil of the Canada’s north. 
The effects are extensive and about more than 40% of all 
soils in northern Canada are affected (Tarnocai, 2000). 
Elevated soil C concentrations are very often observed at 
the top of the permafrost table due to cryoturbation 
(Tarnocai and Smith, 1993). Soil C redistribution is 
caused by the process of the cryoturbation by wrapping 
and causing broken or discontinuous soil horizons  in  the  

Hossain et al          113 
 
 
 
arctic and tundra soils (Michaelson et al., 1996). These 
observations demonstrate the significant importance of 
determining the amounts, distribution and patterns of 
SOC storage in northern Canada’s ecosystems.  

However, measuring SOC in the field in the arctic and 
sub-arctic is difficult and costly because this region is 
remote with few roads to access, and the subsoils are 
often frozen. For the purpose of quantifying the impacts 
of climate change on carbon cycles in northern Canada 
and for UNFCCC reporting, we compiled all the available 
field measurements of SOC conducted in Canada’s 
northern Territories (that is, Yukon, Northwest, and 
Nunavut) into a database. This paper describes the 
spatial distribution features of the database and analyzes 
the profile features of SOC in northern Canada.  
 
 
MATERIALS AND METHODS 
 
Data sources 
 
We searched all available data sources for field 
measurements of SOC in Canada’s north using electronic 
searching tools, by checking related papers and reports, 
and by personal contacts. The literature search and 
review of available data (making sure that the field data 
included profile information and were presented in 
sufficient detail) identified 23 publications that contained 
detailed field measurements of SOC in Canada’s north. 
Most of the publications were scientific reports from 
provincial and federal government agencies, and 
universities. 
 
 
Site description  
 
To fill the data gaps and to enhance our understanding of 
the northern soils and landscapes, we conducted field 
measurements in 2005 around Yellowknife, Northwest 
Territories and in Lupin gold mining area, Nunavut. 
Measurements of the SOC sink in wetlands and forest 
floors were made in Yellowknife, NWT (n~41) and Lupin, 
Nunavut (n~19) located in Figure 1. Yellowknife (Boreal 
Eco-climatic Province, BECP) situated on the north shore 
of Great Slave Lake at 62° 27' N lat., 114° 26' W long., 
which lies at an elevation about 180 m above sea level. 
The difference in elevation across the city is less than 40 
m. The present day terrain consists mainly of bare rocky 
outcrops with glacial, river and lake sediments scattered 
across the area. Marshes, peatlands (bogs and fens) and 
small lakes occupies many of the basins and valleys. It is 
the largest community in the NWT and historically one of 
the fastest growing cities in the Canada. The ground 
surface has variable proportions of feathermoss, 
deciduous and conifer litter. The study sites were located 
within the almost 1000 km

2
 surroundings of Yellowknife 

city  and  Lupin  gold  mining   site   (Arctic  Eco-climatic  
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Ecoclimatic Provinces of Canada

 
 
Figure 1. Location and distribution map of literature and field measured SOC for northern Canada. 

 
 
 
Province, AECP) is located (65

o 
42' N lat., 111

o
16'W 

long.) 400 km northeast of Yellowknife, Nunavut, 
Canada. Yellowknife is presently in an area affected by a 
continental sub-arctic climate, dominated by Arctic air 
masses in winter and spring. The Arctic air masses 
originated over the pack ice of the Arctic Ocean and 
spread out over a large area, keeping warmer air out of 
the Yellowknife area in winter. In summer and fall, the 
cold Arctic air is replaced by westerly air flows originated 
from the Pacific Ocean. Meteorological data were 
collected from Environment Canada. The mean annual 
air temperature at Yellowknife is -5.2°C, compared to -
3.4°C at Hay River on the southern shore of Great Slave 
Lake. The monthly average temperatures in Yellowknife 
range from a high of 16.5°C in July to a low of -27.9°C in 
January. The coldest temperature ever recorded in 

Yellowknife was -51.2°C. Precipitation averages about 
270 mm, with just more than half falling as rain. 
Prevailing winds are from the east and northeast during 
most of the year but primarily from the south in summer. 
By the last week of September the daily temperature falls 
below freezing and, typically does not rise above 0°C 
again until the third week of April.  

In some exception of rocky part, the area is well 
covered with vegetation. Tree occurs on most of soils 
although they are rather sparse and small on many of the 
bog lands. The usual site for the trees are: Black spruce 
(Picea mariana) and tamarack in the swamps 
(peatlands), jackpine (Pinus banksiana) on the well 
drained gravel and soils, and white spruce, aspen 
(Polulus tremuloides) and some birch on the medium and 
fine textured soils. A variety of shrubs (low and high) and  



 
 
 
 
other plants including dwarf birch, willow, rosebushes, 
labrador tea, coarse grasses and sedges occurred 
throughout the Yellowknife areas, while sphagnum, lichen 
and sedges cover peatlands. Black spruce (Picea 
mariana) and open peatlands are surrounded most of the 
wetland and scattered jackpine (Pinus banksiana) and 
paper birch find footholds on bedrock outcrops. 

Lupin gold mining site cover a large range of 
ecosystems such as grasslands and low shrubs. Flat-
lying hummocks on relatively homogenous marine 
sediments developed in most of the areas. Ground cover 
is discontinuous and variable but dominated by grass 
species with lichens (5 to 25 cm) on top of hummocks. 
Many mosses and lichens are of common to frequent 
occurrence. Generally poor to well drained. The soils 
generally show weak development of surface horizons 
and there is little morphological evidence for horizon 
differentiation at most of the locations investigated. 
Considerable variegation was noted in the hummocks 
site. This is associated with poor drainage resulting from 
lack of lateral groundwater flow in the relatively flat-lying 
beach deposits. 

In accordance with Soil Classification Working Group 
(1998), two major kinds of soil forming process occur in 
this section of Yellowknife and Lupin areas. The soil 
forming processes on the mineral soils are those which 
produce gray wooded (low organic C) / brown wooded 
(well supplied with organic C) profiles. Such profiles are 
characterized by a light colored mineral layer (A horizon) 
under the partially, fully and completely decomposed leaf 
material (L, F, & H) and finer textured darker colored 
subsoil (B horizon). Both the A and B horizons usually do 
not contain any free lime. Such soils do not form on the 
soils with permafrost. The other major kind of soils 
development is the formation of peat and organic (O 
horizon). The widespread prevalence of these organic 
soils suggests that peat has spread over lands that 
originally were not poorly drained. Much of the peat 
covers in this area is thin but in wetland areas which is 
really deeper. Permafrost or frozen soils were found at 
comparatively shallow depths (within 30 to 60 cm) in the 
organic soils providing the surface layer was composed 
of sphagnum moss. However, where sphagnum moss 
was absent frozen soil were seldom found with some 
exception. 
 
 

Soil sampling and preparation 
 

Soil samplings were random based on satellite imagery 
and visible differences, the results can be relying heavily 
on personal judgment of the soil and biomass scientist 
and surveyor. Sampling were designed to a presumed 
disturbed, undisturbed and mainly on wetland areas of 
the field until 1 m depth because, worldwide, SOC in the 
top 1 m of soil comprises about 3/4 of the earth's 
terrestrial carbon (Tarnocai, 2000; Bockheim et al., 2003; 
Lal, 2004); nevertheless, there is tremendous potential  to  
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sequester additional carbon in soil. The kids of sampling 
pattern chosen material disturbed soils depend on the 
purpose of the investigation and the nature of the soil 
after disturbance. Both Yellowknife and Lupin areas, all 
together 60 soil profiles and 173 soil horizons were 
identified. Pits of soil approximately 1 m

3
 (1 m wide × 1 m 

long × 1 m deep) were excavated for morphological 
description and sampling. The exposed soil profile was 
described in accordance with Canadian systems of soil 
classification (Soil Classification Working Group, 1998). 
Horizon thickness was measured in the pit for soil with 
parallel contiguous horizons. For soil with discontinuous 
horizons, thickness was taken as the percentage 
occurring in a 1 m depth for each profile. These 
percentages were calculated from the area of each 
horizon appearing approximately 1 by 1 m scale drawing 
(Kimble et al., 1993). However, to analysis SOC a total of 
minimum three sub samples were obtained for each of 
the horizon and composited. Only one composite sample 
was used for analyses of each depth representative 
SOC. Coarse fragments (>2 mm) were also included with 
composite sample and determined later in the laboratory. 
Soil samples were then air dried in room temperature, 
ground (using wood block and pestle to flail type) to pass 
through a 2 mm sieve (63µm for SOC determination) and 
samples were stored in plastic containers for further 
analysis. The soils examined in this study contained 
negligible quantities coarse fragments, on an average 
less than 5% (Table 1).  
 
 

Soil analysis  
 

Total soil carbon was determined by the combustion 
method using the LECO

(TM)
 CR-412 carbon analyzer, 

relying on combustion of the sample with determination of 
the released CO2 by infrared detection. The LECO

(TM)
 

analyses total carbon, which also includes inorganic 
carbon (carbonate) that was performed on loss on 
ignition residue in accordance with Geological Survey of 
Canada’s sedimentology laboratory methodology (GSC 
2001). The data from the LECO

(TM)
 was in percent 

organic carbon, and this was converted to kg C m
-2
. Soil 

organic C pools were calculated by taking the horizon 
thickness or core depth interval, bulk density and 
percentage of SOC, and summing the values for the 
upper 1 m (Michaelson et al., 1996). In cases where 
cores or profile excavations did not match 1 m, 
percentage of SOC and bulk density for the last horizon 
were projected 1 m. Soil organic C (kg C m

-2
) content for 

the horizon are expressed on an oven dry weight basis, 
using the percent organic carbon, bulk density, and 
horizon thickness. The following formula is used for 
organic C storage: 
 
Soil organic C storage in each horizon (kg C m

-2
) = % 

organic C/100 × bulk density (g cm
-3

) × horizon thickness 
(cm) × 10 (conversion factor units from g cm

-2
 to kg m

-2
). 
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Table 1. Soil profile characteristics and SOC storage by horizon for both study sites. 
 

Site 
ID 

Soil 
horizon 

Horizon 
thickness 
(cm m

-1
) 

BD (g 
cm

-3
) 

Coarse 
Fragment 
>2 mm (%) 

SOC         
(%) 

SOC Storgae to 1 m depth (kg C m
-2
) 

Horizon  

Surface/   
Organic 

layer 
Mineral 

layer Total  

    Yellowknife Area    

01 L 4 0.74 - 10.31 3.07 18 3 21 

 Ah 12 1.46 2 0.73 1.28    

 Ck 65 1.60 1 0.15 1.56    

 Ckg 19 0.56 2 13.54 14.46    

          

06 L 30 0.48 - 18.59 26.99 27 27 54 

 Permafrost 70 1.30 2 2.94 26.74    

          

06a Of 30 0.19 - 33.41 19.04 67 - 67 

 Permafrost 70 0.22 - 31.31 47.53    

          

SL2/4 Ah 32 1.63 5 0.09 0.47 - 1 1 

 Cg 8 1.42 3 0.39 0.44    

 Ckg1 50 1.53 2 0.03 0.23    

 Ckg2 10 1.56 1 0.03 0.05    

          

SL2/5 F 3 1.10 - 5.60 1.85 2 4 6 

 Cg 27 1.53 12 0.36 1.49    

 Ckg 70 1.54 9 0.24 2.59    

          

SL2/6 F 10 0.65 3 13.82 9.04 9 5 14 

 Cg 10 1.53 2 0.35 0.54    

 Ckg 80 1.53 10 0.37 4.52    

01/22 L 8 1.20 2 4.20 4.03 4 3 7 

          

 Ahy 32 1.54 6 0.20 0.99    

 Bm 15 1.55 6 0.18 0.42    

 Cg 45 1.55 5 0.18 1.25    

          

02/22 L 10 1.24 2 3.64 4.52 5 18 23 

 Ahy 40 1.38 4 2.04 11.22    

 Cg 50 1.47 3 0.98 7.20    

          

03/22 L 5 1.25 1 3.61 2.25 2 11 14 

 Ahy 10 1.38 2 2.04 2.81    

 Bm 45 1.47 - 0.98 6.48    

 Cg 40 1.53 - 0.35 2.14    

          

04/22 L 20 0.41 - 18.00 14.60 15 10 25 

 Ah 40 1.39 4 1.35 7.52    

 Cg 40 1.66 3 0.36 2.39    

          

05/22 L 40 0.53 - 17.19 36.35 36 20 56 

 Ahy 30 1.36 2 2.20 8.98    

 Permafrost 30 1.31 2 2.77 10.91    
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Table 1. Contd. 
 

Site 
ID 

Soil 
horizon 

Horizon 
thickness 
(cm m

-1
) 

BD (g 
cm

-3
) 

Coarse 
Fragment 
>2 mm (%) 

SOC         
(%) 

SOC Storgae to 1 m depth (kg C m
-2
) 

Horizon  

Surface/   
Organic 

layer 
Mineral 

layer Total  

6/22 L 15 0.50 - 17.95 13.57 14 4 18 

 Ahy 45 1.53 1 0.36 2.48    

 Cg 40 1.54 2 0.23 1.42    

          

07/22 L 50 0.47 - 18.92 44.84 45 3 48 

 Cg 50 1.52 - 0.44 3.35    

          

46 Om 20 0.22 - 31.22 13.62 48 - 48 

 Ofz 55 0.12 - 40.10 27.47    

 Omz 25 1.37 - 42.10 7.19    

          

46C Om 50 0.12 - 40.64 24.46 50 - 50 

 Permafrost 50 0.13 - 40.02 25.05    

          

46D Om 30 0.10 - 43.78 12.97 38 - 38 

 Ofz 25 0.07 - 48.15 9.02    

 Omz 45 0.07 - 48.15 16.24    

          

C1 Om 30 0.13 - 42.30 17.02 52 - 52 

 Ofz 15 0.12 - 41.21 7.59    

 Omz 45 0.10 - 46.77 20.95    

 Permafrost 10 0.16 - 40.97 6.53    

          

C2 F-H 55 0.20 - 42.39 47.17 47 3 50 

 Cg 45 1.47 2 0.40 2.65    

          

C5 F 20 0.27 - 25.16 13.73 14 2 15 

 Bcy 15 1.50 3 0.14 0.31    

 Cyz 65 1.69 3 0.11 1.21    

          

C5a L-F 5 0.35 - 23.71 4.15 4 23 27 

 Bmy 20 1.31 2 2.76 7.25    

 Cz 75 1.43 3 1.46 15.62    
          

C3 F 25 0.29 - 26.83 19.30 19 1 21 

 Bcy 35 1.55 4 0.12 0.65    

 Cyz 40 1.55 4 0.10 0.62    
          

C6 L-F 15 0.37 - 22.86 12.68 13 22 35 

 Bmy 25 1.31 8 2.78 9.12    

 Cz 60 1.43 7 1.47 12.57    
          

C7 L-F 12 0.29 - 26.46 9.35 41 2 43 

 F 44 0.24 - 29.92 31.17    

 Cz 44 1.54 - 0.24 1.63    
          

58B L-F 18 0.23 - 30.54 12.81 49 1 50 

 F-H 47 0.23 - 33.09 35.74    

 Cg 35 1.66 - 0.25 1.45    
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Table 1. Contd. 
 

Site 
ID 

Soil 
horizon 

Horizon 
thickness 
(cm m

-1
) 

BD (g 
cm

-3
) 

Coarse 
Fragment 
>2 mm (%) 

SOC         
(%) 

SOC Storgae to 1 m depth (kg C m
-2
) 

Horizon  
Surface/   

Organic layer 
Mineral 

layer Total  

102 F 18 0.24 - 22.79 10.05 10 5 15 

 Bm 27 1.45 2 0.43 1.68    

 Permafrost 55 1.54 3 0.35 2.96    

          

103 Of 8 0.37 - 25.20 7.56 56 - 56 

 Om 17 0.13 - 39.37 8.80    

 Oh 75 0.13 - 40.56 39.98    

          

104 L-F 13 0.76 - 11.44 11.30 11 53 64 

 Bcy 17 1.14 2 5.00 9.70    

 Bmy 70 1.09 2 5.73 43.70    

          

105 L-F 12 0.91 - 8.54 9.35 9 12 21 

 Bcy 8 1.40 4 1.77 1.98    

 Bmy 80 1.49 4 0.82 9.74    

          

    Lupin Area    

LP01 F-H 10 0.79 4 10.79 8.54 9 59 67 

 Bm 30 1.35 2 2.31 9.37    

 Bc 60 0.85 2 9.68 49.32    

          

LP02 A1 19 1.44 16 1.68 4.60 - 50 50 

 A2 41 1.07 2 8.43 37.04    

 Bcy 40 1.55 3 1.42 8.83    

          

LP03 A1 15 1.53 4 0.39 0.89 - 4 4 

 A2 45 1.54 3 0.21 1.46    

 Bg 40 1.55 8 0.19 1.17    

          

LP04 Om 15 0.28 - 27.04 11.52 64 - 64 

 Ofz 25 0.32 - 25.18 20.10    

 Omz 60 0.14 - 38.00 32.42    

          

LP05 F 3 1.05 3 6.38 2.00 2 9 11 

 Bm 57 1.48 - 0.90 7.58    

  Bcy 40 1.55 - 0.16 0.99       

          

LP06 F 10 0.47 - 19.13 8.95 9 61 70 

 Bm 30 1.41 - 1.63 6.90    

 Bcy 60 0.51 2 17.62 54.39    

          

LP07 F-H 20 0.18 - 34.66 12.17 12 35 47 

 Bm 40 1.35 - 2.31 12.49    

 Permafrost 40 1.14 - 5.00 22.82    

          

LP08 Om 50 0.09 - 46.52 20.64 63 - 63 

 Permafrost 50 0.69 - 12.22 42.24    
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Table 1. Contd. 
 

Site 
ID 

Soil 
horizon 

Horizon 
thickness 
(cm m

-1
) 

BD (g 
cm

-3
) 

Coarse 
Fragment 
>2 mm (%) 

SOC         
(%) 

SOC Storgae to 1 m depth (kg C m
-2
) 

Horizon  
Surface/   

Organic layer 
Mineral 

layer Total  

LP09 F 10 0.39 - 21.98 8.59 9 39 48 

 Bm 20 1.16 - 4.67 10.88    

 Permafrost 70 1.28 - 3.12 28.05    

          

LP10 F 20 0.18 - 34.08 12.41 12 8 20 

 Bm 45 1.50 4 0.71 4.78    

 Bcy 35 1.50 3 0.64 3.36    

          

LP11 A 5 1.16 - 4.79 2.77 3 20 23 

 Bm 35 1.55 2 0.12 0.65    

 Bcy 60 1.34 4 2.45 19.70    

          

LP12 F 18 0.18 - 34.42 11.04 11 9 20 

 Bm 62 1.49 13 0.76 7.02    

 Bcy 20 1.51 5 0.56 1.69    

          

LP13 F 15 0.18 - 34.20 9.27 9 8 17 

 Bm 45 1.49 3 0.72 4.84    

 Bcy 40 1.51 2 0.56 3.38    

          

LP14 A 12 1.15 1 4.85 6.70 7 17 24 

 Bm 38 1.55 2 0.11 0.65    

 Bcy 50 1.34 6 2.46 16.47    

          

LP15 A 16 1.15 1 4.81 8.89 9 15 24 

 Bm 39 1.55 5 0.11 0.67    

 Bcy 45 1.34 2 2.44 14.72    

          

LP16 F-H 10 0.21 - 31.48 6.75 7 58 65 

 Bm 35 1.42 4 1.58 7.83    

 Bcy 55 0.51 - 17.83 49.79    

          

LP17 A 17 1.53 11 0.39 1.01 1 3 4 

 Bm 38 1.54 13 0.21 1.23    

 Bcy 45 1.54 11 0.20 1.39    

          

LP18 F-H 12 1.04 2 6.47 8.07 8 8 16 

 Bm 48 1.48 8 0.90 6.38    

  Bcy 40 1.55 7 0.17 1.05       
 

 

The bulk density (g cm
-3

) measurement is necessary in 
order to determined on the volume of soil C. Therefore, 
samples were taken using the soil core method described 
by Culley (1993). The cores are 4.5 cm in diameter and 
7.5 cm in length. Three replicates were taken for each 
sampling horizon. Prior to sampling, 1-2 cm of the 
surface soil was removed to avoid plant and litter 
materials. Precautions were taken to avoid soil 

compaction and voids in cores during sampling and 
trimming. The soils were then oven dried at 105 

o 
C for 

two to three days to a stable dry weight. Calculated soil 
bulk density following the equation: 
 

core of volume

soildry  ofweight 
 3)-cm (gdensity bulk  Soil =  
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Figure 2. Permafrost soil profile (1 m depth) characteristics in both Yellowknife and Lupin areas. 

 
 
 
RESULTS  
 
Soil profile carbon storages 
 
Soil organic carbon stored in the 41 profiles to 1 m depth 
ranged from 1 to 74 kg C m

-2
 with an average of 35 kg C 

m
-2
 in the Yellowknife and 19 profiles to 1 m depth ranged 

from 4 to 70 kg C m
-2

 with an average of 37 kg C m
-2
 in 

the Lupin gold mining areas (Table 1). Similarly, a wide 
range of soil profile study in carbon storage were noted 
for the northern Canada (Kimble et al., 1993), they 
reported 3 to 101 kg C m

-2
 for a transect of 47 Canadian 

Cryosols from the High Arctic to Boreal zone. On the 
other hand, 4 to 63 kg C m

-3
 reported for a group of 14 

Canadian Arctic Cryosols (Tarnocai and Smith, 1993). 
Whereas, the currently prepared SOC database stores to 
1 m depth ranged from 0.35 kg C m

-2 
to 158 kg C m

-2 
with 

an average of 24 kg C m
-2

, the agreement is very strong 
(Hossain et al., 2007). 

Soil organic carbon storages of up to 74 kg C m
-2

 are 
for Yellowknife and 64 kg C m

-2
 for Lupin areas, where 

peat has accumulated to a depth of 1 m. Similarly up to 
110 kg C m

-2
 are reported for isolated tundra areas 

(Schell and Ziemann, 1983), where soils have often been 
reported on the basis of the rooting zone depth or 
sometimes only for the organic soil horizons. In this way 
the ranges of SOC storages are generally narrow and 
lower in magnitude. For example, values of 6.2 to 27.4 kg 
C m

-2 
for the total profile (Bhatti et al., 2002), 20 kg C m

-2 

for the upper 20 cm (Chapin et al., 1980), 29 kg C m
-2 

and 
13.4 kg C m

-2 
in tussock tundra soils for A and O 

horizons, respectively (Oechel and Billings, 1992).  

Post et al. (1982) reported on an averages of 37 kg C m
-2
 

to estimate the contribution of the arctic rain tundra 
ecosystems to the global C pool, which is similar to our 
field measured average SOC values of 35 kg C m

-2 
for 

Yellowknife and 37 kg C m
-2 

for Lupin areas but 1.5 times 
higher than our literature based SOC (24 kg C m

-2
). 

There are no significant differences of SOC pool sizes 
between Yellowknife and Lupin areas. The SOC stored in 
the organic horizons with an average of 29 kg C m

-2
 

(n~40) and 17 kg C m
-2

 (n~17), where mineral horizons 
with an average of 10 kg C m

-2
 (n~26) and 25 kg C m

-2
 

(n~16) in Yellowknife and Lupin areas, respectively 
(Table 1).  
 
 
Partitioning the SOC storages of active and 
permafrost layers  
 
Canada’s Arctic and Sub-arctic soils accumulated a huge 
amount of organic carbon in their topsoil’s (Post et al., 
1982; Oechel and Billings, 1992) and in the upper layers 
of permafrost (Michaelson et al., 1996). Therefore, we 
estimated SOC storage in the active layer (seasonally 
frozen) of thirteen Arctic and Boreal soil profiles together 
ranged from 12 to 57 kg C m

-2
 with an average of 27 kg C 

m
-2 

(Figure 2).   Permafrost   (permanently   frozen)   SOC 
stores to 1 m depth for the same soils ranged from 3 to 
48 kg C m

-2
 with an average of 23 kg C m

-2
 (Figure 2). 

These findings are comparable to values 27 and 26 kg C 
m

-2
 for the active and permafrost layer, respectively 

(Michaelson et al., 1996). Because of very few site 
measurements  of   soils, we combined both  Yellowknife  



 
 
 
 
and Lupin areas but virtually there is no significant 
difference of these two areas SOC storages of active and 
permafrost layers, although there is a large variation of 
standard deviation. The average SOC indicates an even 
partitioning of storages of active and permafrost layers, 
not only that in accordance with thickness of these two 
layers are found almost same partitioning for their depth 
(51 cm for active layer and 49 cm for permafrost layer, 
Figure 2), that also indicate increases in active layer 
thickness (Michaelson et al., 1996; Zhang et al., 2003). 
This might me due to increase forest burning and soil 
organic layers that could enhance soil warming in 
summer which is very sensitive of active layer thickness 
to climate (Zhang et al., 2003). It also reported, an 
increased warming associated with climate change will 
not necessarily lead to a uniform deepening of active 
layer thickness, because air temperature increase could 
cause thicker moss layers and denser plant cover, which 
may reduce active layer thickness (Walker et al., 2003). 
The distribution of active layer thickness is 
heterogeneous than that of the climate variables, 
because of the effects of vegetation, organic layers, soil 
moisture, soil texture, ground ice conditions. This resulted 
from the combination of the factors as the active layers of 
the soils having higher SOC concentrations of 30% with 
lower bulk densities of 0.38 g cm

-3
 and permafrost layer 

of the soils having lower SOC concentrations of 22% with 
higher bulk densities of 0.58 g cm

-3 
(Figure 2). Most of 

these soils are associated with significant amounts of 
surface material and high amount of organic materials in 
the profile as a result of cryoturbation (Tarnocai and 
Smith, 1993) and also form both mineral and organic 
parent materials (Smith and Veldhuis, 2004). These soils 
are found in low lying areas and on fine textured 
materials are often very wet. In both Yellowknife (Boreal) 
and Lupin (Arctic) areas and cryoturbated carbon rich soil 
found both in the active layer and at thickness of the soils 
were primary factors resulting in the relatively high SOC 
storages. Similar findings are also reported in Canadian 
Cryosols (Kimble et al., 1993) and in tundra soils of Arctic 
Alaska, USA (Michaelson et al., 1996). They also point 
out the importance of the process of cryoturbation of 
SOC sequestration in the Arctic, therefore, the 
relationship and of total SOC storage and permafrost 
SOC storage to moisture and site history like current 
point in the thaw-lake cycle is important to know its 
accumulation rate. The SOC is distributed to greater 
depths by cryoturbation in the deeper thickness in Lupin 
areas.  
 
 
Variation of mean SOC among major horizons  
 
In the Canadian soil classification (Soil Classification 
Working Group, 1998) for soil horizon and depth criteria 
of these soils are found in Table 2. Organic carbon 
concentrations in the 28 data points in Yellowknife areas  
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for organic layers L, F, and H with an average 
concentration of 18.09 ±10.04%, which storages of an 
averages of 16.07 ±13.18 kg C m

-2
 and in the 10 data 

points in Lupin areas, with an average concentrations of 
23.36 ±12.02%, which contains storage of an averages of 
8.78 ±2.99 kg C m

-2
 (Table 2). These SOC are a 

deposited mixture of partially, intermediate and highly 
decomposed leaf liter, twigs, woody materials with minor 
component of mosses. The ranges of SOC concen-
trations and storages varied widely which indicated by the 
standard deviation (SD). These differences could result 
from the varying decomposition rates and sources of 
organic matter for these representative horizons. 
Similarly the organic (peat) horizons (O horizons: Of, Oh 
and Om) in the 33 data points in Yellowknife areas SOC 
concentrations on an average of 40.20 ±4.83%, which 
storages on an average of 16.98 ±10.62 kg C m

-2
 and in 

the 6 data points SOC concentrations of an averages 
34.70 ±8.72%, which storages on an average of 28.24 
±17.47 kg C m

-2
, is comparable to literature based SOC 

concentrations (38.75%) and also reported 23.04% to 
35% by Michelson et al. (1996). These SOC is developed 
mainly from mosses, sphagnum, rushes and woody 
materials. The SOC concentrations of these O horizons 
(Of, Oh and Om) are not varied significantly, therefore, an 
average estimation has been made to calculate SOC, 
although the ranges are overlapping as indicated by the 
SD, the average carbon concentrations needs to 
increased inversely with degree of decomposition. 
Generally, warmer and wetter conditions are more 
conducive to peat accumulation and cooler and drier 
conditions lead to the lowest peat accumulation when 
productivity is more temperature sensitive than 
decomposition rates (Frolking et al., 2001).   

In the mineral horizons (contains less than 17% organic 
carbon) average SOC concentrations decreased in the 
order of Ck/Ckg: 2.39%, Bcy: 1.76%, Bm/Bmy/Bw: 
1.43%, Ah/Ahy: 1.09%, Cz/Cyz: 0.68% and Cg: 0.58% 
(Table 2). The average SOC concentrations ranged from 
0.58% to 2.39%, decreasing with depth in some 
exceptions. Compare to mineral, the average SOC 
concentrations in surface horizons are significantly high 
but in extreme variability of the mineral horizons in SOC 
concentrations the differences are not significant. In 
some instances A, B, and C-horizons SOC concentra-
tions are found unexpected high (that is, 14%), indicating 
the presence of thicker organic soils. Finally, those 
concentrations were also excluded with those mineral 
horizons for mean concentrations.  

It is noted that in some soil profile, not all the horizons 
were present. For example, if the soil has been eroded, 
the topsoil (A horizon) may have been removed and the 
soil may start with a B horizon. Shallow soils on steep 
slopes may go from an A to a C horizon with no B 
horizon. Also, the soil in a particular field may have been 
altered by human activity at some time in the past. 

The average horizon carbon density  is  highest  in  the  
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Table 2. Mean SOC concentrations, densities and storages in different horizons of field measured areas (Yellowknife and Lupin) and literature values. 
 

Soil  

horizon 

 

n 

Mean SOC concentrations Mean SOC density Mean SOC storage to 1 m depth 

(%) SD (±) (kg C m
-2
 cm

-1
) SD (±) (kg C m

-2
) SD (±) 

 Yellowknife 

L, F, & H 28 18.09 10.04 0.76 0.15 16.07 13.18 

Of, Oh, & Om 33 40.20 4.83 0.52 0.15 16.98 10.62 

Ah/Ahy 9 1.09 0.84 0.15 0.11 4.10 4.03 

Bm/Bmy/Bw 11 1.43 1.69 0.18 0.19 8.45 12.15 

Bcy 4 1.76 2.30 0.21 0.26 3.16 4.42 

Ck/Ckg 6 2.39 5.49 0.15 0.30 3.90 5.43 

Cz/Cyz 5 0.68 0.72 0.10 0.10 6.33 7.18 

Cg 14 0.58 0.68 0.08 0.09 3.28 3.33 

Permafrost layer 9 29.78 16.21 0.45 0.22 20.13 14.59 

        

 Lupin 

L, F, & H 10 23.36 12.02 0.71 0.11 8.78 2.99 

Of, Oh, & Om 6 34.70 8.72 0.61 0.16 28.24 17.47 

A/Ah 8 3.19 2.98 0.37 0.32 7.92 12.11 

Bm 15 1.15 1.23 0.16 0.15 5.50 3.93 

Bcy 13 4.32 6.46 0.32 0.34 17.32 20.32 

Permafrost layer 3 6.78 4.80 0.61 0.22 31.04 - 

        

 Literature 

L, F, & H  199 35.08 10.57 0.53 0.13 6.19 7.25 

Of, Oh, & Om 62 38.75 8.84 0.75 0.16 20.76 37.44 

Ah 133 7.22 4.57 0.41 0.27 6.12 8.18 

Ae 137 3.18 2.77 0.20 0.13 3.19 4.12 

AB 22 0.59 0.47 0.17 0.18 4.79 7.05 

Bw 301 1.61 1.76 0.16 0.11 4.46 6.98 

Bg 60 1.87 2.01 0.19 0.12 5.67 4.62 

BC/BCg 58 1.32 1.49 0.16 0.12 4.27 5.05 

C 181 2.54 2.44 0.18 0.15 11.88 13.94 

Ck 223 1.98 2.15 0.16 0.13 6.90 7.22 

 
 
 
L, F, and H horizons of 0.79 kg C m-2 cm-1 and 0.71 
kg C m-2 cm-1, then O horizons of 0.52 kg C m

-2
 

cm
-1 

and 0.61 kg C m
-2

 cm
-1

, and Permafrost of 
0.45 kg C m

-2
 cm

-1 
and 0.61 kg C m

-2
 cm

-1
 for both 

Yellowknife and Lupin areas, respectively (Table 
2). Whereas the literature based SOC density is
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Table 3. Mean soil organic carbon content (kg C m-2) by Eco-climatic Provinces of northern Canada. 
 

Eco-climatic 
Provinces 

Current field measured SOC Literature based SOC 

Surface 
horizons 

Mineral 
horizons 

Total  
Profile 

Surface 
horizons 

Mineral 
horizons 

Total 

Profile 

Arctic 17 (n~17) 25 (n~16) 37  (n~19) 10 18 28 (n~79) 

Sub-arctic    6 17 23 (n~35) 

Boreal  29 (n~40) 10 (n~26) 35  (n~41) 6 18 24 (n~107) 

Grassland    2 26 28 (n~35) 

Subarctic Cordilleran    2 19 21(n~112) 

Interior Cordilleran    11 9 20 (n~14) 

 
 
 
highest in O horizons of 0.75 kg C m

-2
 cm

-1
 and then L, F, 

and H horizons of 0.53 kg C m
-2

 cm
-1

 but concentrations 
of SOC (18.09% in Yellowknife and 23.36% in Lupin) is 
lower in field measured database in compare with 
literature based data (35.08%; Table 2), which indicates 
problem with soil density variations (Fig. 3). As the 
densities are a function of carbon content, it is interesting 
to note that following the densest organic horizons are L, 
F, H, and O  the combination of all these organic horizons 
groups contribute the highest carbon density materials to 
the respective representative areas. Again these groups 
in the soil profile indicate highest average contributions to 
carbon storages, which is a point to the importance of the 
processes of cryoturbation (Michaelson et al., 1996). In 
addition, relatively large thickness of these horizons also 
increases their importance of the soil carbon storage. 
Comparatively lower C density from 0.08 kg C m

-2
 cm

-1
 to 

0.37 kg C m
-2

 cm
-1

 for both Yellowknife and Lupin areas) 
in mineral horizons but large thickness and large soil 
density also increases significant SOC in these areas. 
Carbon storages of Canadian soils have often been 
reported on the basis of the rooting zone depth or for only 
the organic soils horizons because most of the surveys 
have been conducted on agricultural fields. It is noted 
that O horizons for both Yellowknife and Lupin areas 
indicates the development of anaerobic conditions within 
wetland profile, which attributes the production of 
methane (CH4) and also the decay plant material in 
wetlands results in the production of dissolved organic 
carbon, a mixture of complex organic molecules (Moore 
et al., 1998). Therefore, SOC stock measurement in 
wetlands is very sensitive to all carbon cycle components 
and is more sensitive to predict, although we presented 
some quantitative response of SOC stock with levels of 
uncertainty. Wetlands are vulnerable to climatic variations 
and extreme events, which occur across most of Canada 
not only in north. Their location usually depends on local 
factors of drainage, topography, and surface material. 
There will be, however, as much variation in response to 
climate change within a peat lands as there will be 
among both peat lands and wetland regions. 
The average horizon carbon density is highest in the L, F, 
and H horizons of 0.79 kg C m

-2
 cm

-1
 and 0.71 kg C m

-2
 

cm
-1
, then O horizons of 0.52 kg C m

-2
 cm

-1 
and 0.61 kg C 

m
-2

 cm
-1

, and Permafrost of 0.45 kg C m
-2

 cm
-1 

and 0.61 
kg C m

-2
 cm

-1
 for both Yellowknife and Lupin areas, 

respectively (Table 2). Whereas the literature based SOC 
density is highest in O horizons of 0.75 kg C m

-2
 cm

-1
 and 

then L, F, and H horizons of 0.53 kg C m
-2

 cm
-1

 but 
concentrations of SOC (18.09% in Yellowknife and 
23.36% in Lupin) is lower in field measured database in 
compare with literature based data (35.08%; Table 2), 
which indicates problem with soil density variations 
(Figure 3). As the densities are a function of carbon 
content, it is interesting to note that following the densest 
organic horizons are L, F, H, and O  the combination of 
all these organic horizons groups contribute the highest 
carbon density materials to the respective representative 
areas. Again these groups in the soil profile indicate 
highest average contributions to carbon storages, which 
is a point to the importance of the processes of 
cryoturbation (Michaelson et al., 1996). In addition, 
relatively large thickness of these horizons also increases 
their importance of the soil carbon storage. 
Comparatively lower C density from 0.08 kg C m

-2
 cm

-1
 to 

0.37 kg C m
-2

 cm
-1

 for both Yellowknife and Lupin areas) 
in mineral horizons but large thickness and large soil 
density also increases significant SOC in these areas. 
 
 
Comparison between literature and field measured 
SOC storages among the eco-climatic provinces 
(ECPs) of northern Canada 
 
Generally, permafrost zones are closely correlated with 
the ECPs (Tarnocai and Smith 1993). Therefore, the 
current SOC data are summarized at the ECP level by 
stratifying the described profiles using the ECP map of 
Canada and then averaging the total SOC storage of 
organic and mineral horizons per profile. The area of 
Yellowknife SOC storage on an average of 35 kg C m

-2 

belongs to Boreal and 37 kg C m
-2

 is belongs to Arctic 
ECPs. One simple example, the data from literature 
summaries are the mean SOC storage in each of the 
Canadian ECPs, which varies from 20 to 28 kg C m

-2
 

among the ECPs of northern Canada (Table 3). The field  
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Figure 3. Relationships of field measured and literature based bulk density and SOC content. 

 
 
 
measured SOC content in the surface soil of the BECP is 
29 kg C m

-2 
and AECP is 17 kg C m

-2
 (Table 3), which is 

higher than those reported in Tarnocai and Smith (1993) 
and literature based SOC storages, whereas the average 
total soil profile from 35 to 37 kg C m

-2
 reported lower 

than those reported by them. They reported highest SOC 
in the surface 12 kg C m

-2
 and total soil profile (1 m 

depth)  51 kg C m
-2

 in the BECP and second highest (11 
kg C m

-2
 and 50 kg C m

-2
) in the Subarctic ECP and 29 

kg C m
-2

 in AECP. In addition, the highest total carbon 
content in the Boreal ECP (111.8 Gt) followed by the 
Subartic (75.7 Gt) and Artic (43 Gt). Normally, SOC 
concentrations range from low in soils of the arid regions 
to high in soils of the temperate regions, and extremely 
high in organic or peat soils. However, the current field 
measured data in BECP (35 kg C m

-2
) and Arctic (37 kg 

C m
-2

)
 
indicates SOC pool size is relatively high in 

compare to literature based data sets of Boreal (24 kg C 
m

-2
) and Arctic (28 kg C m

-2
)
 
ECPs. Because most of the 

literature based SOC estimates use a relatively large 
area of northern Canada (entire Canada’s ECPs) rather 
than the use of small area of Boreal and Arctic ECPs.  
Tarnocai (2000) indicate that the Arctic, Subarctic and 
Boreal ECPs contain approximately 87.9% of the total 
amount of SOC occurring in all Canadian soils. It is also 
clear in most of literature SOC data, were not incor-
porated organic and peat soils (Hossain et al., 2007). The 
average SOC content values obtained in other studies in 

Arctic is 37 kg C m
-2

 (Post et al., 1982) within ranges 
found in this study (35-37 kg C m

-2
 for Boreal and Arctic 

ECP, respectively). 
 
 
Uncertainty of soil carbon stock measurements 
 
Soil carbon stocks are not only depend on soil carbon 
concentrations but also depend on soil bulk density which 
indicates a very strong relationship between soil carbon 
stock and bulk density (Fig. 3). Most studies measured 
horizon thickness in the soil profile with parallel and 
contiguous horizons in our literature based SOC. In 
accordance with a soil profile study, there is various 
depth and horizon nomenclatures that were also 
identified based on the Canadian System of Soil 
Classification (Soil Classification Working Group, 1998). 
Due to a large variation in soil horizon thickness and 
horizon notation with more than 1376 points, the literature 
depth of soil profiles was reorganized based on major soil 
horizon name. Our primary goal of the complete 
database was to allow estimation of SOC content of a soil 
profile. Therefore, the calculation was required for each 
horizon thickness, bulk density, and mass percentage of 
organic carbon in the soil profile. The bulk density of 
organic, inorganic and peat soil is related to organic 
matter content (Alexander, 1988). However, the collection 
and analysis of bulk  density  samples  were  inconsistent  



 
 
 
 
among soil surveyors, and only a small portion of the 
horizons described measured bulk densities in literature 
based SOC data set. In lieu of measured bulk densities, 
an empirical relationship between SOC content and bulk 
density has been used to estimate soil bulk density. 
Numerous published equations have explored this 
relationship (Zinke et al., 1984; Alexander, 1989; Grigal 
et al., 1989). If there was no measurement, we estimated 
soil bulk density based on its organic content, although it 
was based on the North Central United States (Grigal et 
al., 1989) but it is the latest. 
 

)06.0exp(301.1075.0 LOIBD −+=   (for mineral soils) 

 

)047.0exp(258.4043.0 LOIXBD −+=  (for organic 

and peat) 
 
 Where, BD is bulk density (g cm

-3
), LOI is loss of ignition 

in percentage or percentage of organic matter content. X 
is a dummy variable with a value of 1 for surface peat (0-
25 cm depth) and 1 for subsurface peat (deeper than 25 
cm).  

To better reflect the soil conditions in a user’s area of 
interest (such as Canada’s north), it may be desirable to 
recalculate the estimated bulk densities using knowledge 
of local conditions and the current field estimated values 
would give a good base line reference for further 
research. Therefore, we have collected site specific 
samples (50 soil horizons  from 16 soil profiles) for bulk 
density analysis and following a regression analysis there 
is very strong relationship (R

2
 = 0.98) found between 

measured SOC and bulk density (Figure 3). We also 
superimposed our empirical relationship equation (Grigal 
et al., 1989) on field measured equation. This data 
indicate in our literature based SOC data, where no soil 
bulk density measurement was available, we have 
overestimated bulk density for peat and organic soils and 
under estimated for mineral soils. These give significant 
differences of SOC stock measurement which attributes 
in our literature and field measured database (Table 2). 
The variation in horizon thickness also can lead to 
substantial differences in computed bulk density, is 
suggesting site specific bulk density analysis, which is 
really essential to calculate more reliable SOC stock in 
Canada’s north rather than the use of North Central 
United States (Grigal et al., 1989). 
 
 
DISCUSSION 
 
Soil profile carbon storages 
 
The SOC content in the organic and mineral soils varied 
in soil to 1 m depth and areas as well. Compare to 
mineral, organic horizons SOC pool is triple in 
Yellowknife areas (Table 1). The depth being considered 
for C  storages  has  a  major  effect  on  the  SOC  pool.  
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Because of the dynamic nature of the organic horizon, 
significant amounts of organic carbon occur in the near 
surface permafrost layer in the cryoturbated soils, 
especially in Lupin areas, this carbon was incorporated in 
this layer when the organic layer was much deeper than it 
is low because it plays an important role in accumulating 
carbon in the soil. The literature suggests (Hossain et al., 
2007; Todd-Brown et al., 2012; Hossain et al., 2014) 
extremely low SOC storage in disturbed soils and when 
the mineral layer immediately beneath the surface layer 
is permafrost. This layer thus remains frozen through the 
summer months. In addition Atlantic water flowing into 
the Arctic Ocean has warmed, and the surface layer has 
become thinner that will reduce sea-ice and snow extent, 
particularly in the Arctic, causing additional heating of the 
surface-which, in turn, will further reduce ice and snow 
cover (IPCC, 2001, 2003). They also reported that Polar 
Regions have oceans, wetlands, and permafrost that act 
as major sources and sinks for atmospheric CO2 and 
methane (CH4) over vast areas. However, in the event of 
global warming, soils can become more important source 
of CO2 and contribute in the turn to global warming, 
because of a speeder decomposition of organic matter in 
the soil, which is, therefore, a potential source of CO2. 
The Southern Ocean's uptake is projected to decline; 
CO2 emissions from Arctic tundra may rise initially as a 
result of changes in water content, organic matter and 
peat decomposition, and thawing of permafrost (IPCC, 
2003). Changes in active layer thickness could have 
marked impacts on local environments and thawing of 
perennially frozen subsurface materials will create few 
problems where permafrost is dry (Bockheim and 
Tarnocai, 1998). However, thawing of ice-rich permafrost 
can be accompanied by mass movements and 
subsidence of the surface, possibly increasing delivery of 
sediment to watercourses and causing damage to 
infrastructure in developed regions. In addition, as ice-
rich permafrost degrades, what will be the magnitude, 
spatial extent, and variability of its impacts? Will 
increases in the thickness of the active layer in currently 
cold, continuous permafrost be sufficient to cause 
widespread damage to human infrastructure? How 
important SOC sequestered in the upper layer of 
permafrost in the context of the carbon balance, which is 
not answered by anybody in this stage. But it is noticed 
that much of these assimilated carbon enters the soil pool 
is plant/biomass litter, which later decomposes, adding 
carbon compound and nutrients into the soil and a 
roughly equivalent amount of carbon is released back to 
the atmosphere as CO2, mostly microbial respiration in 
soils (Janzen, 2005). Organisms within the soil profile 
may utilize this carbon and hold it in the soil. 

Severe problems appear with samples containing 
inorganic carbon, which concentration ranges from 0.01% 
to 17%, storages with an average of 2 kg C m-2, but often 
they are not realized or simply are neglected when 
accounting C budgets. As we know this C is a chemical 
element  existing  in  nature   in   many   different   forms,  
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ranging from the elemental forms (e.g., diamond, graphite 
and charcoal) combined to the soil inorganic carbon (SIC) 
and SOC forms. It has been estimated that in most soils, 
C is organic nature and constitutes approximately 50% of 
soil organic matter (Lal et al., 1998; Batjes, 1996; 
Manning et al., 2005). They also gave the global SOC 
storage ranged from 1500 to 2000 Pg and SIC ranged 
from 700 to 1000 Pg. However, measured SOC data 
indicates especially the samples with relatively high 
organic matter contents like sphagnum peat soils; mostly 
found this inorganic carbon, reflected high carbonate and 
bicarbonate ions, salts and minerals that form through 
non-biological interactions. Although, they are a minor 
amount compared to organic carbon, but are considered 
more permanent. Batjes et al. (1996) noted that the 
amount of soil carbonate-C is approximately half the 
amount of SOC and in part represents material derived 
from the weathering of parent calcareous rock. 
Pedogenic carbonate minerals also from as a 
consequence of precipitation in association with plant 
roots and microbial systems (Stevenson et al., 2005), as 
well as occurring as pendants beneath soil cobbles and 
pebbles (Landi et al., 2003). In both cases, calcium is 
derived ultimately from weathering of silicate materials 
and combines with carbonate derived from the 
decomposition of organic acids anions of biological 
origins (Manning et al., 2005). To date, little is known 
about the combined effects of CO2 on the inorganic C 
cycle. However, to accurate accounting of SOC pool, 
samples with high organic matter contents, should have 
to need careful attention regarding inorganic carbon 
stock, otherwise at the end soil C pool will be 
underestimated. 
 
 
Partitioning the SOC storages of active and 
permafrost layers  
 
Cryoturbation and drainage processes combine as 
important factor to increase SOC stores. Soils with the 
most evidence of these processes contain the highest 
SOC stores in permafrost soils (Tarnocai and Smith, 
1993; Michaelson et al., 1996) and it has also evidence 
following our visual observations in Lupin areas that a 
significant proportion of same landscape occupied across 
Canada’s Arctic. Analytical SOC data and visual 
observations also attribute large SOC storages at the 
ridge top site of these cryoturbated soils because the 
permafrost depth at the ridge top site of the profile is also 
greater than the 1 m sampling depth. While the SOC 
storages of the permafrost stay almost equal from top 
ridge to valley bottom, the active layer SOC stores 
increase in this kind of profile is primarily due to the 
presence of sphagnum peat especially in the wetland in 
both Yellowknife and Lupin areas throughout the deeper 
layer of the valley bottom. Cryoturbation of SOC in the 
bottom horizons is likely the primary factor contributing to  

 
 
 
 
the increased SOC storages. It also found that this kind 
cryoturbated and wetland soils especially sphagnum peat 
contains some inorganic carbon (ranges from 0.01% to 
17%). Combine SOC stores of Yellowknife and Lupin 
areas displays essentially the same partitioning of carbon 
stores between active and permafrost soils layers. Both 
soil layers are significantly impacted by cryoturbation 
increasing SOC storages in the permafrost and tending to 
equalize SOC distribution.  

Based on both Yellowknife and Lupin areas site 
estimation, the regions of permafrost area is occupied 
approximately 23% although it is not well enough to 
represents the permafrost zones. Whereas, Tarnocai and 
Smith (1993) reported that 40% of the land area of 
Canada is permafrost, which is tended to decreasing in 
well agreement with global warming report. History of the 
permafrost zones closely correlated with the ECPs, is 
consists of the AECPs which extends north of the arctic 
tree line in Lupin area, and the BECPs of Yellowknife 
area, associated with closely canopy forest. Soils in the 
northern part of AECPs are dominated by Orthic Turbic 
Cryosols on medium and fine textured materials, which is 
very think, strongly cryoturbated, B horizons. Regosolic 
Static Cryosols and Orthic Static Cryosols are found on 
coarse materials. Gleysolic Turbic Cryosols with very thin 
surface organic materials have developed on wetland 
soils which are poorly drained. Surficial salt crust and 
calcium carbonate coatings occurred in these soils. Earth 
hummock is widespread in this AECP of Lupin area. Most 
of these Orthic Turbic Cryosols are associated with 
significant amount of surface SOC and high amount of 
SOC in the profile as a result of cryoturbation, which 
makes well agreement with our measured SOC data set. 
These SOC layers play a significant role in the 
development of soils. If the organic layer is thick and 
continuous than Cryosolic soils developed and the 
organic layer is thin or absent than the permafrost tables 
occurs below the control section. This phenomenon is 
very visible on north and south facing slopes in both 
Yellowknife and Lupin areas. Organic deposits are very 
common in this zone and a large part of this zone is 
dominated by fine to coarse textured materials. Most of 
the area of the BECP of Yellowknife is dominated by 
frozen and unfrozen organic soils are highly localized and 
discontinuous those are very vulnerable to climate 
change (Tarnocai, 2000). In general, permafrost occurs in 
fine textured materials covered by moist peat which is 
Turbic Cryosols and in Organic Cryosols (Tarnocai and 
Smith, 1992). In a wide range of these permafrost soils 
are gleying and grayish colors in the lower part of the soil, 
especially near the permafrost table which is evidence of 
the fine textured soils. All these permafrost soils are 
associated with ice in the form of ice crystals, ice lenses, 
ice layers. But the active layer of the soils lying above 
permafrost table that is subject to annual thawing and 
freezing which layer not only support biological life rather 
than protects the underlying permafrost. The active layer  



 
 
 
 
thickness is governed by soil texture, moisture, surface 
peat cover, vegetation and latitude which is interrelated 
with accumulation of huge amount of SOC stocks are 
mainly controlled by the interrelated conditions of cold 
temperature, water logging, and permafrost (Hobbie et 
al., 2000). 
 
 
Variation of mean SOC among major horizons  
 
It is noted that in some soil profile, not all the horizons 
were present. For example, if the soil has been eroded, 
the topsoil (A horizon) may have been removed and the 
soil may start with a B horizon. Shallow soils on steep 
slopes may go from an A to a C horizon with no B 
horizon. Also, the soil in a particular field may have been 
altered by human activity at some time in the past. 

Carbon storages of Canadian soils have often been 
reported on the basis of the rooting zone depth or for only 
the organic soils horizons because most of the surveys 
have been conducted on agricultural fields. It is noted 
that O horizons for both Yellowknife and Lupin areas 
indicates the development of anaerobic conditions within 
wetland profile, which attributes the production of 
methane (CH4) and also the decay plant material in 
wetlands results in the production of dissolved organic 
carbon, a mixture of complex organic molecules (Moore 
et al., 1998). Therefore, SOC stock measurement in 
wetlands is very sensitive to all carbon cycle components 
and is more sensitive to predict, although we presented 
some quantitative response of SOC stock with levels of 
uncertainty. Wetlands are vulnerable to climatic variations 
and extreme events, which occur across most of Canada 
not only in north. Their location usually depends on local 
factors of drainage, topography, and surface material. 
There will be, however, as much variation in response to 
climate change within a peat lands as there will be 
among both peat lands and wetland regions. 
 
 
Comparison between literature and field measured 
SOC storages among the eco-climatic provinces 
(ECPs) of northern Canada 
 
The average SOC storage presented in this paper for the 
Arctic and Boreal ECPs include the soil C contributed by 
organic and peat land soils, which are very common in 
both Yellowknife (BECP) and Lupin (AECO) areas. Large 
portions of the organic deposits in the Boreal and Arctic 
ECPs are associated with organic cryosols and wetlands, 
those store comparatively high amounts of organic 
carbon (Tarnocai and Smith 1993), even though a large 
portion of the soil remains frozen year after year and the 
surface portion thaws for only a short duration in the 
summer. Together, above mentioned Arctic, Sub-arctic 
and Boreal ECPs contain approximately 230.5 Gt of 
SOC,   which   is   88%  of  the  total  organic  C mass  of  

Hossain et al          127 
 
 
 
Canada, with 43% in the Boreal, 29% in the Sub-arctic 
and 16% in the Arctic ECPs and reported the SOC pool 
varies widely among eco-regions, being higher in cool 
and moist than in warm and dry regions (Tarnocai, 1998), 
which is also good agreement in current field measured 
and literature based data sets.  
 
 
Uncertainty of soil carbon stock measurements 
 
There are very few field measured SOC data available in 
compare to a huge area for northern Canada to establish 
a valid empirical relationship between SOC content and 
bulk density. Therefore, to provide a good representation 
about the current field measured relationship between 
SOC and bulk density, more site specific field 
measurements are emphasized for Canada’s north. 
Hence, to establish a valid empirical relationship for 
Canada’s Arctic and Sub-arctic SOC stock 
measurements could be possible using field measured 
SOC content and bulk density measurements. 
 
 
Relationship between SOC and biomass 
 
All soil contains some carbon and there is natural 
variability in soil carbon stock within a given area. 
Therefore, the process of measuring soil carbon stock at 
every individual site is difficult, too expensive and time 
consuming which is not realistic. The measuring process 
requires sampling at a variety of locations on the land at 
different times of the year. After several years, the sites 
must be re-sampled to determine if carbon is being 
stored or lost, usually looking at trends not absolute 
values. The amount of soil carbon stored depends on a 
number of variables, which include: biomass systems, 
climate, soil temperature, soil type, and microbial activity. 
All these variables must be taken into account when 
determining how much carbon is being stored (or 
sequestered) for any particular site. Given the number of 
variables, it is difficult to determine exact levels of carbon 
stock without measuring soil carbon in the particular area. 
In addition, SOC has a direct and immediate benefit to 
land and consequently to landlords, in that greater level 
of SOC mean greater soil quality. Soil quality refers to 
soil’s biomass productivity. While exact measurement is 
difficult, it is possible to predict or model the variables 
affecting the amount of carbon being stocks analyzing 
relationship between SOC stock and other spatial data 
including remotely sensed data to developing Canada’s 
northern soil carbon distribution map. Although from our 
field measured SOC stock and biomass sample provided 
by Li et al. (Submitted) is not well agreement in this 
stage, could be due to methodology approaching problem 
or very few sampling measurement sites. Therefore, in 
near future, both direct field and site-specific SOC and 
biomass  measurement  will  be  emphasized  to  prepare  
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remotely sensed SOC map for northern Canada. 
 
 
Conclusions 
 
The SOC database was set up to determine the SOC 
stock measurements and distribution over Canada’s 
north in the various soil profile and horizons, active and 
permafrost layers, and ECPs. The presented database 
provides a valuable indicator and an improved 
representation of the SOC storages of Canada’s north 
through a combination of field and literature based SOC 
measurements, to allow analyses from different points of 
view according to user needs. The current SOC database 
is in the ARC/INFO GIS format and will be available by 
contacting with the corresponding author or 
http://geogratis.cgdi.gc.ca/clf/en. 

The SOC stock of Canada’s north varies considerably. 
Bulk density and soil depth is a major consideration when 
evaluating carbon stock measurement. Field measured 
SOC pool size is one point five times higher than 
literature based SOC. Across the all field measured sites 
the average distribution of SOC stocks between the 
active layer and permafrost layer is evenly divided which 
is also reported in Alaska, USA soils (Michaelson et al., 
1996). It also found that all permafrost soils have 
relatively high SOC content and is generally high due to 
the large residence time of frozen condition (Tarnocai 
and Smith, 1993). However, the Arctic and Boreal SOC 
averaged is greatly higher percentage of their SOC 
stores in permafrost compared to mineral soils (Hossain 
et al., 2007). Both the relative contribution of permafrost 
carbon storages and the combination of organic or 
organic-rich mineral horizons as a result of cryoturbation 
is the main key factor in the storage of carbon in most of 
the Arctic and Boreal soils which also reported by 
Tarnocai (1999) and Michaelson et al. (1996). The soils 
of the Arctic and Boreal ECPs had the largest average 
SOC storages at the province level and highest SOC 
concentrations are in O horizons (Of, Om and Oh) and 
organic horizons (L, F, and H) at the horizons level, those 
are main sinks for CO2 because net primary production 
exceeds decomposition (Roehm and Roulet, 2003). The 
current SOC database also indicates variation in SOC 
among the northern regions of Canada’s ECPs due to 
similar climatic conditions throughout the region. These 
regions of Canada are highly susceptible to 
anthropogenic disturbances, including the effects of 
climate change, which has been projected to produce 
significant warming over the next century (Hengeveld, 
2000). Due to a warming climate, the active layer could 
wider and C in the upper permafrost could be released to 
the atmosphere as CO2 (Bockhemin et al., 1999).  

The SOC database should be useful to find out the 
effects of anthropogenic activities on the historic deple-
tion of the biological SOC pool. The database will also be 
useful for assess the magnitude of the contribution of the  

 
 
 
 
SOC pool to atmospheric increases in CO2 storage by 
which soil quality and improvements in mitigation of 
climate change in northern territories of Canada will be 
potential indicators. A new criterion in the sustainable 
management of SOC comes from the need to reduce the 
buildup of atmospheric CO2. The size of the potential 
SOC sink that may be provided by soils for atmospheric 
carbon is now of considerable interest to scientists and 
policy makers. 

The soils examined in this study contained negligible 
quantities of coarse fragments (>2 mm). For an example, 
soils containing more than 15% coarse fragments, a 
correction factor should be made to allow for more 
precise estimates of soil C density (Bockheim et al., 
2003). Despite these limitations, SOC values reported in 
this manuscript should be useful in preparing a detailed 
SOC map of northern Canada. 

The results of this study also point out the importance 
of having more site specific data to make more confident 
estimates of SOC storage because the area of the study 
covered is relatively small compared to huge areas in 
Canada’s north but yet the SOC stock range and 
variability is considerable. In the continuing monitor and 
site specific measurements of SOC storage and biomass 
relationship is greatly emphasized to prepare remotely 
sensed SOC stock and distribution map for northern 
Canada. 
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