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Abstract: The study focuses on chemical composition of stream and subsurface water in the catchments
of two small arctic alpine lakes in the Kilpisjdrvi area (northwest Finland). Differences and changes in
chemical components of both water types are followed in order to detect spatial variability and impact
of environmental factors. To achieve this, ion compositions of subsurface water and streams were
measured at 12 sites in the catchments of Lakes Saana and Saanalampi during four years (2008-2010,
and again in 2017). In the Lake Saanalampi catchment, the salinity of stream water (7.0 to 12.7 uS-cm™1)
corresponded to that of snow. In the catchment of Lake Saana, however, the conductivity in stream
water was much higher (40 to 220 uS-cm™1), connected mainly to the increase of SO42~ and less
with Mg?* and Ca?* contents, especially in the western part of the Saana catchment. These results
demonstrate that arctic conditions do not preclude intense chemical weathering where conditions
are favourable. Although chemical composition of the soil fluid does not match the geochemical
signal from the local soil, rock composition, especially the presence of pyrite, is the main controller of
chemical weathering rates of the rocks on the area. This supports earlier views that the character of
precipitation mostly controls water chemistry of local lakes in the Kilpisjarvi area.

Keywords: Arctic conditions; stream water chemistry; pyrite oxidation; weathering

1. Introduction

The intensity of weathering is mainly controlled by root respiration and degradation of soil organic
matter [1-5], which in most cases are connected to CO, content in the water and the aggression of
H,COj3 on the rock matrix. In cold areas, vegetation activity is limited [6] and, therefore, abiotic factors
such as temperature amplitude, water availability or rock-type variations in local landscape become
more important [7-14]. Despite the rock’s weathering rate remaining a magnitude lower in cold areas
than in the tropics or in temperate regions [12,15], it is still significantly higher than the chemical signal
from local precipitation [8,16-18].

The Kilpisjdrvi area is a sparsely populated region in northwest Finland and has weak local
and regional human impact. Therefore, it offers a variety of research possibilities such as the natural
evolution of geotopes or global impact on this relatively isolated area. Several short low-pH periods
in the lakes of the Kilpisjdrvi area have been registered, which have been tied to the early spring
melt period when pH in the lakes can drop below 6 [19]. The period only lasts a few days and its
environmental influence is weak [19,20]. Such acidic pulse in spring has been observed in many lakes
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and rivers of northern Europe and north-eastern United States and the phenomenon has typically
been connected with sulphate and nitrate release as a result of acidic deposition from anthropogenic
sources [21-24]. On the other hand, Laudon et al. [25] and Caritat et al. [26] pointed out that substantial
pH decline during spring melt episodes is a natural feature of a boreal ecosystem and not only the result
of acidic deposition. Indeed, different studies have shown that nitrate and sulphate concentrations
in snow on the Kilpisjdrvi area are quite low [19,27], suggesting that anthropogenic sources are of
marginal proportion. Raidla et al. [27] argued that pH in snow is controlled by the dissolved CO, and
carbonate dust rather than by SO4% or NO3 ™. Although the research showed complicated relations
between NO3™ and the snow pH, the reason for this has not definitively been clarified.

Nevertheless, Korhola et al. [28] observed that in Lake Saana, sediments of all the C, N and S
profiles taken from the bottom of the core show lower values, which could be a sign of lower industrial
impact before the Industrial Revolution. The less evident increase in the sulphur profile could be
explained by local sulphur input from the surface carried to the lake by runoff. The Kilpisjarvi area is
geochemically and mineralogically heterogeneous and strongly tectonized. It could be that some of the
sulphur has derived from tectonic zones, which often contain sulphide minerals such as pyrite [29].

Several studies have shown that the highest weathering rates occur in soils that contain high
concentrations of sulphide minerals [30-34] and where sulphide oxidation results in the formation of
sulphuric acid, an even stronger weathering agent than carbonic acid. The outcropping rock sections
in the Lake Saana catchment provide a good possibility to trace the effects of different abiotic processes
on the chemistry of local surface and subsurface water.

The aim of the current study is to determine the presence of pyrite in the Kilpisjdrvi area and its
impact on weathering processes, and through this, also on the local environment. The study focuses on
spatial differences of chemical components in the drainage water from the Lake Saana catchment and
its surroundings as a proxy for rock weathering in order to determine chemical weathering processes
and rates. Additionally, samples were collected from the catchment of the small Lake Saanalampi,
located in a different geological situation.

2. The Study Area

The Kilpisjarvi region is located approximately 120 km from the Arctic Ocean, in north-western
part of the Finnish Lapland (Figure 1a), in the transition zone between the North Atlantic oceanic
climate and the Eurasian continental climate [35]. The annual average air temperature is —2.4 °C, but in
higher altitudes in the valleys between the mountains, the climate can be even colder. The annual
mean precipitation is ca. 430 mm, while the annual evapotranspiration is approximately 100 mm [36].
Sixty per cent of the precipitation falls as snow in the period from October-May, the maximum falling
in July (60 mm). Heavy rainfall events (over 10 mm) are unusual. Surface water runoff is minimal,
except during the spring melt period when heavy floods are common in mid-May [20].

The study area has an altitude of 400-1000 m a.sl. on the eastern thrust-front zone of
the Scandinavian Caledonide nappes, where Lower Paleozoic quartzite, claystone, dolomite
and conglomerate layers are overlain by 2.8-billion-year-old crystalline bedrock complexes [37].
The principal stratigraphy of the thrust front can be followed in detail in the south-southeast
facing cliffs of Mount Saana (Figure 1b). The overthrusting unit in the area is composed of Saana
arkose quarzite (Nalganas nappe), Cambrian Jerta dolomite and silicate claystone (Jerta nappe).
The silicate claystone or clayey slates are the lowermost units across the territory of Mount Saana.
The claystones are overlain by dolomites, which seem to be not horizontal, but tilting from southeast
to northwest. The uppermost nappe portion consists of hard arkose quartzite, which protects
the lower layers from erosion. The basement is Neo-Archaean in age and consists mainly of
metamorphosed granodioritic-granitic-quartz-dioritic rocks with addition of basaltic to andesitic
volcanic rocks (Figure 1).
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Figure 1. A schematic map of Lake Saana and Saanalampi catchments showing the positions of
sampling points (a) and the cross-sections from northwest to southeast (b).

Local tundra soils are characterised by extreme conditions such as long periods of low temperatures,
relatively large annual temperature variation and multiple episodes of freezing and thawing during
spring and autumn. Due to cool climate the soil is weakly developed, covered by just a thin
humus layer on the Quaternary sediments, while bare rock surfaces and rock piles prevail (Figure 2).
The Fennoscandian tundra differs from the Arctic tundra of Canada and Siberia by the absence of
continuous permafrost [38]. The permafrost phenomenon in the area is represented only by the so-called
palsas. The latter are distinctive to sporadic permafrost regions of Arctic wetlands, which contain a
perennially frozen core of peat or till with maximum depth of up to 4 m and lateral extent at least
30 m [39]. The bedrock permafrost with the thickness of at least 50 m has been registered at the top
of Mount Saana (over 880 m a.s.l.) [40]. On the other hand, Vanhala et al., [41] have also observed
continuous permafrost at Mount Halti (about 25 km NE from Mount Saana), but only above 1030 m a.s.1.
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Figure 2. View from the south of Lake Saana to Mount Saana.

Lake Saana (69°05” N, 20°87’ E) is located between two fells in the treeless tundra at 680 m a.s.l.
The lake’s surface area is 62 ha and maximum depth is 24 m. Subalpine vegetation and bare rock
surfaces cover the lake’s catchment (460 ha) [20]. The southeast part of the catchment is mostly flat
and marshy (Figure 3). The streams whose length is limited to 500 m by the small size of the valley
are shallow and, except for the northern inflow, mostly fed by melting snow in spring and dry out
during summer (in August). The northern inflow forms a well-defined bed with the depth 0.4 to 1.0 m
(Figure 1a) and contributes substantially to the flow that drains flat marshy areas.

Figure 3. View of central and south part of Lake Saana from top of Mount Saana.
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Lake Saanalampi (69°02’ N, 20°49” E) is a small lake on the northern slope of Mount Saana, at 865 m
a.s.l. The lake is 120 m long and 80 m wide with steep and rocky shores. Lake Saanalampi has an
outflow in the north and some inflows in the south, which drain from the upper part of Mount Saana.

3. Material and Methods

Water and rock samples used in this study were collected in the Lake Saana catchment or in its
vicinity from 2008-2010 and in 2017. Rock samples were either taken straight from the outcrops or from
Quaternary drill cores at depths of 0.1-1 m. The water samples were collected directly from streams and
subsurface water close to the streams at 12 sites, using ceramic-tipped plastic tubes that were dipped
into drill holes at depths of 0.5-2 m. Tops of tubes were promptly covered with plastic foils in order to
avoid evaporation, precipitation and contamination of the samples. The tubes were emptied several times
before water samples were taken in order to obtain the freshest infiltrated water for measurements. The
water was pumped into sample bottles using a hand pump and keeping the tubes in their initial positions.

Temperature, electrical conductivity, pH and major ion content were determined for the collected
water samples. pH and electrical conductivity were measured directly in the field with IQ170 Scientific
Instruments field pH conductivity meter. The instrument was calibrated with pH buffers 4 and 7.
Major ions were measured on Dionex ICS-1000 ion chromatograph at the University of Tartu. For anion
analyses, AS14A 4 mm X 250 mm analytical column and AG14A 4 mm X 50 mm guard column were
used with 8.0 mM sodium carbonate/1.0 mM sodium bicarbonate eluent at flow rate of 1 mL min~?.
For cation analyses, CS12A 4 mm x 250 mm analytical column and CG12A 4 mm X 50 mm guard
column were used with 20 mM methanesulphonic acid eluent at flow rate of 1 mL min™'.

Major and trace element compositions of the subsoil as well as major rock types were analysed at
the Department of Geology, Tallinn University of Technology, by X-ray fluorescence analysis (XRF).
The samples were oven-dried at 105 °C over 24 h. For XRF analysis the samples were pulverized in
a wolfram-cobalt ring mill. Loss on ignition (LOI) was determined from 1 g of pulverized sample
material at 500 °C and 920 °C. For geochemical analysis, 54 Pioneer Spectrometer (Bruker AXS GmbH,
Karlsruhe, Germany) with operation power of 3 kW was applied using an X-ray tube with a rhodium
anode. The samples were measured according to the manufacturer’s standard as MultiRes modification
(pre-calibrated standardless method).

4. Results and Discussion

4.1. Rock and Soil Composition

The contact between Precambrian and Lower Paleozoic rock units can be found along the bank
of a small brook close to the southern outflow of Lake Saana (Figure 1a). In places, the contact is
heavily tectonized and the crushed rock usually mineralized. This part of the rock section cropping
out on the slope of Mount Saana is probably the most exposed to weathering. The least vulnerable to
weathering is arkose quartzite, which covers the sedimentary section. The Neo-Archaean basement is
cut by a number of dykes which have very high iron content (up to 17 wt% Fe,O3) but are relatively
low in sulphur (up to 0.04 wt%; Table 1). In comparison, higher sulphur content is characteristic of the
claystone rocks (0.09 wt%; Table 1). Typically, the claystone outcrops on the slope of Mount Saana are
covered with about 1 mm thick haematite layer. Additionally, limestone (predominantly dolomite;
Figure 4a) is represented as a 20-30 m thick layer on the Mount Saana cliff in the western part of the
catchment, but limestone debris is also widely spread at the foot of the mount.

Subsurface samples from the depths of 0.1 and 1 m collected from drill cores reflected the bedrock
composition (Table 1). Quartz as the main component, plagioclase (more specifically—oligoclase) and
amphibole as secondary minerals were found in all the samples. Traces of mica and chlorite were
also present (Figure 4b; Supplementary A). Although sulphur contents in some subsurface samples
are much higher than in rock samples, pyrite has not been detected there. The sulphur has a clear
correlation with the LOI, which can refer to sulphur accumulations in the organic material (Table 1).



Geosciences 2019, 9, 174

Table 1. Chemical composition of rock and surface samples in the Lake Saana catchment.

6 of 18

No. Saml?ling Sample Type Coordinates Depth  LOIgyec SiO2 TiO2 AlbO3 Fe;O3 MnO MgO CaO Na,O KO P05 C1 S F
Point (N°) (E°) m wt%

1 1 Subsurface 69°03’16.8” 20°51743.8” 0.5 6.5 62 0.63 14.2 6.0 0.1 2.1 3.5 29 1.6 03 0.03 0.04

2 3 Subsurface 69°02/49.2” 20°51’38.2” 0.1 6.4 61 0.71 13.7 6.9 0.1 2.1 4.0 2.9 1.5 02 0.02 0.04 <03

3 3 Subsurface 0.55 3.8 65 0.70 13.5 5.7 0.1 2.0 4.0 3.3 1.5 0.2 0.03 0.03 <0.3

4 3 Subsurface 1.0 424 35 0.60 10.5 3.9 0.1 1.3 2.6 1.5 09 04 003 057 <03

5 8 Subsurface 69°02’59.5” 20°51’51.8” 0.1 8.4 65 0.42 11.9 3.6 0.1 1.4 3.3 3.0 1.7 02 0.02 017 <0.3

6 8 Subsurface 0.55 10.7 63 0.64 11.1 4.8 0.1 1.8 3.1 2.2 1.4 03 0.03 016 <03

7 9 Subsurface 69°03’09.7” 20°51’31.4” 0.5 6.9 64 0.64 13.4 6.1 0.2 1.6 2.3 1.9 27 02 002 0.04

8 KIL-1 Meta-sediment 69°02’35.5” 20°52’03.6” 1.7 72 0.56 13.0 32 0.1 1.2 1.8 2.8 3.1 0.03 0.05

9  KIL-10 Silicate 69°02/27.2”  20°52/42.0” 46 65 094 164 50 02 18 11 05 41 0.02 0.09

claystone

10 KIL-2 Basaltic dyke  69°0223.5” 20°52/59.8” 1.3 46 1.94 15.1 17.1 0.3 5.5 8.7 2.3 1.1 0.07 0.03

No. Sa;,nl-)ling Sample Type Coordinates Depth As Ba Br Ce Cr Cu Ga Ge La MoNb Ni Pb Rb Sc Se Sr Th U \% Y In Zr
oint (N°) (E°) m ppm

1 1 Subsurface 69°03’16.8” 20°51'43.8” 0.5 425

2 3 Subsurface 69°02/49.2” 20°51’38.2” 0.1 <5 483 3 21 66 25 18 <105 <5 4 39 11 45 0 <5 281 5 <10 119 20 66 154

3 3 Subsurface 0.55 <5 498 0 30 65 26 16 <1017 <5 6 39 8 41 8 <5 288 0 <10 111 21 66 168

4 3 Subsurface 1.0 <5 298 11 13065 20011 <1076 <5 6 24 8 27 13 <5 151 12 <10 145 43 44 106

5 8 Subsurface 69°02/59.5” 20°51’51.8” 0.1 <5 445 6 11 48 16 15 <100 <5 4 27 10 42 0 <5244 0 <10 68 16 52 121

6 8 Subsurface 0.55 <5 401 7 29 59 26 13 <1019 <5 5 35 16 49 3 <5 221 5 <10 93 24 73 163

7 9 Subsurface 69°03’09.7” 20°51’31.4” 0.5 607

8 KIL-1 Meta-sediment 69°02’35.5” 20°52’03.6” 727 51 47 6 12 27 9 26 81 234 1 56 20 40 324

9 KIL-10 Clse:;;sc’i;(rele 69°02/27.2” 20°52/42.0” 701 12576 16 15 39 15 55 138 49 18 67 41 67 318

10 KIL-2 Basaltic dyke  69°0223.5” 20°52/59.8” 200 50 165 111 16 9 11 81 33 165 3 298 35 147 172
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Figure 4. Representative XRD pattern of carbonate rock (a) and subsurface sample No. 3 (b) (Table 1).

4.2. Salinity Fluctuation in Space and Time

In the Lake Saanalampi catchment, the conductivity of stream water (7.0 and 12.7 uS-cm™1)
corresponded to that of snow (about 5 uS-.cm™') [27]. In the catchment of Lake Saana, however,
the conductivity of stream water was much higher (40 to 220 uS-cm~!) and considerable differences in
electrical conductivity were detected between eastern and western parts of the catchment (Figure 5a).
The range of values of electrical conductivity of stream waters was like that of subsurface water, although
the latter became saltier with depth (Table 2), which could indicate the waters’ longer residence time
and contact with the bedrock [34]. Differences in conductivity values measured in two years (Figure 5a)
were seen most clearly in shallower subsurface water (Table 2). The conductivity fluctuations followed
Cl™ fluctuation in subsurface water and could be partly linked with the evaporative concentration
because Cl1~ is practically missing in local soil (Table 1). Higher evaporation impact on subsurface
water could have been the result of lower precipitation amount from April to June (130 mm in 2009
and 238 mm in 2010 ) and a higher temperature in summer 2009 compared to that of 2010 [42].

Higher electrical conductivity in both stream and subsurface water was mainly connected to
the increase of SO4%~ content (Figure 6), especially in the western part of the Lake Saana catchment
(sampling points 5 to 9). Additionally, chemical data from stream water show that higher SO~
content occurred in the western part of Mount Saana (sampling points 11 and 12 on Figure 1a; Table 3),
which could point to a wider spread of sulphur containing minerals like gypsum or pyrite in the
area [31,43,44]. Neither mineral was detected in surface or rock samples. Moreover, the content of S
was low in all subsurface samples (Table 1) and the sulphide mineral was visually noted only on a very
limited area on the southwest part of the catchment. In the gypsum karst areas, the pH value of the
water is slightly alkaline (pH = 7) but pyrite oxidation can lower pH significantly [45]. Although acidic
pH values have been registered on the Lake Saana catchment they are not connected with higher
8042_ contents in water, however, these results do not exclude the presence of pyrite. Dissolution of
carbonate minerals like dolomite can quickly neutralize the acidity produced by sulphide oxidation
and the chemical weathering budget of the watershed becomes controlled by the carbonate mineral
reactivity [30,34].
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Table 2. Chemical composition of subsurface water in the Lake Saana catchment in 2009 and 2010.

No. SamPling Date Depth Coordinates pH El.cond. SO4%" Cl- Nat K+ Ca2t Mg?+
Point m (N°) (E°) uS-cm™! mg L~
1 1 30 June 2010 0.5 69°03’16.8” 20°51'43.8” 6.3 47.8 6.5 0.7 1.4 0.6 45 1.4
2 1 17 July 2009 1 11.2 34 6.5 32 10.5 49
3 1 30 June 2010 1 6.8 95.6 14.3 1.4 3.1 1.5 9.8 3.7
4 2 17 July 2009 1 69°03'14.3” 20°52'07.3” 100.1 7.9 8.6 47 2.0 12.2 7.7
5 2 05 July 2010 1 7.2 73.3 54 0.7 1.3 0.7 7.7 3.9
8 3 30 June 2010 0.5 69°0249.2” 20°51’38.2” 6.4 30.6 0.9 0.7 1.7 0.8 2.0 1.3
6 3 17 July 2009 1 167.2 2.0 3.1 8.6 1.9 19.1 17.9
7 3 30 June 2010 1 6.3 47.1 24 0.7 2.8 1.2 34 2.3
9 8 17 July 2009 1 69°02’59.5” 20°51’51.8” 75.1 3.6 1.8 29 0.5 7.5 5.6
10 8 05 July 2010 1 6.4 68.9 24 1.0 1.9 0.3 5.8 4.2
11 8 17 July 2009 2 128.4 54.3 1.4 42 4.1 12.9 12.7
12 8 05 July 2010 2 6.3 131.7 48.6 1.0 27 1.6 11.2 8.7
13 9 17 July 2009 1 69°03’09.7” 20°51’31.4” 230.0 112.1 32 6.2 3.8 254 26.8
14 9 05 July 2010 1 74 170.2 69.7 1.0 2.5 1.3 14.8 13.5
Table 3. Chemical composition of streams in the Kilpisjarvi area in 2008, 2009, 2010 and 2017.
No. SamPling Date Coordinates pH El.cond. S04 Cl- Nat K+ CaZt Mg?*
Point (N°) (E°) uS-cm™! mg L'
1 1 11 August 2008 69°03’16.8” 20°51'43.8” 6.4 29.6 0.7 1.1 0.3 0.1 0.1 0.1
2 1 17 July 2009 7.6 44.8 6.5 1.0 1.9 0.4 9.7 1.2
3 1 05 July 2010 7.5 36.5 53 0.9 1.8 0.3 6.7 0.7
4 3 17 July 2009 69°02749.2” 20°51'38.2" 37.5 3.3 1.2 22 0.4 7.1 14
5 3 05 July 2010 7.2 25.1 22 0.7 1.4 0.5 3.4 0.7
6 5 26 July 2017 69°02735.9” 20°52/11.8” 7.9 98.3 21.0 0.1 1.4 1.3 10.0 3.8
7 6 26 July 2017 69°02745.9” 20°52/05.3” 7.6 123.9 34.0 2.3 22 1.6 13.0 42
8 7 26 July 2017 69°02747.8” 20°51'46.3” 8.2 211.1 63.0 1.9 2.0 0.8 23.1 8.1
9 8 17 July 2009 69°02’59.5” 20°51’51.8” 8.1 125.6 61.6 14 2.4 1.3 254 8.7
10 8 05 July 2010 7.1 116.2 41.9 0.8 1.8 0.8 17.5 49
11 9 17 July 2009 69°03709.7” 20°51’31.4" 7.3 245.0 159.8 1.6 32 1.5 47.2 19.9
12 9 30 June 2010 74 172.6 73.0 1.1 2.3 1.0 247 0.1
13 10 12 August 2008 69°02758.0” 20°49'39.3” 5.7 13.0 0.8 0.5 0.2 0.1 0.2 0.1
14 10 07 July 2009 6.8 12.7 14 1.1 1.3 0.4 2.5 0.2
15 10 08 July 2010 7.0 7.0 0.9 0.4 0.5 0.1 1.4 0.1
16 11 18 May 2008 69°05"14.9” 20°45'33.4" 7.2 22.8 14 2.1 1.5 0.4 1.8 0.4
17 12 27 May 2008 69°05708.6” 20°47'20.5” 7.3 16.7 1.0 15 1.0 0.5 1.6 0.3

8 of 18
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Figure 5. Values of electrical conductivity in streams and subsurface water on the catchments of lakes
Saana (a) and Saanalampi catchment (b).
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Figure 6. Variations of major ions in dependence on electrical conductivity in stream samples.
4.3. Carbonate Dissolution

In the Lake Saanalampi catchment (sampling point 10), above the dolomite layer, the Mg?* and
Ca®* concentrations in stream water samples remained between 0.1 to 0.2 and 0.2 to 2.5 mg-L7},
respectively, which are similar to their concentrations in the snow cover (average 0.1 and 0.9 mg-L~1,
respectively) [27]. The streams not only in the western part but all over the Lake Saana catchment had
usually slightly higher Mg?* and Ca?* contents than precipitation (Table 3). Many previous studies
have shown that even if a small proportion of the rock in a watershed contains carbonate, it could be
an important factor controlling the chemical composition of the runoff [46,47]. Obviously, the dolomite
is present not only close to Mount Saana, but over the entire Lake Saana catchment, probably as aeolian
dust or till material in Quaternary sediments.

In the western part of the Lake Saana catchment, on the eastern slope of Mount Saana, where higher
SO42~ values have been detected, a clear relationship between Mg?*, Ca?* and SO,?~ content can be
seen (Figure 7). Dissolution of carbonate minerals can quickly neutralize the acidity produced from
sulphide oxidation and the chemical weathering budget of the watershed becomes controlled by the
carbonate mineral reactivity [30,34]. It seems that in the eastern part of the Lake Saana catchment
carbonate dissolution is controlled by vegetation and diffusion of atmospheric CO,, but in the western
part by pyrite oxidation (Figure 8).
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Figure 8. Piper diagram of Lake Saana catchment waters illustrating contributions from weathering of
major rock types by carbonic acid and sulphuric acid after Spence and Telmer [33]. Chemical data of
lakes is presented in the Supplementary Information B. Bicarbonate is calculated based on the charge
balance of the solution.

The chemical data from subsurface water show similar relations between SO42~ and CaZ* to those
of runoff in 2010. In 2009, when the groundwater table was lower, the situation in the eastern part
of the catchment was different: Ca* reached similar concentrations to those in the western part of
the catchment (Figure 9). The reason seems to be evaporative concentration, since C1~ content in the
subsurface water has increased several times, although S0,% content has remained low (Table 2).
The latter could be a result of anaerobic microbial oxidation of the organic material where bacteria have
used SO,2~ as terminal electron acceptor [48-50]. The decomposition of organic material has probably
also increased the amount of CO; in the soil, which has facilitated the dissolution of carbonates.
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Figure 9. Ca?* and SO,2~ variations in subsurface water on the catchment of Lake Saana.

4.4. Silicate Weathering

While CI~ content in stream water (average 1.2 mg-L™!) was similar to that of snow (average
1.2 mg-L_l) [27], Na* content in streams was slightly higher than in snow (average 3.1 mg-L_1 and
2.1 mg-L~!, respectively). Higher Na* concentration could be the result of higher dust input in summer
compared to that of winter, because the surface is more open to aeolian denudation [51]. However,
Na® is in good correlation with K* (Figure 10) and the concentrations of the latter are several times
higher in streams (average 0.7 mg-L™!) than in snow (average 0.1 mg-L™!). Higher concentrations of
K* in the arctic stream water compared to precipitation suggest that weathering reactions involved a
silicate mineral [2,7,34,52,53].
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Figure 10. Na* and K* variations in streams.

Dissolution of silicates in natural waters is kinetically controlled [1,2,7,30,54] and only flow
paths of the highest residence times attain high concentrations of silicate weathering products [55].
However, Dragon and Marciniak, [12]; Tranter et al. [56]; Brown, [57] and Williams et al. [58] show that
arctic stream water that is characterised by a similar flow distance (less than 1 km) to that of streams in
the Lake Saana catchment could already have been mineralised with similar K* and Na* contents.
Anderson et al. [59] and Hall et al. [60] have suggested that weathering in cold regions is mostly
limited by the availability of moisture, because ice formation may generate and propagate micro- or
macro-cracks in rocks, and subsequent warming and thawing weaken or loosen the fractured rocks.
The production of fresh mineral surfaces via physical weathering processes can greatly enhance silicate
dissolution rates [57,59,61-63]. Although, freeze—thaw cycles alone fail to produce any measurable
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rock breakdown, a symbiotic relationship with geochemical processes like pyrite oxidation can enhance
its effects considerably [64-66]. Moreover, pyrite oxidation also appears to be strongly dependent
on earlier mechanical erosion [34,43,67]. Indeed, higher K* contents in the surroundings of Mount
Saana are accompanied by higher SO, values (Figure 11). It is possible that temperature fluctuations,
the presence of aggressive H,SO, and low salinity in springtime meltwater contribute to enhancing
chemical weathering rates, which in turn could increase both Na*™ and K* concentrations in the Lake
Saana catchment.
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Figure 11. K™ and SO,2~ variations in streams.

On the other hand, Beaulieu et al. [34] showed the negligible impact of sulphide oxidation on
silicate weathering when carbonate minerals were present in the weathering profiles in the Mackenzie
Basin. Within the current study, silicate weathering by sulphuric acid is believed to have occurred
before the water had any contact with carbonate rocks, or that pyrite was oxidized after being in contact
with dolomite minerals. The chemical data show the presence of dolomite all over the catchment,
which is why the possibility of silicate weathering having occurred at the foot of Mount Saana can
probably be excluded. Therefore, much of K* and Na™ in stream water in the western part of the
catchment could have originated from the top of Mount Saana, where no limestone is present. It could
suggest that pyrite is represented not only in the lower nappes at the foot of Mount Saana, but also at
the top of the mount (Figure 12). Additionally, Mount Saana with its cracks and fractures could also
be an important water reservoir feeding the aforementioned streams, because fractured or epikarst
sub-systems are known to act as an important water storage and a mixing element [68-70]. It would
also allow longer contact time for water-rock interaction to produce silicate weathering.

The effect of pyrite oxidation on dissolution of silicates was not as obvious as on carbonates in
subsurface water, although the pH was much lower in the latter compared to that in streams (6.3-7.4 and
6.4-8.5 respectively; Tables 2 and 3). The contents of Na*, K+ and SO4%~ in subsurface water were just
slightly higher than in streams, but Ca?* and Mg?* concentrations were lower. Subsurface water has
most likely been in contact with silicate claystones, which under the Quaternary sediments are well
represented in the catchment. As mentioned before, sulphur (pyrite) contents there can be relatively
high, suggesting silicate weathering over the catchment. It is possible that some meltwater infiltrates
trough the Mount Saana bedrock and later percolates to and flows down the slope of the mount
(Figure 12). If the infiltrated water still contains dissolved O, after penetrating the dolomite layer, pyrite
oxidation can also occur in claystone. A common remnant of pyrite oxidation, haematite, is widely
spread on the slope of Mount Saana (Figure 12), which supports this view. The infiltration coefficients of
local rocks and aeration conditions atop Mount Saana are unknown and the idea of the inner water flow
with its geochemical effect for the moment is rather speculative. At any rate, the results show that the
connection between stream and subsurface water is weak and a retention time of the latter quite long.
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Figure 12. A conceptual model of the geochemical situation on the eastern slope of Mount Saana with
the main directions of water flow paths. The totted arrows indicate possible water flow.

4.5. Stream Water Input into the Surroundings

Although the salinity in Lake Saanalampi (5.3 and 6.86 uS-cm™!) was higher than in local streams,
the difference is small (Figure 5b) and it can be concluded that the lake’s chemical composition is
mainly controlled by atmospheric input. The lakes feed mainly on springtime meltwater and thereby
the chemical composition of snow directly affects the conditions of the lake.

Lake Saana waters proved to be quite diluted (10 to 25 uS-cm™'), while electrical conductivity
was higher in most streams and subsurface waters. Only electrical conductivity of the lake and its
northern influx was similar (Figure 5a). Meltwater probably predominates in early spring, because
8180 composition of surface water of the lake is clearly more depleted in springtime (~15.8%o) [19].
These values match the '80 composition of the average snow cover (—14.7%o) [27]. For the rest of the
year, the northern influx could be in control of the lake’s chemical composition. Still, it is important to
point out that earlier monitoring of the lake’s chemical composition has only been done in the central,
deepest part of the lake. Based on the results, which show a difference in stream water chemistry
between the eastern and western parts of the catchment, chemical variation in the marginal areas of
the lake could be expected to occur in the spring when the lake is still covered by ice and wind mixing
is lacking. The content of SO42~ in stream water was relatively high, but there is no clear reason to
link pH fluctuation in local lakes to pyrite oxidation, although the latter produces lower pH values.
The results showed that a higher SO42~ content was accompanied by higher pH values (Table 3),
which obviously come from buffering of carbonate rocks. Still, a speculative possibility remains that
there could also be a flow through the bedrock of Mount Saana bringing the acidic water into the lake.
This inflow would be the heaviest in spring when snow melt creates floods (Figure 12).

Several studies have shown that bedrock geochemistry strongly influences the soil’s nutrient
content and, at the same time, its biodiversity [71]. However, the plants obtain nutrients not directly
from the soil but from the soil fluids. This study has shown that chemical composition of the fluid does
not match the geochemical signal from the soil. Although relevant studies on the relation between
bedrock geochemistry and biodiversity have been conducted on the Lake Saana catchment (Systra, 2010;
Kauhanen, 2013; Kumar et al., 2016) [72-74], these are not detailed enough to understand whether
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hydrochemical differences between the western and eastern parts of the catchment have affected
local biodiversity.

5. Conclusions

The investigation in the Arctic Kilpisjarvi area stresses the importance of spatial variability of
stream water chemistry even on a small territory. The obtained results from the Lake Saanalampi
catchment show that rock weathering can be quite limited and the chemistry of runoff and lake waters
similar to precipitation (snow cover). Inversely, the results in the Lake Saana catchment demonstrate
that Arctic conditions do not preclude intense chemical weathering where conditions are favourable.

Although pyrite locations have not been conclusively identified in local rocks, the suggested
weathering hypothesis would require their presence. Based on earlier visual observations, it can be
supposed that sulphur may be related to claystone outcropping widely at the base section of Mount
Saana. The results of the current study show that essential pyritization has occurred in nappes on top
of Mount Saana. The contribution from the Archaean basement seems to be negligible but cannot
be ruled out completely, since there is local sulphide mineralization in intermediate and basic rocks.
Apparently, pyrite spread in the catchment can be related to claystone and tectonic zones at the foot
and on top of Mount Saana.

The study shows that local conditions, when sulphide minerals are present, create a chemically
aggressive environment in the Kilpisjarvi area, which in some sites could cause particularly high
chemical weathering rates compared to other Arctic-alpine areas. The results show that the buffering
of H,SOy controls both carbonate and silicate weathering in the western part of the catchment. On
the rest of the research area, the dissolution of dolomite is controlled by partial pressure of CO,
and the weathering rate of silicates has stayed several times lower than in the western part of the
catchment. No clear connection between pyrite oxidation and pH fluctuation in local lakes could be
seen, which supports earlier views that it is mostly precipitation that controls lake water chemistry
in the Kilpisjarvi area. Still, it should be pointed out that differences in the chemical composition
of streams could create ecologically different conditions for plants and microorganisms in spite of
geochemical similarity of the surface rock.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/4/174/s1,
Supplementary A: Representative XRD patterns of subsurface samples (Table 1); Supplementary B: Chemical
composition of lake water in the Kilpisjarvi area in 2008 to 2010.
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