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ABSTRACT 

The excess amount of dissolved oxygen has been used as a 

reducible species in order to determine reducing ability 

(redox capacity) of crystalline rocks and minerals in an 

aqueous granite solution. Both crushed and whole rock 

samples were used. The oxygen pressure was set to 100 bar 

both to promote diffusion and accelerate the surface 

reactions. The redox capacity was obtained as a function of 

the decrease of Fe (II) in the solid phase. The decrease of 

ferrous iron near the reaction surface ranged from about 2 % 

up to 39 %. All reacted samples showed a decrease of between 

5 - 30 % in the ratio of FeII/Fetotal within a reaction zone 

at the rock surface. The reaction depth varied from about 

0.1 cm up to more than 2.5 cm in rocks that were 

artificially ruptured and in naturally fractured granitic 

rocks, respectively. The redox capacity calculated from the 

average decrease of iron in profile varied from about 18 to 

620 molFeII/m3 and 320 to 580 molFeII/m3 for the ruptured 

and the natural fracture samples, respectively. 



PREFACE 

This work has been done in the Technical Research Centre of 

Finland (VTT) and financed by Svensk Karnbranslehantering Ab 

(SKB) and Teollisuuden Voima Oy (TVO). The contact persons 

have been Dr. Peter Wikberg (SKB), MSc Marcus Laaksoharju 

(SKB), Tech. Lie. Jukka-Pekka Salo (TVO), Dr. Juhani Vira 

(TVO), Dr. Veijo Pirhonen (VTT) and MSc Petteri Pitkanen 

(VTT). Marcus Laaksoharju, and Dr. Steven Banwart from the 

Royal Institute of Technology (RIT) have partipated 

evaluation and design of the experiments, professors Ingemar 

Grenthe and Ivars Neretnieks have critically rewied the 

earlier status reports and drafts. Their support is 

acknowledged with great gratitude. The authors are 

especially indepted to Dr. Antti Vuorinen from the 

University of Helsinki (HY), who has given his great 

expertise for making the iron analyses possible. The figures 

were drafted by Mr. H. Jukka and the text was edited by Mrs. 

Anneli Asunta and Mrs. Tuula Streng. Contributions of all 

the other fellow workers in the VTT and the HY are also 

appreciated. 



CONTENTS 

ABSTRACT 

PREFACE 

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

2. MATERIALS AND PROCEDURES ........................... 2 

2. 1 Sample material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

2.1.1 Natural fracture samples ................. 3 

2.1.2 Artifically ruptured or polished samples . 6 

2. 1. 3 Mineral samples . . . . . . . . . . . . . . . . . . . . . . . . . . 10 

2.1.4 Porosity ................................. 12 

2.2 Sample preparation ............................. 15 

2.3 Oxidation experiments .......................... 17 

2. 4 Diffusion profiles ............................. 18 

3. RESULTS ............................................ 19 

3.1 Iron contents of rock before and after oxidation 19 

3.2 Calculated redox capacity of rock .............. 25 

4. CONCLUSIONS ........................................ 27 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 8 

APPENDICES: 
1. Determination of ferrous and total iron of rock powder 
2. Sample and thin section photographs 
3. Porosity profiles of fracture samples 
4. Chemical contents of synthetic granite water 
5. Oxygen contents of granite water with time in test run 
6. Cation contents of granite water with time in test run 
7. Mossbauer diagrams of pyrite and magnetite 
8. Fell profiles of polished rock samples 



- 1 -

1 INTRODUCTION 

THE OBJECTIVE of the present redox experiments was to 

measure reducing capacity resulting from oxidation of 

ferrous iron in the granitic rocks and minerals. This was 

done by exposing rock and mineral samples to aqueous 

solution under o2 athmosphere, and measuring decrease in 

ferrous iron contents. The possibility of parallel 

dissolution of iron was also examined. This is essential in 

order to estimate contribution of rock to the processes that 

can consume oxygen in the oxygen bearing zone of a redox 

front resulting from radiolysis. 

Different rock types like metabasite, diorite, granodiorite, 

tonalite, mica gneiss, and granite have been examined (Table 

1). Rocks with natural fracture surfaces were compared with 

artificially ruptured or polished rock surfaces to see if 

there is any physical effect on the reactivity. The samples 

represent different rock forming conditions, and deformation 

and weathering histories. Variations of ferrous iron 

contents are expected to have an important effect on the 

experimental results. 



- 2 -

Table 1. Types and locations of fracture (a) and intact (b) rock 
samples. 

Rocktype 

(a) 

Borehole/ Area 

sample 

code 

Section (m) DefoDTiation/ Relative 

alteration/ 

weathering 

1) 

FeII 

contents 

Mica gneiss I OL-KR2 Olkiluoto 490.29 - 491.08 D/A/PJJW m:xierate 
Tonalite SY-KR3 Syyry 454.25 - 455.00 D/MA/UW m:xierate 
Mica gneiss II SY-KRS II 697.25 697.97 D/MA/UW m:xierate 

(b) 
Aspo metadiorite Kas 02-1 Aspo 756.00 - 757. 00 D/A/UW low 
Smalands granite Kas 02-2 II 158.00 159.00 H-D/MA/UW lowest 
Granodiorite I Fi8-1 Finsjon 231.00 - 231.82 D/A/UW m:xierate 

II II Fi8-2 II 250.73 251.29 H-D/MA/UW m:xierate 
Metabasite Fi4 II 119.45 119.96 H-D/UA-MA/UW high 

1) D = defoDIEd, H = harogeneous, A = altered, MA = m:xierately altered, 
UA = unaltered, W = weathered, UW = unweathered 

2. MATERIALS AND PROCEDURES 

2.1 Sample material 

In this chapter a petrographic description of the sample 

material is given, refering to both intact rock samples (for 

determining average petrographic features), and fractured 

samples (for studying possible mineralogical and/or 

structural changes in the vicinity of the fractures). The 

rock samples are drilled cores, the types and sampling 
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locations are presented in Table 1. Descriptions are given 

also for mineral specimens (hypersthene, olivine, 

hornblende, biotite, muscovite, pyrite, and magnetite) which 

were taken from outcrops and mines. The mineral compositions 

of the rocks used in this study are presented in Table 2. 

and the photographs of the prepared samples are shown in 

Appendix 2. 

2.1.1 Natural fracture samples 

Mica gneiss OL-KR2 

When observed on the mesoscopic scale, the rock has a dark 

gray colour caused by the medium grained mixture of 

plagioclase, quartz and biotite. This main content is 

irregularly cut by a brighter, coarse grained granitic vein 

which contains large crystals of mainly plagioclase and 

quartz. In the macroscale, The granitic veins cause 

heterogeneity to the rock but, however, the mica gneiss 

which makes the bulk volume of the rock, can be regarded as 

homogeneous. 

Obtained by microscope, the main primary minerals are 

plagioclase, quartz and biotite, which together make about 

85 % of the total rock volume. Secondary minerals are 

sericite (after plagioclase alteration), chlorite (after 

biotite), and carbonate (probably calcite) which occurs 

mainly as a fracture filling. Accessories are zircon, white 

mica, opaques and clay. The gneissic features are strong 

but, however, the distribution of the minerals in the rock 

seems to be homogeneous. 

The main fracture surface (Appendix 2.8) is parallel to the 

micas orientation (gneissic) and is coated by carbonate 

which is accompanied with fine quartz (precipitated?) and 

some type of clay. The fracture coating has a width of 0.2 -

0.5 mm. In the rnidsarnple, a large carbonate filled fracture 

(Appendix 2.9) having a width of 0.1 - 0.5 mm appears 
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together with fine quartz, it is elongated {few mm) and 
parallel to the main fracture surface. Short carbonate 

filled diffusion channels develope at some locations along 

it. Other fractures of the same type but much smaller in 

scale, appear with a same orientation inside some of the 

medium-large quartz and plagioclase grains. At the near 

zone, up to a distance of 3 - 5 mm from the main fracture 

surface and the large carbonate filled midsample fracture, 

it can be clearly seen that biotite had lost its pleochroic 

green colour during its alteration to chlorite, and that 

plagioclase had strongly altered to sericite. The two 

dominant fractures and their associated altered minerals, in 

relation to the non-altered parts of the sample, make a 

zonal appearance of separated fresh and altered stripes, 
all, in the same orientation. The coarse-grained granite 

vein seems to have caused the biotite grains to partly alter 

into chlorite. This process is believed to have been taken 

place at locations far enough from possible fracture 

influence. Other carbonate filled, intergrain microfractures 

with an orientation which is different from the above, are 

located inside few plagioclase grains of the granite vein. 

Fluid inclusion rims in quartz grains (Appendix 2.10) are 

common throughout the sample, they seem to have an 

orientation which is similar to the general texture 

(gneissic) and the main fractures. 

Tonalite SY-KR3 

When observed on the mesoscopic scale, the rock has a light 

gray colour caused by the high amount of plagioclase and 

quartz grains which are mixed together with a low content of 

biotite and hornblende. The rock is oriented (gneissic) and 

in general, looks homogeneous. Two perpendicular fracture 

surfaces are present, they are clearly altered and coated by 

a green mixture of chlorite and some type of clay. The 

shorter of the two surfaces is in addition, coated by some 

1.0 mm thick of carbonate cover (probably calcite). 
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Observed by microscope, the main primary minerals are 

plagioclase, quartz, biotite and hornblende. The first two 

are medium to very coarse (5 mm) and cause a porphyritic 

appearance. All hornblende crystals are strongly altered. 

Together, the primary minerals make more than 90 % of the 

total rock volume. Secondary minerals are sericite, epidote 

and carbonate after plagioclase alteration, and chlorite 

after the alterations of biotite and hornblende. Accessories 

are zircon and opaques. The biotite is distributed in 

concentrated zones of fine-medium flakes but, the rock in 

general, appears as homogeneous. 

The (longer) fracture surface and the general orientation 

(gneissic) of the micas are parallel. In the near zone (1 -

2 mm) of the two (perpendicular) fracture surfaces, it seems 

likely that biotite flakes have altered to chlorite 

(Appendix 2.11) and perhaps, as a further step, also to some 

type of clay. An intergrain fracture filled with very fine 

quartz precipitation and some chlorite, appears to cut 

plagioclase grains in a direction which is parallel to the 

(longer) fracture surface. This fracture is some 3-4 mm long 

and of about 0.05 mm thick. Inter and intragrain 

microfractures with very low spacing if at all, are present 

in many of the plagioclase grains, some of them have an 

extension into neighbouring quartz grains. Fluid inclusion 

rims in quartz grains are also present. 

Mica gneiss SY-KRS 

Observed on the mesoscopic scale, the rock has a dark gray 

colour, caused by the relatively high amount of biotite 

flakes (25%) which are sited among plagioclase and quartz 

grains. In general, the rock is medium-grained, 

equigranularic, oriented (gneissic or foliated) and 

homogeneous. 
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Observed by microscope, primary minerals are quartz, 

plagioclase, biotite and muscovite, they together make about 

97 % of the total volume and thus, the rock can be regarded 

as fresh. Secondary minerals are sericite, epidote and 

chlorite which are present as accessories and formed by the 

(partly) alteration of plagioclase and biotite. Other 

accessories are apatite, zircon and opaques. Poikiloblastic 

texture occurs, it was caused by fine quartz inclusions in 

muscovites. Fluid inclusion rims (Appendix 2.12) in quartz 

grains are common and by which some of, may have an 

extension over neighbouring (quartz) grains. Carbonate 

filled fractures occur at some locations in the sample 

(Appendix 2.13). 

2.1.2 Artificially ruptured or polished samples 

Aspo metadiorite Kas 02-1 

On the mesoscopic scale, the rock has a dark gray colour 

caused by the medium grained mixture of plagioclase, quartz, 

potassic feldspar and biotite. Large lighter spots are due 

to feldspar megacrysts in which at least some of them are 

metamorphic (Wikman et al., 1988), the distribution in the 

rock of these larger grains seems to be slightly 

heterogeneous. Orientation is clearly present and the rock 

should be referred to as porphyroblastic metadiorite. 

Observed by microscope, main primary minerals are 

plagioclase, quartz, microcline and biotite, these together, 

make no more than 65% of the total rock volume. The rock is 

relatively rich in secondary minerals such as sericite, 

epidote and carbonate, all formed by the advance alteration 

of plagioclase. Accessory minerals are sphene (both primary 

and secondary), apatite, zircon, allanite and opaques. 

Carbonate-filled intergrain fractures some 2 mm thick, occur 

inside large plagioclase grains. At some locations they may 

extend into neighbouring quartz or microcline crystals where 
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no carbonate filling is visible. Carbonate fractures are low 

intensity in colour and occur only at few locations. Long 

(few millimetres) intergrain non filled fractures with a 

very limited spacing, if at all, occur and extend through 

several grains of plagioclase, quartz and microcline 

(Appendix 2.14). In general, these are parallel to the 

carbonate filled-fractures, and may together with them, 

belong to one single (fracture) system. Other common 

features are the high intensity of shear zones, filled 

mainly by fine grains of quartz, and the fluid inclusions in 

medium-large grains of this mineral. 

Smalands granite Kas 02-2 

On the mesoscopic scale, the rock has a light gray colour 

caused by the high amount of plagioclase, quartz and 

potassic feldspar. Grains of the latter are large 

(megacrysts) and due to some iron content, appear with 

reddish colour. Black spots are caused by low amount of 

biotite. In general, the rock is oriented (gneissic) and 

looks homogeneous. 

Observed by microscope, primary minerals are plagioclase, 

quartz, microcline and biotite, which together make about 

90 % of the total rock volume. Sericite, epidote and 

carbonate are the secondary minerals after plagioclase 

alteration. Accessory minerals are apatite, sphene (both 

primary and secondary), zircon and opaques. The texture is 

somewhat porphyritic due to the large feldspar crystals. 

Perthite, granophyre and myrmekite textures are common. 

Intergrain microfractures with very low spacing, if at all, 

occur in some of the large feldspar grains. In few locations 

they have a high frequency appearance of some 2 

fractures/mm. Intragrain microfractures with no spacing 

occur inside large plagioclase crystals. Fluid inclusions in 

medium-large quartz grains are common, some of them have an 

extension into neighbouring (quartz) grains. Shear zones, 

filled mainly by fine quartz are also common. 
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Granodiorite FiB-1 

On the mesoscopic scale, the rock is dark coloured due to 

the relatively high amount of biotite and hornblende 

crystals, which are sited among the lighter grains of 

feldspar and quartz. Some areas contain lots of hornblende 

and thus, cause some heterogeneity in the rock. Orientation 

is visible. 

Observed by microscope, the main primary minerals are 

plagioclase, quartz, microcline, hornblende and biotite 

which together make about 80% of the total rock volume. 

Secondary minerals are sericite (major) and epidote after 

the advance alteration of plagioclase, and minor amount of 

chlorite (after biotite). Accessory minerals are zircon and 

sphene. In general, the rock is medium to large grained, 

poikilitic hornblendes are common and some orientation is 

present. Fluid inclusions and microfractures (Appendix 2.15) 

in quartz grains are very common. 

Granodiorite FiB-2 

On the mesoscopic scale, the rock appears as medium-large 

grained, equigranularic and with some orientation 

(gneissic). Mafic-rich zones (few centimetres) are present 

and cause heterogeneity. 

Obtained by microscope, the main primary minerals are 

plagioclase, quartz, microcline, hornblende and biotite 

which together make more than 90 % of the total rock volume. 

Secondary minerals are sericite and epidote after 

plagioclase alteration, and chlorite (minor amount) after 

biotite. Accessories are apatite, zircon and (secondary) 

sphene. Hornblende crystals are poikilitic. Perthite, 

antiperthite and myrmekite textures are common. 
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Long (several millimetres) intergrain microfractures of low 

intensity and with a very limited spacing (microns), and 

some fluid inclusions are present in quartz grains. Few 

intragrain microfractures, occur inside hornblende crystals. 

In general, FI8-2 and FI8-l rock samples, which are taken 

from same borehole, are similar. They somewhat differ only 

in their hornblende content and the rate of plagioclase 

alteration (sericite content). 

Metabasite (metadiabase) Fi4 

On the mesoscopic scale, the rock appears as medium grained 

and equigranularic, it has a dark black colour (mafic rich) 

and seems to be homogeneous. 

Observed by microscope (Table 1), primary minerals are 

hornblende (50 %), plagioclase, quartz, biotite and 

microcline which together make about 95 % of the total rock 

volume. Secondary minerals are sericite and epidote (after 

plagioclase) and some chlorite (after biotite). Accessories 

are sphene, apatite, zircon and opaques. Obtained from two 

different locations along the core sample, various rates of 

seritization of plagioclase and chloritization of biotite 

are found, this may leed to the conclusion that the 

alteration is not at the same level throughout the rock. 

No significant changes of any kind are visible along the 

polished surface. Intragrain microfractures with no spacing 

are present in plagioclase grains. They appear with low 

intensity. Also present are fluid inclusions in quartz. 
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Table 2. Modal mineral distributions (%) of rock samples. 

Mica- Tonalite Mica- Meta- Granite Grano- Grano- Meta-
gneiss I gneiss II diorite diorite I diorite II basite 

Plag. 39,9 59,1 26,2 26 32 21,7 38,9 25,4 
K-feld. 11,5 24,9 7,4 6,9 2 
Quartz 34,6 21,8 31,4 13, 1 28,2 21,2 25,3 10, 1 
Biotite 11,5 10 25 15,8 5,8 11,7 9,3 6,5 
Chlorite 3 1, 1 + + + + 
Muscovite 1 14, 1 
Hornbl. 4 19,8 11,7 50 
Epidote 1,3 + 11,5 2 3,6 2,7 2,2 
Calcite 1,5 + 3 + 
Sericite 7 2 + 14,7 3,1 13,4 3,1 1 
Apatite 1 1 + 1,2 + 
Zircon + + + + + + + + 
Sph,/Leoc 2 1,2 + + 1 , 1 
Allanite + 
Clay + 
Opaques 1 + 1 1 2 + 

Fe II cont. moderate moderate moderate poor poor moderate moderate rich 

2.1.3 Mineral samples 

Hypersthene 

The sample is purely consisting of hypersthene (very large 
crystal). In addition to the typical cleavage, large and 
elongated (few millimetres) fractures (Appendix 2.16) are 
cutting the rock. Probably, these have some spacing which 
allowed aqueous solutions to react with the mineral and 
oxidise it. More intensive system of intergrain fractures 
appears, and has a very limited spacing, if at all. When 
combining the two fracture systems, the average diameter of 
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the nonfractured area which lies among them, is of some 0.5 

- 1.0 mm. In comparison to the inner parts, the margins of 

the sample are intensively broken and cracked. 

Olivine 

On the mesoscopic scale, the sample, which is purely 

consisting of olivine (very large crystal) has a light green 

colour and when observed by microscope no pleochroic colours 

are visible, therefore, it is assumed to have low iron 

content. The crystal is intensively fractured by inter and 

intragrain microfractures in which some of, may have a 

limited spacing (microns). The average diameter of the 

nonfractured area which lies between the above, is of some 

1.0 mm in diameter. Opaque dust is common throughout the 

sample and has a homogeneous distribution. 

Hornblende 

On mesoscopic scale, this hornblende-rich rock sample 

appears as medium-large grained, equigranularic, dark-black 

coloured and oriented (gneissic). 

Observed by microscope, the main primary minerals are 

hornblende (83.1%), plagioclase and biotite which together 

make more than 95% of the total rock volume. Sericite is the 

only secondary mineral after the (partly) alteration of 

plagioclase. Accessories are zircon and opaques. Hornblende 

crystal fractures are clearly visible and they appear with 

high intensity. 

Biotite 

Extremely large (several tens of centimetres) crystals of 

biotite apparently originate from a granite pegrnatite. When 

observed by microscope, the pleochroic colour is green and 

very strong, thus, reflecting high iron/magnesium ratio. 
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Muscovite 

Extremely large (several tens of centimetres), colourless 

crystals of muscovite apparently originate from a granite 

pegmatite complex. 

Pyrite 

Very large and pure aggregate of medium grained, 

equigranularic crystals of pyrite. 

Magnetite 

Large, dark-black and massive sample of very fine-fine 

grains of magnetite, an obvious banded formation. 

2.1.4 Porosity 

The porosity profiles of natural fractures are as follows: 

The porosity profiles of the three fracture samples 

(Appendix 3), are clearly decreasing within the first 10 mm 

from the fracture surface. OL-KR2 and SY-KRS samples have 

fracture surfaces which appear differently, however, they 

are both having composition and texture of a mica gneiss 

which may explain the similarity exhibited by their porosity 

profiles. Thus, the rock type may have a strong influence on 

the porosity profile. The porosity profile of the tonalite 

SY-KR3 sample is parabolic and decrease from the high value 

of O. 80 % at 1. 5 mm from the fracture surface, down to O. 32 

% at a distance of 10.4 mm. It can be clearly seen that the 

presented pro·f ile of this sample has, at any distance, 

higher porosity values than those presented in the profiles 

of OL-KR2 and SY-KRS (mica gneiss) samples. 

The fracture samples have clear porosity interfaces where 

porosity decreased from the surface (0.32-0.8 % vol) towards 
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the matrix (0.1-0.3 % vol) within a distance of 0.5 to 1.0 

cm from the surface (Appendix 3). 

Porosity of rock samples: 

The porosity values (Table 3) of the granodiorite, diorite, 

aplite and metabasite (FIS-1, KAS02-1, FIS-2 and FI4 

samples, correspondingly) are low and similar, all, in the 

range of 0.06 - 0.09 %. Different from these, is the granite 

KAS02-2 sample which has a porosity value of 0.18 % which is 

as twice high as the maximum value of the above range. 
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Table 3. Porosity of fracture profiles (a) and porosity and 

surface area of rock and mineral samples (b). 

a. 

Sample Distance from 

surface (mm) 

1. Mica gneiss I 

OL-KR2-1 

-2 

-3 

2 . Mica gneiss II 

SY-KR5-l 

-2 

-3 

3. Tonalite 

SY-KR3-l 

-2 

-3 

b. 

Sample Rock name 

FI8-1 granodiorite 

FI8-2 granodiorite 

FI4 metabasite 

Kas 02-1 Aspo diorite 

1. 9 

5.9 

9.6 

2.5 

7.4 

9.6 

1.5 

5.6 

10.4 

I 

II 

Kas 02-2 Smaland granite 

Minerals hy, ol, hbl, bt, 

mcv, PY, mgt 

Porosity 

( % ) 

0.08 

0.07 

0.06 

0.09 

0.18 

Effective 

porosity (vol. %) 

0.32 

0.18 

0.11 

0.21 

0.17 

0.09 

0.80 

0.46 

0.32 

Surface 

(m2/g) 

1.0 

1.0 

ares 

1.0 ... 5.0 
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2.2 Sample preparation 

Sample preparation and treatment of all the samples is 

illustrated in Figure 1. To prepare pulverised rock that was 

used in the test run, rock cores were crushed with jaw

crusher (jaws were covered with PETP-fabric). Smaller pieces 

were ground in an agate mortar and pulverised in quartz ball 

mill for 30 min. Samples were sieved to -100 +200 mesh size. 

Stainless steel sieves were used. Measured Baum-Emmet-Teller 

(BET) average surface area value of the sample is 0.91 -

1.0 m2/g for rock pulver and up to 4.0 m2/g for ground 

minerals (Table 3). Crushing, grinding and sieving were 

carried out in a glove box pressurised with nitrogen gas. 

Samples were emplaced in PVC-containers for transportation 

and further emplacement in a reaction vessel. 

Rock core Surfaces Vessels Sample treatment Analyses 
qizSmm 

- Polished -
~1 

Q ''1 G) .... }·- ...... ClJ .... u . I 

-Crack- Coring Cutting 

(i) 

□ .... ...... as above as above 
,.,, 

® 
-Grain -

[g ~ 10t{\tv qi 25mm 

9 .... ~ uj '''f qi 50mm 

I 

Drying 

- Frocture - l 
CD 

Q 

~ ''"! ~ 
~ .... 

Coring Cutting 

-Groin-

9 ® $ & .t-. [}Jv@/1vr?tr1 ...... "f #' ....,_ l!!![Jf3_,;•_-;. ~r,:, -:;:;:; ·,v;,,:-

Pyrite Biotite K-feldspor Drying 

Magnetite Muscovite 

Figure 1. Schematic illustration of sample preparation and 

treatment procedures. 
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The whole rock samples were original drill cores with 

diameter of 42 mm. The cores were sawn or ruptured into 

50 mm long pieces. All the surfaces were sealed with 

silicon, except the reaction surfaces on the top of the core 

pieces. 

The reaction surfaces were either natural, or prepared in 

order to examine possible variations in reaction ability and 

the widths of the forming reaction fronts in the samples. 

The redox capacity (reducing ability) of the samples is 

expected to vary as follows: 

(1) A pulverised sample has a great reaction surface area. 

This type of sample represents the maximum redox capacity of 

rock, or mineral. 

(2) On polished rock surfaces, mineral defects (cracks and 

pores) are reduced, the reaction surface area is in the 

minimum, and a diffusion interface between the surface and 

rock matrix should be restricted. Polished samples were 

expected to represent the minimum redox capacity of rocks. 

(3) Artificially ruptured rock samples represent the 

fractures (cracks) around excavations. Their diffusion 

interfaces are expected to consist mainly of microfractures. 

These sample represent the maximum volume of redox capacity 

per specific surface of rock. 

(4) The natural fractures are surrounded by characteristic 

diffusion interfaces (Pirhonen et al. 1990). Natural 

fractures may represent partially passivated surfaces 

described by White and Yee (1985). These samples may 

represent the redox capacity of natural specific surface of 

rock. 
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2.3 Oxidation experiments 

The samples were oxidized in autoclaves (Figures 1 and 3). 

Three different types of (autoclaves) reaction bomb were 

used. The test runs# 1 - 2 with pulverised granodiorite, in 

contact with synthetic granite type water (Appendix 4), were 

done at ambient conditions in the 3000 ml titanium autoclave 

equipped with an online oxygen sensor (Figure 2). At the 

beginning of the experiment oxygen loss and cation contents 

were followed (Appendices 5 and 6). When the system was 

equilibrated, in about a month samples were taken from 

solution and the solid phase, and the vessel was pressurised 

with oxygen. The pressure was increased up to 100 bar by 

adding oxygen gas into the vessel. The tests were terminated 

and the Fe (II) of the final solids was analyzed two months 

later. 

N2 + 

N2/02 

Mixing 

tank 

Low pressure loop :~~~sure 

High pressure loop pump - \ 

Pressure 

Thermal 

precondi t ioner 

High temperature pH 

Conductivity 

Temperature 

Pressure 

Materials~ 
testing 

SSRT I 11 U -~---Lo.;._a..;...d ---f 

Autoclave :~ w 0:::::-:::::::: 

Figure 2. 3000 ml flow-through autoclave with on line 

corrosion resistivity and pH measurement system. 

Different lining materials available. 
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Most of the whole rock samples were oxidized at the same 
time. The samples were closed in 3000 ml vessel and oxidized 
in water at 100 bar of o2 for four month, except the pilot 
test with ruptured (crack) samples, that were oxidized in 
600 ml autoclave for 3, 6 and 10 weeks. 

2.4 Diffusion profiles 

The diffusion profiles describe the distance from the 
reaction surface that is affected by dissolved oxygen. This 
is measured as a function of decrease of Fe (II) in rock, 
and expressed also as variation of Fe (II)/Fetot ratio as a 
function of the distance from the reaction surface. 

The analysed samples were sliced from cylinders, diameter 
15 mm, cored perpendicular to the reaction surface. The 
thickness of the slices in the natural samples was 
approximately 1 mm and varied from 1 to 5 m in treated 
samples. 

The sliced pieces were crushed, ground, and treated as the 
pulverised samples (see chapter 2.2). Each slice in the 
profiles was analysed separately. 

A modified version of the micro-analytical colorimetric 
method (a volumetric technique) developed by WILSON (1960) 
for determination of Fe (II) in silicate minerals and rocks 
was used. A more detailed description of the technique is 
given in Appendix 1. Magnetite and pyrite, was analysed with 
Mossbauer spectroscopy technique (DRYAR ET AL. 1987). The 
total iron content of the solids was analysed with Atomic 

Adsorption Spectroscopy (AAS). The Fetot and HCO3- of the 
solution were analysed both at the beginning and at the end 
of the experiment, with the Induced Coupled Plasma 
spectroscopy (ICP) and titration techniques correspondingly. 
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When using the volumetric method one should be aware of the 

scaling error that may occur due to variation of conditions 

in different sample series. This is rather common to most of 

the wet-chemical methods. The profiles should be normalized 

according to the last analysis point in the profile, if it 

can be expected to represent the original iron contents of 

rock. Otherwise, oxidized samples can only be compared to a 

separately analyzed homogeneous background sample. 

Variations caused by heterogeneties of rock can be examined 

by analyzing unreacted background samples. About ten pieces 

of 1 to 3 mm thick samples per background profile should be 

sufficient. 

3. RESULTS 

3.1 Iron contents of rock before and after oxidation 

All reacted samples showed a decrease of between 5 - 30 % in 

the ratio of FeII/Fetotal within a reaction zone at the rock 

surface. The results for the artificially ruptured samples 

are shown in Figure 3. These samples all showed a well

defined reaction layer of 1 cm depth or less, with ferrous 

iron contents decreasing from the background concentration 

in the direction of the rock-solution interface. 

This concentration gradient is very pronounced in the 

rnetabasite. The other three samples are all granitic and 

show less dramatic decrease in ferrous iron. One difference 

between metabasite and the granites is the source of 

reactive iron; hornblende is the predominant FeII mineral in 

rnetabasite whereas biotite is the iron bearing phase in the 

granites, except Granodiorite I, where also heterogeneously 

distributed hornblende occurs. 

The results for the samples with natural fracture surfaces 

are shown in Figure 4. The decrease in FeII/Fetotal ratio is 
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generally 20 - 30 % throughout the measured profiles. These 

extend to distances of 14 mm into the rock sample. It was 

not possible to determine the extent of the reacting layer 

due to the size restrictions of the samples. 

The deeper reaction layer of the fracture samples may be due 

to the more porous physical structure of the natural 

fracture surfaces. In general, the porosity of their 

interfacial region is approximately one order of magnitude 

larger than for the artificially ruptured samples. The 

source of ferrous iron is predominantly biotite in the mica 

gneisses, and both hornblende and biotite in the tonalite 
sample. 
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The analytical results are compiled in Table 4 along with 

the relevant sample location (the middle point of the 

sample), reaction time, FeII and Fetot contents, and 

FeII/Fetot ratios. 

Uncertainty in the analysed values cannot be statistically 

determined in this experiment. Reproducibility of the Ferr 

content has been tested by comparing different analysis 

methods with each other before starting the experiments. The 

adopted volumetric method has the best resolution of the 

methods available for FeII analyses (accuracy is maintained 

down to 1.0 ppm, WILSON 1960). Replicate analyses for the 

standard samples yield a maximum standard deviation of 0.03 

% of the mean (PIRHONEN et al.1990a). 
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Sample/rock 

type 

SM!plc 

index 

Remarks/Distance of middle Fa II 

point from surface 

Rock powder 
Granodioritc I 

Fi8-l/0I 
/OII 
/02 
/02 
/02 
/02 

Granodiorite II Fi8-2/0 
/0 
/air 
/0 2I 

Whole rock 
Granodiorite I Fi8-l/L l 

/L2 
/1,3 
/2.2 
/2.2 
/2.3 
/3.l 
/3.2 
/3.3 

Granodiorite II Fi8-l/l PO 
/2 PO 
/3 PO 
/4 PO 
/5 PO 
/6 PO 
/7 PO 

Hetadiorite Kas02-l/O 
/air 
/l PO 
/2 PO 
/3 PO 
/6 PO 
/7 PO 

Kas02-l/l CR 
/2 CR 
/3 CR 

Granite Kas02-2/0 
/air 
/1 PO 
/2 PO 
/3 PO 
/6 PO 
/7 PO 

Kas02-2/l CR 
/2 CR 
/3 CR 

Hetabasite FH/0 
/air 
/1 ?O 
/2 PO 
/3 1'0 
/6 PO 
/7 PO 

Fi4/l CR 
/2 CR 
/3 CR 

Hicagneiss I OLKR2/0-l FR 
/0-2 FR 
/0-3 FR 
/02-1 FR 
/Oi-2 FR 
/0 2-3 FR 
/02-6 FR 

Tonulitc SYKR3/0-l FR 
/0-2 FR 
/0-3 FR 
/0 2-1 FR 
/0 2-2 FR 
/0 2-3 FR 
/0 2-6 FR 

HicagneissII SYKR5/0-l FR 
/0-2 FR 
/0-3 FR 
/0 2-l FR 
/02-2 FR 
/0 2-3 FR 
/02-6 FR 

Mineral powder 
biotite/0 

/02 

hypersthene/0 
/0 2I 
/0 2II 

hornblende/0 
/02 

olivine/0 
/02 

b.ickg:"ound 

amb.cond, 3 weeks 
100 bar, 4 weeks 

• , 1 weeks 
, 12 weeks 

background (-90) 
• (-91) 

in air , 32 weeks 
amb.cond, 9 weeks 

CR l mm, 3 veeks 
CR 4, 5 mm., 
CR 9,5 mm, 
CR LO mm, 6 weeks 
CR 4.5 mm, 
CR 9.5 mm, 
CR l mm, 10 weeks 
CR 4.5 IIIIU, 
CR 9.5 mm, 

0.5 m:n, 12 weeks 
L7 mrn, 
2.9 IIIIU, 

10.8 mrn, 
21.0 :r.m, 

background 
in air 32 weeks 

0.5 mm, 12 weeks 
1.7 rnm, 
2.9 mm, 

10.8 mm, 

1.0 tr .. "il., 

2.5 m..i, 
3.7 rrJn, 

background 
in air 32 weeks 

0.5 mm, 12 -..·ecks 
1.7 rn."TI, 
2.9 mr:i, 

10.8 m.-n, 

LO r..m, 
2.5 r. ... -n, 
3. 7 l!' .. "n, 

background 
in air 32 weeks 

0.5 r..rn, 12 weeks 
1.7 rr.:n, 
2.9 rr .. "TI, 

10.8 mm, 

LO m.-.,, 
2. 5 m.'TI, 
3.7 mm, 

back~round, 1.9 mm 
5.9 mm 

, 9.6 mm 
100 bar/12 wecks,0.9 

, 3. 0 
,5.9 

, 13.4 

back~round, 1.5 ..... 
5.6 mm 

, 10.4 mm 
100 b,ir/12 \oo'eeks,0.8 

,2.5 
, 4. 7 

,13.3 

back~round, 2.5 i:w 

7.4 lM1 

, 9.6 IMl 

100 b,ir/12 ,..eeks,0.8 
,2. 5 
, 4. 7 

,13.3 

background 
100 bar/12 ,..eeks 

!l'Jll 

r:un 
rn."':'.I 
:r .. '"n. 

r. .. .ou 
l'r.:U 

= m.-. 

!Ml 

mm 
...... ..... 

* l0 4ppm 

2.92 
2.88 
2.46 
2.63 
2.58 
2.63 
2.58 
2.34 
2.04 
l. 61 

3.63 
3.13 
2.55 
2,98 
3.07 
3.04 
2.90 
2.32 
3.29 

1.77 
l.75 
l. 71 
2.01 
l.81 

l.89 
l.75 
l.94 
2.26 
2.09 
l.ll 

L86 
2.10 
2.26 

l.ll 
0.89 
0.89 
0.85 
0.69 
0.73 

1.09 
L05 
1.03 

5.51 
2.83 
2.35 
3.06 
2.43 
2.94 

3. 53 
5.53 
5.52 

2.43 
2.54 
2.66 
1.57 
l. 70 
1.58 
1.54 

3.15 
3.19 
3.02 
2.32 
2.88 
2. 71 
L63 

3.71 
3.89 
4.15 
2.88 
2.49 
2. 71 
3.34 

14.29 
7,99 

9.67 
8.96 
7.06 

4.97 
4.55 

4. 92 
3.92 

(-10 \) 
(-20 \) 

(-7.5 \) 

(-20 \) 

(-49 \) 

Fetot Fe (II) /Fe tot 

• l0 4 ppm 

3. 72 
3.67 
3.44 
3.68 
3.63 
3.71 
2.83 
2.98 

2.77 

5.01 
L25 
3.49 
4.07 
4.10 
4.16 
4.08 
3.18 
4.47 

2.99 
2.90 
2.83 
3.69 
3.23 

3 .12 

4.22 
4.25 
4.15 
2.71 

3.51 
3.89 
3.79 

l. 81 

l. 84 
l. 71 
l. 31 
l. 45 

l. 84 
l. 69 
l. 59 

8.39 

8.11 
8 .44 
8.37 
7 .22 

7.30 
7.61 
7.56 

2.51 
2.70 
2.80 
2.15 
2. 15 
2.18 
2.54 

4.01 
4.06 
3.72 
3.51 
3.49 
3.68 
3.31 

4.16 
4.35 
4.46 
3.97 
4.23 
4.60 
5.62 

17.51 
16.66 

10.59 
10.11 
9.47 

8.78 
8.59 

5.47 
5.39 

78.5 
78.5 
72.5 
71.5 
71.l 
70.9 
67.4 

(-20 \) 78.5 

60.7 

72.5 
73.6 
73.l 
73.2 
73.3 
73.1 
71.l 
73.0 
73.6 

59.2 
60.3 
60.4 
54.5 
56.0 

60.6 

46.0 
53.2 
50.4 
41.1 

52.9 
54.0 
59.6 

61.3 

4 8. 4 
49.7 
52.7 
50.3 

59.2 
62.1 
64.8 

65.7 

29.0 
36.3 
29.9 
40.7 

48.4 
72.7 
73.0 

96.8 
95.2 
95.0 
73.0 
79.0 
72 .5 
60.6 

78.6 
78.6 
81.2 
66.1 
82.5 
73.6 
49,2 

89.2 
89.4 
93.0 
72 .5 
58.9 
58.9 
59.4 

81.6 
48,0 

91.3 
88.6 
74. 6 

56.6 
53.0 

89.9 
72. 7 
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3.2 Calculated redox capacity of rock 

The redox capacity of the solid rock samples are presented 

in Table 5. The decrease of Fe II is averaged over the whole 

profile, except the last analyses point if it goes beyond 

the background. For example, Kas 02-2 (CR): background 1.11 

ppm·l0 4 

1.0 2.5 3.7 mm - middle point 

I I I 
1.09 1.05 1.03 ppm - Fe II 

2.0 1.0 1.0 mm - thickness 

2.0•1.09 + 1.0·1.05 + 1.0·l.03 
Average contents= 

4.0 

and decrease of FeII = 1.11 - 1.06 = 0.045 ppm, 

i.e.~ 4.0 % 

= 1.065 

The average decrease of iron II varied from 2 % to 36 % in 

ruptured (CR) rock samples. In natural fracture samples, the 

variation was from 18 % to 39 %. The redox capacity 

calculated from the decrease of Fe II ranged from about 18 

to 620 molFeII/m3 and 320 to 580 molFeII/rn3 for the ruptured 

and the natural fracture samples, respectively. 

In the polished samples, that are not included in the 

results (Appendix 8), the decrease of Fe II was about 10 % 

more than in the ruptured rock samples. The polished samples 

might have been affected by the heat introduced during the 

mechanical polishing procedure, although, no porosity 

increase was observed in the microscopy studies. 
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Table 5. The redox capacity of the rock. Calculated from the 
decrease of Fe II averaged over the profile. The 
last analyses point (Table 4) has not been taken 
into account if it goes beyond the background. 

Ruptured (CR) Porosity De~ity Ini4ial Fe II Decrease of Redox capa-
samples % 10 kg/m3 10 ppn Fe II % city (Fe II) 

1. Metadiorite 0,4 g/kg 
with fds-meca- i.e. 
crysts 

18 rrol/m3 (Kas 02-1) 0.09 2.7 1.89 2 

2. Granite 0.6 g/kg 
1.e. 

(Kas 02-2) 0.18 2.6 1.11 4 28 nol/m3 

3. Granodio-
rite 4.4 g/kg 

i.e. 
(Fi 8-1) 0.06 2.7 2.92 15 211 rrol/m3 

4. Metabasite 12.0 g/kg 
i.e. 

(Fi 4) 0.08 2.9 5.51 36 620 rrol/m3 

Fracture 
samples 

1. Mica 6.9 g/kg 
gneiss, no 
filling i.e. 
(SY-KRS) 0.52 2.6 3.83 18 320 rrol/m3 

2. 'Ibnalite 9.8 g/kg 
mica gneiss, i.e. 
carbonate 
(OL-KR2) 0.20 2.7 2.55 38.5 473 rrol/m3 

3. 'Ibnalite, 12.1 g/kg 
slickenside i.e. 
(SY-KR2) 0.15 2.7 3 .10 39 580 rrol/m3 
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4. CONCLUSIONS 

This study has shown that the redox capacity of the 

crystalline rocks can be measured with the test arrangement 

used, even though uncertainties in the analysed values 

cannot be statistically determined in this experiment. The 

results indicate that solid rock clearly has a measurable 

reducing ability due to oxidation of Fe(II) in rock. The 

oxidized fracture samples have much more extensive reaction 

layer than the artificially ruptured rock samples. The 

measured redox capasity of all the rock samples vary from 18 

to 620 molFeII/m3 as the porosities of the samples range 

between 0.06 and 0.52 %, and FeII contents between 1.11 and 

5.51 % w. 
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Determination of ferrous and total iron of rock powder 

To avoid undesirable oxidation during preparation of 

samples, all preliminary work was done in an inert 

atmosphere. For the same reason samples were decomposed in 

the presence of quinquivalent vanadium. Added vanadium acted 

as a "Fe-calendar" according to reaction 

Fe 2 + + v5 + = Fe 3+ + v4 + 

in which equilibrium is dependent on (H+) so that by 

adjusting the pH, the original Fe(II)/Fe(III) was able to be 

restored. 

PROCEDURE 

The amount of sample weighed was from 75 mg up to 500 mg, 

depending on the ferrous iron content of rocks analyzed. 

Samples were placed in approx. 50 ml polypropylene 

containers. After addition of 8 ml NH4vo3 and 10 ml 40 % HF 

samples were shaken overnight in a laboratory shaker. As 

suitable decomposing time was found to be more than 16 hours 

but less than 40 hours, otherwise uncontrolled oxidation 

cannot be avoided. Decomposing was followed by an addition 

of 6,0 g of solid H3Bo3 , immediate cooling of containers and 

stirring with a magnetic stirrer for at least 1 hour, 

surrounded by cold water. The addition of boric acid was 

necessary to release metals from their fluorides and to 

protect glassware against the attack of HF. Samples were 

diluted to 50 ml and centrifuged remove excess boric acid 

and insoluble CaF 2 precipitates. 

Determination of ferrous iron by spectrophotometry 

Four dilutions were made to cover the pH-range from pH 5,55 

to 6,10, each containing 250 µl, 500 µl, 750 µl or 1000 µl 
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of centrifuged sample, 9,5 ml DIP solution and diluted to 50 

ml with deionisized water. At higher pH, the Fe(III)-acetate 

complex causes background errors and at lower pH, redox 

equilibrium was not quantitative on the Fe(II) side. It was 

found that the optimum pH was not same for all samples, and 

was also slightly different for samples with remarkably 

different mineral composition and thus pH-scanning was 

necessary. 

Standards were made of a suitable amount of Fe(III) standard 

solution, 200 µl HXL, 360 µl matrix solution and 1,9 ml of 

DIP in each standard, even in bland, covering concentrations 

from 0 ppm to 5 ppm. Standards were made daily to avoid 

problems caused by their instability. 

The absorptions were measured at a wavelength of 521 nm. 

Determination of total iron by atomic absorption 

spectrophotometry 

Centrifuged solutions were diluted to a 10 times larger 

volume. 

Standards were made from suitable amounts of Fe(III) 

standard solution, 5,0 ml saturated H3Bo3 solution, 0,8 ml 

NH 4vo3 stock solution and 1,0 ml 40 % HF, covering 

concentrations from O ppm to 30 ppm. Standards were stable 

enough for storage. 

The absorptions were measured at a wavelength of 372 nm. 

STOCK SOLUTIONS 

DIP 

8,13 g solid NH4vo3 , 100 ml 10 N H2so4 , 

dilution to 500 ml 

50 ml 0,15 % 2'2-bipyridin solution, 60 g 

solid NH4Ac, dilution to 250 ml 



HXL 
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10 % hydroxylamrnoniumchloride solution 

2 ml 40 % HF, 20 ml H3Bo3 and 1,6 ml NH4vo3 

stock solution, no dilution 

Ferrous iron determination procedure is a routine analysis, 

which does not give absolute accuracy, but it does provide 

satisfactory precision, especially when comparing samples 

with the same or almost the same mineral composition. The 

main error source is the background effect caused by the 

Fe(III)-acetate complex. The disturbing effect of possible 

redox potentials in addition to than Fe/V seems to be 

negligible, but it needs further examination. 



Sample and thin section photographs 
Appendix 2.1 

OL-KR2, fracture sample 

Appendix 2.1 - 2.2 

OL~ILt.>o,-0 

KR2... 

Appendix 2.2 

SY-KR3, fracture sample 



Appendix 2.3 

SY-KR5, fracture sample 

Appendix 2.4 

SIEV I 

I<~ 'S 

Appendix 2.3 - 2.4 

Kas 02-1, crack (left) and polished (right) samples 
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Appendix 2 . 5 

Kas 02 - 2, crack (left) and polished (right) samples 

Appendix 2. 6 

Fi8, crack (left) and polished (right) samples 

I 



Appendix 2.7 

Appendix 2 . 7 

Fi4, crack (left) and polished (right) samples 

I 



Appendix 2.a - 2.9 

Appendix 2.s 
OL-KR2, main fracture surface (xlO) 

Appendix 2.9 

OL-KR2, diffusion chanels from carbonate filled midsample 

fracture (X20) 



Appendix 2 . 10 

Appendix 2.10 

OL-KR2, fluid inclusion rims in quartz (x40) 
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Appendix 2.11 

SY-KR3, altered biotite (?) on fracture surface (xlO) 

Appendix 2.12 

SY- KRS, fluid inclusion rims in quartz ( x20) 



Appendix 2 . 13 - 2.14 

Appendix 2.13 

SY-KRS, carbonate filled fractures (xlO) 

Appendix 2.14 

.. . 

Kas 02-1, elongated fracture in quartz and plagioclase 

(xlO) 
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Fi8 - 1, microfractures in quartz (x20) 
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Intensive fracturing in hypersthene (x4 ) 
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Porosity profiles of fracture samples 
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Appendix 4 

Chemical contents of synthetic granite water 

ALLARD WATER 

Ca 18 mg/1 

Mg 4.3 mg/1 

Na 52.5 mg/1 

K 3.9 mg/1 

SiO2 12 mg/1 

Cl 70 mg/1 

HCO 3 123 mg/1 

so4 9.6 mg/1 

pH 8.0 - 8.2 

ionic strength 0.0045 
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Oxygen contents of granite water with time in test run 
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Cation contents of granite water with time in test run 

CATION ANALYSES 

VIT/GEO (GEO 91431) 0-sarrple 1-sarrple I 2-sarrple 3-sarrple ! 4-sarrple 

29.10.90 

5-sarrple 

30.10.90 29.10.90 29.10.90 29.10.90 29.10.90 
Veijo Pirhonen klo 9.45 klo 10. l' klo 12.10 ll<lo 13.50 l<lo 16.00 klo 9. 50 

KATIONIT CATIONS 

Kalsium (Ca) mg/1 17 16 16 16 16 

Magnesium (l-'.g) mg/1 4.2 4.3 4.?. 4.2 4.3 

Natrium (Na) mg/1 52 51 54 53 54 

Kalium (K) r:-,g/1 1.2 3.6 1. 9 2.0 2.3 

Aluminium (Al) mg/1 ( 0.05 0.09 0.08 0.09 0.10 

Rauta (Fe) r:g/1 < 0.05 0.17 < 0.05 ( 0.05 0.06 

Piidioksic.i (SiOz) mg/1 7.9 7.9 8.0 s.o 7.9 

A,'U0NIT .::..\IONS 

Fluoridi u·-) ..ig/1 5.0 4.3 4.!.+ .'...8 5.2 

KJ.oridi (Cl-) r.:g/1 31 54 3~ 51 39 

Fosfaatti (:'·:·r) mg/l < 1:s < 1.5 z 1.5 ..:. : . 5 '- 1.5 <. 

Sulfaatti 
..,_ 

11 (50:;-) mg/1 12 11 1:: 11 

Samples stabilized by concentrated HN0 3 except samples 

7 and 8. 

16 

4.3 

51 

4.2 

0.17 

0.30 

7.8 

5.2 

34 
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11 
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CATION ANALYSES (ICP) 

VIT/GEO (GEO 91431) 6-sarrple 7-sarrple 8-sarrple 

31.10. 90 8.11. 90 22.11.90 
Veijo Pirhonen k.lo 9.50 k.lo 9.45 k.lo 13.40 

KATIONIT CATIONS 

t\Blsiurn (Ca) mg/1 16 14 14 

113.gnesium (Mg) mg/1 4.3 4.2 4.3 

Natrium (Na) mg/1 53 49 53 

Kalium (K) mg/1 3.6 10 11 

Aluminium (Al) mg/1 0.14 0.12 0.07 

R2uta (Fe) mg/1 0.11 0.21 ( 0.05 

Piidioksidi (Si02) mg/1 7.9 7.7 I 5.2 

. \'ION IT /\NJONS 

Fluoridi ( f-) mg/1 4.3 /.. 1 <. 1 

Kloridi (Cl-) mg/1 36 35 47 

rosfaacci ( 3-P04 ) mg/1 /.. l. 5 '1.5 ( 1.5 

Sulfaatti (sot) mg/1 12 11 I 5.2 

Samples stabilized by concentrated HN03 except samples 

7 and 8. 
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Species in solution 

C) 60 T 
I ____...♦-♦-♦------ ___.+...____ _,-+ 

so ·-♦---- ♦ ---• ....------

40 

C (ppm) 30 

Appendix 6 

• Ca 

□ Mg 

♦ Na 

◊K 

20 -A- Si02 

·-•--•--•--•--•--------■ 1----> 

"~ 
0 

0 2 3 4 5 6 7 8 

d) 20 

18 

16 

14 

12 

C (ppm) 10 

8 

6 

sample 

II ■-■-II.._____ -t----•--•- --
: T ~--
0 

e) 130 

120 

110 

100 

0 2 3 4 

sample 

5 6 7 8 

Fl 
~ 

90 

C (ppm) 80 

70 

60 

F,7 
~ 

• 
: T/ \/•~----•--/• 
30 ■ ' 

0 2 3 4 

sample 

5 6 7 8 

4(4) 



Appendix 7 1 (2) 

Mossbauer diagrams of pyrite and magnetite 
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Fe II profiles of polished rock samples 
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