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Paleohydrogeological Implications from Fracture Calcites and Sulfides in 
a Major Hydrogeological Zone HZ19 at Olkiluoto 
 
ABSTRACT 
 

30 samples of fracture mineral fillings in or near water conducting fractures at Olkiluoto 

were collected from 10 drill cores for fracture mineral studies. The aim of the study was 

to obtain information about past hydrogeochemical conditions at Olkiluoto using the 

calcite morphology, the chemical characteristics and the isotopic composition of carbon 

and oxygen in calcite.  

 

The chemical composition of fracture calcites at Olkiluoto is nearly stoichiometric 

CaCO3. Most variation in the composition of calcite is due to differences in the Mn 

content, which could indicate variations in groundwater redox conditions. Meaningful 

REE patterns were obtained for the calcites. REE patterns showed generally negative Eu 

anomalies, but one fracture calcite specimen had a distinct positive Eu anomaly. This 

positive anomaly could be related to ancient hydrothermal conditions, although 

derivation of the anomaly from the host rock cannot be excluded. 

 

Preliminary results for calcite U-Th dating of fracture calcites are reported. The isotopic 

composition of U and Th were analysed by a new multiple collector LA-ICPMS 

instrument. U and Th concentrations in fracture calcites are generally < 1 ppm, which 

may eliminate the use of laser ablation for U-Th dating, and instead, conventional 

dissolution techniques must be used to introduce the sample to MC-ICPMS. 

 

The 
18

O values of calcite range from -17 to -7 ‰. Most of the calcites may have been 

precipitated in the presence of waters with oxygen isotope ratios similar to those in the 

present-day groundwaters at Olkiluoto. Two samples with an oxygen isotopic 

composition highly depleted in 
18

O were interpreted to have been precipitated at 

elevated temperatures. The 
13

C values of calcite showed a wide range of values from 

-26 to +35 ‰. Multiple sources for carbon are implied. The highest 
13

C values indicate 

methanic conditions in the fracture at the time of calcite precipitation. It appears that the 

methanic environment has earlier extended to shallower depths compared to the location 

of the methanic environment in the present-day fracture system (> 300 m).  

 

Ten pyrite samples were analysed for 
34

S. A wide range of 
34

S values from -7 to 

+28 ‰ was observed. Based on 
34

S values and the characteristics of associated calcite 

fillings, two potential sulfur sources could be identified. One sulfide type is related to 

hydrothermal carbonate fillings. Another sulfide type is associated with late-stage 

carbonate fillings, interpreted possibly to represent influx of marine waters from the 

Baltic Sea.  

 

Keywords: paleohydrogeology, calcite, sulfide, fracture, stable isotope composition, 

dating 
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Paleohydrogeologisia viitteitä rakokalsiiteista ja sulfideista Olkiluodon 
hydrogeologisessa vyöhykkeessä HZ19  
 
TIIVISTELMÄ  
 

Rakomineraalitutkimuksiin kerättiin 30 näytettä vettä johtavista raoista tai niiden lähei-

syydestä kymmenestä Olkiluodon kairasydämestä. Tutkimuksen tarkoituksena oli 

selvittää myöhäistä hydrogeokemiallista kehitystä Olkiluodossa käyttäen rakokalsiittien 

koostumusta, morfologiaa ja rakokalsiittien stabiilien hiili- ja happi-isotooppien 

koostumusta.  

 

Kalsiitit olivat koostumukseltaan lähes puhdasta CaCO3. Suurin vaihtelu havaittiin 

kalsiittien Mn pitoisuuksissa, jonka vaihtelut voivat johtua vaihteluista pohjaveden 

redox olosuhteissa. Kalsiiteista voitiin määrittää REE käyrät. Useimmissa REE-käyrissä 

havaittiin negatiiviset Eu anomaliat, mutta yhdessä näytteessä oli selvä positiivinen Eu 

anomalia. Positiivinen Eu anomalia saattaa liittyä muinaisiin hydrotermisiin olosuh-

teisiin, mutta anomalia saattaa heijastaa myös isäntäkiven positiivista Eu anomaliaa. 

 

Ensimmäiset tulokset kalsiittien ajoituksesta U ja Th isotooppeja käyttäen raportoidaan 

tässä yhteydessä. U ja Th suhteet analysoitiin uudella monikollektori (multiple 

collector) LA-ICPMS laitteella. U ja Th konsentraatiot ovat rakokalsiiteissa pää-

sääntöisesti < 1 ppm, mikä saattaa poissulkea laserablaation käytön ajoitusmäärityksiin. 

Laserablaation sijasta näytteet tulisi siten käsitellä perinteisellä liuostekniikalla niiden 

analysoimiseksi MC-ICPMS laitteella.  

 

Kalsiittien 
18

O arvot vaihtelevat välillä -17… -7 ‰. Suurin osa kalsiiteista olisi voinut 

kiteytyä vesistä, joilla on Olkiluodon pohjavesien nykyisen kaltainen isotooppi-

koostumus. Kaksi näytettä, jotka olivat hyvin köyhtyneet 
18

O suhteen, tulkittiin 

syntyneiksi kohonneessa lämpötilassa. Kalsiittien hiili-isotooppikoostumus vaihteli 

hyvin paljon ja 
13

C arvot olivat väliltä -26…+35 ‰. Hiili-isotooppikoostumuksen 

vaihtelu viittaa useisiin hiililähteisiin. Korkeimmat 
13

C arvot liittyvät metaania tuot-

taviin prosesseihin kyseisissä raoissa kalsiittien kiteytymisen aikaan. Tulokset viittaavat 

siihen, että metanogeeniset olosuhteet ovat vallinneet ylemmällä kallioperässä kuin 

missä metanogeenisia prosesseja nykyään tavataan (> 300 m). 

 

Kymmenestä pyriittinäytteestä analysoitiin niiden 
34

S/
32

S koostumus. Pyriittien 
34

S 

arvot vaihtelivat laajalla välillä -7…+28 ‰. Pyriittien 
34

S arvojen ja niihin liittyvien 

kalsiittien perusteella tunnistettiin kaksi mahdollista rikkilähdettä. Yksi pyriittityyppi 

liittyy hydrotermisiin karbonaattiraontäytteisiin. Toinen pyriittityyppi liittyy myöhäisiin 

karbonaattiraontäytteisiin, joiden on tulkittu mahdollisesti edustavan merivesien tunkeu-

tumista kallioperään Itämeren altaasta 

 

Avainsanat: paleohydrogeologia, kalsiitti, sulfidi, rako, stabiili-isotooppikoostumus, 

ajoitus 
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PREFACE 
 
Samples for this study were selected from drill cores from the Olkiluoto site by Ismo 

Aaltonen (Posiva Oy), Kai Front (VTT), Seppo Gehör (Kivitieto Oy), Juha Karhu 

(University of Helsinki) and Petteri Pitkänen (VTT). Thin section studies, electron 

microprobe studies, trace element concentration analyses and carbon and oxygen 

isotope analyses were conducted at the University of Helsinki. Sulfur isotope 

composition of fracture pyrites were analysed by Sören Fröjdö at Åbo Akademi 

University. The U and Th isotope ratio measurements with LA-MC-ICPMS were 

conducted at the Geological Survey of Finland in Espoo.  

 

This study was conducted under the Posiva contract 6384-08. Ismo Aaltonen has been 

the contact person at Posiva Oy. 

 

We thank Petteri Pitkänen for helpful discussions and comments on the manuscript.  
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1.  INTRODUCTION  
 

Fracture minerals provide information about the hydrogeochemical conditions at the 

time of their formation. A common and widely used fracture mineral in 

paleohydrogeological studies is calcite (e.g. Bath et al. 2000, Gehör et al. 2002, 

Tullborg et al. 2008). Using calcite morphology, chemical composition and stable 

carbon and oxygen isotope composition, it is possible to gain information about the 

precipitation conditions of calcite. Considering the safety of a geological repository for 

nuclear waste, the most recent hydrogeochemical evolution (Quaternary) is of special 

interest.  

 

A previous extensive fracture calcite study by Gehör et al. (2002) showed that a 

complex sequence of fracture calcite generations is present in the Olkiluoto bedrock. 

The oldest hydrothermal fracture mineralizations appear to be associated with the 

emplacement of the nearby Laitila rapakivi granite batholith 1583 ± 3 million years ago 

(Vorma 1976, Vaasjoki 1996). As a part of the study by Gehör et al. (2002), the isotopic 

composition of carbon and oxygen was determined for selected fracture calcite types, 

thought to represent the latest fracture calcite precipitates (Karhu 1999, 2000). Earlier 

studies at Olkiluoto include an extensive examination of fracture calcites from Drill core 

1, applying stable isotope and fluid inclusion study methods (Blomqvist et al. 1992, 

Frape et al. 1992, Blyth et al. 2000). The present study gives an opportunity to a more 

detailed fracture mineral study due to advancements in analytical (smaller sample sizes) 

and drilling techniques (better preserved samples). 

 

The aim of this study was to investigate the succession of fracture calcite generations 

and to single out the fracture calcites most likely to represent the latest fracture 

precipitates. Samples were obtained from an important water conducting hydrological 

structure HZ19 at Olkiluoto, in which fracture fillings are likely to reflect the 

hydrogeochemical changes at the site. Various analytical methods were used. These 

include microscopy and scanning electron microscopy to determine the elemental 

composition of calcite and stable isotope mass spectrometry to analyse the isotopic 

composition of carbon and oxygen in fracture calcites. Single collector laser-ablation 

ICP-MS was used to analyze rare earth element (REE) patterns in fracture calcites. In 

addition, methods for the analysis of the abundances of uranium-234 and thorium-230 

in calcite matrix by a multicollector ICP-MS were developed.  

 

 

1.2  Geological and hydrogeological setting 
 
The island of Olkiluoto is situated at the western coast of Finland. The bedrock of 

Olkiluoto is composed of metamorphosed epiclastic and pyroclastic sedimentary 

material, now present as migmatites and high-grade metamorphosed rocks. Granitic 

melts formed during the Svecofennian orogeny, and they are encountered as leucocratic 

pegmatitic granites present as vein stuctures and masses. Also found are crosscutting 

pegmatitic granites, not related to migmatisation. The metamorphic bedrock is cut by 

younger diabase dykes. The four major classes of rocks in Olkiluoto are; gneisses, 

migmatitic gneisses, TGG gneisses and pegmatitic granites (Kärki and Paulamäki 

2006). Typical fracture fillings at Olkiluoto include calcite, clays (illite, kaolinite, 
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chlorite, smectite) and iron sulfides (pyrite, some pyrrhotite) (Gehör et al. 2007a, 2007b, 

2007c).  

 

The groundwaters at Olkiluoto are characterized by a complex formation history (e.g. 

Pitkänen et al. 1999, 2004, Andersson et al. 2007). The deep groundwaters in the 

bedrock show a layered structure as a result of mixing of several different water types 

from different geological time periods. At least six end member water-types have been 

recognised, and these are meteoric water, seawater from the Gulf of Bothnia, water from 

the Korvensuo reservoir, Litorina seawater, meteoric water from a cold climate period 

and (very) old saline water of possible hydrothermal origin (Pitkänen et al., 2004). The 

actual water types in the present-day situation are admixtures of these end member 

types, particularly the recent meteoric, Litorina, glacial and old saline water types.  

 

The deep groundwaters are compositionally stratified. The structure can be divided into 

five different water types according to their chemical and isotopic characteristics. The 

water types are: the fresh HCO3 -type, the brackish HCO3 -type, the brackish SO4-type, 

the brackish Cl-type and the saline type (Pitkänen et al. 1999, 2004, Pitkänen and 

Partamies 2007, Andersson et al. 2007). The stratified structure of the waters at 

Olkiluoto is briefly summarized here after the latest description by Pitkänen and 

Partamies (2007).  

 

From surface to the depth of about 150 m the groundwaters are dominated by a fresh 

HCO3 -type water and a brackish HCO3 -type water. The fresh HCO3 -type is the result 

of mixing of modern water sources, namely meteoric water and seawater from the Gulf 

of Bothnia. Below the fresh HCO3 -type water, the brackish HCO3- type dominates. The 

brackish HCO3 -type water also shows signs of mixing with relic Litorina seawater. 

Below these HCO3 –dominated water types, the brackish SO4 -type water dominates. 

The brackish SO4 -type has signatures from both Litorina seawater and water from a 

colder climate period. For example, higher salinity compared to the Baltic seawater and 

high concentrations of SO4 indicate Litorina seawater origin. Low δ
18

O and δ
2
H values 

are indicative of water originating from a slightly colder climate period. The brackish 

Cl-type dominates below the brackish SO4 -type. It represents the dilution of old saline 

waters by waters from colder time periods. The saline waters are probably very old 

(Phanerozoic or Precambrian) and intimately associated with old unspecified 

hydrothermal events (Pitkänen and Partamies 2007).  
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2.  SAMPLES 
 

The drill core sections of interest were located at a major water conducting zone in the 

bedrock. Water conducting open fractures are the potential precipitation surfaces for the 

latest fracture calcites, which are the principal target of this study.  In addition, these 

fractures may show dissolution and oxidation imprints, which are also important to 

observe.  The samples selected cover a depth range (length of drill cores) from the 

surface to about 480 m. A special area of interest was a conducting zone HZ19 

(Andersson et al. 2007) in the upper part of the bed rock. Structure HZ19 is considered 

to be the most potential infiltration zone in the central area of the Olkiluoto site. Figure 

1 shows the location of the bore holes used in this study. 

 

The samples represent a wide variety of different calcite types. Previous studies of 

fracture calcites found the latest fracture generations to be thin and homogenous flecks 

on the fracture surface (Gehör et al. 2002) or monomineralic platy grey calcite 

precipitates (Blyth et al. 2000). Calcite composition has previously been found to be 

near stoichiometric CaCO3 with minor amounts of Mn, possibly reflecting 

crystallisation at low temperatures (Gehör et al. 2002). Most of the samples in this study 

had anhedral calcite coverings with patchy appearance, but some contained also massive  

 

 

 

Figure 1. Olkiluoto island. Bore holes used in this study are marked with red stars. 

Samples from fractures intercepting Structure HZ19 were taken from all the drill cores 

except for OL-KR19, where the samples represented structures HZ099 and HZ21 as 

well as single fracturing. Samples from single fracturing were obtained also from drill 

cores OL-KR18B and OL-KR15B.   
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calcite fillings and closed veins. Other common fracture minerals were clays and pyrite. 

Pyrite grains usually were somewhat discoloured. Short descriptions of the samples are 

assembled in Table 1.  

 

The drilling method has an impact on the preservation of the fracture minerals. It was 

noted in the EQUIP-project (Bath et al. 2000) that the preservation of the fragile late 

calcite generations is far better in samples drilled by a triple tube coring method than in 

those drilled by a single tube coring method. Most of the samples selected for this study 

are from drill cores drilled with the triple tube coring technique. Two samples, Sample 8 

from drill core OL-KR4 and Sample 10 from OL-KR9, represent samples from drill 

cores drilled with the single tube coring technique. Fracture minerals in single tube 

cores suffer from mechanical strain inflicted by the drilling (Bath et al. 2000). This was 

seen in Sample 8 from OL-KR4, where the calcite crystals were broken and fractured. 

 

 

Table 1. Sample numbers and associated drill cores, sampling sections and their 

hydrogeological characteristics as well as short descriptions of the samples. 

Hydrogeological characteristics are based on the site model by Andersson et al. (2007) 

and Posiva 2009. Transmissivities marked in bold are measured from distances of 1 m 

or less away from the drill core section. BDL=below detection limit. 

 

sample 
N:o 

drill core drill core 
lenght 
(m) 

Hydrogeology, fracture 
transmissivity (m

2
/s) and 

interpreted 
hydrogeological unit  

Short description 

1 OL-KR19 42.19- 
42.25 

BDL, 7.54E-08, single 
fracturing 

Large rhombohedral calcite 
crystals, pyrite inclusions.  
Host rock: migmatitic mica 
gneiss  

2 OL-KR19 114.34-
114.38 

1.23E-06, single fracturing 
 

Thin, filled calcite veins with 
pyrite, chalcopyrite and very 
small (<10 µm) sphalerite 
crystals. 
Host rock: mica gneiss 

3 OL-KR19 255.58-
255.71 

BDL, HZ099 Large, massive calcite vein and 
calcite rich fracture zone with 
anhedral calcite masses and 
calcite crystal spikes. Euhedral 
pyrite crystals (0.1 mm) 
Host rock: migmatitic mica 
gneiss  

4 OL-KR19 337.57-
337.66 

BDL, single fracturing Greyish calcite covering partly 
the fracture surface associated 
with a closed calcite vein. 
Includes tiny (< 10µm) 
sphalerite grains. 
Host rock: migmatitic mica 
gneiss  

5 OL-KR19 462.21-
462.33 

1.34E-07, HZ21 
 

Greyish, silicate rich calcite 
covering the fracture surface. 
Euhedral pyrite crystals (1 mm). 
Host rock: granite pegmatite 
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6 OL-KR19 481.91-
481.98 

BDL, single fracturing Clear white calcite in a porous 
fracture zone. Euhedral pyrite 
(0.5-1 mm) and anatase/brucite 
crystals. 
Host rock: mica gneiss (porous 
rock) 

7 OL-KR24 112.64-
112.69 

BDL (flow results 
uncertain), HZ19B 

Calcite coverings on two 
fracture surfaces. The upper 
surface has a greyish/greenish 
calcite covering (sample 7A) 
and the lower surface a white 
calcite layer overlain by green 
calcite-silicate mixture. Pyrite 
patches on the upper surface. 
Host rock: mica gneiss  

8 OL-KR4 82.23- 
82.27 

1.67E-05, HZ19A 
 

Euhedral calcite crystals (1-3 
mm) in a cavity. Subhedral 
pyrite grains (1-5 mm). 
Host rock: mica gneiss 

9 OL-KR22 152.16-
152.25 

BDL, 2.34E-06, HZ19B 
 

Greyish calcite covering. 
Host rock: mica gneiss  

10 OL-KR9 149.02-
149.10 

2.29E-08 – 4.57E-06, 
HZ19C 
 
 

White calcite filled veins. 
Sample tends to break. 
Host rock: mica gneiss 

11 OL-KR22 108.66-
108.74 

BDL, 4.11E-06, HZ19C White, tightly interlocked calcite 
crystals. Some calcite crystal 
spaces are filled with kaolinite. 
Kaolinite and illite covering 
calcite surface. 
Host rock: granite pegmatite 

12 OL-
KR18B 

21.45- 
21.51 

6.43E-06, HZ19A 
 

Massive calcite with cavities 
filled with euhedral calcite 
crystals. Open fracture lined 
with layered calcite and chlorite. 
Pyrite crystals and masses 
(1mm cm). 
Host rock: migmatitic mica 
gneiss  

13 OL-
KR18B 

27.51- 
27.61 

1,39E-07, HZ19A 
 

Calcite-kaolinite mixture 
covering fracture surface and 
one filled vein. Pyrite patches 
(2mm thick). 
Host rock: migmatitic mica 
gneiss  

14 OL-
KR18B 

28.01- 
28.06 

BDL, HZ19A Thin, clear to white calcite 
patches with clay.  
Host rock: mica gneiss 

15 OL-
KR18B 

41.01- 
41.10 

3.13E-08, single fracturing 
 

Porous fracture filling consisting 
mostly of calcite, kaolinite and 
euhedral pyrite grains (0.05-0.1 
mm). 
Host rock: mica gneiss 
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16 OL-
KR15B 

3.04- 
3.10 

no measurements, HZ19A White calcite patches with 
euhedral pyrite crystals (0.05-
2mm) and calcite –pyrite filled 
closed veins. 
Host rock: migmatitic mica 
gneiss 

17 OL-
KR15B 

17.83- 
17.96 

1.17E-08, HZ19A 
 

Greyish calcite covering with 
dusting of euhedral pyrite 
crystals (<0.05 1mm). 
Host rock: migmatitic mica 
gneiss  

18 OL-
KR15B 

20.23- 
20.33 

BDL, 2.09E-06, HZ19A 
 

Two fracture surfaces with 
partial calcite coverings. 1) 
White, subhedral calcite crystals 
and kaolinite filled cavities, 
thickness of the covering is app. 
1 mm. Subhedral pyrite grains 
(~1 mm)   
2) thin, greyish calcite patches 
and euhedral, clear calcite 
crystals. Small (0.1-0.2 mm), 
euhedral pyrite grains.   
Host rock: migmatitic mica 
gneiss 

19 OL-
KR15B 

20.87- 
20.93 

BDL, 1.48E-08 – 1.40E-
05, HZ19A 
 

Calcite, kaolinite and pyrite 
covered fracture surfaces. 
Subhedral pyrite patches (~0.5 
cm wide). 
Host rock: migmatitic mica 
gneiss 

20 OL-
KR15B 

41.93- 
42.08 

BDL, 3.34E-06, single 
fracturing 
 

Thin, clear to white calcite 
patches with subhedral pyrite 
patches (2-3 mm wide) 
Host rock: quartz rich gneiss 

21 OL-KR14 14.86- 
14.95 

5.00E-07, HZ19A 
 

Greyish calcite covering with 
sulfide patches. Cavities filled 
with kaolinite in the calcite 
Host rock: migmatitic mica 
gneiss 

22 OL-KR14 15.29- 
15.34 

8.53E-07, HZ19A White calcite covering with 
silicate material and kaolinite. 
Host rock: migmatitic mica 
gneiss 

23 OL-KR14 26.08- 
26.19 

3.00E-08, HZ19A Thin, clear to white calcite 
patches on one fracture surface 
and veins filled with massive 
calcite and pyrite crystals (0.1-
0.2 mm in thin section)  
Host rock: quartz and feldspar 
rich gneiss, quartz shear 
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24 OL-KR14 30.12- 
30.19 

6.28E-06, HZ19A 
 

Two fracture surfaces, one with 
0.7-1.5 mm thick calcite 
covering and one with thin, 
white calcite patches. Thick 
calcite covering has cavities 
with euhedral calcite crystals. 
Pyrite grains on the fracture 
surface with thick calcite 
covering. 
Host rock: mica gneiss  

25 OL-KR27 129.54- 
129.56 

BDL, HZ19A Greyish, silicate rich calcite 
patches. 
Host rock: mica gneiss 

26 OL-KR27 263.23- 
263.25 

BDL, HZ19B Greyish calcite patches. 
Host rock: mica gneiss 

27 OL-KR27 263.62- 
263.68 

BDL, HZ19B Greyish calcite covering with 
euhedral pyrite grains (< 1 mm) 
and patches. Calcite filled 
closed veins. 
Host rock: mica gneiss 

28 OL-KR23 134.85- 
134.92 

2.13E-08, HZ19C 
 

Greyish, clay containing calcite 
patches and pyrite patches (2 
mm to 1.5 cm wide) 
Host rock: porphyritic (kfs) 
granite 

29 OL-KR23 194.92- 
194.97 

BDL, HZ19B White calcite patches and wide 
(~1 cm) pyrite patches 
Host rock: migmatitic mica 
gneiss 

30 OL-KR23 195.50-
195.53 

1.35E-05, HZ19B 
 

Porous fracture filling with 
calcite, silicate and euhedral 
pyrite crystals (1 mm) 
Host rock: mica gneiss 
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3.  METHODS 
 

3.1.  Petrography of fracture minerals 
 

Polished thin sections were prepared from the samples for optical microscopy and 

scanning electron microscopy. Thin sections were made from cuts that were 

perpendicular relative to the fracture plain. For most of the samples, it was necessary to 

fix the fracture material with epoxy glue to the host rock to avoid losing fracture 

material. For the same reason, the thin sections were left somewhat thicker than the 

standard 30 µm. Mineral identification was aided by scanning electron microscopy and 

XRD. 

 

After optical microscopy, thin sections were studied with scanning electron microscopy 

using JEOL JXA-8600 Superprobe in energy dispersive mode (EDS). The SEM 

analyses had two objectives: 1) to visualize the fracture calcite with backscattered 

electron image, showing the possible zoned or compositional structure of calcite and 2) 

to analyse the composition of calcite according to the zonality shown in the BE image. 

 

Gray-scale backscattered electron images (BEI) were obtained from 33 thin sections. 

The images were digitally coloured to better show the structure and composition of the 

fracture calcites. The same colour scale was used on each image, but the colour tones in 

separate BE images are, however, not comparable. In each image, darker tones signify 

calcite with less chemical impurities.  

 

After a BE image was obtained, the spots for compositional analysis were chosen 

according to the variations seen in BEI. Concentrations of Ca, Mn, Mg, Fe, and Sr were 

analysed using an acceleration voltage of 15 kV and a current of 1 nA. The spot 

diameter was 1 µm. A cobalt standard was used for quant calibration. The abundances 

of Ca, Mn, Mg, Fe and Sr were calculated with a ZAF correction program. The 

compositional data from the EDS method is semiquantitative. The concentrations of 

CaO, MnO, MgO, FeO and SrO were calculated from normalized values. The CO2 

concentration was calculated according to calcite stoichiometry. 

 

 

3.2.  Isotope analyses of fracture minerals 
 
3.2.1.  Stable carbon and oxygen isotope composition of calcite 

 

Calcite sampling for the analysis of carbon and oxygen isotopic ratios was planned 

according to the information gained from the optical and SEM studies. Calcite 

subsamples for analysis were separated under a stereomicroscope. For sampling, micro 

drilling or carving techniques using a small (1 mm in diameter) diamond drill head or a 

sharp steel blade were applied.  

 

The sample size for the stable isotope analysis varied from 90 to 160 µg. Because of the 

small sample size, it was possible sample different calcite generations separately.  
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The calcite powders were reacted in concentrated (>100%) phosphoric acid for at least 

1 h at 70 °C. The evolved CO2 gas was analysed by a Thermo Finnigan Delta 

Advantage gas source mass spectrometer running in a continuous flow mode. The same 

methods were used for processing an inhouse standard calcite with δ
13

C at 0.404 ‰ and 

δ
18

O at -10.519 ‰. The reproducibility was ±0.1 ‰ for δ
13

C values and ±0.2 ‰ for 

δ
18

O values (or better), determined from multiple analyses of a reference calcite sample. 

The results are reported using a δ-notation defined as: 

 

δX = (Rsample / Rstandard – 1)×1000 ‰ (Eq. 1) 

 

where X is either 
13

C or 
18

O and R is either 
13

C/
12

C or 
18

O/
16

O. The δ
13

C and δ
18

O 

values are reported with respect to the VPDB standard (Vienna Pee Dee Belemnite). 

 

 
3.2.2.  Sulfur isotope composition of fracture pyrite 

 

Pyrite samples were obtained from ten fracture surfaces by mechanically removing 

sulfide grains from the fracture material under a stereomicroscope. The samples were 

analysed in the Åbo Akademi University. For analysis, the pyrite samples were 

converted to SO2 gas by burning them with Cu2O at 1000°C for 15 minutes (Robinson 

and Kusakabe 1975). The sample size varied from 6.4 to 26.8 mg. The gas was analysed 

using a Micromass MM602 dual inlet gas source mass spectrometer. Results from the 

analyses are reported using the δ-notation (Equation 1, with X being 
34

S and R being 
34

S/
32

S), with respect to the CTD standard (Canyon Diablo Troilite).  

 

The standards used for calibration were PbS with δ
34

S = -3.2 ‰ and CdS with δ
34

S = 

10.8 ‰. The yields of SO2 gas should be >95 %, and the analytical error is estimated to 

be ±0.3‰. With the fracture pyrite samples, the yields were, however, usually lower 

(average 76 %) due to impurities in pyrite. The differences in δ
34

S values for duplicate 

analyses were 0.3, 0.5 and 2.5 ‰ for samples 29, 16 and 8, respectively. The deviations 

in the δ
34

S values of the duplicate analyses could represent heterogeneities in the 

isotopic composition of the individual pyrite grains.  

 

 
3.3.  REE, U and Th concentrations in fracture calcites 
 

The objective of the trace element study of fracture calcites by the LA-ICP-MS method 

was to determine the concentrations of rare earth elements as well as those of U and Th 

in the latest fracture calcite generations. U and Th concentrations are needed to 

determine whether it is possible to apply U-Th isotopic dating for fracture calcites 

(Section 3.4). The latest fracture calcite generations generally consist of local, thin 

patches or layers of calcite on fracture surfaces. This sets limitations for their use in 

laser ablation ICP-MS studies.  

 

Polished thick sections were made from seven samples and mounted on a glass slide 

with epoxy glue. The samples were analysed by Agilent 7500ce ICP mass spectrometer 

equipped with a New Wave Research UP-213 laser ablation system at the Department 

of Geology, University of Helsinki.  
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Laser beam diameter was set to either 55 µm or 100 µm, depending on the width of the 

sample. A sufficient laser ablation path length for the analysis of REE, U and Th was 

4040 µm. Because of the soft and brittle nature of calcite, calcite tends to fracture under 

the laser beam (laser path is uneven) and the calcite layer is easily penetrated. Thus, the 

laser output power for the laser beam must be set accordingly. Here, the calcite surface 

was first cleaned with 10 % laser power output (no breaking can be seen on the surface) 

followed by analysis run along the cleaned path with 35 % laser power output. The 

repetition rate was 15 Hz.  

 

The NIST 613 and 615 glass standards were used as external standards and a Ca 

concentration of 40% for nearly pure CaCO3 as an internal standard. Si contents were 

also analysed to monitor the amount of silicate impurities in the laser path. Published 

values (GeoREM „preferred values‟, Jochum and Stoll 2008) for the REE, U and Th 

concentrations in NIST 613 and 615 standards were used. Results are reported as 

chondrite normalized (C1 chondrite, Sun and McDonough 1989) REE-patterns. 

 

One of the difficulties in using the LA-ICP-MS method for the analysis of geological 

samples is the lack of matrix matched standards. The behaviour of the glass matrix of a 

NIST standard may be different from the behaviour of a calcite sample under the laser 

beam. During the laser runs, it could be seen that the laser beam left a clear path with 

even edges on the glass standard, whereas the patterns on calcite samples were more or 

less irregular.  

 

Internal standard can be used to correct for matrix effects and, if used with external 

calibration, should produce reasonably accurate results (Jackson 2008). Here, the 

precision of analyses was estimated by calculating relative standard deviations (RSD) 

for repeated REE, U and Th analyses from Sample 11 (3 analyses). The RSD values 

varied generally between 6-28 %, but with U, the RSD value was 43 %. The RSD 

values were <10 % for trace elements Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. For La, Ce, 

Pr, Nd, Sm and Eu the RSD values were higher, in the range from 16 to 28 %. These 

analytical reproducibilities are reasonable considering the following two aspects. 

Firstly, the analyses were made from natural samples, potentially exhibiting local 

variations in trace element concentrations between crystals and within single crystals, 

and secondly, low concentrations of the element analysed usually results in high RSD 

values (e.g. Feng 1994). The analytical error for the LA-ICP-MS method for these 

elements, taking into account the matrix effects, is estimated to be 10-15 %. 

 
 
3.4.  Dating of fracture calcites using U and Th isotopes 
 

For the first time it is possible to use multiple-collector inductively couple mass 

spectrometer (MC-ICPMS) for U-Th dating in Finland. The equipment is owned jointly 

by the universities and the Geological Survey of Finland, and it is located in the 

Geological Survey of Finland. This equipment represents the most advanced type 

available for such studies. It enables the highest precision and allows the examination of 

those geological samples that have too low U and/or Th concentration for -

spectrometry or thermal ionisation mass spectrometry (TIMS) analysis. 
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Two methods are available for the U-Th dating of fracture calcites when MC-ICPMS is 

used: laser ablation (LA) and solution based analysis. The great advantage of LA-MC-

ICPMS is the very small amount of material required per measurement. This would 

allow the dating of those fracture calcites that are very small in size or consist of more 

than one age generation. However, owing to the very small amount of material ablated, 

samples containing less than 1-2 ppm of U cannot be examined using this method. In 

solution based analysis calcite is separated from the host rock, acid digested and 

processed through anion exchange resin(s). The last step separates U and Th from the 

other elements and from each other thus concentrating the elements of interest for MC-

ICPMS analysis. In order to define whether the LA-MC-ICPMS can be used for dating 

a fracture calcite or if solution based analysis is needed, sample U and Th concentration 

is determined prior to isotope ratio measurements. The most suitable equipment for 

concentration measurements is a quadrupole LA-ICPMS, which is available at the 

Department of Geology (Agilent). For samples with low U concentration the 

concentration measurements define the amount of calcite needed for solution analysis in 

each case. 

 

 
3.4.1  LA-MC-ICPMS (Nu) 

 

Analysis was conducted on a 193 nm laser coupled to a Nu Plasma MC-ICPMS, which 

is equipped with three ion counting detectors (the least abundant isotopes) and 12 

Faraday collectors (the largest isotopes). The configuration allows the simultaneous 

measurement of several isotopes. A spot size of 100 μm (maximum) was selected for 

ablation in order to ablate as much calcite as possible from the material with low U 

concentration. The ablation was conducted as a raster along the surface of a calcite over 

a couple of minutes.  

 

 
3.4.2  MC-ICPMS (Nu) 

 

Solution based U-Th dating has not yet been applied on the fracture calcites. The 

procedure requires an extensive amount of preparation, which is planned and carried out 

now in most part. This set-up work has included e.g. the selection of the most suitable 

standards and “spike”-solutions and their calibration work in the Natural History 

Museum of Stockholm, in the University of Bristol and in the Geological Survey. The 

preparation work will continue until January 2009.  
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4.  SAMPLE DESCRIPTION AND ANALYTICAL RESULTS 
 

A detailed description of the fracture calcite samples is based on SEM and C and O 

isotopic studies. In addition, sulfur isotopic compositions are reported for samples with 

macroscopic sulfides. The contents of CaO, MnO, FeO, MgO and SrO were analyzed 

by SEM-EDS and the results are tabulated in Appendix 1. The analytical data for REE, 

U and Th contents are given in Appendix 2. 

 
 
4.1  Mineralogy and isotopic characteristics 
 
Sample 1: OL-KR19/42.19-42.25 

 

Sample 1 contains a 1 mm thick fracture partly filled with calcite. Calcite forms 

euhedral crystals on the fracture surface. The crystals are flat and rhombohedral, where 

the free direction of growth is along the fracture and the top of the calcite has been 

bounded by the other fracture wall (Figure 2). Part of the crystal surface appears porous. 

Calcite locally encloses anhedral pyrite grains. 

 

Most of the compositional variation in calcite is due to differences in the MnO content, 

from 0.3 to 0.9 wt-% (Figure 2C, Appendix 1).  

 

Two subsamples of calcite were taken for the determination of δ
13

C and δ
18

O values. 

The first subsample represents the bulk composition of calcite in the middle of a calcite 

crystal cluster. The second subsample was taken from a crystal edge showing clear and 

straight crystal faces. The δ
13

C and δ
18

O values for the bulk sample were -25.6 ‰ and 

-10.5 ‰, respectively, and for the crystal edge specimen -16.5 ‰ and -10.6 ‰, 

respectively. These values suggest large local variations in the isotopic composition of 

carbon in calcite. 
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Figure 2. A. Fracture surface of Sample 1 shoving euhedral calcite crystals. B. Thin 

section of Sample 1 shoving the cross section of calcite crystals (crossed polars). C. 

SEM-BE image of the fracture calcite. Numbers refer to locations of the SEM/EDS 

analyses. 

 

 

Sample 2: OL-KR19/114.34-114.38 

 

Sample 2 contains several < 1 mm, closed calcite veins (Figure 3). In addition to calcite, 

the fracture minerals include small sphalerite grains and euhedral quartz crystals near 

the margins of the calcite veins. A few larger pyrite and chalcopyrite grains were 

observed in one of the veins.  
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Three of the veins were studied more closely. They all showed the same characteristics. 

One of the veins included euhedral calcite grains near its margin, but otherwise the 

veins were filled with homogeneous calcite (Figure 3). The MnO content varied 

between 0.7 and 1.5 wt-% with an average at 1.1 wt-%. Fe and Mg were found locally, 

Fe in five spots with 0.3-0.4 wt-% of FeO and Mg in six spots with 0.1-0.2 % of MgO. 

 

Two subsamples were taken to analyse δ
13

C and δ
18

O in vein calcite. The first one was 

taken from a vein with euhedral calcite crystals. The δ
13

C and δ
18

O values were -13.0 ‰ 

and -12.1 ‰, respectively. The second sample was taken from a vein near the sample 

edge. The δ
13

C and δ
18

O values were -6.3 ‰ and -9.8 ‰, respectively. Both veins had 

white calcite filling and the calcite showed clear rhomboedral cleavage. Although the 

veins exhibit similar characteristics, there is a notable difference between the isotope 

ratios.  

 

 

Sample 3: OL-KR19/255.58-255.71 

 

Sample 3 contains > 1 cm fractured calcite veins, with several smaller calcite filled 

veins and cavities (Figure 4). The fracture represents a brecciated zone with measured 

high water conductivity. In addition to calcite, the fracture minerals include euhedral 

pyrite and chlorite. The brecciated zone contains fine grained quartz and thoroughly 

altered feldspar grains. 

 

Calcite in the thick vein (0.5-0.9 cm in thin section) appears to be slightly deformed and 

contains minor amounts of silicate impurities and small pyrite grains. Smaller calcite 

patches in the brecciated zone form thin, needle-like crystals or anhedral aggregates 

between other fracture minerals (Figure 4).   

 

The thick calcite vein appears to be compositionally homogenous in BE images and 

point analyses shows variations mainly in the Mn content (Figures 4C and 4D, 

Appendix 1). The MnO content varies from 0 to 0.7 wt-%. Calcite in small veins and 

patches in altered areas is similar in composition to calcite in the thick vein.  

 

Subsamples for carbon and oxygen isotopic analyses were taken from the altered zone 

and the thick vein with a micro drill. The δ
13

C and δ
18

O values for calcite in the thick 

vein are -13.9 ‰ and -15.2 ‰, and for that in the smaller vein -7.1 ‰ and -14.2 ‰, 

respectively.  
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Figure 3. A. Sample 2 showing the porous nature of the sample. B. Thin section of 

Sample 2 showing closed calcite veins (continuing from upper left part of the figure to 

the lower right part) in the altered host rock matrix (crossed polars). C-E. SEM-BE 

images of three calcite veins. Numbers refer to locations of the SEM/EDS analyses. 
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Figure 4. A. Sample 3 showing ruptured white calcite fillings and a porous fracture 

zone running through the drill core section. B. Thin section of Sample 3 shoving the 

edge of the thick massive calcite vein in the upper part of the image and calcite masses 

in the host rock matrix in the lower part of the image (crossed polars). C. SEM-BE 

image of the calcite masses in the brecciated zone. Light pink grains in the middle of the 

image are pyrite (Py) crystals. Other fracture minerals include quartz (Q) and Fe,Mg-

silicate (silic). D. SEM-BE image of the massive calcite vein. Numbers in the SEM-BE 

images refer to locations of the SEM/EDS analyses.  

 

 

Sample 4: OL-KR19/377.57-377.66    

 

Sample 4 has two parallel carbonate veins, containing an admixture of greyish calcite 

and clay minerals (Figure 5). One of the veins is clearly closed in the drill core section, 

whereas the other appears to be open, with separated fracture surfaces.  

 

In thin section, the open fracture zone consists of two separate calcite veins, clay filled 

(chlorite and illite) alteration zones and zones with fine to medium grained quartz. The 

closed calcite vein is 0.12-1.8 mm thick and contains clay minerals as well as small 

quartz grains.  

 

Compositional variation is mainly caused by fluctuations in the Mn content. The veins 

are compositionally similar and calcite appears to be homogeneous in BEI. MnO 

content varies between 0.4 and 0.6 wt-%. Fe and Mg concentrations are low; where 

detected FeO is 0.3-0.4 wt-% and MgO is 0.1-0.2 wt-%.  
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Figure 5. A. Fracture surface of Sample 4. Greyish material on the fracture surface is 

calcite. B. Photograph of the thin section (crossed polars). The upper part of the image 

is the open vein and in the lower part of the image can be seen the closed calcite vein. 

C. SEM-BE image of the open calcite vein. Euhedral quartz (Q) grains can be seen in 

the image.  D. SEM-BE image of the closed calcite vein. Silicate inclusions (mostly 

quartz) can be seen in the middle of the vein (blue). Numbers in the SEM-BE images 

refer to locations of the SEM/EDS analyses. 

 

 

BEI shows interlayering of calcite with fine grained quartz (Figure 5C). Quartz-rich 

parts of the calcite vein contain euhedral quartz and apatite. The inner, closed vein 

contains small (< 10µm) sphalerite grains near vein margins.  

 

A subsample for the analysis of carbon and oxygen isotope composition was taken from 

the open vein by peeling the surface with a dental drill. The δ
13

C and δ
18

O values were 

-8.0 ‰ and -10.1 ‰, respectively. 

 

 

Sample 5: OL-KR19/462.21-462.33 

 

Sample 5 consists of gray fracture filling with calcite, clays and euhedral pyrite grains 

(Figure 6). In thin section, the carbonate rich areas can be seen alternating with silicate-

rich (quartz, mica, chlorite, clays) areas. There are at least three different calcite 

generations where the oldest one is a mixture of calcite and silicate cut by relatively 
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clean calcite veins. The uppermost layer of the vein represents the youngest calcite 

generation.    

 

BEI reveals unclear or cloudy compositional variations in the calcite (Figure 6C). The 

MnO content varies between 0.3 and 1.1 wt-%. Fe is found in one spot (point 3; 0.4 wt-

% of FeO) and Mg in two spots (points 3 and 6 with 0.2 wt-% of MgO). 

 

Near the top of the vein, the calcite contains groups of fine grained minerals, including 

very small grains of REE-rich mineral, Ti-oxide, illite and chlorite.  

 

Subsamples for C and O isotope analyses were taken from the uppermost layer of 

calcite by peeling with a steel blade. Two subsamples were analysed, and these gave 

nearly identical carbon and oxygen isotope compositions. The δ
13

C values were -10.9 

and -10.2 ‰ and the δ
18

O values were -12.5 and -12.2 ‰. 

 

A sulfide sample was separated for S isotope analysis. The sample consisted of euhedral 

pyrite grains partly enclosed in the gray masses of fracture minerals. Pyrite crystals 

were picked and mechanically cleaned with a steel blade. The δ
34

S value obtained was 

-1.3 ‰. 

 

 

Sample 6: OL-KR19/481.91-481.98 

 

The carbonate content of Sample 6 is high. Calcite can be found filling spaces between 

the mineral grains in the host rock, as closed, thin veins cutting the host rock and as a 

porous fracture zone cutting the drill core section (Figure 7). The closed, thin calcite 

veins are connected to the fracture zone.  

 

Calcite in the closed veins and in the fracture zone is anhedral to subhedral and contains 

small grains of TiO2. The TiO2 crystals are most likely either anatase or brookite, the 

low temperature polymorphs of rutile. The porous fracture zone also has euhedral pyrite 

grains and clay minerals, mostly chlorite, the latter most likely representing pieces of 

altered host rock included in the fracture.  

 

Occurrence of euhedral anatase crystals has been earlier reported at Olkiluoto in Drill 

core 1 by Blomqvist et al. (1992). The euhedral anatase associated with fracture calcite 

were thought to represent the youngest calcite generation in Drill core 1.  

 

BE-image shows some compositional variation in calcite (Figure 7), although four 

points indicate nearly pure CaCO3 (no detectable Mn, Fe, Mg or Sr). The highest MnO 

contents vary between 0.3 and 0.9 wt-%.  

 

A subsample for the δ
13

C and δ
18

O analyses was taken from the middle of the altered 

zone by carving the fracture material with a steel blade. The δ
13

C and δ
18

O values were 

-4.0 and -10.7 ‰, respectively. 
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Figure 6. A. Fracture surface of Sample 5. B. Thin section showing the layered 

structure of the fracture material (crossed polars). C. SEM-BE image of the outer 

calcite layers. Silicate material appears dark in the picture. Numbers refer to locations 

of the SEM/EDS analyses. 
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Figure 7. A. Area of interest in Sample 6 was the porous zone in the middle of the drill 

core B. Thin section of Sample 6. (crossed polars). The porous, calcite rich fracture 

zone runs through the middle of the image. C. SEM-BE image of the calcite in the 

porous fracture zone. Mineral grains outside the homogenous calcite mostly consist of 

bended and chloritized mica flakes. Numbers refer to locations of the SEM/EDS 

analyses. 
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Sample 7A: OL-KR24A/112.64-112.69 

 

Sample 7A consists of a thin (< 1 mm) layer of greenish white calcite covering most of 

the fracture surface (Figure 8). Fracture minerals include pyrite and clay minerals, 

mainly chlorite. 

 

Optical observations of the thin section reveal thin calcite layers bounded by clay 

minerals in lines that approximately follow the geometry of the fracture surface (Figure 

8C). It is possible to identify three to four different calcite layers. The outermost three 

layers are thin (10-40 µm), while the innermost layer is somewhat thicker (150-250 

µm). Two thin sections were prepared from Sample 7A, referred as 7A and 7Aa in 

Figure 8 and in the analytical results (Appendix 1). 

 

The innermost layer appears to be patchy in the BSE image due to compositional 

variation (Figure 8D). The compositional variation is caused by differences in the MnO 

contents from 0.3 to 1.9 wt-%. The concentration of Mn is lowest in the thin middle 

layers, appearing dark in Figure 8C and 8D.  

 

The thin outer layers are mixtures of calcite and silicate material. Silicate material in 

these layers is, however, too fine for reliable analytical identification by SEM/EDS.  

 

Subsamples for the analysis of the isotopic composition of C and O were obtained by 

carefully peeling the calcite surface by a sharp steel blade. Because it was impossible to 

observe the fine zonation in calcite in the handsample, even with the help of a 

stereomicroscope, the origin of calcite in each sample cannot be unambiguously tied to 

the zonation shown in Figure 8C and D. The calcite samples for the analysis were 

peeled from three depths of the calcite layer. The first fraction represents the outer 

layers and the second one the inner layer of the calcite vein. The fraction collected 

between the outermost and innermost fractions was discarded, to avoid mixing of the 

two.  

 

The fracture calcite in Sample 7A is characterized with notable variations in carbon 

isotope ratios. The outer layers have a clearly positive δ
13

C value of 11.5 ‰ (average of 

three analyses) and a δ
18

O value of -8.6 ‰ (average of three analyses). The innermost 

calcite layer has negative δ
13

C value of -1.5 ‰ (average of two analyses) and δ
18

O value 

of -9.3 ‰ (average of two analyses). 

 

 

Sample 7B: OL-KR24B/112.64-112.69 

 

Sample 7B shows a continuous layer of calcite on the fracture surface (Figure 9). Two 

sublayers can be seen with naked eye: the surface is greenish calcite, whereas a lower 

sublayer consists of white calcite. The vein thickness is 1-2 mm. 
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Figure 8. A. Fracture surface of Sample 7A showing greenish calcite covering. B. Thin 

section 7Aa showing the layered structure of the calcite covering (crossed polars). C. 

SEM-BE image of the fracture calcite in thin section 7Aa. D. SEM-BE image of the 

fracture calcite in thin section 7A. Numbers in SEM-BE images refer to locations of the 

SEM/EDS analyses. 

 

 

In thin section, the greenish top layer is a mixture of calcite, quartz, chlorite and 

occasional mica. This layer is overlying the white, homogenous calcite layer. Fracture 

calcite has crystallised on top of a quartz layer that encloses few calcite grains (Figure 

9C). Some of the quartz crystals are idiomorphic and have evidently crystallised into an 

open cavity. 
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Calcite layers appear to be compositionally homogenous in BEI (Figure 9C). MnO 

content varies between 0.4-0.9 wt-%, except for point 4 which is pure calcite.  

 

Samples for carbon and oxygen isotope analyses were taken from both calcite layers. 

Two samples from the top layer were peeled gently using a steel blade and a dental 

micro drill. Two samples from the lower white calcite layer were drilled from the cross 

section of the thin section counterpart using a dental drill.  

 

The calcite in this vein shows notable variations in δ
13

C values between layers and also 

between different spots in the upper greenish layer. The greenish top layer has clearly 

positive δ
13

C values of 17.4 and 11.7 ‰ with an average at 14.5 ‰ and negative δ
18

O 

values of -8.1 and -8.2 ‰ with an average at -8.2 ‰. The lower white calcite layer has 

negative δ
13

C and δ
18

O values. The δ
13

C values are -9.2 and -10.0 ‰ with an average at 

-9.6 ‰), and the δ
18

O values are -7.5 and -7.2 ‰ with an average at -7.4 ‰).  

 

 

Sample 8: OL-KR4/82.23-82.27 

 

Sample 8 consisted of large, clear calcite grains crystallized into an open cavity (Figure 

10). Pyrite is also found in the fracture. Calcite appears fractured and broken in the 

handsample and in the thin section.  

 

BEI analyses show compositional variation in calcite, which are due to variations in Mn 

and Mg content (Figure 10C). MnO content varies between 1.3 and 2.5 wt-%. The Mg 

content is lower, and varies between 0.1-0.2 wt-%, where detected (points 1-3, 5 and 7).  

 

Samples for isotope analyses were obtained from calcite and pyrite on the fracture 

surface. The calcite subsample for C and O isotope analyses was obtained from a single 

crystal by scratching the crystal by a steel blade. The δ
13

C value was -10.4 ‰ and the 

δ
18

O value was -8.2 ‰. Pyrite sample for S isotope analysis was separated using a steel 

blade. The average δ
34

S value from two analyses of different aliquots of the sample was 

27.8 ‰ (st.dev. 2.4 ‰). 

 

 

Sample 9: OL-KR22/152.16-152.25 

 

Sample 9 contained a fracture partly covered with calcite mixed with pyrite. Due to 

preparation difficulties, a thin section could not be obtained from the sample and the 

remaining material was not sufficient for further analyses. 
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Figure 9. A. Fracture surface exposed on Sample 7B. B. Photograph of the thin section 

across the calcite fracture (crossed polars). C. SEM-BE image showing relatively pure 

calcite in the middle and more silicate impurities (blue) on the left. Some quartz grains 

(Q, blue) on the right side of the figure show idiomorphic crystal forms. Numbers refer 

to points of SEM/EDS analyses. 
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Figure 10. A. Sample 8 showing calcite crystals in a cavity. B. Thin section of Sample 8 

showing euhedral crystal shape and fractures in the calcite (appear black in the image) 

(crossed polars). C. SEM-BE image of the calcite. Numbers refer to locations of the 

SEM/EDS analyses. 
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Sample 10: OL-KR9/149.02-149.10 

 

Sample 10 has a dense cluster of calcite veins that are relatively clean and homogeneous 

(Figure 11). The veins appear to be closed. Calcite can also be found as irregular 

patches that are not confined to specific veins. 

 

BEI analyses show compositional variations in calcite. One of the veins shows a 

compositionally zoned structure with a lower MnO content near the margin of the vein 

(Figure 11C). The MnO content varies between 0.4 and 1.4 wt-%.  

 

Two samples for the analysis of the isotopic composition of carbon and oxygen in 

calcite were taken from the compositionally zoned vein. Both samples represent the 

larger outer area (calcite on the right side in Figure 10C). The δ
13

C values were -9.0 ‰ 

and -11.0 ‰ with an average at -10.0 ‰ and the δ
18

O values were -10.5 ‰ and -10.6 ‰ 

with an average at -10.6 ‰. 

 

 

  
 

Figure 11. Sample 10. Sample was very fragile and broke easily along weak zones (like 

calcite veins seen white on the image) during thin section preparation. B. Thin section 

of Sample 10 calcite vein (crossed polars). D. SEM-BE image of the zoned calcite. Host 

rock side of the calcite is the left side edge of the calcite layer D. SEM-BE image of one 

of the calcite veins in the sample. Numbers in SEM-BE images refer to locations of the 

SEM/EDS analyses. 
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Sample 11: OL-KR22/108.66-108.74 

 

Sample 11 consists of a homogeneous white calcite layer with large subhedral calcite 

crystals (Figure 12). Calcite covers the whole fracture surface. Other identified fracture 

minerals include kaolinite and illite. 

 

In thin section, the long axis of the calcite crystals is about 0.5-1 cm, depending on the 

orientation relative to the fracture surface. The crystals show a platy habit, with the 

thickness generally < 1.0 mm. The thickness of the calcite vein varies between 0.2-0.5 

cm. Some calcite crystals have later chlorite and kaolinite as inclusions. 

 

BE images shows some variation in the calcite composition although according to point 

analyses calcite is almost pure CaCO3 (Figure 12C, Appendix 1). The MnO content 

varies between 0.2-0.7 wt-%.  

 

Samples for carbon and oxygen isotope analyses were taken from the top, middle and 

bottom of the fracture filling calcite (from surface to the rock side margin) using a 

micro drill and a steel blade. The δ
13

C values vary between -14.9 and -12.5 ‰ with an 

average at -13.7 ‰ and the δ
18

O values between -18.7 and -15.3 ‰ with an average at 

-16.7 ‰. 

 

 

Sample 12: OL-KR18B/21.45-21.51 

 

Sample 12 consists of a calcite vein with a maximum thickness of 0.8 cm (Figure 13). 

An open fracture surface can be seen in the hand sample and a layer of calcite (about 1 

mm thick) near the open surface is separated from the rest of the massive calcite vein by 

a greenish silicate layer (Fe,Mg,Al-silicate, contains at least some chlorite). Also, 

euhedral calcite crystals are present on one of the fracture surfaces.  

 

The innermost massive calcite contains two different calcite types (Figure 13). Massive 

calcite with no visible subhedral crystal shapes is the predominant type. Massive calcite 

contains cavities, which are completely filled by tightly ordered euhedral calcite 

crystals. At the fracture surface, the massive calcite is overlain by dark, greenish brown 

Fe-rich silicate. 

 

Compositional variations are caused by changes in the Mn and Mg content (Figure 

13C). The MnO content varies between 0 and 1.4 wt-% and the MgO content between 0 

and 0.2 %. Detectable Sr was also found in one point (point 1 with 0.2 wt-% of SrO). 

 

Samples for δ
13

C and δ
18

O analyses were taken from the zoned fracture surface, the 

massive inner calcite and the euhedral calcite crystals. The results show similar isotope 

composition for all these calcite types. Zoned fracture surface calcite has δ
13

C and δ
18

O 

values of -13.5 and -9.8 ‰, respectively. The massive calcite has δ
13

C and δ
18

O values 

of -11.9 and -8.9 ‰, respectively. The euhedral calcite crystal has δ
13

C and δ
18

O values 

of -15.7 and -9.0 ‰, respectively. 
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Figure 12. A. Fracture surface of Sample 11 shoving calcite with some kaolinite (pure 

white on the fracture surface) and illite (yellowish spots). B. Thin section showing 

calcite crystal blades (crossed polars). C. SEM-BE image of the fracture calcite. 

Numbers refer to locations of the SEM/EDS analyses. 

 

 

Sample 13: OL-KR18B/27.51-27.61 

 

Sample 13 had two similar calcite containing fractures; one is a closed vein filled with 

calcite and kaolinite and the other is present on the sample surface as a partial calcite 

cover with kaolinite filled cavities (Figure 14). Both fractures were observed to contain 

pyrite.  

 

BEI analyses show some compositional variations in calcite (Figure 14C), but the point 

analyses indicate a nearly pure CaCO3. The MnO content varies between 0 and 1.1 wt-

%, with an average MnO content of 0.4 wt-%. Mg is found in two spots (1 and 2) where 

the MgO content is about 0.2 wt-%. 
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Figure 13. A. Sample 12 showing the white complex calcite layer. Arrows point to the 

open fracture surface with layered calcite. B. Thin section (crossed polars). The layered 

calcite on the open fracture side is marked in the picture. C. SEM-BE image of the 

calcite (Q=quartz). Numbers refer to locations of the SEM/EDS analyses. 

 

 

Three subsamples were taken for C and O isotope analyses, two of them from the open 

fracture and one from the closed fracture for comparison. Also a pyrite sample was 

obtained from the closed fracture for a S isotope analysis. Calcite from the fracture 
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surface has δ
13

C values of -15.2 and -15.4 ‰ with an average at -15.3 ‰ and δ
18

O 

values of -9.2 and -9.4 ‰ with an average at -9.3 ‰. Calcite from the closed fracture 

has slightly heavier isotope composition with δ
13

C of -11.2 ‰ and δ
18

O of -8.6 ‰. The 

pyrite sample yielded a δ
34

S value of 5.4 ‰.  

 

 

Sample 14: OL-KR18B/28.01-28.06 

 

Sample 14 has small, thin calcite patches on the fracture surface. The fracture surface is 

covered with porous material and has a dusty appearance. Thin section observations 

show (Figure 15) that calcite is mixed with silicate material, mostly with smectite or 

vermiculite type clays and silicate material probably derived from the host rock.  

 

Calcite appears to be compositionally homogenous in SEM-BEI analyses (Figure 15C). 

There are some variations in the concentrations of Mn and Mg, with the MnO content 

varying between 0 and 1.2 wt-% and the MgO content between 0 and 0.3 wt-%. 

 

A subsample for C and O isotope analysis was taken from two points in the fracture 

surface by picking calcite from the surface with a steel blade. The values obtained for 

δ
13

C were -14.5 and -12.3 ‰ with an average at -13.4 ‰ and for δ
18

O -9.0 and -11.8 ‰ 

with an average at -10.4  ‰. 

 

Sample 15: OL-KR18B/41.01-41.10 

 

Sample 15 consists of a soft mixture of clays, calcite and pyrite crystals (Figure 16). 

There is some chlorite in the mixture, transformed partly to illite. Most of the fracture 

material consists of kaolinite. Also euhedral orthoclase (adularia) crystals are present on 

the fracture surface. Calcite has a patchy appearance with irregular grain edges and a 

clear rhombohedral cleavage. The margins of calcite grains appear to be corroded and 

shaped by dissolution of calcite. 

 

Most of the compositional variation in the patchy calcite is due to differences in the Mn 

content (Figure 16), with MnO varying between 0.3 and 0.7 wt-%.  

 

Subsamples for O and C isotope analysis were obtained by scratching fracture material 

with a steel blade. The δ
13

C values were -9.9 and -9.2 ‰ with an average at -9.6 ‰ and 

the δ
18

O values were both -10.0 ‰. 
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Figure 14. A. Fracture surface of Sample 13. Dull white patches on the surface are 

kaolinite. B. Thin section shoving a kaolinite filled cavity in calcite (crossed polars). C. 

SEM-BE image of the fracture calcite. Note the same cavity as is seen in the thin 

section. Numbers refer to locations of the SEM/EDS analyses. 
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Figure 15. A. Fracture surface of Sample 14. Calcite is in the soft fracture material.  B. 

Thin section shoving calcite with clay (crossed polars). C. SEM-BE image of the 

fracture calcite. Numbers refer to locations of the SEM/EDS analyses.  
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Figure 16. A. Fracture surface of Sample 15. White covering in the middle of the 

fracture surface consists of kaolinite, calcite, pyrite and silicate. B. Photograph of the 

thin section (crossed polars) showing irregular calcite grains in clay matrix (bluish 

tint). C. SEM-BE image of the fracture calcite. Numbers refer to locations of the 

SEM/EDS analyses. 

 

 

Sample 16: OL-KR15B/3.04-3.10 

 

In Sample 16 the fracture surface is partly covered by calcite and pyrite (Figure 17). 

Calcite and pyrite are present in areas, where the host rock is rich in mica. The fracture 

fillings continue from the open surface into the host rock as closed veins. Calcite is 

translucent with a platy appearance. 

 

BEI analyses show distinct compositional differences in calcite (Figure 17C). Most of 

the variations are due to the changes in the Mn contents but also Fe and Mg are found. 
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MnO concentrations vary between 0 and 1.2 wt-%. FeO content varies between 0.6 and 

0.9 wt-% (points 1, 2 and 6). 

 

A sample for δ
13

C and δ
18

O analyses was taken by a steel blade from the fracture 

surface. The δ
13

C value was -13.8 ‰ and the δ
18

O value -10.4 ‰. 

 

A sulfide sample (pyrite) was obtained from the fracture surface by drilling using a 

small dental drill. Two analyses were made from the sample material and the δ
34

S 

values obtained were -7.2 and -6.5 ‰ (average -6.9 ‰).   

 

 

Sample 17: OL-KR15B/17.83-17.96 

 

Sample 17 consists of calcite with a dull appearance and appears to be filled with dust-

like inclusions of fine grained euhedral pyrite (Figure 18). Calcite lies on top of older 

fracture minerals including filled fractures with adularia, chlorite and quartz. In thin 

section, a cross section of the fracture shows pyrite crystals separating different calcite 

generations. Small euhedral adularia crystals are found in the lower calcite layer.  

 

Fracture calcite shows irregular compositional variations in BE images (Figure 18C). 

Mn, Mg, Fe and Sr are found in places. The concentrations of their respective oxides are 

below 1 wt-% with one exception: the MnO content in spot 7 is 2.0 wt-%. 

 

Two calcite subsamples for C and O isotope analysis were obtained, one from the 

surface and the other representing the bulk sample. The δ
13

C and δ
18

O compositions 

were heavier in the surface sample compared to the bulk sample. From the surface, a 

value -10.4 ‰ was obtained for the δ
13

C and a value of -9.9 ‰ for the δ
18

O. The δ
13

C 

value of the bulk sample was -12.3 ‰ and the δ
18

O value was -11.1 ‰.   
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Figure 17. A. Fracture surface of Sample 16 shoving white calcite and brass yellow 

pyrite. B. Thin section of Sample 16 showing the calcite layer (top of the picture) 

(crossed polars). C. SEM-BE image of the fracture calcite. Numbers refer to locations 

of the SEM/EDS analyses. 
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Figure 18. A. Fracture surface of Sample 17. Only some larger pyrite patches can be 

seen in the grey calcite.  B. Thin section of Sample 17. Continuous layer on the left side 

is the calcite covering (crossed polars). C. SEM-BE image of the fracture calcite. Pink 

grains on the surface layer of the calcite are pyrite crystals. Numbers refer to locations 

of the SEM/EDS analyses. 
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Sample 18: OL-KR15B/20.23-20.33 

 

Sample 18 contains two fracture surfaces with calcite (Figure 19). One of the surfaces 

had a thick partial calcite covering and another fracture, parallel to the drill core section 

had gray, thin calcite patches on the surface. Both these fracture surfaces included 

kaolinite and pyrite, and, in addition, the thick calcite had cavities filled with kaolinite.  

 

Perpendicular fracture  

 

BE image shows calcite with irregular margins near clay filled cavities (Figure 19F). 

MnO content varies between 0 and 0.8 wt-%.  

 

A subsample for C and O isotope analysis was obtained from the fracture surface by 

carving with a steel blade. The δ
13

C and δ
18

O values obtained were -13.9 ‰ and -9.6 ‰, 

respectively. 

 

Parallel fracture  

 

Calcite covers the fracture surface in the parallel fracture in thin, irregular patches 

(Figure 18). The calcite is translucent. There are also small (0.5-2 mm), transparent and 

euhedral calcite crystals on the fracture surface. Euhedral pyrite crystals are also 

present, some of them with rusty-red surface coloration. 

 

Euhedral calcite shows clear compositional variation in the SEM-BE image (Figure 

19E). Both the Mn and Mg concentrations seem to vary, but the zonation seen in BEI is 

due to variations in the Mn content. The concentration of MnO varies between 0.7-1.9 

wt-%, and the MgO content is lower, varying between 0.1-0.4 wt-%.  

 

Calcite subsamples were taken from the fracture surface by picking single calcite 

crystals from the fracture surface. The first subsample was a single calcite crystal, 

whereas the second subsample was a mixture of three separate crystals. The isotopic 

composition of the single crystal was -13.3 ‰ for δ
13

C and -9.5 ‰ for δ
18

O. Similar 

isotopic ratios were obtained from the other subsample. The δ
13

C value was -13.9 ‰ 

and the δ
18

O value -8.2 ‰. The average values are -13.6 ‰ for δ
13

C and -8.8 ‰ for 

δ
18

O. 
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Figure 19. A. Fracture surface with thin calcite patches on Sample 18. B. Fracture 

surface with thick partial calcite covering. C. Photograph of thin section 18B showing 

euhedral calcite crystals (patchy calcite, crossed polars). D. Photograph of the thin 

section 18A (thick calcite, crossed polars). E. SEM-BE image of the thin fracture calcite 

showing euhedral calcite crystals. F. SEM-BE image of the thick fracture calcite. 

Numbers in SEM-BE images refer to locations of the SEM/EDS analyses.  
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Sample 19: OL-KR15B/20.87-20.93 

 

Sample 19 consists of two fracture surfaces with coverings consisting of calcite, 

kaolinite and pyrite (Figure 20). In thin section, calcite was present both in a closed vein 

and on an open fracture surface.  

 

The calcite on the open fracture appears to be homogeneous in the BE image (Figure 

20C). Main compositional variation is due to difference in the MnO content, varying 

between 0.3 and 0.4 wt-%. In one spot (point 5) the MnO content is higher (0.9 wt-%). 

 

Subsamples of calcite for C and O isotope analysis were obtained by peeling the 

fracture surface with a steel blade. The isotope composition of calcite in the lower, 

closed fracture was analysed for comparison. The isotope compositions were very 

similar. For calcite in the open fracture, the δ
13

C and δ
18

O values were in the range 

-12.4 … -11.9 ‰ (average -12.2 ‰) and -9.6…-9.3 ‰ (average -9.4 ‰), respectively. 

Calcite in the closed fracture surface had δ
13

C and δ
18

O values of -12.3 and -9.2 ‰, 

respectively. 

 

 

Sample 20: OL-KR 15B/41.93-42.08 

 

Sample 20 consists of thin, white to greyish calcite patches on a fracture surface (Figure 

21). The surface also contains areas with abundant pyrite. The fracture orientation is 

nearly parallel to the drilling direction. Microscopic analyses of the thin section show 

that the calcite patches are homogeneous and locally overlying individual pyrite grains 

on the fracture surface. 

 

According to the BE image analyses, calcite is compositionally zoned (Figure 21C). 

The inner 100µm calcite layer is pure CaCO3. The outer 100 µm layer contains MnO 

varying between 1.2-1.8 wt-%.  

 

Subsamples for C and O isotope analyses were taken by peeling a calcite patch with a 

steel blade. Samples were taken from two different calcite patches. The zoning could 

not be seen under the microscope, so the sampling was aimed at the uppermost and the 

lowermost parts of the calcite patch. Distinct differences in isotope values were 

observed. The first patch sampled had δ
13

C values of -6.8 ‰ and -5.1 ‰ in the 

uppermost layer. The δ
18

O values were -8.4 ‰ and -8.6 ‰ in the uppermost layer. The 

isotopic composition of the lower layer was -10.3 ‰ for δ
13

C and -7.8 ‰ for δ
18

O. The 

second calcite patch had δ
13

C values of -12.5 ‰ in the uppermost layer and -12.8 ‰ in 

the lowermost layer and δ
18

O values of -8.0 ‰ in the uppermost layer and -8.1 ‰ in the 

lowermost layer. These similar values could indicate that the second calcite patch 

contained only one generation of calcite.  
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Figure 20. A. Fracture surface of Sample 19 with grey calcite, white kaolinite and brass 

yellow pyrite. B. Thin section of Sample 19 showing the open calcite vein (crossed 

polars). C. SEM-BE image of the fracture calcite. Numbers refer to locations of the 

SEM/EDS analyses. 



 46 

 
 

Figure 21. A. Fracture surface of Sample 20 showing thin calcite patches on the 

fracture surface. B. Thin section of Sample 20 with the calcite layer on the right side 

(crossed polars). C. SEM-BE image of the fracture calcite showing the compositionally 

different calcite layers. Numbers refer to locations of the SEM/EDS analyses. 

 

 

 

Sample 21: OL-KR14/14.86-14.95 

 

Sample 21 consists of greyish calcite partially covering a fracture surface (Figure 22). 

Other fracture minerals include pyrite and clays (kaolinite, illite, chlorite). In thin 

section, one kaolinite filled cavity can be seen.  

 

In BEI, the calcite appears compositionally and structurally homogenous (Figure 22C). 

MnO content is also fairly constant, varying between 0.2 and 0.4 wt-%. 

 

A calcite subsample was obtained from the fracture surface by peeling the calcite with a 

steel blade. The δ
13

C value was -13.6 ‰ and the δ
18

O value was -10.0 ‰. 
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Figure 22. A. Fracture surface of Sample 21 showing the greyish calcite material. B. 

Thin section showing the calcite layer (crossed polars). C. SEM-BE image of the 

homogeneous fracture calcite. Numbers refer to locations of the SEM/EDS analyses. 
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Sample 22: OL-KR14/15.29-15.34 

 

The fracture surface in Sample 22 is partly covered with calcite and kaolinite (Figure 

23). A thin section investigation reveals that the uppermost layers of calcite contain also 

quartz, feldspar and apatite grains. In addition, some clay minerals are present in calcite. 

 

BE image shows homogenous calcite (Figure 23C). MnO content varies from 0.4 to 1.2 

wt-%.  

 

A subsample of calcite for C and O isotope analysis was carved from the fracture 

surface with a steel blade. The δ
13

C value was -14.1 ‰ and the δ
18

O value was -9.9 ‰. 

 

 

Sample 23: OL-KR14/26.08-26.19 

 

Sample 23 contains two types of calcite fillings, massive calcite in closed vein and thin, 

translucent calcite films. Massive calcite is sulfide bearing. The fracture surface is partly 

covered with a thin, ca. 50µm, translucent calcite film (Figure 24D, E).  

 

In BE image, the calcite filling is homogeneous in appearance (Figure 24D, E). 

Compositionally, the closed vein and the calcite film are similar. The MnO contents 

vary in the range 0.5-1.1 % (calcite film) and 0.4-0.7 % (closed vein).   

 

Massive and filmy calcite fillings show different mineral assemblages. The massive 

calcite has small (0.1-0.2 mm) pyrite crystals and euhedral quartz and K-feldspar 

(adularia) crystals as inclusions, whereas the filmy calcite is monomineralic calcite.  

 

Calcite samples were taken for the C and O isotope analysis by carving the fracture 

material with a steel blade. The isotope composition of the two calcite types is very 

similar; the δ
13

C and δ
18

O values were -11.8 and -9.0 ‰, respectively, for the filmy 

calcite and -10.8 and -9.2 ‰, respectively, for the massive calcite,. 

 

A sulfide sample was obtained from the thicker (0.4-0.5 cm) part of the massive vein for 

S isotope analysis. Pyrite crystals were carved from the fracture material and 

mechanically cleaned under a microscope. The δ
34

S value obtained was -4.0 ‰. 
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Figure 23. A. Fracture surface of sample 22 also containing kaolinite. B. Thin section 

of sample 22 showing some silicate inclusions in the calcite (crossed polars). C. SEM-

BE image of the fracture calcite containing silicate inclusions (bluish tint). Numbers 

refer to locations of the SEM/EDS analyses. 
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Figure 24. A. Fracture surface of Sample 23. Thin calcite films can be seen in the upper 

part of the fracture surface. B. Thin section showing cross section of the patchy calcite 

(crossed polars). Calcite is on top of a sheared quartz. C. Thin section showing a closed 

pyrite bearing calcite vein (plain polarized light). D. SEM-BE image of the 

homogenous, thin calcite patches on top of quartz (Q). D. SEM-BE image showing the 

closed calcite vein and calcite on the cross cutting surface. Numbers in SEM-BE images 

refer to locations of the SEM/EDS analyses. 
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Sample 24: OL-KR14/30.12-30.19 

 

Two different types of calcite cover the fracture surfaces observed in Sample 24 (Figure 

25). The fracture surface located perpendicular to the drilling direction is covered by a 1 

mm thick calcite layer. The parallel fracture surface is locally covered by thin, flaky 

calcite films.  

 

Parallel fracture  

 

Thin calcite films cover locally the parallel fracture surface. The calcite in these films is 

white and contains small potassium feldspar grains. The fracture surface is mostly 

unaltered and the fracture may be relatively recent.  

 

Calcite appears relatively homogeneous in SEM-BEI (Figure 25D, E). Changes in the 

calcite composition are caused by variations in the MnO concentrations, varying from 

0.4 to 1.0 wt-%.  

 

Subsamples for the analysis of the isotopic composition of C and O were taken by 

gently separating calcite from the fracture surface using a steel blade. The δ
13

C values 

for two analysed aliquots were -6.5 ‰ and -8.4 ‰, with an average at -7.5 ‰, and the 

δ
18

O values were -9.5 ‰ and -9.6 ‰.  

 

Perpendicular fracture  

 

Calcite forms a continuous filling on the fracture surface. Most of the calcite surface is 

even, but there are small cavities with euhedral calcite crystals. The calcite crystals are 

scalenohedral in shape and the crystal size is 1-2 mm. There are pyrite crystals within 

the calcite and some mica flakes on the calcite surface. 

 

In BE image the calcite appears homogeneous (Figure 25D). Compositional differences 

are due to variations in the MnO content from 0.7 to 1.0 wt-%. 

 

Calcite surface was scratched with a steel blade to obtain a sample for C and O isotope 

analysis. The δ
13

C and δ
18

O values were -10.6 and -8.2 ‰, respectively. 

 

A sulfide sample was separated from the fracture material for S isotope analysis. The 

sample consisted of anhedral pyrite grains from the margin of the fracture. The pyrite 

was enclosed by calcite. The δ
34

S value obtained was 10.4 ‰.  
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Figure 25. A. Fracture surfaces on Sample 24. There are thin calcite patches on the 

parallel (relative to the drilling direction) fracture surface. B. Photograph of the thin 

section 24A (thick calcite, crossed polars). C. Photograph of the thin section 24B (thin 

calcite, crossed polars). D. SEM-BE image of the thick calcite. E. SEM-BE image of the 

thin calcite patches with silicate impurities (blue). Number on SEM-BE images refer to 

locations of the SEM/EDS analyses. 
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Sample 25: OL-KR27/129.54-129.56 

 

In Sample 25, a chlorite bearing shear zone is partly covered by calcite (Figure 26). 

However, in thin section, calcite overlies a thin mylonitized quartz zone. Other fracture 

minerals are orthoclase, pyrite, Mg-rich clay and REE containing silicate mineral. The 

REE containing silicate mineral is too fine grained to obtain a reliable compositional 

analysis. 

 

Compositionally, calcite appears to be homogeneous in BEI (Figure 26C), and it seems 

to represent nearly pure CaCO3. The MnO content reached 0.2 wt-% in one spot (point 

3).    

 

A subsample of calcite was obtained from the fracture surface for a C and O isotope 

analysis by scratching the fracture material with a steel blade. The δ
13

C and δ
18

O values 

were -8.8 and -10.7 ‰, respectively. 

 

 

Sample 26: OL-KR27/263.23-263.25 

 

Calcite in Sample 26 is present as a dusty grey partial covering of the fracture surface 

(Figure 27). Calcite layers with small silicate grains can be seen in thin section.  

 

BE image shows a compositionally homogeneous calcite (Figure 27C). Point analyses 

indicate a pure CaCO3 composition. Silicate inclusions probably include a mixture of 

chlorite and illite. The amount of silicate material is not sufficient for a more detailed 

analysis. 

 

A calcite subsample for C and O isotope analysis was obtained by peeling the calcite 

surface with a steel blade. The δ
13

C and δ
18

O values were -11.6 and -10.0 ‰, 

respectively. 
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Figure 26. A. Fracture surface of Sample 25 with greyish calcite patches. B. Thin 

section showing the calcite on top of a shear (crossed polars). C. SEM-BE image of the 

fracture calcite showing pyrite (Py) and silicate (bluish) inclusions. Numbers refer to 

locations of the SEM/EDS analyses.  
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Figure 27. A. Fracture surface of Sample 26 showing grey calcite patches. B. Thin 

section of Sample 26. C. SEM-BE image of the fracture calcite with fine grained silicate 

on the rock margin. Numbers refer to locations of the SEM/EDS analyses.  

 

 

Sample 27: OL-KR27/263.62-263.68 

 

In Sample 27, calcite partially covers the fracture surface (Figure 28). The calcite is 

greenish in colour. Other fracture minerals include euhedral pyrite crystals and 

subhedral to anhedral pyrite patches. Calcite fills also veins in the host rock together 

with pyrite. In addition, the thin section includes an older filled fracture with adularia 
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and chlorite. A zoned structure can be seen on the open calcite surface and also in one 

part of the closed vein. 

 

 

  
 

Figure 28. A. Fracture surface of Sample 27 showing greyish calcite with pyrite 

patches. B. Thin section of Sample 27 showing the layered structure in calcite and 

closed calcite veins in the host rock (crossed polars). C. SEM-BE image of the calcite 

on the fracture surface with layered structure. Small pyrite grain (Py) is in the inner 

calcite layer. Numbers in the image refer to locations of the SEM/EDS analyses. 
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BEI analyses of calcite show compositional variations (Figure 28C). The innermost 

layer of calcite, which is also the thickest zone (~300 µm), is pure CaCO3. The outer 

zones are formed from three thin layers of calcite with varying amounts of Mn. The 

layer closest to the massive inner calcite contains 0.7-0.8 wt-% MnO. The outermost 

layer contains 0.4-0.6 wt-% MnO. The massive inner calcite contains euhedral pyrite 

grains (Figure 28C).  

 

Subsamples of calcite for the analysis of C and O isotopic compositions were carefully 

carved from the fracture surface by a steel blade. Locally, the outermost layers could be 

easily separated from the fracture surface. Several subsamples were taken from the 

outer layer to ascertain the unusual δ
13

C values.  

 

The carbon isotopic composition of calcite in the outermost layers shows a significant 

enrichment of 
13

C. The δ
13

C values obtained from the outer layers varied between 26.4 

and 35 ‰, with an average at 31.2 ‰. Also the innermost calcite is moderately enriched 

in 
13

C when compared to other samples in this study. The δ
13

C values of the inner most 

calcite vary between 1.3 ‰ and 3.3 ‰ with an average at 2.5 ‰. The δ
18

O values are 

not as extreme. The δ
18

O values obtained from the outer calcite layers varied between -

7.5 ‰ and -7.0 ‰, with an average at -7.3 ‰. The δ
18

O values obtained from the 

innermost calcite vary between -10.1 ‰ and -9.8 ‰, with an average at -10.0 ‰.  

 

A pyrite sample was obtained from the fracture surface for S isotope analysis. The 

sample was separated under a microscope from the fracture material, where it was 

embedded in calcite or covered by calcite. The δ
34

S value was +3.6 ‰. 

 

 

Sample 28: OL-KR23/134.85-134.92 

 

Sample 28 has a fracture surface partially covered by calcite and pyrite (Figure 29). 

Calcite is gray in colour and has a platy appearance. Pyrite is located on the fracture 

plain and also fills several thin connected fractures with calcite.  

 

Calcite forms two layers on the fracture surface separated by chlorite (Figure 29). The 

thickness of the calcite layer is about 300 µm, of which the lower layer is about 200 µm.  

 

Calcite in Sample 28 has relatively high MnO contents, spanning from 0.5 to 2.5 wt-%, 

with an average at 1.2 wt-%.  

 

Samples for the analysis of δ
13

C and δ
18

O were taken by peeling calcite with a steel 

blade. Subsamples for the isotope analysis were taken from the calcite overlying and 

underlying the chlorite layer.  

 

The isotopic composition of the upper and lower calcite layers differ only by about 1 

‰. The δ
13

C and δ
18

O values obtained from the surface layer were -7.1 and -9.4 ‰, 

respectively. The δ
13

C and δ
18

O values obtained from the lower subsample were -6.2 

and -8.5 ‰, respectively.  
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A sulfide sample (pyrite) was taken from the fracture surface for S isotope analysis. 

Sulfide grains were carefully carved from the fracture material and then mechanically 

cleaned. The pyrite obtained was present as small plates with some euhedral crystals on 

the plate margins. The δ
34

S value was +12.7 ‰. 

 

 

Sample 29: OL-KR23/194.92-194.97 

 

In Sample 29, calcite partly covers the fracture surface as thin, white patches (Figure 

30). Other fracture minerals include pyrite with calcite as tiny inclusions inside pyrite. 

 

BEI analyses show compositional variations due to changes in the MnO content from 0 

to 0.8 % (Figure 30C, D, Appendix 1). 

 

A subsample of calcite was carved from the fracture surface for C an O isotopic analysis 

with a steel blade. The δ
13

C and δ
18

O values were -7.3 and -9.4 ‰, respectively. 

 

A sulfide sample was taken from the lower fracture surface for S isotope analysis. 

Sulfide grains were carved from the fracture surface with a steel blade and then 

mechanically cleaned. The sample consists of subhedral to euhedral pyrite crystals. 

Pyrite had crystallised on a chloritized fracture surface. Two analyses were made from 

the material. The δ
34

S values were +3.4 and +3.9 ‰, with an average at +3.7 ‰. 

 

 

Sample 30: OL-KR23/195.50-195.53 

 

Calcite in Sample 30 forms a porous mixture with clays, euhedral pyrite, biotite and 

anhedral silica masses on the fracture surface (Figure 31). Discontinuous calcite lenses 

alternate with clay minerals (most likely montmorillonite), and it is difficult to 

distinguish individual growth layers on the fracture surface. Pyrite crystals are 

ubiquitous. Some of the bigger pyrite grains extend through the whole fracture opening. 

 

The calcite appears compositionally quite homogenous in BEI (Figure 31C, Appendix 

1). Compositional variations are due to differences in the MnO content varying from 0 

to 0.9 %.  

 

Samples for the δ
13

C and δ
18

O analyses were taken by peeling calcite with a steel blade. 

Subsamples were taken by using the clays as indicators for different layers. Only one 

clay layer was seen in the sampling point.  

 

The topmost layer has a δ
13

C value of 2.4 ‰. The other subsamples had slightly heavier 

δ
13

C values compared to the uppermost calcite layer. The δ
13

C values changed from 3.0 

to 3.5 ‰, with increasing sampling depth. With increasing sampling depth, the δ
18

O 

values were -11.4, -10.8 and -11.1 ‰.  

 

For the analysis of the isotopic composition of S, pyrite crystals were picked from the 

fracture material and mechanically cleaned under microscope. The δ
34

S value was 

+18.1 ‰.  
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Figure 29. A. Fracture surface of Sample 28 with greyish calcite, green chlorite and 

dark yellowish pyrite patches. B. Thin section showing the thin calcite layer on the right 

side (crossed polars). C. SEM-BE image of the fracture calcite showing calcite and 

chlorite (chl) layers. Numbers refer to locations of the SEM/EDS analyses. 
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Figure 30. A. Fracture surface of Sample 29 showing white calcite and brass yellow 

pyrite. B. Thin section of Sample 29 with calcite in the upper part of the section 

(crossed polars). C. SEM-BE image of the fracture calcite with pyrite (Py) on top of 

mica rich part of the host rock.  D. SEM-BE image of the fracture calcite. Numbers in 

SEM-BE images refer to locations of the SEM/EDS analyses. 
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Figure 31. A. Fracture surface in Sample 30. Small euhedral pyrite crystals can be seen 

in the fracture material. B. Thin section of Sample 30 fracture filling (crossed polars). 

C. SEM-BE image of the fracture calcite showing clay interlayers and a pyrite crystal 

(Py). Numbers refer to locations of the SEM/EDS analyses. 
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4.2  REE patterns and U, Th-concentrations 
 

Uranium and thorium concentrations have been determined for samples 6, 7A, 7B, 11, 

12, 29 and 30. Laser ablation tracks on each calcite filling were selected carefully to 

avoid contamination from silicate impurities (clay rich layers). Therefore, the lowermost 

layers from samples 7A, 7B and 30 were analysed as well as the massive calcite from 

Sample 12. U and Th concentrations were very low in all samples, well below 1 ppm. 

The highest U contents were obtained for the massive calcite filling in Sample 12, with 

0.9 ppm of U. 

 

Calcite in Sample 12 was analyzed by a laser ablation MC-ICP mass spectrometer at 

GTK; however, no signal for the measured U or Th ratios could be detected. The U and 

particularly the Th concentration turned out to be too low for isotope ratio 

measurements. These tests showed that laser ablation may not be used as a sampling 

method for U-Th analyses with multiple collector ICP-MS, if all calcites have such low 

U and Th concentrations.  

 

REE concentrations were determined for samples 7A, 7B, 11, 12 and 30. The 

concentrations of total REE were usually over 1 ppm. A few concentration values from 

the heavy end of the rare earth elements were below the concentrations in the (“dilute”) 

NIST 615 standard. These data points are shown in parentheses in Appendix 2 and 

should be considered with caution. However, the general smooth form of the REE 

patterns is thought to represent the REE patterns of the calcite fillings adequately. 

Furthermore, Sm, Eu and Gd concentrations were measurable, and Eu anomalies could 

be reliably calculated for the REE patterns. Light REE concentrations were 

systematically higher than the heavy REE concentrations, and the same trend is shown 

in chondrite normalized REE patterns (Figure 32). The REE patterns are not very steep, 

with La/Yb ratios varying from 4 to 16.  

 

REE patterns of the fracture calcites show distinct, positive or negative Eu anomalies. 

For all but one of the REE patterns, the Eu anomalies are negative. Positive Eu anomaly 

(Eu/Eu* = 2.5) is seen in the REE-pattern of calcite from Sample 11 (Figure 32).  
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Figure 32. Chondrite normalized REE-patterns for samples 7A, 7B, 11, 12 and 30. 
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5.  DISCUSSION 
 
5.1  Calcite types 
 
The samples were divided into five groups according to appearance, crystallinity and 

coloration of the calcites and the occurrence of other minerals such as clay or silicate 

minerals. The selection of the groups was deliberately kept loose because of the obvious 

complexity of the fracture calcite formation and the potential for a large number of 

temporally separated calcite groups formed in an area.  

 

Group 1 consists of thin, translucent calcite films or is present as euhedral calcite 

crystals on a fracture surface. Group 2 consists of patchy greenish or greyish calcite 

with the coloration caused by clay or mineral impurities. Group 3 consists of white, 

homogenous closed calcite veins or white homogenous calcite covered by later calcite 

generations. Group 4 consists of calcite with kaolinite filled cavities and Group 5 

includes relatively large, euhedral calcite crystals in filled cavities or closed calcite 

veins with tightly interlocked, large calcite crystals.  

 

The late-stage calcite precipitates are likely found in the uppermost layers of the patchy 

calcite types, either in the homogenous calcite patches of Group 1 or in the clay rich 

calcite patches of Group 2. Also notable is the occurrence of euhedral calcite crystals on 

the top of a fracture filling, because it would indicate that the calcite crystals have been 

in contact with the groundwater circulation to the present day. The potential late-stage 

calcite precipitates are presented in Table 2 with their isotope compositions and a short 

description. To the potential late-stage calcite precipitates is tentatively added also the 

filmy calcite of Sample 23. 

 

Group 3 calcites were not in contact with the present-day groundwater circulation. They 

could represent either precipitation at low temperatures and pressures or from 

hydrothermal fluids. Group 4 calcites have kaolinite filled cavities. The cavity edges 

typically show some indication of calcite dissolution. Group 4 calcites are likely to have 

hydrothermal origin. Group 5 calcites are most probably of hydrothermal origin. They 

include thick, closed calcite veins and closed calcite cavity fillings. Calcite in Sample 8 

is tentatively added to Group 5. Large, euhedral calcite crystals in Sample 8 indicate 

hydrothermal origin; however, it is unclear due to the brokenness of the sample whether 

the cavity was only partly filled and in contact with present day groundwater 

circulation. 

 

Most of the samples were selected from Structure HZ19 and as comparison, a few 

sample were collected from single fractures. No correlation is evident between calcite 

groups and hydrogeological units or fracture transmissivities.  The surface layers of 

calcites show no evident calcite dissolution, but the layers usually consist of anhedral or 

subhedral irregularly shaped calcite. Pyrite is commonly coloured on the surface, 

indicating minor oxidation of the surface, which probably occurred after drilling when 

the mineral was exposed to air. No extensive sulfide corrosion can be seen, however. 
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          Table 2. Summary of samples characteristics in the order of increasing sample depth, including stable isotope data.  

 

sample number drill core app. depth 
calcite type (n=number of 

analyses) 
δ

13
C ‰, 

VPDB
#) 

δ
18

O ‰, 
VPDB

#)
 open/closed Group 

potential 
late-
stage 

16 OL-KR15B 3.05 platy -13.78 -10.36 o 1  

21 OL-KR14 14.9 calcite with cavities  -13.58 -10.06 o/c 4  

22 OL-KR14 15.3 calcite with cavities  -14.07 -9.88 o/c 4  

17 OL-KR15B 17.9 dusty, bulk sample -12.25 -11.12 o 2  

dusty, surface -10.41 -9.89  2 x 

18 OL-KR15B 20.3 calcite with cavities -13.86 -9.56 o 4  

platy/euhedral calcite (n=2) -13.60
#) 

-8.83
#) 

o 1 x 

19 OL-KR15B 20.9 calcite with cavities (n=3) -12.19
#) 

-9.38
#) 

o 4  

12 OL-KR18B 21.45 platy (n=2) -14.03
#) 

-9.70
#) 

o 2 x 

massive -11.97 -8.87 c 5  

euhedral -15.71 -9.00 o 1 x 

23 OL-KR14 26.1 platy -11.82 -9.01 o 1 x 

closed calcite vein -10.78 -9.20 c 3  

13 OL-KR18B 27.55 calcite with cavities (n=2) -15.34
#) 

-9.27
#) 

o 4  

calcite with cavities -11.15 -8.56 c 4  

14 OL-KR18B 28.05 platy, clay rich (n=2) -13.40
#´) 

-10.40
#) 

o 2  

24 OL-KR14 30.15 calcite with cavities -10.63 -8.22 o/c 4  

platy (n=2) -7.45
#) 

-9.57
#) 

o 1 x 

15 OL-KR18B 41.05 calcite with cavities (n=2) -9.56
#) 

-10.00
#) 

o 4  

20 OL-KR15B 42 bulk, platy -6.56 -8.24 o 1  

platy, surface -6.81 -8.39  1 x 

platy, middle -5.07 -8.62  1  

platy, bottom -10.29 -7.81  1  

platy,surface -12.47 -7.96  1 x 

platy, bottom -12.80 -8.10  1  

1 OL-KR19 42.2 euhedral, crystal fragments -25.59 -10.52 o 1  

euhedral, single crystal edge -16.50 -10.57  1 x 

     #) Multiple analyses from a single calcite type of a specific fracture are given as an average value 
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     Table 2, continued 

 

sample number drill core app. depth 
calcite type (n=number of 

analyses) 
δ

13
C ‰, 

VPDB
#) 

δ
18

O ‰, 
VPDB

#) 
open/closed Group 

potential 
recent 

8 OL-KR4 82.25 euhedral, in cavity -10.35 -8.24 o 5  

11 OL-KR22 108.7 tightly interlocked crystals (n=4) -13.74
#) 

-16.66
#) 

o 5  

7A OL-KR24 112.64 platy, surface (n=3) 11.46
#) 

-8.56
#) 

o 2 x 

   platy, bottom (n=2) -1.46
#) 

-9.25
#) 

 2  

7B OL-KR24 112.69 platy, clay rich, surface (n=2) 14.53
#) 

-8.18
#) 

o/c 2  

   massive, white (n=2) -9.61
#) 

-7.36
#) 

 3  

2 OL-KR19 114.35 closed vein 1 -13.04 -12.10 c 3  

   closed vein 2 -6.34 -9.81  3  

25 OL-KR27 129.55 platy, clay rich, surface -8.84 -10.69 o/c 2  

28 OL-KR23 134.9 platy, clay rich, surface (n=2) -6.68
#) 

-8.96
#) 

o 2 x 

10 OL-KR9 149.05 closed vein (n=2) -9.97
#) 

-10.56
#) 

c 3  

29 OL-KR23 194.95 platy, white -7.30 -9.36 o 1 x 

30 OL-KR23 195.5 clay rich, surface (n=2) 2.52
#) 

-11.32
#) 

o 2 x 

   clayrich, bottom -1.94 -12.53  2  

   clay rich, between (n=2) 3.27
#) 

-10.94
#) 

 2  

3 OL-KR19 255.65 thightly interlocked crystals -13.88 -15.20 c 5  

   fracture zone, closed -7.14 -14.20  3  

26 OL-KR27 262.65 platy, dusty -11.63 -9.99 o/c 2  

27 OL-KR27 263.65 platy, surface (n=3) 31.24
#) 

-7.25
#) 

o 2 x 

   platy, bottom (n=3) 2.45
#)

  -9.98
#) 

 2  

4 OL-KR19 337.6 dusty, closed? -8.01 -10.10 o/c 2  

5 OL-KR19 462.25 silicate rich, surface (n=2) -10.58
#) 

-12.38
#) 

o/c 2  

6 OL-KR19 481.95 fracture zone, partly closed -3.98 -10.70 o/c 3  

           #) Multiple analyses from a single calcite type of a specific fracture are given as an average value 
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5.2  Calcite composition 
 

Calcite fillings in fractures show a relatively homogeneous chemical composition. They 

generally are nearly pure CaCO3, with minor amounts of Mn, Mg, Fe and Sr. Mn 

concentrations are usually higher than the contents of Fe, Mg or Sr, which is in 

accordance with the previous study by Gehör et al. (2002). Calcite precipitated at low 

temperature and pressure conditions can be expected to be relatively close to the 

stoichimetric composition of pure CaCO3 (Gehör et al. 2002). 

 

The largest compositional variations in the calcites studied here are caused by changes 

in the Mn content, and intensities recorded by the BE images clearly are related to 

variations in the Mn concentrations. Fe abundances are usually very low, possibly due 

to the incorporation of Fe into sulfides, present in most samples. There appears to be no 

connection between the Mn content in calcite and the hydrogeological unit.   

 

Figure 33 shows that the Mn content in calcites has more variation near the surface and 

the highest concentrations are reached within the uppermost 150 metres. The calcites, 

however, have formed over a long period of time, and necessarily show the imprint of 

multiple, and likely different groundwater settings. For this reason, the potential late-

stage calcites are coded separately in Figure 32 to show the Mn distribution in calcites 

most likely representing a relatively recent groundwater environment. In the potential 

late-stage calcites, the Mn content shows greater variation near the surface, where the 

average Mn content is also somewhat higher than that at deeper levels. Variations in the 

Mn content may be the result of different concentrations of Mn in local groundwaters, 

possibly caused by varying redox conditions. An oxidising environment favours poorly 

soluble Mn
3+

 and a reducing environment soluble Mn
2+

. The Mn
3+

-Mn
2+

 redox pair is 

associated with a higher redox potential as compared to the Fe
3+

-Fe
2+

 and SO4
2-

 - S
2-

 -

pairs.  Chances in the Mn content of groundwater due to redox processes are expected to 

occur in near surface conditions, which is compatible with the data in Figure 33.  

 

The concentrations of the rare earth elements in the studied fracture calcites are usually 

higher than 1 ppm, whereas U and Th concentrations are < 1 ppm. Data on groundwater 

lanthanide concentrations at Olkiluoto are scarce (Pitkänen et al. 2004), although 

concentrations of about 0.01-0.02 ppb have been detected for the most abundant 

lanthanides (Marcos 2002). Thus, no comparisons between calcite and groundwater 

REE patterns can be made.  

 

Chondrite normalized REE patterns are similar and show negative Eu anomalies in all 

samples, except for a positive Eu anomaly in Sample 11 (Figure 32). Fracture calcites 

exhibit only a minor enrichment in the light REE fraction relative to the heavy REE 

fraction. Steep REE patterns could indicate the presence of organic compound as 

complexing agents in the water phase (Landström an Tullborg 1995, Tullborg 1997, 

1999). Lanthanides are released from the organic fraction by biogenic activity and then 

incorporated into calcite. Because the organic fraction is enriched in light REEs, the 

resulting REE pattern in calcite would also be enriched in light REEs (Bath et al. 2000, 

Landström and Tullborg 1995, Tullborg 1997). This kind of steep REE patterns are not 

observed in fracture calcite types that have been studied so far at Olkiluoto. 
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Figure 33. Mn content in fracture calcites representing averages of the EDS analyses in 

the five calcite groups. The Mn content in the potential late-stage calcites is also shown 

(blue triangles). These late-stage calcites are present only in the outermost layers of the 

calcite fillings in the open fractures of groups 1 and 2. With decreasing depth, the Mn 

content shows more variation an  the average Mn content increases. 

 

 

 

Ce anomalies in the REE pattern of fracture calcite can provide information about redox 

conditions at the time of calcite precipitation (Landström and Tullborg 1995, Tullborg 

et al. 2008). Potentially, Ce anomalies could be used to identify calcites precipitated 

during deep intrusions of oxidizing water masses. Negative Ce anomalies indicate that 

the oxidized form of cerium, Ce
4+

, is the dominating species in the solution. Due to the 

low solubility of Ce
4+

, the Ce content decreases, and this, in turn, is recorded in fracture 

precipitates. Such an anomaly was not detected in the samples studied here, indicating 

that Ce has been present in its soluble, reduced form.  

 

A positive Eu anomaly is detected in Sample 11. Sample 11 consists of calcite that is 

thought to represent old, hydrothermal calcite crystallization. Hydrothermal origin of 

this calcite is supported by its δ
18

O values, anomalously depleted in 
18

O, further 

discussed in Section 5.3. Positive Eu anomalies are commonly found in calcites 

precipitated from acid hydrothermal fluids (Michard 1989). Furthermore, similar REE 

distribution patterns are found in percolating fluids, provided that the waters are high 

temperature, acid and Cl-rich solutions (Michard 1989). Landström and Tullborg (1995) 

found that a sample containing the isotopic characteristics and mineral association of 

hydrothermal calcite also had a REE pattern with a positive Eu anomaly. They 
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concluded that the pattern, combined with other evidence, is indicative of calcite 

precipitation from hydrothermal fluids.  

 

An alternative explanation can be given for the negative Eu pattern in Sample 11. The 

host rock for the calcite bearing fracture in Sample 11 is granite pegmatite, whereas the 

other REE patterns represent calcite precipitation in a mica gneiss or migmatite 

environment. Kärki and Paulamäki (2006) have shown granite pegmatites to exhibit 

positive Eu anomalies, whereas the migmatites and gneisses usually have negative Eu 

anomalies. The REE patterns of the calcite types that have so far been studied could 

therefore possibly reflect the REE pattern of the host rock and the source where the 

REE elements have been derived from. More analyses of REE in the hydrothermal 

carbonates are needed to resolve this question. Analyses are also needed from the 

surface layers of the potential late-stage calcite precipitates to see whether these layers 

would also reflect the REE patterns of their host rocks. 

 

 
 
5.3  Isotope systematic of carbon, oxygen and sulfur 
 
5.3.1  Overview  

 

Fracture calcites at Olkiluoto show a large range of values in the isotopic composition 

of carbon but only limited variability in the oxygen isotope values. The δ
13

C values vary 

between -26 and +31 ‰ and the δ
18

O values between -16.7 and -7.3 ‰ (Figure 34, 

Table 2), indicating variations in water sources and the conditions of precipitation. 

Possible sources for these signatures are the different infiltrated water types encountered 

at Olkiluoto. Marine sources (both modern and relict) yield water with a 
18

O-enriched 

oxygen isotope composition compared to the meteoric water source, with a δ
18

O value 

of about -12 ‰ (VSMOW) at Olkiluoto. Glacial melt waters could be the source for 

groundwater, which is more depleted in 
18

O, as compared to the present-day 

precipitation. Glacial melt waters have been estimated to have δ
18

O values as low as 

-22 ‰ (VSMOW) (e.g. Pitkänen et al. 2004).  

 

Similar variations have been noticed for the carbon isotope signatures of the local 

groundwaters. The δ
13

C(DIC) value in the modern recharge is about -25 ‰, whereas the 

sea water DIC source is heavier, with a δ
13

C value of about -1 ‰ (Pitkänen et al. 2004). 

Added to that are many different processes modifying C isotope ratios in water, such as 

calcite dissolution in the upper parts of the bedrock, the oxidation of organic material, 

the bacterial formation of methane, the oxidation of methane and the mixing of waters 

with different carbon isotope ratios (Pitkänen et al. 1999, 2004).  
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Figure 34. The isotopic composition of C and O in fracture calcites showing large 

variability in δ
13

C and limited variability in δ
18

O. The figure shows the different calcite 

groups and illustrates the overlapping isotope compositions of calcites in different 

groups. The two calcite fillings interpreted to be of hydrothermal origin are separated 

by a dashed line.    

 

 

 

The δ
34

S values of sulfide were positive except for three samples. The δ
34

S values 

varied between -6.9 ‰ and +27.8 ‰. Two major sources for groundwater sulfate have 

been recognized: the oxidation of sulfides and marine SO4
2-

. Baltic seawater source 

sulfate has a δ
34

S value of about +20 ‰ (Pitkänen et al. 2004) and the oxidation of 

sulfides produces δ
 34

S values of about +3.5 ‰ (Pitkänen et al. 2004). 

 

There is no observable correlation between the oxygen or carbon isotope ratios of 

fracture calcite and the fracture transmissivities. The different hydrogeological units do 

not show any differences in the isotopic composition of oxygen or sulfur. For sulphur, 

this conclusion is tentative, as only 10 samples were analysed. Interestingly, there seems 

to be variability in carbon isotope ratios between various hydraulic units. The 
13

C-

enriched (δ
13

C > 0) samples are found only from Structure HZ19B.  
 
 
5.3.2  Oxygen isotope composition of fracture calcites 

 

The δ
18

O values of fracture calcites vary between -7.3 and -16.7 ‰, with a majority of 

the calcites having values between -8 and -13 ‰. Compared to the data reported in the 

other studies of the Olkiluoto bedrock, the results reported here include calcites with 

somewhat higher δ
18

O values. For example, the δ
18

O values of the calcite samples 

studied by Blyth et al. (2000) were <-10 ‰ for most samples, and, when combined with 

fluid inclusion studies, indicated elevated temperatures of precipitation. Karhu (1999, 

2000) restricted his study to most recent calcite fillings. His data indicated the presence 

of calcite precipitates with δ
18

O values more enriched in 
18

O, when compared to the data 

in Blyth et al. (2000). However, none of the earlier studies have included calcite 

samples reaching the highest δ
18

O value of -7.3 ‰ obtained in this study. This may be 
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related to the development of analytical techniques, which allow the use of smaller 

amounts of sample material. Typically, the calcite fillings with the highest δ
18

O 

signatures were sampled from the uppermost and most recent calcite growth in Group 1 

and Group 2.  

 

A wide range of the δ
18

O values in the recent groundwaters at Olkiluoto lead to a large 

variability in the δ
18

O values of calcite fillings precipitated in equilibrium with these 

waters. Figure 35 presents a calculation of the 
18

O/
16

O ratio of calcite fillings formed in 

equilibrium with the present-day groundwaters at Olkiluoto, when the ambient 

temperature varies from 5 to 15°C. Except for two samples (Group 5 calcite in Sample 3 

and Sample 11) the calcite fillings analysed in this study could have been precipitated in 

equilibrium with the present day groundwaters at low temperatures.  

 

No clear distinction can be made between the calcite groups based on the calcite δ
18

O 

values (Figure 34). Some lower δ
18

O values are found from groups 2, 3 and 5 compared 

to groups 1 and 4.  

 

The calcite fillings in Group 5 include two types of calcite. In carbon and oxygen 

isotope values, samples 12 and 8 are comparable to samples in the rest of the groups. 

Both these calcite precipitates formed as large crystals in open cavities. Two alternative 

models could explain the low δ
18

O values of calcite in Group 5 precipitates (samples 3 

and 11) The depletion in 
18

O could indicate precipitation from waters with a cold 

climate signature. Alternatively, the fillings could have been formed under 

hydrothermal conditions at high temperatures. Many features in these fracture fillings 

indicate that they were derived from ancient hydrothermal sources. The calcite filling in 

Sample 3 is deformed and the calcite precipitate in Sample 11 is locally replaced by 

kaolinite and chlorite. The δ
18

O values of calcite in these precipitates are relatively close 

to values of about -20 ‰, reported by Tullborg (1989) and Tullborg et al. (1999) for the 

Swedish sites. There is, however, a major difference in δ
13

C values. In Sample 3 and 

Sample 11, the δ
13

C values are -13.9 and -13.7 ‰, respectively, whereas in the Swedish 

sites, the δ
13

C values of hydrothermal calcites range from -5 to -2 ‰ (Tullborg 1989, 

Tullborg et al. 1999). The difference could reflect variation in host rock lithologies. 
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Figure 35. δ

18
OPDB value of calcite precipitated in equilibrium with the present-day 

groundwaters at Olkiluoto, when the ambient temperatures change from 5 to 15°C. The 

black line denotes calcite precipitated from groundwaters with the highest δ
18

OVSMOW 

value at -9.2 ‰ and the blue line denotes precipitation from groundwaters with the 

lowest δ
18

OVSMOW value of -14.7 ‰ at Olkiluoto. Isotopic compositions of groundwaters 

are from Pitkänen et al. (2004). The temperature dependent fractionation of oxygen 

isotopes between calcite and water are according to O’Neil et al. (1969), modified in 

Friedman and O’Neil (1977). 

 

 

 

The potential late-stage calcite fillings, which include the uppermost calcite layers in 

groups 1 and 2 from open fractures, show relatively large variability in their δ
18

O values 

(Figure 36). The highest δ
18

O values of > -9 ‰ are present in the depth interval from 30 

to 264 m (Figure 36). Modern groundwaters at these depths often show modern or relic 

seawater signatures. It is a possibility that these calcite fillings could have been 

precipitated from groundwaters with a seawater component. 
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Figure 36. δ

18
O values vs. depth of the calcite precipitates in the different calcite 

groups. Also shown are the potential late-stage calcite precipitates, which include 

uppermost calcite layers from groups 1 and 2 in open fractures.  
 
 
5.3.3  Carbon isotope composition of fracture calcites 
 

Carbon isotope composition of dissolved inorganic carbon (DIC) in groundwaters is an 

important tracer (e.g. Clark and Fritz 1997). Because the fractionation of carbon 

isotopes at low temperatures during calcite precipitation is small, fracture calcites 

provide a relatively straightforward record for the carbon source of the water form 

which the calcite was precipitated (e.g. Tullborg 2008). 

 

A majority of the δ
13

C values of calcite are concentrated between about -5 and -15 ‰ 

(Figures 34, 37). This contrasts with the δ
13

C values of DIC in groundwaters at 

Olkiluoto, which mostly fall between -15 and -20 ‰ (Pitkänen et al, 2004). Thus, a 

majority of the fracture calcites are more enriched in 
13

C than what would result from 

precipitation in present-day groundwaters. The same conclusion also seems to apply to 

calcite fillings of Group 1 and Group 2, deemed to contain the most recent calcite 

precipitation at Olkiluoto (Figure 37). Also Karhu (1999, 2000) reached the same 

conclusion about disequilibrium between the modern groundwaters and the most recent 

calcite fillings. 

 

The potential late-stage calcite fillings of Group 1 and Group 2 appear to show a 

systematic trend in the δ
13

C values (Table 2, Figure 37). At depths of <50 m, the carbon 

in calcite is depleted in 
13

C, showing δ
13

C values from -8 to -18 ‰ (Figure 37). Based 

on carbon isotope compositions, these samples could represent precipitation from 
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modern groundwaters. At depths of 50-260 m, the potential late-stage calcite fillings of 

Group 1 and Group 2 show higher δ
13

C values, with the highest value at 31.2 ‰. Only a 

few observations of groundwaters with positive δ
13

C values exist from the groundwaters 

at Olkiluoto, and they all come from the methanic zone, at a depth of >400m (Pitkänen 

et al. 2004). 

 

Calcite fillings with 
13

C-enriched compositions are found in three samples (four fracture 

surfaces). Calcite with a significant 
13

C enrichment (δ
13

C ≈ +15 ‰) can be produced in 

bacterial methane production, when the resulting CH4 is highly depleted in 
13

C and CO2 

is enriched in 
13

C (Irwin et al. 1977). Fracture calcite fillings with highly positive δ
13

C 

at Olkiluoto were reported already by Karhu (1999, 2000), but compared to the earlier 

data, the δ
13

C value of +31 ‰ is anomalously high. It represents an average of three 

analyses, and the highest measured δ
13

C value was 35 ‰. Since the fractionation carbon 

isotopes between CO2 and CH4 is very high (75 ± 15 ‰, Clark and Fritz 1997), 

methanogenic processes have potential for producing DIC and calcite fillings highly 

enriched in 
13

C.  

 

The carbon isotope composition of methane in Olkiluoto groundwaters varies between 

-60 and -40 ‰. Based on chemical and isotopic evidence, methane has been derived 

from both abiogenic and biogenic sources (Pitkänen and Partamies 2007).  Using the 

fractionation factor of 75 ‰ (Clark and Fritz 1997), the coexisting CO2 would have 

δ
13

C values from 15 to 35 ‰. Resulting calcite precipitates would have distinctively 

positive δ
13

C values. Even the highest observed enrichment in 
13

C (Sample 27) could be 

produced via bacterial methane formation. 

 

Methane produced abiogenatically from HCO3
-
 under hydrothermal conditions could 

produce fractionation as extensive as seen in biogenic, bacterially mediated methane 

production (Horita and Berndt 1999). The conversion of HCO3
-
 to methane would need 

reducing conditions and the presence of iron-bearing minerals as catalyst (Berndt et al. 

1996, Horita and Berndt 1999). However, this methane production pathway would also 

result in diminishing the HCO3
-
 concentrations in groundwater, thus making carbonate 

precipitation an unlikely event.  

 

Calcite fillings with positive δ
13

C are found from depths above the present-day 

methanic redox environment. These and the previous data (Karhu 2000) strongly 

suggest that the methanic redox environment has earlier existed at an upper level in the 

bedrock compared to the depths >300 m, where it is presently found (Pitkänen et al. 

1999, 2004). In addition, the data from Karhu (2000) indicate that the methanic 

environment has not been restricted to the Structure HZ19B, since the sample with the 

positive δ
13

C values are found well below (OL-KR2 at 110.56 m) or above (OL-KR8 at 

81.82) the HZ19B structure (cf. Ahokas et al. 2007).  
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Figure 37. δ

13
C values of fracture calcite fillings and their depth distribution. The depth 

is assumed to be equal to the drill core length. Note the high δ
13

C values of calcite at 

the depth range from 100 to 300 m. The potential late-stage calcite fillings are marked 

with blue triangles. 
 

 

Most intriguing is the occurrence of pyrite in all samples with a δ
13

C value exceeding 

0 ‰, interpreted as a 
13

C-enriched, methanogenic carbon signature. Sulfide in these 

samples probably is biogenic in origin. However, a sulfidic environment does not 

coexist with a methanic redox environment. Accordingly, it appears that the deposition 

of pyrite and methanogenic calcite into the same fracture, should be separated in time. 

 

In Sample 7A, pyrite forms a few plates on the fracture surface lying straight on top of 

the host rock. Pyrite in this sample could represent an earlier, sulfidic groundwater 

environment, preceeding the deposition of methanogenic calcites with δ
13

C at 11.5 ‰. 

In Sample 27, pyrite covers the fracture surface in patches and also some euhedral 

pyrite crystals are found. Pyrite is generally covered by calcite, indicating that sulfate 

reducing conditions prevailed before the calcite with a strong methanogenic signature 

(δ
13

C=31.2 ‰) precipitated.  

 

In samples 7A and 27, pyrite seems to have been precipitated together with earlier 

calcite generations, showing less enrichment in 
13

C. In Sample 27 the lower calcite 

filling has a δ
13

C value of +2.5 ‰. In Sample 7A, the lower calcite precipitate shows a 

δ
13

C value of -1.5 ‰. 
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The oxygen isotope composition of calcite in samples 7A and 27, as well as the sulfur 

isotope composition of the pyrite in sample 27 suggest a possible seawater source for 

local groundwaters related to the deposition of the fracture filling. Methanic carbon 

isotope signatures and the association of sulfide with calcite indicate complex formation 

histories for the fracture minerals. The precipitation of these fracture fillings could be 

associated with the migration of a redox front between a sulfidic and a methanic redox 

environment. It must be noted, however, that there is no indication for the oxidation of 

methane, i.e. the migration of CH4 from the mechanic environment to the sulphidic one. 

Oxidation of methane would produce DIC with very low δ
13

C signatures, which has not 

been observed in fracture calcite fillings. 

 
 
5.3.4  Sulfur isotope composition of fracture pyrite 

 

The isotope composition of sulfur was analysed from ten fracture pyrite samples. Seven 

of these samples had positive δ
34

S values (Figure 38). Pyrite in samples 5, 16, 27, 28 

and 30 was associated with calcite and formed plates and smallish euhedral crystals on 

fracture surfaces. Pyrite in samples 23, 24 and 13 was more massive and was associated 

with a thick calcite covering (24) or closed calcite veins (13 and 23). Pyrite in Sample 

29 was not associated with calcite, but formed thin platelets between (chloritized) mica 

flakes. Pyrite in Sample 8 was connected to a calcite precipitate in a cavity filling. 

 

The sulfate reservoirs for biogenic sulfides, sedimentary sulfides and hydrothermal 

sulfur show large overlapping fields in their 
34

S/
32

S compositions (e.g. Allègre 2008). 

The main sources of sulfur for sulfate reducing bacteria in the deep groundwaters at 

Olkiluoto are marine sulfate and the oxidation of host rock sulfides in the near surface 

environment (Pitkänen et al. 1999, 2004). The marine sulfate would have a δ
34

S value 

of about +20 ‰, whereas the host rock derived sulfate would be charaterized by lower 

δ
34

S values of about +3.5 ‰ (Pitkänen et al. 2004). Knowing that the bacterial induced 

fractionation between SO4
2-

 and S
2-

 varies from -25 to -40 ‰ (Clark and Fritz 1997), the 

δ
34

S values for fracture pyrites should range from zero to distinctively negative. 

Additional enrichment of the residual sulfate reservoir in 
34

S could result from Rayleigh 

fractionation effects (eg. Clark and Fritz 1997). 



 78 

 
Figure 38. Sulfur isotope composition of fracture pyrites from different sample depths. 

Numbers in the figure denote the respective samples of the pyrites. 

 

 

It has been noted by Pitkänen et al. (1999, 2004), that the isotope composition of sulfur 

in the dissolved sulfate of the Litorina derived waters shows enrichments in 
34

S relative 

to the original seawater δ
34

S value of 20 ‰. These enrichments apparently are related to 

bacterial sulphate reduction and the precipitation of the derived hydrogen sulphide as 

pyrite. Accordingly, some of the pyrite grains in fracture fillings at Olkiluoto should 

represent precipitation from seawater derived groundwaters. These pyrite precipitates 

can be expected to be among the latest calcite precipitates of Group 1 and Group 2. The 

pyrite precipitates in samples 27, 28 and 30 are associated with the potential late-stage 

calcite fillings of Group 2. Pyrites in these samples have δ
34

S values between +3 and 

+19 ‰. These pyrites with variable δ
34

S values clearly are good candidates for marine  

sulfate derived sulfides, formed as a result of bacterial reduction and Rayleigh 

fractionation processes.  

 

Sample 16 pyrite occurs with Group 1 calcite and has the lightest S isotope 

composition. However, because these calcite-pyrite veins branch from open fractures 

and continue into the host rock as closed fractures, it is uncertain whether these fillings 

are old or new ones. 

 

The sulfide precipitates in samples 13 and 24 are associated with the calcite fillings of 

Group 4 and the sulfide in sample 23 with calcite Groups 3. A hydrothermal origin is 

suggested, due to the occurrence of these pyrites in rather massive calcite fillings (23, 

24) or as thick, tight fillings in closed veins (13).  
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In samples 5, 8, and 29 the sulfides are unlikely to represent a very recent precipitate 

and may originate from earlier events, possibly of hydrothermal origin. The pyrite in 

sample 5 is associated with Group 2 calcite, but the other minerals found in the fracture 

filling (quartz, Ti-oxide, chlorite, REE mineral) suggest a hydrothermal origin. In 

sample 8, the association of this pyrite with Group 5 calcite suggest a probable 

hydrothermal origin also for this pyrite. Sample 29 is not associated with calcite and 

occurs as platelets between mica flakes and could either be hydrothermal or old, low 

temperature precipitate. 
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6.  SUMMARY 
 

Fracture calcites were studied from the depth range of 3 to 480 m. The chemical 

composition of the fracture calcites was nearly pure CaCO3 and the main variations 

were found to be in the Mn content.  

 

U and Th concentrations in fracture fillings were studied for the purpose of developing 

methods for the dating of fracture fillings by the U-Th isotopic method. The 

concentrations of U and Th were determined for seven calcite samples. The 

concentrations turned out to be very low (<0.7 ppm). 

 

REE patterns were determined for five calcites from five different fractures. The REE 

patterns showed a similar negative Eu anomaly for most samples, and a positive Eu 

anomaly in the calcite filling of Sample 11. The positive Eu anomaly in Sample 11 

could be derived alternatively from the granite pegmatite host rock or from ancient 

hydrothermal waters. 

 

The most recent calcite precipitates have formed thin layers of fracture filling on 

fracture surfaces and on top of older calcite generations. In some fractures, the latest 

calcite generations are present as euhedral calcite crystals on fracture surfaces. For most 

samples, the oxygen isotope ratios are similar to those for calcites precipitated in 

equilibrium with the present-day groundwaters.  

 

A few calcite fillings yielded unusually high δ
13

C values, with the highest values 

reaching +31 ‰. Carbon in these calcites is interpreted to have been derived from 

methanogenic processes. Some of these calcite precipitates were found from depths 

above the present-day methanic redox environment. This indicates that the methanic 

environment has earlier existed on an upper level in the bedrock compared to the 

modern situation.  

 

Ten pyrite precipitates from fracture fillings were analysed. The pyrite samples showed 

a large range of δ
34

S values from -6.9 to 27.8 ‰. Some pyrites could be tied to the 

deposition of the latest calcite fillings. This and their δ
34

S signatures suggest that these 

pyrite precipitates may have their origin in sulfate reduction of old marine derived 

waters, with δ
34

S values further modified by Rayleigh fractionation processes. Some 

pyrite precipitates associated with hydrothermal calcite fillings may be related to the 

operation of ancient hydrothermal systems. 
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APPENDICES 
 

APPENDIX 1: Results of calcite composition analysis (SEM/EDS) 

APPENDIX 2: Results of calcite composition analysis (LA-ICP-MS) 
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Appendix 1 

 

Appendix 1: Results of compositional analyses of fracture calcites (SEM/EDS) 

 

sample analysis point CaO MnO FeO MgO SrO 

1 1 55.46 0.63 0.00 0.00 0.00 

 2 55.46 0.64 0.00 0.00 0.00 

 3 55.33 0.78 0.00 0.00 0.00 

 4 55.33 0.78 0.00 0.00 0.00 

 5 55.70 0.37 0.00 0.00 0.00 

 6 55.09 0.88 0.00 0.12 0.00 

 7 55.20 0.92 0.00 0.00 0.00 

 8 55.42 0.68 0.00 0.00 0.00 

2 1 54.49 1.46 0.00 0.19 0.00 

 2 54.61 1.40 0.00 0.13 0.00 

 3 54.45 1.49 0.00 0.20 0.00 

 4 55.09 1.04 0.00 0.00 0.00 

 5 54.59 1.13 0.29 0.13 0.00 

 6 55.11 1.02 0.00 0.00 0.00 

 7 54.67 1.51 0.00 0.00 0.00 

 8 55.22 0.90 0.00 0.00 0.00 

 9 55.11 1.01 0.00 0.00 0.00 

 10 55.27 0.84 0.00 0.00 0.00 

 11 54.63 1.55 0.00 0.00 0.00 

 12 54.76 1.08 0.32 0.00 0.00 

 13 55.39 0.71 0.00 0.00 0.00 

 14 55.10 0.74 0.29 0.00 0.00 

 15 55.05 1.08 0.00 0.00 0.00 

 16 54.85 1.01 0.00 0.23 0.00 

 17 54.67 0.92 0.38 0.15 0.00 

 18 55.32 0.79 0.00 0.00 0.00 

 19 55.08 0.78 0.27 0.00 0.00 

 20 55.43 0.67 0.00 0.00 0.00 

3 1 55.40 0.41 0.29 0.00 0.00 

 2 55.40 0.70 0.00 0.00 0.00 

 3 55.63 0.44 0.00 0.00 0.00 

 4 56.03 0.00 0.00 0.00 0.00 

 5 55.45 0.36 0.28 0.00 0.00 

 6 55.67 0.40 0.00 0.00 0.00 

 7 56.03 0.00 0.00 0.00 0.00 

 8 56.03 0.00 0.00 0.00 0.00 

 9 55.41 0.51 0.00 0.14 0.00 

 10 55.71 0.35 0.00 0.00 0.00 

 11 55.63 0.44 0.00 0.00 0.00 

4 1 55.62 0.45 0.00 0.00 0.00 

 2 55.35 0.49 0.27 0.00 0.00 

 3 55.29 0.54 0.00 0.22 0.00 

 4 55.45 0.64 0.00 0.00 0.00 

 5 55.54 0.54 0.00 0.00 0.00 
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 6 55.68 0.39 0.00 0.00 0.00 

 7 55.63 0.44 0.00 0.00 0.00 

 8 55.35 0.39 0.37 0.00 0.00 

 9 55.69 0.37 0.00 0.00 0.00 

 10 55.53 0.55 0.00 0.00 0.00 

 11 55.34 0.61 0.00 0.12 0.00 

5 1 55.41 0.69 0.00 0.00 0.00 

 2 55.73 0.34 0.00 0.00 0.00 

 3 54.64 0.82 0.44 0.21 0.00 

 4 55.60 0.48 0.00 0.00 0.00 

 5 55.67 0.40 0.00 0.00 0.00 

 6 54.85 1.08 0.00 0.17 0.00 

6 1 56.03 0.00 0.00 0.00 0.00 

 2 56.03 0.00 0.00 0.00 0.00 

 1 56.03 0.00 0.00 0.00 0.00 

 3 55.04 0.87 0.00 0.17 0.00 

 4 55.42 0.35 0.33 0.00 0.00 

 5 56.03 0.00 0.00 0.00 0.00 

 6 56.03 0.00 0.00 0.00 0.00 

 7 55.78 0.27 0.00 0.00 0.00 

7A 1 55.03 1.10 0.00 0.00 0.00 

 2 55.46 0.63 0.00 0.00 0.00 

 3 55.56 0.53 0.00 0.00 0.00 

 4 55.05 0.96 0.00 0.09 0.00 

 5 55.57 0.51 0.00 0.00 0.00 

 6 54.45 1.75 0.00 0.00 0.00 

 7 54.90 1.25 0.00 0.00 0.00 

 8 54.98 1.16 0.00 0.00 0.00 

 9 55.57 0.51 0.00 0.00 0.00 

7Aa 1 55.20 0.92 0.00 0.00 0.00 

 2 55.11 1.01 0.00 0.00 0.00 

 3 55.78 0.28 0.00 0.00 0.00 

 4 55.74 0.32 0.00 0.00 0.00 

 5 54.73 1.44 0.00 0.00 0.00 

 6 54.62 1.56 0.00 0.00 0.00 

 7 54.74 1.43 0.00 0.00 0.00 

 8 54.59 1.27 0.32 0.00 0.00 

 9 54.33 1.87 0.00 0.00 0.00 

 10 54.97 1.17 0.00 0.00 0.00 

7B 1 55.71 0.36 0.00 0.00 0.00 

 2 54.85 0.70 0.35 0.20 0.00 

 3 55.11 0.85 0.00 0.14 0.00 

 4 56.03 0.00 0.00 0.00 0.00 

 5 55.22 0.76 0.00 0.11 0.00 

 6 55.60 0.48 0.00 0.00 0.00 

 7 55.67 0.40 0.00 0.00 0.00 

 8 55.24 0.87 0.00 0.00 0.00 

8 1 54.14 1.93 0.00 0.12 0.00 

 2 54.18 1.78 0.00 0.20 0.00 

 3 53.58 2.53 0.00 0.14 0.00 

 4 54.37 1.83 0.00 0.00 0.00 
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 5 53.75 2.33 0.00 0.14 0.00 

 6 54.84 1.31 0.00 0.00 0.00 

 7 54.43 1.63 0.00 0.11 0.00 

 8 54.89 1.27 0.00 0.00 0.00 

10 1 54.53 1.39 0.00 0.21 0.00 

 2 54.85 1.16 0.00 0.11 0.00 

 3 55.52 0.57 0.00 0.00 0.00 

 4 55.19 0.93 0.00 0.00 0.00 

 5 55.30 0.81 0.00 0.00 0.00 

 6 55.34 0.76 0.00 0.00 0.00 

 7 54.89 1.01 0.00 0.19 0.00 

 8 55.71 0.36 0.00 0.00 0.00 

 9 55.71 0.35 0.00 0.00 0.00 

 10 54.83 1.13 0.00 0.15 0.00 

 11 55.28 0.83 0.00 0.00 0.00 

 12 55.05 1.09 0.00 0.00 0.00 

 13 55.25 0.87 0.00 0.00 0.00 

11 1 56.03 0.00 0.00 0.00 0.00 

 2 55.75 0.31 0.00 0.00 0.00 

 3 55.18 0.69 0.00 0.19 0.00 

 4 55.83 0.23 0.00 0.00 0.00 

 5 56.03 0.00 0.00 0.00 0.00 

 6 55.49 0.60 0.00 0.00 0.00 

12 1 54.62 1.31 0.11 0.00 0.16 

 2 54.50 1.42 0.00 0.21 0.00 

 3 54.89 1.01 0.00 0.20 0.00 

 4 55.79 0.00 0.00 0.21 0.00 

 5 55.51 0.38 0.00 0.15 0.00 

 6 55.88 0.00 0.00 0.13 0.00 

 7 55.76 0.00 0.00 0.24 0.00 

 8 55.30 0.81 0.00 0.00 0.00 

 9 55.42 0.67 0.00 0.00 0.00 

13 1 55.61 0.25 0.00 0.17 0.00 

 2 54.78 1.11 0.00 0.21 0.00 

 3 55.70 0.36 0.00 0.00 0.00 

 4 55.83 0.23 0.00 0.00 0.00 

 5 55.58 0.50 0.00 0.00 0.00 

 6 55.78 0.28 0.00 0.00 0.00 

 7 55.63 0.44 0.00 0.00 0.00 

 8 56.03 0.00 0.00 0.00 0.00 

14 1 54.57 1.24 0.00 0.29 0.00 

 2 56.03 0.00 0.00 0.00 0.00 

 3 55.42 0.48 0.00 0.15 0.00 

 4 55.13 0.78 0.00 0.17 0.00 

 5 55.22 0.70 0.00 0.15 0.00 

 6 55.60 0.48 0.00 0.00 0.00 

15 1 55.70 0.37 0.00 0.00 0.00 

 2 55.75 0.31 0.00 0.00 0.00 

 3 55.43 0.66 0.00 0.00 0.00 

 4 55.40 0.39 0.32 0.00 0.00 

 5 55.76 0.30 0.00 0.00 0.00 
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 6 55.77 0.29 0.00 0.00 0.00 

 7 55.79 0.27 0.00 0.00 0.00 

 8 55.54 0.55 0.00 0.00 0.00 

 9 55.78 0.28 0.00 0.00 0.00 

16 1 54.64 0.69 0.85 0.00 0.00 

 2 54.92 0.65 0.57 0.00 0.00 

 3 56.03 0.00 0.00 0.00 0.00 

 4 55.32 0.78 0.00 0.00 0.00 

 5 55.62 0.45 0.00 0.00 0.00 

 6 54.16 1.16 0.75 0.12 0.00 

 7 55.71 0.36 0.00 0.00 0.00 

 8 55.51 0.57 0.00 0.00 0.00 

17 1 56.03 0.00 0.00 0.00 0.00 

 2 56.03 0.00 0.00 0.00 0.00 

 3 55.47 0.00 0.37 0.00 0.29 

 4 56.03 0.00 0.00 0.00 0.00 

 5 56.03 0.00 0.00 0.00 0.00 

 6 54.95 0.38 0.59 0.17 0.00 

 7 54.08 2.01 0.00 0.11 0.00 

 8 54.34 0.29 0.83 0.24 0.50 

18A 1 56.03 0.00 0.00 0.00 0.00 

 2 55.25 0.62 0.00 0.19 0.00 

 3 55.35 0.75 0.00 0.00 0.00 

 4 55.67 0.40 0.00 0.00 0.00 

 5 55.43 0.53 0.00 0.00 0.16 

 6 55.45 0.64 0.00 0.00 0.00 

 7 55.29 0.52 0.00 0.24 0.00 

18B 1 54.08 1.77 0.00 0.30 0.00 

 2 54.96 0.73 0.00 0.35 0.00 

 3 55.30 0.67 0.00 0.11 0.00 

 4 54.80 1.17 0.00 0.15 0.00 

 5 53.95 1.88 0.00 0.33 0.00 

 6 54.96 0.69 0.00 0.39 0.00 

 7 54.85 0.91 0.00 0.30 0.00 

 8 54.90 0.94 0.00 0.24 0.00 

19 1 55.66 0.41 0.00 0.00 0.00 

 2 55.65 0.43 0.00 0.00 0.00 

 3 55.67 0.41 0.00 0.00 0.00 

 4 55.74 0.32 0.00 0.00 0.00 

 5 54.98 0.92 0.00 0.19 0.00 

20 1 54.95 1.20 0.00 0.00 0.00 

 2 56.03 0.00 0.00 0.00 0.00 

 3 54.25 1.55 0.00 0.32 0.00 

 4 56.03 0.00 0.00 0.00 0.00 

 5 56.03 0.00 0.00 0.00 0.00 

 6 54.00 1.81 0.00 0.33 0.00 

21 1 55.81 0.25 0.00 0.00 0.00 

 2 55.80 0.25 0.00 0.00 0.00 

 3 55.68 0.39 0.00 0.00 0.00 

 4 55.57 0.32 0.00 0.15 0.00 

 5 55.62 0.30 0.00 0.12 0.00 
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 6 55.57 0.31 0.00 0.16 0.00 

 7 55.79 0.26 0.00 0.00 0.00 

22 1 55.00 0.48 0.35 0.24 0.00 

 2 55.01 1.12 0.00 0.00 0.00 

 3 54.79 1.20 0.00 0.13 0.00 

 4 55.31 0.80 0.00 0.00 0.00 

 5 55.53 0.56 0.00 0.00 0.00 

 6 55.71 0.36 0.00 0.00 0.00 

23 1 55.55 0.53 0.00 0.00 0.00 

 2 55.02 1.12 0.00 0.00 0.00 

 3 55.61 0.47 0.00 0.00 0.00 

 4 55.51 0.57 0.00 0.00 0.00 

 5 55.66 0.42 0.00 0.00 0.00 

 6 55.63 0.44 0.00 0.00 0.00 

 7 55.51 0.57 0.00 0.00 0.00 

 8 55.69 0.38 0.00 0.00 0.00 

 9 55.44 0.66 0.00 0.00 0.00 

24A 1 55.21 0.90 0.00 0.00 0.00 

 2 55.10 1.03 0.00 0.00 0.00 

 3 55.42 0.68 0.00 0.00 0.00 

 4 55.27 0.84 0.00 0.00 0.00 

 5 55.38 0.72 0.00 0.00 0.00 

24B 1 55.55 0.53 0.00 0.00 0.00 

 2 55.16 0.96 0.00 0.00 0.00 

 3 55.28 0.83 0.00 0.00 0.00 

 4 55.66 0.42 0.00 0.00 0.00 

 5 55.59 0.49 0.00 0.00 0.00 

25 1 56.03 0.00 0.00 0.00 0.00 

 2 56.03 0.00 0.00 0.00 0.00 

 3 55.82 0.23 0.00 0.00 0.00 

 4 56.03 0.00 0.00 0.00 0.00 

 5 56.03 0.00 0.00 0.00 0.00 

26 1 56.03 0.00 0.00 0.00 0.00 

 2 56.03 0.00 0.00 0.00 0.00 

 3 56.03 0.00 0.00 0.00 0.00 

 4 56.03 0.00 0.00 0.00 0.00 

 5 56.03 0.00 0.00 0.00 0.00 

27 1 55.42 0.67 0.00 0.00 0.00 

 2 55.33 0.78 0.00 0.00 0.00 

 3 55.62 0.46 0.00 0.00 0.00 

 4 55.51 0.57 0.00 0.00 0.00 

 5 55.47 0.42 0.00 0.16 0.00 

 6 56.03 0.00 0.00 0.00 0.00 

 7 56.03 0.00 0.00 0.00 0.00 

 8 56.03 0.00 0.00 0.00 0.00 

 9 56.03 0.00 0.00 0.00 0.00 

28 1 54.81 1.17 0.18 0.00 0.00 

 2 53.53 2.50 0.00 0.20 0.00 

 3 55.56 0.52 0.00 0.00 0.00 

 4 54.75 1.42 0.00 0.00 0.00 

 5 55.52 0.57 0.00 0.00 0.00 
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 6 54.51 1.46 0.00 0.17 0.00 

 7 55.27 0.84 0.00 0.00 0.00 

 8 55.03 1.10 0.00 0.00 0.00 

29 1 55.37 0.73 0.00 0.00 0.00 

 2 55.75 0.32 0.00 0.00 0.00 

 3 56.03 0.00 0.00 0.00 0.00 

 1 55.62 0.45 0.00 0.00 0.00 

 2 55.70 0.37 0.00 0.00 0.00 

 3 55.27 0.84 0.00 0.00 0.00 

 4 56.03 0.00 0.00 0.00 0.00 

 5 55.81 0.25 0.00 0.00 0.00 

30 1 55.75 0.31 0.00 0.00 0.00 

 2 55.49 0.60 0.00 0.00 0.00 

 3 56.03 0.00 0.00 0.00 0.00 

 4 55.82 0.24 0.00 0.00 0.00 

 5 55.43 0.67 0.00 0.00 0.00 

 6 55.20 0.92 0.00 0.00 0.00 

 7 55.42 0.68 0.00 0.00 0.00 

 8 56.03 0.00 0.00 0.00 0.00 

 9 55.74 0.32 0.00 0.00 0.00 
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Appendix 2 
 

 

Appendix 2: Results form trace element analysis of fracture calcites (LA-ICP-MS). 

Numbers in parenthesis indicate values below the concentrations in the most dilute 

standard. 
 sample       

element 
11 

(aver.) 
7B 7A 12 30 

29 
(aver.) 

6 

La 7.72 59.81 22.24 38.77 82.26   

Ce 10.81 104.60 40.71 41.58 177.80   

Pr 1.18 13.74 5.74 4.78 25.41   

Nd 4.19 60.20 26.08 20.11 105.50   

Sm 1.10 13.01 7.06 4.36 26.15   

Eu 1.01 2.13 (0.72) 0.79 1.90   

Gd 1.44 10.22 8.20 4.64 21.82   

Tb (0.29) 1.42 1.34 (0.69) 3.35   

Dy 2.10 8.53 8.67 4.10 19.14   

Ho (0.42) 1.67 1.64 (0.72) 3.18   

Er 1.15 4.84 4.54 1.93 8.30   

Tm (0.17) 0.75 (0.63) (0.26) 1.21   

Yb 1.01 5.52 4.27 1.72 8.39   

Lu (0.14) 0.87 (0.64) (0.26) 1.15   

Th (0.02) (0.04) (0.01) (0.02) (0.03) (0.04) (0.09) 

U (0.08) (0.16) (0.41) 0.95 (0.00) (0.04) (0.02) 
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