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ABSTRACT 
 
Read, D., Siitari-Kauppi, M., Kelokaski, M., Black, S., Buckby, T., Marcos, N., Kaija, 
J., Hellmuth, K-H. Natural geochemical fluxes in Finland as indicators of nuclear 
waste repository safety. Helsinki University of Technology, Laboratory of Rock 
Engineering, 2004. 58 p. (Teknillinen korkeakoulu, kalliotekniikan laboratorio, A, 
Tutkimusraportti – Helsinki University of Technology, Laboratory of Rock 
Engineering, A, Research report 34, TKK-KAL-A-34) 
ISBN 951-22-7410-8 ISSN 1234-6788 
 
Keywords: uranium fluxes, geochemical modelling, Palmottu 
 
An international research project has been established by the IAEA to evaluate the 
potential of natural radioelement concentrations and fluxes as alternative safety 
indicators in the assessment of radioactive waste disposal. The Finnish regulatory 
agency STUK has contributed to this study in the form of a report series dealing 
specifically with geochemical and hydrological recycling of trace elements in the stable 
Fennoscandian Shield. The IAEA project has particular relevance in Finland owing to 
the fact that comparison of nuclide releases from a repository with natural radioactive 
fluxes is enshrined in Finnish legislation. 
 
In parallel with the above, STUK has embarked on the development of a coupled 
chemical transport model (SONE) based on previous work undertaken in Russia. The 
two initiatives are designed to provide STUK with the tools necessary for evaluating 
future Posiva submissions. A study commissioned to establish the feasibility of 
applying the SONE model to uranium transport at Palmottu yielded promising results. 
However, during the course of the investigation it became apparent that additional 
information was needed to constrain hydrogeochemical interpretation of the Palmottu 
system, its evolution and the timescales over which uranium migration has taken place. 
It was also important to determine whether the processes observed at Palmottu could 
occur at Olkiluoto, for which a much more exhaustive database will become available 
over the next few years. 
 
This report describes the supplementary work carried out to achieve the above 
objectives and includes a re-appraisal of the Eastern Flow System at Palmottu. It builds 
on the experience of the IAEA study and was initially funded by STUK. Subsequently, 
it has been supported by the Finnish Nuclear Waste Research Fund as part of the 
national KYT programme. Where appropriate, the relevance of research findings to the 
proposed spent fuel repository at Olkiluoto is highlighted since the latter site, situated 
some 150 km to the north-west, shares many features with the system studied here. 
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1. INTRODUCTION 

 

1.1 Background 
 
In 1999, the IAEA initiated a Co-ordinated Research Project (CRP) entitled “The use of 
selected safety indicators (concentrations, fluxes) in the assessment of radioactive waste 
disposal” in an attempt to achieve an international consensus on how such indicators 
might be applied. The Finnish regulatory agency STUK contributed to this study in the 
form of a report series dealing specifically with geochemical and hydrological recycling 
of trace elements in a peneplained shield setting. 
 
In parallel, STUK embarked on the development of a coupled chemical transport model 
based on previous work undertaken in Russia (Oziabkin 1995; Oziabkin and Oziabkin 
1999). Therefore, a decision was made to test the SONE model (Oziabkin and Oziabkin 
1999) in a Pilot Study of the Palmottu natural analogue site (Blomqvist et al. 2000; Fig. 
1.1). The intention was to demonstrate the feasibility of applying a reactive chemical 
transport model to a complex natural site. In addition, it was felt important to establish 
data requirements in preparation for the more exhaustive tests that would be needed if 
the model were used to assess aspects of a repository safety case. 
 
SONE (modified as SONE_PLM) was used to simulate uranium transport along a 
hypothetical model section through the Eastern Granite at Palmottu (Oziabkin and 
Oziabkin 2003; Read et al. 2003). The section was chosen since data were readily 
available following similar studies within the main Palmottu project (Blomqvist et al. 
2000). A stream-tube of unit cross-sectional area was constructed (Fig. 1.2) and the 
displacement of the initial solutions (groundwater at various depths) by reaction and 
mixing with the boundary fluids (rain water and overburden pore water) was simulated.  
 
The time frame considered was 10 000 years, roughly the period since Palmottu 
emerged from the sea (Donner 1995). According to the model calculations, around 44% 
of the uranium released by dissolution of the main ore mineral (uraninite) re-precipitates 
within the model domain as uranophane (Ca(UO2)2(SiO3OH)2(H2O)5) with 56% ‘lost’ 
as outflow (Fig. 1.3). The proportion fixed by ion-exchange or co-precipitation with 
fracture minerals was predicted to be negligible (Oziabkin and Oziabkin 2003).  
 
The results of the Pilot Study are not unreasonable and seem to accord fairly well with 
data from the site (Blomqvist et al. 2000). However, a number of uncertainties remain. 
First, the modelled flow route is largely hypothetical; there is some indication of 
hydraulic connections between the boreholes (Fig. 1.2) but no substantive evidence of 
mass uranium transfer in the direction postulated. The land is rising as a result of glacial 
unloading and the flow regime will have been very different in the past (Pitkänen et al. 
2002; Smellie et al. 2002). Second, information on mineral transformation rates and 
associated uranium release or fixation was limited at the time of the calculations. The 
primary (IV) phase, uraninite, is known to be very old (> 109 years) but definitive age 
determinations for secondary uranophane were lacking. Third, further information was 
needed on the relationship between microstructure and the disposition of uranium 
phases. This is key to understanding the role of the rock matrix and the fracture 
network, respectively on groundwater chemistry. Finally, a critical review of the 
thermodynamic database was not carried out prior to the Pilot Study, as the exercise was 
essentially a test of the SONE code. 
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Figure 1.1 Regional geological map of the study area (Räisänen 1986). 
 

 
Figure 1.2 Schematic cross section through the Eastern Granite. 
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Figure 1.3 Post-glacial uranium fluxes at Palmottu (Oziabkin and Oziabkin 2003). 

 
 
Archived rock samples from the Palmottu boreholes are available and allow some 
additional work to be carried out in support of a refined model. The Eastern Granite was 
re-visited and, following a beta/gamma radioactivity survey of the area, short rock cores 
were drilled and surface outcrop samples were quarried at locations giving the highest 
readings. The principal objectives of this additional work are outlined below. 
 
 

1.2 Objectives of the Study 
 
An excellent database already exists for the Palmottu uranium mineralisation following 
a previous EU project (Blomqvist et al. 2000). Studies at the site have established, (i) 
the phases that incorporate uranium and the variation in aqueous U concentrations with 
depth (Ruskeeniemi et al. 2002); (ii) the confinement of labile uranium to the upper 
100m or so of the deposit, where dissolution of primary uraninite/pitchblende has 
occurred; (iii) migration through micropores and fissures (Kemppainen et al. 2001) and 
(iv) the release of a significant proportion of the uranium inventory and its subsequent 
fixation as uranophane (Ca(UO2)2(SiO3OH)2(H2O)5). 
 
The most important gaps in our knowledge concerning the recent evolution of Palmottu 
relate to the secondary mineralisation. Therefore, samples of uranophane in borehole 
cores through the Eastern Granite and at outcrop were hand-picked for petrographic 
examination and uranium series analysis. The objectives of the supplementary studies 
described in this report are to: 
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- constrain time frames for uranium mobilisation and fixation 
 

- determine whether uranophane precipitation is an ongoing process with 
successive generations of crystal formation or linked to episodic climatic 
events 

 
- establish the relative contribution of secondary uranophane and residual 

uraninite to elevated uranium concentrations in shallow groundwaters. 
 
For the first time at Palmottu, dating studies have been carried out on separated phase 
material to avoid the ambiguities introduced by selective leach protocols. Confirmatory 
analysis by X-ray diffraction and SEM/EDAX affords confidence that the isotopic data 
obtained are specific to uranophane.  
 
The occurrence of residual primary and secondary uranium phases within the 
(apparently) unweathered rock matrix has been addressed. Surveying beta/gamma 
autoradiography and alpha radiography using polycarbonate films were employed to 
characterise localised zones of uranium enrichment and to select locations for 
subsequent microscopic investigations. Autoradiography of 14C-PMMA-impregnated 
samples allows correlation of the uranium mineralisation with the conductive pore 
network of the matrix, and its relationship to fracture surfaces that have been exposed 
to meteoric weathering.  
 
Finally, calculations have been performed to investigate the controls on uranophane 
formation as a function of depth. 
 
 

1.3 Layout of Report 
 
The geological setting of the Palmottu site and the characteristics of the uranium 
mineralisation are outlined in the next section, which includes a summary of modelling 
carried out during the main EU project (Blomqvist et al. 2000) and subsequently 
(Oziabkin and Oziabkin 2003). There follows a description of the samples selected for 
further investigation and the techniques used to relate mineralisation to microstructure. 
Section 4 deals with characterisation of uranophanes from the Eastern Granite, their 
distribution and their age, determined by isotope systematics. An attempt is made to 
synthesise this information in conjunction with the existing database in a revised 
conceptual model of the site. The transferability or otherwise of observations made at 
Palmottu to the proposed repository at Olkiluoto is discussed in Section 6.  
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2. THE PALMOTTU STUDY SITE 
 

2.1 Mineralisation 
 
The uranium mineralisation at Palmottu was first discovered in 1979 during an 
airborne radiometric survey of south-west Finland. Its ore potential was explored 
during the early 1980’s, indicating that around one million tonnes of ore is present at 
an average grade of 0.1 wt%. (Räisänen 1989). This was felt to be too little for 
economic exploitation but in 1987 the site was chosen for natural analogue studies as 
part of the Finnish nuclear waste disposal programme. Palmottu became the subject of 
an international research project from 1996-2000 leading to a greatly improved 
understanding of uranium migration in a glaciated setting (e.g. Bruno et al. 1996; Read 
et al. 1999) and contributing significantly to palaeohydrological interpretation of the 
region (e.g. Puigdomenech 2001). Much of this work is described in the main EU 
reports (Blomqvist et al. 1998, 2000) and a series of papers marking the completion of 
the international project (von Maravic and Alexander 2002). The brief summary below 
focuses on the objectives of the current study and the reader is referred to the above 
sources for more detailed information on other aspects. 
 
The Palmottu U-Th ore body is hosted in Proterozoic (1.8 Ga) mica gneiss with granite 
and granite pegmatite veins (Fig. 1.1). The mica gneiss represents a metamorphosed 
sedimentary unit laid down some 2 400-1 900 million years ago. High grade regional 
metamorphism was accompanied by intrusion of the granite body and pegmatite veins, 
some of which contain anomalous concentrations of uranium. 
 
The mineralisation forms a near vertical feature that extends from the surface to a 
depth of at least 400 m (Fig. 1.2). Uranium occurs predominantly in biotite-rich 
pegmatite where the main ore mineral, uraninite (UO2+x, (0.01<x<0.25)), is present as 
euhedral to subhedral crystals less than 0.5 mm in size. The Palmottu deposit is also 
rich in thorium owing to the abundance of monazite ([Ce,La,Nd,Th]PO4) and the high 
thorium content of the uraninite itself (Ruskeeniemi et al. 2002). 
 
U-Pb dating gives values from 1 678-1 741 Ma (Ruskeeniemi et al. 2002), 
corresponding to late stage emplacement of residual magmatic fluids (Räisänen 1986). 
An alteration rim of uranium (IV) silicate (‘coffinite’) often surrounds the uraninite 
grains. The silicate is thought to be hydrothermal in origin and to have formed under 
conditions that were strongly reducing (Blomqvist et al. 2000). An important 
consequence of the coffinitisation process is that large amounts of uranium and 
radiogenic lead are released. A phase with a chemical composition resembling that of 
coffinite has been reported in association with fracture infillings, mainly impure 
calcites, clays and iron oxides (Perez de Villar et al. 1997). 
 
The only U(VI) phase identified is uranophane. It occurs as bright yellow crystalline 
aggregates at outcrop and along fractures intersected by the shallow boreholes in the 
upper part of the Eastern Granite, (Ruskeeniemi et al. 2002). Many of the uranophane-
bearing fractures are above the present groundwater table. Microprobe analyses 
conducted as part of the EU project indicate that it contains 67-75% U2O3, but, in 
contrast to the U(IV) minerals, very little Th or rare earth elements (REE). 
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Quaternary deposits up to 15 m in thickness cover the main ore body at Palmottu but the 
Eastern Granite is exposed on a small hill and this area was re-sampled as part of the 
current study. The ore minerals are disseminated in the host rock, which is characterised 
by highly variable U:Th ratios (0.0-10). This observation was originally attributed to the 
uneven distribution of uraninite and monazite (Ruskeeniemi et al. 2002). It is now 
known that the uranium minerals themselves contribute to the variability since the 
recent uranophane deposits are essentially thorium-free. 
 
A number of uranium series disequilibrium (USD) studies have been conducted on 
Palmottu samples (Suksi et al. 2001, 2002; Rasilainen et al. 2003). These have been 
used to support models of uranium mobilisation in and around water-carrying fractures 
and, additionally, to indicate the timescales over which uranium release events might 
have occurred. These data and their re-interpretation in the light of new information 
arising from the present study are discussed in Section 4. 
 
 

2.2 Geological History 
 
The complex geological history of Palmottu is reflected in the number of discrete 
fracture patterns and the different generations of minerals that fill them. Open fractures 
are largely confined to the upper 150 m and form an interconnected flow network. Sub-
horizontal features are thought to reflect stress release following deglaciation.  
 
According to Blomqvist et al. 2000, the rate of erosion of the bedrock has been slow 
over the past 500 Ma owing to a protective cover of Palaeozoic sediments. However, 
during the last one million years the area has been subjected to several glacial cycles. 
The last of these (the Weichselian Ice Age) ended only 10 000 years ago. It is 
estimated that the weight of the ice depressed the underlying crust by 300-400 m at 
Palmottu and isostatic rebound is still continuing, at a rate of 4-5 mm/year. Three ice-
marginal formations (Salpausselkä I to III) reflect periods when the retreat of the ice 
cover was temporarily halted by slightly cooler climatic conditions. A large delta fan 
was deposited next to the Salpausselkä III formation in front of the ice margin. 
 
The study site has a present elevation of 106-138 m above sea level. The highest points 
emerged from the proto-Baltic immediately after the retreat of the ice sheet during the 
so-called Yoldian Sea stage, 10 000 years ago (Fig. 2.1). Based on shore line 
displacements, Donner (1995) asserts that the separate islands of the Palmottu area soon 
formed an integral part of the mainland during the Ancylus Lake stage of the proto-
Baltic some 9 200 years before present. 
 
The Yoldian stage was marked by substantial melt water streams that are thought to 
have flushed the Palmottu site (Pitkänen et al. 2002). During the previous Salpausselkä 
II stage, at the time of deglaciation, glacial melt water flowing beneath the ice sheet 
would have intruded deeper into the bedrock, caused by the enormous hydrostatic 
pressures below the ice cover. The depleted δ18O values of some of the fracture 
groundwaters sampled at Palmottu (Blomqvist et al. 2000; Pitkänen et al. 2002) have 
been interpreted as glacial melt water intrusion. 
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Figure 2.1 Shoreline displacements in south-west Finland over the last 10 ka (after 
Pitkänen et al. 2003). 
 

 
 

Figure 2.2 Summary hydrogeochemical model of the Palmottu site (Blomqvist et al. 1998). 
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An integrated hydrogeological and hydrochemical model of the site is presented in 
Blomqvist et al. (1998) and links the distribution of principal water types to the model 
of site evolution outlined above. The groundwater regime is thought to comprise an 
oxidising, dynamic ‘Upper Flow System’ (<100 m) dominated by young Ca-HCO3 
waters, a dynamic ‘Deep Flow System’ (mainly Na-HCO3), and a stagnant ‘Deep 
Hydrogeological System’ containing waters with a Na-SO4 or Na-Cl composition (Fig. 
2.2). The δ18O values of the latter indicate a substantial glacial recharge component 
introduced some 10 000 years ago and both the hydrochemistry and isotopic data 
indicate long residence times. High dissolved uranium concentrations, typically 100-500 
ppb, are associated with the meteoric ground waters in the vicinity of the uranium 
mineralisation down to depths of 130 m. The upper part of this region forms the focus 
of the current study. At greater depths, clearly reducing conditions prevail and U 
concentrations rarely exceed 10 ppb. 
 
 

2.3 Summary of Previous Modelling Exercises 
 
Of the numerous modelling studies conducted within the broad ambit of the Palmottu 
natural analogue site, three are of particular relevance here. The first, a study of redox 
processes (Cera et al. 2002) provides a theoretical basis for the variation in measured 
oxidation potentials with depth. It is suggested that uranium is sufficiently abundant, at 
least within the higher ore grade zones, to exert an influence on system redox 
behaviour, notwithstanding the greater concentrations of alternative electron acceptors 
such as sulphate. These authors also support the assertion that uranophane controls 
aqueous uranium concentrations in shallow groundwaters (Bruno et al. 1999; Kaija and 
Blomqvist 1999; Read et al. 1999).  
 
A series of coupled chemical transport simulations have been constructed based on 
differing assumptions concerning the assemblage of minerals undergoing dissolution in 
the Eastern Granite (Fig. 1.2) and the kinetics of dissolution. The calculations were 
performed with the RETRASO code (Saaltink et al. 1998). Each model considers the 
role played by potential redox buffers; Fe2+-Fe3+, U4+-U6+, H2S-SO4. The outcome, as 
described in Salas and Ayora (1999) is a sequence whereby Eh control evolves from 
dissolved O2 in surface waters, through the iron couple in an intermediate zone to the 
U4+-U6+ pair at greater depths.  
 
Dissolution of uraninite is predicted to occur at a sharp front that moves down into the 
bedrock as the source is exhausted. According to the calculations, aqueous U 
concentrations should peak at around 80 m depth before decreasing to a constant value 
(Fig. 2.3). This is clearly an over-simplification since the rock mass is not 
homogeneous and most of the flow is known to occur through fractures. Predicted U 
levels are some three orders of magnitude lower than those measured in boreholes 
R384 and R302 (Fig. 1.2); a fact that led the authors to postulate the existence of an 
additional uranium source. This was subsequently shown to be uranophane. 
 
The most recent attempt to model the evolution of the Palmottu ore body is described 
in Oziabkin and Oziabkin (2003). Although this was essentially a demonstration 
exercise it nevertheless constituted an advance over earlier modelling studies. Among 
the concepts introduced were the treatment of fractures and matrix in a dual porosity 
representation coupled to chemical reactions; changing rates of mineral precipitation-
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dissolution in response to physical constraints and the effects of periodic system 
disturbance followed by the re-attainment of steady-state. 
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Figure 2.3 Distribution of solute concentrations in Eastern Granite (Salas and Ayora 1998). 

 
 
From the above it is apparent that Palmottu has been characterised to an extent that is 
unusual when compared to other natural analogue sites (Miller et al. 1994). This 
reflects the fact that the site possesses unique features owing to its glacial and post-
glacial history that are highly relevant to the Finnish spent fuel disposal programme. 
However, several uncertainties remain, particularly with respect to matrix-fracture 
transfers of uranium and the timescales on which mobilisation and fixation occur. 
These are the issues addressed in the following sections. 
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3. MINERALOGY AND MICROSTRUCTURE 
 

3.1  Selection of Samples 
 
The locations of surface samples are shown in Figure 3.1. They were taken from 
exposures of the Eastern Granite outcrop and from shallow coring in areas of 
pronounced radioactivity. Three cores were drilled at point B (1 m in length each) close 
to borehole R389 and one core at point C (40 cm in length), where surface activity 
measured was highest. A large weathered boulder at point D (50 x 50 x 80 cm3) yielded 
several samples with visible uranophane within the open fractures and microfissures in 
the matrix. A section through the samples clearly shows the effect of penetration by 
oxidising waters (Fig. 3.2). 
 

 
 
Figure 3.1 Location of surface samples (red) taken 2003 and monitored radioactivities 

(cps,black), Eastern Granite. Earlier drill holes indicated in blue. 
 
Anomalously high radioactivities seem to be associated mostly with quartz-rich, 
pegmatitic granite. The rock is fractured at the outcrop (sampling sites G and H); 
typically apertures are a few hundreds of micrometres in width and filled with iron 
oxyhydroxides together with the distinct yellow uranophane. Uranophane is particularly 
abundant in sample D (Fig. 3.1), appearing below a brown iron oxyhydroxide rim 
within 1-2 cm of the surface and extending deep into the matrix. Sample H shows 
similar features. In both cases, relict uraninite was tentatively identified away from the 
weathered surface. 
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Figure 3.2 Sample D revealing uranophane on fracture surfaces and showing effects 
of oxidation. 
 
Additional samples for mineralogical and dating studies were obtained from borehole 
cores stored at GTK. The location of these samples is shown in Figure 1.2. 
 
 

3.2 Materials and Methods 
 
Table 3.1 lists the samples examined in order to determine the distribution of natural 
radioactivity and the connective pore space. Primary and secondary uranium phases 
were then investigated by SEM/EDAX.  
 
The rock cores were analysed using the 14C-PMMA method (Siitari-Kauppi et al. 2003) 
to establish the connective pore network. Comparing the 14C-PMMA autoradiographs to 
mineral distribution maps reveals the link between mineralogy and texture. A number of 
borehole samples, including R302, R384, R388 and R389 (Fig. 1.2), have been studied 
using the method. This work and previous measurements using helium and mercury 
porosimetry are described by Siitari-Kauppi et al. (2003). 
 
The 14C-PMMA method involves impregnating centimetre scale rock cores with 14C-
labelled methylmethacrylate (MMA) in a vacuum, irradiation polymerisation to PMMA, 
autoradiography and optical densitometry with digital image processing techniques. The 
14C-MMA, which wets the silicate surfaces well and can be fixed by polymerisation, 
provides information on the accessible pore space in crystalline rock that cannot be 
obtained with other methods. Methylmethacrylate is a monomer with very low 
viscosity, 0.00584 P at 20°C; this compares to 0.00895 P (25°C) for the viscosity of 
water. Because its contact angle on silicate surfaces is low, impregnation of bulk rock 
specimens by capillary forces is rapid, the rate depending on the pore apertures. The 
MMA molecule is also small (molecular weight, 100.1). It has non-electrolytic 
properties and only low polarity, considerably lower than that of water. The low β 
energy of 14C (155 keV) is convenient for autoradiographic measurements. 
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Table 3.1 Samples used for autoradiographic screening (A), analysed by the 
PMMA method (B), by the CR-39 method (C), by SEM/EDAX (D). 

Sample  A B C D 
Surface     

BI core (0-23 cm) 
BII core (0-34 cm) 
CI core (0-34 cm) 

CII outcrop 
D boulder 
G outcrop 
H outcrop 

x 
x 
x 
x 
x 
x 
x 

x 
x 
x 
x 
x 
x 
 

x 
x 
x 
x 
x 
x 
 

 
x 
x 
 
x 

Borehole Cores     
Core Length 

(m) 
    

R390  
R390 
R390 
R390 

 6.42 
20.75 
31.22 
30.84  

x 
x 
x 
x 

   
 
x 
 

R388 
R388 

33.15 
33.60  

 x 
x 

x 
x 

x 
x 

R302 
R302 

93  
119  

 x 
x 

 x 
x 

R340  89.90 x    
R331 
R331 

64.40 
89.15 

x 
x 

   

R384  74  x x x 
R389 
R389 

0 
10 

 x 
x 

x 
x 

 

R322  95.19  x x  
R385 446  x  x 

 
 
The rock was dried at 110°C for 1-2 weeks in a vacuum chamber and cooled to 18°C. 
For 14C-MMA impregnation the tracer was placed in a 50 cm3 reservoir and transported 
under vacuum to the impregnation chamber. Impregnation time varied from 1 to 2 
weeks. The sample was then irradiated with gamma rays from a 60Co source, in order to 
polymerise the monomer in the rock matrix. The dose used was 50 kGy. After 
irradiation the sample was heated at 120°C for several hours to eliminate irradiation-
induced luminescence of the feldspar minerals, which can spoil the autoradiographic 
detection of beta radiation. The rock cores were sawn into 9 slices; each about 5 mm in 
length, and one surface of each slice was exposed on the autoradiographic film. The 
planar sections obtained were polished with aluminium oxide powders (400 mesh) and 
transferred to an autoradiographic film (Kodak® Biomax) in a dark room. A Mylar foil 
with aluminium coating was placed on the top of the film to shield it from the remaining 
luminescence emissions and from natural radioactive sources. The exposure time 
depends on tracer activity and on the mean porosity of the sample. The time used in this 
study was 5 days. PMMA standards (tracer diluted with inactive MMA) with activities 
between 462 and 370 000 Bq cm-3, were used to establish the calibration for porosity 
analysis. Table 3.2 shows the samples studied by the 14C-PMMA method and their 
characteristics. In the majority of cases, quantitative porosity analysis was hindered by 
the presence of strong natural emitters. 
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Table 3.2.  Samples characterisation studied by the 14C-PMMA method. 

 
Sample Description 
Surface  

BI 0-23 cm) Medium-grained granite. Grain boundary porosity 
dominates. ~1 cm weathered, highly porous zone 
adjacent to the surface. 

BII (0-34 cm) Medium-grained granite. Grain boundary porosity 
dominates. No weathered rim on surface. 

CI core (0-34 cm) Coarse-grained granite. Well-developed grain boundary 
porosity but pronounced natural activity interferes with 
the PMMA autoradiograph. 

CII outcrop Fine-grained, dark mineral phases. Evenly distributed 
porosity pattern in micas. Some parts show grain 
boundary porosity. 

D boulder Coarse-grained pegmatitic granite. Redox front. Grain 
boundaries open, well-developed network of migration 
routes. Weathered zone fractured with highly porous 
altered feldspars. Intragranular fissures in quartz grains. 

Borehole Cores  
R388 33.15 m Coarse-grained granite. Well-developed grain boundary 

porosity dominates. 
R388 33.60 m Coarse-grained granite. Porous altered feldspars and 

iron oxides. Network of grain boundary porosity. 
R302 93 m Medium-grained granite. Grain boundary porosity and 

some porous mineral grains. 
R302 119 m Medium-grained granite. Altered mineral grains 

dominate the porosity pattern. Some filled fissures. 
R384 74 m Coarse-grained granite. Well-developed grain boundary 

porosity dominates.  
R332 95.15 m Pegmatitic granite. Porosity 0.2%. Grain boundary 

porosity dominates.  
R389 0 m Coarse-grained granite. 1 cm zone containing altered 

feldspars. Iron oxyhydroxides leached. 
R389 10 m Coarse-grained granite. Grain boundary porosity 

dominates. 
R389 27 m Coarse-grained granite. Grain boundary porosity 

dominates. 
 

Autoradiographic screening of surface and cored samples, the latter sawn longitudinally 
was carried out by exposing the sawn rock surfaces on Kodak X-omat MA röntgen film. 
The outer surfaces of core samples BI, BII and C (Table 3.1) were also exposed on the 
film. Exposure times varied between 5 and 18 days. This method reveals active minerals 
as darkened spots on the film. Well-defined spots represent primary uranium phases. 
Halos around the dark spots typically indicate old crystals where daughters are in 
secular equilibrium. Darkening of the film also occurs along microfissures but, in this 
case, halos are absent indicating secondary (and recent) uranium. The samples studied 
by autoradiography and their characteristics are shown in Table 3.3. 
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Table 3.3  Characterisation of samples studied by autoradiographic screening. 
 

Sample Description 
Surface  

BI core (0-23 cm) 
 

Core 27 mm diameter and 23 cm length. Medium grained 
granite.  

BII core (0-34 cm) Core 27 mm diameter and 34 cm length. Medium grained 
granite. 

CI core (0-34 cm) Coarse-grained, pegmatitic. 
CII outcrop Coarse-grained, prominent plagioclase and micas. 
D boulder Coarse-grained granite. Fractured weathered zone. Redox 

front, quartz phenocrysts. 
G Medium-grained granite, greenish feldspars. 
H Coarse-grained granite, brownish feldspars. Well-

developed grain boundaries visible to naked eye. 
Borehole Cores  

R388 48.93-49.00 m Fracture surface. 
R388 33.15-33.60 m Altered plagioclase grains. 

R340 89.90 m Primary uranium, quartz + biotite. 
R331 64.40 m Primary uranium, quartz + biotite +K-feldspar. 
R331 89.15 m Quartz + biotite. 
R390 6.42 m Coarse-grained granite. Weathered plagioclase with 

reddish-brown patches of Fe-hydroxide. 
R390 20.75 m Coarse-grained granite, green-brown surface 

(slickenslide) and calcite filling. 
R390 30.84 m Coarse-grained granite. Yellow-brown Fe-hydroxide 

probably with clay layer. 
R390 31.22 m Coarse-grained granite. Yellow-brown Fe-hydroxide 

probably with clay layer. Marcasite spots common. 
R384 42.66-42.80 m Fracture surface. 

 
 
The polycarbonate foil, CR-39, is etchable when damaged by strongly ionising 
radiation, such as α particles. The pattern of tracks produced on the film can be 
observed with a standard optical microscope or with a table scanner. Only a few 
comparative track frequency determinations were performed in the present study. The 
rock surface was exposed on the CR-39 film (Pershore, 10 x 8 x 0.01, 32 h cur) for 50 
days. Etching was carried out in a 6.25 M NaOH solution at 70oC for 3 hours and at 
room temperature for a further 10 days. The origin of the alpha particles was studied in 
more detail using SEM/EDAX to follow alpha track images. The different images were 
digitised with the table scanner (Canon Scanner 9900 F, optical resolution 2 400 dpi). 
Both primary and secondary uranium phases could be detected with this method. 
 
Scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDAX) was 
performed in order to study pore apertures in greater detail and to determine the nature 
of the α-active phases. The regions for SEM/EDAX measurements were selected from 
X-ray autoradiographs, alpha-tracked polycarbonate films and 14C-PMMA 
autoradiographs. Analyses of polished sections (polished with 0.25 µm diamond paste) 
were performed using a Zeiss DSM 962 electron microscope and the Link ISIS program 
with a UTW Si(Li) detector operating in the back-scattered electron image (BSE) mode. 
The main minerals and uranium phases were determined with energy dispersive X-ray 
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microanalysis (EDAX); the elemental composition is given as conventional oxide 
concentrations. Table 3.4 describes the samples studied by SEM. 
 

Table 3.4 Samples for SEM/EDAX measurements. 
 

Sample Notes 
Surface  

BII core (0-34 cm) PMMA impregnated. Hot spots on autoradiographs 
indicate primary U phases present. 

CI core (0-34 cm) PMMA impregnated. Abundant hot spots on 
autoradiographs to a depth of 6cm from the surface, 
indicating U phases. 

D boulder Not PMMA impregnated. A few hot spots on 
autoradiographs and marks from natural activity in intra- 
and intergranular fissures found, indicating primary and 
secondary U phases present. 

Borehole Cores  
R388 33.15 m PMMA impregnated, no hot spots. 
R388 33.60 m PMMA impregnated, no hot spots. 
R390 30.84 m Not PMMA impregnated. Slight blackening on 

autoradiographs. 
R390 31.22 m Not PMMA impregnated. Slight blackening on 

autoradiographs. 
R384 74 m PMMA impregnated, no hot spots. 
R302 93 m PMMA impregnated, no hot spots. 
R302 119 m PMMA impregnated, no hot spots.  
R385 446 m PMMA impregnated, abundant hot spots. 

 
 

3.3 Connective Pore and Microfracture Network 
 
Optical images and corresponding autoradiographs are shown in Figures 3.4 - 3.13. 
PMMA autoradiographs of surface samples (Figs. 3.4-3.10) display connective porosity 
patterns typical of the Palmottu Eastern Granite (Siitari-Kauppi et al. 2003). Migration 
networks corresponding to intra-and intergranular fissures are readily apparent. Grain 
boundary pores are especially clear in samples D, G and H (Figs. 3.4, 3.5). On 
autoradiographs taken from cores B and C the darkening caused by natural activity is 
significant (Figs. 3.6, 3.7). Spots with pronounced halos render quantitative porosity 
measurement by digital image analysis unfeasible. Even so, comparison with screening 
results, which shows only the natural activity present, illustrates the extent of inter- and 
intragranular porosity. 
 
The distance over which solutes could be transported in these surface samples is at least 
several centimetres in material displaying well-developed connective fissures. The 
fissure openings vary in size from a few microns to tens of microns. 
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Figure 3.4 Photograph and corresponding 14C-PMMA autoradiograph of boulder 
sample D, arrow shows surface in contact with atmosphere. Porosity of altered feldspars 
is several percent in 2 cm wide weathered rim (arrow). Deeper into the matrix typical 
feldspar porosity is ~ 0.5%.  
 

  
Figure 3.5 Photograph and corresponding 14C-PMMA autoradiograph of outcrop 
sample G (length 5 cm). Grain boundary porosity dominates. Intragranular porosity of 
altered feldspar grains varies between 0.5-1.0%. 

 

 

 

 

Figure 3.6 Photograph and corresponding 14C-PMMA autoradiograph of core 
sample B1 (length 11 cm). Left side in contact with atmosphere shows 1 cm wide highly 
porous rim. Sparsely distributed dark spots on autoradiograph indicate primary uranium 
sources (found in this sample to a depth of 23 cm). 
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Figure 3.7 Photograph and corresponding 14C-PMMA autoradiograph of core 
sample C1 (length 11 cm). Left side in contact with atmosphere. Natural radioactivity 
inhibit structural characterisation by 14C-PMMA method locally. 
 
The borehole cores also show connective porosity. Core R389 contains a weathering 
profile in which porosity development is associated with the selective breakdown of 
feldspars (Fig. 3.8). Increased porosity is particularly significant around relict 
plagioclase, whereas potassium feldspar is only partly altered to clay minerals. 
 
There is a wide variation in pore structures adjacent to the larger water conducting 
fractures. Typically, the highly porous zone reaches a depth of about 1 cm but can be 
much deeper. In other cases, there is no significant increase in porosity in the vicinity of 
the fracture and the fissure network characteristic of unweathered rock starts 
immediately from the fracture surface. These differences are a function of mineralogy. 
Grain boundary porosity dominates in most of the samples. The rock is quartz-rich, 
containing fewer, moderately altered feldspars and accessory biotite. Some of the 
potassium feldspar grains and grain boundaries are stained with iron oxide pigment. A 
pervasive network of intergranular fissures is also observable in samples from core 
R388 at 33 m (Fig. 3.9). 
 
R384 at 74 m (Fig. 3.10) provides a good example of the intragranular porosity found in 
the Eastern Granite. This sample is adjacent to a water-conducting fracture. The 
potassium feldspar grains are highly weathered, intragranular fissures are hematised and 
the biotites are altered to chlorite or clay minerals. PMMA autoradiographs indicate 
high porosity in the regions of altered biotite to more than 3%. In contrast, only 
boundary pores are found around quartz grains such that the average porosity of the 
rock matrix is about 0.5%. Owing to the network of potential migration pathways, the 
permeability of the matrix on the centimetre scale may be fairly high. 
 
Halos on the 14C-PMMA autoradiographs of all studied samples indicate the presence of 
natural radioactivity. However, the darkened areas are relatively infrequent in core 
samples (e.g. Fig. 3.10) when compared to samples taken from the Eastern Granite on 
the Palmottu hill (e.g. Fig. 3.7). Hematite-stained potassium feldspar grains are found 
next to altered biotite. Where iron has leached from the biotite, altered and porous 
feldspar seems to have acted as a sink for uranium. Dark spots with halos also occur in 
the microfissures, implying migration. The network of migration pathways confers 
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moderately high permeability and has allowed transport of uranium on a scale of several 
centimetres. 
 

  
Figure 3.8 Photograph and corresponding 14C-PMMA autoradiograph of sample 
R389 (0 - 4.2 cm). Feldspar grains are porous to a depth of 1 cm from surface (left side). 
The total porosity of the less weathered rock matrix is 0.4%. 

  
 
Figure 3.9 Photograph and corresponding 14C-PMMA autoradiograph of sample 
R388 (33.6 m). Inter- and transgranular fissures form well developed network of 
migration pathways. Hematised feldspars are highly porous. Sample width is 4 cm. 
 

 

 
 

Figure 3.10 Photograph and corresponding 14C-PMMA autoradiograph of sample 
R384 (74 m). Sample width is 14 cm. 
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In the sample from core R388 at 33m some microfissures are filled with calcite (Fig. 
3.19), which is absent at the surface. In a series of papers, Suksi and co-workers (Suksi 
et al. 1991, 2001, 2002; Rasilainen et al. 2003) have sought to establish a link between 
calcite and uranium at Palmottu, even attributing the high uranium concentrations found 
to this phase. The work carried out here does not support such a link; secondary 
uranium occurs in the form of uranophane whether or not calcite is present. Detailed 
petrographic studies coupled with a study of fluid inclusions have confirmed that the 
calcites are much older and formed at high temperatures during late-stage magmatic or 
metamorphic events (Blyth et al. 2004). 
 
 

3.4 Disposition of Uranium Phases 
 
Table 3.5 summarises the results of autoradiographic screening. Corresponding optical 
photographs and autoradiographs are presented in Figures 3.11-3.12. Different 
blackening patterns on the autoradiographs allow the main radioactive components of 
the rock to be distinguished. The occurrence of well-defined spots indicates the 
presence of primary uranium-containing minerals, principally uraninite and/or monazite. 
Where blackening corresponds to the location of altered feldspars or is congruent with 
intragranular microfissures between feldspar and quartz grains, the phase is clearly 
secondary, i.e. uranophane. All of the surface samples taken from the Eastern Granite 
show high activities and the spatial distribution of uranophane can be readily 
determined by this method. In contrast, the core samples from boreholes drilled during 
earlier studies are less active and definitive identification of the phases is more difficult. 
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Table 3.5 Results of autoradiographic screening from the sawn rock samples. 
 

Sample  Results  Notes 
Surface   

BI core (0-23 cm) 
 
BII core (0-34 cm) 
 
CI core (0-34 cm) 
 

CII outcrop 
D  boulder 

 
G outcrop 

 
H outcrop 

++ 
 

++ 
 

++ 
 

++ 
++ 

 
++ 

 
++ 

A few dark spots from the surface to 23 cm. Several 
related to grain boundaries. 
Abundant dark spots from a depth of 2-3 cm to 34 cm. 
No grain boundary activity. 
Abundant dark spots from the surface to depths of 5-9 
cm. Several related to grain boundaries. 
A few dark spots. No grain boundaries 
Grain boundaries dark and darkening found in mineral 
grains. No spot like activity. 
Grain boundaries and some mineral grains are dark. A 
few dark hot spots. 
Grain boundaries dark and darkening found in mineral 
grains. No spot like activity. 

Borehole Cores   
R390 6.42 m 
R390 20.75 m 
R390 31.22 m 
R390 30.84 m  

- 
- 
- 
- 

Biotite inclusion. 
Adjacent to the fracture surface. 
Adjacent to the fracture surface. 
Adjacent to the fracture surface. 

R388 33.15 m 
R388 33.6 m 

 
 

R388 48.93 m 

+ 
+ 
 
 

+ 

A few dark areas, mainly grain boundaries. 
A few dark areas, altered plagioclase grains (high iron 
content, brown colour) and intrafissures in feldspar.  
A few dark spots and some mineral grains are also 
slightly active. 

R384 42.66 m + A fracture shows up dark indicating natural activity on 
surface. A few intraganular fissures in feldspars are 
active to a depth of 15 cm from the fracture surface. 

R340 89.90 m ++ Dark spots indicating primary source. 
R331 64.40 m 

 
R331 89.15 m 

++ 
 

++ 

Dark spots indicating primary source + some grain 
boundary activity. 
Abundant dark spots indicating primary source. 

++ = strong evidence of natural radioactivity, 
+ = slight evidence of natural radioacitivity  
- = negative result following 20 days exposure. 
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a)  

b)  

c)  
Figure 3.11 Rock sections (width 8-10 cm) and corresponding X-ray autoradiographs 
(one week exposure) of hill samples a) boulder D, b) outcrop G, and c) outcrop H. 



 27

 

 

a) 

 b) 

 c) 
 
Figure 3.12 Core sample sections and corresponding X-ray autoradiographs (one 
week exposure) of a) core B1 (sample length is 11 cm, starting at a depth of 12 cm from 
surface in contact with atmosphere), b) core R331 (64.4 m), and c) core R340 (89.9 m). 
 
Images from the polycarbonate films are presented in Figures 3.13 and 3.14. Table 3.6 
summarises the results. The surface samples display high alpha activities and 1-2 weeks 
exposure time is sufficient to reveal radio active regions using the CR-39 method. 
Tracks are evident in samples C and D where activity associated with both inter- and 
intragranular fissures caused etching on the film in the form of narrow elongated 
features. In the borehole core samples (e.g. R388 33.15 m; Fig. 3.14) alpha tracks on the 
CR-39 films are congruent with porous phases. The pattern of alpha tracks mainly 
follows cracks in K-feldspar and grain boundaries around quartz but several biotite 
grains also contain alpha activity, probably in the form of inclusions. Controversy to the 
hill samples the exposure time for borehole core samples is 1 to 3 months indicating 
significantly lower natural radioactivity. 
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Table 3.6 Samples for alpha track detection, CR-39 polycarbonate film. 

 
Samples  Result 
Surface    

BI core (0-23 cm) +++ 
CI core (0-34cm) core (0-34 cm) +++ 

D boulder boulder +++ 
G outcrop outcrop ++ 

Borehole Cores Depth (m)  
R389 0 - 
R389 10 - 
R389 27 - 
R388 33.15 ++ 
R388 33.60 ++ 
R384 74 - 
R332 95.15 - 
R302 93 - 
R302 119 - 
R385 441 ++ 

+++ = strong track density, ++ = clear evidence of alphas 
+ = some tracked areas on the film  
- = no observations by this method on reasonable exposure times (max 3 months) 

 
The tracks illustrate that a network of migration routes exists throughout the Eastern 
Granite. The occurrence of alpha tracks reflects the porosity pattern of the granite, 
providing a natural tracer of open conductive pathways in the rock matrix. 
 

a)   

b)   
 
Figure 3.13 Photograph and corresponding CR-39 polycarbonate film of sample a) C 
(length 4 cm) and b) D (length 5 cm). Some spots with very high track density indicate 
primary phases in a). In b) intra- and transgranular fissures are filled with natural 
radioactive material. Electron microscopy was performed on this sample (Fig. 3.16). 
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Figure 3.14 Photograph and corresponding CR-39 polycarbonate film of sample 
R388 (33.15 m). Natural radioactivity is found in hematised feldspar grains as well as in 
microfissures crossing mineral grains. Electron microscopy was performed on this 
section (Figs.3.17-3.18). 
 
 

3.5 Mineral Chemistry 
 
Primary uranium sources were distributed throughout the hill samples and indicated by 
discrete ‘hot spots’ on screening autoradiographs as well as tracks on CR-39 
polycarbonate film. Radioactive sources found along transgranular fissures correspond 
to migration and formation of secondary uranophane mostly in sample D (e.g. Figs. 
3.11a and 3.13b) 
 
Semi-quantitative SEM/EDAX analyses of samples B, C and D based on the above 
findings gave the following results: 

- the radioactive source in sample B was dominantly monazite; grains having 
diameters of 0.5-1 mm were found and radioactivity in intragranular fissures 
orientated radially around the monazite grains was associated with iron-rich 
phases 

- single ‘hot spots’ seen on autoradiographs in sample C contained several 
uraninite grains with only minor evidence of alteration (Fig. 3.15) 

- sample D is characterized by abundant occurrence of uranophane mainly in 
micrometer-sized fissures and pores mostly in feldspars (Fig. 3.16) and also 
in biotite, a few ‘hot spots’ in sample D were monazite and thorite grains. 

 
The set of BSE images from R388 at 33.15 m depth (Figs. 3.17-3.19) show uranophane 
and calcite filling microfissures in quartz and feldspar grains. Previous analyses of well-
developed uranophane crystals from fracture surfaces in boreholes R389 and R390 
(Kaija et al. 2003) gave 67-75% uranium (as oxide), 11-18% SiO2 and 3.7-6.5% CaO 
indicating that the phase is essentially pure. Semi-quantitative EDAX analyses of 
fracture fillings (Table 3.7) conducted as part of this project gave 60-70% UO2, 30-40% 
SiO2 and 2-4% CaO. The small aperture (a few microns) of the fissures precludes more 
accurate determinations but, assuming the higher silica content is due to overlap with 
adjacent quartz, the results are close enough to suggest uniform composition of 
uranophane in these samples.  
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Figure 3.15 Backscattered electron image of uraninite grain (white) in sample C with 
minor alteration rim and micro fissures in feldspar with uranium associated with iron-
rich phases. 
 

 
 
Figure 3.16 Backscattered electron image of sample D. Uranophane (white) found in 
microfissures transecting quartz grain (left) and spread in porous feldspar grain and its 
microfissures (right). 



 31

 

 
Figure 3.17 Backscattered electron image of plagioclase (black) and K-feldspar 
(grey) grains in sample R388 (33.15 m, Fig.3.23). Uranium occurs along the micro 
fracture cutting the K-feldspar grain. 
 

 
Figure 3.18 Backscattered electron image of highly porous plagioclase grain in 
sample R388 (33.15 m, Fig. 3.14). Uranium occurs as white spots along cleavage 
planes. Altered plagioclase grain is hematised. 
 

 
Figure 3.19 Backscattered electron image of fissure cutting quartz grain in sample 
R388 (33.6 m). Fissure is filled with calcite and uranophane. 
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Table 3.7  Results of SEM/EDAX study. 

 
Samples Notes 
Surface  

BII core (0-34 cm) monazite 
CI core (0-34 cm) uraninite (monazite) 

D boulder uranophane (monazite,thorite), iron, manganese and 
uranium in microfissures  

Borehole cores  
R388 33.15 m uranophane, some calcite in microfissures 
R388 33.60 m uranophane, some calcite in microfissures 
R390 30.84 m No detectable uranophane 
R390 31.22 m No detectable uranophane 

R384 74 m No detectable uranophane 
R302 93 m No detectable uranophane 
R302 119 m No detectable uranophane 
R385 446 m Uraninite 

 
 
Similar images were obtained for the same borehole at R388 (33.6 m). In this case the 
secondary uranium is found in hematised plagioclase grains. The feldspars show high 
porosity and contain fine-grained iron oxyhydroxides, quartz and calcite in addition to 
uraniferous pigments. Substantial enrichment has occurred; the alpha track density in 
this sample was the highest of all areas studied according to the CR-39 measurements.  
 



 33

4. POST-GLACIAL EVOLUTION OF THE EASTERN GRANITE 
 

4.1 Occurrence of Uranophane 
 
The Palmottu mineralization is unusual among partly oxidised U ore bodies in the lack 
of diversity shown by derivatives of the primary ore. In addition to primary uraninite, 
only β uranophane has been positively identified. Alteration rims surrounding uraninite 
grains are heterogeneous, microcrystalline and generally amorphous to X-rays. 
Microprobe analyses point to a uranium silicate phase and this has been termed 
‘coffinite’ by Blomqvist et al. (2000), who acknowledge that such a designation is 
tentative. Lead and thorium contents vary from negligible to several percent in 
analyses of the alteration rims (Ruskeeniemi 2002; Blomqvist et al. 2000), which may 
reflect their metamict nature and contributions from degraded uraninite, ‘coffinite’, 
thorite and galena. 
 
The Finnish Geological Survey first reported uranophane from borehole R384 (Fig. 
1.2) at a depth of 42 m. It has now been shown to be ubiquitous in the Eastern Granite 
at shallow depths and can be found on surface outcrops, where its bright yellow 
coloration is very distinctive (Fig. 4.1). Uranophane mostly occurs as massive 
aggregates on exposed surfaces (Fig. 4.2a), loose planar networks parallel to fractures 
(Figs. 4.2b, 4.3a) or, less commonly, as rosettes (Fig. 4.3b). The high proportion of 
void space in the uranophane aggregates together with the idiomorphic habit of many 
individual crystals (Fig. 4.4) indicates direct crystallisation from solution in open 
fractures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Boulder sample D from Eastern Granite; arrow shows sampled 
uranophane.  
 
Crystal form changes somewhat with depth. Samples at or near the surface are acicular, 
subhedral and fine grained, typically around 5 µm along the main axis (Fig. 4.2a). 
Those at depth are larger, up to 20 µm and display perfect monoclinic form (Fig. 4.4a). 
Ruskeeniemi et al. (2002) reported that detailed studies failed to reveal any signs of 
corrosion of the delicate uranophane needles, though this might be expected given the 
low pH of shallow groundwaters. From the same basis, Blomqvist et al. (2000) 
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deduced that the samples must represent tight fractures in which interaction between 
uranophane and groundwater is prevented. 
 

a)             b) 
Figure 4.2 Sample D (see 8 in Table 4.2) a) massive uranophane aggregates on 
surface outcrop and b) uranophanes growing along planar fractures between feldspars. 
 

a)              b) 
Figure 4.3 a) Loose linear arrangement of uranophane in open fracture (sample 
R384 41.7 m). b) Uranophane rosette (sample R384; Blomqvist et al. 2000) 
 

a)             b) 
Figure 4.4 Sample R390 (8.5 m) a) Uranophanes showing good crystal form; b) 
Individual crystals of idiomorphic uranophane. 
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Figure 4.5 Sample D (see 18 in Table 4.2) Dissolution textures in surface 
uranophane cluster (sample D). 
 
The samples examined during the present study do not support the above view. The 
reasons are, (i) they display good crystal form in loose aggregates, (ii) there must be a 
readily available source of uranium for shallow groundwaters (Kaija and Blomqvist 
1999; Read et al. 1999) and (iii) there is clear evidence of uranophane weathering at 
some (but not all) locations. Figure 4.5, for example, shows dissolution textures 
whereby the morphology of individual crystals is distorted and several have coalesced 
to form a web-like mat. 
 
Microprobe analyses of selected crystals are given in Table 4.1. The proportions of U, 
Si and Ca are similar to literature data, from which it would appear that the Palmottu 
uranophanes are fairly typical. Thorium levels are very low and the REE negligible in 
all samples. The lead content in spot analyses varies from below detection to 3 wt.%. 
Although not yet confirmed, this is thought to reflect traces of a discrete phase, 
probably galena, in contrast to uraninite where the lead is evidently radiogenic in origin 
(Blomqvist et al. 2000). 
 
Table 4.1 Composition of selected uranophanes and uraninite (Kaija et al. 2003). 

Wt.(%) Uranophane 
(R390 8.61m) 

Uranophane 
(R389 27.6m) 

Uraninite 
(R346 209m) 

UO2 74.9 74.3 78.1 
ThO2 n.d. n.d. 6.93 
SiO2 15.5 17.6 0.48 
CaO 6.53 6.83 0.90 
PbO 2.17 0.25 14.2 

Ce2O3 0.07 n.d. 0.21 
Y2O3 n.d. n.d. 2.04 
FeO 0.14 0.53 0.16 

Al2O3 0.47 0.08 0.05 
MgO 0.09 0.12 0.01 
P2O5 0.04 0.25 0.04 
Total 99.9 100.0 103.1 

n.d. – not detected. 
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4.2 Dating 
 

4.2.1 Principles and Assumptions 
 
The use of U-Th disequilibria methods with uranium-rich minerals has been reviewed 
in detail by Ivanovich and Harmon (1992). Briefly, a large number of minerals can be 
precipitated directly from groundwater that has a relatively high content of dissolved 
uranium. However, dissolved thorium levels are invariably very low and thus, uptake 
of thorium from solution is negligible. The U-Th dating method is based on the gradual 
ingrowth of 230Th (t1/2 = 7.5 x 104 y) from the decay of its parent 234U (t1/2 = 2.45 x 105 

y). 234U is generally present in excess in groundwater and, hence, in deposited U-rich 
minerals. This excess fraction decays away with time but, up to periods of 30 000 y, 
the effect can be disregarded and the age can be derived from the following equation 
(Ivanovich and Harmon 1992): 
 

230Th/234U = 1 – e-λ
230

t   (1) 
 
where, 230Th and λ230 are the activity concentration and decay constant of 230Th, 
respectively. The remaining fraction is supported by 238U (t1/2 = 4.46 x 109 y). Above 
30 000 y the decay of excess 234U also has to be considered, i.e.: 
 

1 – e-λ
230

t  1     λ230  
230Th/234U =                    +   1 -           1 – e – ( λ

230 – λ234
)t      (2) 

 234U/238U      234U/238U λ230 – λ234 
 
The practical age limit for this method is 350 000 years. It requires that the system has 
been closed since deposition, i.e. no addition or loss of uranium isotopes, and that there 
was no significant incorporation of 230Th into the U-rich minerals during formation. 
Various sources of error can be related to departures from these conditions. It is also 
noted that the 234U/238U ratio may be significantly greater than the typical values (~1.14 
± 0.03) found in most groundwaters (Ivanovich and Harmon 1992). 
 
Detrital 230Th and U isotopes may be incorporated into the phase of interest by 
contamination from silicates and other U-containing minerals. If the phase includes a 
fraction of 230Th not due to 234U decay post formation, application of the above 
equations will result in overestimation of the age. The presence of detrital 230Th is 
indicated by the occurrence of 232Th from the same source. 
 
Correction for contamination by detrital U and Th can be made by analysing successive 
fractions of a sample, for example individual samples digested in HCl, HNO3, HF and 
perchlorate solutions (Ku and Liang 1984) or coeval whole rock samples (Schwarcz and 
Latham 1989). The fractions will have different ratios of 230Th/232Th, 234U/232Th and 
238U/232Th, due to variable contributions from the detrital residue. Isochron slopes give 
the ratios in the residual (detrital) fraction, i.e. (230Th/232Th) versus (234U/232Th) gives 
the (230Th/234U) ratio of the non-uraniferous mineral fraction, and (238U/232Th) versus 
(234U/232Th) gives the (234U/238U) ratio. 
 
Notwithstanding these developments, problems invariably arise in multi-component 
assemblages and none of the correction procedures that have been developed over the 
years is truly satisfactory, particularly where the mineralogy of the assemblage has not 
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been fully characterised. Bischoff and Fitzpatrick (1991), for example, demonstrated the 
effects of total sample dissolution (TSD) in comparison to leachates alone (e.g. 
Schwarcz and Latham 1989) and leachate-residue pairs (e.g. Szabo and Sterr 1978). In 
the case of samples with detectable 232Th the methods employed would have led to 
inaccurate age determination. 
 
All the samples in this study have been analysed using total sample dissolution. 
However, uraninite and monazite are abundant in the Palmottu host rock and rich in 
230Th, 234U and 238U. It was crucial to avoid contaminating the uranophanes with ‘old’ 
signatures from these phases, as only a very small amount would drastically affect the 
U-series age. Consequently, every effort was made to physically separate the 
uranophanes from all other components prior to analysis. 
 
If only uranium precipitates from solution then all daughters represent ingrowth. There 
are instances however, when this is not so and radium also comes out of solution. This 
provides an additional opportunity for dating but one that must be applied with caution. 
The principles of using excess 226Ra/230Th ratios for dating are detailed by Ivanovich 
and Harmon (1992) and rely on assumptions that are similar to those for U-Th 
explained above. Essentially, it is assumed that 226Ra is soluble and 230Th, its direct 
parent, is not. Thus, groundwater will have an excess 226Ra/230Th ratio and the 226Ra 
will decay to equilibrium with 230Th on a time frame of around 8 000 years. The main 
problem with this approach is the fact that minerals such as barite display very high 
selectivity for radium. The process by which it is removed from solution is therefore 
different to that for uranium and subject to different controls. Deposition of the two 
components may not be contemporaneous such that, even if all other conditions are 
satisfied, calculated ages will not be the same. 
 
 

4.2.2 Analytical Methods 
 
Uranophane crystals were identified on the surface of the rock samples using a mini-
monitor and through conventional X-ray photographs. Care was taken to extract the 
crystals with a dentist’s drill (2 000 rpm) using a small (1 mm diameter) acid-washed, 
stainless steel, diamond-coated drill bit. Small quantities (0.01–0.43 g) of fine powder 
were obtained. These were crushed in an agate mortar to a fine powder and then dried 
in an oven at 105°C for 24 hours to remove surface moisture. Sample purity was 
checked by a spiked (KCl) X-ray diffraction (XRD) analysis using a Siemens D5000 
X-ray diffractometer with a comprehensive mineral library. The separated mineral 
fractions contained uranophane (78-99% by volume), quartz (1-14% by volume) and 
alkali feldspar (0-8% by volume). No uraninite was detectable by XRD. Separate 
samples of quartz (99.5% pure) and alkali feldspar (100% pure) were also drilled from 
the granite to check the U and Th content of these fractions. 
 
U-series radionuclides were measured by high resolution alpha and gamma 
spectrometry and by ICP-MS at the University of Reading. Uranium and thorium 
isotopes for alpha spectrometry were separated by ion-exchange resins and electro-
deposited on stainless steel planchets (Black et al. 1997) after aliquots were taken for 
ICP-MS. A 236U-229Th yield monitor was used for alpha spectrometry with a decay and 
ingrowth correction applied for the daughter nuclides. Typical yields ranged from 92-
99% for uranium and 89-96% for thorium. Blank and background determinations were 
carried out at frequent intervals, averaging 20 counts in 10 000 for the yield monitor 
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peaks. Harwell Instruments (Canberra)® Ion Planted Silicon “PIPS” alpha detectors 
were used with very low background counts in the yield monitor energy range. 
228Th/232Th ratios were determined on unspiked aliquots to ensure no recent alteration 
had taken place. Detection limits were on the order of 10-25 µBq. 
 
238U and 232Th were also detected on a SCIEX ELAN 6000 ICP-MS. One aliquot in 
five for ICP-MS was also spiked with a 233U yield monitor to assess U recoveries after 
processing for ICP-MS analysis. In addition, internal standards (Re and Rh) were 
added at a concentration of 10.00 ± 0.01 gdm-3. Detection limits at masses 232 and 238 
were better than 6 ng after correcting for dead time, background and mass bias. 
Replication of multiple digestions from single samples was better than 0.6% for both U 
and Th whereas replicate aliquot analyses (n = 20) of individual samples was better 
than 0.3% for U and 0.2% for Th. 
 
Chemical separation and purification was carried out by conventional HF-HNO3-HCl-
perchlorate digestions, followed by anion exchange resin separation on 9M HCl and 
7.2M HNO3 columns, together with electro-deposition (Black 1994; Black et al. 1997). 
Dissolution of samples was performed on sample masses ranging from 0.01 – 0.43 g. 
For alpha spectrometry samples were generally counted for between 2 and 6 days. 
 
Corrections were made for decay of excess 234U and detrital 230Th, on the assumption 
that these were present at the time of precipitation. Correction for the detrital 
component was made from isochron plots after successive dissolution was performed 
(Bischoff and Fitzpatrick 1991). In all cases, the slopes of the isochrons are best 
determined by a method of least squares fitting which takes account of the errors in 
both variables (York 1969). 
 
226Ra, 210Pb and 228Ra were measured by γ spectrometry using the 214Pb peaks at 352 
keV, 46 keV and the 228Ac peak at 911 keV, respectively on the assumption that the 
short-lived daughters will be in equilibrium with their parent isotopes. Diffusion loss of 
the intermediate daughter, 222Rn, from fine-grained material can affect 214Pb activities. 
To overcome this all samples were sealed in airtight plastic containers with a capacity 
of 32 cm3. Samples were counted on a Harwell Instruments, Broad Energy, high purity 
germanium coaxial photon detector. This detector has an ultra low background set up 
(detector and cryostat) with a 0.5mm thick carbon-epoxy window and remote detector 
chamber. Detector specifications were FWHM at 5.9 keV = 0.45 keV, FWHM at 1.3 
MeV < 1.2 keV. To keep self-absorption differences to a minimum, the plastic 
containers were calibrated for a range of densities and masses. 
 
The accuracy of the 226Ra and 210Pb activities was assessed by first running several 
natural rock samples that were known to be older than 8 000 years. KB121, a basalt 
from Emuruangogolak volcano Kenya (Black et al. 1997) that erupted 38 000 years 
ago gave a 226Ra/230Th activity ratio of 1.03 ± 0.05. A Pleistocene rhyolitic obsidian 
from Iceland (A-THO) gave a 226Ra/230Th activity ratio of 1.02 ± 0.02 (Williams et al. 
1992). 210Pb/226Ra ratios were 1.02 ± 0.03 for the A-THO sample. Secondly, running 
NIST (SRM) international reference materials (NIST SRM 4 350b and 4 354) gave 
results that were within 1.1% specific activity for all nuclide peaks. 
 
Most of the samples analysed in this study are depleted in radium (ingrowth), 
indicating that they were precipitated less than 8 000 years ago (t½ of 226Ra = 1 602 
years). ) However, two have 226Ra/230Th ratios > 1. For these, ages based on Ra-Th 
ratios were calculated in relation to samples showing (226Ra/230Th)0 ratios = 1 and 
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(226Ra/230Th)0 ratios in modern water (Ivanovich and Harmon 1992). Waters with high 
226Ra/230Th ratios can be found at the present day. The Ra-Th ages for any given 
material can then be calculated if the initial 226Ra/230Th ratio is known or assumed. 
 
The assumptions inherent in the Ra excess method and the absolute activities of the 
individual isotopes need to be borne in mind. For these reasons, the approach is 
considered a less reliable guide to age than the U-Th method. 
 
 

4.2.3 Results 
 
U series data for uranophanes removed from ten of the surface rock samples are given 
in Table 4.2. It was not possible to obtain sufficient material for analysis from the 
remaining four samples. The very high uranium content attests to the purity of the 
samples. XRD analysis shows that the material comprises almost pure uranophane with 
traces of quartz and alkali feldspar. 
 

Table 4.2 Uranium series data for surface uranophanes from Palmottu. 
 

 
Sample1 

 
U (wt%) 

 

234U/238U 
 

238U/230Th 
 

226Ra/230Th 
 

210Pb/226Ra 
2 51.2 1.14 ± 0.03 44.8 ± 0.12 0.59 ± 0.10 1.27 ± 0.04 
6 54.3 1.13 ± 0.05 90.4 ± 0.15 0.43 ± 0.10 1.02 ± 0.04 
7 72.3 1.21 ± 0.04 200 ± 0.14 1.57 ± 0.09 1.05 ± 0.05 
8 53.2 1.13 ± 0.03 86.5 ± 0.15 0.44 ± 0.14 1.07 ± 0.04 
9 45.4 1.15 ± 0.04 58.0 ± 0.13 0.60 ± 0.09 0.77 ± 0.03 
10 54.6 1.06 ± 0.05 93.2 ± 0.21 0.47 ± 0.10 1.05 ± 0.03 
11 60.4 1.11 ± 0.03 77.7 ± 0.16 0.49 ± 0.08 1.04 ± 0.04 
12 70.3 1.22 ± 0.03 193 ± 0.16 1.31 ± 0.10 1.59 ± 0.06 
15 58.0 1.09 ± 0.04 93.8 ± 0.21 0.46 ± 0.11 0.90 ± 0.03 
16 52.5 1.12 ± 0.03 93.6 ± 0.18 0.42 ± 0.09 1.09 ± 0.04 

1 Samples obtained from boulder D (Fig 3.2). 
Uncertainties are 2σ based on counting statistics only. 
 
In contrast to parent uraninite, which is thorium-rich (Table 4.1), the surface 
uranophanes contain little 232Th, pointing to the absence of any detrital component or 
residual uraninite. The measured activity of 230Th is higher than 232Th but still 
extremely low given the uranium inventory. The lack of ingrowth implies that the 
samples must have formed very recently. Dating using the U-Th method outlined in the 
previous section gives values ranging from 545 to 2 450 years (Table 4.3), with the 
majority clustered around 1 200 years. Bearing in mind that each sample contains a 
large number of individual crystals, and therefore the reported values are averages, 
some crystals must be very young indeed. 
 
The above findings are reflected in disequilibrium between 226Ra (t1/2 = 1 602 years) 
and its parent 230Th, providing an opportunity for additional dating using the Ra-Th 
method. Eight of the ten surface samples are depleted in 226Ra (Table 4.2), giving ages 
ranging from 1 270 to 2 130 years, most clustering around 1 300 years (Fig. 4.6). 
Correspondence with the U-Th dates is very good (Fig. 4.7), with the two sets related 
by the expression Ra-Th (y) = 0.68U-Th + 570 (y). 
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Table 4.3 Model ages for surface uranophanes from Palmottu. 

 
 

Sample1 
 

230Th/232Th 
(years) 

 

238U/232Th 
(years) 

 
U-Th age 

(years) 

 
Ra-Th age 

(Ra depletion) 

 
Ra-Th age 
(Ra excess) 

2 304.8 13 660 2 449 2 086 - 
6 1335 120 598 1 208 1 294 - 
7 713.8 142 556 545 - 2 330 
8 920.2 79 582 1 262 1 329 - 
9 976.6 56 595 1 889 2 131 - 
10 1153 107 500 1 170 1 452 - 
11 1030 80 047 1 406 1 552 - 
12 438.3 84 408 565 - 3 312 
15 706.2 66 229 1 163 1 417 - 
16 1272 119 083 1 166 1 268 - 

1 Samples obtained from boulder D (Fig. 3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Calculated uranium series ages for ten surface uranophane samples. 
 
Two of the samples (Nos. 7 and 12) display greater activities for 226Ra than 230Th and 
cannot be dated by ingrowth. Using the method of radium excess (Ivanovich and 
Harmon 1992) gives ages of 2 320 and 3 310 years, respectively (Table 4.3, Fig. 4.8). 
The values are higher than those obtained for radium-depleted samples though they 
still represent young uranophanes. For reasons noted above, the method is regarded as 
less reliable than estimates based on ingrowth, since the conditions leading to the 
radium accumulation are not known. Interestingly, the U-Th ages for these samples are 
the youngest found, at 550 years. This date coincides with the intercept obtained by 
least squares regression of the conventional U-Th versus Ra-Th plot (Fig. 4.7). 
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Figure 4.7 Correlation of U-Th and Ra-Th (Ra depletion) age determinations. 
 

 
Figure 4.8 Evidence of recent Ra and U accumulation. 
 
A plot of 234U/238U versus 226Ra/230Th activity ratios (Fig. 4.9) shows that all samples 
are enriched in 234U (234U/238U > 1.0), as would be expected in a phase precipitated 
from groundwater. The highest ratios (234U/238U = 1.2) were obtained in the two 
samples that also display enrichment in 226Ra (226Ra/230Th = 1.3-1.6), suggesting that 
the most recent period of uranium accumulation was accompanied by a corresponding 
deposition of radium. A plot of 234U/230Th versus 226Ra/230Th exhibits the same feature, 
though the activity ratios are much more extreme (Fig. 4.10). The significance of these 
findings is discussed further in Section 5. 
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Figure 4.9 U series disequilibrium plot showing enrichment in 234U and variation  
in 226Ra 
 

 
Figure 4.10 U series disequilibrium plot showing accumulation of 234U and 226Ra. 
 
Uranophane has been found in borehole cores through the Eastern Granite to depths of 
more than 40 m. Of the core samples supplied, two yielded sufficient material for 
dating purposes, R390 at 8.5 m and R384 at 41.7 m (Fig. 1.2). These have already been 
dated using the standard isochron method described above, giving apparent U/Th ages 
of 15 340 ± 1 550 y and 110 450 ± 8 970 y, respectively (Read et al. 2003); 
substantially older than those for the surface material. 
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In light of the findings for surface uranophanes a decision was made to examine 
additional samples to establish whether different generations of uranophane may co-
exist. A sample from R388 at 31.7 m was found to be suitable but other samples from 
the shallow boreholes did not provide sufficient material for quantitative analysis. 
Similarly, none of the deeper Palmottu cores was suitable since they had previously 
been subject to treatment by workers in Finland. In order to obtain some indication of 
the age of uranophane from greater depths recourse has been made to two samples from 
the Hyrkkölä site (HY324 at 53.3 m and HY325 at 68 m), 10 km to the north east (Fig. 
1.1). The results will be presented in a subsequent report. 
 
The uranophanes at depth differ from the needle-like surface crystals by displaying 
euhedral form and generally larger grain size (Fig. 4.4). However, as with those 
described previously, they contain very little 232Th and so contamination with ‘old’ 
uraninite or monazite can be discounted. The results obtained to date seem to indicate a 
progressive increase in age with depth (Table 4.3). 
 
 

4.3 Comparison with Earlier Studies 
 
Uranium series analysis of fracture core samples from Palmottu was carried out within 
the main EU project (Blomqvist et al. 2000; Ruskeeniemi et al. 2002) and 
subsequently (Suksi et al. 2001, 2002; Rasilainen et al. 2003). Regions in which 
uranium removal and accumulation had occurred were identified; the former shown 
most clearly along sections drilled from fracture surfaces into the rock matrix. 
Typically, evidence of uranium leaching from matrix to fracture extends over a 
distance of about 5 cm. From consideration of 234U/238U versus 230Th/234U ratios in 
fracture coatings, the majority of samples were said to be characterised by ‘single event 
U accumulation’. Several show evidence of ‘single event U removal’ and others of 
‘combined accumulation and removal’ (Suksi et al. 2001). It was concluded that the U 
release had occurred in two or three violent episodes during the last 300 000 years 
(Rasilainen et al. 2003). The episodes were tentatively linked to past glacial events 
(Suksi et al. 2001, 2002; Ruskeeniemi et al. 2002). 
 
In some respects, the results of the above investigations concur with the findings of the 
current study but there are also important differences. These differences are highlighted 
below and possible causes are discussed. 
 
The only publication in the above series to provide tabulated data (Suksi et al. 2001) 
lists uranium and thorium contents, together with 234U/238U and 230Th/234U activity 
ratios, for ‘fracture calcites’ in drill cores DH384, DH389 and DH302 (Fig. 1.2). The 
data are reproduced in Table 4.4. 
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Table 4.4 U series data for fracture minerals (after Suksi et al. 2001). 

 
 

Sample1 
 

Depth (m) 
 

U (ppm) 
 

Th (ppm) 
 

234U/238U 
 

230Th/234U 
389 (18) 18 1.8 ± 0.1 1.9 ± 0.2 1.24 ± 0.10 0.92 ± 0.09 
389 (20) 20 12.2 ± 0.8 3.2 ± 0.7 1.1 ± 0.1 0.98 ± 0.08 
389 (28) 28 898 ± 31 6.4 ± 2.5 1.26 ± 0.06 0.47 ± 0.02 
389 (33) 33 232 ± 8 6 ± 2 1.26 ± 0.06 0.77 ± 0.05 

384 (18.64) 15.10 808 ± 23 4.8 ± 2.0 1.20 ± 0.05 0.81 ± 0.08 
384 (31.25) 25.31 450 ± 18 3.6 ± 1.5 2.22 ± 0.12 0.44 ± 0.02 
384 (31.40) 25.44 91 ± 3 1.3 ± 0.5 1.32 ± 0.06 3.22 ± 0.12 
384 (38.52) 31.20 496 ± 15 2.0 ± 1.5 2.30 ± 0.9 0.33 ±0.02 
384 (40.87) 33.11 346 ± 14 3 ± 2 2.04 ± 0.11  0.60 ± 0.03 
384 (42.50) 34.43 1040 ± 20 3.8 ± 1.2 1.22 ± 0.03 0.64 ± 0.03 
384 (45.58) 36.92 538 ± 17 1.6 ± 1.5 1.91 ± 0.08 0.72 ± 0.05 
384 (51.61) 41.81 113 ± 5 3.7 ± 0.2 1.43 ± 0.09 0.84 ± 0.04 
384 (53.04) 42.96 374 ± 10 1.9 ± 1.0 1.60 ± 0.06 0.52 ± 0.03 
384 (62.32) 50.48 664 ± 13 2.3 ± 1.5 1.47 ± 0.04 0.46 ± 0.02 

302 (91-94)B 59-61 59.1 ± 0.3 54.1 ± 0.8 0.97 ± 0.02 1.93 ± 0.13 
302 (91-94)C 59-61 83.9 ± 0.5 4.23 ± 0.06 0.84 ± 0.01 - 
302 (91-94)D 59-61 16.0 ± 0.1 41.5 ± 1.8 0.283 ± 0.007 12.3 ± 1.6 
302 (91-94)E 59-61 44.0 ± 0.3 4.65 ± 0.04 0.295 ± 0.014 0.067 ± 0.045
302 (91-94)G 59-61 707 ± 3 361 ± 144 0.256 ± 0.003 0.44 ± 0.27 
302 (91-94)I 59-61 30.6 ± 0.1 45.2 ± 0.4 0.420 ± 0.003 1.07 ± 0.02 
302 (91-94)L 59-61 6.44 ± 0.01 3.09 ± 0.01 0.746 ± 0.004 1.02 ± 0.02 
302 (91-94)P 59-61 139 ± 1 44.7 ± 0.5 0.359 ± 0.003 0.99 ± 0.02 
302 (91-94)R 59-61 21.7 ± 0.1 4.09 ± 0.07 0.626 ± 0.005 1.34 ± 0.12 
302 (91-94)Sh 59-61 48.8 ± 0.1 2.85 ± 0.05 0.379 ± 0.004 1.38 ± 0.05 
1 Figures in brackets refer to borehole length; vertical depth is given for comparison. 
 
The samples represent material scraped from fracture surfaces and then dissolved in 
1M HCl. Uranium concentrations range from less than 2 ppm, corresponding to 
background, to more than 0.1%. It is clear that the higher concentrations found cannot 
be attributed to calcite, as asserted by Suksi et al. (2001), but must reflect leaching of 
one or more U-rich phases. Mineralogical investigation of the samples was not carried 
out prior to leaching but uranophane has been identified at the same depths in 
boreholes R384 and R389 and, therefore, its presence is suspected here. Thorium 
concentrations are also variable (1.3 – 361 ppm), with the higher values (>10 ppm) 
restricted to the deepest core, DH302 at 91-94 m1. It was shown in the previous section 
that uranophane contains very little thorium and so this group of samples almost 
certainly reflects some dissolution of parent uraninite. 
 
The above re-interpretation is borne out by the activity ratios. All 234U/238U values for 
DH384 and DH389 are greater than 1.0, indicating precipitation from groundwater 
(Table 4.4). With one exception, 230Th/234U ratios are <1.0, implying that the 
precipitates are young. In contrast, all 234U/238U activity ratios for DH302 (91-94 m) 
are <1.0, often substantially so (<0.3) whereas 230Th/234U ranges from <0.1 to >12.0. 

                                                 
1 Equivalent to 60 m vertical depth. Borehole inclinations vary significantly (Table 4.4). 
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Even allowing for possible artefacts introduced by sampling and HCl leaching, there 
would seem to be evidence for significant uranium loss. 
 
With respect to dating of the fracture coatings, in every case leaching with 
concentrated HCl would have dissolved an assemblage of mineral phases characterised 
by different activity ratios. It follows that age determinations of young uranophanes 
will be affected by a component of ‘old’ uranium and thorium (and vice versa for 
uraninites where uranophane is also present). This would bias the estimates for 
uranophanes to older ages, as shown in Figure 4.11. 
 

 
Figure 4.11 Comparison of uranophane U series ages with earlier work. 
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5. GROUNDWATER AND ITS EVOLUTION 
 

5.1 Conceptual Framework 
 
Evidence in support of a palaeohydrogeological model for Palmottu has been sought 
from a number of sources in addition to the studies of uranium chemistry discussed 
here. These sources include variations in major and trace element water chemistry 
(Pitkänen et al. 2002), evolving mineralogy with depth (Cera et al. 2002) and stable 
isotope fractionation (Blyth et al. 2004). The latter, which includes measurements of 
groundwater and fluid inclusions, has perhaps been afforded more prominence in the 
past. However, as with the other lines of investigation the data must fit within a 
consistent regional framework. 
 
According to the holistic model presented by Blomqvist et al. (2000), the Dynamic 
Upper Flow System, (≤ 100 m) is characterised by young groundwaters no more than a 
few decades old. The Dynamic Deep Flow System, (100-200 m) contains older waters, 
some hundreds to a few thousand years old and is underlain by a sulphate-rich zone 
whose origin may be linked to the U mineralization and/or cryogenic freeze cycles. 
The chloride region at great depths is thought to represent stagnant ancient water. 
 
Such a well-developed stratification of water bodies seems to be inconsistent with 
glacial perturbation and mixing of water bodies at depth. Nevertheless, δ18O depletion 
has been recorded in the deep Na-SO4 and Na-Cl type groundwaters suggesting that 
melt water could have been forced to depths approaching 400 m by high hydraulic 
pressures (Blomqvist et al. 2000). This apparent contradiction is compounded by the 
results of a recent study of fracture filling calcite (Blyth et al. 2004), which shows 
conclusively that the Palmottu calcites were formed under late stage metamorphic or 
magmatic conditions. Samples from 10m to almost 500 m depth appear to have been 
unaffected by subsequent events, even during ice sheet loading and unloading. 
 
The relative importance of uranium in controlling groundwater chemistry, and 
especially redox chemistry, is also the subject of debate. Cera et al. (2002) consider 
uranium to be sufficiently abundant in the Eastern Granite to act as a redox buffer in 
conjunction with Fe(II)/Fe(III). In contrast, Rasilainen et al. (2003) assert that uranium 
release has occurred only in two or three ‘violent episodes’ during the past 300 000 
years triggered by inflow of oxic glacial melt water. If so, it would not be expected to 
exert a significant effect. 
 
The deep water systems are outside the scope of the present study but further light can 
now be shed on the extent of perturbation to the Upper Flow System (< 100 m) and the 
role played by uranophane. 
 
 

5.2 Effect of Uranophane 
 
Uranophane has been found and characterised to 41 m (33 m vertical depth) at 
Palmottu and 68 m at Hyrkkölä. Suksi et al. (2001) provide evidence of substantial 
uranium mobilisation at 91 m (59 m vertical depth). Although the sample is no longer 
available for confirmatory studies, it is likely that uranophane also occurs here 
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(230Th/234U <1 in some samples). Its effect on groundwater composition will depend 
therefore on dissolution-precipitation reactions as a function of depth and evolving 
conditions. These in turn require a sound understanding of uranophane solubility. 
 
Neither the original Palmottu Project (Blomqvist et al. 2000) nor the recent modelling 
exercise (Oziabkin and Oziabkin 2003) included a critical evaluation of 
thermodynamic data. The majority of compilations used by waste disposal agencies 
(e.g. LLNL, HATCHES) or code providers (e.g. PHREEQE, WATEQF, MINTEQ) use 
the same solubility constant for uranophane, derived by Lemire (1988). This should 
ensure consistent results but does not owing to differences in aqueous constants. Thus, 
in pure water at pH 7 and 200 mV, calculated solubility ranges from 2.2 x 10-5M 
(MINTEQ) to 1.1x10-4M (WATEQF), a difference of almost one order of magnitude. 
 
The above differences are exacerbated by uncertainties surrounding the solubility 
product of uranophane itself. More recent data are available than those of Lemire 
(1988). Oziabkin and Oziabkin (2003) used a value for natural uranophane from Casas 
et al. (1994), quoting a log Ksp of 7.8 ± 0.8 for the reaction, 
 
 Ca[(UO2)(SiO3OH)]2.5H2O + 6H+ ⇔ Ca2+ + 2UO2

2+ + 2H4SiO4 + 5H2O 
 
and resulting in a solubility of uranium of 5x10-6M under neutral conditions. This 
compares to log Ksp = 9.42 ± 0.48 obtained by Nguyen et al. (1992) and 11.7 ± 0.6 
(Casas et al. 1997), leading to solubilities one and two orders of magnitude higher, 
respectively. Both of these sources refer to fresh synthetic phases rather than natural 
crystals. The values of Casas et al. (1994, 1997) have been adopted and used in 
conjunction with the LLNL thermodynamic database (Wolery 1992) in the following 
calculations. 
 
The solubility of uranium determined by equilibrium with uranophane is lower in 
natural waters than described above owing to the presence of calcium and silica in 
solution. Figure 5.1 plots the theoretical solubility of uranium in equilibrium with 
crystalline (solid line) and synthetic (dotted line) uranophane using the Palmottu 
groundwater compositions employed in earlier modelling studies (e.g. Oziabkin and 
Oziabkin 2003); these are fairly typical in terms of major element chemistry. The 
calculations were performed using PHREEQC (Parkhurst and Appelo 1999) and 
thermodynamic data were taken from Wolery (1992) and Casas et al. (1994, 1997). 
Comparison with measured uranium concentrations supplied by the Finnish Geological 
Survey (Kaija et al. 2003) reveals a number of interesting features. 
 
The deepest samples obtained from borehole R302 (80-131 m) are alkaline (pH ~8) 
and characterised by Eh values of 0 to -50 mV. Measured uranium concentrations are 
high at 10-6 moldm-3 (>200 ppb), close to or slightly above saturation with respect to 
synthetic (amorphous) uranophane and substantially supersaturated with respect to the 
crystalline form (Fig. 5.1). Uranophane has not been unambiguously confirmed in this 
region but uranium series disequilibrium studies on drill cores from the same borehole 
at 91 m indicate that both accumulation and leaching processes have taken place (Suksi 
et al. 2001). 230Th/234U ratios range from 0.4 to 12 whereas some 234U/238U values are 
lower than 0.3. The 234U/238U ratio in the water samples is correspondingly high (1.96; 
Kaija et al. 2003) which also points to active removal. For these reasons, the waters are 
thought to represent the maximum extent of oxidation in the Eastern Granite in which 
primary uraninite dissolves to be replaced by uranophane. At greater depths, where 
conditions are more reducing, the primary phases are stable (Blomqvist et al. 2000). 
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Samples of the discrete mineral phases from this zone are needed to determine the 
period of time over which the process has occurred. 
 

 

Figure 5.1 Measured U concentrations in surface and ground waters compared to 
theoretical solubility of crystalline (solid line) and amorphous uranophane (dotted line). 

 
At shallower depths, to within 20 m of the surface, waters are clearly oxidising (~300 
mV) with pH values clustering around 7.5 (Kaija et al. 2003). The relatively constant 
composition of groundwater from a number of boreholes (R318, R324, R325, R384, 
R389, R390) is reflected in the close grouping of measured uranium concentrations 
(Fig. 5.1). They fall between the theoretical solubility of crystalline and amorphous 
uranophane, which is known to be present. It is suggested that this phase maintains 
stable levels. As with the deeper samples, a substantial influx of acidic water would be 
required to promote dissolution. 
 
Samples from the unsaturated (or, more strictly, variably saturated) zone also occupy a 
region between the predicted solubility of crystalline and amorphous uranophane (Fig. 
5.1), though they are generally more acidic (Kaija et al. 2003). The data represent the 
results of a field experiment conducted on borehole R390, as described by Kaija et al. 
(2003) and depicted schematically in Figure 5.2. A packer was installed at 10.4m 
depth, just above the water table, during a dry period. After three weeks and following 
rainfall the water rose above the packer level and samples of the unsaturated zone 
could be taken. The measured uranium concentration was 4x10-7 mol·dm-3 (~ 100 ppb) 
in samples taken two days apart (Fig. 5.2). During this time the pH fell from 7.9 to 6.6. 
One week later, the water level had risen to within 5 m of the surface and remained 
there until the end of the experiment. Concurrently, uranium concentrations increased 
to more than 10-6 mol·dm-3 (> 300 ppb). 
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Figure 5.2 Variation of U concentrations in shallow waters following rainfall. Depth 
to water table at time of sampling is shown (Kaija et al. 2003). 
 
The pH remained ≤ 7 for at least a month (Kaija et al. 2003) but, if the experiment had 
continued until the next prolonged dry spell, one would expect it to increase and re-
precipitation of uranophane to occur (Read et al. 2002). However, the dissolution-
precipitation kinetics of uranophane are finite (Bruno et al. 1999), leading to a more 
complex interplay between solution chemistry and the transient hydrogeological 
system. 
 
Immediately following rainfall, the groundwater is diluted and U concentrations will 
fall. The pH also falls, destabilizing uranophane and promoting dissolution of this 
phase to restore aqueous levels. The rapid increase in uranium concentration (Fig. 5.3) 
implies fast reaction kinetics. Casas et al. (1997) derived the following expression for 
the uranophane dissolution rate R as a function of pH and carbonate concentration: 
 
 R (mol m-2 s-1) = 10-9 [HCO3

-] 0.69 • [H+]-0.1 
 
Thus, at pH 6.5 and HCO3

- concentrations around 50 ppm (Kaija et al. 2003), the 
release rate would be approximately 3x10-6 mol·m-2 per day. A video camera survey of 
the borehole (R390) revealed that sub-horizontal fractures are common with apertures 
typically 1-2 mm in diameter (Kaija et al. 2003). Assuming 10% of the fracture surface 
is covered by uranophane and given the relatively slow water turnaround; aqueous 
concentrations are predicted to increase by 100 ppb in a day. Only accessible uranium 
in open fractures could respond this quickly to changing water compositions. The 
contribution from any residual primary phases in the matrix should be negligible. Near 
surface uranophanes are known to be depleted in daughter products and this ought to 
be reflected in water analyses if further confirmatory investigations are possible. 
 
In principle, the upper limit to aqueous uranium concentrations is determined by the 
solubility of uranophane as a function of pH (Fig. 5.1); it could exceed the values 
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observed during prolonged periods of acidic recharge. However, in dry spells pH rises 
as the water table falls owing to mixing and reaction with the host rock. Therefore, 
aqueous uranium concentrations in the unsaturated zone will show considerable 
seasonal variation. It is evident from the microscopic studies described previously that 
uranophane is being continually re-worked. It should be noted, however, that only a 
small part of the inventory needs to dissolve to cause significant changes in solution 
composition. 

Figure 5.3 Controls on uranium levels in the unsaturated zone. 
 
Waters taken from the overburden and rock cavities on the surface contain very low 
uranium concentrations (~10-8 mol·dm-3). Uranophane is thermodynamically unstable 
and should dissolve under these conditions. The crystals found in abundance on surface 
exposures are thought to be ephemeral, alternatively precipitating and dissolving in 
response to rainfall patterns. 
 
 

5.3 Implications for Palaeohydrogeological Interpretation  
 
Our understanding of the Palmottu uranium deposit and its evolution has increased 
considerably in recent years (Read et al. 1999; Blomqvist et al. 2000; Kaija et al. 2003; 
Blyth et al. 2004), permitting reasonably credible simulations of uranium release, 
migration and fixation to be constructed (Oziabkin and Oziabkin 2003). Nevertheless, 
prior to this study several important issues remained to be resolved. 
 
The first of these concerned the relative contribution of primary uraninite and 
secondary uranophane to groundwater. It is now apparent that re-working of 
uranophane dominates in the shallow groundwaters and this phase probably constitutes 
the main control throughout the oxidised section. Only in deeper waters (≥ 100 m), 
where incipient oxidation of the primary ore is taking place, does the situation change. 
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Migration of U derived from residual uraninite through microfissures has been 
demonstrated by autoradiography of the fractured rock. Uranium is subsequently 
precipitated as uranophane from solution, often in open fractures. The results of this 
study indicate that uranium has migrated on the order of centimetres from its source 
before precipitating. No evidence has been found of replacement in situ. Other uranyl 
phases that are known to replace uraninite upon oxidation, such as (meta)schoepite 
(e.g. Trueman et al. 2004) have not been found although they have been suggested as 
likely precursors of U(VI) silicates (e.g. Burns and Finch 1999). The high silica content 
of Palmottu groundwaters may be the key factor; equilibrium calculations suggest that 
uranophane is thermodynamically favoured. 
 
The second question concerned the age of the uranophanes as this constrains the time 
period over which oxidation of the ore body has taken place. Previous work on fracture 
fillings gave ages of 90-120 ka for R390 (8.61 m) and 189-241 ka for R389 (32.1 m), 
respectively (Blomqvist et al. 2000; Suksi et al. 2002, 2003). These values were 
obtained by leaching material (‘fracture calcites’) from drill cores, several of which 
have now been shown to contain uranophane. The mineralogy of the samples was not 
determined and the uranium yield on leaching was low (< 20% as compared to 80% in 
the separated crystals). Model ages obtained for separated uranophanes in R384 (41.7 
m) and R390 (8.5 m) have been given as 110 ± 9.0 ka and 15.3 ± 1.5 ka, respectively 
(Read et al. 2003). 
 
It was postulated that uranophane near the surface could be very recent. This has now 
been confirmed (average age ≤ 2000 years). Further evidence of dissolution fabrics 
accords well with the results of groundwater monitoring in shallow wells (Kaija et al. 
2003). Thus, the assertion that release of uranium cannot have occurred after the last 
glaciation (Rasilainen et al. 2003) can be discounted. 
 
The final objective, to determine whether uranophane precipitation is an ongoing 
process or linked to discrete climatic events (i.e. oxidation by glacial melt waters), is 
partly answered above with the discovery of recent, post-glacial uranophane in the near 
surface zone. It is clearly ongoing near the surface. At greater depths, however, the 
situation is less clear. 
 
Episodic formation of secondary uranophane should give rise to discrete ages rather 
than a continuum. The case for uranium release in two or three ‘violent episodes’ has 
been made on the basis of uranium series disequilibrium dating of fracture coatings 
(Suksi et al. 2002, 2003), supported on modelling grounds (slow rates of diffusion) by 
Rasilainen et al. (2003). As acknowledged by the authors, a major problem was that 
the calculated dates for these episodes based on leaching did not correspond to past 
glaciations. 
 
In contrast, the results obtained for uranophane (Read et al. 2003) of 110 ± 9.0 ka and 
15.3 ± 1.5 ka, correspond to periods immediately following the last two glacial 
maxima, the Saalian and Weichselian, respectively. This, in itself, does not preclude 
the formation of uranophane at other times since the sample set is limited. However, it 
does imply that no significant modification of these samples has occurred subsequent 
to these dates. 
 
Active dissolution and re-precipitation is confined to the variably saturated zone. 
Consequently, the average age of near surface deposits is reduced by continual re-
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working. Further down the sequence uranophane is stable once formed. However, 
groundwater is oxidising to a depth of 100 m and may lead to dissolution of uraninite 
in the matrix. Uranium released from primary ore would be expected to form 
uranophane and add to the inventory already present. This too would have the effect of 
reducing the average U series age. 
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6. RELEVANCE OF FINDINGS TO THE SAFETY CASE 
 
Many ‘natural analogue’ sites bear little resemblance to locations chosen for 
radioactive waste disposal (Miller et al. 1994). This is not the case at Palmottu, which 
shares a number of features with the proposed repository site at Olkiluoto, some 150 
kilometres to the northwest (Blomqvist et al. 2000). The geology (gneiss and granite 
pegmatite) is similar, hydrogeology is fracture-controlled, the deposit contains uranium 
mainly in the form of UO2 and it extends to at least repository depth (> 400 m). Both 
sites experienced continental ice margin conditions but represent different stages in 
post-glacial uplift. Olkiluoto emerged above sea level around 2000 years ago (Pitkänen 
et al. 2004) in comparison to 10 000 years at Palmottu (Kaija et al. 2003). In this 
respect, Palmottu provides an indication of the likely evolution of Olkiluoto over the 
next few thousand years. 
 
A major concern for a repository at this latitude is the potential disturbance caused by 
future glaciations. Previous glacial advances have clearly perturbed Palmottu; uranium 
has been oxidised to a depth of around 100 m. However, evidence from this work and 
the recent study by Blyth et al. (2004) suggests that the concept of ‘disturbance’ may 
need to be re-considered. Sufficient oxygen has penetrated to cause breakdown of 
uraninite and release of uranium to groundwater. Nevertheless, uranophanes (except 
those very near the surface) have retained ‘old’ signatures even though they occur in 
open fractures. Similarly, the preservation of original high temperature characteristics 
in calcites is indicative of long-term stability. These data imply that either recharge of 
acidic glacial melt water was limited or, more likely, that the percolating solutions 
were effectively buffered by the host rock. 
 
Two common misconceptions apparent in documents produced by the Finnish waste 
disposal agency POSIVA are (i) the mismatch between safety assessment time frames 
and those governing mass transport in nature and (ii) that natural uranium enrichment 
typically occurs where there is mass transport from oxidising to reducing conditions 
(e.g. Rasilainen 2004). The first is evidently not the case; uranium mobilisation at 
Palmottu and many other sites around the world has occurred in the geologically recent 
past. 
 
The assertion that transport of uranium from a deep reducing environment to oxidising 
conditions near the surface, (as considered in waste disposal), is somehow contrary to 
nature is very difficult to understand. All secondary deposits of U(VI) minerals have 
been formed by oxidation of primary ores, usually uraninite/pitchblende. This is also 
the case at Palmottu and Hyrkkölä. There is abundant evidence that oxygen penetrating 
along microfissures has mobilised uranium and that this has been transported and 
subsequently precipitated as uranophane. However, there is no indication that oxidised 
uranium has been transported from open fractures to the less permeable matrix and 
there reduced. These findings have important consequences for the safety case where 
considerable emphasis is placed on ‘rock matrix diffusion’ as a retardation mechanism. 
 
Under current plans around 6000 t of spent fuel will be disposed of at Olkiluoto 
(POSIVA 2003). If the uranium were to come into direct contact with oxidising 
groundwaters, it is reasonable to assume that its fate might be similar to the natural 
deposit at Palmottu, although the presence of engineered barriers complicates the 
situation. The presence of uranium in association with copper at Hyrkkölä may provide 
further insights and merits more detailed investigation. 
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