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Abstract 32 

Noble gas residence times of saline groundwaters from the 2516 m deep Outokumpu Deep Drill 33 

Hole, located within the Precambrian crystalline bedrock of the Fennoscandian Shield in Finland, 34 

are presented. The accumulation of radiogenic (4He, 40Ar) and nucleogenic (21Ne) noble gas 35 

isotopes in situ together with the effects of diffusion are considered. Fluid samples were 36 

collected from depths between 180 and 2480 m below surface, allowing us to compare the 37 

modelled values with the measured concentrations along a vertical depth profile. The results 38 

show that while the concentrations in the upper part are likely affected by diffusion, there is no 39 

indication of diffusive loss at or below 500 m depth. Furthermore, no mantle derived gases were 40 

found unequivocally. Previous studies have shown that distinct vertical variation occurs both in 41 

geochemistry and microbial community structuring along the drill hole, indicating stagnant 42 

waters with no significant exchange of fluids between different fracture systems or with surface 43 

waters. Therefore in situ accumulation is the most plausible model for the determination of noble 44 

gas residence times. The results show that the saline groundwaters in Outokumpu are remarkably 45 

old, with most of the samples indicating residence times between ~20 and 50 Ma. Although 46 

being first order approximations, the ages of the fluids clearly indicate that their formation must 47 

predate more recent events, such as Quaternary glaciations. Isolation within the crust since the 48 

Eocene –Miocene epochs has also direct implications to the deep biosphere found at Outokumpu. 49 

These ecosystems must have been isolated for a long time and thus very likely rely on energy 50 

and carbon sources such as H2 and CO2 from groundwater and adjacent bedrock rather than from 51 

the ground surface. 52 

 53 

 54 

 55 

 56 

 57 
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1. Introduction 59 

 60 

Within crystalline bedrock, water occupies open space from pores and micro-fractures to major 61 

fracture zones which, at least in the uppermost hundreds of meters, forms a relatively continuous 62 

network allowing slow circulation of fresh meteoric water. Deep in the bedrock, where both the 63 

hydraulic conductivity and the hydraulic head gradient decrease, water becomes typically 64 

stagnant. Saline gas-rich groundwaters, characteristically enriched in 2H and 18O compared to 65 

meteoric waters, are found worldwide in old crystalline bedrock (e.g. Kloppmann et al. 2002, 66 

Frape et al. 2003), including the Fennoscandian Shield in Finland (Nurmi et al. 1988, Blomqvist 67 

1999, Kietäväinen et al. 2013). Several studies have emphasised the importance of low 68 

temperature water-rock interaction in the evolution of these waters, and accordingly, very long 69 

residence times are supposed to be needed to explain the geochemical and isotopic compositions 70 

observed (Fritz and Frape 1982, Frape et al. 1984, Clark and Fritz 1997, Kloppmann et al. 2002, 71 

Frape et al. 2003). Findings that microorganisms live in these saline and often gas rich waters 72 

(e.g. Haveman et al. 1999, Moser et al. 2003, Itävaara et al. 2011a) have further raised the 73 

question of time scales related to rates of microbial metabolism, adequacy of substrates, and 74 

biological cycling of elements within the deep subsurface devoid of phototrophic energy (Lin et 75 

al. 2006).  76 

 77 

A number of methods are available to define a mean residence time of groundwater, many of 78 

which are based on radioactive decay, and the age range is ultimately limited by the half life of 79 

the decaying element (e.g. Clark and Fritz 1997). Of these, even the 36Cl method with a dating 80 

range up to 1.5 Ma has turned out to be insufficient when considering the residence times of 81 

saline fluids within the upper continental crust (Louvat et al. 1999, Lippmann et al. 2003). In 82 

contrast, methods based on accumulation of radiogenic (4He, 40Ar), nucleogenic (21Ne), and 83 

fissiogenic (134Xe, 136Xe) noble gas isotopes in groundwater  are not directly limited by a dating 84 

range (e.g. Torgersen 1980, Bottomley et al. 1984, Ballentine et al. 1991, Lippmann et al. 2003). 85 

The benefits of these methods also include the inertness and well known sources of the nuclides.  86 

 87 

Two models are usually applied to calculate the noble gas residence times of groundwaters (e.g. 88 

Ballentine et al. 2002). In the in situ model the calculation is built on the prerequisite that 89 
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(surface driven) water enters a degassed aquifer with zero contribution of radiogenic noble gases. 90 

Radiogenic noble gases then accumulate in the groundwater at a rate proportional to their 91 

production in the surrounding bedrock. In the flux model, deep crustal flux of noble gases is 92 

considered, which may add radiogenic noble gases in excess of in situ production. In reality, the 93 

situation is hardly ever so straightforward. Instead, fracturing and fluid flow can locally enhance 94 

the noble gas flux through the crust (Kulongoski et al. 2005, Torgersen 2010), mixing may take 95 

place between different formation waters, or radiogenic noble gases may rapidly be released 96 

from fluid inclusions to groundwater. In addition, drilling causes additional mixing of the fluids 97 

and adds a drilling fluid component to the system.  98 

 99 

Despite these difficulties, the noble gas method is by far the most useful method to determine 100 

residence times on the order of millions of years, and based on this method, ancient 101 

groundwaters with residence times between millions and hundreds of millions of years have been 102 

identified from crystalline bedrock in Canada (Bottomley et al. 1990, Greene et al. 2008), South 103 

Africa (Lippmann et al. 2003), and Germany (Lippmann et al. 2005). Recent results from the 104 

Timmins mine in Canada have even revealed residence times over 1 Ga for fracture fluids from 105 

2.4 km depth (Holland et al. 2013).  106 

 107 

Such studies on residence times of deep groundwaters have so far been almost absent from the 108 

Fennoscandian Shield. Noble gas isotopes (only He and Ar) have been previously measured in 109 

deep groundwaters of the Fennoscandian Shield by Andrews et al. (1982) from the Stripa mine, 110 

by Hilton and Craig (1989) from the Siljan Deep Well (~ 7 km deep), and by Sherwood Lollar et 111 

al. (1993) from several sites in Finland, but these studies did either not include absolute noble 112 

gas concentration determinations or suffered from disturbed sampling conditions, thus 113 

hampering the determination of residence times. Samples from the Stripa mine were later studied 114 

for their residence time by Andrews et al. (1989), but without success as the He concentrations 115 

were concluded to be controlled by steady state processes. Delos et al. (2010) reported the 116 

distribution of helium in groundwaters down to a depth of 1 km in crystalline rock in Sweden 117 

(Forsmark and Laxemar) and Finland (Olkiluoto). Based on the observed He concentration 118 

gradient within the uppermost bedrock, they derived a deep-source model indicating residence 119 

times of tens of millions years. Neretnieks (2013) re-interpreted the data and proposed that the 120 
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observed concentration gradient could be due to episodic flushing of water in fractures during the 121 

Pleistocene glacial periods. Both these models presume a continuous He concentration gradient 122 

reaching much deeper than observations were available (about 1 km), and did not include noble 123 

gas isotope data. 124 

 125 

The Outokumpu Deep Drill Hole is an uncased, scientific drill hole in eastern Finland (Fig. 1a) 126 

and provides direct access to Precambrian crystalline bedrock down to 2516 m depth. The stable 127 

isotope composition of water in fluid inclusions suggests that metamorphic fluids do not form a 128 

significant groundwater component in Outokumpu (Piribauer et al. 2011). Instead, recharge of 129 

meteoric water and subsequent water-rock interaction seem to best explain the observed isotope 130 

composition (Kietäväinen et al. 2013). Furthermore, Kietäväinen et al. (2013) suggested that 131 

groundwaters in the drill hole were recharged at warmer than present climatic conditions, which 132 

would be indicative of residence times on the order of tens of millions of years. Glacial melt 133 

waters have been detected elsewhere in the bedrock of Outokumpu (Blomqvist 1999), but not in 134 

the Outokumpu Deep Drill Hole (Kietäväinen et al. 2013). Previous studies have revealed 135 

diverse microbial communities along the drill hole (Ahonen et al. 2011, Itävaara et al. 2011a, 136 

2011b, Kietäväinen et al. 2013, Purkamo et al. 2013, Nyyssönen et al. 2014). 137 

 138 

In this study, noble gases are used to better define the suggested ages of the Outokumpu Deep 139 

Drill Hole waters and estimate the time scale required (or available) for the development of 140 

saline gas-rich fluids observed in many crystalline terrains. In situ accumulation of radiogenic 141 

noble gases as well as models including crustal fluxes and diffusion are discussed. In addition to 142 

improving our basic understanding on the upper crustal fluids, the information on residence 143 

times will potentially be valuable in estimating deep subsurface microbial activity and in 144 

assessing the safety of deep geological disposal of nuclear waste and other operations exploiting 145 

crystalline bedrock environments. 146 

 147 

2. Study site 148 

 149 

The 2516 m deep Outokumpu Deep Drill Hole is located in eastern Finland within the 150 

Fennoscandian Shield (Fig. 1a). Situated at the NW-SE trending boundary between the Archaean 151 
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and Proterozoic domains of the shield, the Outokumpu area is characterised by a complex 152 

geological history, including the formation of world class Cu-Zn-Co ore deposits (e.g. Peltonen 153 

et al. 2008). Due to tectonic thickening and magmatic under- and intraplating during the 154 

Svecofennian orogeny (1.9 – 1.8 Ga), unusually thick crust up to 65 km is found at the 155 

Archaean-Proterozoic boundary (Korsman et al. 1999).  156 

 157 

The bedrock of the study site consists of 1.96-1.90 Ga mica schist, black schist and ophiolitic 158 

rocks (Outokumpu assemblage) overlying the Archaean basement, and is dissected by 1.86 Ga 159 

granitoids (Huhma 1986, Claesson et al. 1993, Peltonen et al. 2008, Lahtinen et al. 2010) (Fig. 160 

1). After the main regional deformation, metamorphic conditions reached their peak in the study 161 

area at middle amphibolite facies (550 – 675ºC at 3 – 5 kbar) at 1.885 Ga (Korsman et al. 1999, 162 

Säntti et al. 2006). The main tectonic feature in the area is the SE dipping Outokumpu fault (Fig. 163 

1a), which reaches the surface 3 km NW of the Outokumpu Deep Drill Hole and probably 164 

dissects the crust at 3 – 4 km depth below the deep drill hole site (Kukkonen et al. 2012). 165 

Tectonic activity has long since ceased, although minor movements related to glacial depression 166 

and post-glacial uplift may have occurred during the last 2 million years of glaciations and 167 

deglaciations (e.g. Steffen and Wu 2011). The present erosional level was reached at the latest by 168 

the beginning of the Cambrian at ca. 600 Ma (Kohonen and Rämö 2005). At present, over 30 m 169 

of Quaternary sand and silt covers the bedrock at the study site. 170 

 171 

Petrophysical measurements of rock density and effective porosity from the Outokumpu Deep 172 

Drill Core are given in Table 1. In addition to pore spaces, fractures of different scale from 173 

micro-fractures to major fracture zones occur in crystalline bedrock. The major fracture zones in 174 

the Outokumpu Deep Drill Hole, as indicated by borehole loggings, are shown in Figure 1b. 175 

Based on reflection seismics, structures including the fracture zone at 970 m are mainly 176 

horizontal to subhorizontal in character (Heinonen et al. 2011). Due to the low geothermal 177 

gradient, the bottom hole temperature only reaches 40°C (Kukkonen et al. 2011). 178 

 179 

Formation waters of the Outokumpu Deep Drill Hole are characteristically rich in dissolved CH4, 180 

N2, H2 and He and have high salinity up to 70 g l-1 (Kietäväinen et al. 2013 and this study). 181 

Previous studies have also shown that distinct vertical variation in water geochemistry occurs 182 
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along the drill hole, indicating stagnant waters with no significant exchange of fluids between 183 

different fracture systems or with surface waters. Hydraulic tests performed during and after the 184 

drilling as well as temperature logs mostly indicate negligible fluid flow in the bedrock (Fig 1b; 185 

Ahonen et al. 2011, Kukkonen et al. 2011). Based on Sr and water stable isotopes and overall 186 

geochemistry, five different water types have been discerned within the drill hole, with a major 187 

divide in composition at around 1300 m depth (Fig. 1b; Kietäväinen et al. 2013).  188 

 189 

Variable microbial communities, including methanogenic archaea and sulphate reducing 190 

bacteria, inhabit the fracture fluids (Itävaara et al. 2011a, 2011b, Purkamo et al. 2013, Nyyssönen 191 

et al. 2014). The bacterial community structuring has been found to correlate with the different 192 

water types (Kietäväinen et al. 2013, Nyyssönen et al. 2014), further emphasising the isolated 193 

and stratified nature of the fluids.  194 

 195 

3. Material and methods 196 

 197 

3.1 Samples 198 

 199 

Two methods were utilised to collect groundwater samples for noble gas analysis from the 200 

Outokumpu Deep Drill Hole. In the first instance, samples were taken in connection with the 201 

tube sampling in May 2011. In this method, modified after Nurmi and Kukkonen (1986), Cu-202 

tubes were attached between 100 m sections of polyamide tubes equipped with a back pressure 203 

valve at the end and shut off valves between each 100 m section. The tube sampler was slowly 204 

lowered into the drill hole until the end of the tube reached 2450 m depth, and then lifted up. The 205 

valves were closed as soon as they reached the surface and the Cu-tubes were immediately 206 

sealed with clamps. In total, three Cu-tube samples (from 850, 1650, and 2350 m) were taken 207 

with this method, and are hereafter referred to as “Cu-tube water”. Later it was noticed that the 208 

clamps of the 850 m sample were not tight, and therefore we excluded this sample from the 209 

analysis. 210 

 211 

In August 2011, eight samples were collected using a Leutert Positive Displacement Sampler 212 

(PDS), covering a depth range from 500 m to 2480 m. In contrast to the tube sampling method, 213 
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the PDS method allows sampling at in situ pressures, thus minimising fractionation related to 214 

potential degassing during sampling. Furthermore, the gas/water ratio can be reliably determined 215 

(Regenspurg et al. 2010). The samples were transferred from the down hole sampler into a 216 

transfer vessel and split into water and gas phases in an evacuated sampling line connected with 217 

a Cu-tube and a gas sampling bulb made of glass. Gas separation was assisted with a heated 218 

ultrasonic bath and the Cu-tubes (hereafter referred to as “Cu-tube gas”) were cold welded with 219 

clamps after ca. 10 minutes of degassing. Gas/water ratios were determined based on pressure 220 

build-up in the sampling line during degassing. The final pressure inside the containers varied 221 

from 187 mbar to 1240 mbar. In order to increase the pressure inside the gas sampling bulbs to 222 

atmospheric (1012 mbar at the time of sampling), deionised and degassed water was added into 223 

glass bulbs containing the samples OUTO-1470-2 and OUTO-2480 after the Cu-tube gas 224 

samples had been taken. 225 

 226 

3.2 Analytical methods 227 

 228 

Relative gas concentrations (including He, Ar, CO2, O2, N2, H2 and CH4) of the sampling bulb 229 

gas samples were determined in the field by a Pfeiffer GSD 300 OmniStar quadrupole mass 230 

spectrometer (QMS) using Quadstar 32-bit software. The same samples were later analysed by 231 

gas chromatography (GC) at Ramboll Analytics (Vantaa, Finland) (Kietäväinen et al. 2013). The 232 

relative uncertainty of the GC analysis, including both analytical uncertainty and reproducibility 233 

of the duplicates, was 19 % for He and 31 % for Ar at 2σ level. Independent of the gas species, 234 

the reproducibility of QMS measurements is 2% for the measured concentrations which were all 235 

>100 ppmv. Including the uncertainty of the calibration measurement, we estimate the total 236 

analytical uncertainty of the QMS measurements to be twice as high, i.e. 4 % for all gas species. 237 

 238 

The isotope compositions of noble gases were determined with a VG 5400 mass spectrometer 239 

equipped with both Faraday and electron multiplier detectors at GFZ Potsdam, Germany. All 240 

three types of samples were analysed: water in a Cu-tube, gas in a Cu-tube, and gas in a sampling 241 

bulb. Due to high pressure inside the Cu-tube water samples, spontaneous degassing generally 242 

provided abundant gas for the analysis. Only the sample OK-24/25 was actively degassed in an 243 

ultrasonic bath for a second run after a first measurement of the free gas phase. Purification of 244 
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noble gases was performed in a line consisting of a cold trap (-79°C), two Ti sponge-getters 245 

(+400°C) and two Zr-Al (SAES) getters (+250°C and room temperature). In addition, activated 246 

charcoal cooled with liquid nitrogen (-196°C) was used to enhance purification during the He 247 

and Ne measurements. Ar, Kr, and Xe were adsorbed to a stainless steel frit in a cryostatic cold 248 

head at 50 K, and He and Ne to activated charcoal in another cold head at 11 K. Each noble gas 249 

was then released and measured separately by sequentially heating the first cold head to 80 K, 250 

100 K, and 150 K to release Ar, Kr and Xe, and the second cold head to 35 K and 120 K to 251 

release He and Ne, respectively. The system was calibrated and the reproducibility of the 252 

analysis tested by analysing an artificial gas mixture of known composition and isotope ratios. 253 

Further details on analytical procedures and data reduction methods can be found in Niedermann 254 

et al. (1997).  255 

 256 

4. Results 257 

 258 

4.1 Gas concentrations 259 

 260 

The results of gas chromatography (GC), together with the isotopic (δ2H, δ18O, 87Sr/86Sr) and 261 

general geochemical composition of the water samples, have been previously reported by 262 

Kietäväinen et al. (2013). The present study is based on the results of quadrupole mass 263 

spectrometric (QMS) analyses conducted at the time of sampling and noble gas mass 264 

spectrometry (NGMS) conducted approximately half a year later.  265 

 266 

Oxygen was present in all the samples, ranging between 0.08 and 2.6 vol % in the QMS (Table 267 

2) and 0.07 and 5.8 vol % in the GC analyses. Such amounts of free molecular oxygen are 268 

however unlikely to be found deep underground, and have not been detected during long term 269 

on-line monitoring of the pumped fluid in Outokumpu (Purkamo et al. 2013). Therefore we 270 

consider oxygen to be a contaminant derived from air. Due to the high He and low Ar 271 

concentrations in the samples compared to air, air contamination is more prominent for Ar than 272 

for He. It was observed that, even taking account of the error limits, He/Ar ratios were 273 

progressively lowered between the QMS, GC and the mass spectrometric analysis of noble 274 

gases. This suggests that air was leaking in (and perhaps He leaking out) not only during 275 
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sampling but also during sample storage. Therefore the QMS results are thought to best represent 276 

the original concentrations in groundwater and have been used in the residence time calculations.  277 

 278 

The measured gas concentrations (X in vol %) were corrected for contamination by assuming 279 

that the contaminant is of atmospheric origin: 280 

 281 

����������	 = �
������ −	(��	����������	���
	 ∙ ����)      (1) 282 

 283 

The atmospheric volume fractions as measured with the QMS at Outokumpu were used for Xair 284 

(O2, 20.95 %; N2, 78.085 %; Ar, 0.93 %; CO2, 0.039 %; He, 0.000524 %; CH4, 0.00015 %, H2, 285 

0.00014 %). Subsequently, the absolute gas concentrations were determined from air-corrected 286 

relative volume data by using the measured gas/water ratios: 287 

 288 

��� = � !"���!#��$%% & ∙ '()/+(,-.	        (2) 289 

 290 

where [X] is the concentration of a gas X in cm3 g-1 at standard temperature and pressure (STP). 291 

The corrected values were not normalised to 100 % prior to the calculation (Eq. 2), as it was 292 

assumed that air contributed to the gas phase already during sampling, i.e. increased the 293 

gas/water ratio. As gas/water ratios of the Cu-tube water samples were not known, absolute 294 

concentrations could not be determined for them. 295 

 296 

The air-corrected concentrations of gases are given in Table 2. No systematic change is observed 297 

in the noble gas concentrations with depth. Both He and Ar concentrations are highest at 970 m 298 

depth, whereas a concentration minimum is seen at 1470 m for Ar and 2350 m for He (Fig. 2a 299 

and 2b).  300 

 301 

4.2 Noble gas isotopes 302 

 303 

The measured isotopic ratios of noble gases in the Outokumpu Deep Drill Hole samples are 304 

given in Table 3. The 3He/4He ratio is rather constant throughout the drill hole profile (Fig. 2c). 305 
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Both the 20Ne/22Ne and 21Ne/22Ne ratios are close to atmospheric and distinguishable 21Ne 306 

excesses are observed only in the gas sampling bulb samples from 970 m and 1470 m and in the 307 

two Cu-tube water samples from 1650 m and 2350 m. Likewise, the highest 40Ar/36Ar ratios are 308 

found in these samples (Fig. 2d), indicating minimal air contamination compared to the Cu-tube 309 

gas samples, as also inferred by high 4He/20Ne ratios (Table 3). Differences between the Cu-tube 310 

and gas sampling bulb samples, collected at the same time, are likely related to leakage of air and 311 

mass fractionation as discussed in more detail in section 5.2. Higher than atmospheric ratios of 312 

134Xe/132Xe and 136Xe/132Xe are found at the two deepest sampling depths whereas most other Xe 313 

ratios are atmospheric within uncertainties. Together with the high uncertainty of absolute 314 

concentrations of Xe, this precludes the use of Xe in residence time calculations. 315 

 316 

5. Discussion 317 

 318 

5.1 Mantle, crustal and air-derived noble gas components 319 

 320 

The noble gas concentrations (Ctot) are a sum of components derived from different sources 321 

including air (solution equilibrium and excess air components as well as possible contamination), 322 

mantle, and crust (e.g. Kipfer et al. 2002). In order to determine noble gas residence times, the 323 

concentrations of radiogenic (or nucleogenic) nuclides formed within the crust need to be 324 

resolved. Different components can be determined based on the defined end member isotopic 325 

ratios for each noble gas (Ballentine et al. 2002). The contribution of the mantle component is 326 

most readily determined with He.  327 

 328 

The 3He/4He ratios of the Outokumpu Deep Drill Hole fluid samples are all within the typical 329 

range for crustal He of up to ~3 · 10-8 (Ballentine and Burnard 2002), and clearly differ from the 330 

3He/4He value of 8.69 · 10-6 reported for the subcontinental lithospheric mantle (i.e. 4He/3He = 331 

115,000; Gautheron et al. 2005). This is in accordance with the unlikely presence of a mantle 332 

component in an area of an over-thickened crust. Therefore we consider the noble gases to be 333 

composed of only two components:  334 

 335 

Ctot = Cair + Ccrust          (3) 336 
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 337 

Based on the 3He/4He and 4He/20Ne ratios (Table 3), virtually all He is radiogenic and the air-338 

corrected [He]tot (Table 2) thus equals [4He]crust and can be directly used in residence time 339 

calculations. Besides air-contamination, a significant part of Ne and Ar may comprise dissolved 340 

or excess air. Therefore, another approach is needed to obtain Ccrust for them. At first the 341 

concentrations of [21Ne]tot and [40Ar]tot  were determined based on their partial pressures relative 342 

to He as exemplified here for 21Ne:	343 

 344 

[21Ne]tot = p21Ne/p4He · [
4He]tot         (4) 345 

 346 

where p21Ne and p4He are partial pressures of 21Ne and 4He determined during the noble gas mass 347 

spectrometric measurement. Subsequently, the concentrations of crustal 21Ne and 40Ar (Table 3) 348 

were determined according to the equations (5) and (6) (Ballentine et al. 2002), with the 349 

atmospheric ratios of 0.00296 for (21Ne/20Ne)air (Eberhardt et al. 1965) and 298.56 for 350 

(40Ar/36Ar)air (Lee et al. 2006). 351 

 352 

[21Nenucl] = [21Netot] ·  [1-(21Ne/20Ne)air/(
21Ne/20Ne)measured]     (5) 353 

[40Arrad] = [40Artot] ·  [1-(40Ar/36Ar)air/(
40Ar/36Ar)measured]     (6) 354 

 355 

As the He/Ne and He/Ar ratios had changed during sample storage (i.e. after the [4He]tot was 356 

measured), an assumption is made that only addition of air, but no loss of crustal 21Ne or 40Ar 357 

occurred. 358 

 359 

5.2  Mass fractionation 360 

 361 

If mass fractionation has taken place, the measured noble gas concentrations may no more 362 

represent original concentrations in groundwater. Therefore it is essential to either try to correct 363 

for such fractionation or exclude the affected samples from residence time calculations. 364 

Elemental fractionation of noble gases is ultimately driven by the difference in their masses and 365 

may take place for example during degassing or dissolution (Ballentine et al. 2002). Degassing is 366 

unquestionably taking place at the Outokumpu Deep Drill Hole, where continuous bubbling of 367 
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gases is observed at the well head. This process is, however, potentially affecting only the 368 

topmost part of the drill hole. Based on concentration and solubility data, no spontaneous 369 

degassing should take place below 150 m, i.e. at the depths in target of this study. Temporary 370 

disturbance may have been caused by pumping experiments, conducted at several depths during 371 

the existence of the drill hole, and by the drilling operation itself. Due to a slight decrease in 372 

pressure during sampling, the tube sampler is also potentially prone to partial degassing of the 373 

samples. If there is no degassing, or the water is completely degassed (as was the aim during the 374 

transfer from the PDS into the sample containers), no fractionation should occur. 375 

 376 

If driven by diffusion, elemental fractionation may be accompanied by isotopic fractionation 377 

(Ballentine et al. 2002). The most extensive fractionation is related to Rayleigh distillation type 378 

processes, as exemplified for partial degassing (e.g. Ballentine et al. 2002, Matsumoto et al. 379 

2004): 380 

 381 

(/�/0�)1-'())-1	 = (/�/0�)2./'/3(4	 ∙ 	
$567
$56        (7) 382 

 383 

where iX/jX is the ratio of two isotopes (for example 20Ne/22Ne) in the dissolved phase prior to 384 

(original) and in the gas phase after partial degassing (degassed), f is the fraction of gas retained 385 

in the water, and α is the fractionation factor. For diffusion-controlled fractionation, the latter is 386 

commonly determined as a square root relation of the two masses (e.g. Marty 1984, Ballentine et 387 

al. 2002): 388 

 389 

8 = 9:;/:�           (8) 390 

 391 

For example, α for the fractionation between 20Ne and 22Ne is therefore 922/20 ≈ 1.05.  392 

 393 

Free-molecule diffusion, analogous to partial degassing, may also happen when gas is passing 394 

through a conduit with a diameter smaller than the mean free path of the gas atoms (Marty 1984, 395 

Ballentine et al. 2002). If air is leaking through such conduits during sample storage, this effect 396 
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may cause fractionation of gaseous samples even if complete degassing had been achieved 397 

during sampling. 398 

 399 

Based on equations (7) and (8) the relative effect of fractionation on different isotope ratios can 400 

be calculated and used to interpret isotopic fractionation within a sample set. A three-isotope plot 401 

of neon is presented in Figure 3 for the Outokumpu Deep Drill Hole samples. From Fig. 3, it can 402 

be seen that the sampling bulb gas samples show Ne isotopic compositions indicative of mixing 403 

between atmospheric and crustal Ne, whereas the Cu-tube gas samples have been affected by 404 

isotopic fractionation, as indicated by the alignment of data along the mass fractionation line 405 

(MFL in Fig. 3). As both types of samples have been collected from the same sampling line, 406 

fractionation must have happened during sample storage or analysis. This fractionation is also 407 

evident in the 38Ar/36Ar ratios (Table 3), and is most likely related to preferential leakage of 408 

lighter isotopes from air into the low-pressure samples.  409 

 410 

As the degree of fractionation increases with relative difference of mass (Eq. 8), it will be largest 411 

for 3He/4He and smallest for 134Xe/132Xe. The effect on the 4He age will, however, be negligible 412 

because of the huge difference between the atmospheric and measured 3He/4He ratios. Likewise, 413 

the effect on 40Arrad will be minor. However, Ne is much more affected, and the isotope ratio data 414 

of samples plotting on the MFL in Fig. 3 cannot be used to calculate crustal 21Ne concentrations.  415 

The two Cu-tube water samples (OK-17/18 and OK-24/25/B) also deviate from the typical air-416 

crust mixing line in the Ne three-isotope plot (Fig. 3). Since a mantle component can be excluded 417 

based on the crustal 3He/4He ratios within the range of 1-2 ·10-8 (Table 3), it cannot explain the 418 

shift. Interestingly, similar nucleogenic Ne compositions enriched in 21Ne over 22Ne have been 419 

found in deep, saline fracture waters of the Witwatersrand gold mines in South Africa (Type B 420 

fluid of Lippmann-Pipke et al. 2011) and the Timmins mine in Canada (Holland et al. 2013). 421 

Comparable to the deepest parts of the Outokumpu Deep Drill Hole, this Ne anomaly is featured 422 

by fluids typically enriched in H2 and hydrocarbons of potentially abiotic origin and was 423 

suggested to represent an Archaean fluid component (Lippmann-Pipke et al. 2011).  424 

 425 

5.3 Mixing 426 

 427 
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Mixing between a younger and an older component cannot be discerned from in situ 428 

accumulation of radiogenic components (i.e. the constant aging of groundwater) by the noble gas 429 

method. Fortunately there are other parameters such as Sr isotopes and relations of salinity to 430 

water stable isotopes which can be used to estimate mixing. Accordingly, Kietäväinen et al. 431 

(2013) concluded that even though groundwater mixing has occurred due to drilling and 432 

sampling operations in the Outokumpu Deep Drill Hole, geochemically and isotopically distinct 433 

water types are still evident. Stagnant water types also indicate negligible vertical fluid flow in 434 

the bedrock. Around 2260 m depth, however, mixing of formation water with up to 30 % of fresh 435 

drilling fluid was observed (Kietäväinen et al. 2013). Consequently the radiogenic He 436 

concentrations as well as the resulting residence times are likely too low at 2350 m depth, while 437 

at the same time excess (atmospheric) Ar may have been added and 40Ar/36Ar ratios lowered.  438 

 439 

5.4 In situ noble gas residence times 440 

 441 

The in situ accumulation rate of radiogenic nuclides (Ji) within an aquifer depends on the 442 

production rate of these nuclides in the aquifer rock matrix and on the physical properties of the 443 

aquifer (e.g. Torgersen 1980): 444 

 445 

>� = 	? ∙ @$5AA B ∙ �
C�	
CD
& ∙ E�           (9) 446 

 447 

where Λ is a release coefficient, θ is the fractional effective porosity of the rock, ρr and ρw are the 448 

densities of the rock and water (with ρw assumed to equal 1 for all samples), respectively, and Pi 449 

is the production rate of the nuclide (i) in question. Λ is a measure of the proportion of gas 450 

released into the water, and is here assumed to be 1 (i.e. 100 %) for all noble gases. The 451 

following equations, with decay constants and isotopic ratios according to Steiger and Jäger 452 

(1977), are used to calculate the Pi values (in cm3 STP g-1 a-1): 453 

 454 

EFG� = 1.207 ∙ 105$K�L� + 	2.867	 ∙ 	105$F	�Pℎ�        (10) 455 

ER$S� = 5.432	 ∙ 105R$�L� + 	1.290	 ∙ 105R$	�Pℎ�       (11) 456 

EF%X� = 	3.885	 ∙ 105$F�Y�          (12) 457 

 458 
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where [U] and [Th] are the concentrations in ppm, and [K] is the concentration in % (Ballentine 459 

et al. 1991, Lippmann et al. 2003). The 21Ne/4He production ratio of 4.5 · 10-8 from Yatsevitch 460 

and Honda (1997) was used to obtain the coefficients in Eq. (11) from Eq. (10). Parameters used 461 

to calculate in situ accumulation rates in Outokumpu are given in Table 1 and are based on 462 

hundreds of measurements from the Outokumpu deep drill core by Airo et al. (2011) and Västi 463 

(2011). Even though the Outokumpu assemblage, consisting of e.g. serpentinite and black schist, 464 

is a rather heterogeneous unit both in terms of porosity and geochemistry, altogether variation is 465 

small and therefore the average of all measurements (the lowest row in Table 1) has been used in 466 

the calculations. An error representative of two standard deviations of the mean of each 467 

parameter (Table 1) has been included in the cumulative error calculation of model ages. For 468 

porosity, in particular, the error is likely to be higher, because of difficulties of a reliable 469 

determination of bedrock porosity from drill core samples and large variations between different 470 

parts of the fractured bedrock. Due to locally increased porosity in fracture zones, the use of 471 

effective porosity of drill core samples is thus a minimum estimate of total porosity and could 472 

possibly result in too low model ages. For instance, with other parameters staying constant, 473 

doubling the porosity will approximately double the calculated residence times.  474 

 475 

If in situ production is considered the only source for radiogenic 4He, then the residence time τin 476 

situ can be simply calculated by dividing the resolved crustal 4He concentration (Eq. 2) by the in 477 

situ accumulation rate of radiogenic He (Eq. 9) (Torgersen 1980): 478 

 479 

Z�[	��� = �4\-�����/>4\-         (13) 480 

 481 

By analogy, concentrations of crustal 21Ne and 40Ar can be used together with their accumulation 482 

rates (Eq. 9) to determine in situ model ages. 483 

 484 

In situ model ages from 17 (±4) to 58 (±14) Ma are indicated by 4He, 15 (±6) and 45 (±22) Ma 485 

by 21Ne and from 4.1 (±0.9) to 22 (±3) Ma by 40Ar (Table 4, Fig. 4). Altogether, most of the 486 

samples indicate isolation of these groundwaters from the meteoric water cycle since the Eocene 487 

- Miocene epochs.  488 

  489 
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In reality, a release of 100 % of the noble gases produced within the host rock, as assumed in the 490 

residence time calculations, is not necessarily met in nature. While He, although depending on 491 

the effective grain size, easily moves into groundwater (Torgersen and Clarke 1985, Drescher et 492 

al. 1998), Ar is not readily released from minerals at low temperatures (Ballentine et al. 1994, 493 

Tolstikhin et al. 1996). The release of Ar into groundwater is most likely dominated by water-494 

rock reactions (Tolstikhin et al. 1996) and could therefore be very variable, as observed by 495 

Drescher et al. (1998) in their study of noble gases in metamorphic rocks from the KTB deep 496 

drill site in Germany. A lower than supposed release factor may explain discrepancies between 497 

the He and Ar based residence times. In addition, due to the greater sensitivity of Ar and Ne to 498 

air contamination compared to He, mixing with air or recent fluid (drilling water) may have 499 

affected the Ar and Ne results by lowering the isotopic ratios which were used to calculate 500 

[21Nenucl] and [40Arrad] (Eqs. 5 and 6) and the 4He based ages may be the most reliable ones.  501 

 502 

5.5 Diffusion and crustal scale flux  503 

 504 

It is largely accepted that atmospheric loss of 4He into space is compensated by degassing of the 505 

Earth’s crust. However, the extent of crustal scale flux has been long debated, and data from 506 

various locations indicate that at least large variations can occur (Torgersen 1989, 2010). 507 

Observations from sedimentary basins, confined aquifers in particular, have shown that incoming 508 

fluxes could be of importance in adding noble gases in excess of the in situ production 509 

(Torgersen and Clarke 1985, Torgersen and Ivey 1985). The generally more uniform diffusion 510 

properties of crystalline bedrock, combined with substantial production of noble gases within the 511 

formation, are not likely to favour such accumulation of crustal flux. Rather, the observed crustal 512 

flux from the Precambrian Shield in Canada (5.4 ·  10-6 cm3 STP 4He cm-2 a-1, i.e. 4.57 · 1010 4He 513 

atoms m-2 s-1), which is based on data collected from small lakes by Clarke et al. (1977, 1983) 514 

and Top and Clarke (1981), is consistent with the theoretical value for steady state degassing of 515 

the continental crust (Torgersen 2010). Crustal fluxes of the heavier noble gases are less well 516 

constrained (Drescher et al. 1998, Torgersen 2010). 517 

 518 

A concentration gradient is needed as a driving force for diffusive flux. Due to continual 519 

production of noble gases in the crust, such a gradient is formed close to the atmospheric 520 
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boundary (z = 0). Considering 1-D diffusion (along depth z), the concentration (C) of a diffusing 521 

gas in a unit volume changes with time (t) due to in situ accumulation (Ji) and due to diffusion 522 

(D) through the unit volume along a changing concentration gradient (Andrews 1985): 523 

 524 

∂C/∂t = Ji + D(∂2C/∂z2)         (14) 525 

 526 

Assuming a constant production rate and diffusion coefficient for all values of z, zero 527 

concentration for all z at t = 0, zero concentration for all t at z = 0, and a concentration gradient 528 

approaching zero at z � ∞, an exact solution of the one-dimensional diffusion equation can be 529 

derived (Andrews 1985). The exact solution of Eq. (14) can be approximated by the following 530 

equation given by Andrews (1985): 531 

 532 

](^, ,) = >�,	 ∙ �1 − -`5Ra
bc.d	∙	e	∙	(f�)bc.dg�       (15) 533 

 534 

Figure 5 shows the modelled diffusion profiles (Eq. 15) for He in crystalline bedrock with a 535 

porosity of 0.5 % and U and Th concentrations of 6 and 9 ppm, i.e. average values for the 536 

bedrock in Outokumpu (Table 1). Based on experimental determinations from granitic rocks 537 

(Altman et al. 2004, Neretnieks 2013), the effective diffusion coefficient was set to 3.18 · 10-9 
538 

cm2 s-1 (i.e. 1 · 10-5 m2 a-1). According to the model, diffusive loss into the atmosphere creates a 539 

linear decrease of the concentration of the diffusing gas towards the surface. Through time, the 540 

diffusive front progresses and reaches deeper levels of the crust. As the time needed for different 541 

noble gas fluxes to reach steady state is directly proportional to the difference between their 542 

diffusion coefficients (Castro et al. 1998), this would take much longer for Ne and Ar than He, 543 

and even longer for Xe. As long as the diffusive loss does not equal the in situ production at a 544 

given depth, accumulation of noble gases will take place.  545 

 546 

The measured He concentrations from the Outokumpu Deep Drill Hole plot around the 30 Ma 547 

diffusion curve, which does not show diffusive loss at or below 500 m depth (Fig. 5). In addition 548 

to the PDS samples from 2011, the average of three samples from 180 m depth taken with a 549 

pressurised sampling device (PAVE) in 2012 after 45 days of pumping between packers, and one 550 

sample taken already during drilling in 2004 from around 977 m depth (Ahonen et al. 2011) are 551 
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shown. Our observation of the absence of a helium concentration gradient deep in the bedrock is 552 

complementary to that reported by Delos et al. (2010) and Neretnieks (2013) for the upper 1000 553 

m, where a distinct gradient exists. The diffusive front has likely reached the 180 m depth, but it 554 

would take tens of millions of years before a diffusive gradient could develop at depths greater 555 

than a few hundred metres. Thus, by comparing the diffusion model to observed noble gas 556 

concentrations, we can conclude that crustal scale diffusion is not likely to affect noble gas 557 

concentrations of groundwater at or below 500 m depth in Outokumpu, and thus the use of the in 558 

situ model in calculating residence times at about 500 m and below is justified. 559 

 560 

5.6 On the origin and evolution of deep fracture fluids in Outokumpu 561 

 562 

Characteristic features of the deep groundwaters in the Outokumpu Deep Drill Hole, common to 563 

deep fracture fluids of old shields in all over the world, include high salinity, high amounts of 564 

dissolved gases with non-atmospheric composition, and water stable isotopic compositions 565 

shifted above the meteoric water line (Ahonen et al. 2011, Kietäväinen et al. 2013). However, 566 

not much is known about the conditions in which they formed and the processes behind their 567 

distinct compositions (e.g. Frape et al. 2003).  568 

 569 

Our results on noble gas residence times in the Outokumpu Deep Drill hole indicate isolation of 570 

these waters from the near surface hydrological circulation since the Eocene – Miocene epochs. 571 

This is similar to the results from Olkiluoto in south-west Finland, where a noble gas residence 572 

time of 35 Ma has been indicated by the absolute He concentrations in groundwaters below 250 573 

m depth (Delos et al. 2010). Despite the slightly different hydrogeological history of the 574 

presently coastal Olkiluoto and inland Outokumpu (99 m above sea level), both sites are 575 

characterised by Palaeoproterozoic bedrock with brackish to saline fracture fluids and abundant 576 

dissolved gases. In Olkiluoto, Neretnieks (2013) favoured a scenario according to which matrix 577 

pore water was episodically flushed by glacial melt water, resulting in a mixed age. The lack of a 578 

glacial melt water component in the Outokumpu Deep Drill Hole does not seem to support this 579 

kind of hypothesis in our case, unless the change in the isotopic composition of water took place 580 

much faster than in some other locations (e.g. elsewhere in Outokumpu; Blomqvist 1999) where 581 

such a component has been identified.  582 
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 583 

Let us assume that the measured concentrations and therefore the calculated residence times truly 584 

represent in situ ages of these waters. In what conditions may the groundwater recharge have 585 

taken place? The Tertiary of Finland is poorly known, because of the weak preservation of the 586 

geological record in the glaciated landscape. The occurrence of Tertiary marine microfossils in 587 

northern Finland has led to the interpretation that vast areas of northern Finland were below sea 588 

level during the Eocene (Tynni 1982). However, this view has been challenged by Hall and Ebert 589 

(2013), who suggested that the diatoms in these sediments originate from a distant source and 590 

have been deposited by wind. Recent oxygen and hydrogen isotope determinations from rare 591 

kaolin deposits in Finland indicate formation by weathering at temperatures between 13 and 15 592 

°C, i.e. likely during the Palaeocene to Eocene or the Late Oligocene to Middle Miocene, and 593 

consequently do not support marine transgression at that time (Gilg et al. 2013). Due to humid 594 

climate that has supposedly prevailed in northern latitudes within this period (Greenwood et al. 595 

2010, Larsson et al. 2011), the conditions may have been favourable not only for the formation 596 

of the kaolinites but also for groundwater recharge. The Cenozoic uplift of Fennoscandia (Anell 597 

et al. 2009) could have further assisted the preservation and isolation of these groundwaters in 598 

the bedrock.  599 

 600 

Using the silicate hydration hypothesis (e.g. Fritz and Frape 1982, Kloppmann et al. 2002) to 601 

model the evolution of the isotopic composition (δ2H, δ18O) of groundwater in Outokumpu, 602 

Kietäväinen et al. (2013) suggested that recharge occurred during climatic conditions 3 - 10°C 603 

warmer than at present. Temperature dependency of the solubility of atmospheric noble gases in 604 

water has been used in several studies to determine recharge temperatures of groundwaters (e.g. 605 

Aeschbach-Hertig et al. 2002, Kipfer et al. 2002). Due to the lack of absolute concentrations of 606 

heavier noble gases, our data set cannot be used for this purpose. However, from the residence 607 

time perspective it can be noted that based on the reconstruction of temperatures from δ18O of 608 

deep sea foraminifera, climate has significantly cooled since the Early Eocene climatic optimum 609 

around 50 Ma (Zachos et al. 2001), while since that time the palaeolatitude of Fennoscandia has 610 

increased by about 8° (Torsvik et al. 2001). As such, our results on noble gas residence times on 611 

the order of tens of millions of years are congruent with the warmer climate scenario suggested 612 

in Kietäväinen et al. (2013).  613 
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 614 

In any case, the results from Finland are within the supposed age range of similar groundwaters 615 

in Canada, South Africa and Sweden (Lippmann et al. 2003, Greene et al. 2008, Delos et al. 616 

2010). Whether the similar residence times indicate some major geological circumstance, a 617 

similar geochemical evolution or are just coincidental remains an open question.  618 

 619 

5.7 Implications for the deep biosphere 620 

 621 

Isolation of the Outokumpu Deep Drill Hole groundwater within the crust since the Eocene –622 

Miocene epochs has also direct implications for the deep biosphere within the fractured bedrock. 623 

These ecosystems must have been isolated for a long time and thus very likely rely on energy 624 

and carbon sources such as H2 and CO2 from groundwater and adjacent bedrock rather than from 625 

the ground surface. As inert species, noble gases cannot be utilised by microorganisms and could 626 

therefore be potentially used to estimate microbial consumption of other, co-existing crustal 627 

gases such as CH4, CO2 and H2: if notable consumption of other gases is to happen, while 628 

accumulation of noble gases takes place, this may appear as a negative correlation of 629 

concentrations. 630 

 631 

In the Outokumpu Deep Drill Hole the concentration of He, and to a lesser extent also Ar, 632 

correlates positively with all other gases measured except for H2 and CO2; instead, the highest 633 

concentration of He is found where the concentrations of H2 and CO2 are lowest. A possible 634 

explanation for this inverse correlation is that H2 and CO2 are, and have been, consumed by 635 

microorganisms. Potential for both autotrophic acetate production and methanogenesis utilising 636 

these substrates has been detected in metagenomic sequencing of the Outokumpu samples 637 

(Nyyssönen et al. 2014). An isotopic study of hydrocarbons, dissolved inorganic carbon, and H2 638 

is under way to better resolve the questions related to the origin and possible consumption of 639 

these gases in the deep crystalline rock environment. 640 

 641 

6. Conclusions 642 

 643 
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The noble gas composition of saline fluids down to 2480 m depth within the Outokumpu Deep 644 

Drill Hole was studied. No mantle derived gases were found unequivocally. The presence of 645 

radiogenic nuclides of He and Ar as well as nucleogenic 21Ne enabled noble gas residence times 646 

to be determined. Our He concentration data from 500 – 2500 m do not show any observable 647 

concentration gradient, indicating that this depth range is neither affected by diffusion flux 648 

towards the surface nor has been subjected to any major convective flushing effects. Therefore in 649 

situ accumulation could be assumed as a basis for the calculations.  650 

 651 

Our estimations of residence times are based on the average U, Th and K concentrations and 652 

effective porosity determined form the Outokumpu Deep Drill Core. The complete release of 653 

radiogenic noble gases into the water phase was assumed. In general, residence times between 17 654 

and 58 Ma are indicated by 4He and are in good agreement with 21Ne based ages, while 655 

somewhat younger ages between 4 and 22 Ma were obtained by using the accumulation of 40Ar. 656 

Systematic difference between the 4He and 40Ar ages of water can be explained by their different 657 

release factors: more Ar remains trapped in the mineral lattice compared to the more mobile He, 658 

while neon evidently has intermediate properties in terms of molecular mobility. Congruent 659 

residence times are obtained if the release factors for 21Ne and 40Ar are set to more realistic 660 

values below 1. In addition, mixing with fresh drilling fluid may have lowered the 40Ar/36Ar 661 

ratios and may consequently partly explain the lower 40Ar residence times. 662 

 663 

Although being first order approximations, the ages obtained in this study confirm that the 664 

isolated fluids in Outokumpu are ancient, and not related to more recent events, such as 665 

Quaternary glaciations. Instead, humid climate and regional uplift during the Tertiary may have 666 

favoured the formation and isolation of these groundwaters. Our results on noble gas residence 667 

times have also direct implications for the deep biosphere ecosystems discovered in the 668 

Outokumpu Deep Drill Hole. These ecosystems must be remarkably old, and further, they very 669 

probably rely on energy and carbon sources from the bedrock rather than the ground surface. 670 
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Figure captions 

Fig. 1. Lithology (a) of the Outokumpu region and (b) along the Outokumpu Deep Drill Hole. 
The uppermost 30 m of the profile comprise Quaternary sand and silt (not shown in the legend). 
Arrows indicate the main points in which density difference driven flow into (arrows pointing 
left) and out (arrows pointing right) of the drill hole, originating from mixing between saline 
formation fluids and residual drilling water, has been observed. Hydraulic conductivities, 
measured during drilling, are from Ahonen et al. (2011) and division into different water types 
from Kietäväinen et al. (2013). Modified after Kukkonen et al. (2012) and Kietäväinen et al. 
(2013).  

Fig. 2. Vertical variation of (a) He and (b) Ar concentrations before and after correction for air-
contamination (open and filled symbols, respectively) and of (c) 3He/4He and (d) 40Ar/36Ar ratios 
along the Outokumpu Deep Drill Hole. The air-contamination correction in (a) and (b) is based 
on the assumption that all O2 is of atmospheric origin (Eqs. 1 and 2). Atmospheric ratio of 
40Ar/36Ar (Lee et al. 2006) is indicated with a dashed line. Symbols in (c) and (d) are coded 
according to the sample type: diamond = sampling bulb gas, square = Cu-tube gas and triangle = 
Cu-tube water. 

Fig. 3. Three-isotope plot for Ne. Symbols as in Fig. 2c and d. MFL = mass fractionation line for 
air (see Eq. 7). Composition of air is from Eberhardt et al. (1965). The air-crust mixing line is 
calculated using a crustal end member composition with 21Ne/22Ne = 0.47 and 20Ne/22Ne = 0 
(Kennedy et al. 1990). The air-mantle (MORB) mixing line is calculated using 21Ne/22Ne = 13.8 
and 20Ne/22Ne = 0.075 (Moreira et al. 1998). Also indicated is the potential air-Archaean Ne 
mixing line with 21Ne/22Ne = 3.3 and 20Ne/22Ne = 0 (Lippmann-Pipke et al. 2011). 

Fig. 4. In situ noble gas residence times and salinity expressed as total dissolved solids (TDS) 
along the Outokumpu Deep Drill Hole. The TDS values (dashed line) are from Kietäväinen et al. 
(2013). 

Fig. 5. Diffusion of He in crystalline bedrock. The one-dimensional model according to Andrews 
(1985) is based on a porosity of 0.5 % and uniform distribution of U and Th with a He diffusion 
coefficient of 3.18 · 10-9 cm2 s-1. In addition to modelled profiles, samples from 2011 described in 
this study (squares), the average of three samples from 180 m depth taken with a pressurised 
sampling device (PAVE) in 2012 after 45 days of pumping between packers (triangle), and one 
sample taken from around 977 m depth during drilling in 2004 (circle) are shown.  
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Table 2

Depth CH4 N2 He Ar H2 CO2 O2

m 10
-3

10
-3

10
-3

vol-%

OUTO-500-2 500 0.50 0.174 0.0203 0.66 0.58 0.104 0.078

OUTO-970 970 0.77 0.272 0.0310 0.98 0.80 0.169 0.130

OUTO-1470-2 1470 0.173 0.047 0.0134 0.42 0.12 0.031 0.53

OUTO-1820 1820 0.45 0.071 0.0216 0.62 26.2 0.090 0.150

OUTO-2350 2350 0.0261 0.030 0.0094 0.62 18.5 0.021 1.15

OUTO-2480 2480 0.051 0.036 0.0166 0.87 35 0.147 2.60

Gas compositions (cm
3
 STP g

-1
) in the Outokumpu Deep Drill Hole groundwater 

measured with a quadrupole mass spectrometer and corrected for air-contamination. 

Last column shows the amount of O2 on which the correction was based. A 2σ 

uncertainty of 6 % applies for all corrected values and 4 % for O2.
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Table 4

Sample Depth
4
He

21
Ne

40
Ar

(m) ± ± ±

OUTO-500-2 500 38 9 22 3

OUTO-970 970 58 14 45 22 18 4

OUTO-1470-2 1470 25 6 15 6 4.1 0.9

OUTO-1820 1820 40 10 21 5

OUTO-2350 2350 17 4 18 5

OUTO-2480 2480 31 8 20 3

In situ  model age

Noble gas residence times (Ma) in the Outokumpu 

Deep Drill Hole groundwater calculated according to 

in situ model, with 2σ uncertainties. Parameters used 

in the calculation are presented in Table 1 ("All"). 

 


