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ABSTRACT

Within Precambrian continental shields, saline, gas-rich groundwaters
are found in all over the world from bedrock fractures and pore spaces in
the upper crust. Several processes, from seawater evaporation or freez-
ing followed by infiltration to water—rock interaction, have been sug-
gested to be responsible for the characteristic features of these waters.
In addition to reactions between water and the bedrock, active microbial
communities inhabiting these waters, i.e. the deep biosphere, may play
a significant role in shaping their surroundings by biogeochemical reac-
tions, especially by contributing to the deep carbon cycle.

The origin and evolution of deep groundwater in the 2.5 km deep Outo-
kumpu Deep Drill Hole in eastern Finland was investigated using geo-
chemical and isotopic methods. The sample material included water and
gas derived from the drill hole by tube sampling, pumping and pressur-
ised methods, as well as fracture minerals. Similar results were obtained
for water samples using different sampling techniques. However, as un-
controlled degassing took place during tube sampling and pumping, it
is suggested that pressurised methods should be used for gas sampling.

Five water types were discerned along the drill hole, which reflect changes
in lithology and indicate isolation from the surface and from each other
within the Outokumpu bedrock. An evolutionary model was proposed
that includes precipitation and infiltration of meteoric water at warmer
than present climatic conditions, a shift in the stable isotopic composi-
tion of water and an increase in salinity through water—rock interaction
between virtually stagnant groundwater and the bedrock, and both the
abiotic and biotic formation of hydrocarbons. Two independent lines of
evidence from water stable isotopes and the accumulation of radiogenic
and nucleogenic noble gases indicated isolation of the Outokumpu Deep
Drill Hole groundwaters from the meteoric water cycle from the Eocene-
Miocene epochs, placing the evolutionary model in the time frame of
millions to tens of millions of years.

The results shed light on how deep groundwaters have evolved in
geochemical and microbiological processes through time and space.
Furthermore, they emphasise the complexity of these environments, as
they are being increasingly utilised for underground construction, and
provide background information for assessment of the long-term safety
of nuclear waste disposal.

Keywords: groundwater, geochemistry, isotopes, water-rock inter-
action, residence time, deep drilling, biosphere, noble gases, carbon,
Outokumpu, Fennoscandian Shield
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1 INTRODUCTION

The Earth is a wet planet, not only from the sur-
face but also beneath the ground. Free (gravi-
tational) water occupies fractures and pores of
the upper crust at least down to 11 km depth
(Kremenetsky & Ovchinnikov 1986, Stober & Bu-
cher 2004). Deep groundwaters can be defined as
virtually stagnant groundwaters characteristi-
cally enriched in dissolved solids, which typical-
ly occur at depths of several hundreds of metres
within the bedrock (Frape et al. 2004, Gascoyne
2004). To emphasise the abundant dissolved gas
component frequently found in deep groundwa-
ters, the term fluid is also often used instead.

The history of deep continental drilling began
in central China, where deep groundwaters had
been used for salt and gas production for centu-
ries, and in 1835, a depth of more than 1000 m
was reached, a first in the world (Kuhn 2004).
While the Chinese took advantage of fluids deep
within sedimentary rocks, salty waters were also
accidentally encountered in underground mines
in continental shields, for example in Canada,
where they were recognised to cause corrosion
and to yield harmful, sometimes even explosive,
gases in the mine air (Fritz & Frape 1982, Frape
et al. 2004). From the late 1970s onwards, deep
saline groundwaters within continents have
aroused considerably more interest because of
projects aiming at the deep geological disposal
of nuclear waste (e.g. Tsang et al. 2015).

The occurrence and evolution of deep ground-
waters within continental shields is therefore
not only a matter of basic research and curiosity,
but has several important implications. Infor-
mation on deep groundwaters within the bed-
rock is needed in assessing corrosion and scaling
risks at underground construction sites such as
mines, tunnels and geothermal heat plants, to
prevent the migration of unwanted compounds
from mine environments, waste dumps, CO,
storage sites and unconventional gas production
fields, and in securing drinking water quality. In
Finland, the long-term safety of geological dis-
posal is a particularly timely issue, as the final
disposal of nuclear wastes into the ONKALO re-
pository in Olkiluoto, SW Finland, is scheduled
to start in the 2020s"

As a part of this research continuum, this
thesis study aimed to examine the origin and
evolution of deep saline and gas-rich ground-
waters. The water, gas and mineral samples
for this study were taken from the 2.5 km deep
Outokumpu Deep Drill Hole in eastern Finland
and analysed using geochemical and isotopic
methods. The study was designed to assess the
groundwater residence time and water-rock-
microbe interaction, and to provide insights into
deep groundwater evolution at Outokumpu, as
well as provide a reference for similar studies
around the world.

1.1 Deep groundwaters within Precambrian continental shields

At present, dozens of sites within Precambrian
shields in Fennoscandia, Ukraine, Canada and
South Africa are known to host deep groundwa-
ters with total dissolved solid (TDS) contents of
up to 400 g L™ (e.g. Vovk 1987, Nurmi et al. 1988,
Blomgvist 1999, Frape et al. 2004, Onstott et al.

2006, Katz et al. 2011, Stotler et al. 2012) (Fig. 1).
Some key characteristics of deep groundwaters
in Finland within the Fennoscandian Shield are
listed in more detail in Table 1. The geochem-
istry of deep saline groundwaters is typically
dominated by Ca**, Na" and Cl” ions (e.g. Nurmi

! http://www.posiva.fi/en/final_disposal/general_time_schedule_for_final_disposal#.V6wfO_l97AU (visited 11.8.2016)



Deep Groundwater Evolution at Outokumpu, Eastern Finland: From Meteoric Water to Saline Gas—Rich Fluid

"(¥107) "Te 19 Ie[[0] POOMISYS pUB
(L007) uoijfroy) 191je payyipowr dejy ‘8¥7-¥7¢ pue 1z $931S 93 10J S9OUDIDJ2I 93 10] T d[qeL 39S *(£S) (TTOT) ‘e 19 ZIBY PUE (900T) ‘Té 13 130ISUQ puUe (TG-0G ‘6% ‘€T) (L86T)
AOA ‘(TT) (986T) AONTUUIYDIAQ Pue Ays1ausuwany ‘(0T ‘LT) (¥10T) ‘Te 12 utInyey ‘(0T) (T1661) 3I1aqI pue aI[auWs ‘(61) (Y66T) ‘Te 19 yAzmazs ‘(8T) (7007T) e 12 ade1q (91-1
S911S) (T10T) ‘[ 39 13[303S WOIJ 21 sanfea ST *(T 93IS WOIJ BIep OU) 931S Yded Ul PaAIasqo (SAL) SPI[OS PIAJOSSIP €103 10] SaN[eA WNWIXeW 33 03 3UIPI0OdIe Papod INOJ0d
9Ie SIDIID Y], "A213 UT pamoys ST ISNId (BN G¥S<) UelIquIedald pasodxy ‘PlIom 33 pUNoIe SpIaIys UrIIqUIEIDIJ UIYIIM S9I1S Apnis Ia1empunoid (W 00¢<) deaq T "319

Bew3 gy MUEWIOON Ot weseuid ze enuey ¥z puey Jaddo) 9| aye1pay g
A8Iez0|8g ¢S uswioyiseH Ly BIABT 6E nyeeioy g eyodog ¢z JBAIY YD GL  jPuuog npoeT /
12U /OO uoibal Boy Aoauy LG elesjuB OF oJIBISIA 8€ ysojuou3 g des( Jadng ejoy 2z ejuoN-lwebeiep | uosdwoy| g9
Busuodpy/euocy ney g5 uoiBal Al 0 npowied 6 Aneny ¢ ewusy 62 ueloy |2 J0.P [BA/PUEPUI/SUIWIWILL ¢ ayeuuh] g
R, uoiBas ndwnyoin Bau A
EOU}Y Yinog [SEINSEENEER m_“._MEEm\, L4 AN SR IAIEORHO A sl €0 O e i o x4
uieled ¢ nueyIA gg oweMos /g Biagaelo 61 MeusaMaY || MBIl €
olonNINIO 2t NNy e EIEBANWIOY 92 edus g UBNONIY Q1 udn g
uoibai peiBuiua] 6 uod L BjUIWT €€ BEWUIWRY GZ lewaxefodsy 2| Aeg yinog 6 e ubiH |
pleiys ueipuessoutus pleIys ueipeue)
f— “\Il\l“ £ ST a

0
00z
oo

((16)saL

plaIys ueipUBISOUUS |



Geological Survey of Finland
Riikka Kietdvdinen

Table 1. Characteristics of deep (>300 m) groundwaters within the Fennoscandian Shield in Finland. Maximum
values are given for the sampling depth and total dissolved solids (TDS).

Site Main rock types Sampling TDS pH Water types Main References
depth (m) (gL' gases
Kolari Monzonite, diorite, skarn 648 2.65 6.8-8.6 Ca-SO, Halonen et al. (1990), Frape et al. (2004)
Ranua Gabbro, ultramafite, 680 0.51 7.1-9.7 Na-Ca-Cl Lamminen (1995),
quartzdiorite Ruskeeniemi et al. (1996)
Keminmaa Gabbro, norite 340 0.45 6.8-7.0 Ca-HCO, Blomqvist et al. (1986),
Ruskeeniemi et al. (1996)
Romuvaara Tonalite gneiss 566 0.17 8.4 Na-HCO, N, Haveman et al. (1999),
Pitkdnen et al. (1996)
Sotkamo Mafic-ultramafic volcanite, 541 12.5 7.3-10.2 Ca-Na-Cl Halonen et al. (1990), Frape et al. (2004)
quartz-sericiteschist
Juuka, Miihkali ~ Serpentinite, mica gneiss, 1020 168 9.4-10.2 Ca-Na-Cl/ CH,  Sherwood Lollar et al. (1993b),
black schist Na-Ca-Cl Ruskeeniemi et al. (1996), Blomqvist (1999)
Outokumpu Mica schist, granodiorite, 2480 68.9  6.5-10.1 Na-Ca-Cl/  CH,-N,-H, Paper I (this study)
Deep Drill Hole black schist, serpentinite Ca-Na-Cl
Sukkulansalo  Mica schist, black schist, 1060 28.1 7.7-8.7 Ca-Na-Cl CH,-N, Nurmi et al. (1988),
(Outokumpu)  serpentinite Sherwood Lollar et al. (1993b),
Frape et al. (2004), Ivanovich et al. (1992)
Kerimaki Mica gneiss, black schist, 700 5.3 8.7-9.5 Na-Ca-Cl N,-CH, Nurmi et al. (1988)
gabbro
Enonkoski Mica gneiss, black schist, 492 27.6 6.9-7.4 Na-Ca-Cl CH,-N, Sherwood Lollar et al. (1993a), Ruskeeniemi
serpentinite et al. (1996), Frape et al. (2004)
Kotalahti Mica gneiss, amphibolite, 900 55 9.3-9.8 Ca-Na-Cl CH, Blomaqvist et al. (1986)
black schist, skarn
Pyhasalmi Metavolcanics, VMS-type 2400 76.2 7.0-8.9 Ca-Na-Cl N,-He Miettinen et al. (2015)
Cu-Zn ore
Liminka Shale 780 41 6.5-7.2 Na-CI-SO, CH,-N, Nurmi et al. (1988)
Ruukki Mica gneiss, mica schist 315 1.5 Na-Ca-Cl Lamminen (1995), Frape et al. (2004)
Vihanti Mica gneiss, granite, skarn 763 9.5 8.6-9.4 Na-Cl/ Halonen et al. (1990)
Ca-Na-Cl
Ylivieska Serpentinite, gabbro 545 82.8 7.0-8.6  Na-Ca-Mg-Cl  CH,-N, Sherwood Lollar et al. (1993a),
Ruskeeniemi et al. (1996)
Kivetty Granite, granodiorite 855 0.2 7.8-9.0 Na-Ca-HCO, N Anttila et al. (1999), Haveman et al. (1999),
Pitkdnen et al. (1998)
Lavia Granite, quartz diorite 1001 0.05 8.9 Na-HCO, N, Lahermo and Lampén (1987),
Mitrega and Lahermo (1991)
Ylistaro Biotite gneiss, mica schist 407 19.8 6.6-8.0 Na-Ca-Cl/ CH,-N, Blomqvist et al. (1986),
Ca-Na-Cl Sherwood Lollar et al. (1993a)
Noormarkku Mica gneiss, gabbro 575 46.7 7.8-10.7 Ca-Na-Cl Lamminen (1995), Ruskeeniemi et al.
(1996), Frape et al. (2004)
Pori Sandstone 613 119 6.7-7.9 Na-Ca-Cl/ N,-H, Blomaqyist et al. (1986),
Ca-Cl Sherwood Lollar et al. (1993a, 1993b)
Olkiluoto Migmatitic gneiss, mica 960 84 7.8-8.3 Na-Ca-Cl/ CH,-N, Haveman et al. (1999), Pitkdnen and
gneiss, granite Ca-Na-Cl Partamies (2007)
Parainen Amphibolite, mica gneiss, 500 6.5 7.1-8.5 Na-Ca-Cl N,-O, Nurmi et al. (1988)
skarn
Vammala Mica gneiss, black schist, 678 2.8 7.5 Na-Ca-Cl N,-CH, Blomaqyvist et al. (1986), Sherwood Lollar
serpentinite et al. (1993a), Ruskeeniemi et al. (1996)
Palmottu Garnet-cordierite gneiss, 417 1.6 6.2-9.4 Na-SO,/ N,-H,  Ahonen et al. (2004), Kaija et al. (1998),
granite Na-Cl Frape et al. (2004)
Mantsala Gabbro, diorite 855 50.3 8.0-9.9 Ca-HCOy/ Ruskeeniemi et al. (1996),
Na-Ca-Cl/ Frape et al. (2004)
Ca-Na-Cl
Hastholmen Rapakivi granite 985 31.8 6.8-8.5 Na-Cl N,-He Haveman et al. (1999),
Luukkonen et al. (1999)
Elimaki Rapakivi granite 403 2.46 6.5-6.9 Na-Ca-Cl Blomaqvist et al. (1986), Lamminen (1995)
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et al. 1988, Frape et al. 2004, Bucher & Stober
2010). Other features shared by the deep saline
groundwaters include a distinctive water stable
isotope composition, which deviates from all
other water bodies such as rain water, shallow
fresh groundwater and surface water, sea wa-
ter and magmatic and metamorphic fluids (Fig.
2), as well as high amounts of non-atmospheric
gases, including methane (CH,), hydrogen (H,)
and helium (He) (Sherwood et al. 1988, Sher-
wood Lollar et al. 1993a,b, 2014, Ward et al. 2004,
Stotler et al. 2010a) (Table 1).

With such peculiar characteristics and a loca-
tion within the bedrock devoid of salt deposits,
and in most cases far away from modern oceans
(Fig. 1), studies of deep saline groundwaters in
continental shields have yielded several hypoth-
esis of how they were formed. The increase in sa-
linity with depth together with the linear trend
of water stable isotopes between fresh and sa-
line groundwaters often observed in deep con-

tinental groundwater studies (Fig. 2) has led to
a hypothesis that the characteristics of deep sa-
line groundwaters result from mixing between
a highly concentrated shield brine and more
recent surface-sourced fresh and/or brackish
water (Fritz & Frape 1982, Frape & Fritz 1987,
Pearson 1987, Nurmi et al. 1988, Laaksoharju et
al. 2008, Mathurin et al. 2014).

The increased salinity of the brine has been
related to the weathering (hydrolysis) of sili-
cates (Edmunds et al. 1987, Grimaud et al. 1990),
formation of zeolites (Stober & Bucher 2004,
Bucher & Stober 2010), radiolytic decomposition
of water (Vovk 1987), dissolution and leakage
of fluid inclusions (Nordstrom et al. 1989) and
concentration of seawater by evaporation (Bot-
tomley et al. 1994, Gascoyne 2004, Greene et al.
2008) or freezing (Herut et al. 1990, Bein & Arad
1992, Starinsky & Katz 2003, Katz et al. 2011). The
isotopic shift above the meteoric water line has,
in addition to the processes mentioned above,

20
B Shield brine?
iela brine /\Seawater
10 4 Sedimentary
) basins
-40 +
=
o < . Hyar,
2 L -
[%2]
> 70 +
X 5
T
5 B
-100 +
[ Precipitation and
-130 T shallow groundwater
| in Finland
-160 L1 1 1 L ' 1 L 1 1 1 1 1 1 } 1 1 1 1 ' L1 1 L
-30 -20 -10 10 20 30

580 %o VSMOW

Fig. 2. Typical ranges of water stable isotopes in various geological environments combined after Clark and Fritz
(1997), Kloppmann et al. (2002) and Hoefs (2004) and references therein. GMWL = Global Meteoric Water Line
(Craig 1961). Isotopic composition of mean annual precipitation and shallow groundwater in Finland is from
Kortelainen (2007). The slope of the evaporation line increases from 3.9 to 6.8 with increasing humidity (Gon-
fiantini 1986), the one shown here is based on 50 % humidity. Starting points of both hydration and evaporation

lines were arbitrary selected.
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been linked to fractionation between water and
hydrogen containing volatiles, namely CH,, H,
and H,S (Clark & Fritz 1997), the dissolution-
precipitation of calcite and precipitation of
goethite (Kloppmann et al. 2002).

To summarise, the three most widely held
models for deep saline groundwater evolution
are 1) water-rock interaction within the bedrock
(e.g. Fritz & Frape 1982, Frape & Fritz 1987, Nur-
mi et al. 1988), 2) an external origin in temper-
ate conditions (evaporation-infiltration) (Bot-
tomley et al. 1994, Gascoyne 2004, Greene et al.
2008), and 3) an external origin in cold condi-
tions (freezing-infiltration) (Herut et al. 1990,
Bein & Arad 1992, Starinsky & Katz 2003, Katz et
al. 2011). Consequently, the estimates of the time
available or needed to produce the observed geo-
chemical and isotopic features (i.e. groundwater
residence time) vary from tens of thousands of
years in the freezing-infiltration model (Bein &

—

i |

Arad 1992) to a much greater time span neces-
sitated by the low temperature water-rock in-
teraction model (Clark & Fritz 1997, Gascoyne
2004), or even longer if they would be remnants
of metamorphic fluids (Kremenetsky & Ovchin-
nikov 1986).

Considering the origin of gases, possible CH,
and H, formation pathways are summarised in
Figure 3. In deep saline groundwaters, micro-
bial, abiotic and thermogenic origins of CH, have
been suggested (Sherwood et al. 1988, Sherwood
Lollar et al. 1993a,b, 2006, Ward et al. 2004, Sto-
tler et al. 2010a, Simkus et al. 2016). Microbio-
logical studies from deep groundwaters in Fin-
land, Sweden and South Africa have confirmed
the potential for microbial methanogenesis in
these environments (Paper III and references
therein). At the same time, there is increasing
experimental and field evidence that the abi-
otic synthesis of CH, is a relevant mechanism in

Anthropogenic |
input ABIOTIC

Ultramafic
rocks

[ Surface biosphere
L organic C

BIOTIC

AEROBIC \C
0\_‘09“

* Radiolysis of H,0

Magmatic gas flux

Fig. 3. Schematic showing the potential sources of CH, and H, in continental bedrock. Abiotic CH, production
mechanisms include metal catalysed Fischer-Tropsch type (FTT) synthesis (CO + 3H, — CH, + H,0) and Sabatier
reaction (CO, + 4H, —» CH, + 2H,0) and formation from graphitic C in the presence of H,. Inorganic substrates are
also used by hydrogenotrophic microbes, but thermogenic CH, and aceticlastic (heterotrophic) methanogenesis
require an organic carbon source. H, needed in CH, formation may originate from radiolysis, serpentinisation
(6Mg, ¢Fe, ,SiO, + 8.2H,0 — 1.8Mg(OH), + 3Mg,Si,0,(OH), + 0.4Fe,0, + 0.4H,) and other water-rock reactions or

microbial processes. Figure adopted from Paper III.
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low-temperature (>30 °C) upper crustal condi-
tions (Neubeck et al. 2011, Szponar et al. 2013,
Etiope & Ionescu 2014). Hydrogen, which fuels
both abiotic and microbial CH, production, may
originate from the radiolysis of water (Vovk 1987,

Lin et al. 2005, Dzaugis et al. 2016), water-rock
reactions (Neal & Stanger 1983, Devirts et al. 1993,
McCollom & Bach 2009, Mayhew et al. 2013) or
microbial processes (e.g. Nandi & Sengupta 1998).

1.2 Deep continental biosphere

Within the continental bedrock, life has been
encountered at least down to 3.5 km below the
surface level (bsl) (Szewzyk et al. 1994, Borgonie
et al. 2011). Deep subsurface life is mainly lim-
ited to single-celled microorganisms, includ-
ing bacteria, archaea and fungi (e.g. Pedersen
2014). In addition, viruses have been found in
the deep continental biosphere (Kyle et al. 2008,
Nyyssonen et al. 2014), and even multicellu-
lar organisms (nematodes) have been observed
deep inside the bedrock fractures (Borgonie
et al. 2011). In total, it has been estimated that
the deep continental biosphere may cover up to
20% of the Earth’s biomass (McMahon & Parnell
2014).

Thus, it is perhaps surprising to notice that
the deep biosphere in continental shields was
not recognised before the late 1980s (Peders-
en & Ekendahl 1990, Pedersen 1993). Howev-
er, considering the overall low number of deep
groundwater studies prior to the 1980s, chal-
lenges related to sampling deep drill holes and
mines, and generally low cell numbers of be-
tween 10° to 103 cells mL™ of groundwater (Mc-
Mahon & Parnell 2014), the lack of data is not so
unexpected. Furthermore, many of the microbes
found in these environments remain uncultured
because of their extreme living conditions and
slow cell turn-over times of up to thousands of
years (Hoehler & Jorgensen 2013), and molecu-
lar biological methods capable of investigating
the uncultured microbes have only recently been
developed (see also Paper III).

The general requirements for life, including
water, space, a suitable temperature and pres-
sure and sources of energy, carbon and nutri-
ents for biosynthesis, also apply at great depths.
Probably the first of life’s requirements to
become limiting is temperature, as the known
limit for life is 122 °C (Takai et al. 2008). In

Finland, where the geothermal gradient is
15°C km™ on average (Kukkonen 1989), this tem-
perature is met at more than 8 km bsl. High pres-
sure is hardly a limiting factor, as some microor-
ganisms have been observed to grow at pressures
exceeding 100 MPa (Pikuta et al. 2007), which is
equal to a hydrostatic pressure caused by a 10 km
water pillar.

Devoid of direct energy from sunlight, the
deep dark biosphere has taken geochemical
energy into use. Chemotrophic organisms re-
spire various chemical compounds available in
groundwater and the bedrock from O, (aerobic
reactions) to anaerobic electron acceptors such
as Fe*" and nitrate (NO;") (e.g. Canfield et al.
2005, Konhauser 2007). The dependence on geo-
chemical energy means that the deep biosphere
is in constant interaction with the geosphere.
For example, deep dwelling microorganisms can
convert sulphate to sulphide (SO4 reduction),
produce CH, (methanogenesis) or oxidise it
(methanotrophy), thereby affecting the disper-
sal or retention of various chemical compounds
(e.g. Pedersen 2014).

Most of the studies on the deep continental
biosphere have considered autotrophic organ-
isms to dominate in these environments, as
they could use inorganic carbon (CO,/DIC) as
the sole source of carbon (Paper III). Their en-
ergy metabolism is also independent of organic
carbon compounds, and chemolithoautotrophs
instead gain energy by oxidising reduced inor-
ganic compounds such as nitrite (NO,"), Fe*",
sulphide, CH, and H, (e.g. Canfield et al. 2005,
Konhauser 2007). However, there is increasing
evidence that heterotrophs, which use organic
compounds as a source of carbon and/or energy,
also play an important role in deep microbial
communities (Purkamo et al. 2015, 2016, Wu et
al. 2016).
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1.3 Isotopes in deep groundwater studies

Isotopes, i.e. atoms that have the same number
of protons but a different number of neutrons,
are broadly studied in different scientific disci-
plines, including the hydrogeochemistry of deep
groundwaters. Isotopes are usually measured as
isotope ratios by mass spectrometric methods
and the stable isotope ratios (R) such as 80/%°0,
*H/*H and C/**C, reported using d-notation per
mill (%o) relative to international standards:

5C) = (e

Rstandard

_ 1) +1000 (1)

The standards used for the isotope systems con-
sidered in this thesis include Vienna Standard
Mean Ocean Water (VSMOW) for H and O (in wa-
ter) and Vienna PeeDee Belemnite (VPDB) for C
and O (in calcite). Following a common practice,
the results for radiogenic isotopes such as noble
gases and strontium are given as isotope ratios
without normalisation to a standard.

Isotope methods are based on comparisons
of the isotopic compositions of different phases
rather than the absolute values. Several notations
are used for this purpose. Isotopic separation
(A) observed between phases x and y is simply
the difference in their §-values in %o (Eq. 1):

Ay_y= 0, — 0, (2)

while the isotope fractionation (o) between
phasesx and y is:

. . — 1000+6x
X=Y 7 1000+ 8y 3)

which is correlated with temperature (T, in Kel-
vin) as follows:

y=aT™ 2+ bT ' +¢ (4)

Experimentally determined and calculated frac-
tionation factors for different phase pairs and
temperature ranges have been compiled, for ex-
ample, by Clark and Fritz (1997) and Chacko et
al. (2001).

In contrast to the mainly temperature-con-
trolled equilibrium fractionation, kinetic frac-
tionation arises from incomplete or unidirec-
tional reactions, which are typical features of
microbial processes and diffusion (e.g. Hoefs
2004). Kinetic fractionation can lead to ex-

14

tremely large differences between the isotopic
composition of the reactant and the product, as
observed in experimental conditions (e.g. Clark
& Fritz 1997, Canfield et al. 2005). However, in
natural environments, the interpretation of iso-
topic results is challenged by several fraction-
ating processes occurring in parallel and due
to incomplete background information on ini-
tial isotopic compositions. The openness of the
system, i.e. the possibility of starting materials
being replaced and products being deposited or
escaping, also plays a key role in isotopic evolu-
tion (e.g. Clark & Fritz 1997).

In cases where the partitioning of isotopes takes
place between two reservoirs, one of which is
diminishing, the isotopic composition of the re-
sidual changes exponentially according to a law
called Rayleigh distillation (e.g. Clark & Fritz1997).
The general expression of the Rayleigh law is:

R=R,* f@D (5)

where R is the isotopic ratio of the reactant, R
is the initial ratio and f is the remaining fraction
of the initial reservoir. Many reactions relevant
for deep groundwater evolution from the hydra-
tion of silicates (e.g. Kloppmann et al. 2002) to
partial degassing of noble gases (Ballentine et al.
2002, Matsumoto et al. 2004) have been shown
to follow Rayleigh fractionation.

Origin and evolution of deep saline
groundwaters

The most famous example of the Rayleigh dis-
tillation in hydrogeology is the fractionation of
water stable isotopes in precipitation, which
leads to 0 and 2H depletion in the cold regions
and forms the basis for interpreting the global
hydrological cycle (Clark & Fritz 1997). The cor-
relation between 8'*0 and 82H of precipitation
is defined as the Global Meteoric Water Line
(GMWL; Craig 1961):

5%H = 85180 + 10 %o (6)

Fine-tuned by observations at the regional scale,
local meteoric water lines (LMWLs) have also
been derived, for example, for Finland (Korte-
lainen 2007). The isotopic composition of hydro-
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gen and oxygen in precipitation is also reflected
in shallow fresh groundwaters (Fig. 2).

The deviation of isotopic composition of water
from the GMWL is commonly described as the
deuterium excess (d) (Dansgaard 1964):

d= 6?H—86%0 (7)

Similarly, oxygen depletion can be calculated to
gain a numerical value for the deviation of the
oxygen isotopic composition from the GMWL
(or LMWL). Although used more rarely, oxygen
depletion in combination with deuterium ex-
cess may be a good measure of isotopic evolu-
tion in cases where the driving force for the shift
is other than evaporation, such as in deep saline
groundwaters (Kloppmann et al. 2002).

In the study of deep groundwaters, stable iso-
topes of water are a self-evident starting point,
which display characteristic compositions of
hydrogen and oxygen (Fig. 2), and are a power-
ful tool to investigate mixing relations between
contrasting water bodies and water—rock inter-
action (e.g. Frape et al. 1984, Kloppmann et al.
2002). Usually, one or more other isotopes from
dissolved phases (e.g. Cl, Br, B) are used to sup-
port these studies, as well as to investigate the
origin of salinity (e.g. Bottomley et al. 1999,
Stotler et al. 2010b). Some of the most frequently
used are strontium isotopes, of which 87Sr is ra-
diogenic (from ®Rb), and therefore potentially
reflects the changes in water-rock interaction
with time and lithology, in addition to being a
suitable tracer to study mixing (Smalley et al.
1988, McNutt et al. 1990, Négrel & Casanova 2005,
Négrel et al. 2003, 2005, Wallin & Peterman 2015).

Groundwater residence time

Radioactive isotopes decay at constant rates
and thus can be used for age dating of geologi-
cal materials. As the only way to measure the
residence time of water molecules is by using
tritium (3H), with a half-life of only 12.43 years,
most residence time calculations of deep saline
groundwaters rely on indirect methods based on
either the accumulation or decay of the dissolved
components. Previous studies on deep saline
groundwaters have indicated that the residence
times often exceed the range for “C and even
36Cl1 dating, i.e. are more than 50 ka and 1.5 Ma,
respectively (Louvat et al. 1999, Lippmann et al.

2003, Gascoyne 2004). The *C results in carbon-
poor groundwaters are especially challenging
to interpret because of the potential for disso-
lution of modern carbon from the atmosphere
and the precipitation-dissolution of calcite (e.g.
Ivanovich et al. 1992). Therefore, the accumula-
tion of chemically inert radiogenic and nucleo-
genic noble gases (4He, *Ne and 4°Ar), which
accumulate with time as products of the radio-
active decay of U, Th, K in the bedrock, can be
better used for dating purposes in cases where
extremely long residence times are expected (e.g.
Torgersen 1980, Lippmann et al. 2003, Trinchero
et al. 2014). Necessary background informaton
includes the concentrations of radioactive ele-
ments in and physical properties of the bedrock
(e.g. Torgersen 1980, Ballentine et al. 2002).

Tracing the deep carbon cycle

Hydrocarbons occur in abundance in deep saline
groundwaters (Table 1), and the cycle of carbon
between the geosphere and the biosphere is of
great importance in understanding water—rock-
microbe interactions. Geochemical methods in
the study of the origin, source and cycling of car-
bon in the deep continental biosphere are re-
viewed in Paper III. In brief, isotopic fractiona-
tion may be used for separating between abiotic
and microbial processes, as well as between dif-
ferent metabolic strategies, such as microbial
methanogenesis by autotrophic and hetero-
trophic pathways (e.g. Schoell 1980, Sherwood
Lollar et al. 1993a,b, 2006, 2008, Whiticar 1999,
Canfield et al. 2005, Valentine et al. 2004). The
separation of different hydrocarbon-generating
mechanisms (Fig. 3) is mainly based on the iso-
topic composition of CH,, as microbes are known
to prefer lighter isotopes due to their lower bond
strength (Schoell 1980, Whiticar 1999), while the
most ¥C-rich CH, is commonly related to abiotic
processes (Etiope & Sherwood Lollar 2013). How-
ever, significant overlap between the different
pathways may occur, especially in carbon-lim-
ited environments (Bradley et al. 2009, Tazaz et
al. 2013). Consequently, compositional evidence
of gases, together with the isotopic composition
of longer chained hydrocarbons and other hydro-
gen- and carbon-bearing phases (i.e. H,, H,0,
CaCo,, CO,), is needed to gain a more complete
picture of carbon cycling (e.g. Bernard et al. 1976,
Stotler et al. 20104, Potter et al. 2013, Paper III).
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1.4 Outokumpu Deep Drill Hole

This thesis study was based on geochemical
samples collected between the years 2010 and
2012 in the Outokumpu Deep Drill Hole, east-
ern Finland (62°43'02.63''N, 29°03'55.01"'E), and
its drill core. The Outokumpu Deep Drill Hole
is a scientific geolaboratory that was drilled in
2004~-2005 by the Russian drilling company NE-
DRA on assignment from the Geological Survey
of Finland (GTK). The nearly vertical (maximum
deviation 9°) drill hole has an inner diameter of
22 cm and reaches the depth of 2516 m below
the surface (Kukkonen 2011). Rotary drilling was
carried out with steel-tooth drilling bits, and the
drilling and flushing fluid was retrieved from the
municipal water supply. The continuous coring
and the lack of casing below 39 m depth mean
that both the rock material and groundwater are
directly accessible. The only additives used dur-
ing drilling were concrete, which was used to
stabilise the drill hole walls mainly in the upper-
most 300 m, bentonite and peat for maintaining
the proper viscosity of the drilling fluid and to
stabilise the walls between 400 to 950 m depth,
and sodium fluorescein (uranine) dye, which was
added to the drilling water whenever water was
fed in the flush water circuit in order to monitor
mixing with the formation fluids (Ahonen et al.
2011).

The lithology along the Outokumpu Deep
Drill Hole is presented in Figure 4. The drill hole
mainly dissects metasedimentary rocks, i.e.
mica schist and biotite gneiss (Vasti 2011). These
were formed ca. 1.9 Ga from turbiditic greywacke
by metamorphism at amphibolite facies (550-
675 °C at 3-5 kbar) (Kontinen & Sorjonen-Ward
1991, Santti et al. 2006, Lahtinen et al. 2010). Be-
tween 1300 and 1600 m depth, an ophiolitic rock
assemblage (Outokumpu assemblage) of approx-
imately the same age consisting of serpentinite,
black schist, skarn and quartz rock was found,
which is known to host the Outokumpu Cu-Co-
Zn sulphide deposits (Loukola-Ruskeeniemi
1999, Kontinen et al. 2006), although indications
of economic concentrations of metals were not
encountered in the drill hole. Thin layers of black
schist and disseminated graphite are also found
in association with mica schist throughout the
drill hole (Fig. 4). Below 2 km depth, the main
rock types are pegmatitic tonalite and granodi-
orite (Vasti 2011). These granitic rocks dissect
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the mica schist and are presumably related to
the nearby Maarianvaara granites, which date
back to 1.86 Ga (Huhma 1986). Quaternary silt
and sand layer of over 30 m thick covers the bed-
rock, which was eroded to its present level at the
latest by 600 Ma (Kohonen & Ramo 2005).

Water occupies the pores and fractures of the
Outokumpu bedrock, which has an average po-
rosity of 0.5% (Airo et al. 2011). Hydraulic tests
were conducted at 500 m intervals during the
drilling, and revealed a rapid decrease in hy-
draulic conductivity with depth from 7.5 x 107
m s (0.45 mm min?) at 500 m to 5.3 X 107 m
s! (0.0032 mm min™) at 1000 m depth, while
the deeper sections were defined as imperme-
able (Ahonen et al. 2011). The testing system was
also equipped with a pressurised sampler, from
which samples were separated at the surface for
the geochemical analysis of water and gas. While
the 500 m and 2500 m samples contained almost
no intrinsic fluid based on the sodium fluores-
cein concentrations, almost pure formation
fluid was captured from 1000 m depth which also
contained abundant gases, mainly CH, and N,
(Ahonen et al. 2011).

Increased salinity of the water was already
detected during drilling. The subsequent meas-
urements of electrical conductivity (EC) directly
after drilling in February 2005, in April and Sep-
tember 2006, September 2008 and August 2011,
confirmed the influx of saline water from frac-
ture zones into the drill hole at rates from 90 mL
min™at 790 and 990 m depths to 10 mL min™ at
2390 m depth (Sharma et al. 2016) (Fig. 4). Due
to an order of magnitude decrease in hydraulic
conductivity, salinity kept increasing from 2006
to 2011 below 1000 m depth, while in the upper
part, EC stabilised more readily (Fig. 4). In 2007
and after, samples of water no longer contained
sodium fluorescein or tritium, and the stable iso-
topic composition of water clearly deviated from
the meteoric water line (Ahonen et al. 2011).

The drill hole bottom temperature at 2516 m
reaches only a moderate 40 °C (Kukkonen et al.
2011), and the conditions have been proved to
be suitable for microbial life. The microbial cell
densities decrease with depth from 10° to 103
cells mL™, and a slight decrease in cell density
has typically also been observed during pump-
ing (Itavaara et al. 2011a, 2011b, Purkamo et al.



Deep Groundwater Evolution at Outokumpu, Eastern Finland: From Meteoric Water to Saline Gas—Rich Fluid

Depth Fractures Lithology EC (mS cm™) Flow rate Hydraulic cond.
(m) . 0 40 80 120 160 (mLmin")  (mm min”)
I | |
0 —
200 — <« -270
400 —
— 60 0.021
600 —
— 30 0.028
800 — —» 90 0.032
1000 — —> 90 0.032
1200 —
1400 — <«—-90
—> 18 0.006
1600 —
—> 38 0.013
1800 —
—> 16 0.006
2000 —
2200
<«—-70
> 20 0.007
2400 — 10 0.004
—07 0.004
88 & &8 =01
2600 — SE 5 S s

Fig. 4. Fractures, lithology, electrical conductivity (EC) logs, flow rates and hydraulic conductivities along the
Outokumpu Deep Drill Hole. Lithologies are: blue = mica schist, dark blue = biotite gneiss, purple = black schist,
green = serpentinite, red = skarn, yellow = quartz rock and pink = pegmatitic granite (Vasti 2011). Negative flow
rates indicate flow from the drill hole into the fractures (arrows pointing left). Modified after Ahonen et al.

(2011), Kukkonen et al. (2011) and Sharma et al. (2016).

2013, 2016). Bacteria, archaea and viruses were
all detected (NyyssOonen et al. 2014). Further-
more, molecular biological methods have been
used to characterise the microbial communi-
ties and their metabolic potential. Despite the
decline in biomass with depth, diversity re-
mains high, including microbial groups with the
potential for sulphate and nitrate reduction,
hydrogenotrophic and versatile types of hetero-

trophic methanogenesis and acetogenesis, as
well as methanotrophy (Itdvaara et al. 2011a,b,
Nyyssonen et al. 2014, Purkamo et al. 2013, 2015,
2016). In addition, so-called microbial dark mat-
ter, i.e. microbes without known cultured rela-
tives and metabolic features, are common, es-
pecially in the deepest parts of the Outokumpu
Deep Drill Hole (Purkamo et al. 2016).
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2 AIMS OF THIS THESIS

Even though the presence of saline groundwaters
deep within continental shields has been known
for more than a century, understanding of the
origin of salinity and abundant dissolved gases,
in addition to their unique isotope composition,
is still debated. The presence of microorganisms
has added an important, yet poorly understood,
third player in the game, commonly thought to
be an interplay between water and the bedrock.
Access to these environments only through deep
mines and drill holes means that technical chal-
lenges are also frequently faced in these studies.
At the same time, there is an increased need
to better characterise deep groundwaters and
to know how they have evolved because of the
increased use of bedrock in the construction of
underground facilities and exploitation of deep
ores and geothermal energy. This is also the case
in Finland, where nuclear wastes have been de-
cided to be deposited deep within the bedrock.
The objective of this thesis study was to ex-
amine groundwater and dissolved gases in
the Outokumpu Deep Drill Hole, as an exam-
ple, in order to understand how the ground-
water has evolved via geochemical and mi-
crobiological processes through time and
space. More specifically, the aims were to:

e Testand develop sampling methods to obtain
representative water and gas samples down
to 2.5 km depth (Papers I, II and 1V). Hy-
pothesis: Different sampling techniques are
better for vertical profiling than obtaining
well-focused samples from fracture zones or
studying dissolved gases.

e Characterise the salinity, water stable isotope
composition and dissolved gases in the Ou-
tokumpu Deep Drill Hole groundwater (Paper
I). Hypothesis: Salinity, a shift in the isoto-
pic composition above the meteoric water
line and the abundance of gases increase with
depth due to the mixing of fresh groundwater
with concentrated shield brine.

e Determine the origin of deep groundwater at
Outokumpu (Paper I). Hypothesis: Deep sa-
line groundwaters originate from meteoric
water by water—rock interaction.

e Determine the time scale of deep groundwa-
ter evolution (Papers I and II). Hypothesis:
Millions of years are needed to produce the
high salinity and water stable isotope com-
position typical of deep saline groundwaters
within continental shields.

e Determine the origin of methane (Papers III
and IV). Hypothesis: Methane is produced in
situ from CO, and H, by methanogenic micro-
organisms and in abiotic reactions.

3 MATERIAL AND METHODS

Samples for this thesis study were collected
from the 2516 m deep Outokumpu Deep Drill
Hole, located in eastern Finland, between the
years 2010 and 2012. In addition, samples for
the fracture mineral study were taken from the
Outokumpu drill core at depths between 100.90
and 2240.70 m.

The different fluid sampling techniques used
were pumping with and without expandable
packers (Ahonen et al. 2011, Purkamo 2015), tube
sampling (Nurmi & Kukkonen 1986) and pres-
surised sampling using both Leutert positive dis-
placement sampler (PDS) (Regenspurgetal. 2010)
and PAVE pressurised sampling device (Haveman
etal. 1999, Ahonen et al. 2011). A summary of the
sampling campaigns is provided in Table 2.
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Pumping times varied from 16 to 117 days (Ta-
ble 2). To monitor possible changes in the fluid
with time during pumping, the temperature,
dissolved O, concentration, redox potential,
electrical conductivity (EC) and pH were meas-
ured on-line using sensors (WTW and Hamilton)
attached to a flow-through cell (Fig. 5). Field
measurements also included the determination
of alkalinity by titration to pH 4.5 and analysis
of the gas composition using a quadrupole mass
spectrometer (QMS) from the PDS samples.
Atmospheric volume fractions of gases were also
measured on site in Outokumpu with a QMS,
and the results were used to correct the gas
composition for air contamination (Paper II).
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Table 2. Fluid sampling campaigns in the Outokumpu Deep Drill Hole in 2010 -2012.

Time Sampling method Depth Total water volume
retrieved
m m3
27.5.-20.9. 2010 Pumping, packer at 1190 m depth 2260 6.9
21.9.-9.11. 2010 Pumping between packers 500 9.8
15.-19.5. 2011 Tube 0-2450 0.154
8.-17.6. & 14.7.-2.8. 2011 Pumping 2300 3.2
3.-18.8. 2011 Pumping 1820 1.0
24.-29.8.2011 Positive displacement 500, 970, 1470, 1820, 0.005
sampler 2350, 2480
5.9.-6.10. 2011 Pumping 970 3.8
10.-13.10. 2011 Tube 0-1050 0.066
55.-18.6.2012 Pumping between packers, PAVE 180 22.5

Fig. 5. On-line fluid monitoring during pumping. Attached to the flow through cell are (from left to right) a com-
bined electrical conductivity (EC), O, and temperature sensor and sensors for measuring the redox potential and
pH. The pumped fluid enters the cell from the bottom left end and comes out through the tube on the upper right

end. Photo: Ilmo Kukkonen, University of Helsinki.

Details of the sampling and the geochemical
and isotopic analysis of water and gas are pro-
vided in Papers I, Il and IV. In brief, the samples
taken for the determination of cations and iso-
topic composition of dissolved inorganic carbon
(DIC) were filtered and treated with ultra-pure
65% HNO, and 85% H,PO,, respectively. Sul-
phide samples were fixed with 1 M NaOH and 1 M
zinc acetate and sulphate samples were filtered
(<0.45um). Unfiltered and untreated samples
were used for other anion analyses and the de-
termination of total organic carbon (TOC) and
alkalinity. Samples for dissolved organic car-
bon (DOC) determination, as well as the isotopic
analysis of water and strontium, were filtered

(<0.45 pm) but not chemically treated. Gas sam-
ples from the tube sampler and pumped fluid
were taken into head space bottles sealed with
rubber septa and flushed with argon or N, and
sample water prior to gas collection or into in-
verted glass bottles (Schott) in a bucket filled
with sample water. Noble gas samples were col-
lected into copper tubes and gas sampling bulbs
made of glass in an evacuated sampling line and
into copper tubes directly attached to the tube
sampler.

Thin sections and carbon tape-mounted prep-
arations were prepared for optical and scanning
electron microscopic (SEM) investigations of the
mineralogy of fracture fillings and veins. Cal-

19



Geological Survey of Finland
Riikka Kietdvdinen

cites were separated for isotope analysis under a
microscope by using a steel blade (Paper IV).

Analyses of cations and anions (Article I), gas
composition (Papers I, IT and IV) and the isotop-
ic composition of hydrocarbons and H, (Paper
IV) were conducted at commercial laboratories
according to standard protocols. Ion-coupled
plasma mass spectrometric and optical emission
spectrometric (ICP-MS and ICP-OES) meth-
ods were used for the determination of cati-
ons at Labtium Oy. Anions were determined by
ion chromatography at Labtium Oy (Br, Cl) and
TVO Nuclear Services (SO,) and by spectropho-
tometry at Ramboll Analytics (sulphide). TOC
and DOC were analysed with a TOC analyser at
Labtium Oy. Gas compositions were analysed by
gas chromatography (GC) at Ramboll Analytics.
Isotopic compositions of gases were determined
using an isotope ratio mass spectrometer (IRMS)
at the University of Waterloo Environmental
Isotopes Laboratory (uwEILAB) and Hydroisotop
GmbH. Measurement uncertainties (at the 95%
confidence level) were <10% for Ba, Br, Mg and
Si, 10-20% for Ca, Na and I, 20-25% for Cl and Sr,
30-35% for B, K and Li, 11% for SO, and 11-40%
for sulphide. High salinity challenged the analy-
sis and the high uncertainties are due to the di-
lution of the samples. The relative uncertainties
of gas composition determinations were <8% for
hydrocarbons, <3% for H,, <4% for O, and N,,
<6% for CO, and <10% for He and Ar. Analytical
errors related to the isotope determination of
gases were *0.5%o for §C and +7%o. for §*H of
hydrocarbons, and +10%o for §*°H of H,.

The isotopic composition of water was deter-
mined by both IRMS and cavity ring down spec-
trometric (CRDS) methods at the Geological Sur-
vey of Finland (GTK) (Paper I). Even though the
former method is based on a separate analysis
of O from CO, gas equilibrated with water and H
from H, produced by high temperature reduc-
tion of water with zinc, while the CRDS optically
determines the absolute abundances of isotopo-
logues of water molecules, a good correlation
was found between the results of these funda-
mentally different methods when applied to the
same samples. Analytical errors were <0.1%o for
8§80 and =£1.0%o or <0.5%o for 8*H in the IRMS
and CRDS methods, respectively.

The isotopic composition of strontium
(®7Sr/8¢Sr) was determined at GTK (Paper I).
Strontium was purified from evaporated sam-
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ples using EICHROM Sr-specific resin (50-100
pm), the isotopic ratio was determined with a
thermal ionisation mass spectrometer (TIMS)
in a dynamic mode and the 87Sr/8Sr ratios were
normalised to a 87Sr/8¢Sr ratio of 0.1194. The pre-
cision of the analysis was approximately 0.002%
at the 2o level.

The relative abundance and isotopic composi-
tion of noble gases were determined at GFZ Pots-
dam using an IRMS specifically designed for the
analysis of noble gases (Paper II). After gas pu-
rification in a line consisting of a cold trap, two
Ti-sponge getters and two Zr-Al getters, noble
gases were cryostatically absorbed at 50 K (Ar, Kr
and Xe) and at 11 K (He and Ne) and released into
analysis one noble gas at a time by sequentially
heating the cold heads to 70, 100 and 150 K to re-
lease Ar, Kr and Xe, and to 35 and 120 K to release
He and Ne, respectively. The reproducibility of
the analysis was tested by analysing an artificial
gas mixture of known composition and isotope
ratios. In addition to the analytical uncertainty
of the isotope ratio measurement, 2¢ uncertain-
ties of the measurements of rock density and
porosity, as well as concentrations of U, Th and
K in the rock (Airo et al. 2011, Vasti 2011), were
taken into account in the cumulative error cal-
culation of noble gas residence times (Paper II).

Isotopic analyses of calcites and DIC were con-
ducted at the Department of Geosciences and
Geography at the University of Helsinki with a
gas-sourced IRMS (Paper IV). In both cases, the
component to be analysed was CO,. Therefore,
the calcite samples (150 ug each) were first re-
acted with concentrated H,PO, for at least 1 h at
70 °C, and DIC samples were extracted in a vac-
uum line at 50 °C for 2 x 10 minutes. A few DIC
samples from 2010 were analysed for their iso-
topic composition at the University of Jyvaskyla
with an IRMS without separate CO, extraction
prior to the analysis (Paper IV). Comparative re-
sults for DIC isotopes at 500 m depth, although
from different samplings, were gained with both
methods. The reproducibility (16) of the analy-
ses, based on the measurements of in-house
calcite standards, was 0.07%o and 0.12%o for the
8BC and 80 values of calcite, respectively and
<0.60%o for the §3Cvalue of DIC. The concentra-
tion and speciation of DIC and saturation index
(SI) of calcite were calculated using PHREEQC
software (USGS 2014), as described in Paper IV.
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4 RESULTS

4.1 Fluid retrieval from depths down to 2.5 km (Papers I, Il and IV)

The reliable determination of groundwater
properties requires representative samples. Flu-
id retrieval from depths down to 2450 m in the
Outokumpu Deep Drill Hole was achieved with a
tube sampler divided into 100 m sections, each
of which was considered to represent one sam-
ple in order to obtain enough water and gas for
analysis (Papers I, IT and IV). Continuous profiles
were gained, which generally had a good correla-
tion of cations, anions and isotopic composition
of water between different sampling campaigns
(Paper I). However, mixing along the drill hole
cannot be completely avoided in this method
(PaperI), and the fluid is also prone to spontane-
ous degassing and thus potential fractionation of
gases (Papers Il and IV).

To overcome the problems in gas sampling,
pressurised methods were utilised, which allow
gas separation under controlled conditions in
the lab. The main drawback of the pressurised
methods used in this study, in addition to the
specialised equipment needed, is the low sample
volume (600 cm?). Another problem that partly
arises from the low sample volume is the con-
tamination risk during degassing and storage, as
the samples often remained below atmospheric
pressure (Paper II).

By far the largest volumes of fluid were pos-
sible to obtain by pumping (Table 2). Thus, the

possible drilling fluid component could also be
effectively removed. Due to narrowing in the
drill hole calliper in places, expandable packers
could not be used at Outokumpu when pump-
ing took place at depths of more than 1 km. By
adjusting the pumping rate to equal the flow
rate from the fracture into the drill hole, well-
focused sampling can ideally also be achieved
without packers (Purkamo et al. 2013). In prac-
tice, pumping large volumes of water from the
deepest parts of the Outokumpu Deep Drill Hole,
where hydraulic conductivities are the lowest
(Paper I, Fig. 4), eventually led to slight changes
in the geochemical profile. This was most clearly
indicated in the magnesium concentration peak
below 1200 m depth.

The differences between the different sam-
pling methods were most clearly seen in the
gas samples. In particular, the isotopic compo-
sitions varied with sampling type such that the
most extreme values of §°Hcy, and §3C;, were
found in the pressurised samples, while the tube
sampler seemed to give average compositions
due to mixing (Paper IV). For the water samples,
the slight fluctuations observed in geochemical
composition with depth and time can be related
to hydrodynamic changes due to previous sam-
pling activities rather than the sampling tech-
niques themselves.

4.2 Characteristics of deep groundwater at Outokumpu (Paper I)

In order to characterize groundwater in the
Outokumpu Deep Drill Hole, major and trace
elements, pH and alkalinity were determined,
together with the isotopic composition of water
(6°H and 8'®0) and dissolved strontium (37Sr/2°Sr),
as well as the gas composition (Paper I, Appendix
1). Throughout the drill hole, the groundwater
was clearly distinct from present precipitation
and fresh surface and groundwater in the area.
The groundwater salinity increased from 5 g L™
at180 m to 69 g L™"at 2480 m depth, and the wa-
ter stable isotope composition was above the lo-
cal and global meteoric water lines (LMWL and
GMWL, respectively), with §°H;,, from -89.5
to -55.9 %o VSMOW and 8'®0,,, from -13.52 to

-10.39 %o VSMOW (Fig. 6). Based on these fea-
tures, the deep groundwater in Outokumpu can
be classified as typical deep continental bed-
rock groundwater (Frape et al. 2004). However,
it was noted that simple two-component mixing
between fresh shallow groundwater and deep
saline shield brine (e.g. Fritz & Frape 1982, Frape
& Fritz 1987) cannot explain the vertical varia-
tion observed.

The observed differences in the geochemi-
cal and isotopic characteristics with depth were
used to separate five water types along the drill
hole: type I at 0-300 m below surface level (bsl),
type Il at 300—-1300 m bsl, type Ill at 1300-1700 m
bsl, type IV at 1700-2300 m bsl and type V below
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Fig. 6. Characteristic water types (I-V) along the Outokumpu Deep Drill Hole. See Fig. 4 for the explanations of
the lithology. Water stable isotopes are plotted against the Global Meteoric Water line (GMWL). Sizes of the gas
composition charts are comparative to total gas volumes. Modified after Paper I.

2300 m depth (Fig. 6). Each of the end-member
water types discharge in the drill hole from dif-
ferent fracture zones separated from each other
by tens to hundreds of metres of impermeable
rock. A major divide zone was observed at 1300
m depth, where the salinity suddenly increases,
the dominant cation changes from Na to Ca and
water becomes enriched in 2H and *#0.

At the time of writing Paper I, the end-mem-
ber composition of water type I could not be
clearly identified in the drill hole because of dis-
turbance caused by the cementation of the drill
hole walls and mixing. However, in 2012, the
likely source zone of type I at 180 m depth was
isolated with packers and pumped for 45 days
(Table 2). The results (Appendix 1) confirm that
the type I is distinguished from the underlying
type II by its 6*°Hy,, and §®0y,, compositions,
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which are closer to the GMWL (Fig. 6). The very
high pH (>10) observed in the upper part of the
drill hole was rapidly decreased during pumping
and eventually levelled down to 8.5, confirming
that the highest values were probably caused by
the cementation.

In 2010, the pumping of fracture zone water
at 500 m between packers revealed a vast homo-
geneous water body and the most representative
samples of water type II. The highest gas/water
ratios of up to 1.4 (STP) in pumped fluid and 1.07
in pressurised samples were found in water type
II,; at 500 and 970 m depths, respectively. The
dissolved gas phase was dominated by CH, and
N, (Fig. 6).

Going down in the drill hole, the horizon of
water richest in sulphate (up to 17 mg L™) and
magnesium (up to 222 mg L™) was met around
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the ophiolitic rocks of the Outokumpu assem-
blage, which is the source zone of water type
III. Further down, water type IV was found to
be enriched in ?H and 0 compared to all other
water types in Outokumpu, had a bright yel-
lowish green colour and an unpleasant odour
of reduced sulphur compounds. The gas phase
was still dominated by CH,, but a significant in-
crease was observed in the concentration of H,
in water type IV.

The boundary between water types IV and V
at 2300 m was marked by an abrupt increase in
salinity, especially in the concentrations of K
and Li, an increase in the proportion of radio-
genic strontium (87Sr) up to the #7Sr/8¢Sr value of
0.73668 and a dramatic increase in the concen-
tration of H, up to 2.2 mmol L™*. Importantly, the

isotopic composition of water was depleted in *H
and ®O compared to water type IV, despite the
increase in salinity, which is in contrast to a sim-
ple two-component mixing hypothesis. The rock
types surrounding the source zones of water type
V are pegmatitic tonalite and granodiorite, which
have probably shaped the geochemical composi-
tion of the adjacent water. Overall, the changes
from one water type to other reflect changes in
lithology, and point out the stagnancy, at least
vertically, and evolution by water—rock interac-
tion of the water types in isolation from the sur-
face and from each other within the Outokumpu
bedrock. The changes are also accompanied by
changes in the microbial communities (Paper I,
Nyyssonen et al. 2014).

4.3 Origin of groundwater (Paper 1)

In addition to characterising the geochemical
composition of deep fluids in Outokumpu, the
main aim of Paper I was to investigate the ori-
gin of the groundwater. Potential sources con-
sidered were ancient meteoric water, seawater,
magmatic and metamorphic fluids, as well as
glacial melt water. A Rayleigh distillation (Eq. 5)
based model of silicate hydrolysis was applied to
assess the changes in the isotopic composition
of the water (Fig. 7). Justification for the use of
the Rayleigh model comes from the low water/
rock ratio in Outokumpu (Airo et al. 2011), which
allows an exponential change (enrichment in *H
and depletion in *®0) in the isotopic composition
of water to occur (Kloppmann et al. 2002).

A good fit was found in the observed and mod-
elled isotopic evolution pathways by silicate hy-
drolysis in terms of the deuterium excess and
oxygen depletion, especially for water types I and
I1. The concentrations of Ca, Na and Cl also in-
crease with the increasing deuterium excess. The
enhanced O depletion of water types III-IV could
be related to the formation of zeolites, which is
probably an additional process leading to water
stable isotope compositions above the GMWL
accompanied by an increase in salinity (Karlsson
& Clayton 1990, Stober & Bucher 2004, Bucher &
Stober 2010), but may also originate from mix-
ing with 2H- and *0-depleted water. Fractiona-
tion between water and volatile phases was also
discussed. Based on the concentrations of com-

pounds that could exchange isotopes with water,
only CH, was considered to be abundant enough
to possibly enable compositional changes in the
water stable isotopes.

In compliance with the silicate hydration hy-
pothesis, two starting compositions plotting on
the meteoric water line (GMWL) were selected to
fit the model with the observed isotopic trends
(Fig. 7). The first one (A) corresponds to precipi-
tation and infiltration under 3 °C warmer climatic
conditions than today, while the second one
(B) is representative of a 10 °C warmer annual
temperature. Alternatively, the original water
component could contain seawater, in which
case more seawater would have contributed to
water types IV and V than I and II. However, the
key points of evidence that do not support a sea-
water origin are 1) the different composition of
dissolved ions (Ca, Sr, Na, K, B, SO,, Mg), 2) the
low Cl/Br ratio and 3) the continental setting.
Previously, Piribauer et al. (2011) studied fluid
inclusions from the Outokumpu Deep Drill Core
and found no relationship between water stable
isotopes or Cl/Br ratios between deep ground-
water and the inclusions, which they concluded
to be metamorphic palaeofluids. In this thesis
research, on the basis of the study by Piribauer
et al. (2011) and observations of vast amounts
of saline groundwater at Outokumpu (Table 2),
metamorphic and magmatic fluids could be ex-
cluded as a notable fluid source. Likewise, glacial
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Fig. 7. Isotopic evolution through water-rock interaction (silicate hydration). End-member composition of the
two water types (Il and IV) with least disturbance by mixing have been depicted as examples and the overall
range of isotopic compositions at Outokumpu indicated with the surrounding broken line. Numbers above the
black squares show the residual water fractions as the isotopic composition of water evolves according to Ray-
leigh distillation at 25 °C (Eq. 5). Isotopic separation between the starting compositions A and B is hypothesized
to originate from precipitation at 3 to 10 °C warmer than present climatic conditions, respectively. The isotopic
range of present precipitation and fresh groundwater along the Global Meteoric Water Line (GMWL) is shown in

light blue (from Kortelainen 2007). Simplified from Paper I.

melt waters could be excluded based on the lack
of low §2H and &80 values in the water. There-
fore, it could be concluded that the most likely

source of deep groundwaters at Outokumpu is
meteoric from precipitation under a warmer
than present climate.

4.4 Residence time of groundwater (Papers | and Il)

Based on the water stable isotope composition
of the suggested meteoric water end-member,
indirect evidence was gained from the residence
time of groundwater (Paper I). The basis for
this is the temperature dependence of the iso-
topic composition of rain water such that under
warmer climatic conditions, precipitation is en-
riched in 2H and 80 compared to a cooler climate
(e.g. Clark & Fritz 1997). Even though the iso-
topic composition of groundwater at Outokumpu
now resides well above the meteoric water line
(GMWL), it was possible to model the potential
starting compositions on the GMWL using the
Rayleigh distillation model for water-rock inter-
action, as described in the previous section 4.3.
By assuming a continental location, the resulting
compositions on the GMWL were shown to rep-
resent waters precipitated under climatic condi-
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tions 3 to 10 °C warmer than at present. In the
more unlikely case of a dominantly marine cli-
mate, the temperature difference would be even
larger (Rozanski et al. 1993). Taking account of
the palaeotemperature records and plate tectonic
movements, the likely period of groundwater
formation at Outokumpu was bracketed to tens
of millions of years (Paper I).

To better constrain the groundwater residence
times at Outokumpu, the isotopic compositions
of dissolved noble gases (He, Ne and Ar) were
determined from six samples between 500 and
2480 m depth (Paper II). The method is based on
the accumulation of radiogenic noble gases in
groundwater at a rate proportional to their pro-
duction from the decay of U, Th and K in the sur-
rounding bedrock (e.g. Ballentine et al. 2002).
After the determination of gas/water ratios and
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the relative composition of gas, in addition to
the specific measurement of isotope ratios with
a noble gas mass spectrometer, the concentra-
tions of radiogenic (“He, 4°Ar) and nucleogenic
(*’Ne) nuclides originating from the crust were
defined by separating them from atmospheric
sources. An entirely crustal signature of *He/“He
ratios within the range of 1-2 x 10°® precluded
the presence of any mantle component. The
correction for atmospheric contamination was
based on the measured O, concentration and, for
Ar and Ne, the exclusion of dissolved and excess
air components was carried out using known
atmospheric ratios for !Ne/*°Ne (Eberhardt et
al. 1965) and “°Ar/3°Ar (Lee et al. 2006). Before
calculating the noble gas residence times, the
*INe results that were found to be affected by
mass fractionation were also excluded. Average
U, Th, and K concentrations, effective porosities
and rock densities determined from the Outo-
kumpu Deep Drill Core by Airo et al. (2011) and
Vasti (2011) were used in the calculations, which
therefore assume homogeneous properties for
the bedrock.

No systematic change was observed in the no-
ble gas concentrations and subsequent residence
times with depth. In situ model ages indicated
by 4“He and *!Ne ranged from 17 (t4) to 58 (+14)
Ma and 15 (+6) to 45 (+22) Ma, respectively, and
were thus in good agreement with each other.
However, model ages indicated by 4°Ar from 4.1
(+0.9) to 22 (+3) Ma were generally younger. The
differences could be related to differences in

the release of noble gases into groundwater, the
higher sensitivity of Ar to air contamination and
mixing with drilling fluid (Paper II).

Crustal flux and diffusion were also consid-
ered in order to determine their importance in
modifying the concentrations of noble gas nu-
clides (Paper II). Since the continental crust has
more uniform diffusion properties compared to
confined aquifers in sedimentary basins, in ad-
dition to the substantial production of noble
gases within the formation, and because the flux
from continental crust has been observed to be
consistent with steady-state degassing (Torg-
ersen 2010), the accumulation of noble gases in
excess by deep crustal flux was concluded to be
very unlikely at Outokumpu. Moreover, a 1D dif-
fusion model was applied to the determined He
data, which showed that the diffusive front cre-
ated by the loss of He into the atmosphere had
reached the depth of only a few hundred metres
(<500 m) and did not affect the determined in
situ noble gas residence times.

Although the model ages obtained in this
thesis study must be considered first order ap-
proximations, they nevertheless prove that the
isolated fluids at Outokumpu are ancient and not
related to more recent events such as Quaternary
glaciations. Importantly, the two independent
lines of evidence from water stable isotopes
and noble gases are in good agreement, indicat-
ing isolation of the Outokumpu Deep Drill Hole
groundwaters within the crust since the Eocene-
Miocene epochs (56-5.3 Ma).

4.5 Biotic vs. abiotic hydrocarbon generation (Papers Ill and 1V)

The main constituent of the dissolved gas phase
above 2300 m depth in the Outokumpu Deep Drill
Hole groundwater is CH, (Paper I, Fig. 6). As it is
also a key component in the interface of geology
and biology, CH, was targeted in studies pre-
sented in Paper IIT and IV. With the aid of back-
ground information compiled in Paper III, the
aim of the study reported in Paper IV was to ex-
amine the origin of CH, and the minor amounts
of longer chained hydrocarbons (ethane and
propane) associated with it. More than 100 anal-
yses of hydrocarbons were conducted, including
the isotopic composition of methane, ethane
and, in few cases, propane. To gain a better
coverage of phases potentially taking part in the

deep carbon cycle, the isotopic composition of
H,, dissolved inorganic carbon (DIC) and fracture
calcites was analysed and the results combined
with the existing isotope data from water (Paper
I) and graphite (Taran et al. 2011).

A wide range of hydrocarbon isotope values were
found, which suggests that no single process or
source could be responsible for CH, formation at
Outokumpu (Paper 1V). The §C.y, varied from
-39.9 to -13.2%o VPDB, 82HCH4 from -404 to
-136%o0 VSMOW, 8"C,;, from -49.7 to —22.7%o
VPDB, §°H, ¢ from -277 to -153%e VSMOW, and
613CC3H8 from -39.5 to -35.2%c VPDB. The 6"*Cy A
values heavier than -20%. VPDB were more
common at depths greater than 1.5 km, and 3C-
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depleted CH, (8"C < -40 %o VPDP) was exclu-
sively found in the upper 1 km of the drill hole
(Paper IV).

The isotopic composition of DIC varied from
-18 to -14%o VPDB in the upper 1 km of the
drill hole, with a general increase in 6"*C with
depth, while much **C-depleted DIC with a 63C
of -0.8%0 VPDB was found at 2260 m depth
(Paper 1V). In concert with the microbiological
evidence from deep groundwater sites around
the world (Paper III), the increase in §"Cpy
with depth was found to possibly indicate an
increase in hydrogenotrophic over aceticlastic
methanogenesis at greater depths. However, no
correlation was found between Ap;-_y, and the
modelled concentrations of DIC, and the values
of aCpc-cy, and aHy,o_cy, Were most consist-
ent with the aceticlastic pathway (Valentine
et al. 2004, Sherwood Lollar et al. 2008) at all
studied depths (Paper IV). The reason for these
contradictory results may be that, in addition,
an abiotic component is involved. This is also
supported by the extremely 3C-enriched nature
(down to -13.2%o0 VPDB) of the deepest sourced
CH,, a feature typically thought to be diagnostic
of abiotic CH, (Etiope & Sherwood Lollar 2013).
In addition, the V-shaped distribution of §C
of hydrocarbons from CH, to C;Hy is similar to
gases previously related to the abiotic polymer-
isation of hydrocarbons (Sherwood Lollar et al.
2008).

As the contents of CO,/DIC and organic car-
bon (Appendix 1) in the groundwater are low,
and presumably cannot account for the high

amounts of CH, detected, refractory organic car-
bon, i.e. graphite, was suggested as a potential
primary carbon source for CH, in Outokumpu.
Isotope fractionation related to this process was
concluded to be minimal because 1) the forma-
tion takes place on a mineral surface where iso-
topes are randomly distributed, 2) excess H, is
available and 3) closed system conditions pre-
vail. Thus, the similar carbon isotope compo-
sition of graphite and CH, are in line with this
hypothesis. Further evidence of the importance
of ancient organic compounds was gained by
comparing the amount and isotopic composition
of CH, with lithology across the Fennoscandian
Shield: by far the highest concentrations of CH,
were found in metasedimentary rocks, particu-
larly those containing graphite (Paper IV).

Calcites in the proximity of the hydraulically
most active fracture zones at 1000 and 500 m, as
well as in the upper 250 m depth, were found to
have the most C-depleted values below -15%so
VPDB (Paper IV), which may indicate carbon in-
put from the oxidation of CH, (methanotrophy).
This is in line with microbiological findings
from several Fennoscandian Shield study sites,
including Outokumpu, where methanotrophs
have mainly been found above 1 km depths (Pa-
per III). However, as the ¥C depletion of CH, was
also highest at the shallower depths, microbial
oxidation must be significantly outcompeted by
CH, production, as could also be inferred from
the low concentrations of DIC (0.16 mmol L™ on
average) compared to CH, (up to 32 mmol L™ at
960 m depth; Paper I).

5 DISCUSSION

5.1 Model for the deep groundwater evolution at Outokumpu

The geochemical and isotopic results from
deep groundwater at Outokumpu 1) enabled the
characterisation of different water types (Paper
1), 2) evidenced that long-term water—rock in-
teraction within the time scale of tens of mil-
lions of years is responsible for the isotopic
evolution and increased salinity of the water
(Papers Iand II) and 3) showed that both abiotic
and biotic processes are actively contributing to
the geochemical composition of the deep flu-
ids (Paper 1V). Based on these lines of evidence,
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a model is proposed for the formation and
evolution of deep groundwater at Outokumpu
(Fig. 8).

In Figure 8, the evolutionary path is divided
into four steps. The first step is the ground-
water recharge phase, which took place follow-
ing precipitation under climatic conditions 3 to
10°C warmer than at present (Paper I). The exact
time in years for step 1 cannot be given, as the
residence time is by definition the time that, on
average, has passed between the infiltration of
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water to the ground and the moment when the
sample was taken. In addition, the noble gases
probably give a minimum estimate for the resi-
dence time. This is due to the assumption that
100% of crustal noble gas nuclides have entered
the groundwater, as well as the conservative es-
timate of bedrock porosity of 0.5%, which does
not take wider fractures into account (Paper II).
Both the increase in porosity and lower release
of noble gases will increase the model ages. The
groundwater formation thus probably extends
beyond the maximum of 58 (+14) Ma years ob-
tained by the noble gas accumulation method.
For example, the Ne isotope ratios gave indica-
tions of a fluid component potentially originat-
ing from the Precambrian (Paper II). However,
the time frame within which the major part of
the groundwater recharge took place can be
bracketed to tens of millions of years (Paper II),
and a major contribution of (Precambrian) met-
amorphic fluids could also be discarded (Paper
I, Piribauer et al. 2011). Furthermore, the warm
and humid climate that prevailed during the
Eocene-Miocene epochs (e.g. Greenwood et al.
2010, Larsson et al. 2011), combined with the lo-
cation of the Outokumpu area up to 8° south of
its present position (Torsvik et al. 2001), gives
support to the average residence time of 30 Ma.
Even though the bedrock was already eroded to
its present level during step 1 (Kohonen & Ramo
2005), little evidence exists concerning the sedi-
mentary cover at that time. The study by Gilg et
al. (2013) suggests that at least the northern and
eastern parts of Finland were on dry land, allow-
ing kaolinites to deposit during the Eocene-Mi-
ocene epochs. In any case, it seems that mete-
oric water penetrated all the way into the fracture
networks within the bedrock. As soon as the wa-
ter was in contact with the rock, chemical water—
rock interaction reactions began switching the
noble gas clock on, increasing the salinity both by
adding ions (mainly Cl, Na and Ca, but depend-
ing on the rock type, also Mg and Li) into water
and by binding water into minerals and starting
the isotopic evolution of hydrogen and oxygen in
water molecules above the meteoric water line.
The accumulation of hydrocarbons by microbial
and abiotic reactions also began in the anaerobic
conditions that were reached after the dissolved
oxygen was consumed in the upper part of the
flow path. As long as the hydraulic conductivity

permitted water to flow freely within the fracture
network, these changes were minor due to short
contact with water and the surrounding rock.
However, deeper down, fractures were scarcer
and hydraulic conductivity was probably lower,
allowing more changes to take place.

At some point, the connection between the
surface and the bedrock closed, starting step 2,
which is the deep groundwater isolation phase.
In addition, different fracture networks were
separated from each other which, in combina-
tion with different rock types, led to the evolu-
tion of different water types. The timing of the
beginning of isolation must coincide with the
mean residence time of groundwater, i.e. to be in
the order of tens of millions of years in order to
prevent noble gases from escaping and dilution
of water by fresh meteoric water. The isolation
was probably assisted by the uplift of the Fen-
noscandian Shield during the Cenozoic (Anell et
al. 2009) and precipitation of minerals, mainly
calcite and zeolites, on fractures, some of which
eventually became filled, thereby losing conduc-
tivity (Fig. 8).

Despite the isolation, microorganisms sur-
vived without the supply of nutrients and car-
bon from the surface. The effective recycling of
carbon diminished isotopic fractionation and
led to ®¥C-rich CH, compared to surface envi-
ronments. Instead of CH, formation from pri-
mary organic matter or DIC, carbon sources in
the bedrock itself, mainly graphite, were taken
into use. In part, the enrichment of CH, in ®C,
especially below 1500 m depth, was probably due
to the high partial pressure of H, and high sa-
linity, which may have further diminished iso-
topic fractionation (Takai et al. 2008) or prob-
ably entirely stopped microbial methanogenesis
(Thauer 2008). Indeed, based on compositional
and isotopic evidence, abiotic CH, production,
especially at depths below 1.5 km bsl, is likely.
Such BC-enriched and *H-depleted CH,, similar
to the proposed dominantly abiotic end-mem-
ber at Outokumpu, has also been found in deep-
ly buried unconventional gas reservoirs in the
Appalachian basin, where it was related to late
stage processes (i.e. after oil cracking had gone
into completion), presumably from graphitic C
(Burruss & Laughrey 2010). Compared to metha-
nogenesis, microbial oxidation of CH, is a mi-
nor process and mainly occurs in the upper 1 km
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Fig. 8. Schematic of the deep groundwater evolution at Outokumpu. The different steps explained in detail in the
text are 1. groundwater recharge phase, 2. isolation phase, 3. glaciations, and 4. drilling and sampling. The reac-
tions producing gases and ions into the water shown in step 1 as well as precipitation of calcite (CaCO,) shown in
step 2 continue throughout the groundwater evolution. The figure is not to scale and does not represent the real

fracture networks or different rock types of Outokumpu.

depth (Paper III), where *C-depleted carbon was
recorded in some fracture calcites at Outokumpu
(Paper IV).

The isolation from the surface was certainly
efficient by the time of the Quaternary glacia-
tions (step 3 in Fig. 8), as no glacial melt waters
have been found from the Outokumpu Deep Drill
Hole (Paper I). Instead, the groundwater flow
was probably concentrated in the sedimentary
layer. However, elsewhere at Outokumpu, char-
acteristically 2H and ®0 depleted glacial waters
have been found (Blomgvist 1999), which em-
phasises the importance of local bedrock con-
ditions in groundwater dynamics. Even though
the melt waters did not enter the bedrock in the
Outokumpu Deep Drill Hole area, other changes
took place during the glacial phase: the bedrock
went down due to the heavy load of the ice sheet
and the temperature decreased. In fact, disrup-
tion of the thermal gradient can still be observed
in the upper 1 km of the drill hole (Kukkonen et
al. 2011). The present temperature and pressure
conditions are above the methane hydrate stabil-
ity field, but the fluids down to 1 km depth have
probably experienced such conditions during the
glaciations (Paper I). Nevertheless, it seems that
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in a closed system without any significant ex-
change of fluid with the surface or other fracture
networks, these changes did not result in per-
manent changes in the isotopic composition of
water or CH, (Paper I).

The final step 4 includes the drilling and sam-
pling of groundwater. Even though not a natu-
ral phase in groundwater evolution, this step
is necessary in order to access the groundwater
and causes changes by re-opening the connec-
tions between different fracture networks and
the surface, and possibly mobilising gases due to
the pressure release. Fortunately, at Outokum-
pu, the casing through the sediments was tight
enough to prevent modern fresh groundwater
from discharging into the drill hole, as evidenced
by increased salinity in the drill hole compared
to a nearby shallow well at the same depth. De-
spite the mixing of groundwater with drilling
water and along the drill hole, different water
types could be discerned (Paper I). However, it
is likely that a few hydraulically more conduc-
tive fracture zones at around 500, 1000 and 1800
m depths dominate the water column, and even
more variability might be found if the drill hole
was inspected section by section using packers.
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5.2 Deep continental bedrock as a habitat for microbial life

Isolation from the surface for tens of millions of
years (Paper II) has probably affected the micro-
bial communities living in the deep continental
bedrock environment. Firstly, as there is no con-
stant supply of nutrients and carbon from the
surface, the microbes probably utilise geological
sources for energy and biosynthesis. The adap-
tation of microbes to the prevailing conditions at
Outokumpu has been demonstrated by molecu-
lar biological methods (Nyyssonen et al. 2014),
and is supported by the correlation of the micro-
bial community structure with lithology and/or
water types (PaperI). In addition to genes related
to metabolic functions making use of the avail-
able geological sources of energy and nutrients,
these methods have revealed protective genes
involved in metal resistance and adaptation to
high salinity through cation efflux mechanisms,
especially at 2300 m, where the salinity is very
high (Nyyssonen et al. 2014).

Secondly, under closed system conditions, and
where the Gibbs free energy changes of reactions
are small, such as in the anoxic deep continental
subsurface, thermodynamics become significant
compared to kinetic control, and the accumula-
tion of metabolic products begins to affect the
energetics of the species producing it (Grofkopf
& Soyer 2016). Microbes can overcome this
waste problem by producing different products
from the same substrate, that is, by diversify-
ing (GroRkopf & Soyer 2016). Indeed, at Outo-
kumpu, microbial diversity is found to increase
despite the decreasing cell density as a function
of depth (Itdavaara et al. 2011b, Nyyssonen et al.
2014). This gives further evidence for the micro-
bial communities being well adapted to the pre-
vailing hydraulically isolated and nutrient and
energy poor conditions.

Another strategy to avoid the accumulation
of metabolic products and to utilise the lim-
ited resources efficiently is recycling, such that
the end product of one species is the substrate
for another species. In contrast to the large iso-
tope fractionation commonly related to micro-
bial processes caused by kinetic factors, this
recycling can lead to minimal fractionation be-

tween the substrate and the product, as observed
for microbial CH, at Outokumpu (Paper IV) and
elsewhere (Paper III). Such syntrophic relation-
ships might be especially well developed in deep
continental bedrock fractures, which are among
the oldest ecosystems on Earth. The good adap-
tation of microbial communities to lithological
and hydrological conditions in deep continental
bedrock also means that variability in microbial
community composition and functionality is
expected from site to site.

The most productive subsurface environ-
ments, at least when carbon cycling is consid-
ered, seem to be those containing surface-de-
rived carbon sources. This is demonstrated not
only by the higher abundance of microbial cells
in the near surface waters, but also by the clear
correlation between the most CH,-rich ground-
waters and black (graphitic) schists originating
from organic-rich sediments (Paper 1V). Fur-
thermore, despite the long isolation from the
surface and assumedly slow pace of life, the deep
dwelling microorganisms may activate rapidly
should a suitable organic carbon source appear
(Rajala et al. 2015). Together with the observa-
tion that heterotrophic carbon assimilation is
common in the Outokumpu Deep Drill Hole
biosphere (Purkamo et al. 2015, 2016), this sug-
gests that organic carbon sources are favoured
when available, and even refractory organic re-
mains such as graphite may be utilised. Even
though no methanogenic archaea are currently
known to be capable of using graphite as a car-
bon source (e.g. Thauer 2008), many of the sub-
surface microorganisms have not been cultured
and their metabolic processes remain unclear.
Recently, for example, more diverse metabolic
capabilities of the deep subsurface microbes
named Hadesarchaea (formerly known as SAG-
MEG for South-African Gold Mine Miscellaneous
Eryarchaeal Group), which have also been found
in Outokumpu (Purkamo et al. 2016), were pro-
posed (Baker et al. 2016). Thus, the view of the
deep subsurface as an environment dominated
by autotrophs should be reconsidered.
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5.3 Global perspective

By comparing the results obtained in this study
with previous investigations in Precambrian
continental shields in Fennoscandia and glob-
ally, common features were observed. These
include a water stable isotope composition that
has shifted above the GMWL, increased salinity
dominated by Ca, Na and Cl, and high amounts
of non-atmospheric dissolved gases. Likewise,
the residence times obtained in this study from
the Outokumpu Deep Drill Hole are in line with
other noble gas residence time estimates typi-
cally between millions and hundreds of millions
of years (Lippmann et al. 2003, Trinchero et al.
2014, Bottomley et al. 1990, Greene et al. 2008)
from different sites within the Precambrian
continental shields in Fennoscandia, Canada and
South Africa (Fig. 9).

Similarities were also observed considering
carbon cycling in the deep geobiosphere. Au-
totrophy plays a role in microbial carbon me-
tabolism, especially in the deeper parts of the
Outokumpu deep biosphere, as well as in old sa-
line water within the granitic bedrock of Aspd,
Sweden (Wu et al. 2016), while more diverse,
heterotrophic pathways are likely to be more
important where organic carbon is present,
such as in the proximity of graphitic schists and
within the more hydraulically dynamic upper
crust (Simkus et al. 2016, Paper 1V). Hydrocar-
bons at Outokumpu had a C-rich isotope com-

position, but systematically lighter in the order
methane, propane and ethane, similar to those
previously reported from the Kidd Creek mine
and other deep groundwaters in Precambrian
continental locations in Canada and South Af-
rica (Sherwood Lollar et al. 2008). By comparing
the isotopic compositions and microbiological
evidence with depth, it can be concluded that
abiotic hydrocarbons apparently become more
important at greater depth, as observed, in ad-
dition to this study, from South Africa (Simkus
et al. 2016). Thus, even though this study was
concentrated in one location, the Outokumpu
Deep Drill Hole, the results can also shed light
on deep groundwater evolution and water—-rock-
microbe interactions elsewhere in similar conti-
nental settings, especially where stagnant saline
groundwaters have been found.

However the depth at which saline fluids are
found varies from site to site. In contrast to Ou-
tokumpu, where increased salinity is observed
already at the well head, there is usually a more
dynamic upper fresh water layer (e.g. Blomqvist
1999, Gascoyne 2004, Laaksoharju et al. 2008,
Trinchero et al. 2014). This can be due to several
reasons. Similarly to surface waters, topography
also affects advective flow in the bedrock, and
greater topography assists in the penetration
of fresh water, as observed in the Scandinavian
Caledonides (Juhlin et al. 1998). In glaciated ter-
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Fig. 9. Noble gas residence times of deep saline groundwaters within continental shields. The average values for
each site are indicated with grey bars. Data from Lippmann et al. (2003), Greene et al. (2008), Bottomley et al.
(1984, 1990), Holland et al. (2013), Trinchero et al. (2014) and Paper II.
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rains, relic glacial melt water is also occasion-
ally encountered, which has probably recharged
in the bedrock due to a suitable combination of
open fractures and pressure anomalies caused by
the glaciation (Blomqvist 1999, Clark et al. 2000,
Gascoyne 2004, Provost et al. 2012). In contrast,
glacial conditions may also restrict ground-
water flow if gas hydrates are formed (Stotler
et al. 2010a). In granitic rocks, continuous 3D

fracture networks are more likely to form than
in strongly lineated rocks, such as schists (Lam-
minen 1995). As the prevailing rock types also
shape the geochemical and even microbiological
features of deep groundwaters, as shown in this
study, these unique properties must be carefully
investigated and taken into account, especially
in site assessment studies.

5.4 Practical implications and future outlook

The findings of this study complement previ-
ous research demonstrating that deep saline
groundwaters may have substantial residence
times of up to tens of millions of years (Fig. 9).
While this manifests the isolation and immobil-
ity of deep groundwaters, the results also high-
light the complexity and vulnerability of these
hydrosystems as they are being utilised.

Most notably, as similar ancient groundwa-
ters are found in the Olkiluoto nuclear waste re-
pository site, SW Finland, these results have po-
tential implications for the long-term safety of
nuclear waste disposal. In addition to the direct
(near field or engineered) barrier of copper and
bentonite that will be used to seal the waste, the
long-term safety of the disposal will be greatly
dependent on the properties of the fluid that will
fill the fractures and pore spaces within the re-
pository and the surrounding bedrock (far field
or geological barrier) (e.g. Tsang et al. 2015). The
disposal depth at Olkiluoto, at 400 to 500 m bsl, is
now located in the transitional zone between the
brackish and saline groundwater types. Howev-
er, fracture mineral studies have demonstrated
that groundwater conditions have fluctuated in
the past (Sahlstedt et al. 2010). Thus, although
they seem hydrologically stagnant, groundwa-
ters from greater depths provide essential in-
formation needed to assess the long-term safety
issues. Attention should especially be paid to
the dynamic and on-going water—-rock-microbe
interactions of deep saline groundwaters. For
example, CH, formation should be taken into

account in studies on the mobilisation of poten-
tially hazardous compounds, the accumulation
and/or diffusion of gases and microbial activity
within the bedrock groundwater.

In this study, the origin and evolution of deep
groundwaters from meteoric water to saline gas-
rich fluids was mainly demonstrated by using
strontium and water stable isotopes, noble gas
dating, and the geochemistry and isotopes of
hydrocarbons. Additionally, other isotope trac-
ers such as Cl, Br and Li from both groundwa-
ter and the rocks could provide a more in-depth
view of water—rock interaction mechanisms and
especially the origin of salinity. Recently devel-
oped isotopic methods based on CH, isotopo-
logues (i.e. clumped isotopes) show potential for
distinguishing between different CH, formation
pathways (Stolper et al. 2014, Wang et al. 2015).
A closer look at organic geochemistry would also
be helpful in constraining the CH, production
pathways and to test their importance in the
deep continental biosphere. Furthermore, the
potential for microbial utilisation of graphitic
carbon has not been reported and needs fur-
ther study. In addition to carbon, the source and
cycling of other elements critical for life, most
notably sulphur and nitrogen, although beyond
the scope of this thesis, would be important to
investigate for water-rock—microbe interactions
in deep groundwaters, even if these studies are
often faced with analytical challenges because of
high salinity.
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6 CONCLUSIONS

Geochemical and isotopic methods applied to
water, gas and mineral samples were used to
derive a model for deep groundwater evolution
in the 2.5 km deep Outokumpu Deep Drill Hole
in eastern Finland. The comparison of different
sampling methods demonstrated that the tube
sampling method provided the most complete
profile, but suffered from uncontrolled degas-
sing and mixing. Meanwhile, with the pressur-
ised methods, it was possible to capture small
quantities of fluid more precisely and complete-
ly. Even though pumping has the advantage of
well-focused retrieval of large fluid volumes, it
is likely to cause degassing similar to the tube
sampler. Based on these results, it is suggested
that pressurised sampling techniques should be
used in gas sampling.

The evolution of groundwater via water—-rock
interaction was shown to be a plausible source
for the characteristic isotopic composition and
increased salinity of deep groundwater. How-
ever, simple linear mixing between meteoric
water and shield brine could not be established.
Instead, local variation in lithology and a sub-
stantial residence time have probably created
the complex groundwater composition presently
observed at Outokumpu.

Based on isotopic evidence, it could be con-
cluded that helium is accumulated through a

radiogenic process in the crust in situ, since a
mantle-derived helium or helium concentra-
tion gradient indicative of diffusion from the
deeper part of the crust was not observed. Two
independent lines of evidence from water sta-
ble isotopes and the accumulation of radiogenic
and nucleogenic noble gases were in good agree-
ment, indicating isolation of the Outokumpu
Deep Drill Hole groundwaters within the crust
since the Eocene-Miocene epochs (56-5.3 Ma).

Using geochemical and microbiological evi-
dence, the isotopic composition and concentra-
tion of CH, was shown to be controlled by the
availability of carbon and hydrogen sources,
microbial activity and abiotic processes. Abi-
otic hydrocarbons, typically characterised by
the enrichment of C, were suggested to pre-
vail deeper in the bedrock, while microbial CH,
is more common at depths shallower than 1.5
km. Supported by the data from lithologically
different sites within the Fennoscandian Shield,
it could be concluded that rather than a ther-
mogenic relic, the abundant crustal CH, within
continental shields is more likely to be the result
of long-term, but still on-going, low tempera-
ture formation from ancient organic compounds
and their inorganic intermediates, most notably
graphite.
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Appendix 1. Geochemical data of the Outokumpu Deep Drill Hole groundwater and dissolved gases 2010-2012.

Water Gas Sampling Depth Ag Al As B

sample sample date m pg/L pg/L pg/L pg/L

code code +130M'  +139M  +139M  +139M

+139P

1 OKU2260-4 5/30/2010 2260 0.15 <10 6.49 44.5
2 OKU2260-5 5/31/2010 2260 - - -
3 OKU2260-6 6/1/2010 2260 - - -
4 OKU2260-7 6/2/2010 2260 - - - -
5 OKU2260-8 6/3/2010 2260 0.15 <10 5.88 44.4
6 OKU2260-9 6/4/2010 2260 - - - -
7 OKU2260-10 6/5/2010 2260 0.18 <10 5.92 439
8 OKU2260-11 6/6/2010 2260 - - - -
9 OKU2260-12 6/8/2010 2260 0.18 <10 6.14 41.6
10 OKU2260-13 6/10/2010 2260 - - - -
1M OKU2260-14 6/11/2010 2260 0.17 <10 6.40 433
12 OKU2260-15 6/14/2010 2260 0.16 <10 6.09 42.0
13 OKU2260-16 6/16/2010 2260 0.18 <10 6.16 443
14 OKU2260-17 6/18/2010 2260 - - - -
15 OKU2260-G1 6/20/2010 2260 - - - -
16 OKU2260-G2 6/20/2010 2260 - - - -
17 OKU2260-G3 6/20/2010 2260 - - - -
18 OKU2260-18 OKU2260-G4 6/21/2010 2260 0.20 <10 5.80 40.6
19 OKU2260-19 7/2/2010 2260 0.07 9.33 61.1 51.9
20 OKU2260-20 7/15/2010 2260 0.08 9.61 61.6 52.7
21 OKU2260-21 7/27/12010 2260 0.09 9.65 61.5 49.7
22 OKU2260-DIC OKU2260-G7 7/28/2010 2260 - - - -
23 OKU2260-G9 7/28/2010 2260 - - - -
24 OKU2260-G10 7/28/2010 2260 - - - -
25 OKU2260-22 7/29/2010 2260 0.17 8.77 62.0 48.1
26 0OKU2260-23 8/16/2010 2260 0.07 8.48 64.0 46.3
27 OKU2260-G11 9/13/2010 2260 - - - -
28 OKU500-1 9/22/2010 500 0.03 <1 63.4 140
29 OKU500-2 OKU500-G1 9/23/2010 500 0.02 1.35 58.9 140
30 OKU500-G2 9/23/2010 500 - - - -
31 OKU500-3 OKU500-G3 9/30/2010 500 0.03 <1 60.8 140
32 OKU500-G4 9/30/2010 500 - - - -
33 OKU500-G5 9/30/2010 500 - - - -
34 OKU500-G6 10/1/2010 500 - - -
35 OKU500-4 OKU500-G8 10/1/2010 500 0.02 <1 58.6 140
36 OKU500-5 10/5/2010 500 0.02 <1 59.0 140
37 OKU500-6 OKU500-G9 10/12/2010 500 0.04 <1 61.5 140
38 OKU500-7 OKU500-G11 10/13/2010 500 0.02 2.31 63.3 140
39 OKU500-G12 10/13/2010 500 - - - -
40 OKU500-8 10/19/2010 500 <0.01 <100 143 120
41 OKU500-9 10/21/2010 500 <0.01 <100 1.60 120
42 OKU500-10 11/8/2010 500 <0.01 <100 1.25 110
43 OK-1 5/15/2011 25 0.071 23.7 1.81 124
44 OK-2 5/15/2011 100 0.063 16.1 2.07 126
45 OK-3 5/15/2011 200 0.048 124 1.95 138
46 OK-4 5/16/2011 300 0.079 141 1.5 143
47 OK-5 OK-5 5/16/2011 400 0.057 12.2 1.61 155
48 OK-6 OK-6 5/16/2011 500 0.039 123 1.73 163
49 OK-7 OK-7 5/16/2011 600 0.076 37.9 1.77 173
50 OK-8 OK-8 5/16/2011 700 0.063 18.7 1.75 176
51 OK-9 OK-9 5/16/2011 800 0.045 9.94 1.76 185
52 OK-10 5/16/2011 900 0.06 6.95 2.27 213
53 OK-11 OK-11 5/17/2011 1000 0.064 4.81 1.94 183
54 OK-12 OK-12 5/17/2011 1100 0.051 9.23 1.83 176
55 OK-13 OK-13 5/17/2011 1200 0.068 8.26 2.03 168
56 OK-14 OK-14 5/17/2011 1300 0.053 1.9 1.64 149
57 OK-15 OK-15 5/17/2011 1400 0.06 283 1.81 15
58 OK-16 OK-16 5/17/2011 1500 0.087 6.48 2.38 63.7
59 OK-17 OK-17 5/17/2011 1600 0.084 14 3.44 51.6
60 OK-18 OK-18 5/18/2011 1700 0.15 135 10.1 82.2
67 OK-19 OK-19 5/18/2011 1800 0.184 20 18.1 99.1
62 OK-20 OK-20 5/18/2011 1900 0.252 5.9 23.2 99.3

Analytical methods: +139M = ICP-MS (Labtium Oy), 139P = ICP-OES (Labtium Oy)
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Water Gas Sampling Depth Ag Al As B

sample sample date m pg/L pg/L pg/L pg/L

code code +139M'  +139M  +139M  +139M

+139P

63 OK-21 OK-21 5/18/2011 2000 0.189 10 20.6 92.3
64 OK-22 OK-22 5/18/2011 2100 0.249 7.2 18.6 733
65 OK-23 OK-23 5/18/2011 2200 0.263 215 17.9 69.7
66 OK-24 OK-24 5/18/2011 2300 0.244 2.66 17.9 66.7
67 OK-25 OK-25 5/19/2011 2400 0.369 5.47 451 59.9
68 OKU2300-1 6/11/2011 2300 0.13 62.4 11.9 93.6
69 OKU2300-2 6/14/2011 2300 0.1 37.2 1.2 83.8
70 OKU2300-3 6/16/2011 2300 0.1 37.0 124 85.3
71 OKU2300-G1 7/19/2011 2300 - - - -
72 OKU2300-5 OKU2300-G2 7/19/2011 2300 0.12 76.0 1.8 83.4
73 OKU2300-6 7/20/2011 2300 0.13 89.5 124 82.7
74 OKU2300-7 712172011 2300 - - - -
75 OKU1820-1 8/3/2011 1820 0.13 14.1 19.7 58.0
76 OKU1820-2 8/10/2011 1820 0.10 16.7 28.7 58.3
77 OKU1820-3 8/15/2011 1820 0.10 12.8 29.5 55.8
78 OKU1820-G1 8/17/2011 1820 - - - -
79 OKU1820-5 OKU1820-G2 8/17/2011 1820 0.11 11.0 31.6 51.8
80 OKU1820-6 8/18/2011 1820 - - - -
81 OUTO-500 OUTO-500 (1) 8/25/2011 500 0.12 84.5 147 231
82 OUTO-970 OUTO-970 (2) 8/25/2011 970 0.06 28.3 134 199
83 OUTO-1470 OUTO-1470 (3) 8/26/2011 1470 0.05 41.9 17.0 66.0
84 OUTO-1820 OUTO-1820 (4) 8/27/2011 1820 0.18 59.1 87.1 144
85 OUTO-2480 OUTO-2480 (5) 8/27/2011 2480 0.22 166 187 129
86 OUTO-500-2 OUTO-500 (6) 8/28/2011 500 0.04 329 134 199
87 OUTO-1470-2 OUTO-1470 (8) 8/29/2011 1470 0.10 66.3 16.8 62.5
88 OUTO-2350 OUTO-2350 (7) 8/29/2011 2350 0.21 77.6 129 126
89 OKU970-1 9/7/2011 970 0.02 10.0 1.19 128
90 OKU970-2 9/8/2011 970 0.02 9.74 1.08 126
91 OKU970-3 9/9/2011 970 0.02 8.33 1.03 121
92 OKU970-4 9/16/2011 970 0.02 8.92 1.09 126
93 OKU970-5 9/23/2011 970 0.02 8.10 1.09 123
94 OKU970-1G 10/4/2011 970 - - - -
95 OKU970-6 OKU970-G2 10/5/2011 970 0.02 8.65 1.05 120
96 OKU970-7 10/6/2011 970 - - - -
97 OU-1 10/11/2011 25 0.02 14.9 111 78.2
98 Oou-2 10/11/2011 100 0.02 1.5 0.92 72.0
99 OuU-3 OuU-3 10/12/2011 200 0.02 13.6 0.76 68.0
100 Oou-4 Oou-4 10/12/2011 300 0.01 7.90 0.92 80.6
101 OuU-5 OuU-5 10/12/2011 400 0.02 14.2 1.10 90.2
102 Ou-6 Ou-6 10/12/2011 500 0.02 9.81 1.13 96.8
103 Oou-7 OuU-7 10/12/2011 600 0.02 4.26 1.15 97.9
104 Ou-8 Ou-8 10/13/2011 700 0.04 4.89 1.10 100
105 0ouU-9 0ouU-9 10/13/2011 800 0.02 4.17 1.16 99.6
106 QU-10 OU-10 10/13/2011 900 0.02 5.96 1.17 101
107 OU-11 OU-11 10/13/2011 1000 0.02 1.7 1.36 105
108 OKU180-1 OKU180-G1 5/5/2012 180 <0.2 <50 <2 120
109 OKU180-2 OKU180-G2 5/8/2012 180 <0.2 <50 <2 80
110 OKU180-3 OKU180-G3 5/14/2012 180 <0.2 <50 <2 160
111 OKU180-4 5/21/2012 180 <0.2 <50 <2 60
112 OKU180-5 OKU180-G4 5/22/2012 180 <0.2 <50 <2 90
13 OKU180-6 OKU180-G5 5/28/2012 180 <0.2 <50 <2 50
14 OKU180-7 5/29/2012 180 <0.2 <50 <2 320
115 OKU180-8 OKU180-G6 6/5/2012 180 <0.2 <50 <2 80
116 OKU180-9 6/6/2012 180 <0.2 <50 <2 90
117 OKU180-10 OKU180-G7 6/13/2012 180 <0.2 <50 <2 80
118 OKU180-11 6/18/2012 180 - - - -
119 OKU180/iso | 6/18/2012 180 - - - -
120 OKU180/iso I 6/18/2012 180 - - - -
121 OKU180/pieni 6/18/2012 180 - - - -

TAnalytical methods: +139M = ICP-MS (Labtium Qy), 139P = ICP-OES (Labtium Oy)
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Appendix 1. Cont.

Be Bi Cd Co Cr Cu Li Mn Mo

pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L

+139M’' +139M +139M +139M +139M +139M +139M +139M +139M

+ 139P

1 <1 <0.2 1.70 0.73 <2 <1 1510 176 76.4
2 - - - - - - - - -
3 - - - - - - - - -
4 _ _ - R R R _ _ -
5 <1 <0.2 1.86 0.65 <2 1.09 1450 178 75.5
6 _ - - - - - _ - -
7 <1 <0.2 1.91 0.69 <2 <1 1440 180 75.4
9 <1 0.49 2.31 0.61 <2 2.33 1360 176 74.8
10 - - - - - - - - -
11 <1 <0.2 217 0.65 <2 <1 1430 181 76.8
12 <1 <0.2 2.26 0.75 <2 1.2 1370 173 729
13 < <0.2 2.22 0.68 <2 <1 1450 182 76.6
14 - - - - - - - - -
15 - - - - - - - - -
16 - - - - - - - - -
17 - - - - - - - - -
18 <1 <0.2 212 0.62 <2 <1 1320 171 72.9
19 <0.1 0.16 0.12 0.88 2.15 2.07 2020 204 73.4
20 <0.1 0.17 0.14 0.85 1.92 2.01 2080 199 69.8
21 <0.1 0.15 0.15 0.88 2.3 2.11 2070 192 68.5
22 - - - - - - - - -
23 - - - - - - - - -
24 - - - - - - - - -
25 <0.1 0.13 012 0.79 2.00 2.22 2070 193 68.8
26 <0.1 0.12 0.18 1.04 2.70 2.05 2050 190 66.9
27 - - - - - - - - -
28 <0.1 <0.02 0.09 0.61 3.10 0.94 81 26.2 17.2
29 <0.1 <0.02 0.08 0.60 2.65 0.93 79 27.8 17.1
30 - - - - - - - - -
31 <0.1 <0.02 0.12 0.54 2.92 0.90 80 259 17.0
32 - - - - - - - - -
33 - - - - - - - - -
34 - - - - - - - - -
35 <0.1 <0.02 0.09 0.56 2.96 0.84 80 254 17.2
36 <0.1 <0.02 0.08 0.52 2.77 0.79 84 24.8 173
37 <0.1 <0.02 0.09 0.51 2.89 0.81 83 24.5 171
38 <0.1 <0.02 0.08 0.54 3.11 0.83 81 251 173
39 - - - - - - - - -
40 <1 <0.02 0.11 0.32 <2 <1 94 27.4 17.7
41 <1 <0.02 0.08 0.27 <2 <1 93 241 16.9
42 <1 <0.02 0.10 0.32 <2 <1 91 269 174
43 <0.1 <0.02 0.269 14.4 0.259 20.1 228 0.91 52.3
44 <0.1 <0.02 0.142 2.46 <0.2 21.6 135 <0.02 443
45 <0.1 <0.02 0.148 13.2 <0.2 11.1 107 <0.02 411
46 <0.1 <0.02 0.15 1.73 <0.2 9.89 98.1 <0.02 335
47 <0.1 <0.02 0.084 0.668 <0.2 8.28 80.4 2.25 31
48 <0.1 <0.02 <0.02 2.59 0.481 5.34 70.7 4.61 23.8
49 <0.1 <0.02 0.067 0.622 <0.2 5.53 60.4 4.35 17.9
50 <0.1 <0.02 0.125 1.63 <0.2 6.14 46.9 3.39 154
51 <0.1 <0.02 0.1 2.09 0.85 6.69 40.5 2.25 14.7
52 <0.1 <0.02 0.026 16.2 <0.2 134 35.4 2.33 15.2
53 <0.1 <0.02 0.092 13.6 <0.2 4.38 23.8 <0.02 14.5
54 <0.1 <0.02 0.09 0.892 <0.2 4.64 24.3 <0.02 19.7
55 <0.1 <0.02 0.118 13.1 5.36 5.4 341 0.582 30
56 <0.1 <0.02 0.145 13 <0.2 413 36.8 8.51 38.1
57 <0.1 <0.02 0.155 2.62 <0.2 4.49 119 52.4 389
58 <0.1 <0.02 0.16 5.96 <0.2 2.59 187 224 39
59 <0.1 <0.02 0.178 5.12 45 3.44 263 218 476
60 <0.1 <0.02 0.203 3.13 0.567 9.68 507 108 63.2
61 <0.1 <0.02 0.103 6.35 10.5 4.4 824 949 457
62 <0.1 <0.02 0.266 5.1 13.2 8.07 1020 83.9 41.2

Analytical methods: +139M = ICP-MS (Labtium Oy), 139P = ICP-OES (Labtium Oy)
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Be Bi cd Co Cr Cu Li Mn Mo

pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L pg/L

+139M' +139M +139M +139M +139M +139M +139M +139M +139M

+ 139P

63 <0.1 <0.02 0.163 531 336 4.98 1060 106 47
64 0.138 <0.02 0.148 7.7 24.6 3.6 1310 119 491
65 <0.1 <0.02 0.313 6.16 0.249 3.47 1170 132 524
66 0.113 <0.02 0.353 19.5 427 13.5 1350 159 120
67 <0.1 <0.02 0.221 6.54 1.16 9.92 14200 427 929
68 <0.1 0.29 0.33 3.84 2.33 3.64 2800 225 66.6
69 <0.1 0.16 0.27 29.9 0.86 1.88 2710 215 613
70 <0.1 0.15 0.26 2.51 1.01 2.28 2710 220 63.2
71 - - - - - - - - -
72 <0.1 0.14 0.28 24.6 1.03 1.74 2570 216 61.3
73 <0.1 0.13 0.27 3.60 1.00 3.20 2670 216 61.5
74 - - - - - - - - -
75 <0.1 0.06 0.30 6.05 1.12 6.49 2090 209 55.6
76 <0.1 0.04 0.30 6.07 133 4.71 1310 140 32.1
77 <0.1 0.03 0.33 4.45 1.24 433 1320 141 32.3
78 - - - - - - - - -
79 <0.1 <0.02 0.39 5.61 1.27 4.08 1340 139 31.6
80 - - - - - - - - -
81 <1 <0.2 0.99 8.29 <2 3.73 80 70.8 23.2
82 <1 <0.2 0.43 11.5 <2 1.26 50 354 233
83 <1 <0.2 0.21 9.54 <2 < 340 468 454
84 <1 0.93 0.24 385 <2 2.75 1480 190 69.8
85 <1 0.26 0.49 56.8 2.55 1.87 50300 260 174
86 <1 <0.2 0.32 7.97 <2 377 60 115 24.9
87 <1 <0.2 0.30 9.50 <2 1.17 350 484 56.4
88 <1 0.41 0.39 44.6 2.25 1.86 22600 115 134
89 <0.1 <0.02 0.12 0.43 0.57 0.62 48 63.1 12.6
90 <0.1 <0.02 0.12 0.40 0.46 0.55 48 59.4 11.9
91 <0.1 <0.02 0.14 0.40 0.40 0.96 46 66.4 12.8
92 <0.1 <0.02 0.14 0.38 0.40 0.57 53 64.9 13.0
93 <0.1 <0.02 0.15 0.33 0.35 0.98 50 36.1 104
94 - - - - - - - - -
95 <0.1 <0.02 0.15 0.34 0.34 0.44 51 67.4 13.5
96 - - - - - - - - -
97 <0.1 <0.02 0.19 0.37 1.09 8.58 99 20.6 385
98 <0.0 <0.02 0.16 0.33 1.12 5.75 96 17.9 37.3
99 <0.1 <0.02 0.16 0.26 0.80 4.89 75 135 34.7
100 <0.1 <0.02 0.16 0.27 0.99 4.29 65 51.0 293
101 <0.1 <0.02 0.17 0.40 1.37 535 61 150 19.4
102 <0.1 <0.02 0.15 0.46 1.25 7.63 58 128 17.0
103 <0.1 <0.02 017 0.41 1.28 3.59 55 148 15.0
104 <0.1 <0.02 0.15 0.50 1.48 5.25 53 133 14.2
105 <0.1 <0.02 0.15 0.40 1.61 8.74 50 109 14.1
106 <0.1 <0.02 0.13 0.90 1.43 8.58 52 88.4 14.7
107 <0.1 <0.02 0.16 0.43 4.67 1.74 49 43.6 12.6
108 <5 <1 0.33 <0.5 <10 <5 133 7.95 37.6
109 <5 <1 <0.3 <0.5 <10 <5 14.8 8.62 37.7
110 <5 <1 0.30 <0.5 <10 <5 9.90 105 19.4
111 <5 <1 0.33 <0.5 <10 <5 10.2 182 17.1
112 <5 <1 0.36 <0.5 <10 <5 8.39 192 16.7
113 <5 <1 <0.3 <0.5 <10 <5 9.38 196 16.0
114 <5 <1 <0.3 <0.5 <10 <5 9.77 213 15.9
115 <5 <1 <0.3 <0.5 <10 <5 6.50 144 12.6
116 <5 <1 <0.3 <0.5 <10 <5 478 137 12.4
17 <5 <1 <0.3 <0.5 <10 <5 6.43 133 12.6
118 - - - - - - - - -
119 - - - - - - - - -
120 - - - - - - - - -
121 - - - - - - - - -

TAnalytical methods: +139M = ICP-MS (Labtium Oy), 139P = ICP-OES (Labtium Qy)
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Ni P Pb Rb Sbh Se Th Tl V)

ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

+139M" +139M +139M +139M +139M +139M +139M +139M +139M
1 2.26 <200 1.48 181 0.20 469 <0.04 0.49 <0.02
2 , , , , , , , , ,
3 - , - , - , , - ,
4 - - - - _ - - - -
5 2.20 <200 1.40 181 <0.2 472 <0.04 0.44 <0.02
6 _ _ _ _ _ _ _ _ _
7 2.41 <200 132 184 <0.2 483 <0.04 0.36 <0.02
8 - - - - - - - - -
9 2.68 <200 1.36 180 <0.2 474 <0.04 0.33 <0.02
10 - - - - - - - - -
(N 2.44 <200 1.28 187 0.21 500 <0.04 0.32 <0.02
12 2.36 <200 1.15 178 0.20 485 <0.04 0.27 <0.02
13 2.79 <200 1.12 190 0.21 511 <0.04 0.24 <0.02
14 - - - - - - - - -
15 - - - - - - - -
16 - - - - - - - - -
17 - - - - - - - - -
18 2.19 <200 1.14 179 <0.2 489 <0.04 0.27 <0.02
19 2.99 18.3 0.1 183 0.22 322 0.03 0.01 <0.01
20 3.88 <10 0.08 177 0.20 319 0.02 <0.01 <0.01
21 3.16 <10 0.08 176 0.20 319 0.02 <0.01 <0.01
22 - - - - - - - - -
23 - - - - - - -
24 - - - - - - - - -
25 6.77 <10 0.05 177 0.23 323 0.02 0.01 <0.01
26 23.6 <10 <0.05 178 0.19 326 0.02 0.01 <0.01
27 - - - - - - - - -
28 3.14 <10 <0.05 433 0.20 193 <0.01 <0.01 <0.01
29 3.11 <10 <0.05 42.2 0.18 174 <0.01 <0.01 <0.01
30 - - - - - - - - -
31 3.31 <10 <0.05 41.5 0.19 177 <0.01 <0.01 <0.01
32 - - - - - - - - -
33 - - - - - - - -
34 - - - - - - - - -
35 2.76 <10 <0.05 419 0.19 182 <0.01 <0.01 <0.01
36 2.71 <10 <0.05 413 0.19 186 <0.01 <0.01 <0.01
37 2.94 <10 <0.05 41.0 0.20 194 <0.01 <0.01 <0.01
38 3.07 <10 <0.05 41.6 0.20 200 <0.01 <0.01 <0.01
39 - - - - - - - - -
40 3.14 <50 410 391 0.22 <10 <0.04 <0.02 <0.02
41 2.50 <50 3.15 38.0 0.20 <10 <0.04 <0.02 <0.02
42 2.54 <50 3.88 37.7 <0.2 <10 <0.04 <0.02 <0.02
43 10.8 142 13.2 82.2 0.53 383 0.01 <0.01 <0.01
44 8.23 104 10.2 557 0.298 300 0.01 <0.01 <0.01
45 7.16 121 3.46 50.7 03 311 0.01 <0.01 <0.01
46 8.71 82.5 1.92 429 0.226 299 0.01 <0.01 <0.01
47 9.52 117 1.99 415 0.263 316 <0.01 <0.01 <0.01
48 8.53 6490 1.02 378 0.193 324 <0.01 <0.01 <0.01
49 572 114 0.136 359 0174 331 <0.01 <0.01 <0.01
50 6.54 130 <0.05 351 0.219 339 <0.01 <0.01 <0.01
51 8.42 8050 0.192 352 0.207 364 <0.01 <0.01 <0.01
52 7.75 292 0.196 379 0.223 388 <0.01 <0.01 <0.01
53 6.88 1230 <0.05 33.9 0177 335 <0.01 <0.01 <0.01
54 5.49 306 <0.05 353 0.215 333 <0.01 <0.01 <0.01
55 9.92 263000 0.098 39.2 0.755 304 <0.01 <0.01 <0.01
56 578 1330 0.162 48.4 0.267 288 0.01 <0.01 <0.01
57 5.86 275 0.348 80.8 0.554 293 <0.01 <0.01 <0.01
58 8.46 308 <0.05 158 0.196 354 <0.01 <0.01 <0.01
59 24.7 4350 0.149 186 0.274 456 <0.01 <0.01 <0.01
60 20.9 301 0.322 167 0.353 799 <0.01 <0.01 <0.01
61 36.5 5760 0.203 163 0.353 1090 <0.01 <0.01 <0.01
62 43.4 5240 0.392 185 0.396 1310 <0.01 <0.01 0.037

Analytical methods: +139M = ICP-MS (Labtium Oy)
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Ni P Pb Rb Sh Se Th Tl U
ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L
+139M" +139M +139M +139M +139M +139M +139M +139M +139M

63 50.6 9970 0.175 191 0.441 1250 <0.01 <0.01 0.01
64 452 7160 0.152 189 0.31 1160 0.01 <0.01 <0.01
65 29.2 246 0.119 196 0.393 1100 <0.01 <0.01 <0.01
66 296 224000 0.224 195 0.966 1110 <0.01 <0.01 <0.01
67 514 374 0.196 573 0.369 2060 <0.01 <0.01 0.01
68 128 413 <0.05 213 0.36 0.97 0.09 <0.01 0.01
69 9.91 432 <0.05 202 0.28 0.91 0.04 <0.01 <0.01
70 103 374 <0.05 209 0.28 0.93 0.03 <0.01 0.01
71 - - - - - - - - -
72 9.75 350 <0.05 207 0.29 0.93 0.03 <0.01 <0.01
73 10.4 359 <0.05 211 0.24 0.97 0.02 <0.01 <0.01
74 - - - - - - - - -
75 165 220 0.16 247 0.21 27.7 <0.01 <0.01 <0.01
76 147 189 <0.05 203 0.24 40.8 <0.01 <0.01 <0.01
77 145 196 <0.05 207 0.25 428 <0.01 <0.01 <0.01
78 - - - - - - - - -
79 15.1 40.8 <0.05 205 027 443 <0.01 <0.01 0.01
80 - - - - - - - - -
81 342 <200 464 457 <0.5 188 <0.1 0.64 <0.05
82 48.1 <200 152 37.7 <0.5 179 <0.1 0.39 <0.05
83 117 <200 0.15 220 <0.5 198 <0.1 0.25 <0.05
84 103 <200 <0.1 199 <05 620 <0.1 017 <0.05
85 72.0 <200 0.16 1010 0.55 1140 <0.1 0.13 <0.05
86 37.2 <200 0.25 416 <0.5 184 <0.1 0.24 <0.05
87 105 <200 0.72 216 <0.5 198 <0.1 0.22 <0.05
88 66.0 <200 0.18 656 <0.5 890 <0.1 013 <0.05
89 2.03 <10 0.20 30.0 013 180 0.02 <0.01 0.01
90 2.02 <10 0.17 294 0.11 177 0.01 <0.01 0.01
91 2.44 <10 0.16 29.2 0.12 174 0.01 <0.01 0.01
92 1.85 <10 0.18 303 0.11 177 0.01 <0.01 0.01
93 1.66 <10 0.17 289 0.08 184 0.01 <0.01 0.01
94 - - - - - - - - -
95 1.70 <10 0.17 30.5 0.10 176 0.01 <0.01 0.01
9% - - - - - - - - -
97 2.60 55 2.16 46.1 0.22 <05 <0.01 <0.01 0.01
98 239 <50 032 425 0.21 <0.5 <0.01 <0.01 0.01
99 193 50 0.62 37.8 0.18 <0.5 <0.01 <0.01 <0.01
100 1.88 60 037 36.6 0.15 <0.5 <0.01 <0.01 <0.01
101 231 <50 <0.05 34.0 0.15 <0.5 <0.01 <0.01 <0.01
102 2.67 <50 <0.05 344 0.11 <0.5 <0.01 <0.01 <0.01
103 216 <50 <0.05 325 0.10 <05 <0.01 <0.01 0.01
104 2.20 50 <0.05 320 0.13 <0.5 <0.01 <0.01 0.01
105 2.02 <50 0.28 314 0.12 <0.5 <0.01 <0.01 <0.01
106 2.22 <50 0.17 315 0.13 <0.5 <0.01 <0.07 <0.01
107 4.84 <50 <0.05 30.9 0.11 <05 <0.01 <0.01 <0.01
108 20.6 <1000 073 394 <1 <50 <0.2 0.17 <0.1
109 218 <1000 0.86 402 <1 533 <0.2 <0.1 <0.1
110 28.1 <1000 0.82 349 <1 60.5 <0.2 <0.1 <0.1
111 236 <1000 1.05 31.1 <1 573 <0.2 <0.1 <0.1
112 255 <1000 0.82 317 <1 54.8 <0.2 <0.1 <0.1
113 245 <1000 0.76 312 <1 63.6 <0.2 <0.1 <0.1
114 26.5 <1000 1.04 326 <1 56.1 <0.2 0.14 <0.1
115 187 <1000 1.00 25.2 <1 <50 <0.2 <0.1 <0.1
116 230 <1000 097 24.9 <1 <50 <0.2 0.10 <0.1
17 23.1 <1000 127 27.6 <1 <50 <0.2 0.10 <0.1
118 - - - - - - - - -
119 - - - - - - - - -
120 - - - - - - - - -

121 - - - - - - - - -
TAnalytical methods: +139M = ICP-MS (Labtium Oy)
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K Ba Ca Fe., Mg Na Siot
Hg/L Hg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
+139M° +139M +139M +139P +139P +139P +139P +139P +139P
+139P +139M +139M

1 0.84 14.6 454 3.02 6810 <0.03 218 2240 1.2
2 - - - - - - - - -
3 - - R - - - - -
4 - - - - - - - - -
5 1.05 5.69 453 3.06 7020 0.10 218 2320 5.51
6 - - - - - - - - -
7 1.02 10.4 46.1 3.09 6700 0.10 21.8 2210 554
9 1.03 8.56 44.9 3.09 6660 0.07 21.6 2270 534
10 - - - - - - - - -
11 1.00 1.4 46.6 3.12 6730 0.06 217 2240 5.24
12 1.10 7.87 441 3.1 6910 0.07 21.8 2260 4.79
13 1.14 9.72 47.0 3.12 7290 0.06 219 2470 4.77
14 - - - - - - - - -
15 - - - - - - - -
16 - - - - - - - -
17 - - - - - - - - -
18 0.99 13.5 441 3.15 7090 0.05 21.7 2310 5.00
19 264 6.46 5538 - 7485 0.04 21.6 2430 3.85
20 26.7 9.83 57.0 - 7500 <0.03 21.6 2400 4.47
21 26.5 6.54 56.0 7660 <0.03 214 2460 4.81
22 - - - - - - - -
23 - - - - - - - -
24 - - - - - - - - -
25 26.6 9.03 56.1 - 7890 <0.03 21.2 2560 410
26 26.8 4.50 55.0 8130 0.03 21.0 2630 4.80
27 - - - - - - - - -
28 15.7 4.65 17.3 1.86 2300 <0.03 12.6 1770 3.00
29 14.7 3.47 17.2 1.73 2130 <0.03 12.5 1640 3.24
30 - - - - - - - - -
31 15.4 3.91 169 1.73 2180 <0.03 124 1660 3.32
32 - - - - - - - - -
33 - - - - - - - -
34 - - - - - - - - -
35 15.9 3.10 17.1 1.80 2180 <0.03 124 1660 3.38
36 15.9 1.70 17.4 1.81 2240 <0.03 126 1740 348
37 16.5 6.66 17.2 1.84 2300 <0.03 12.2 1760 2.97
38 16.6 7.37 17.2 1.89 2240 <0.03 124 1700 3.35
39 - - - - - - - - -
40 0.67 15.1 18.6 1.60 2250 <0.03 12.8 1820 3.24
41 0.62 5.75 18.5 1.61 2240 <0.03 12.8 1800 3.48
42 0.69 9.53 183 1.61 2250 <0.03 12.9 1810 3.49
43 2.6 56.5 34.9 1.37 2610 0.08 20.7 1700 522
44 2.07 39.8 259 1.23 2370 0.05 13.7 1680 50.4
45 212 26.2 24.2 1.34 2170 <0.03 1.3 1610 49.6
46 1.73 194 213 1.38 2400 0.04 9.62 1850 51.1
47 1.97 36 20.7 1.50 2300 0.06 8.9 1830 535
48 2.08 205 19 1.60 2420 0.04 7.92 1970 533
49 2.15 223 17.7 1.69 2310 0.04 7.09 1900 55
50 2.21 25.7 16.7 1.75 2320 0.06 6.46 1900 57
51 2.33 30 16.8 1.80 2340 0.03 574 1930 56.3
52 2.21 26.6 183 1.93 2480 0.03 5.16 2060 554
53 243 219 16.4 1.67 2290 0.07 4.53 1890 58.9
54 2.04 14.8 17.5 1.54 2230 <0.03 3.95 1870 593
55 1.91 118 19.6 1.33 2210 0.07 6.42 1870 539
56 1.97 19.5 234 1.19 2040 <0.03 17.8 1720 58.8
57 1.99 16.1 334 1.05 2110 0.05 394 1550 61.5
58 249 21 55.7 0.88 3060 0.03 99 1620 62.3
59 3.1 17.1 62.3 0.95 3930 0.08 194 1810 59.6
60 595 60.1 60.5 2.38 8300 0.18 34.6 3330 50.5
61 8.14 12.7 59.5 418 11700 0.22 219 3900 47.3
62 11.3 13.8 60.3 5.83 14400 0.22 16.3 4250 46.4

'Analytical methods: +139M = ICP-MS (Labtium Qy), 139P = ICP-OES (Labtium Qy)
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\ Zn K Ba Ca Fe. Mg Na Seot

Mg/l Mg/l mg/L mg/L mg/L mg/L mg/L mg/L mg/L

+139M° +139M +139M +139P +139P +139P +139P +139P +139P

+139P +139M +139M

63 9.64 16.6 60.5 5.97 15600 0.30 16.9 3920 47.2
64 9.49 19.3 56.4 5.65 13300 0.25 17.5 3760 46.2
65 8.28 3.09 554 5.43 10000 0.16 183 3340 49.2
66 10.3 32.8 57.2 5.07 11900 1.65 18.8 3310 50
67 16.8 <0.2 75.5 0.98 18200 0.26 14 4160 45.5
68 3.02 7.3 64.0 - 9790 <0.03 18.8 3190 6.30
69 3.18 4.72 62.5 - 8680 0.03 18.8 2820 6.09
70 3.10 9.30 62.3 - 9080 0.03 18.9 2990 5.79
71 - - - - - - - - -
72 3.26 594 60.9 - 9540 0.03 18.7 3150 7.60
73 3.40 8.83 60.9 - 9480 <0.03 18.7 3120 7.42
74 - - - - - - - - -
75 342 5.26 57.9 3.88 9650 <0.03 18.4 3030 7.37
76 4.26 0.57 49.0 431 12200 <0.03 14.9 3930 352
77 4.30 0.99 49.3 4.40 11800 <0.03 15.1 3800 42.6
78 - - - - - - - - -
79 4.47 0.79 48.5 4.41 11800 0.03 15.1 3820 44.4
80 - - - - - - - - -
81 1.16 242 18.0 243 2320 <0.03 6.92 1900 4.04
82 <1 309 15.0 4.49 2420 <0.03 2.04 1900 3.09
83 <1 21.7 71.9 0.75 3210 <0.03 222 1540 7.06
84 3.05 8.19 56.7 4.60 12900 <0.03 14.3 4170 2.92
85 415 6.74 97.4 0.82 20600 <0.03 14.2 4700 14.8
86 <1 32.0 16.4 3.54 2330 <0.03 6.81 1890 4.28
87 <1 19.1 71.2 0.71 3180 <0.03 218 1540 6.73
88 3.51 8.14 91.5 3.08 16900 <0.03 13.1 4190 4.69
89 10.1 12.3 12.8 212 2470 <0.03 1.89 1950 2.48
90 10.1 10.6 125 2.06 2480 <0.03 1.87 1970 4.24
91 9.88 11.6 124 1.94 2460 <0.03 2.20 1970 3.10
92 10.3 17.7 12.8 1.98 2430 0.03 2.39 2000 2.34
93 10.6 6.63 121 2.05 2510 <0.03 1.63 2000 2.62
94 - - - - - - - - -
95 10.4 3.92 13.0 1.92 2340 0.04 292 1890 2.93
96 - - - - - - - - -
97 0.29 72.7 18.8 1.10 1530 <0.03 7.61 1250 28.5
98 0.25 413 18.1 1.03 1490 <0.03 7.34 1220 30.0
99 0.22 30.2 16.6 1.00 1430 <0.03 6.94 1210 34.3
100 0.30 221 14.8 1.36 1710 <0.03 7.53 1440 354
101 0.36 60.1 13.1 1.78 2170 <0.03 8.04 1770 32.6
102 0.41 70.1 124 1.95 2370 <0.03 7.48 1930 354
103 0.41 62.0 11.8 1.97 2340 <0.03 6.45 1890 317
104 0.44 65.2 11.4 2.05 2370 <0.03 5.47 1910 30.7
105 0.39 54.0 11.2 2.06 2300 <0.03 4.53 1860 31.6
106 0.47 78.7 11.3 1.94 2340 <0.03 3.59 1880 33.6
107 0.48 239 10.8 1.98 2450 <0.03 1.91 1930 33.8
108 <2 22.8 21.0 0.88 1260 <0.03 2.84 1120 14.1
109 <2 17.8 213 1.01 1330 <0.03 3.19 1170 5.82
110 <2 <10 17.4 1.23 1610 <0.03 14.4 1450 2.76
111 <2 14.7 16.8 0.96 1330 <0.03 16.5 1240 2.20
112 <2 13.3 16.8 0.98 1360 <0.03 17.1 1270 2.03
113 <2 288 16.2 0.87 1220 0.12 17.2 1170 1.78
114 <2 295 18.3 0.96 1220 0.46 18.0 1190 1.08
115 <2 348 13.1 0.72 1120 0.26 16.7 1110 1.16
116 <2 451 12.8 0.70 1160 0.26 17.5 1160 1.52
117 <2 46.3 13.7 0.73 1060 0.34 16.7 1070 1.27
118 - - - - - - - - -
119 - - - - - - - - -
120 - - - - - - - - -
121 - - - - - - - - -

TAnalytical methods: +139M = ICP-MS (Labtium Oy), 139P = ICP-OES (Labtium Qy)

45



Geological Survey of Finland
Riikka Kietdvdinen

Appendix 1. Cont.

Si Sr TOC DoC DIC EC Br Cl

mg/L mg/L mg/L mg/L mmol/L mS/m 25°C mg/L mg/L

+139P! +139P 142L 142L PHREEQC +143R +143R

+139M (calculated)

1 1.50 64.0 - - 9.3 5020 <100 18400
2 - - - - - - - -
3 - - - - - - - -
4 - - - - - - - -
5 1.55 66.6 - 9.3 4870 <100 16800
6 - - - - - - - - -
7 1.52 63.5 - - - 9.3 4780 <100 18000
8 - - - - - - - - -
9 1.51 65.5 - - 9.3 4720 <100 18700
10 - - - - - - - -
I 1.51 64.1 - - 9.3 4680 <100 17900
12 1.52 64.7 - - - 9.3 4660 <100 18500
13 1.56 71.0 - 9.3 4640 <100 24400
14 - - - - - - - -
15 - - - - - - - -
16 - - - - - - - - -
17 - - - - - - - - -
18 1.51 66.0 27.2 22,5 0.21 9.3 4630 <100 21700
19 1.60 70.9 - - 6.7 4570 <1000 16000
20 1.63 70.2 - - 6.8 4690 <1000 16700
21 1.63 72.0 0.26 6.5 4750 <1000 17000
22 - - - - - - -
23 - - - - - - -
24 - - - - - - - - -
25 1.63 74.6 - - - 6.9 4760 <1000 19000
26 1.64 76.6 - - - 8.2 4890 <1000 16400
27 - - - - - - - -
28 1.68 236 - - 8.3 1900 <50 6920
29 1.68 21.8 - - - 8.3 1880 <50 6990
30 - - - - - - - -
31 1.67 22.2 0.18 8.4 1880 <50 6750
32 - - - - - - - -
33 - - - - - - -
34 - - - - - - - - -
35 1.67 224 - - 0.08 8.4 1880 <50 6690
36 1.66 231 - - - 8.4 1900 <50 6830
37 1.64 236 - - - 8.7 1900 <50 6980
38 1.57 232 12.67 1217 0.09 8.7 1920 <50 6830
39 - - - - - - - - -
40 1.54 22.0 - - 7.4 1900 <50 7970
41 1.55 221 - 6.3 1900 <50 7940
42 1.45 22.0 - - 83 1900 <50 8180
43 0.92 374 220 230 - 9.8 1850 <100 7910
44 0.96 26.6 200 200 - 10.1 1610 <100 6660
45 1.09 26.7 200 200 - 10.1 1530 <100 7670
46 1.27 259 210 210 - 9.95 1510 <100 6520
47 1.48 26.1 210 220 0.11 9.6 1490 <100 7910
48 1.92 26.0 220 230 0.12 9.2 1610 <100 7070
49 2.38 279 230 220 0.20 8.6 1660 <100 7290
50 2.73 284 240 250 0.13 8.5 1680 <100 7640
51 3.09 30.1 240 240 0.12 8.5 1690 <100 7870
52 3.28 285 240 240 - 8.9 1700 <100 7500
53 3.49 27.0 250 280 0.15 8.9 1690 <100 7360
54 3.45 29.6 240 280 0.09 8.9 1620 <100 8340
55 3.61 24.5 250 290 0.12 9.1 1520 <100 7300
56 243 22.0 250 290 0.12 8.9 1470 <100 7230
57 1.63 304 250 290 0.14 8.5 1550 <100 7390
58 0.73 29.7 240 290 0.17 8.5 1860 <100 8230
59 0.71 44.0 240 270 0.09 8.5 2380 <100 14100
60 1.22 925 230 260 0.20 8.6 3500 <100 21800
61 1.71 130 220 260 0.16 8.7 4280 145 26200
62 2.09 145 220 260 0.19 8.8 4510 159 27900

'Analytical methods: 139P = ICP-OES (Labtium Oy), 142L = TOC and DOC analysis according to the standard method

SFS-EN 1484 (Labtium Oy), +148R = ion chromatography (Labtium Oy)
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Si Sr TOC DOC DIC pH EC Br (o

mg/L mg/L mg/L mg/L mmol/L mS/m 25°C mg/L mg/L

+139P! +139P 142L 142L PHREEQC +143R +143R

+139M (calculated)

63 211 133 230 260 0.17 8.6 4360 149 27400
64 2.01 150 230 270 0.1 8.6 4190 145 26700
65 1.92 127 240 280 0.17 8.5 4000 137 25700
66 1.99 122 240 280 0.14 8.4 3900 136 24300
67 213 201 200 240 0.19 8.9 5160 241 39300
68 1.76 62.5 - - - 8.0 4340 118 24400
69 1.78 62.2 - - - 7.7 4390 129 23100
70 1.80 62.6 - - - 59 4400 121 24200
71 - - - - - - - - -
72 1.79 63.4 - - - 8.6 4410 130 25100
73 1.78 63.5 - - - 8.6 4370 123 24500
74 - - 34 34 - - - - -
75 1.84 87.2 - - - 8.6 5630 136 23400
76 212 110 - - - 8.9 6890 166 30000
77 2.08 106 - - - 8.9 6910 175 30100
78 - - - - - - - - -
79 2.09 107 30 30 - 9.0 6930 159 30300
80 - - - - - - - - -
81 2.08 228 - - - 7.0 2040 <100 7270
82 3.90 24.0 - - - 8.6 2060 <100 7190
83 0.50 26.7 - - - 6.8 2440 <100 8960
84 2.08 74.6 - - - 8.3 6800 153 33300
85 1.99 104 - - - 85 9560 301 43000
86 1.58 22.9 - - - 6.5 2010 <100 7730
87 0.56 26.6 - - - 7.7 2410 <100 9280
88 2.20 91.9 - - - 8.8 8200 220 35000
89 2.47 24.2 - - - 8.4 2110 <100 6920
90 2.48 24.0 - - - 83 2100 <100 7000
91 218 23.6 - - - 8.4 2070 <100 7330
92 2.10 237 - - - 8.4 2060 <100 7030
93 2.84 244 - - - 8.7 2100 <100 7250
94 - - - - - - - - -
95 1.98 233 I 11 - 8.7 2020 <100 6880
96 - - - - - - - - -
97 0.58 16.0 140 130 - 9.1 1390 <100 4625
98 0.51 15.6 140 130 - 9.2 1370 <100 4620
99 0.49 15.1 150 150 - 9.7 1300 <100 4440
100 0.44 18.1 150 150 - 9.5 1510 <100 5380
101 0.45 22.8 160 160 - 8.6 1900 <100 6720
102 0.58 250 150 150 - 8.5 1990 <100 7110
103 0.88 24.6 120 120 - 8.4 2010 <100 7300
104 1.14 250 120 120 - 8.4 2010 <100 7510
105 1.36 24.2 130 130 - 8.5 2000 <100 7610
106 1.48 24.6 150 140 - 8.5 2010 <100 7760
107 2.54 2538 140 140 - 8.7 2060 <100 7760
108 0.50 13.3 - - - 10 1180 21 3820
109 0.52 14.1 - - - 10 1240 28 4090
110 1.28 17.3 - - - 7.9 1480 35 4710
111 1.94 14.3 - - - 7.4 1280 31 4080
112 2.02 14.6 - - - 7.5 1260 28 4070
113 2.30 13.1 - - - 7.1 1180 27 3660
114 3.98 133 - - - 7.3 1160 27 3640
115 2.60 12.3 - - - 7.2 1110 26 3380
116 2.65 12.9 12.8 9 - 7.2 1100 24 3720
117 2.72 1.7 - - - 7.4 1060 23 3280
118 - - - - - - - - -
119 - - - - - - - - -
120 - - - - - - - - -
121 - - - - - - - - -

TAnalytical methods: 139P = ICP-OES (Labtium Oy), 142L = TOC and DOC analysis according to the standard
method SFS-EN 1484 (Labtium Qy), +148R = ion chromatography (Labtium Oy)
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| F SO, NO, Alkalinity Sulphide  TDS 87Sr/%5sr 8%H,,50

Hg/L mg/L mg/L mg/L mmol/L mg/L g/L %o VSMOW

+139M° +143R +143R +143R 143T SP TIMS Picarro

IC IC IRMS

1 215 <100 <100 <200 0.46 - 28 - -72.9
2 - - - - - - - - -72.7
3 - - - - - =711
4 - - - - - - - -70.6
5 220 <100 <100 <200 0.46 - 26 -68.6
6 - - - - - - - - -71.2
7 <200 <100 <100 <200 0.47 - 27 - -70.9
8 - - - - - - - - -72.3
9 204 <100 <100 <200 0.46 - 28 - -71.9
10 - - - - - - - - -72.4
1 <200 <100 <100 <200 0.45 - 27 - -71.7
12 <200 <100 <100 <200 0.50 28 - -71.1
13 <200 <100 <100 <200 0.47 34 - -70.7
14 - - - - - - - - -68.7
15 - - - - - - - - -68.7
16 - - - - - -
17 - - - - - - - -
18 328 <100 <16 <200 0.49 0.042 31 -70.7
19 1285 <1000 <1000 <2000 0.25 - 26 - -71.4
20 1440 <1000 <1000 <2000 0.24 - 27 - -70.9
21 1410 <1000 <1000 <2000 0.25 - 27 -67.1
22 - - - - - - - -
23 - - - - - -
24 - - - - - - - - -
25 1430 <1000 <1000 <2000 0.24 - 30 - -71.3
26 1550 <1000 <1000 <2000 0.25 - 27 - -66.7
27 - - - - - - - -
28 <1000 <50 <50 <100 0.20 11 - -82.8
29 <1000 <50 <50 <100 0.19 1 - -82.8
30 - - - - - - - - -
31 <1000 <50 <50 <100 0.20 - 11 - -82.8
32 - - - -
33 - - - - - - - - -
34 - - - - - - - -
35 1020 <50 <50 <100 0.19 - 1M -82.9
36 <1000 <50 <50 <100 0.20 - 1M -82.6
37 <1000 <50 <50 <100 0.20 - 11 - -82.7
38 <1000 <50 <50 <100 0.20 0.016 11 - -82.7
39 - - - - - - - - -
40 <1000 <50 <50 <100 0.19 - 12 - -82.8
41 1690 <50 <50 <100 0.17 - 12 - -82.6
42 1100 <50 <50 <100 0.19 12 -83.0
43 1450 <100 2.1 <200 0.49 - 12 0.725 -78.9
44 1160 <100 1.5 <200 0.63 <0.02 M 0.725 -81.8
45 1120 <100 1.4 <200 0.49 <0.015 12 0.725 -82.8
46 1190 <100 1.2 <200 0.46 - M 0.724 -83.3
47 1230 <100 1.0 <200 0.29 <0.02 12 0.724 -83.1
48 1250 <100 0.7 <200 0.24 - 12 0.724 -83.0
49 1130 <100 0.6 <200 0.27 0.020 12 0.724 -82.7
50 1310 <100 0.6 <200 0.22 - 12 0.724 -82.6
51 1550 <100 0.6 <200 0.23 - 12 0.724 -82.5
52 1410 <100 0.6 <200 0.25 0.029 12 0.724 -82.6
53 1460 <100 0.7 <200 0.29 - 12 0.724 -82.8
54 1350 <100 1.1 <200 0.24 - 13 0.724 -82.8
55 801 <100 2.0 <200 032 - 12 0.724 -82.9
56 578 <100 3.5 <200 0.27 - 11 0.724 -82.3
57 1230 <100 8.9 <200 0.28 0.07 11 0.725 -79.7
58 952 <100 17.0 <200 0.25 - 13 0.725 -73.1
59 1090 <100 13.0 <200 0.21 0.170 20 0.726 -68.9
60 1690 <100 2.6 <200 0.36 - 34 0.727 -60.5
61 1920 <100 <3 <200 0.35 - 42 0.727 -58.4
62 2060 <100 <3 <200 0.38 0.15 47 0.728 -56.6

'Analytical methods: +139M = ICP-MS (Labtium Oy), +148R = ion chromatography (Labtium Oy),

IC = ion chromatography (TVO nuclear services), 143T = titrimetry (Labtium Oy), SP =spectrophotometry (Ramboll Analytics),
TIMS = thermal ionisation mass spectrometry (GTK)
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| F so, NO, Alkalinity Sulphide TDS 87Sr/%8Sr  8%Hy,0

pg/L mg/L mg/L mg/L mmol/L mg/L g/L %o VSMOW

+139M° +143R +143R +143R 143T SP TIMS Picarro

IC IC IRMS

63 1860 <100 <3 <200 0.37 - 47 0.728 -59.6
64 2310 <100 <2 <200 0.28 - 44 0.728 -61.9
65 1890 <100 <2 <200 0.31 0.42 39 0.729 -63.9
66 2280 <100 <2 <200 0.29 - 40 0.729 -65.3
67 1300 <100 6.4 <200 0.41 0.640 62 0.737 -70.0
68 543 <100 <100 <200 0.32 - 38 - -66.4
69 515 <100 <100 <200 0.29 - 35 - -66.0
70 490 <100 <100 <200 0.26 - 37 - -65.9
71 - - - - - - - - -
72 460 <100 <2 <200 0.30 - 38 - -65.4
73 467 <100 <100 <200 0.29 - 37 - -65.4
74 - - - - - 0.086 - - -
75 700 <100 <100 <200 0.29 - 36 - -65.0
76 604 <100 <100 <200 0.34 - 47 - -56.2
77 584 <100 <2 <200 0.36 - 46 - -55.9
78 - - - - - - - - -
79 636 <100 <100 <200 0.37 - 46 - -56.0
80 - - - - - 0.87 - - -
81 360 <100 <100 <200 0.18 - 12 - -82.7
82 399 <100 <100 <200 0.27 - 12 - -82.8
83 571 <100 <100 <200 0.19 - 14 - -71.2
84 775 <100 <100 <200 0.34 - 51 - -56.6
85 1020 <100 <100 <200 0.41 - 69 - -66.0
86 406 <100 <100 <200 0.23 - 12 - -82.9
87 425 <100 <100 <200 0.21 - 14 - -70.8
88 911 <100 <100 <200 0.39 - 57 - -69.9
89 461 <100 <100 <200 0.18 - 11 - -83.0
90 452 <100 <100 <200 0.18 - 11 - -82.9
91 491 <100 <100 <200 0.18 - 12 - -83.1
92 445 <100 <100 <200 0.18 - 12 - -83.1
93 440 <100 <100 <200 0.19 - 12 - -82.8
94 - - - - - - - - -
95 433 <100 <100 <200 0.21 - 11 - -83.1
96 - - - - - <0.014 - - -
97 408 <100 <0.1 <200 0.35 - 7 - -84.8
98 305 <100 <0.1 <200 0.31 - 7 - -85.9
99 289 <100 <0.1 <200 0.37 - 7 - -86.5
100 378 <100 <0.1 <200 0.26 - 9 - -85.4
101 532 <100 <0.1 <200 0.20 - 11 - -83.5
102 555 <100 <0.1 <200 0.20 - 11 - -82.8
103 581 <100 <0.1 <200 0.21 - 12 - -82.6
104 547 <100 <0.1 <200 0.21 - 12 - -83.0
105 1490 <100 <0.1 <200 0.20 - 12 - -83.1
106 1060 <100 <0.1 <200 0.21 - 12 - -82.8
107 866 <100 <0.1 <200 0.20 - 12 - -82.6
108 295 <10 <10 <20 0.70 - 6 - -87.2
109 314 <10 <10 <20 0.51 - 7 -87.0
110 385 <10 <10 <20 0.13 - 8 -85.7
11 279 <10 <10 <20 0.18 - 7 -87.2
112 283 <10 <10 <20 0.19 - 7 -87.5
113 320 <10 <10 <20 0.24 - 6 - -88.2
114 359 <10 <10 <20 0.26 - 6 - -88.0
115 302 0.2 0.7 <20 0.25 - 6 - -88.6
116 318 <10 <10 <20 0.25 0.057 6 - -88.4
117 300 <10 <10 <20 0.31 - 5 - -88.4
118 - - - - - - - - -88.8
119 - - - - - - - - -
120 - - - - - - - - -
121 - - - - - - - - -

TAnalytical methods: +139M = ICP-MS (Labtium Oy), +148R = ion chromatography (Labtium Oy), IC = ion chroma-
tography (TVO nuclear services), 143T = titrimetry (Labtium Oy), SP =spectrophotometry (Ramboll Analytics),
TIMS = thermal ionisation mass spectrometry (GTK)
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8"‘0Hzo 8‘3CD,c Ar o, N, co, He CH, H,

%o VSMOW %o VPDB vol-% vol-% vol-% vol-% vol-% vol-% vol-%

Picarro IRMS GC GC GC GC GC GC GC

IRMS! QMs QMs QMs QMs QMs QMs QMs
1 -10.88 - - - - - - -
2 -10.93 - - - - - - -
3 -10.96 - - - - - - - -
4 -10.96 - - - - - -
5 -10.94 - - - - -
6 -10.96 - - - - - - - -
7 -10.96 - - - - - -
8 -10.99 - - - - - -
9 -10.97 - - - -
10 -10.97 - - - - - -
11 -10.93 - - - - - -
12 -11.16 - - - -
13 -10.99 - - - -
14 -10.94 - - - - - - - -
15 -10.94 - 0.28 0.24 153 <0.003 2.7 783 0.17
16 - - 0.55 6.3 344 <0.003 2 53.8 0.12
17 - - 0.37 0.5 16.4 <0.003 2.7 77 0.17
18 -10.91 - 0.23 0.55 16.5 <0.003 2.8 76.8 0.17
19 -11.04 - - - - - - - -
20 -10.93 - - - - - - - -
21 -10.95 - - - - - - -
22 -0.8 - - - - - - -
23 - 0.44 0.32 15.5 <0.003 19 78.8 0.068
24 - - - - - - - - -
25 -10.94 - - - - - -
26 -10.96 - - - - - - -
27 - 0.11 0.24 15.9 <0.003 1.6 791 0.02
28 -13.10 - - - - - - - -
29 -13.15 - 0.098 0.1 15 <0.003 0.96 80 0.005
30 - - 0.15 0.31 15 <0.003 0.75 80 0.005
31 -13.06 - 0.093 0.15 20 <0.003 1.7 75 0.006
32 - - - - - - - - -
33 - - 0.11 0.19 17 <0.003 1.2 78 0.006
34 - - 0.12 03 22 <0.003 2 73 0.007
35 -13.09 - 0.13 0.27 21 <0.003 2 73 0.007
36 -13.10 - - - - - - - -
37 -13.07 - 0.21 0.1 20 <0.003 1.6 75 0.004
38 -13.07 -16.1 0.13 0.27 21 <0.003 1.8 74 <0.003
39 - - - - - - - -
40 -13.32 - - - - - - -
41 -13.18 - - - - -
42 -13.17 - - - - - - -
43 -12.14 - - - - - -
44 -12.47 - - - - - -
45 -12.62 - - - -
46 -12.70 - - - - - -
47 -12.85 - - - - - -
48 -12.89 - - - - - - - -
49 -12.93 - 0.65 0.53 28 <0.003 1.80 66 0.007
50 -12.96 - - - - -
51 -12.97 - - - - - -
52 -12.91 - - - - - - - -
53 -12.92 - 1.10 0.62 20 <0.003 0.50 74 <0.003
54 -12.93 - 0.41 0.32 26 <0.003 0.88 69 0.005
55 -12.79 - 0.34 0.56 26 <0.003 1.00 69 <0.003
56 -12.70 - 0.34 0.36 22 <0.003 1.00 73 <0.003
57 -12.15 - 0.38 0.31 21 <0.003 1.40 74 <0.003
58 -11.23 - 0.86 0.27 19 <0.003 1.90 75 <0.003
59 -10.86 - 0.22 0.41 20 <0.003 1.00 76 0.005
60 -10.48 - 0.20 0.20 18 <0.003 1.10 78 0.011
61 -10.39 - 0.21 0.17 17 <0.003 1.40 78 0.01
62 -10.46 - 0.30 0.19 16 <0.003 1.70 79 0.015

TAnalytical methods: IRMS = isotope ratio mass spectrometry, GC = gas cromatography (Ramboll analytics),
QMS = quadrupole mass spectrometry (in the field)
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§"0,,,0 8§3C,c Ar o, N, co, He CH, H,

%0 VSMOW %o VPDB  vol-% vol-% vol-% vol-% vol-% vol-% vol-%

Picarro IRMS GC GC GC GC GC GC GC

IRMS QmMs QmMs QmMs QmMs QMs QMs QMs
63 -10.48 - 0.18 0.27 16 <0.003 2.00 79 0.031
64 -10.59 - 0.21 0.39 16 <0.003 2.20 78 0.027
65 -10.63 - 0.23 0.40 19 <0.003 4.20 74 0.041
66 -10.81 - 0.25 0.34 21 <0.003 4.80 71 0.054
67 -11.02 - - - - - - -
68 -10.59 - - - - - - - -
69 -10.62 - - - - - - - -
70 -10.70 - - - - - - - -
71 - - - - - - - - -
72 -10.56 - 0.19 0.27 13 0.03 3.6 79 0.47
73 -10.62 - - - - - - - -
74 - - - - - - - - -
75 -10.67 - - - - - - - -
76 -10.71 - - - - - - - -
77 -10.78 - - - - - - - -
78 - - - - - - - - -
79 -10.47 - 0.13 0.30 13 <0.003 2.6 81 0.073
80 - - - - - - - - -
81 -13.00 - 0.278 4.03 32.5 0.042 1.81 61.27 0.06
82 -12.94 - 0.31 52 36 0.05 1.9 54 0.018
83 -11.02 - 0.361 4.29 29.8 0.026 5.21 60.3 0.042
84 -10.59 - 0.1 0.12 11 <0.003 33 79 3.7
85 -11.30 - 0.59 538 37 0.2 6 15 33
86 -13.11 - 0.16 0.071 21 <0.003 25 73 0.027
87 -10.84 - 0.2 0.07 19 0.42 54 72 0.004
88 -11.06 - 0.57 0.65 33 0.61 7.7 17 38
89 -13.18 - - - - - - - -
90 -12.99 - - - - - - - -
91 -12.97 - - - - - - - -
92 -12.88 - - - - - - - -
93 -13.07 - - - - - - - -
94 - - 0.14 0.87 20 <0.003 1.2 74 0.004
95 -13.01 - 0.13 0.30 19 <0.003 1.5 76 0.009
96 - - - - - - - - -
97 -12.00 -14.0 - - - - - - -
98 -12.22 - - - - - - - -
99 -12.38 -17.5 0.28 1.8 26 <0.003 1.6 67 0.045
100  -12.69 -17.9 0.27 0.95 26 <0.003 1.9 68 0.057
101 -12.95 -17.9 0.12 0.54 26 <0.003 1.8 69 0.043
102 -13.05 -16.7 0.15 0.46 24 <0.003 1.6 71 0.034
103 -12.98 -18.1 0.16 0.38 23 <0.003 1.5 72 0.026
104 -13.11 -16.2 0.18 0.41 16 <0.003 0.22 80 0.008
105  -13.06 -16.2 0.12 0.19 25 <0.003 1.10 70 <0.003
106 -13.01 -15.7 0.12 0.23 28 <0.003 0.93 68 0.024
107 -13.11 -14.7 0.13 0.20 25 <0.003 0.78 71 0.016
108 -12.54 - 0.35 0.31 19 <0.003 15 76 <0.003
109 -12.68 - 0.32 0.29 21 <0.003 23 73 <0.003
110  -12.79 - 0.19 0.35 22 <0.003 2.2 72 0.012
11 -12.79 - - - - - - - -
112 -12.50 - 0.15 0.29 19 <0.003 1.4 76 0.008
113 -12.68 - 0.14 0.25 19 <0.003 13 76 0.007
114 -12.60 - - - - - - - -
115  -12.57 - 0.23 0.32 20 <0.003 1.5 74 0.006
116 -12.61 - - - - - - - -
17  -12.60 - 0.27 0.37 21 <0.003 1.5 74 <0.003
118  -12.55 - - - - - - - -
119 - - 0.27 0.020 20.7 0.039 1.2 74 0.36
120 - - 0.23 0.04 19.9 0.053 1.1 75.2 0.15
121 - - 0.24 0.14 219 0.047 1.2 72.8 0.32

TAnalytical methods: IRMS = isotope ratio mass spectrometry, GC = gas cromatography (Ramboll analytics),
QMS = quadrupole mass spectrometry (in the field)
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c2H6 c2H4 cZHZ c3H8 c3H4 SZHHZ 813CCH4 82HCH4 8‘IE’CCZHG

vol-%  vol-%  vol%  vol%  vol-%  %coVSMOW  %oVPDB %o VSMOW %o VPDB

GC' GC GC GC GC IRMS IRMS IRMS IRMS
1 B B B B B B B B B
2 - - - - - - -
3 - - - - , , - . ,
4 - - - - -
5 - - - - - R - - -
6 _ _ _ _ _ _ _
7 - - - - R R - - -
8 - - - - - - - -
9 - - - - - - - - -
10 - - - - - - - -
11 - - - - - - - -
12 - - - - - - - - -
13 - - - - - - - -
14 - - - - - - - - -
15 041 <0001  <0.001 0012 <0.001 727 -27.6 -297 -453
16 027 <0001 <0001 0008  <0.001 - - - -
17 039 <0001  <0.001 0012 <0.001 771 -28.7 -297 -45.1
18 039 <0001 <0001 0012 <0.001 - - - -
19 - - - - - - -
20 - - - - - - - - -
21 - - - - - - - -
22 - - - - - - -25.6 -295 -49.6
23 046 <0001 <0001 0015  <0.001 - - - -
24 - - - - - - 253 -297 -48.6
25 - - - - - - - - -
26 - - - - - - - - -
27 048 <0001 <0001 0016  <0.001 - - - -
28 - - - - - - - - -
29 11 <0001  <0.001 0032  <0.001 - - - -
30 11 <0001  <0.001 0032  <0.001 - - - -
31 087 <0001  <0.001 0028  <0.001 < -34.0 -292 434
32 - - - - - -32.8 -291 -49.2
33 1 <0001 <0001 0032  <0.001 - - -
34 085 <0001  <0.001 0.027  <0.001 - - - -
35 086 <0001 <0001 0027  <0.001 -798 346 -294 -43.8
36 - - - - - - - - -
37 089 <0001 <0001 0028  <0.001 - - - -
38 07 <0001  <0.001 0022  <0.001 - - - -
39 - - - - - - 335 -294 -49.7
40 - - - - - - - - -
41 - - - - - - - - -
42 - - - - - - - - -
43 - - - - - - - - -
44 - - - - - - -
45 - - - - - - - - -
46 - - - - - - - -
47 - - - - - - 31.0 273 312
48 - - - - -34.1 279 -27.9
49 040 <0001 <0001 0006  <0.001 - 348 -280 27.7
50 - - - - - -30.6 -282 -27.1
51 - - - - - - 329 -287 -28.1
52 - - - - - - - - -
53 045 <0001  <0.001 0007  <0.001 - 336 -283 295
54 039 <0001  <0.001 0.007  <0.001 -32.0 -290 -283
55 040 <0001  <0.001 0007  <0.001 334 -286 293
56 044 <0001  <0.001 0.009  <0.001 323 -282 287
57 048 <0001 <0001 0010  <0.001 337 -280 -28.2
58 040 <0001  <0.001 0009  <0.001 -30.9 -279 257
59 034 <0001 <0001 0008  <0.001 283 -278 -232
60 030 <0001 <0001 0006  <0.001 - -26.6 -282 <
61 027 <0001 <0001 0006  <0.001 -26.5 -297 <
62 029 <0001 <0001 0006 <0.001 - -25.7 -289 <

Analytical methods: IRMS = isotope ratio mass spectrometry, GC = gas cromatography (Ramboll analytics)
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CZHG c2H4 CZHZ c3H8 c3H4 82HHZ 813CCHAI 82HCH4 813CCZHG

vol-% vol-% vol-% vol-% vol-% %o VSMOW %o VPDB %o VSMOW %o VPDB

GC' GC GC GC GC IRMS IRMS IRMS IRMS
63 029  <0.001 <0.001 0006 <0007 - 255 293 <
64 028  <0.001 <0.001 0006 <0001 - -30.2 -292 <
65 022 <0001 <0.001 0005  <0.001 - -29.7 -288 <
66 023 <0001 <0.001 0006  <0.001 - 307 -283 <
67 - - - - - - 285 -289 <
68 - - - - - - - - -
69 - - - - - - - - -
70 - - - - - - - - -
71 - - - - - - -19.2 293 354
72 047 <0.001 <0.001 0018 <0.001 - - - -
73 - - - - - - - -
74 - - - - - - - - -
75 - - - - - - - - -
76 - - - - - - - - -
77 - - - - - - - - -
78 - - - - - -18.7 -286 -33
79 043 <0001 <0.001 0018 <0.001 - - - -
80 - - - - - - - - -
81 - - - - - - - - -
82 061 <0.001 <0.001 0.021 <0.001 - -38.1 -230 -42
83 - - - - - - - - -
84 037 <0.001 <0.001 0017 <0.001 - 34,1 -269 -38
85 0.045 <0.001 <0.001 <0.001 <0.001 - 132 -369 -23
86 08 <0.001 <0.001 0.025 <0.001 - -25.1 -237 -41
87 0.51 <0.001 <0.001 0.022 <0.001 - -36.4 136 -46
88 0.078 <0.001 <0.001 0.004 <0.001 - -15.9 -404 -42
89 - - - - - - - - -
90 - - - - - - - - -
91 - - - - - - - - -
92 - - - - - - - - -
93 - - - - - - - - -
94 0.88 <0.001 <0.001 0.028 <0.001 - - - -
95 0.87 <0.001 <0.001 0.027 <0.001 - - - -
% - - - - - - - - -
97 - - - - - - - - -
98 - - - - - - - - -
99 051 <0.001 <0.001 0.011 <0.001 - 318 -269 434
100 048  <0.001 <0.001 0009  <0.001 - 295 -281 -434
101 049  <0.001 <0.001 0009  <0.001 - -29.2 -237 -445
102 052  <0.001 <0.001 0010  <0.001 - 317 2291 -45.8
103 061 <0.001 <0.001 0013 <0.001 - -33.1 -242 -31.6
104 080  <0.001 <0.001 0017  <0.001 - -36.9 -266 -436
105 058  <0.001 <0.001 0014  <0.001 - 279 -289 -44.9
106 053  <0.001 <0.001 0014  <0.001 - -29.4 277 -46.0
107 060 <0001 <0.001 0016  <0.001 - -34.0 -247 -45.4
108 022 <0.001 <0.001 0.028 <0.001 - 373 276 -45.8
109 0.80 <0.001 <0.001 0.026 <0.001 - -36.1 -280 454
110 0.80 <0.001 <0.001 0.025 <0.001 - -36.5 -284 -45.1
111 - - - - - - - - -
112 0.90 <0.001 <0.001 0.027 <0.001 - - - -
113 0.90 <0.001 <0.001 0.026 <0.001 - - - -
114 - - - - - - - - -
115 0.86 <0.001 <0.001 0.025 <0.001 - -36.5 -263 -45.1
116 - - - - - - - -
117 0.86 <0.001 <0.001 0.025 <0.001 - -39.9 -281 -455
118 - - - - - - - - -
119 0.90 <0.001 <0.001 0.025 <0.001 - 275 -263 -43.1
120 092 <0.001 <0.001 0.026 <0.001 - 382 -246 -45.0
121 0.87 <0.001 <0.001 0.024 <0.001 - - - -

Analytical methods: IRMS = isotope ratio mass spectrometry, GC = gas cromatography (Ramboll analytics)

53



Geological Survey of Finland
Riikka Kietdvdinen

Appendix 1. Cont.

8H o6 853Cs 8Hcag Gas/water? 8%H 6 8"3Cps 8%Heang Gas/water?

%o VSMOW %o VPDB %o VSMOW L/L %o VSMOW %o VPDB %0 VSMOW  L/L

IRMS' IRMS IRMS IRMS’ IRMS IRMS
1 - - - - 63 -276 - -
2 - - - - 64 -226 - -
3 - - - - 65 -223 - - -
4 - - - - 66 225 - - -
5 - - - - 67 -251 - - -
6 - - - - 68 - - - -
7 - - - - 69 - - - -
8 - - - - 70 - - - -
9 - - - - 71 -265 - - -
10 - - - - 72 - - - -
1 - 73 - - - -
12 - - 74 - - - -
13 - - 75 - - - -
14 - - 76 - - - -
15 < -36.2 < - 77 - - - -
16 - - 78 -254 - - -
17 < -39.5 < - 79 - - - -
18 - - - - 80 - - - -
19 - - - - 81 - - - 0.62
20 - - - 82 -277 - - 1.07
21 - - - - 83 - - - 0.27
22 -239 - - - 84 -268 - - 0.57
23 R R _ - 85 < - - 0.16
24 235 - - _ 86 -265 - - 0.7
25 _ - R R 87 -215 - - 0.24
26 - - - , 88 < - - 0.09
27 R R - - 89 - - - -
08 R R _ R 90 - - - -
29 - - - 1.0 91 - - - -
30 - - - 1.0 92 - - - -
31 < 352 < - 93 - - - -
32 -249 - - - 94 - - -
33 - - - _ 95 - - - -
34 - - - 10 9% - - - -
35 < -35.8 < 1.0 97 - - - -
36 - - - - 98 - - - -
37 i ) ) 14 99 242 - - -
38 ] ] ] ) 100 234 - - -
39 247 ) ) 101 249 - - -
20 i ] ] ] 102 218 . - -
41 ] ] ] ] 103 221 . . :
2 ] i ] ] 104 223 - - -
43 ) ) ) ] 105 238 - - -
4 i ] ] ] 106 230 . - -
45 i ] ] ] 107 234 . - -
46 ] ] ] ] 108 182 - : -
47 997 . ] ] 109 -163 - - 0.5
48 35 i ] ] 110 -194 - - 0.5
49 228 - - - 1 . - - -
50 532 i ] ] 112 - - - 04
=1 a4 ) ) ) 113 - - - 03
5 ) ) ) ) 114 - - - -
=3 238 ] ] ] 115 -161 - - 0.5
54 246 - - - 116 - - : -
. 563 ] ] ] 117 170 - - -
56 -270 - . - ne - - - -
=7 556 ] ] ] 119 157 - - 0.433
58 503 ) ) ) 120 -153 - - 0.425
59 243 B ) B 121 - - - 0.44
60 -225 - - - Analytical methods: IRMS = isotope ratio mass spectrometry
212 gz 2Gas/water ratios in italics are approximate values based on

flow measurements
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The presence of deep saline groundwaters within bedrock fractures and pore spaces of
continental shields has been known for more than a century. However, the origin of the
salinity and abundant dissolved gases, in addition to their unique isotope composition,

is still debated. In addition to geochemical processes, deep-dwelling microorganisms are
important, yet poorly understood, change agents in these environments. Access to deep
groundwaters only through deep mines and drill holes means that technical challenges are
also frequently faced.

This PhD thesis is comprised of a synopsis and four original papers that examine
groundwater, dissolved gases and fracture minerals in the 2.5 km deep Outokumpu

Deep Drill Hole, eastern Finland, as a case study, in order to understand how bedrock
groundwater evolves via geochemical and microbiological processes through time and
space. A model is proposed that includes precipitation and infiltration of meteoric water
under warmer than present climatic conditions, a change in the isotopic composition and
increase in salinity of water through water-rock interaction, and both the abiotic and biotic
formation of hydrocarbons. Two independent lines of evidence from water stable isotopes
and the accumulation of noble gases place the evolutionary model in the time frame of
millions to tens of millions of years.

The results emphasise the complexity of these environments, as they are being increasingly
utilised for underground construction and exploitation of deep ores and geothermal energy,
and provide background information, for example, for assessment of the long-term safety of
nuclear waste disposal.
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