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Abstract 

In northern latitudes, research about subsurface hydrology is expanding. Knowledge 

about the origin of water and distribution of subsurface flow paths is of wide interest for 

scientists in order to detect any changes of the hydrology due to, for example, climate 

change. In order to detect changes, knowledge about the amount of water that actually 

flows in the subsurface under recent times must improve. This study uses alkalinity as a 

geochemical tracer to separate the total stream flow from Kaalasjärvi catchment into 

water that originates from deep groundwater flow versus shallow flow through the sub-

surface. The aim was to find out the portioning of flow through the domains and to see 

if there were any similarities with the nearby catchment in Abisko. Two periods were 

investigated, one long-term period 1995–2012 and the shorter period 2007–2012 that 

had a complete winter record of alkalinity. For the period 1995–2012 the deep ground-

water flow contribution to the stream ranged between 61%–69%, depending on the ap-

proach stating the deep flow concentration.  For the period 2007-2012, on the other 

hand, the deep flow was higher with a range between 67%–73%. All of these separa-

tions were higher than the result from Abisko and therefore the conclusion is that these 

catchments differ in their subsurface flow distribution. 
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1 Introduction 

1.1 Background 

The use of environmental tracers has considerably improved our understanding of hydrologi-

cal processes in the last four decades (Pinder and Jones, 1969; Sklash and Farvolden, 1979; 

Hooper and Shoemaker, 1986; Wels et al., 1991; Van der Hoven et al., 2002; Buttle and 

MacDonell, 2004; Tetzlaff et al., 2007). In one of the first tracer studies, Pinder and Jones 

(1969) introduced a new model to quantify source contributions to channel storm flow. The 

model was called a two component mixing model and was used to separate the hydrograph 

into components. A hydrograph shows river discharge over a given period of time (Sklash and 

Farvolden, 1979). After Pinder and Jones (1979) study, studies used two component mixing 

models to distinguish between typically short residence time water associated with rainfall, 

called event water, and longer residence time water considered as pre-event water. At the pre-

sent time, three (Mul et al., 2008) and four (Lee and Krothe, 2001) component mixing models 

are also used to distinguish the origin of the water. 

 

Environmental tracers, which include both geochemical and non-reactive isotopic tracers, can 

be used to perform a hydrograph separation. The isotopic content in the water, for example, 

changes as a result of mixing from different water sources and therefore isotopic tracers are 

good to use for distinguishing the different sources of water. Geochemical tracers, on the oth-

er hand, trace the flow path because the chemical composition of water (i.e., the solutes pre-

sent) changes as a result of interaction with the soil and bedrock. 

 

When the water flows in the subsurface it will flow along different pathways depending on 

the characteristics of unconsolidated sediments and bedrock (Tetzlaff et al., 2007). Based on 

general characteristics and content of the soil, unconsolidated deposits and bedrock, the sub-

surface in permafrost areas can be divided in two domains: the shallow and the deep domain 

(Lyon et al., 2010). This is a fundamental assumption for approach adopted and can be made 

in permafrost areas because the permafrost acts as a natural divider between the domains with 

different characteristics. In northern landscapes, the shallowest part consist of unconsolidated 

deposits that are mostly organic rich because of the long period of time with accumulated car-

bon and the slow decomposition of organic matter over more mineral rich layers (Rodgers et 

al., 2005). In such landscapes, the flow of water within the subsurface is also influenced by 

freezing and thawing and subsurface ice conditions. In permafrost regions, the upper uncon-

solidated deposits contain what is called the active layer as  the top layer above the permafrost 

that freezes during fall and thaws during the summer months (Brown and Kupsch, 1974). In 

the continuous permafrost zone it generally reaches the permafrost table except in the vicinity 

of water bodies. In the discontinuous permafrost zone the active layer extends downward to 

the permafrost table in some locations. The thickness of the active layer depends on factors 

like vegetation, drainage, snow cover, soil and rock type, ground moisture content and on the 

local weather conditions that can vary from year to year (Brown and Kupsch, 1974).  
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Since the deeper domain (with unconsolidated deposits) have a more mineral composition 

(Tetzlaff et al., 2007), the water following through it (i.e., the groundwater drainage system) 

will likely have a different chemical composition than water flowing primarily through organ-

ic layers. These different minerals or solute compositions can thus be used as tracers of which 

path the water was transported along and this can be used to do a hydrograph separation 

(Lyon et al., 2010). Different geochemical tracers like silicon and other weathering-derived 

elements can thus potentially be used to identify the origin of waters.   

In permafrost areas, the subsurface pathways of water are of great interest because the hydro-

logical knowledge of these areas is limited and because the permafrost affect the terrestrial 

freshwater cycle (White et al., 2007; Woo et al., 2008). With the changing climate (Serreze et 

al., 2000, Nijssen et al., 2001), northern latitudes are predicted to have a greater increase in 

temperature and in precipitation than the rest of the globe (Nijssen et al., 2001; Peterson et al., 

2002; White et al.,2007). Increased surface temperature and precipitation will change the hy-

drologic cycle both directly and indirectly through regional thaw (Peterson et al., 2002). 

Therefore, it requires more research to understand the hydrological processes and their poten-

tial response to climate change in permafrost regions.  

This study will use the two component mixing model introduced by Pinder and Jones (1969) 

for a catchment in northern Sweden. In order to conduct the separation, alkalinity will be used 

as a tracer even though alkalinity in fact is a aggregated measurement of the alkaline com-

pounds in water such as bicarbonates, carbonates and hydroxides. Alkalinity is a measure of 

the capacity of water to neutralize acids (EPA, 2012). It is potentially a useful tracer (Lyon et 

al., 2010) as it reflects the integration of weathering reactions and can be helpful in distin-

guish acid derived waters from organic unconsolidated deposit versus more buffered ground-

water from mineralogenic unconsolidated deposits (Tetzlaff et al., 2007) added to the deep 

groundwater. This will hopefully give a larger knowledge about subsurface flows in mountain 

catchments with a presence of permafrost.  

  

1.2 Objectives 

The objectives of this study are to investigate the portion of flow through shallow and deeper 

flow domains in the Kaalasjärvi catchment, northern Sweden using a methodology similar to 

that presented in Lyon et al. (2010). The question to answer will be how much of the water in 

the Kaalasjärvi catchment that originates from deep versus shallow groundwater. The aim of 

this is to get a further knowledge about the portioning of groundwater flow and also see if 

there are any differences with mountain catchment regarding subsurface flows. The study will 

perform three hydrograph separations, which differ only in assumptions regarding the selec-

tion of the deep groundwater concentrations, during a long time period between 1995 and 

2012. The study will also, in addition, perform three separations with the same criteria but for 

a shorter time interval between the years 2007 and 2012.  
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2 Materials and Method 

2.1 Site Description 

The catchment of Kaalasjärvi (Figure 1) is a subarctic catchment in northern Sweden with the 

outlet located at (N 7525230, E 709913) with an area of 1 426 km
2
 (Sjöberg et al., 2012). Ka-

lix River drains the Kebnekaise massive that appears in the western border of the catchment. 

(Naturvårdsenheten, 1979). The Kalix river is 450 km long and has its outlet in Gulf of Both-

nia, eastern Sweden. The total catchment area of Kalix river is 18 130 km
2 

(Nation-

alencyclopedin, 2013) where Kaalasjärvi catchment is the first part of Kalix with the outlet 

marked as the blue dot in Figure 1.  

 

Figur 1.  Kaalasjärvi catchment in northern Sweden with the existing lakes and the topography of the catchment. The map is 

constructed in the SWEREF 99 TM projection and coordinate system and the blue dot show the location for SMHIs discharge 

measurements (N 7525230, E 709913) and the purple dot show the location for SLUs chemical measurements (N 7534424,E 

686567). The map is created from the catchment boundaries set by Sjöberg et al. (2012). 

 

The mean elevation of the catchment is 871m.a.s.l (Sjöberg et al., 2012) and it has a subarctic 

climate. The precipitation observed in the region by Swedish Meteorological and Hydrologi-

cal Institute (SMHI) ranges from an average of 750 mm (1995 – 2012) near the western bor-

der (N 7531462, E 662423)  of the catchment to 600 mm in the east (N 7523355, E 712022). 

Maximum precipitation occurs in July–August and minimum in February-March. The north-

ern location of the catchment gives great differences between summer and winter insolation 

and hence temperature differences. Because of the climatic and geographic location this 

catchment is partly underlain by permafrost. The area has a borehole in the western part near 

Kebnekaise at an elevation of 1550 m.a.s.l. where permafrost has been detected at a depth of 

100 meter with a mean annual ground temperature at -2.4 °C (Christiansen et al., 2010). The 

site is located in an unvegetated mountain pass with sediment cover that is 4 m thick, consist-
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ing of weathered bedrock and boulders. Permafrost exists in the whole catchment with ap-

proximately 50 percent continuous permafrost, 31 percent discontinuous permafrost and 19 

percent isolated permafrost (Sjöberg et al., 2012).  

 

The vegetation of the watershed belongs to the alpine and the subalpine zone. In the alpine 

zone heath vegetation dominates presented as mostly dwarf shrubs (Smedberg et al., 2006). 

These also occur in the subalpine zone as a more patchy distribution between areas of decidu-

ous forest that generally consist of birch (Linkowzki and Lennartsson, 2005). The alpine-lake 

system of the catchment lies within the alpine birch region and the transition to northern co-

niferous forest occurs gradually (Naturvårdsenheten, 1979).   

 

The dominating soil type in the catchment is well drained till, with patches of glaciofluvial 

deposits and some fine grained discontinuous soil covered rocks with locations consisting of 

outcrops (Geological Survey of Sweden, 2013). Outside the mountain chain in the western 

part of the catchment, the rock entirely consists of bedrock that is from the Svecokarelian cy-

cle. The oldest formations, with an age of about 1.8 billion years old, are found east of 

Kebnekaise. They consist mainly of volcanic and sediment rock formed in a volcanic envi-

ronment. The rock that occupies a larger part of the catchment is formed one billion years 

ago. These consist primarily of low metamorphic, sedimentary and volcanic rocks.  

 

2.2 Stream water data 

The volumetric discharge considered in this study was collected from SMHI (Gage ID: 1456) 

and the chemical data are available through SLU (Swedish Agricultural University) Depart-

ment of Environmental assessment monitoring program. The measure point for the geochemi-

cal data (SLU) is located at the purple dot (N 7534424, E 686567, Figure 1) and 20 km further 

down the stream is the measure point for the volumetric discharge, collected by the Swedish 

Meteorological and Hydrological Institute (SMHI) which are shown as the blue dot (N 

7525230, E 709913). The water alkalinity was measured almost monthly from 1995 to 2012 

and the monthly average values were calculated to separate the observed total stream flow 

into deep versus shallow groundwater according to the following methodology. 

2.3 Hydrograph separation 

The hydrograph separation approach considered here is based on the conceptual model from 

Lyon et al. (2010) that the shallow flow domain freezes during winter and, as such, the 

groundwater recharge to the stream during that period only includes water from the deep flow 

domain.  

The separation used the total average volumetric stream flow Q [L
3
T

-1
] (though first calculat-

ed by each month and that month average volumetric stream flow as shown in appendix, Ta-

ble A2) to determine the average annual flow volume that came from the deeper flow domain 

Qd [L
3
T

-1
] and from the shallow flow domain Qsh [L3

T
-1

].  
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From conservation of mass, a basic two component hydrograph separation can be developed 

from: 

                                                                                                                                       

                                                                                                                               

Where Q [L
3
T

-1
] is the volumetric discharge, C [ML

−3
] is the concentration of a given solute 

or chemical tracer and the subscripts t, sh and d refers to the total flow, the shallow compo-

nent and the deep component, respectively. The relative contribution of flow components Qsh 

and Qd to total flow (measured at the outlet of the catchment) can be calculated, at any given 

time from equation 1 and 2, if the total discharge Qt and concentrations Csh, Cd and Ct  of a 

given tracer are known (Ladouche et al.,2001). This gives the following equations: 

   
      

      
                                                                                                                           

                                                                                                                                       

As mentioned above one assumption specific to the approach from Lyon et al. (2010) is that 

alkalinity values are only increased in the deep mineral soils and therefore the alkalinity of Csh 

will be approximately zero during all year. The equation 3 used for monthly average hydro-

graph separation (that afterward will be summarized into the total separation percentage) will 

therefore be changed to the following under this assumption:   

   
  

  
                                                                                                                                       

From this simplification, only Cd  and Ct  need to be obtained to carry out a hydrograph separa-

tion. Ct is simply assumed to be the monthly average value of alkalinity that were calculated 

of all years considered (see the data in appendix, Table A3 and A4). Cd can be approximated 

based on observed winter flows for which Qsh are assumed to go to zero as surface flow path-

ways freeze. Under the approach from Lyon et al. (2010), this assumes that the alkalinity of 

water flowing through the relatively deep soils is constant throughout the year.  

Altogether, six hydrograph separations have been conducted during this study. Three separa-

tions were conducted within the period 1995–2012 and additional three between the years 

2007 and 2012. The selection of the three Cd (Table 1) for each period was based on three 

methodologies.  First approach chose a Cd value that was the overall highest value of alkalini-

ty ever recorded in the winter within the timespan. The second approach, that also was same 

as Lyon et al. (2010) chose, was using the highest month of the averages of alkalinity.  Finally 

the third selection based the Cd on the average of all the winter months (December to April). 

Here the months were chosen based on temperature data (appendix, Table A1) which had to 

have negative degrees to be chosen as a winter month. Both October and November had nega-

tive degrees as an average over the two periods but as for the freezing of the ground the soil 

will not freeze directly because of negative degrees. The uppermost layer will first be affected 

of the low temperature but the ground below will be less affected for a time because the top 
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layer will work as an isolator. Even though the average was negative degrees for November as 

well, yearly fluctuations occur and to be on the save side, December was chosen as the first 

winter month so no flow from the shallow subsurface would have been contributed to the 

stream. 

Long term alkalinity observations from SLU were not available continuously throughout the 

timespan 1995-2012 (see appendix, Table A3) and therefore yearly hydrograph separations 

were not calculated. The time period 2007–2012 was chosen because it had the only observed 

alkalinity values from December, January and February and had thus fewer gaps in the data. It 

was therefore interesting to see if the resulting separation changed within this period when 

compared to the long term separation. 

3 Results 

3.1 Period 1995–2012 

Alkalinity observations for the first period between 1995 and 2012 were compiled into month-

ly average values (Figure 2). The vertical bars are showing one standard deviation which were 

used to approximate an uncertainty range in the hydrograph separations.  

 

Figure 2. Show the mean concentrations of alkalinity in a given month, between the years 1995–2012, from the Kaalasjärvi 

catchment. The vertical bars show one standard deviation. The data was compiled from average alkalinity values for all 

years that are shown in Appendix, Table A2. 

The average alkalinity concentrations were used as the total flow concentrations (Ct) for each 

month within the hydrograph separation model. The highest value ever recorded in the winter 

months was the concentration 0.335 mEq/l, measured in April 1997 and this was used as Cd 

(Table 1) for the first separation.  
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Figure 3. The resultant two component hydrograph, from the period 1995–2012 when the highest alkalinity values from 

April, 1997, was used as the tracer concentration. It shows the separation between deep groundwater (the area below the 

light purple line) and the shallow groundwater (the area above the light purple line) 

The results from the separation (Figure 3) showed that 61%±12% of the stream water origi-

nated from the deep flow domain (Table 1) respectively 39%±12% is derived from the shal-

low flow domain. The total yearly discharge (between the years 1995 and 2012) is 9.59 x 10
8
 

m
3
 per year and hence the deep groundwater flow is 5.85 (±1.15) x 10

8
 m

3
 per year.  

The second separation applied the similar selection approach as Lyon et al. (2010) for select-

ing the deep concentration value. Here the highest monthly average alkalinity value from one 

winter month was used as the deep concentration Cd. The highest average value within this 

period was the average in February which was 0.309 mEq/l and gave a separation (Table 1) 

with a percentage of deep groundwater flow that was 65%±13%. The flow contribution of the 

shallow flow paths are thus consequently 35%±13%. 

Finally, for this period of 1995–2012 the third separation used the average value of alkalinity 

from the winter months (December to April) as the tracer concentration for the deep flow do-

main. This winter average alkalinity value was 0.296 mEq/l and gave a separation (Table 1) 

with a percentage of deep groundwater flow that was 69%±14%. When the average of all 

these separations where calculated the deep domain contribution of water represented 65% 

and thus the shallow contributed with 35% (Table 1).  

3.2 Period 2007–2012 

Due to missing alkalinity values in the winter months, an additional period for hydrograph 

separation was chosen to investigate if the long-term separation (1995–2012) were accurate. 

The period that had continuous winter values were the years between 2007 and 2012. As such, 

three additional hydrograph separations were conducted in this period as well following the 

methodology similar to that used for the period 1995–2012. 

Figure 4 shows the average monthly values of alkalinity. For this period, in some months 

SLU only collected samples of the geochemistry one time per month moreover there are some 

missing values as shown in appendix Table A4.  
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Figur 4. Show the average monthly concentrations of alkalinity for the second time period, between the years 2007 and 2012. 

The vertical bars show one standard deviation. 

The hydrograph shown in Figure 5 was calculated using the highest alkalinity value 0.327 

mEq/l measured in April 2011 when the flow is assumed to completely go through the deep 

domain. The resulting hydrograph separation (Figure 5) had a deep groundwater flow that 

contributes with 67%±12 % to the stream discharge with an annual flow of 6.34 (±1.14) x 10
8
 

m
3
. 

 

Figur 5. The resultant separated hydrograph from the period 2007 to 2012. The highest alkalinity value from April where 

used as the tracer concentration. The area below the light purple line is representing the flow from the deep domain and the 

area above the light purple line represents the shallow groundwater flow. The graph only show the first order approximation 

partitioning of flow through the deep and shallow flow domain and therefore not show the uncertainty bounds.   

The second separation for this period used, like the first period, the highest monthly average 

value from one of the winter months but within the time range of 2007–2012. Here the highest 

average value for one winter month occurred in March with a value of 0.317 mEq/l. As a re-

sult, the deep domain had from this separation a discharge contribution of 69%±12% with the 

remaining flow contribution that belongs to the shallow domain. 

The third partitioning, using the average from the winter months, the deep groundwater flow 

contributed with 73%±13% of the total discharge. For these three separations the average val-
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ue was 70% for the deep flow and 30% for the shallow flow. All these separation results to-

gether with yearly flows are compiled in Table 1. The separations using highest monthly av-

erage and the separations using average alkalinity values from the winter months as Cd are not 

visually shown in the results because of the similarities of the appearance with the first 

graphs. These graphs are shown in Figures A1–A4 in Appendix. For all graphs the total dis-

charge peak occurs in June and this is the same for the shallow flow as well.  For the deep 

groundwater, on the other hand, the peak occurs in July. 

Table 1. The results from the six hydrograph separations with the additional uncertainty range. The results are divided in 

time periods and respective type of chosen deep flow concentration. Also the respective yearly flow for the two domains is 

presented.The total volumetric flow collected by SMHI are shown as yearly average Qt (monthly average can be seen in 

appendix Table A2). 

Period Separation Cd 

[mEq/l] 
Qd 
[%] 

Qsh 
[%] 

± 
[%] 

Qt 
[m

3
/y] 

Qd 

[m
3
/y] 

    Qsh 
[m

3
/y] 

1995–2012 
1995–2012 

Highest value  
Highest average 

0.335 
0.309 

61 
65 

39 
35 

12 
13 

9.59x10
8 

9.59x10
8 

5.85x10
8 

6.24x10
8 

3.74x10
8
 

3.36x10
8
 

1995–2012 Average, winter months 0.296 69 31 14 9.59x10
8
 6.62x10

8
 2.97x10

8
 

 Average, separations  65 35  9.59x10
8
 6.24x10

8 
3.36x10

8 

2007–2012 
2007–2012 

Highest value 
Highest average 

0.327 
0.317 

67 
69 

33 
31 

12 
12 

9.46x10
8 

9.46x10
8
 

6.34x10
8 

6.53x10
8
 

3.12x10
8 

2.93x10
8
 

2007–2012 Average winter months 0.299 73 27 13   9.46x10
8
 6.91x10

8
 2.55x10

8
 

  Average, separations  70 30  9.46x10
8
 6.59x10

8 
2.87x10

8 

 

4 Discussion 

4.1 Interpretations of the results 

The objective of this study was to investigate the amount of water that flows through the shal-

low and the deep subsurface paths. As the results show, six separations have been conducted 

following the methodology presented in Lyon et al. (2010) trying to approximate the portion-

ing of flow through two subsurface flow domains. For the long-term (1995–2012) hydrograph 

separation, three outcomes were calculated. The results were 61%±12 %, 65%±13% and 

69%±14% (Table 1) depending on the assumptions stating the deep flow concentration.  

The highest and lowest result thus differ by only 8% and are within the uncertainty boundaries 

of the data over the time period considered as one standard deviation. For the first type of 

separation (Figure 3) when the highest alkalinity of one specific April value was used as Cd, 

the separations lead to a lower value for the deep flow than the other two separations. This is 

clearly because the alkalinity value was higher, reflecting the unique conditions of a certain 

year of sampling. Consequently, the first separation type using alkalinity values from one spe-

cific value in  April for the both periods represents the lowest possible value for the deep 

groundwater flow and hence the highest value for the shallow flow.  

The separation with the closest procedure to the separation conducted by Lyon et al. (2010) 

was the one that used the highest average value from one winter month. The resulting separa-
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tion for the long-term period was 65%±13%. In addition, when the average of the three sepa-

rations were calculated, the result was also 65%. This shows that the three separations for the 

period 1995–2012, are more or less evenly distributed which depend on the small variability 

in the three stated Cd concentrations during the winter months. However, without any further 

investigations of temperature and precipitation data or measurements in field regarding the 

conditions of soil during winter, no conclusion can be made to know which of the ways to 

distinguish the deep concentration of alkalinity that is the most appropriate.  

For the second period (2007-2012) that represented five years of stream flow, the results were 

67%±12%, 69%±12% and 73%±13%. These percentages did not differ greatly from the long-

term separation when the uncertainty calculations are included for both periods. In addition, 

the same pattern occurred here when the average of the separations together was calculated. 

The result was 70% which was the same as the separation estimated using the highest winter 

monthly average as Cd (or it only differed 1%) which is a further indication that this method 

approach was adequate. 

The period 2007–2012 is shorter and thus, the higher portioning of flow through the deep do-

main is driven by higher observations of the alkalinity considered in the calculations. The 

higher flow could depend on the period representing a shorter interval than the long-term sep-

aration. Therefore the period 1995-2012 is built on values that over a longer period of time 

with more fluctuations in flow and alkalinity which have fluctuated in order to get these lower 

values for the resulting separations within this period. That is because the second period lies 

within the long time period and therefore is represented by the first three separations as well. 

Natural fluctuations always occur within the hydrologic cycle and would be reflected in this 

type of separation. However, one could consider the (albeit small) increase in groundwater 

contribution between the two periods as consistent with region scale changes in permafrost 

seen in previous work (e.g., Sjöberg et al., 2012). As such, because of the knowledge of cli-

mate change and its impact on the local hydrology exhibited as thawing on permafrost, it can-

not be ruled out that the deep groundwater flows could have increased. This, however, cannot 

be investigated fully in this current study because of the missing data of the winter months 

between the years 1995–2006. It was thus not possible to carry out a yearly separation.  

There have not been many studies that separate a two component hydrograph into only 

groundwater domains. Usually two component separations distinguish surface runoff and 

groundwater runoff. This study on the other hand, applied the hydrograph separation model 

adapted to permafrost regions in northern Sweden by Lyon et al. (2010). The assumptions 

made in order to conduct the separation with the measured alkalinity values were i) that alka-

linity is increasing when the water flows through the deep groundwater paths, ii) the active 

layer above the permafrost table freezes during winter and therefore the alkalinity in these 

months represent the deep groundwater flow only, iii) because of the long time period (i.e., 

months), all water assumes to originate from groundwater flow. These assumptions were al-

ready stated by Lyon et al. (2010) for their separation in the Abisko catchment and because of 

the similarity of the catchments locations the same assumptions were stated in this study.   
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Further, we can use the similarities between this current study and Lyon et al. (2010) to put 

the results here in a context. The Kaalasjärvi catchment has the total peak discharge in June 

(Figure 3 and 5) which is the same for the Abisko catchment discharge. The peak of the re-

sulting deep groundwater flow, on the other hand, occurs in July for Kaalasjärvi while in 

Abisko the resulting ground water peak occurs in June. This can imply that the Kaalasjärvi 

system responded slower to the higher flow of water occurring after the snowmelt (Bowling et 

al., 2002) because the water is following deeper or longer flow pathways.  The deep flow 

paths prolongs the time for the water to reach the stream because of properties like longer 

travel paths, decreasing hydraulic conductivity with depth (typical in Sweden) and the presen-

ce of permafrost (Lyon et al.,2010). Also slow travel times in deep groundwater paths can be 

due to that condition that groundwater is more viscous in the presence of permafrost due to 

the low temperature (Williams, 1970), but that will probably only be around the actual perma-

frost whereas the deep flow paths are even deeper than that. Furthermore, it is also necessary 

to point out that the Kaalasjärvi catchment is almost three times larger than Abisko and drains 

more downstream positions which influence the hydrologic properties as well. In addition, the 

long-term separation conducted for Abisko was for a 22 year period (1978–2008) and thus 

longer than this study that had 17 years.  

The knowledge before the conducted separation was according to Lyon et al. (2010) results, 

that the long-term deep groundwater flow was 52%±4% in the Abisko region. This gave rise 

to the question if the domains in the mountain environments always had a roughly 50/50 per-

centage separation. This study from the long-term separation gave a deep groundwater flow 

that represented 65%±13% of the total discharge. Consequently, this shows that the flow in 

the two domains can differ in another catchment hence the mountain catchment does not nec-

essarily operate in the same way.  

The peak of the total average discharge for the period 1995-2012 was 88 m
3
/s and in the peri-

od of 2007–2012 the peak flow was 78 m
3
/s (Figure 3 and 5). This could imply that for the 

short period of 2007–2012 more of the water percolated deeper into the groundwater domain 

hence giving a more elongated flow without a high peak. This is consistent with long-term 

change in flows seen at Abisko (Dahlke et al., 2012) and hence gives the higher percentage of 

deep groundwater flow as seen in this study (from 67% to 73%). Also it has been demonstrat-

ed in permafrost modeling by Frampton et al. (2011) that permafrost thawing and an in-

creased depth of the active layer increase the length and depth of subsurface flow paths. Con-

sequently this will increase the time between the infiltrating water or thawing permafrost and 

the time of occurred surface water discharge. This will thus, in this case, explain the resulting 

higher flow in the deep domain and the lower peak of the total discharge. However, it cannot 

be ruled out that the changes in flow can be a result from a change in precipitation and snow-

melt, which was not investigated in this study.  

 

4.2 Uncertainties and limitations 

One limitation in this project is the missing data of chemical measurements i.e. alkalinity for 

part of the years considered. To get a larger understanding of fluctuations of deep and shallow 
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subsurface flows in the hydrology cycle within mountain catchments, yearly hydrograph sepa-

ration would have been preferable. Now the results show the deep and shallow subsurface 

flow for a long-term perspective. Also one preferable solution to minimize the uncertainty of 

the separation would have been to conduct separation for the two periods with different chem-

ical tracers. With an additional tracer, as for example silicate, the resulting separation from 

this could have been used to check the validity of the result from this study. That would have 

given the study a comparing result for the separations but here the limited factor was time.  

Uncertainties of the separation in general were that the measure points for the geochemical 

data and the discharge data was located 20 km apart. It would have been preferable if the 

chemical measurements from SLU had been at the same point as SMHI which was at the out-

let of the catchment. Now the assumption, unfortunately, has been that the additional subsur-

face flow that reaches the stream after SLU measure point has the same concentrations of al-

kalinity as before the point. 

In the observation series of alkalinity from SLU, several values differ greatly from the aver-

age alkalinity value. There is a large difference in observed values from the same month in the 

same year when multiple samples are collected. Also more measurements were taken during 

the summer months. As such, the high values in the standard deviation (Figures 2 and 3) can 

be due to more measurements in these months that consequently will give a higher probability 

of some values that might greatly differ from the average. These fluctuations can be natural 

during these months but they can also be due to bad measurements of the geochemistry at that 

present day.  

One more unknown factor is the depth of the shallow flow domain to which the shallow sub-

surface flow appertains. The thickness of the two horizons is hard to approximate so the defi-

nition in this study was that the shallow horizon was the part that consist of organic soil. In 

further scientific research this will probably be the most important factor due to the interest of 

the amount of carbon that is transported from the shallow soils. However, the active layer in 

Torneträsk region, 30 km north of Kaalasjärvi catchment, the depth of the active layer have 

been measured to range from 40–85 cm (Åkerman and Johansson, 2008) which probably is 

the same in the Kaalasjärvi area as well. 

In addition, the results from the stated assumptions are not including water that only has been 

surface runoff. There is probably occurring surface runoff over parts of the catchment studies 

but this, however, does not have to imply that the percentages of the two domains will change. 

It could rather be the same but with a smaller amount of infiltrated water. In Clark et al. 

(2001) study the groundwater discharge in a permafrost basin in Canada and found that 

groundwater flow actually contributed with over 80% of the total flow (with exception during 

spring floods). This statement confirms to some extent the assumption made regarding that all 

stream flow originates from groundwater.  

In order to see further results regarding hydrograph separation as a tool to determine whether 

permafrost thaw is occurring, more measurements need to be taken. These should preferably 

be conducted at least each month throughout the entire year to get the best estimation of the 

alkalinity values. In this way further separations can be conducted and compared to see if 
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there are any changes. Also with values for each month, yearly separations can be done and 

with these the result can be compared with temperature data to link eventual correlations. This 

method uses a two component hydrograph separation to obtain fast results regarding subsur-

face flows. This can further be used in modeling of carbon transport in the subsurface (Lyon 

et al., 2010) or trace the changes in the subsurface flows due to permafrost thawing. The 

method also uses public records of stream water measurements and chemical measurements 

which create an opportunity to gain results without field work.  

Conclusion 

Alkalinity has been used as a geochemical tracer to separate the total discharge in the Kaalas-

järvi watershed into sources from shallow and deep subsurface flow. For the long-term sepa-

ration made between 1995 and 2012, the three different separations had a range of 8% where 

the deep flow ranged between 61%–69% and the remaining flow belongs to the shallow flow 

contribution. For the second period (2007–2012), the deep flow was a little higher and had a 

range between 67%–73% and therefore resulted in a lower flow in the shallow domain. In-

cluding the uncertainty margins, the separations could thus lie within each other. Without any 

further studies of hydrograph separations the best way of choosing the deep flow concentra-

tions cannot be known in this study. However, with this study the indications of how large the 

deep and shallow flow is, are now known and can be used in further scientific research.  

Additionally, when the catchment was further compared with Abisko in which Lyon et al. 

(2010) did a similar study in, the result showed that Kaalasjärvi has a greater deep flow. In 

that study Abisko had a deep flow of 52%±4% and in this study with the similar methodology 

it gave a deep flow contribution of 65%±13%. The study also discovered that the deep 

groundwater peak occurred in July with the Kaalasjärvi catchment which differed from Abis-

ko that had the peak in June. This study thus consequently showed that the flow in the shallow 

and the deep domain can differ hence the mountain catchment does not necessarily operate in 

the same way when looking at the subsurface flow portioning. 
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Appendix 

Table A1. Table show mean temperature in the Kaalasjärvi catchment  

and is collected from SMHI (Gage station: N 7537263, E 653923).  

 
1995-2011 2007-2011 

Month T [°C] T [°C] 

1   January -13.7 -14.9 

2   February -14.9 -17.5 

3   March -11.3 -11.1 

4   April -5.9 -5.1 

5   May -0.7 0.1 

6   June 5.0 5.1 

7   July 8.5 8.7 

8   August 7.0 6.6 

9   September 2.4 2.5 

10 October -3.4 -2.7 

11 November -9.2 -8.7 

12 December -12.1 -12.0 

Average -4.0 -4.1 

Average Dec-Apr -11.2 -11.6 

 

 

 

 

Table A2. The total flow used in calculation for the both  

time periods. This is the monthly average stream water data  

collected from SMHI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Period 1995-2012 2007-2012 

Months Qt    [m
3/s] Qt    [m

3/s] 

1 6,69 8,06 

2 5,16 5,67 

3 4,42 4,84 

4 4,55 4,85 

5 36,13 39,30 

6 88,04 78,70 

7 79,07 69,95 

8 48,18 48,17 

9 42,00 43,88 

10 25,44 28,50 

11 15,57 16,95 

12 9,86 11,25 

Total 365,09 360,11 
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Table A3. Average alkalinity values displayed by year and month with the final calculations of the average alkalinity values 

for each month that were used in the calculations with one standard deviation of each month. 

Years / Months 1 2 3 4 5 6 7 8 9 10 11 12 

1995 
    

0.043 0.092 0.213 0.224 0.261 0.254 
  1996 

    
0.196 0.100 0.193 0.262 0.254 0.242 0.236 

 1997 
   

0.331 0.229 0.078 0.108 0.254 0.274 
   1998 

   
0.320 0.151 0.109 0.157 0.173 0.196 0.208 

  1999 
  

0.292 0.301 0.175 0.071 0.136 0.220 0.238 0.229 0.230 
 2000 

   
0.314 0.175 0.133 0.146 0.203 0.226 0.238 0.234 

 2001 
  

0.305 0.296 0.194 0.105 0.213 0.190 0.213 0.214 0.237 
 2002 

  
0.293 0.255 0.127 0.175 0.214 0.273 0.274 0.259 0.269 

 2003 
  

0.310 0.280 0.150 0.200 0.273 0.296 0.280 0.259 0.283 
 2004 

  
0.326 0.322 0.173 0.158 0.119 0.181 0.177 0.180 

  2005 
  

0.300 0.307 0.217 0.100 0.205 0.199 0.217 0.227 0.220 
 2006 

  
0.294 0.301 0.128 0.171 0.231 0.278 0.268 

   2007 
 

0.319 
 

0.299 0.319 0.064 0.194 
 

0.213 0.216 
 

0.260 

2008 0.287 0.300 0.316 
 

0.203 0.107 0.236 0.236 0.253 
 

0.251 0.276 

2009 0.294 0.304 0.319 0.317 
 

0.181 
 

0.274 
 

0.262 0.287 
 2010 0.299 0.315 0.322 

 
0.233 0.217 

 
0.251 

 
0.259 0.282 

 2011 0.311 0.324 
 

0.327 0.320 0.107 0.228 0.276 0.244 0.204 
 

0.259 

2012 0.270 0.293 0.309 0.315 0.056 
 

0.188 
 

0.196 0.217 
  Average  0.292 0.309 0.308 0.306 0.182 0.128 0.191 0.237 0.236 0.231 0.253 0.265 

STDEV 0.015 0.012 0.012 0.020 0.074 0.047 0.046 0.039 0.032 0.025 0.025 0.010 

 

Table A4. Alkalinity observations between 2007 and 2012. Here the data only consist of one measurement each month with 

gaps of  no data. The mean monthly values over the time span are also shown in the table along with the sample standard 

deviation. 

     
Years /  Months 1 2 3 4 5 6 7 8 9 10 11 12 

2007 
 

0.319 
 

0.299 0.319 0.064 0.194 
 

0.213 0.216 
 

0.260 

2008 0.287 0.300 0.316 
 

0.203 0.107 0.236 0.236 0.253 
 

0.251 0.276 

2009 0.294 0.304 0.319 0.317 
 

0.181 
 

0.274 
 

0.262 0.287 
 2010 0.299 0.315 0.322 

 
0.233 0.217 

 
0.251 

 
0.259 0.282 

 2011 0.311 0.324 
 

0.327 0.320 0.107 0.228 0.276 0.244 0.204 
 

0.259 

2012 0.270 0.293 0.309 0.315 0.056 
 

0.188 
 

0.196 0.217 
  Average 0.292 0.309 0.317 0.315 0.226 0.135 0.211 0.259 0.227 0.232 0.273 0.265 

STDV 0.015 0.012 0.006 0.012 0.108 0.062 0.024 0.019 0.027 0.027 0.020 0.010 
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Figur A1. The hydrograph from the period 1995–2012 when using the highest alkalinity value from one winter  

month for the deep groundwater concentration.  

 

 
Figur A2. Resulting hydrograph of the period 2007–2012 when using the highest monthly average  

from one winter month as the deep groundwater concentration.  
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 Emelie Öhlander 

20 

 

 

 

 

Figur A3. Shows the hydrograph separation from the period 1995–2012. The average of the alkalinity  

concentrations from the winter months (December to April) were used as the deep groundwater tracer  

concentration for the separation.  

 

 

 

Figur A4.The hydrograph separation from the period 2007–2012. The deep groundwater concentration of 

alkalinity were taken from the average value of alkalinity concentrations from the winter months (De-

cember to April).  
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