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ABSTRACT 

The Palmottu U-Th mineralization at Nummi-Pusula, southwestern Finland, has been studied as a 
natural analogue to deep disposal of radioactive wastes since 1988. This report gives a simmary of 
the results of investigations carried out during the years 1992—1994. 

The Palmottu Analogue Project aims at a more profound understanding of radionuclide transport 
processes in fractured crystalline bedrock. The essential factors controlling transport are groundwater 
flow and interaction between water and rock. Accordingly, the study includes structural interpretations 
based in part on geophysical measurements, hydrological studies including hydraulic downhole 
measurements, flow modelling, hydrogeochemical characterization of groundwater, uranium 
chemistry and colloid chemistry, mineralogical studies, geochemical interpretation and modelling, 
including paleohydrogeological aspects, and studies of radionuclide mobilization and migration 
processes including numerical simulations. 

The project has produced a large amount of data related to natural analogue aspects. The data obtained 
have already been utilized in developing logical conceptual ideas of the time frames and processes 
operating in the bedrock of the site. However, a large amount of data still await interpretation and 
integration into the study. Furthermore, the natural processes involved have only been partially 
interpreted with respect to their relevance to performance assessment of spent nuclear fuel repositories 
in bedrock. However, many important implications of a future repository in crystalline bedrock have 
already been recognized, some of which even seem to contradict current ideas concerning these 
phenomena. One of the most striking features is the suggested involvement of dissolved uranium 
and uranium minerals in the groundwater redox system. As this mechanism would have far-going 
implications in assessing the performance of a future repository, confirmation of this phenomenon 
will remain one of the main targets of a future Palmottu study. 
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PREFACE 

This Palmottu Natural Analogue Project is a co-operative research program financed by the Finnish 
Centre for Radiation and Nuclear Safety (STUK) and partly by the Finnish Department of Energy, 
Ministry of Trade and Industry (KTM). T!* Swedish Nuclear Fuel and Waste Management Co 
(SKB) has contributed to the project on an advisory level. The study is also included in the publicly 
financed Nuclear Waste Management Research Programme <TYT), concerning the disposal of 
radioactive wastes in geological formations. The present, second phase of the Palmottu Natural 
Analogue Project commenced in 1992 and was terminated at the end of 1994. The research institutes 
involved are the Geological Survey of Finland (GTK), acting as the co-ordinating organization, and 
the Laboratory of Radiochemistry at the University of Helsinki (HYRL). Other important participants 
are the Laboratory of Engineering Geology and Geophysics of the Helsinki University ofTechnology 
(surficial hydrogeology), the following three research units of the Technical Research Centre of 
Finland: VTT Chemical Technology (colloids and organic complexes), VTT Communities and 
Infrastructures (geochemical modelling of groundwater evolution) and VTT Energy (modelling of 
U series data), and two consulting companies from Sweden: Conterra Ab (general analogue aspects) 
and Geosigma Ab (hydrogeology). The project is supervised by Inspector Kai Jakobsson, STUK. 

This report gives a summary of the activities of the second phase of Palmottu Aî alogue Project 
during the years 1992-1994. The results of the different fields of study are grouped under six main 
titles: Chapter 2: Geological framework. Chapter 3: Geochemical occurrence of uranium and thorium, 
Chapter 4: Hydrogeochemical evolution, Chapter 5: Assessment of natural flow systems, Chapter 6: 
Redox processes, and Chapter 7: Radionuclide retardation. The main findings of the study are 
summarized in Chapter 8: Discussion and conclusions. 
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1 INTRODUCTION 

1.1 Background 

The nuclear waste management policy adopted 
by Finland aid Sweden calls for the deep exca
vation in crystalline bedrock of a repository for 
nuclear waste. The waste, spent fuel, is to be iso
lated from the biological environment by multi
ple technical and natural barriers. The bedrock is 
coaridered to the natural barrier in retardation 
and dilution any radioactive matter possibly re
leased. Therefore, the geologic and hydraulic 
characteristics of the bedrock have a critical ef
fect on radionuclide migration. In assessing the 
safety performance of the system, the possibility 
of failure of the technical barriers and the effects 
of subsequent chemical mobilization processes 
and transport along groundwater flow routes 
should be considered and modelled. The Palmottu 
Natural Analogue Project aims at the identifica
tion and quantification of similar processes in a 
natural uranium-rich environment. 

A large amount of information on radionuclide 
behaviour has recently been reported by several 
international analogue projects (for most recent 
references, see Brandberg et al. 1993; von Ma-
ravic and Smellie 1994; Miller et al. 1994; von 
Maravic 1994; OECD 1994; Cramer and Smell
ie 1995). However, most of these studies deal 
with sites that substantially differ from the frac
tured crystalline bedrock of uie Fennoscandian 
Shield with respect to both rock type and hydro-
geology. Therefore, a more relevant natural ana
logue study to crystalline rocks was initialed in 
Finland at the U-Th deposit of Palmottu. It was 
also anticipated that this site would be an ideal 
location to study the effects of repeated glada-
tion on the hydrogeological regimes and on ar
eas affected by other glacial processes, such as 
permafrost. 

The Palmottu Natural Analogue Project was ini
tiated in 1988, after a brief feasibility study 
(Blomqvist et aL 1987). The first phase mainly 
consisted of background data compilation and the 
development of research methodology. It was 
completed by the end of 1991 and comprises the 
following Annual Progress Reports: Jaakkola et 
al. (1989), Niini et aL (1990). Blomqvist et al. 
(1991), and Suksi et aL (1992). The second 3-
year phase of the study was commenced in 1992 
and it will be terminated in early 1995 by the 
completion of this Summary Report (Blomqvist 
et aL 1995). This second study phase is also cov
ered by two Annual Progress Reports: Ahonen et 
aL (1993) and Ruskeeniemi et aL (1994) and by 
two separate reports dealing with the hydrogeo
logical model of the study site: Paan&ien and 
Blomqvist (1994) and Ahonen and Lampinen 
(1995). 

The Palmottu study area occurs within a zone of 
metamorphosed supracrustal volcanic and sedi
mentary rocks that extends from SW Finland into 
central Sweden (including the intensively stud
ied Stripa mine). The Palmottu U-Th deposit is 
hosted by Precambrian crystalline bedrock and 
the ore zone extends from the surface, where 
oxidizing conditions prevail, to a depth of more 
than 300 m, where reducing conditions prevail. 
The Palmottu area is relatively well exposed and 
the geology of the mineralization and its sur
roundings are fairly well known. These are mainly 
based on rather extensive activities during urani
um exploration from 1979 to 1984. Then, a large 
amount geological and geophysical information 
was collected at regional and local scales. These 
data were important during initiation of the Pal
mottu Natural Analogue Project In particular, the 
extensive drill core-data that were obtained from 
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several tens of drill holes provided a valuable 
resource for the project. Many of these holes are 
still open and suitable for groundwater sampling 
purposes. 

1.2 Aims and approaches 

Palmottu is one of the few study sites in crystal
line bedrock where a natural uranium deposit is 
being studied with the aim of improving the sci
entific basis for assessment of the long-term per
formance of nuclear waste isolation. The princi
pal target of the second phase of the Palmottu 
Natural Analogue Project was (1) to obtain a 
sound knowledge of factors affecting mobiliza
tion and retardation of U in crystalline bedrock 
and (2) to establish the basis for the conceptual 
hydrogeological model of the Palmottu site 
(Blomqvist et ai. 1994). Fundamental tasks in
cluded studies on uranium minerals, fracture 
minerals, and hydrogeochemistry. A major em
phasis was placed on studying uranium retarda
tion phenomena in water-bearing fractures. 
Groundwater flow and water-rock interaction are 
the principal factors affecting migration of radi
onuclides, and therefore, considerable efforts was 
focused on die location and characterization of 
modern flow paths at Palmottu. Quaternary sed
iments were studied to acquire information on 
postglacial radionuclide migration in the surii-
cial deposits. 

In terms of the repository performance assess
ment implications of the project, both the near-
field spent fuel solubility/dissolution aspects and 
the far-field radionuclide mobilization/transpor
tation topics were considered important. How
ever, at this stage of the study, most of the activ
ities were essentially restricted to studies of fea
tures relevant to far-field mobilization/transpor
tation of radionuclides and spent fuel activities 
were essentially restricted to studies on tne iden
tification of solid U-Th phases in the deposit. 
Hence, the following potential topics related to 
spent fuel dissolution remain to be studied dur
ing the forthcoming stages of the Palmottu Nat
ural Analogue Project: 

• Testing of models of uraninite (U02) disso
lution 

STUK-YTO-TR 84 

• Model development and testing of matrix 
release concepts (trace element release dur
ing alteration of UO,) 

• Testing of models of relevant trace element 
solubility (Th. U. V. Mn, Zn. Cu. Ni. Pb. Mo. 
Sr. REE's) 

The following crucial studies on far-field radio
nuclide mobilization/transportation topics were 
initiated and gave important preliminary results: 

• Redox conditions of uranium rich ground
waters 

• lite role of solid uranium and iron phases on 
buffering groundwater redox systems 

• Colloidal material and organics in ground
water 

• The role of the various retarding mechanisms 
(sorption, processes, matrix diffusion) in dif
ferent hydrogeochemical conditions. 

• The role of glacially bound events on the sta
bility of natural hydrological systems. 

Due to the extensive number of drill holes and 
other data available, the Palmottu study site was 
also seen as a versatile frame of reference for the 
regulating authorities in their appraisal. For ex
ample, in evaluating the kind of methods and to 
what extent/volume are required to achieve an 
acceptable level of knowledge on a specific phe
nomena (e.g. modelling of fracture zones, hydro
geochemical evolution). Present predictions of 
the hydrogeologic behaviour of bedrock largely 
rely nn mathematical calculations.To avoid a bias 
in future evaluation of site specific data, evidence 
of naturally occurring phenomena is needed. It 
is already in this phase quite evident that identi
fying the influence of basic natural phenomena 
on the basic safety concept has to be studied thor
oughly. 

The results of the natural analogue project may 
also help to provide the general public with a 
reliable and comprehensible picture of certain im
portant aspects of nuclear waste disposal in bed
rock. For example, the presence of ancient U02 

indirectly provides evidence of U02 stability un
der reducing conditions. 
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This repon summarizes the results of the activi
ties of the second phase of the Painettu Natural 
Analogue Project up to early 1995 (February). It 
presents "state-of-the-art" knowledge and evalu
ates the applicability of the study site with 
respect to a forthcoming transport analogue 
studies. 
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2 GEOLOGICAL FRAMEWORK 

The Palmottu study area occurs within a zone of 
metamorphosed supracrastal volcanic and sedi-
mentary rocks that extends from SW Hnland into 
central Sweden (including die intensively stud
ied Stripa mine). The Palmottu-type U-Th min
eralization is related to the latest stages of oro-
genic events in Finland about 1.8-1.7 Ga ago. 
The surroundings of Pahnottu are characterized 
by granites and highly metamorphosed migma-
titic rocks: quartz feldspar schists, mica gneisses 
and amphiboUtes (Fig. 1). (Räisänen 1986; Kui
vamäki ei ai. 1991. 1993). The discontinuous 
uranium mineralization, which has a total length 
of about 400 m, was intersected by a large num
ber of drill holes during die exploration. The out

cropping parts of the mineralization are mainly 
located SE of Lake Palmottu, underneadi which 
a minor part of the mineralization is also locat
ed. 

The penological and the fracture tectonic features 
of the study area are not described here in detail, 
since diey have been presented in previous re
ports (e.g. Vuorela er al 1991; Kuivamäki et ai 
1991; Rustaenjemi and Vesterinen 1991; Suksi 
et ai 1992). These articles also give basic infor
mation on drill-hole observations of die variable 
fracture and fault zones that irregularly dissect 
the rocks. 
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Fig. I. Geological map and the location of the Palmottu study site (after Räisänen 1986). 
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2.1 Quaternary geology and main 
physiographic features 

2.1.1 Topography 

The Palmottu study area comprises the drainage 
area of Lake Palmottu and its immediate vicini
ty, including the area of the Palmottu U-Th de
posit. The Palmottu deposit and its surroundings 
are roughly on the same topographic level: alti
tudes vary between 100 and 145 m above sea 
level. Regionally, Palmottu is located within a 
bedrock block, which is surrounded by promi
nent fracture zones and, which is topographical
ly slightly higher than its surroundings. Distinct 
topographic terraces and drops of several tens of 
metres are seen to the S and E of the study site, 
the steepest gradient being some 50 m/km (Fig. 
2). Accordingly, these are also the main direc
tions of both surficial watercourses and ground

water flow in the bedrock. In detail, it is the frac
ture zones of variable size that control the flow 
paths of groundwater. 

The northwestern corner of the Palmottu block 
has been encroached upon by a large glaciofluvi-
al delta. The regional groundwater flow is strong
ly influenced by these thick deposits of sand and 
gravel. The glaciofluvial formation is a dominant 
recharge area because it is tens of square kilome
tres wide. Locally, Lake Palmottu and its sur
roundings form a small basin bordered by low 
bedrock outcrops. 

2.1.2 Quaternary cover 

The Quaternary deposits (Le. the soils) that overly 
the pre-Quaternary bedrock mainly consist of a 
thin glacial till horizon, which extends through
out much of the area, and a glaciofluvial forma
tion, which occurs west of Lake Palmottu (Fig. 

Fig. 2. Exaggerated topography of a 5 km x 5 km map sheet surrounding Lake Palmottu (the dark 
spot in the middle of the map). The height difference between the highest peak and the lowest point 
(in the eastern side of the figure) exceeds 50 m. Image prepared by Maija Kurimo, Geological 
Survey of Finland, based on data of the Finnish National Board of Survey (Blomqvist et ai. 1993). 
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3). The abundance of bedrock outcrops indicates 
that the till layer, except in certain valleys, is rela
tively thin (few metres at the most). In the larger 
valleys the uppermost layer comprises peat, 
which varies in thickness between two and five 
metres. The peat forms the youngest of the soils 
having started to grow after the melting of the 
latest Quaternary glacier (ice sheet) as soon as 
the climatic conditions became adequately warm 
and humid to allow the growth and deposition of 
vegetation. C-14 age determinations of organic-
rich sediments from the Lake Palmottu indicate 
that the lake formed an isolated basin about 9000 
years ago (Ahonen et ai. 1994). 

A hydrogeologically interesting area west of Lake 
Palmottu consists of glaciofluvial deposits. They 
form pan of the foreland to a delta, which be
longs to a large glaciogenic end-moraine forma
tion (Salpausselkä III). The soils of the foreland 
that reached the northwestern comer of the Pal-

mottu study area comprise washed till and gla
ciofluvial sand and have a maximum thickness 
of about 25 m. 

2.13 Glacial and postglacial history 

During the last million years the area has been 
subjected to several glaciations. the latest of 
which (Weichseiian Ice Age) ended only 10.000 
years ago. The eroding and transporting move
ment of the continental glacier created the thin 
layer of glacial till that covers the bedrock. Before 
and between the glaciations weathering and river 
erosion wereactive. During the glaciations the ex
cavation of the moving glacier resulted in an un
evenly worn bedrock surface. Erosion was pref
erentially concentrated in the deeply weathered 
old weakness zones of bedrock, the fracture zones, 
which commonly intersect each other and isolate 
variably-sized higher blocks of solid bedrock. 

Fig, 3. The Quaternary cover of the Palmottu area generalized from the 1:20,000 scale map of the 
Quaternary deposits, Map sheet 2023 09, Johannislund. The dotted area represents glaciofluvial 
deposits, horizontally ruled peat, and white areas rocky terrain partly covered by a thin layer of till. 
The Pclmottu drainage basin, with its western groundwater recharge area, is shown by broken lines 
and the watercourses are shown by bold lines (Niini et ai. 1993). 
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In geologically stable Fennoscandian Shield, ice 
ages are the only probable factors that can change 
the environment drastically during the next mil
lion years. It is estimated that during the Weich-
selian ice age the thickness of the glacier in Fen-
noscandia was about 3 km and that Lie weight of 
the ice depressed the underlying crust by almost 
1 km at the centre of the glaciated area. In the 
Palmottu district the depression may have been 
only half of that amount. The melting of the gla
cier resulted in a rapid isostatic rebound in the 
crust. At Palmottu. the gradually retarding uplift 
is still in progress at a rate of 4.7 mm/year, which 
also causes an increase in the southeastward tilt
ing of the area. 

It is likely that before the Quaternary glaciations 
a preglacial weathered upper layer of the bed
rock also existed in southern Finland; however, 
this had been worn away during the earlier glaci
ations. The latest glaciation, which attacked a 
considerably hard, less weathered bedrock, is 
responsible for less than 10 metres of the glacial 
excavation (Okko 1964; Niini 1989). Altogeth
er, it is thought that the Quaternary glaciers wore 
the original deeply-weathered preglacial land 
surface in the deepest valleys down by over 
100 m. 

It is evident that the glaciations strongly affected 
the hydrogeology of the upper crust. The ground 
in front of the advancing glacier was frozen to a 
considerable depth, which diminished the ground
water recharge. However, it is concluded that 
under the glacier the geothermal heat production 
that was generated by the radioactive minerals 
of the bedrock started to raise the temperature 
and melt the permafrost at depth and gradually 
also the bottom of the glacier. Therefore, apart 
from exceptional water erosion the groundwater 
circulation started again under the ice. The melt-
water that intruded in the ground pores and bed
rock fractures was fresh. In certain marginal ar
eas, at least, this water circulation might have 
been powerful because of the increased gradient 
due to the huge pressure of the ice sheet. 

After the melting of the continental glacier, about 
10 000 years ago, the area was under an ocean 
inlet called the Yoldia Sea, but soon became a 

shallow archipelago as the ground gradually rose 
up from the sea. At this stage, the glaciofluvial 
soils above the bedrock were partly washed by 
the shore-line phenomena. The salinity of the 
Yoldia Sea was low and diminished all the time 
because the land uplift gradually caused the nar
rowing of the connection to the ocean (in present 
centra) Sweden). Over 9 000 years ago. the bot
tom of this sound rose so much that it formed a 
river fall; the Yoldia Sea became a lake, called 
lakeAncylus. 

During and after the melting of the ice, the fresh 
melt-waters partly intruded the bedrock and 
mixed with other water types. Indications of this 
process are seen in the isotopic compositions of 
Palmottu groundwaters (see section 4.3). The 
postglacial sea and lake stages of the ancient 
Baltic Sea (the Yoldia Sea, in particular) were 
important in this respect. The salinity of the 
groundwater was partly determined by the chang
es of the sea level, in relation to the rebound up
lift of the crust, and by the amount of the melt-
water component. 

2.2 Crystalline bedrock 

The Palmottu area is situated at the edge of a 
gneissic bedrock block, 4 km to the E of the large 
Perniö granite intrusion. The deposit belongs to 
a E-W-trending schist belt of supracrustal vol
canic and sedimentary rocks that extends from 
SW Finland to central Sweden. The same belt 
forms a metallogenic province with numerous ore 
deposits, another example of which is the strati
form iron ore deposit of Stripa in Sweden. 

The schist belt represents the Svecofennidic do
main of the Svecokarelian orogeny, and, accord
ingly, the main phase of magmatic activity oc
curred 1.9 to 1.8 Ga ago. Besides synorogenic 
plutonites, a large amount of late-orogenic gran
ites are associated with the schist belt, particu
larly in its Finnish part The Palmottu-type ura
nium mineralization is related to the latest stag,? 
of the orogeny, which occurred about 1.8 to 1.7 
Ga ago. 

The Palmottu uranium deposit is located on the 
southern limb and near the hinge of a large fold 
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structure, wiiich is clearly indicated on the mag
netic map. The fold structure comprises strongly 
metamorphic magnetized mica gneiss with peg
matite veins and amphibolite (Kuivamäki et ai. 
1991). 

The main rock of the Palmottu study site is a 
heterogeneous mica gneiss, which contains gar

net, hypersthene. and often cordierite (Fig. 4). 
The mica gneiss only show ambiguous banding, 
which reflects the primary variation of sedimen
tary strata. The thickness of the granitic veins 
that are conformable to the schistosity of gneiss
es varies from some millimetres to tens of me
tres. The main minerals are potassium feldspar, 
quartz and biotite, with accessory garnet, tour-

STUDY SITE 

••,••>•;.•••- ; V \ * * F \ - - N ^ V * . V ^ v > ^ : ''..*• ••> -v Xv-, v 

Fig 4. Geological map of the surroundings of the Palmottu U-Th mineralization (Kuivamäki et ai. 
1993). 
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maline. hematite and molybdenite (Kuivamäki 
et ai. 1991). The grain size varies from medium 
grained to very coarse grained, the latter one be
ing more common. 

Regarding fracture tectonics. Palmottu is locat
ed within a bedrock block that is slightly higher 
than me surrounding topography and that is bor
dered by long straight-lined, topographically dis
tinct lineaments representing old fracture or fault 
zones in the bedrock (Fig. 5). 

The largest fracture zones penetrate the bedrock 
to depths of at least 500 m. This bedrock block is 
further divided into sunblocks by a few rather 
prominent smaller N-S-trending fracture zones. 
These are situated on both sides of the block, 
about 1 km from the U-Th deposit; they form the 
hydrogeologically-significant eastern and west
ern borders of the Lake Palmottu district. 

One of the main fracture zones inside the Pal
mottu area, based on aerial photographs and 
ground observations (Niini et al. 1993), trends 
from the southeastern edge of Law» Palmottu to

wards SSE along the valley of the Palmotunoja 
brook, which drains Lake Palmottu (Fig. 6). This 
fracture zone is evidently an old brecciated zone, 
which appears to have reactivated several times; 
the likely dip of this fracture zone is that of the 
schistosity WSW. A number of smaller fracture 
zones (with more uncertainty as to their dips) have 
been detected within the dulled area in Figure 5. 

2.3 The Palmottu U-Th deposit 

The first signs of Palmottu U-Th mineralization 
were observed by airborne radiometric measure
ments in 1979. During subsequent exploration 
in 1981—1984, the area was intensively studied 
by geological mapping, geophysical measure
ments and deep diamond drilling. 

The Palmottu uranium deposit is the richest one 
of several small U-Th deposits and ore showings 
located in the contact zone of the late-orogenic 
Perniö granite and the adjoining migmatized 
rr»e&sedimentary schist zone (Fig. 1). The latest 
source of uranium of the Palmottu deposit may 
be magroatic. or uranium may have been derived 

PALMOTTU AREA 

LINEAMENT MTERMETATION 

Fig. 5. Th* block structure of the Palmottu region (Kuivamäki et ai. 1991). 
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from the surrounding metasediments by magmal
le assimilation or hydrotherma) leaching. 

On the basis of over 60 drill holes, the Palmottu 
deposit has been assessed to consist of an irregu
larly discontinuous body, which is about 400 m 
long and 1—15 m thick and contains (down to 
300 m) one million tonnes of rock with an aver
age grade of 0.1% uranium. The body is exposed 
at the bedrock surface, although mostly under a 
thin glaciogenic overburden. It extends partly 
under Lake Palmottu and, at present, the utiliza
tion of the deposit is not economically feasible. 

The body comprises two pegmautic-granitic types 
of uraniferous rocks among the migmatitic gneiss, 
a coarse-grained biotite-pegmatite mostly as 

cross-cutting dykes and a sheared quartz-biotite 
vein-type (Räisänen 1986). The latter type has 
higher uranium concentrations and only occurs 
in thin veins usually some tens of centimetres 
thick. In both rock types uranium is mostly asso
ciated with the biotite-rich parts. The main ra
dioactive minerals identified are uraninite. mon
azite (Ce-La-1i phosphate), zircon (ZrSiO), and 
apatite (Ca phosphate). (Jaakkola et ai. 1989). 
Practically all thorium is incorporated in uraninite 
and monazite. and the majority of uranium is in 
war uiie and its alteration products — mainly 
uranium silicates. Uraninite occurs as euhedral 
crystals that have an average grain size of less 
than 0.3 mm. The other ore minerals in the U-
bearing horizon are sulfides: pyrrhotite. pyrite. 
chalcopyrite. and molybdenite. 
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Fig. 6. Fracture zones (dotted area) of the Palmottu area as physiographic expressions. The steep
est slopes indicate the borders of the fracture zones marked. The Palmotunoja brook fracture zone is 
indicated by the line of darker dots. 
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3 GEOCHEMICAL OCCURRENCE OF 
URANIUM AND THORRJM 

3.1 Petrography of the 
mineralized horizon 

Several small uranium deposits and showings are 
located in the contact zone of late-kinematic 
Perniö granite and the adjoining migmatized 
metasedimentary unit (Fig. 1). At Palmottu the 
U-Th mineralization is related to the pegmatites 
injected into the metasedimentary sequence (mica 
gneiss). The main minerals of the pegmatites are 
potassium feldspar, quartz and biotite. Occasion
ally variably-altered plagioclase is a major com
ponent. Kaolinite is a common alteration prod
uct of plagioclase. Gose to the mineralization, 
also plagioclases with strong reddish colour due 
to iron oxide pigment are seen. In places, some 
plagioclase grains contain sulfides and mica-like 
material (Jaakkola et al. 1989). The migmatized 
mica gneisses are composed of potassium feld
spar, quartz, b'otite and plagioclase. In certain 
layers garnets, cordierite and pyroxenes are abun
dant These reflect the primary compositional 
variation in the sediment sequence. Typical ac
cessories, in addition to uraninite in pegmatites, 
for the both rock types are iron sulphides, apa
tite, zircon, monazite, carbonates, tourmaline and 
clay minerals. Textures of the rocks are deformed: 
quartz especially is strongly recrystallized and 
exhibits "flow textures". Räisänen (1986) distin
guished two types of uraniferous veins at Pal
mottu, a coarse-grained biotite-pegmatite and a 
sheared quartz-biotite vein. Tlie latter type con
tains higher concentrations, but they are usually 
only some tens of centimetres thick. Uranium in 
both vein types is mostly associated with the bi-
otite-rich pans of the rock. 

The common association of pyrrhotite and other 
sulfides with uraninite indicates reducing condi

tions. Typically the iron occurs as Fe2* in sili
cates and sulfides, but locall v in the ore zone Fe3* 
occurs as hematite pigment, indicating that iron 
and uranium are, at least in part, genetically cou
pled 

Calcite is a dominant fracture mineral in all drill 
cores at Palmottu. Occasionally pyrite is met with 
calcite. Clay minerals, especially kaolinite, are 
less common constituents in fractures. Some frac
tures are reactivated as is evidenced by the cor
rosion of calcites and subsequent precipitation 
of iron oxyhydroxides. In Figure 7 is presented 
the distribution of the most common fracture 
minerals in three adjoining drill holes from one 
drilling profile. 

32 V and Th bearing minerals 

Uraninite (UOUx, 0.01<x<0.25) and monazite 
(Ce-La-Th phosphate) are the major radioactive 
minerals at Palmottu. The former is the main 
constituent of the ore body and occurs as euhe-
dral crystals, generally with a diameter less than 
0.3 mm. Monazite is a widespread accessory 
mineral, but locally, near the surface of the de
posit, it occurs as a major mineral. In contrast, 
zircon (ZrSiOj and apatite (Ca-phosphate) con
tain only negligible amounts of radioelements. 
Besides these minerals, various unidentified ura
nium phases have been found from fracture fill
ings all around the Palmottu mineralization 
(Jaakkola et al. 1989; Suksi et al. 1990). 

3.2.1 Uraninite 

The unit cell parameter for Palmottu uraninite is 
5.504 A (Ahonen et al. 1993) which is clearly 
higher than that (5.470 A) reported for pure syn
thetic UOj (Alexseyev et al. 1981). The elevated 
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Fig. 7. (A) Distribution ofcalcite U • the right) and clay mineral (on the left) and (B) distribution 
of ferric oxyhydroxides (on the right) andpyrite (on the left) bearing fractures indicated as a num
ber of observations/m in three drill holes. Horizontal scale is only approximate. 
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Table J. Microprobe analyses of uraninites (1 and 2), uraniutu silicate around uraninites (3 and 4), 
and uranium sfcates in a fracture filling (5—7). 

uo2 

Th02 

PbO 

SK), 

TiO, 

Hf02 

ZrO, 

AIA 

F«A 

YA 

CeA 
FeO 

MgO 

CaO 

Na20 

K,0 

PO 

Total 

1 

74.90 

7.24 

15.71 

0.07 

-

0 00 

1.33 

-

-

0.84 

0.25 

0.00 

-

0.52 

-

-

0.00 

100.86 

2 

75.96 

6.67 

15.06 

0.13 

-

0.06 

1.28 

-

-

0.96 

0.25 

0.47 

-

0.70 

-

-

0.00 

101.54 

3 

56.7 

5.2 

6.2 

10.1 

0 0 

-

-

0.9 

0.0 

-

-

-

0.0 

1.0 

0.0 

1.1 

3.9 

85.1 

4 

44.7 

2.4 

1.0 

15.8 

4.4 

-

-

1.3 

1.4 

-

-

-

0.0 

2.0 

0.6 

3.0 

1.2 

77.8 

5 

73.52 

0.00 

0.12 

16.61 

-

0.00 

1.02 

-

-

0.01 

0.14 

3.31 

-

2.79 

-

-

2.90 

100.41 

6 

17.74 

0.15 

0.00 

39.52 

-

0.00 

0.35 

-

-

0.00 

0.08 

29.56 

-

1.00 

-

-

0.42 

85.81 

7 

10.83 

9.00 

0.04 

39.77 

-

0.00 

0.43 

-

-

0.01 

0.02 

30.12 

-

0.94 

-

-

0.32 

82.47 

value from Palmottu seems to be due to high Th02 7—10%, and PbO 13—18% (Table I). U/ 
amounts of Th, Pb and other cations incorporat- Th ratio in uraninite is on average 8:1, which is 
ed in the uraninite lattice. This fact makes it dif- typical for magmatic uraninites. The Y20, con-
ficult to utilize the unit cell parameter to evalu- tent commonly exceeds 1% whereas the Ce20, 
ate the oxidation state of uranium in uraninite. and Hf02 contents tend to be well below 0.5%. 

The ZrzO, contents vary from trace levels to 1.3%. 
The chemical composition of uraninites is rela- The Palmottu uraninites typically have highThO, 
tively uniform with U, Th and Pb as the major and slightly elevated levels of Y203 and Zr20, 
elements. Representative analyses suggest the compared to other analogue sites, 
following range of variations: U02 70—75%, 
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Most uraninite grains at Palmottu are visibly al-
tered.The alteration begins along the grain bound
aries or along rnicrocracks within the grains (Fig. 
8). It is not uncommon to find grains that are 
almost completely altered. Galena is a common 
constituent of the alteration rim and occurs as 
relatively coarse grained clusters or veinlets, of
ten exhibiting crystal faces. Generally galena has 
not been detected in unaltered uraninite frag
ments. 

Indirect geological interpretation implies that the 
Palmottu mineralization is related to the late stage 
of regional metamorphism that culminated 1.8— 
1.9 Ga ago. For exact dating three uraninite frac
tions were separated for conventional U-Pb-dat-
ing. All fractions contain, in addition to uraninite, 
variable amounts of secondary phases and sul
fides, including galena. The dating gave discor
dant ages (indicating loss of lead) between 1678 
and 1741 Ma (Ruskeeniemi et al. 1994). These 
results agree well with the ages of 1774 Ma ob
tained from a nearby uranium showing at 
Hyrkkölä (Räisänen 1986). 

3.12 Uranium silicate (coffinite) 

Altered uraninite grains are often surrounded by 
three distinct zones. The innermost zone is high
ly radioactive and is composed of a heterogenous 
mass of uranium silicate phases. Tiny sulfide laths 
or grains are common in this zone. The outer 
border of this zone seem to reflect the original 
shape of the uraninite crystal. The second zone 
contains greenish or brownish clay-like materi
al, sulfides and occasionally carbonates. This 
zone is particularly well-developed around ura
ninite grains embedded in feldspars. The outer 
zone is indicated by changes in the optica] prop
erties of the surrounding minerals, i.e. by dark or 
colourless radioactive haloes. The two outer zones 
are attributed to the disintegration of the host 
minerals due to radiation by alpha particles. These 
zones contain variable amounts of sorbed radio
nuclides. 

The uraninite grains characteristically appear 
black with metallic lustre regardless of the de
gree of alteration. It is obvious that uranium is in 

Fig. 8. Originally cubic uraninite grain (light grey) is strongly replaced by a uranium silicate 
(coffinite) with abundant tinypyrite laths (white specks). The diameter of the original grain is 0.2 

mm. 
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the uranous (U4*) state also in the secondary 
phase, because uranyl (U**) minerals tend to be 
brightly coloured (Smith 1984). 

ninite precursor, uranium silicate is enriched in 
Ce,0, while Y.Oj values are slightly elevated or 
remain at the same level as in the uraninite. 

Microprobe analyses of the alteration rim around 
uraninite grains suggest that the secondary phase 
is essentially composed of uranium silicate. Spo
radic high concentrations of Ti. P and Ca sug
gest that several uranium phases may be present. 
The heterogenous nature of the alteration rim is 
also revealed by SEM images that show irregu
lar patches of different shades of grey. Further
more, apparently identical parts can have distinct • 
ly different chemical compositions (Ruskeeniemi 
et al. 1994). Uranium and silica are always 
present as major components, while thorium and 
lead contents vary from negligible to several per 
cent. The sums of oxides are low. commonly be
low 90 wt-%; this may be due to either volatile 
components (mainly adsorbed H20) or U** (see, 
Janeczek and Ewing 1992). Additional work is 
needed for the Palmottu samples, because no 
signs of water or hydroxyl groups were detected 
by infrared spectrophotometry (IR) or thermo 
gravimetric analysis (TG). Compared to its ura-

The exact mineralogy of the alteration rim has 
not yet been well defined. The uraninite grains, 
regardless of the amount of associated alteration 
products, only yield the X-ray diffraction panern 
typical for uraninite. indicating that the alteration 
product is amorphous with respect to X-rays. 
However, the composition of the main uranium 
silicate phase resemble that of coffiaite. Hence, 
despite the lack of direct XRD evidence—prob
ably due to its microcrystalline or amorphous 
nature—it is concluded that the main uranium 
silicate phase is coffinite.The (UO,+THO,ySi02 

ratios of uranium silicates at Palmottu range from 
silica deficient to silica enriched types. 

A rough model age for uraniferous minerals can 
be established via a chemical approach using the 
U. Th and Pb concentrations of the minerals (cf. 
Cameron-Schimann 1978). For uraninites. chem
ical model dates from 1.9 to 1.4 Ga were ob
tained (Fig. 9). Based on general geological 
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Fig. 9. Chemical model ages ofPalmottu uraninites and secondary uranium silicates. Filled circles 
refer to a uranium silicate phase from fracture fillings (Ruskeeniemi et al. 1994). 

23 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STIJK-YTO-TR M 

knowledge, ages down to 1.7 Ga appear reason
able and younger dates may be due to diffusion 
of lead out of the uraninite crystals. The chemi
cal model dates for uranium silicate range from 
1.9 Ga to geologically recent times, with a sur
prising number of values being well below 100 
Ma. As no episodic events are known to have 
affected the central part of the Fennoscandian 
Shield since 1.2 Ga (intrusion of dolerite dykes), 
the results seem to favour 'he hypothesis of con
tinuous diffusion of lead out of the uranium sili
cate phases. 

The alteration of the uraninite at Palmottu pro
ceeded under reducing conditions. This is mani
fested by the formation of uranous silicate phas
es, instead of uranyl compounds, and in the oc
currence of galena and other sulfides in the al
tered phases. Evidently the silica-rich residual 
hydrothermal solutions of the uraniferous peg
matites were responsible for most of the alter
ation of the uraninite crystals. Low temperature 
groundwater-induced alteration does not seem 
likely, as dissolved silica concentrations in ex
cess of 28 mg/1 are required to stabilize coffinite 
over uraninite (Langmuir 1978). The present sil
ica concentrations of the Palmottu groundwaters 
are only 3—S mg/l (Blomqvist et ai. 1992). 

3.2J Monazite 

In addition to uraninite. a proportion of thorium 
is bound in monazite. Monazite occurs as euhe-
dral crystals of variable size, frequently on the 
edges or as inclusions in biotite flakes. Crystals 
are well preserved and no signs of alteration or 
corrosion has been observed. The uneven distri
bution of Th in the mineralization is largely at
tributed to the occurrence of monazite. because 
the Th content of uraninite seems to be rather 
uniform. The highest Th contents are recorded 
from the upper part of the mineralization where 
monazite is more abundant. Reason for this pat
tern is not clear, but nevertheless, the position 
relative to the present erosion level is not signif
icant in this respect. The amount of monazite only 
rarely exceeds 1 or 2%, even in the ore body, but 
it is a common accessory mineral in all felsic 
rocks in the area. 

A considerable amount of the REEs and related 
elements at Palmottu are hosted by monazite. Its 
chemical composition is rather uniform: 8—15* 
Th,0.21—27% P.0 o 21—26* Ce.O, and few 
per cents of CaO. PbÖ. L^O,. Nd:Ov Pr;Ov and 
traces of UO, and SiO, (Jaakkola rf a/. 1989). 

3.2.4 Accessory phases 

Negligible amounts of radioactive elements are 
bound in accessory minerals such as apatite and 
zircon. As their U and Th concentrations are low 
and the minerals are relatively unaltered, their 
role in migration of radionuclides is rather insig
nificant. 

33 Remobilized U in solid phases 

In this context remobilized U is used for the U 
mobilized from the primary magmatic or meta-
morphic minerals, mainly uraninite. 

If we consider coffinitizaiion of uraninite at con
stant volume, the mass reduction, based on the 
theoretical densities of USi04 and UOz (7.2 and 
10.% g/cm1) and the change in unit cell volumes, 
is 46%. Using the ore estimate for the Palmottu 
ore deposit (1000 tons U) and assuming that 10% 
of the uraninite has been replaced by coffinite 
we can calculate that about SO tons of 17. Th and 
Pb has been mobilized from the uraninites of the 
deposit (Ruskeeniemi et al. 1994). This result is 
in good agreement with the mass balance calcu
lations presented for Cigar Lake (Janeczek and 
Ewing 1992). At Cigar Lake, the calculated 
coflinitization released 38 g U and 11 g Pb *or 
100 g of uraninite. 

At present, the mobilized elements are found in 
various geological positions such as in fracture 
fillings, rock matrix and organic sediments. U-
Pb isotope analyses of three fracture calcites and 
two granite samples close to fractures showed 
that both radiogenic lead and uranium have been 
mobile at Palmottu (Vaasjoki 1994). The detect
ed U concentrations up to 270 ppb in the ground
waters of Palmottu indicate that migration of ra
dionuclides is a currently continuing process. 
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33.1 Ui* rack 

Remobilized U is scatiered throughout the ura-
rioite bearing rock types of d r ore deposit Mi-
aoHractures and minerals, such as btotite and iron 
sulfides, are bordered by radioactive elements. 
Afeered piagfodase grains, particularly when iron 
oxides or iron oxyhydroxides are involved, also 
possess a lot of radionuclides. In general, die 
amount of remobilized U in rock is dependent 
on the amount of these minerals. Samples from 
unmineralized pegmatites have a considerably 
tower activity levels, but remobilized U is found 
from practically all pegmatite samples. The ac-
tjvity is concentrated more evenly inside ptogio-
clase and biotite grains, while microfractures 
seem to be clean in tfus respecL 

The age of die U deposition in the rock matrix 
and in fracture fillings has raised interest. As 
pointed out earlier, the major alteration of die 
primary uraninites is likely to have occurred soon 
after ttieir formation, at hydroUietinal conditions 
at die late-magmatic stage. At high temperatures 
and at relatively high water/rock ratios, it is like
ly that the effect of the fluids could be quite pen
etrative within certain rock types.Therefore, it is 
reasonable to conclude that the dispersion of 
mobilized U basically dates back to die hydro-
diermal phase and diat later events only reworked 
the distribution of the radionuclides around die 
water-conducting fractures. The recent redistri
bution may be quite significant 

To understand die nature of occurrence of radio
nuclides in the undisturbed rock (remote from 
fractures), strongly hematized plagioclases from 
drill holes 302 at depths of 86.95 m and 107.03 
m were sampled and analyzed. The uranium con
centrations were 36 ppm and 10 ppm, which in
dicate the level of normal background values 
found in this kind of rock. The U-234/U-238 and 
Th-230/U-234 activity ratios in both samples are 
in radioactive equilibrium indicating ancient dep
osition (>400 ka). Comparable results have been 
obtained from one studied core profile (drill hole 
357/168 m). This homogeneous granite sample 
shows weak and even alteration without any ap
parent control of the bounding fractures. The 
observed U concentration profile fails to exhibit 
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concentration gradient near die fractures, but die 
concentration of U (around 40 ppm) tends to be 
uniform along die length of die sample (17 cm). 
The U-234AJ-238 andTh-230/U-234 activity ra
tios indicate radioactive equilibrium and, hence, 
deposition older than 400 ka. 

Inbodisao*. aaiitoradiographsshowedtiiata-
activity is evenly dispersed in plagioclase grains. 
Strongly hematized ptagioclase grains were stud
ied by mkroprobe to locate U. Only few tiny 
grains (-10 urn) of uranium silicate were detect
ed. Monazites (Th mineral wid» only traces of 
uranium) of die same size are raore common, but 
still it seem improbable dat these solid phases 
could be responsible för die autoradragraphical 
f*najf w thr ̂  \ noncentiations Hwnatitr pigmrvn. 
which occurs as ragged flakes in voids and mi
cro fractures is abundant As hematite or iron 
oxyhydroxides have been shown to have a sig
nificant effect on die retardation of uranium, it 
may well contain small amounts of U. 

3J.2 Uia fracture fittings 

The occurrence of radionuclides in fracture fill
ings at Palmottu is common, but variable. This 
was tested using fracture material from drill hole 
346. Fractures of different types were randomly 
picked along die whole length of die drill hole 
and they were surveyed using a-autoradiography. 
Six samples of the fourteen turned out to be ac
tive. The active fillings were composed of cal-
cite with varying amounts of clays and pyrite. 
Apparently similar fractures close to each odier 
(tens of cm apart) gave different result indicating 
that die migration routes are complicated (Rus-
keeniemi and Vesterinen 1991). Several fracture 
coatings from different pans of the mineraliza
tion have been analyzed radiochemically (c/. 
chapter 7). 

There are also some indications of secondary ura
nium phases from fracture surfaces and microf
ractures. One observation is from a complex frac
ture coating from drill hole 302 at die depth of 
48.09 m containing siderite and pyrite. It was 
observed tiiat in places pyrite is covered by a, 
less man 1 mm thick, yellow film. The surface 
of the uraniferous film is botryoidal and die mass 
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possesses desiccation cracks after dehydration 
(Fig. 10). In detailed study it was observed that 
there are two uraniferous phases present. Mi
croanalyses showed that the major part of the 
mass contains 10—14% U02,40% Si02 and 30% 
FeO (see Table I, analyzes 6 and 7). The other 
less common uranium-bearing phase occurs as 
small anguli: grains (about 2 um) in thin discon
tinuous streaks. The microanalyses showed that 
it is a uranium silicate containing 73% U02,16% 
Si02 and few per cents of FeO, CaO and P205 

(Table I, analysis 5). This phase resembles the 
coffinitic rim around the uraninites. The major 
differences are higher uranium content and high 
total sum of oxides, which precludes the pres
ence of volatile components in the fracture sam
ple. 

A comparable U-Si compound has been found 
also from the rock matrix of one core profile (drill 
hole 32S, SO m). A uraniferous compound was 
detected filling microcracks and grain boundaries 
of quartz and plagioclase close (4 mm) to a natu
ral fracture. 

3.4 Uranium in surficial 
sediments 

Behaviour of uranium in near-surface conditions 
is characterized by its mobility under oxidizing 
conditions. The mobile form is the hexavalent 
uranyl (U02

2+) ion, which forms stable complex
es with carbonate ions through a wide range of 
Eh and pH. Uranium has a strong affinity to or
ganic material. Hexavalent uranium forms strong 
complexes with carboxylic- or other acidic groups 
of humic and fulvic substances. The continued 
decomposition of the organic material under the 
water table promotes the formation of anoxic 
conditions. Consequently, sorbed uranium (VI) 
may be reduced to uranous compounds. 

Surficial waters and organic sediments were stud
ied at Palmottu to collect data for assessing the 
biospheric migration of uranium. Uranium re
leased from the bedrock may enter these sedi
ments as dissolved species from groundwater and 
surface run-off and as particulate matter from 

Fig. 10. Backscattered electron image of a fracture filling. The upper part is siderite (FeCO}) with 
orbicular texture. The white streak is composed of angular uranium silicate grains. The bottom part 
of the filling has much lower U concentrations and higher silica and iron concentrations. Magnifi
cation 400x. 
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outcrops and minerogenic overburden. The dis
tinction between the different sources of urani
um is important when interpreting the results. 
Samples from various surface waters, lake-bot
tom sediments, and peat bogs have been analyzed 
to map concentration levels and examine the dis
tributions of U in these formations (Suutarinen 
etal. 1991b; Ahonen et al. 1994). 

Water samples were collected from springs 
around Palmottu uranium deposit, at a distance 
of about 1 to 5 km from the deposit. Results sum
marized in Table II. indicate that the waters are 
fresh and slightly acidic, containing Ca and HCO, 
as the main dissolved components. Uranium con
centrations in the water samples are low (between 
0.11 and 0 56 ppb) corresponding to the average 
concentration of near-surface waters in Finland. 
Tritium concentrations varied within the range 
of the average precipitation in the area (between 
24 and 34 TU). The samples Sp2 and Sp3 are 
situated less than one kilometre south of the U-
deposit and could represent the discharge of wa
ter through U-rich rock. No significant outflow 
of uranium rich groundwater was detected in these 
springs. 

The sediment of the near-by lake Palmottu was 
observed to grade from an organic-rich material 
to a silty material at the depth of about 1.5 meters. 
The composition, as well as the Pb-210 dating, 
indicate undisturbed accumulation of the organ
ic-rich sediment with a rate of about 0.006 - 0.014 
g/cmVa. The change in the sediment composi
tion from organic-rich to silty material deeper in 
the sediment indicates a drastic change in the 
conditions of the drainage area, when the lake 
formed an isolated basin. The C-14 age-determi
nations indicate that the event took place about 
9000 years ago. In the organic-rich sediment, a 
clear increase in uranium concentration towards 
the older sediment was observed (from 4.3 to 20.5 
ppm). At the base of the sediment, where the 
amount of minerogenic material increases, the 
concentration of uranium abruptly decreases. 

Peat profiles were studied around the uranium 
deposit Uranium concentrations in peat outside 
the uranium mineralization proper varies between 
5 and 250 ppm of ash, corresponding to dry-

weight concentrations of about 0.08 and 8 ppm. 
respectively. These values are within the concen
tration range reported for fuel peat. The peat core 
samples near the uranium occurrence had con
centrations more than ten times higher than the 
other two samples. The highest values measured, 
around 180 ppm. are similar to those measured 
elsewhere in Finland close to U-rich areas. The 
large variations in the U-234/U-238 activity ra
tio in peat (from 0.79 to 1.91) indicate that more 
than one source for uranium is involved. 

3.5 Dissolved U 

Hydrogeochemical results show that the chemis
try of groundwater varies strongly within small 
areas at Palmottu indicating relatively isolated 
fracture-controlled flow systems (Blomqvist et 
al. 1992). Bicarbonate, chloride and sulphate 
waters with total dissolved solids (TDS) from 0.2 
to 1.5 g/1 have been sampled from the four drill 
holes depicted in Fig. 11. Drill hole 324 contains 
a dilute Ca-HCO, water throughout its length, 
whereas drill hole 304 has slightly saline Ca-Na-
S04-HCO,-Cl water up as far as the groundwater 
table. The two drill holes 346 and 357 have fresh 
groundwaters of Ca-HCO, or Na-HCO, type 
close to the surface of the bedrock and slightly 
saline groundwaters deeper down in the system, 
the former being a Na-S04 and the latter a Na-
C1-S04 water. The pH values are generally 8—9 
and the Eh values -35—125 mV. The waters of 
drill hole 324 have lower pH values and higher 
Eh values compared to the other drill holes (pH: 
6.6—7.0; Eh: 55—100 mV). 

Uranium concentrations and U-234/U-238 ratios 
have been analyzed in filtered fracture waters (<JK 
0.45 urn) and the particulate fractions (4» 0.45 
um) of drill holes 302, 304. 324, 346, and 357. 
The uranium concentrations of the filtered wa
ters vary within two orders of magnitude from 
17 mBq/1 to 3310 mBq/1 (1.4—271 ppb). Also, a 
large variation of U-234/U-238 activity ratios are 
observed (from 1.15 to 3.85). (Fig. 11). General
ly, a decrease in uranium concentration with depth 
is evident, in good agreement with decreasing 
Eh values (Suutarinen etal. 1991 a; Blomqvist et 
al. 1992). A concomitant increase in U-234/U-
238 activity ratios is also apparent. The ground-
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Fig. 11. Distribution of groundwater types, V-234AJ-238 activity ratios and U concentrations in 
groundwater in drill holes 302,304,324,346, and 357 of the Palmottu U-Th ore deposit. Data from 
Blomqvist etal. (1992). 

28 



IhMe #/. Chemical and radiochemical characteristics of the surface water samples around Palmottu. Locations of the sampled springs (Spl - Sp7) and 
lakes are presented in Ahonen et ai. 1994. For uranium in the lake water, average of the values given by Suutarinen et ai. (1991b) were calculated. The 
standard deviation of radioactivity measurements (1 sigma) is included. Concentrations are given in milligrams per liter, if not otherwise indicated. Tl\e 
last row gives the average composition of spring waters in Finland (Lahermo et al. 1990). 
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4.9 
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9.7 
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Table III. Fe and U concentrations in the groundwater (gw), colloid concentrate (cone.) and filtrate 
(filtr.) samples from, drill hole 324, n.a. = not analyzed. 

Few (ppm) 

U-(ppb) 

gw 

3.1 

76.13 

95 m -101 m 

cone. 

n.a. 

91.50 

filtr. 

2.5 

69.87 

175 m -200 m 

gw cone. filtr. 

11.3 

n.a. 

n.a. 

112.41 

1.6 

76.00 

Table IV. TOC and U concentrations in groundwater samples from drill hole 346. In the column for 
groundwater the TOC concentration is for unfiltered sample and the U concentration is for ground
water filtered (0<O.45 pm). 

346 
groundwater 

65 m - 71 m 

122 m-129 m 

240 m - 246 m 

TOC/U 
mg/l/ppb 

groundwater 

1.2/102.0 

1.5/10.1 

1.3/1.0 

colloid concentrate 

1.5/108.9 

1.8/12.5 

1.4/1.1 

ultrafiltrate 

1.1/104.1 

1.5/10.3 

1.1/1.0 

waters from drill hole 324, however, behave in
dependently, and the uranium concentrations and 
U-234/U-238 activity ratios do not shew such a 
systematic change as compared to the other drill 
holes. 

The U-234/U-238 activity ratios in the particu
late fraction broadly reflect the activity ratios of 
the water samples (Suutarinenetal.\99l&). How
ever, in many cases a slight decrease in the U-
234/U-238 activity ratios of the particulate frac
tions are seen, especially in samples from the 
deeper parts of the drill holes. As the particulate 
fraction is reported to be mainly composed of 
silicate minerals detached from the surrounding 
rocks, it is suggested that the uranium of the sil
icate fraction (activity ratios close to equilibri
um) may dilute the activity ratios observed in 
particulate fraction (Blomqvist et ai 1992). 

3.6 Colloidal phases 

Natural colloids in groundwater may be one re
sponsible phase for transporting radionuclides in 
the aquifer system of a dispose -ite. Thus at Pal-
mottu migration of uranium ana thorium with the 
colloidal phase is also of interest. Parameters of 
importance in colloidal migration include the 
amount, size and charge of Die species, whether 
they are inorganic or organic in nature, as well 

as, the stability of the colloidal phase and its re
versibility cf binding U and Th. 

In the former phase of the Palmottu project (Vuo
rinen 1992) some preliminary characterization 
studies based on concentrating the colloidal phase 
from the groundwater by tangential ultrafiltra
tion indicated the presence of different type of 
colloids in two different drill holes (357. 324), 
in which also the groundwater compositions were 
quite different XRD revealed the presence of col
loidal particles having both mineral (357) and 
nonmineral (324) character. Direct evidence of 
U in the colloids could not be gained, perhaps 
due to low U content and/or the sensitivity of the 
methods used. However, in drill hole 324 sam
ple U was found in higher concentrations in the 
concentrate fraction, including colloids in the size 
range from about 2 nm up to 500 nm, than in the 
filtrate fraction from 324 groundwater (Table III). 
Thus a small part of U in the groundwater may 
have colloidal character, which according to the 
Fe results indicate relationship with iron-contain
ing colloidal phase. 

Three new groundwater samples from three dif
ferent depths from drill hole 346 were obtained 
(Vuorinen and Kumpulainen 1993). The obtained 
concentrates and filtrates were analyzed for the 
organics (Table IV) indicating that most of the 
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organic material present in the groundwater was 
of small size, perhaps fulvic acids, which are 
usually smaller in size than humic acids, but oth
er organics might also be involved. U and Th 
were analyzed with ICP-MS. The concentrations 
of Th were too low to obtain any reliable results. 
The results on U indicate the possibility of U 
association with the organic fraction, eventhough. 
based on these results, it can not be concluded 
that U is associated with the organic fraction. In 
order to study this kind of association the organ
ic fraction, major part of which consists humic 
and fulvic acids, has to be characterized. For char
acterizing the humic and fulvic acids a method 
for extracting and separating them from the 
groundwater was needed. 

The measured concentration of total organic car
bon (TOC) in drill holes 302 and 346 is low. 
around l.S mg/1. and thus a method suitable in 
field conditions and ideal for handling large 
amounts of groundwater in order to obtain enough 
material was needed. A method by Pettersson 
(1992), based on adsorption using DEAE cellu
lose, was somewhat modified. Some tests on the 
method were run in the laboratory with commer
cial Aldrich humic acid in order to evaluate the 
adsorption capacity of the material. 

Drill hole 302 was chosen for testing the collect
ing system for mimics, because the groundwater 
has high UI<M concentrations and the drill hole is 
also overflowing. The TOC concentration in drill 
hole 302 is quite low, around 1.S mg/1, thus a 
very large amount of groundwater (few 10001) 
would be needed for extracting enough humic 
material. During autumn the overflowing ground
water enabled sample collection without pump
ing from drill hole 302. Groundwater was passed 
through a column of DEAE material for about a 
month. The organics collected in the column were 
extracted and the humic and fulvic acids separat
ed. Final results on the humic material are not 
available at this stage, but majority of the sepa
rated organics seem to be fulvic acids. More re
sults and details will be found in a summary re
port on the colloid studies (Vuorinener ai 199S). 
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4 HYDROGEOCHEMICAL EVOLUTION 

To be able to understand and interpret the geochemical processes "ffccting 
radionuclide migration, a sound knowledge of the existing groundwater types and 
their evolutionary stages are needed. As the past is the best basis for predicting the 
future, much efforts should be put to get a reasonable good understanding of the past 
hydrogeochemical systems. This Chapter gives a summary of the state of the art in (1) 
hydrogeochemistry, (2) geochemical modelling, and (3) the paleohydrogeological 
aspects of the Palmottu site. 

4.1 Hydrogeochemistry 

Based on groundwater sampling from 28 drill 
holes, four main types of groundwater have been 
recorded in the bedrock at Palmottu: fresh Ca-
HCO, waters, typical for the crystalline bedrock, 
dilute Ca-HCO,-S04 waters resembling surface 
waters in Lake Palmottu and the surrounding 
springs, and slightly saline groundwaters of the 
Na-Cl or Na-S04 types. Also mixed types of the 
various end members were frequent (Blomqvist 
et ai. 1992b. 1994). 

The sampled groundwaters display a wide vari
ety of salinity (Fig. 12). In many cases the ground
waters of the upper part of the drill holes have 
electrical conductivity values of 15 to 25 mS/m 
typical for fresh bicarbonate groundwaters. The 
deeper higher salinity sulphate and chloride 
groundwaters possess electric conductivity val
ues up to 200 mS/m. but, in places, fresh ground
waters were recorded throughout the whole drill 
hole length. The dilute waters possess conduc
tivity values of 5 to 10 mS/m. 

- 100 • 

I 
I 200 £ 
> 

300 I I ,1.1.1 Hill 

10 100 

Electrical conductivity (mS/m) 

300 

Fig. 12. Electrical conductivity values of groundwater vs. depth in some of the studied drill holes. 1. 
336, 2. 332, 3. 341, 4. 324, 5.347, 6. 356, 7. 357/1990, 8. 346/1989, 9. 348,10. 304. 
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Table V. Physical and isotopic characteristics of sampled groundwaters and surface waters, com
piled from Blomqvist et ai. (1994). }H values for Lake Iso-Palmottu and Lake Pikku-Palmottu based 
on sampling on 27.J0.J989 (Suutarinen et ai. J99J). pH and electrical conductivity values for springs 
Hossoja and Ridankorpi are from Ahonen et ai. (1994; Sp5 and Sp4, respectively). 

Sampsa coda 

Laka Iso-Palmottu 

Lake Pikku-Palmottu 

Spring Hossoja 

Spring Ridankoipi 

Dh 332.25—50 m 

Dh 333,50—75 m 

Dh337,100—125 m 

0(1302,10—20 m 

Dh302.110— 120 m 

Dh 335,45—70 m 

Dh 347,245—270 m 

Dh 304,80— 100 m 

Dh 324, P 60—66 m/2. 

Dh324,P95— 101m/3. 

Dh324,Pl75—200 m/1 

Dh346,P65—71m/2. 

pH 

(Wd) 

6.22 

6.50 

4.9 

5.8 

5.02 

5.25 

5.10 

7.70 

7.7 

7.20 

7.78 

7.50 

7.03 

6.87 

.6.55 

825 

Dh 346, P 225—250 m/3.9.0 

Dh357,Pl10—116mV2 -

Dh 357, P165—171 m/2.8.75 

Dh 357, P 265—271 m/2.8.75 

Eh 

(mV) 

-

-

-

-

435 

-

-

-

-

-

353 

-

70 

55 

100 

-40 

-60 

-35 

-40 

-55 

Cend 

(mS/m) 

4.1 

3.7 

3.1 

72 

5.3 

5.4 

4.5 

20.0 

20.0 

182 

22.7 

61.6 

23.0 

23.0 

28.0 

27.0 

175.0 

30.0 

47.0 

144.0 

(TU±16) 

31.0*5.3 

26.9*5.3 

-

24.1 ±0.2 

24 

25 ±4 

24 ±4 

17±4 

<8 

15±4 

-

<5.0 

17*6 

21 ±6 

2 9 * 6 

2 6 * 7 

<6.4 

16*6 

2 1 * 4 

<8 

«c 

(% Modem) 

-

-

-

-

-

-

• 

-

-

• 

-

-

-

60.4*0.4 

-

-

16.0*0.3 

-

41.4*0.2 

22.7*0.2 

P in the sample coda indicata» sampling with the doubia packer tachniqua 

Groundwater 
typ» 

Ca-Na-Mg-HCCyS04 

Ca-Mg-Na-SCyHCO, 

Ca-Na-Mg-HCa,-S04 

C*-Mg-HCO.-CI-SO, 

Ca-Na-S04-HCO, 

Ca-Na-S04-HCO, 

Ca-Na-Mg-SCyHCO, 

Ca-Na-HCO, 

Na-Ca-HCCyS04 

Ca-Na-HCO, 

Ca-HCO, 

Na-Ca-SCyCI-HCO, 

Ca-HCO, 

Ca-Na-HCO, 

Na-Ca-HCCyS04 

Ca-Na-Mg-HCO, 

Na-S04 

Na-Ca-HCO, 

Na-Ca-HCCyCI 

Na-CI-SO. 

Analytical 
coda 

9110375 

9110376 

9110371 

9110370 

9P10475 

9110315 

9110331 

9110309 

9110313 

9110320 

9010502 

8810254 

9110302 

9110306 

9110308 

9010504 

891C453 

9010554 

9010557 

9010559 

The dilute groundwaters are low-pH waters with 
TDS values of only 0,03 to 0,1 g/1 whereas typi
cal Ca-HCO, waters have neutral or slightly al
kaline pH values (pH < 8) and TDS values of 
approximately 0.2 g/1. The slightly saline sulphate 
and chloride waters have pH values close to 9 
and TDS values exceeding 1 g/1. 

The sulphate and the chloride groundwaters tend 
to have long residence times based on 3H and 
"C, whereas the bicarbonate waters in many plac
es are indicative of recent recharge (Blomqvist 
et ai. 1992b). Examples of the physical and iso
topic characteristics and the dissolved load of the 
various groundwater types are given in Table V. 

The chemistry of the various groundwater types 
is given in Table VI. 

Within the individual drill holes of the drilling 
profiles south from Lake Palmottu — in drilling 
profiles 353, 348, 357, 336, 356, 347, and 342 
— the various ground- waters show a systematic 
distribution (Fig. 13). The deep drill holes that 
are located in the western part of the drilling area 
and cross-cut the mineralized parts of the urani
um deposit clearly below 100 m, typically have 
Ca-HCOj waters in their upper parts, whereas Na-
S04 with chloride or Na-Cl with sulphate tend to 
be the groundwater types in their deeper parts. 
Most of the drill holes that are located immedi-

34 



STUK-YTO-TR 84 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

Tbble VI. Chemical composition of sampled groundwaters and surface waters (Blomqvist el al. 
1994). 

Samptecoda 

Laka Iso-Palmottu 

Lake Pikku-Palmottu 

Sphng Hossoja 

Spring Rtdankorpi 

% 332,25—SO m 

Oh 333,50—75 m 

Dh337.100—125 m 

Dh 302,10—20 m 

Dh302,110—120 m 

Dh 335,45—70 m 

Dh 347,245—270 m 

Dh 304,80—100 m 

Dh324,P60—66m/2. 

Dh 324, P 95—101 m/3. 

Dh324 ,P l75—200 m/1. 

Dh346,P65—71 m/2. 

Dh 346, P 225—250 m/3. 

Dh357,Pl10—116m/2. 

Dh 357, P165—171 m/2. 

Dh 357, P 265—271 m/2. 

Na 

2.0! 

2.0! 

1.7! 

2.6 

1.9! 

2.0! 

2 .1! 

20.2 

22.1 

13.2 

4.9! 

66.0 

3.1 

13.4 

38.6 

12.0 

396.0 

43.8 

63.3 

235.0 

K 

0.03! 

0.14 

0.37! 

0.6 

0.9 

1.0 

0.5 

1.3 

1.2 

12 

2.4 

23 

1.1 

1.4 

1.3 

3.3 

3.4 

32 

3.1 

3.4 

Mg 

0.97 

1.06 

0.8 

1.82 

0.9 

0.98 

0.98 

4.5 

4.3 

4.1 

5.5 

14.0 

2.6 

4.'' 

22 

7.4 

4.6 

4.9 

6.3 

8.1 

Ca 

3.7 

3.1 

2.0! 

7.0 

52 

52 

3.7 

18.6 

18.0 

20.0 

36.8 

37.0 

41.6 

31.0 

19.7 

34.6 

25.6 

152 

21.6 

38.1 

! • M o w detection limits 
Charge balance: [ I Z ( C / M ) J / [ I IZI(C/M)J 100, wham 

C • concantration 
Z • charge valua 
M • molecular weight 

Sr 

<n»gfl) 

0.02 

0.02 

0.02 

0.03 

0.02 

0.02 

0.02 

0.09 

0.09 

0.08 

0.08 

0.18 

0.04 

0.05 

0.04 

0.11 

025 

0.08 

0.13 

0.34 

Fa 

029! 

025! 

0.06! 

0.02! 

0.11 

0.19 

0.10 

0.06 

0.04! 

0.06 

0.08 

0.03 

124 

2.81 

0.08 

0.03! 

0.01! 

0.07 

0.04! 

0.11 

c* HCO, 

1.6 

1.6 

1.4 

7.6 

1.7 

1.5 

1.8 

1.5 

1.4 

1.4 

1.4 

57.6 

1.8 

4.3 

32 

3.1 

73.0 

15.3 

55.0 

266.0 

11.0 

7.3 

8.5 

17.1 

122 

9.8 

92 

101.0 

86.6 

98.8 

121.4 

90.0 

114.0 

107.0 

95.0 

140.0 

63.0 

118.0 

107.0 

60.0 

SO,1 

5.8 

6.5 

5.3 

7.6 

10.0 

13.0 

7.6 

132 

132 

8.0 

25.0 

160.0 

11.1 

17.6 

55.0 

14.0 

760.0 

19.0 

32.0 

198.0 

TDSCharga 

to") 

0.03 

0.03 

0.03 

0.05 

0.04 

0.04 

0.03 

0.17 

0.17 

0.15 

020 

0.44 

0.18 

0.19 

022 

022 

1.33 

022 

029 

0.81 

(%) 
0.87 

4.20 

-8.36 

-1.35 

-2.86 

-3.60 

0.92 

5.38 

3.57 

2.80 

022 

•6.55 

1129 

9.78 

1.66 

8.06 

•O.01 

8.79 

628 

0.99 

ately westward from the valley of Palmotunoja 
brook and penetrate the upper part of the miner
alized horizons, possess exceptionally dilute Ca-
HCO,-S04 waters that resemble surface waters. 
In some cases the dilute waters are deeper down 
followed by bicarbonate waters typical for bed
rock, or by mixed waters. The groundwaters of 
the drill holes that are located along the valley of 
Palmotunoja brook are of the Na-S04 dominant 
type, with bicarbonate and chloride as other com
ponents, or Ca-HCO, waters with TDS values 
typical for bedrock groundwaters. The drill holes 
with the latter type cross-cut the granitic veins 

on the eastern side of the mineralized horizons. 
The uppermost portion of this granite is distinct
ly fractured and appears to be hydraulically con
ductive. 

It is remarkable that the distribution of the vari
ous groundwater types does not indicate any pro
nounced hydrogeological connections parallel to 
the generally steep dip of the lithological units, 
but rather indicates a lack of hydrogeological 
connections. For example, in drilling profile 357 
(Fig. 13) the uppermost drill hole (302) that cross
cuts the mineralized horizons contains a Ca-HCO, 
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water; the next drill hole (304) that penetrates 
the mineralized horizons slightly deeper bears a 
mixed S04-Cl-HCO, water; this is followed by a 
drill hole (324) with dilute Ca-HCO,-S04 water, 
and slightly saline NaS04 water occurs in the next 
drill hole (346). As the information on Fig. 13 is 
mainly based on tube sampling in open drill holes, 
where flow along the holes may strongly effect 
the observations, certain restrictions in the eval
uation of eventual hydraulic connections have to 
be accepted. Accordingly, it is possibly that a 
dominant flow along a drill hole would mask the 
indications of minor hydraulic connections be
tween the neighbouring drill holes. 

The general area! pattern of the distribution of 
various groundwater types in within the drilling 
profiles is given in Fig. 14. The distribution of 
the various groundwater types supports the ex
istence of continuous bodies of groundwater par
allel to the strike of the lithological units. The 
existence of NNW—SSE trending dilute ground
waters in the upper part of the bedrock between 
the two major subvertical granite bodies is a pro
nounced example of the mode of occurrence of 
the various groundwater bodies, as is also the 
occurrence of slightly saline sulphate and chlo
ride groundwaters below the dilute groundwa
ters. The occurrence of mixed bicarbonate-sul
phate-chloride waters in the drill holes at the bot
tom of the valley of the Palmotunoja brooklet is 
indicative of discharge. The location of the dis
charging system is in good agreement with topo
graphical observations. 

4.2 Geochemical modelling 

Geochemical modelling is a useful tool in inter
preting various processes of water rock interac

tions and the evolution of groundwater composi
tion. The basic task carried out by the computer 
modelling programs, such as PHREEQE. EQU3/ 
6. NETPATH, MINTEQA2. is the computation 
of the chemical equilibrium as defined by a large 
set of contemporaneous equilibrium equations. 
In addition, the programs are also able to handle 
several types of changes in the system (reactions). 
The results of these calculations may include: 

(1) distribution of the soluble species in equilib
rium with each others (=speciation), 

(2) saturation state of given solid compounds 
with respect to a solution, and 

(3) calculations of the mass transfer across phase 
boundaries (dissolution/precipitation). 

Interpretation of the groundwater evolution makes 
use of these modelling results in different ways. 
Speciation calculations yield the soluble species 
activity distribution, which is in accordance with 
the analyzed total concentrations of the elements. 
The saturation index (SI) of a mineral with re
spect to a given groundwater sample, defined as 
(SI = log(IAP) - log K), is the difference between 
the logarithm of the equilibrium constant of the 
dissolution reaction (K) and the logarithm of the 
calculated activity product (IAP) of those spe
cies that define the given K. Strong "supersatu-
ration" or "undersaturation" (high positive or 
negative values of SI, respectively) probably in
dicate that the mineral does not rapidly interact 
with the groundwater, while Si-values close to 
zero indicate that an interaction between mineral 
and water may occur. Those mineral/water equi
librium reactions that are rapid compared to the 
time scale of the groundwater evolution may be 
used as sinks or sources defining the concentra
tions of certain elements in the groundwater. 
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Fig. 13. Distribution of the various groundwater types in drilling pi 

^H 
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•1 ! 

rpiile 357 at Palmottu. The black 
lines represent the proposed structural features (Paananen et ai. 1994). Lithology: blue = mica 
gneiss; red = granite; violet = mineralized U-rich pegmatite, yellow = overburden. The white high 
rods perpendicular to the drill-hole images indicate interpreted open fracturing, and the lower ones 
indicate dense, non-open fracturing (Blomqvist et ai. 1994). Scale 1:3000. 

Groundwater typo* 

~ HCO 

WW 
dilute HCO,- 8 0 . W/.Vf 

4 nil an fg) SO 4 with CI 

•V CI 

! £ Mined typei 

mil m 
outer rim s 

surface-close groundwater 

inner dot : 

deep groundwater 

Fig. 14, Area! distribution of the various groundwater types at Palmottu, superimposed on the 
topographical map of the drilled area (contour interval 1 m). The outer rim of the symbol dot 
indicate the composition of the groundwater type that is closest to surface, and the innermost dot, 
respectively, the deepest groundwater type sampled from the drill hole. The outline of Lake Palmottu 
is indicated by dashed blue line, the solid red lines mark the position of the western granite body 
(Blomqvist et ai. 1994). 
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Geochemical modelling calculations of the 
groundwaters of Palmottu indicate that the com
mon fracture mineral, caicite. is in equilibrium 
with the water. In addition, the uppermost part of 
the bedrock (to a depth of about 150 m) is also in 
equilibrium with the atmospheric COr while 
deeper down undersaturation often prevails 
(Fig 15). In the middle part of the study area, a 
very dilute water type is known to occur (e.g. 
drill hole 324). Typical to this water are a rela
tively high COz partial pressure and low pH 
value. 

The water type is distinctly undersaturated with 
respect to caicite. The result is in accordance with 
the observed corrosion of fracture caläte in the 
corresponding drill-core samples (Ahonen et ai. 
1992). 

Concentration of iron in the groundwaters is clear
ly controlled by a precipitation reaction. Iron 
oxides and oxyhydroxides of different form and 
age are know to occur in the bedrock of the study 
area. Geochemical calculations indicate that 
amorphous ferric hydroxide is approximately in 
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Fig. IS. Saturation indices forcaicite (solid sym
bols) and atmospheric COt (open symbols). 
Squares represent values for samples from drill 
hole 324; circles from drill hole 346; triangles 
from drill hole 357 (Ahonen et ai. 1992). 

equilibrium with the water, while the better crys-
talli7ed form, goethite. is clearly supersaturated 
(Pitkänen era/. 1991). 

The concentration of silicon and aluminum in 
groundwaters is very low. but the solubility-lim
iting phases are not unambiguously known. 
Geochemical equilibrium calculations indicate 
that the simple oxides or hydroxides (e.g. quartz, 
chalcedony, gibbsite) seems to be approximately 
in equilibrium with the groundwaters, while clay 
minerals, which are the most probable end prod
ucts of silica and alumina hydrolysis, seem not 
to be equilibrated with the waters. Reasons pro
posed for the observed concentrations of Si and 
Al include steady-state equilibrium due to the 
slow kinetics of the dissolution and precipitation 
reactions (Piikanen era/. 1991). and/or the pres
ence of some unknown metastabie, so'ubility-
controliing reaction intermediate (Ahonen et al. 
1992). 

Geochemical mass-balance calculations are a 
useful method to test the ideas of ground-water 
evolution between different chemistries within 
the known thermodynamic constraints. Pitkänen 
(1993) used the computer program NETPATH in 
calculating the evolution of Na-S04 type ground
water along a flow path. The results show that 
the essential production of sulphate by oxidation 
of sulphides is unrealistic under the prevailing 
conditions. The increasing concentrations of Na. 
sulphate and chloride were interpreted to have 
the same source and to originate mainly from the 
leakage of fluid inclusions. 

43 Paleohydrogeology 

To be able to forecast eventual future changes in 
the hydrogeological regime of a potential disposal 
site, information concerning past hydrogeologi
cal regimes should be obtained. Up until recent
ly paleohydrogeology has received relatively lim
ited attention from scientists and organizations 
involved in nuclear disposal site studies. This is 
partly understandable because of the relatively 
sophisticated techniques and extensive sampling 
programmes needed for obtaining useful results. 
On the other hand paleohydrogeology has the 
potential for increasing our understanding of the 
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glacial effect on natural hydrogeological systems, 
and in such a way as to improve our ability to 
forecast the magnitude of changes connected with 
a certain glacial event. 

In acqrjring such information all the available 
sources ought to be used. So far both fracture-
minerals and groundwaters have been utilized. 
Analytical tools include various mkroanalyucal 
and isotope methods (e.g. "C 5"0, ,7Sr/*Sr. 
z*U/n*U). dating (U/Th method) and residence 
time measurements OR, "C) and modelling. In 
Finland examples from Outokumpu (Blomqvist 
et aL 1989, 1993; Ivanovich et aL 1992). F l-
mottu (Suksi et aL 1991) and Olkiluoto (Bkxn-
qnstetal. 1992,1993; Pitkänenkö/. 1994) have 
already been described. 

At Palmottu die firs» results of PH and 6"0 of 
the various groundwater types have recently be
come available (Fig. 16). The 5"0 signals lor 
the three main groundwater types indicate very 
different recharge conditions for each of the 
groundwater types. The fresh bicarbonate waters 

have a 5"0 signal (-12 %•) typical for near-sur
face groundwaters in southern Roland, in good 
agreement with the idea of a recent recharge-ori-
gin for these groundwaters. Compared to the bi
carbonate groundwaters the sulphate waters pos
sess much lighter 5'*0 signals (-17 %«), indicat
ing a distinctly colder recharge period than the 
present one for the latter groundwaters. As it is 
always the case for groundwaters, mixing of dif
ferent sources have to be taken in account in eval
uating the results. When considering the 5"0 sig
nal of -22 %* as representative for the glacial 
mdtwater of this region (Ferronsky « a/. 1983) 
and considering a simple mixing of present near-
surface groundwater with glacial meltwater, an 
approximate mix.ng ratio of I to 1 is obtained. 
However, as die evolution of the sulphate water 
body is still quite open, several possibilities have 
to taken in account. 

The deepest groundwater type, the slightly sa
line chloride water, has a S"0 signal (-14 %«) 
that is indicative of a climate slightly colder than 
at present during recharge. Based on results from 
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Fig. 16. S2H vs. 8 "O of various groundwater types (indicated by black dots of the coloured fields). 
The Palmottu samples are based on the double-packer sampling technique, whereas a part of the 
reference sites (indicated by crosses on the yellow field) are sampled with tube technique. 
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two drilling profiles, the sulphate water influ
enced by glacial meltwater forms only a relatively 
thin groundwater layer of 50 m that is located 
between a dilute relatively fast-flowing fresh 
groundwater and a slightly saline chloride water 
(Fig. 13). In case this sulphate water body proves 
to be a groundwater with a partially glacial ori
gin, several interesting topics will arise for fur
ther consideration: (1) the intrusion mechanism 
of this water to a depth of 120 — 200 m; (2) the 
geochemical evolution of the groundwater, es
pecially the consumption of oxygen from the 
meltwater, and (3) the potential for utilizing this 
temporarily well defined groundwater type in 
evaluating migration results. 
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5 ASSESSMENT OF THE NATURAL FLOW 
SYSTEM 

One of the most important mechanisms capable of transporting uranium and 
thorium in the bedrock is groundwater flow. In the Palmottu analogue study 
project, the subtargets of the study into the necessary water-flow conditions 
were divided into three categories on the basis of their different natures and 
different methods required for their study: 
(J) areal drainage system based on surficial hydrology according to topographic 

analyses, 
(2) local groundwater flow based on drill-hole fracture observations and 

geophysical measurements, 
(3) an integrated hydrogeological flow model of Palmottu based on the previous 

approaches and on geochemical evidence. 

5.1 The Palmottu drainage area 

The Palmottu drainage area as deduced from sur
face contours is 0.9 km2. It comprises the catch
ment areas of Lake Palmottu and a small swamp 
east of it that discharges into the outlet brook of 
the lake, just over the U-Th deposit and above 
the measuring weir in the brook. On the basis of 
geological interpretation, the surficial basin of 
Lake Palmottu obtains essential additional 
groundwater from the sandy and gravelly aqui
fers just to the west of the water divide (see Fig 2 
and 3). When this area is included in the studied 
drainage area, its total area is about 1.3 km2. 

5.1.1 Surficial water flow 

In order to determine the long-term water infil
tration and surface runoff of the drainage area 
under consideration, both hydrological weir mea
surements and meteorological observations and 
analogues were used (precipitation 750 mm/a, 
evapotranspiration 450 mm/a; from the nearest 
meteorological station at Leppäkorpi). One ob
servation weir was constructed in the discharge 
brook exactly over the U-Th deposit. After three 
years (fragmentary) measurements the total out
flow or runoff from the studied area was calcu
lated to be 430,000 mVa or 13.6 1/s. This is much 
larger than the average outflow along the Palmo-
tunoja outlet brook, 280,000 mVa or 9 1/s; the 
difference, roughly 150,000 mVa or 4.71/s, must 

flow from the area along underground flow path
ways (Niini et al. 1993a, 1993b). So far, this val
ue is a preliminary estimate because, in order to 
obtain a statistically adequate record, accurate 
observations of the annual variations for ten to 
thirty years are needed. 

5.1.2 Groundwater flow in the bedrock 

To determine in more detail the groundwater dis
charge from the Palmottu area through the water 
divide, the aquifer parameters were assessed (Ni
ini et al. 1993a). The analysis was focused on 
the most significant flow paths, i.e., fracture zones 
(Fig. 17). Since the hydraulic conductivity of the 
unfractured bedrock was estimated to be less than 
one thousandth of that of the fracture zones, the 
tight bedrock between the fracture zones was ig
nored in the flow calculation. 

Due to cost constraints, factual parameter mea
surements could only be performed to a very lim
ited degree. Therefore, empirical correlations and 
analogues were used to deduct each necessary 
parameter from an observed or known parame
ter. Such correlations were partly taken directly 
from the literature and partly calculated from re
ported or observed field data. The following pairs 
of parameters from similar known areas were used 
as analogues for the Palmottu fracture character
istics: 
• fracture zone length, representing fracture 
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frequency (Niini 1968) 
• soil grain size, representing permeability 
• fracture frequency, representing hydraulic 

conductivity (Ruskeeniemi and Vesterinen 
1991) 

• physiographic parameters (orientation and 
width of valleys), representing flow capac
ity 

• topographic inclination, representing hydrau
lic gradient 

• depth distribution of hydraulic conductivity 
at Olkiluoto (Herva 1991), representing that 
at Paimottu. 

Fig. 17. Main underground flow pathways in the Paimottu area (Niini et al. 1993a, 1993b). 
continuous line - boundary ofsurficial drainage basin; 

broken line - boundary of aquifer area feeding additional groundwater from the W 
into the Paimottu basin; 

broad lines - probable underground flow pathways formed by prominent fracture zones 
of the bedrock (arrows indicate main underground flow directions); 

straight thin lines = seismic soundings. 

This water-balance assessment, based on the two 
deduced target parameters, flow capacity and 
hydraulic gradient (Malmlund et al. 1994). gave 
a mutual distribution of the values for the flow 
in the large fracture zones. The groundwater flow 
along the particular fracture zone that penetrates 
the U-Th deposit (the Palmotunoja brook frac
ture zone, 1 in Fig. 17) was thus estimated to be 
c • 18.200 m3/a or c • 0.578 1/s (c = 1 being a 
correction coefficient whose value may change 
along with the updated measurements of the wa
ter balance elements). 
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5.2 Conceptual structural model 
ofPalmottu 

As one of the future aims of the Palmottu Project 
is the assessment of present mobilization and frac
ture-controlled transport of radionuclides under 
various hydrogeochemical conditions, consider
able effort was put into characterizing the tec
tonic and structural setting of the Palmottu study 
site and the fracture-tectonic features of the U-
Th deposit. These topics were analyzed and dis
cussed in several articles and reports (Kuivamä
ki etal. 1991a, 1991b; Ruskeeniemi and Vester
inen 1991; Niini et ai. 1993a. 1993b). 

During 1994. the available structural, fracture-
tectonic and hydraulic measurements were com
bined and analyzed in order to be able to present 
(1) a conceptual fracture-zone model of the cen
tral part of the Palmottu U-Th deposit (Paananen 
et al. 1994a. 1994b) and (2) to construct a pre
liminary hydrogeological model of the same part 
of the deposit (Paananen and Blomqvist 1994). 
All data useful for modelling were collected in a 
PC-XPLOR (GemCom Services Inc. 1992) da
tabase. This was used to digitize the structures 2-
dimensionally on the drilling profiles using the 
GEOMODEL-system (GemCom Services Inc. 
1991). The digitized data was then transferred to 
DESIGN-CAD 3-D (American Small Business 
Computers Inc. 1992) for 3-dimensional model
ling and visualization. 

The fracture zone model ofPalmottu (Paananen 
et ai. 1994b) is based on drill hole data, such as 
lithology (Räisänen 1984), fracturing (Kuivamäki 
etal. 1991a, 1991b; Lindben '.994), and inter
pretation of results from se>;ral geophysical 
methods, such as borehole radar (Carlsten 1993) 
and ground-penetrating-radar, mise-ä-la-masse 
measurements (Paananen 1993), thermal mea
surements (Ahonen and Paananen 1991; Paa
nanenpa/. 1994a). and hydraulic tests (Ahonen 
and Paananen 1991; Ahonen 1992). The model 
consists of 6 nearly parallel, subvertical (dip over 
70 degrees) and semiplanar structures and a sub-
horizontal one (dip 15—20 degrees). The strike 
of the structures is commonly 140—160 degrees, 
which is also roughly the same as that of the for
mation itself. Furthermore, indications of four 

additional, partly alternative, but more specula
tive structures are also documented. 

The proposed structures commonly display a 
smooth semiplanar shape because of the large 
number of drill holes and the method of approach. 
The basic principle of the model is that the struc
tures should be identifiable visually as intense or 
open fracturing, or as lithological contacts in the 
drill holes. 

The structures VI and V2 are the most signifi
cant features observed by borehole radar and gal
vanic measurements (Fig. 18). They are located 
in the vicinity of the mineralized zones. They are 
often associated with intense or open fracturing 
in the drill holes and. occasionally, with loss of 
drill core. Obviously, they are related to the val
ley of the Palmotunoja streamlet. Structures V4 
and VS are closely related to the granitic body 
on the southwestern side of the mineralization. 
They can be observed as intense, occasionally 
hydraulically conducting fractures. Structure V6 
is associated with the granite on the northeastern 
side of the mineralization. It is also associated 
with intense fracturing, loss of drill core, and high 
hydraulic conductivity. The subhorizontal struc
ture HI cross-cuts the mineralization and it is 
observed as a weak radar reflector and intense or 
moderate fracturing. Structure V3 is also encoun
tered as a radar reflector and as open fracturing. 

Although the geometry of the above seven struc
tures can be recognized on several drilling pro
files of the structural model, there are many un
certainties and alternatives. Two uncertain struc
tures, subvertical V7 and vertical V8, were ob
served as weak radar reflections at the main pro
file (Fig 18). Furthermore, the cross-cutting un
certain structure V9, indicated on the main pro
file, is based on fracture data, hydraulic and mise-
ä-la-masse measurements. In the bottom parts of 
the drill holes, there is a weak mise-ä-la-masse 
indication that the hydraulically anomalous sec
tions 266—268 in R357 and 241—243 m in R346 
are interconnected (structure H2). 

After the compilation of the structural model 
described above a new study hole was drilled and 
additional hydraulic measurements were made. 
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B 

V3 

Fig. 18. A: 2-dimensional vertical section of the structures V1-V9 and H1-H2 with lithologies at 
drilling profile 100.000. Light blue-mica gneiss, red=granite, violet=U-mineralization, 
black=structures VI—V9 andHl—H2. Scale 1:3000. B: 3-dimensional view if the structures VI, 
V3, V6, and HI with five drilling profiles. Viewing angle: horizontal 160°, vertical 30° (Paananen 
et at. 1994b). 
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Drill hole 373 was drilled in the target area in 
order to check some of the anticipated fracture 
zones. The orientation of the new drill hole was 
planned to be towards N (prior drill holes to NNE) 
in order to obtain information on structures not 
revealed by the present drill holes. Before drill
ing, a predictive model of the lithological and 
structural features was constructed. Water-loss 
tests were made during drilling, when intensive
ly fractured sections were observed, and hydrau
lic conductivity of the sections were estimated. 
Drilling confirmed the location of the predicted 
hydraulically conductive structures (Ahonen and 
Lampinen 1995). A detailed petrological study 
of the drill core is in progress and will be report
ed by Lindberg (1995). 

Slug-tests and spinner-measurements (Andersson 
et ai. 1994) were made in selected drill holes to 
study the hydraulic conductivity of the bedrock. 
Spinner measurements proved to be an effective 
method to locate water-conducting structures in 
the upper part of the bedrock. However, at deep
er levels, where low hydraulic conductivity val
ues were recorded, the double-packer device 
turned out to be more sensitive (Ahonen and 
Lampinen 1995). 

According to the present state of knowledge, con
formable granitic interlayers are the most prom
inent water-conducting structures at Palmottu 
(vertical structures V4 and V5). In general, di
rections across the foliation are not favourable 
for water flow. However, the subhorizontal struc
ture (HI) seems to be an exception in this re
spect. Indications of good hydraulic conductivi
ty related to this structure has been received from 
iwo drill holes (Ahonen and Lampinen 1995). 

S3 Preliminary hydrogeological 
flow model of Palmottu 

Combining the evidence from the hydrogeologi
cal survey of drill-hole waters (Chapter 4) with 
the nature of fracturing, topography and the struc
ture-tectonic model of Palmottu, a preliminary 
hydrogeological model for groundwater flow has 
been proposed (Blomqvist et ai. 1994; Paananen 
and Blomqvist 1994). Within the western part of 
the drilled area, the rate of water recharge is low 

and bicarbonate waters typical for crystalline 
bedrock prevail. The drill holes located in. or 
cross-cutting, the upper part of the main western 
granite contain dilute groundwaters that indicate 
high rates of recharge compared to the surround
ings. As a steady, relatively high flow is an es
sential prerequisite for the existence of dilute 
surficial-like waters in the bedrock, well-conduct
ing flow routes seem inevitable. Based on the 
distribution of the dilute waters, only a few routes 
seem possible. The part of the rock most likely 
to be well conducting is located between the main 
granite bodies around the mineralized U-rich peg
matites, at depths from approximately 50 to 100 
m. Several geophysically-clear, subvertical and 
semiplanar structures have been interpreted 
(Paananen et ai. 1994b) as cutting or bordering 
this portion of bedrock (Fig. 18). With respect to 
the expected flow routes, the proposed subhori
zontal structure HI offers a possible channel for 
groundwater flow especially as the general hy-
drogeochemical pattern does not indicate any sig
nificant vertical flow along the subvertical struc
tures. This last statement is, however, not valid 
for the subvertical structures of the main granite 
bodies on both sides of the mineralized horizons. 

It is proposed that the intersection lines of sub-
horizontal structure HI with the relatively broad 
subvertical structures (VI, V2, and V5) form a 
composite structure of tubelike favourable flow 
channels. These structures focus the dominant 
groundwater flow along predominantly horizon
tal flow routes in the bedrock. The existence of 
such flow channels is supported by drill-core 
obser rations, which reveal intense open fractur
ing and sporadic loss of core close to the urani
um-bearing horizons at depths of 50 to 100 m. 
Recharge of the fresh dilute waters most likely 
takes place along the identified structural features 
of the western granite body. It also possible that 
the open fractures trending perpendicular to the 
main strike of the schistosity (and lithology) (cf. 
Kuivamäki et ai. 1991b) provide additional sub-
vertical flow routes. Part of the open fractures' 
are interpreted to have originated due to compe
tence differences between primary bedding stra
ta. 
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The main flow direction of the dilute waters in 
the bedrock was proposed to be towards SSE 
along the Palmotunoja brook fracture zone 
(Blomqvist et ai 1994; Paananen and Blomqvist 
1994). The driving force is the steep topograph
ical gradient (about SO m/km) at the southern 
border of the Palmottu bedrock block, about 1 
km south from the drilling site (cf. Blomqvist et 
al. 1993). In addition to this main flow route and 
in accordance with the fracture-tectonic model 
and the hydrogeochemical results, it is possible 
that a part of the recharged water flows eastward 
along the subhorizontal structure H1 towards the 
N—S-trending major, class III fracture zone (cf. 
Kuivamäki et al. 1991b). some 800 m east of 
Lake Palmottu. The intersection depth would be 
roughly 200 m. 

Besides the main flow system, several minor lo
cal flow systems are likely. An interesting one is 
associated with the eastern granite body. During 
wet periods surficial waters recharge on the to
pographic high east of the Palmotunoja valley 
and overflow can be detected in 2—3 drill holes 
in the valley (cf. Ervanne et al. 1994, Ahonen et 
al. 1994). 

To test the validity of the proposed flow model, 
mathematical flow calculations are needed. Cal
culations with 2D-model!ing are under way at 
both local and regional scales. Modelling of the 
hydrogeological situation will form the basis for 
the planning of forthcoming studies, the target 
of which will be the testing of hydraulic connec
tions of potential fracture zones. These studies 
form the basis for the planned transport analogue 
study. 
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6 REDOX PROCESSES 

6.1 Redox measurements 

Reduction-oxidation processes are key phenom
ena controlling the behaviour of uranium as well 
as other actinides. In the Palmottu project, these 
processes have been studied by measuring the 
redox potentials of groundwaters, and by analyz
ing the oxidation state of dissolved uranium.The 
results were interpreted by means of thermody
namic calculations and are reported by Ahonen 
et at. (1993, 1994). 

The measurement of redox potential of natural 
water — as well as the interpretation of the re
sult — has Deen discussed widely in the geochem-
ical literature (e.g. Whitfield 1974; Lindberg and 
Runnels 1984; Grentheer al. 1992; Kraynov and 
Ryzhenko 1992). Partially controversial views on 
the applicability of the method have been pre
sented. At Palmottu, the field measurements of 
redox potentials were made in flow-through cells, 
measuring times from a couple of hours to a cou
ple of days were used. Repeated measurements 
gave similar results and in some cases duplicate 
electrodes were used. One observation was that 
the 'conditioning' of the electrode in oxygen-free 
groundwater decreases the time required for ob
taining stable readings. Experiments in which 
solution pH was artificially varied were also 
made. Eh-reading displayed a relatively rapid and 
reproducible response to the change in pH. The 
experience obtained during the long-term Eh-
measurements supports the view that the results 
have a sound operational basis and the pitfalls of 
artificial effects can be ruled out. 

6.2 Redox chemistry of U 

Crucial step to interpretation is the coupling be
tween the potentiometrically measured Eh value 
and the dissolved redox components of the wa
ter. All redox-pairs of a groundwater system are 

not in equilibrium with each other. However, a 
redox-determining pair, for which the Nernst 
equation applies, can be recognized in many cas
es. In oxygen-free deep groundwaters, a Fe(II)/ 
Fe(III) couple is observed to have nemstian be
haviour (Grenthe et al. 1992). At Palmottu, re
dox behaviour of slightly acidic, iron-rich wa
ters was also observed to be controlled by iron 
(Ahonen et al. 1993). These data are re-exam
ined in Fig. 19. 

The oxidation state of dissol ved uranium has been 
analyzed from several samples (Table VII). The 
good correlation between analyzed uranium oxi
dation state and the redox speciation of uranium 
is striking. This indicates that uranium is in re
dox equilibrium with die potential determining 
redox-pair. Two of the samples contained dis
solved uranium (<0.45um), predominantly as 
U(IV). This is an interesting observation — not 
previously reported in the literature. Analyses 
from anoxic marine basins indicate that hexava-
lent uranium is the predominant soluble form 
even in very reducing, sulfide bearing systems 
(Andersson 1987). Due to the small amount of 
representative samples obtained from the most 
reducing water types of Palmottu, certain pre
caution is required in comparing the results with 
those from anoxic marine environments. This 
dissimilarity in redox-behaviour of uranium in 
these environments, if it proves to be a common 
property, might be due to the long residence time 
of bedrock-fracture waters, allowing the thermo
dynamic equilibrium to be established. Alterna
tively, compared to bedrock-groundwaters, an
oxic sediments contain much more colloidal or
ganic material, which probably is able to stabi
lize hexavalent uranium compounds. 

In general, redox reactions of dissolved uranium 
are not considered to be rapid and reversible 
enough to show nernstian response on the plati-
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num electrode. A pH-variauon experiment was 
carried out at Palmottu using very uranium-rich 
water flowing from drill hole 302. The slope of 
the Eh-pH relationship (Fig 20) is distinctly more 
gentle than that observed in iron-rich waters 
shown in Fig 19. Details of the experiment shown 
in Fig. 20 (see Ahonen et ai. 1994) support the 
view that the reduction oxidation kinetics of ura
nium on the surface of a platinum electrode may 
be fast enough to allow the development of the 
appropriate Nernst potential, if the uranium con
centration is high enough. As a general conclu
sion from these results, it seems evident that dis

solved forms of uranium and iron are in redox 
equilibrium with each other. 

Most of the measured redox potentials also plot 
near the redox-stability limit of UO, (and USi04), 
which is the primary uranium mineral in the de
posit. It is evident that uraninite makes an im
portant contribution to the total redox capacity 
of the bedrock system. In addition, the calcula
tions of Ahonen et ai. (1993) indicate that par
tially oxidized uraninite together with the com
mon iron oxyhydroxide (goethite) form a well 
buffered system which is able to immobilize UO,. 
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Fig. 19. Eh-pH behaviour observed in iron-rich water of drillhole 324. The elongated cluster of 
values is due to stopping of water flow in the measuring cell The subsequent ouigassing ofC02 

caused the increase of pH and contemporaneous decrease of Eh. The superimposed line corre
sponds to the equilibrium relationship: 
Fe2* + 3Hfi = Fe(OH)/aq) + 3 H* + e , log K = -25, it is based on ratio FedO^/Fedll)^ -
1000. Approximately the same line is obtained by assuming that Fe^ = Fe(II) = 0.O5 mM and by 
applying the equilibrium condition: 
Fe2* + 3 H20 = Fe(OH)Js) + 3 H* + e Jog K - -18 (Corresponding to the solubility product, K^ 
= I Fe2* H OH J3 = 10"). Hydrolysis constants are obtained pom CHEMVALdata base. 
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Table VII. Dissolved U(IV) and V(VI) concentrations in groundwater, and measured Eh and pH 
values in samples pom four different drill holes. Uranium content in particulate fraction ($> 0.45 
tan) of one liter of groundwater also is given. The column (%) indicates the percentages proportion 
of Iff VI) of the total dissolved (+< 0.45 pm) uranium in the sample. The given standard deviation of 
U-238 activities is one sigma. The last column indicates the Eh value calculated pom U(IV)/U(VI) 
pair (Ahonen et ai. 1994). 
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Fig. 20. Variation of redox potential as afimction ofpH in uranium-rich water of drill hole 302. The 
superimposed speciation diagram shows the predominance fields of dissolved U(IV) and U(Vl) 
species (UC = UOfO, UDC = UOfCOtf. UTC = UOJCOJfh Larger dots represent the Eh-
pH values of fracture water samples other drill holes (Ahonen et al. 1994). 
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7 RADIONUCLIDE RETARDATION 
The processes influencing radionuclide migration in water-carrying fractures can be 
essentially chemical (adsorption, ion-exchange, precipitation, mineralization) and/or 
physico-chemical (diffusion into rock porosity, molecular filtration, ion exclusion). 
These processes have been intensely studied in laboratory in carefully controlled 
conditions, where some of them have been quantitatively described with reasonable 
success. The laboratory studies at their best, however, can only depict processes which 
attain a steady state relatively fast. In rock/groundwater systems migration processc -
operate with variable intensities, controlling elemental concentrations in groundwater 
in a wjy, which is difficult to predict on the basis of laboratory studies alone. The 
effects induced by prolonged time periods can not be properly simulated in laboratory. 
Accordingly, answers to certain important issues (such as which processes are 
dominant, what is the role of an individual process or does the reversible/irreversible 
nature of a process vary in lime) have to be looked for in the natural environment. At 
Palmottu, these issues have been approached by studying uranium occurrence inflow 
channels in the network of fractures around U deposit. 

radionuclides. The data compiled from Palmottu 7.1 Experimental approach 

Due to heterogeneity of the natural system and 
the long time periods specifically tailored exper
imental methods are necessary. The experimen
tal approach developed is based on simple con
cept of U transport in the study area: vari"i<, . 
obsered in uranium concentration and i. ••: l it 
ratio in fractures indicate cycling of succ >>. 
uranium mobilization, transport and immoi,../-
zation. During the process dissolved U com
pounds interact with fractu.e surfaces resulting 
in uranium fixation along flow routes. Accord
ingly, use of a reverse process in which the fixed 
phases are forced to release in successive disso
lution steps with selective chemical reagents al
lows information about the fixation modes to be 
obtained. The fixation and time scales involved 
can be assessed more closely by the aid of recov
eries of U series nuclides and other elements dur
ing each dissolution step. Important phases are 
those resulting from the short-term processes 
within the local geochemical cycling. Here the 
short-term is taken to be the time period datable 
by U series disequilibria (i.e. the last 300,000 
years). 

The successive dissolution of phases, by the phase 
selective/sequential extraction technique is one 
of the very limited number of ways of obtaining 
information about geochemical associations of 

and elsewhere demonstrates the potential of this 
approach in filling the gap in interpretation be
tween the natural partitioning of mobile U and 
the distribution determined by the short-term lab
oratory experiments. Due to the importance of 
the issue a major amount of work to further de
velop the method has been done. The technique 
and its applicabilty at Palmottu have been sepa
rately considered by Suksi et ai. (1994). Appli
cability of the selective extractions in a much 
wider context has been recently considered by 
Rauret and Quevauviller (1993). In parallel with 
this technique ct-particle autoradiography, XRD, 
AAS, ICP, and SEM have been applied at Pal
mottu. 

7.2 Uranium fixation in fractures 

The most convincing evidence of uranium up
take processes in fractures is uranium associa
tion or incorporation in separate mineral phases 
precipitated from the groundwater on fracture 
surfaces (Suksi et ai. 1991). This offers an im
portant opportunity to study uranium fixation in 
situ. Several fracture coatings from various bed
rock locations have been examined. The main 
mineral component of the coatings is calcite with 
variable amounts of kaolinite, quartz, feldspars 
and sulfides. The proportion of calcite ranges 
from 17 to 73%. Most of U, about 60-70% of the 
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Table VIII. Uranium distribution ratio K4 in rock material from drill core sample R325/21L Mea
surements were made for the material before and after treatment with ammonium acetate. 

Distance from 
fracture (mm) 

2.5 

10.7 

12.0 

untreated rock 
sample 

1.0 

2.0 

1.2 

10* 

1a3 

10-3 

Kd 

rock sample washed 
with NH40Ac 

2.3 

1.3 

4.3 

1a2 

ia* 

1a3 

total amount, is bound in calcite phase. Uranium 
concentrations in the bulk coating material var
ies from tens to several hundreds of ppro, the 
highest measured concentration being 2000 ppm. 
The high concentrations are interesting because 
calcite can only take a limited amount of impuri
ties into its structure. This suggests secondary U 
mineralization concurrent with calcite precipita
tion. However, the structural evidence for a cer
tain U mineral has not yet been obtained. U se
ries disequilibrium measurements from the cal-
cites indicate geologically recent U deposition, 
which supports the view of the remobilization 
cycle of U. The average deposition times, based 
on model Th-230/U-234 -ages, range between 
80 000 and 300 000 years. 

In all coating samples, a significant quantity of 
U (6 - 23%) could be removed before calcite dis
solution in a way which suggests fixation by 
physical adsorption and/or ion exchange. This 
was examined more closely with a sample con
tained some 50% of its U in that phase. Uranium 
was extracted from powderized coating material 
with strong electrolytes (1M CsCI and 1M CaCl2), 
under controlled conditions, and release was ob
served as a function of time. The uranium release 
process was quick: the system attained a steady 
state in one minute (release was observed for 3 h), 
transferring some 60% of U into solution (Suksi 
et ai. 1994). The release rate points to a very 
loosely bound U phase, possibly fixed by physi
cal adsorption. In physical adsorption, a layer of 
several successive layers of molecules may be 
developed on mineral surfaces thus exposing it 
to a subsequent quick release. This simple ex
traction experiment demonstrates the possibility 
of obtaining quantitative information of in situ 
U phase reversibly fixed on mineral surfaces. 

In an other approach ammonium acetate buffer 
solution was used in an attempt to empty sorp
tion sites. A batch experiment for determining 
distribution ratio Kd for U (U-233) in rock mate
rial from drill core sample R32S/211 was per
formed under oxic conditions. The rock material 
contained Fe oxyhydroxides as a possible sorb-
ing phase. The water for the batch experiments 
was obtained by equilibrating rock samples with 
water samples from the site for 3 weeks. Mea
surements were made for the rock sample before 
and after treatment with an ammonium acetate 
solution. Systematically higher Kd:s were ob
served for the treated samples, indicating certain 
saturation of sorption sites in natural conditions. 
The distribution ratio decreased also as a func
tion of distance from the fracture, indicating de
creasing abundance of the sorbing phase (Table 
VIII). 

The relation of U and calcite matrix was also stud
ied in more detail. Uranium distribution in an 
infill removed from a sealed fracture (R330/221) 
and in a coating from an open fracture (sample 
R301/214), both in granite, was investigated. The 
coating matrix was gradually dissolved in am
monium acetate buffer solution and the release 
of U and the main cations, Ca and Mg, was ob
served. The process dissolves calcite matrix uni
formly, releasing elements and their isotopes in 
the ratio they occur in the bulk solid. In Figure 
21 the dissolution result for sample R301/214 is 
presented. Technically, dissolution was performed 
by several successive steps. The amount of cal
cite according to weight loss of COa in 900°C, is 
56%. Practically the same amount was also cal
culated on the basis of Ca released in the disso
lution steps. 
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The release curve of U suggests the presence of 
two U phases. A good correlation between Ca 
and U can be observed at the beginning of disso
lution, suggesting a possible structural relation. 
In the following steps concentrations do not cor
relate, pointing to another U phase. The correla
tion between U and Mg may also be deduced lironi 
the curves. A similar correlation in sample R330/ 
221 was observed. U series measurements in the 
separated fractions also suggests different ages 
for the phases.The correlation study is under way 
and the result will be reported in full later (Suksi 
et ai. 1995). These preliminary findings, howev
er, point to a possible secondary U mineraliza
tion concurrent with calcite formation, support
ing the view of recent uranium remobilization. 

The findings described above demonstrate the 
potential of the selective separation technique in 
obtaining information of the long-term sorption 
of U. If carefully applied, the satisfactory sepa
ration of certain important in situ uranium phas
es can be attained. This provides us an opportu
nity to examine the role of reversible/irrevers
ible fixation of remobiiized U and to consider 
the applicability of the K, concept versus chem
ical models in describing natural systems. In ad
dition, the basic assumptions in the calcite dat
ing, considered to be important in paleohydro-
geological study, can be examined (Suksi et ai. 
1995; Rasilainen and Suksi 1995). In the case of 

layered caicite, tiie separation of relevant phas
es, due to mixing of successive layers in sam
pling, may be difficult but. can be approached 
by a dissolution kinetics study. The results so far 
obtained (e.g. Fig. 21) are promising and merit 
further studies. 

7.3 Matrix diffusion 

Diffusion from the flow channels into stagnant 
water phase in fractures or in rock pores is re
garded as a potential retardation mechanism for 
radionuclides that may escape from an under
ground nuclear waste repository. The matrix dif
fusion theory proposes that the dissolved radio
nuclides will diffuse from a water-filled fracture 
into the rock matrix, forming characteristic con
centration profiles. The basic elements of the 
microstructure in crystalline rocks have been 
widely discussed (Wadden and Katsube 1982 and 
references therein) and a structural prerequisite 
for matrix diffusion can be demonstrated. At lab
oratory scale the phenor -non has been intensive
ly studied and the results appear to support the 
theory. The extrapolation problems introduced by 
short time scales and possible disturbances in 
sampling procedures have turned attention to 
natural analogues where some of the problems 
can be circumvented. Essentially what is being 
done in the natural analogue approach is simply 
to clarify the long-term "tracer tests" carried out 
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Fig. 21. Release ofU, Ca and M g from a calcite bearing fracture coating (sample R301/214), which 
occurs when the matrix is gradually dissolved by the successive dissolution steps with the ammoni
um acetate buffer solution (1M NHfiAc + 0.02M EDTA, pH 4.8). Considerable release of the 
elements at the beginning (in the first two dissolution steps) may be due to a larger surface area 
being initially available for dissolution. Two V phases may be deduced: one possibly associated 
with calcite and another, dissolved after calcite dissolution (see text). 
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by nature. The "tracer phase" («mobilized U se
ries nuclides and other useful elements) is sepa
rated and concentration profiles are measured 
away from the fracture surface (review in Miller 
etal 1994). 

Certain problems, however, render the interpre
tation of the in situ profiles difficult. In addition 
to phases originated from short-term processes 
(<500 000 a), phases from much older processes 
may involve, masking the information looked for. 
The rock alteration as a result of long-term weath
ering may have induced both chemical and phys
ical changes in part of the rock volume available 
for diffusing species. To approach these problems, 
selective leaching has been applied in order to 
separate the "proper tracer phase" (Suksi et ai. 
1992.1994). The issues related to alteration, e.g. 
the connectivity of the pore network or the sorp
tion properties, have been considered by study
ing certain shorter-lived U series nuclides, like 
Ra-226 (Tl/21 630 a) and Pa-231 (T1/2 33 000 a), 
(Saarinen and Suksi 1995). Attempts to simulate 
the observed concentration profiles have pro
duced important progress in interpretation. Qual
ity assurance questions related to model input 
have further stressed the importance of the col
laboration between modellers and experimental
ists (Rasilainen and Suksi 1994). 

7.3.1 The role of fracture types and 
mineralogy 

Fracture types play an important role in control
ling the entry of diffusing species into the rock. 
At Palmottu, both joint and shear fractures have 
been commonly observed. Joints are formed in 
an extensional stress field where surfaces are tom 
apart, producing rough surfaces with a large spe
cific area. A contrasting fracture type, known as 
a shear fracture, is formed when bedrock blocks 
move relative to each other. Shearing causes dis
integration of the primary minerals and subse
quent formation of secondary, commonly hydro-
thermal phases, including chlorite, biotite, clay 
minerals, epidote, andcalcite, resulting in a tight
ly packed and polished surface. At Palmottu shear 
fractures of this type are common in mica gneiss 
layers, but rare in granitic rocks due to the lack 
of proper precursor minerals. In pegmatite, shear

ing may generate polished fracture surfaces with
out major alteration phenomena. The significance 
of fracture type is supported by the observations 
of autoradiographic studies. In shear fractures, 
even though corresponding fracture fillings have 
elevated uranium concentrations, the penetration 
of radioactivity is difficult to observe (Suksi and 
Ruskeeniemi 1992). 

In crystalline rocks natural radioactivity (U and 
Th decay series) generally occurs in three main 
ways: (1) by direct cation substitution in the sil
icate lattice of the major rock-forming minerals. 
(2) as minor or major components of accessory 
minerals such as zircon, sphene. apatite and mon-
azite, and (3) by sorption in the pore network 
composed of the void space in lattice defects, 
crystal and grain boundaries, and in micro fis
sures. At Palmottu where the distribution of the 
possible "tracer phase" has been studied by ***a-
particle autoradiography and in thin sections, a 
good understanding of the possible diffusion 
routes has been obtained. In the studied core sam
ples, a common observation was the alteration 
of plagioclase. Heavily altered and highly porous 
(up to 5%) plagioclase with readily dissolvable 
iron, probably ferric oxyhydroxides. appear to be 
an effective sink for U, controlling its diffusion 
rate in these rocks. The alteration zone is indi
cated by the light or reddish colour of plagio
clase grains and is usually visible, up to few cen
timetres, on both sides of the fractures. Alteration 
has increased the sorption capacity of the rock 
mass but induced only a limited impact on the 
permeability of the matrix, because the alteration 
has involved only the more or less isolated pla
gioclase grains while the rest of the rock matrix 
has remained untouched. 

7.3.2. Qualitative indications of 
radionuclide diffusion 

Several concentration profiles of different U se
ries nuclides were measured both in bulk rock 
and selectively sampled uranium sinks (altered 
plagioclases grains) to find signatures attribut
able to movement in the rock matrix. In Figure 
22 the fraction of the assumed "tracer phase" is 
presented. In two of the samples the amount of 
this phase is very large and it has accumulated 
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close to the fracture, whereas deeper in the rock 
the amount is much lower, reflecting the active 
role of fracture in uranium accumulation. The 
effect of fracture can also be seen in the profile 
of other elements: the readily dissolved amounts 
of Th and Fe are higher near the fracture (see 
Suksi et al. 1992). These observations, which are 
also in accordance with autoradiographic obser
vations (the density of a-tracks decreases away 
from the fracture), can be taken to indicate pene
tration from fracture. The occurrence of "tracer 
phase" in micro fissures and along the grain 
boundaries could also be indicated by SEM. 

An interesting feature in two of the samples is 
the deficiency of U-234 (clearly below the equi
librium value) within the U accumulation and the 
excess (above the equilibrium value) behind it 
(Fig. 23). When passing the U accumulations, 
either towards the fracture or deeper into the rock, 
the activity ratio increases to values higher than 
one. This suggests that U-234 is released from 
the accumulation. However, it is difficult to as
sess whether the observed excess of U-234 deep
er in the rock is derived from groundwater or from 
the accumulation. The chemical conditions pre
vailing seem to prevent the bulk U from being 
released but not that U-234. which is released by 

ot-recoil. However, the movement of U-234. in 
the range of several centimetres away from the 
fracture, can be deduced, indicating a network of 
the interconnected pores extending over the same 
range. 

In a parallel study of the same samples move
ment of Ra-226 and Pa-231 towards the rock and 
through the accumulation could be inferred from 
the concentration profiles. The excess of Ra-226 
and Pa-231 observed deeper in the rock, behind 
the U accumulation, can be explained by a source 
other than the groundwater in the fracture, e.g. U 
accumulation itself. The effect can be seen in 
sample R325/211. in particular. The range of the 
movement of Ra-226 and Pa-231 inferred from 
the profiles in Fig. 24 is in accordance with their 
half-lives: the longer-lived Pa-231 (T in 32.8 ka) 
appears to be transported further. An interesting 
finding is that the bulk U (U-238) appears to be 
immobile in conditions where Ra and Pa are 
mobile. 

In a 17 cm long drill core sample taken between 
the natural fractures (R3S7/168), a small compo
nent of U (around 8% of the total amount) that is 
assumed to represent the "tracer phase", could 
be separated from the whole length of the core. 
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Fig. 22. The "tracer U" fraction separated from rock as a function of distance from fracture in the 
three drill core samples (modified from Suksi et al. 1994). Uranium was separated by ammonium 
acetate buffer solution. Rock in samples R325/211 and R346/J03 is strongly altered. In these sam
ples the role of fracture in the formation of profiles may be inferred. Strong enrichment of U close to 
the fracture can be observed in both samples. Concentration gradients cannot be observed in sam
ple R357/168 (bound by natural fractures). 
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However, the concentration gradients can not be 
observed. The U-234/U-238 and Th-230/U-234 
activity ratios, >1 and <1 respectively, also sug
gest recent penetration. Due to the small amount 
of readily dissolved U. the effect of artifact can 
not be excluded. The leaching experiments in 
which the release rate of U and Th isotopes was 
investigated, however, support the view of a re
cently added U phase to the rock. In the light of 
new results, it appears that U has also migrated 
between fractures. In the migrating U phase, U-
234 seems to move slower. The observation can 
be explained by a radioactive decay process: Th-
234 as a decay product of U-238 has penetrated 

the mineral surface by recoil and decays there to 
U-234. causing some delay relative to U-238. The 
effect can be seen in the residual mineral phase 
as an increased U-234/U-238 ratio. Radionuclide 
retardation based on thea-recoil process has also 
been suggested by others (Edis et al. 1992). The 
study of the drill core (R357/168) is still under 
way and the results in full will be published lat
er. 

Based on the findings in the three drill core sam
ples, ve conclude that diffusion has played an 
important role in the formation of concentration 
profiles. The strong enrichment close to fracture 
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Fig. 23. Development of the U-234/U-238 activity ratio from fracture face deeper in the rock in two 
samples. Marked disequilibrium between isotopes can be seen. The increase of U-234 deeper in the 
rock and close to fracture indicates the release of this isotope from the V accumulations (see Fig. 
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Fig. 24. Concentrations of U series nuclides away from fracture face. The thick curve represents the 
bulk U, i.e. U-238. In radioactive equilibrium all the profiles should go along the curve of bulk U, 
It is concluded that the release and subsequent transport of radionuclides after the U accumulation 
has taken place (for more detail, see Suksi et al. 1994). 
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and the different shapes of the profiles suggest 
also other phenomena than pure diffusion for the 
bulk U (U-238). Similar conclusions have also 
been made in other studies (Heath 1994). The in 
situ concentration profiles provide an important 
approach in increasing our understanding of rock 
matrix diffusion (see also reviews in Ivanovien 
et al. 1992 and Miller et al. 1994). The interpre
tation of the profiles, however, is still in its in
fancy and further studies are needed. 

7.3 .3 Mathematical simulations of 
concentration profiles 

Measured concentration profiles appear to include 
signatures that may be attributed to diffusion. To 
proceed in interpretation, the profiles in sample 
R325/211 have been modelled. The interpreta
tion was based on the use of the U series disequi
librium code URSE and the migration code 
FTRANS. The model system was characterized 
using site-specific data and the system evolution 
was outlined using the geological history of the 
Palmottu site. In the earlier modelling exercises 
(Rasilainen and Suksi I992, 1993) the site-spe
cific K's were not available. The K.:s used were 

0 a 

simply derived by dividing the measured concen
trations in the rock by the respective measured 
concentrations in the groundwater, implicitly as
suming that sorption had caused U enrichment 
in the rock. The resulting "Kd" values proved to 
be quite high (13 mVkg for U) compared to K, 
values determined in laboratory experiments. 
Interestingly, Kd:s of the same order of magni
tude have been measured in the Alligator Rivers 
Analogue project (Edis et al. 1992). 

In the latest exercise (Rasilainen et al. 1994) the 
foundations of the sorption assumption were in
vestigated; laboratory sorption studies were per
formed for U (see Table VIII). A chemical equi
librium model HYDRAQL (Papelis el al. 1988) 
was used to estimate the K, for U in the pore 
network. The mineral surface, dominating sorp
tion, was assumed to be hydrous ferric oxide. In 
addition to total U, the carbonate concentration 
was also varied: carbonate proved to have the 
stronger control of sorption. As a result Kd:s de
creased with increasing carbonate and total U. 
Generally, the results were parallel with experi
mental Kd values presented in Table VIII. 

The simulations, based on the performed site-
specific experimental and theoretical sorption 
studies, indicate that matrix diffusion, assuming 
instantaneous and reversible sorption, can not 
explain all parts of the observed concentration 
profiles. Possibly a much older event has caused 
the accumulation of bulk U closest to the frac
ture, upon and beyond which the later contribu
tion by matrix diffusion is superimposed. In the 
chemical extraction procedure intended to remove 
an assumed sorbed "tracer phase", all loosely 
bound U. including old accumulations, have been 
removed and interpreted as sorbed. The easy dis
solution of the bulk U may point to secondary U 
minerals (see Bollee/ al. 1988). Futhermore. this 
phase seems to be extremely resistant to in situ 
dissolution, at least in present-day conditions. In 
an effort to date the accumulation, a simple ura
nium series disequilibrium calculation by the code 
URSE was made, assuming initially only U in 
the system (U-234/U-238 = 1.2) and continuous 
release of U-234 caused by a-recoil (release frac
tion 2.4 10* 1/a). The steady state attained after 
10* years suggests a very old age for the bulk U 
in the accumulation. 

The simulations are still hampered by uncertain
ties in input. Even if the boundary condition and 
matrix properties could be defined, the initial 
condition and time scale would remain unknown. 
The only remaining means to reduce the number 
of unknowns is to study concentrations in pore 
water (i.e. the initial condition) or to use the con
centration profiles in a rock in which recent U 
accumulation dominates. The latter alternative 
seems to be more realistic, since this may be the 
case when drill cores from the larger area at Pal
mottu are sampled. Comparable case was met in 
an other study area, where an exceptionally young 
uranium accumulation, some 15,000 years old, 
was observed (Saarinen and Suksi 1995). This 
accumulation was found in the studies of a mus-
covite granite boulder outside the Palmottu study 
area (Lindberg et al. 1992). 

The conclusion that concentration profile* around 
fractures are not produced by matrix diffusion 
alone may explain the observed spectrum of pro
file shapes in similar samples at Palmottu; they 
have not yet been wholly interpreted, but sample 
211/R325 studied has the strongest and most reg-
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ular accumulation. In this sample the radionu
clides appear to have diffused through the accu
mulation and the altered zone close to the frac
ture, deep into virgin rock. 

7.4 The role of observed 
processes at Palmottu 

Uranium concentrations and isotopic ratios in 
groundwaters and surface waters of the study site 
form a data set which, as such, includes useful 
information for migration considerations. Ura
nium concentrations in the groundwaters in a rel
ative small bedrock volume (0.027 km3) vary 
within a wide range, from 1.5 ppb up to 240 ppb, 
with large variations in the U-234/U-238 activi
ty ratios (0.95 - 4.20).The variations of this kind, 
when occurring near surface conditions, strong
ly suggest successive remobilization steps of U. 
Similar variations observed in the fracture coat
ings seem to support this view. The U-234/U-
238 activity ratios (1.08-1.62) and water chem
istry in surface waters, as well as the U-234/U-
238 activity ratios in peat (0.79 - 1.91), indicate 
a partial mixing of deeper groundwaters with 
surface waters. The high uranium concentrations 
in peat near the U occurrence (up to 180 ppm of 
dry weight) emphasizes the role of organic sedi
ments in retarding radionuclides. Concentrations, 
lower by an order of magnitude have been mea
sured in the lake sediments. It should be borne in 
mind, that the "monitoring" time of uranium bio-
spheric migration is geologically very short, com
prising only the post glacial period, i.e. the last 
ten thousands years. 

Due to relatively few samples so far studied and 
certain related interpretative problems, the im
portance of an individual process is difficult to 
assess. It appears, however, that a geochemical 
barrier, consisting of the formation of calcites and 
Fe oxyhydroxides (and possibly secondary U 
minerals) as a natural part of the geochemical 
cycling, may be responsible for the fixation of a 
significant amount of transpored U. This issue 
merits further studies. The role of the fracture in 
forming the measured concentration profiles 
could be verified. The diffusion in the rock ma
trix appears also to take place. Due to old U dis
tribution (possibly of hydrothermal origin) in the 
critical area around the fracture, the diffusion is 

difficult to observe because of the masking ef
fect of other processes. However, deeper in the 
rock behind the U accumulation the indications 
of diffusion reappear. Carefully planned sampling 
within a larger area and further from the main 
deposits, will probably provide the wider scope 
needed for a more conclusive evaluation of these 
processes. 
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8 DISCUSSION AND 

8.1 Interpretative summary 

To date the project has produced a large amount 
of data analogous to geochemical processes ex
pected to occur in a deep repository for radioac
tive wastes. The data obtained have already been 
extensively utilized in interpreting the processes 
operating in the bedrock ofthe site and in devel
oping conceptual ideas as to the nature, rates and 
durations of these chemical processes. Even so, 
a large amount of data still remains to be inter
preted and incorporated into the study. Further
more, the full implications ofthe natural process
es involved with respect to repository perfor
mance assessment in crystalline bedrock have 
yet to be evaluated. Many important features re
lated to this topic have already been recognized, 
some of which even seem to contradict current 
ideas concerning these phenomena. Below the 
main results of the Palmottu Natural Analogue 
Project are outlined and discussed. 

The geological framework of the Palmottu is suf
ficiently well established, providing an excep
tionally good starting point for more detailed 
studies. Regionally, Palmottu is located within a 
bedrock block of mica gneiss and granite sur
rounded by prominent fracture zones and is to
pographically slightly higher than its surround
ings. Distinct topographic terraces and drops of 
several tens of metres occur southward and east
ward from the study site, the steepest gradient 
being some 50 m/km. Accordingly, these are also 
the main flow directions of both surficial water
courses and the groundwater flow in the bedrock. 
In detail, it is the fracture zones of variable size 
that control the groundwater flow paths. The bed
rock block is bordered by long, straight-lined, 
topographically distinct lineaments representing 
old fracture ot fault zones in the bedrock. The 

largest fracture zones are considered to penetrate 
the bedrock to depths of at least 500 m, based on 
comparative results from other sites. This bed
rock block is further divided into subblocks by 
smaller fracture zones. Altogether the Palmottu 
area seems to be typical ofthe fractured crystal
line bedrock of the Fennoscandian Shield. 

The Palmottu drainage area as deduced from sur
face contours is 0.9 km2. On the basis of geolog
ical interpretations, the surficial basin of Lake 
Palmottu also obtains groundwater from the 
sandy and gravelly aquifers just to the west of 
the water divide. When this is included in the 
studied drainage area, the total area is about 1.3 
km2. Based on hydrological weir measurements 
in the discharge brook, Palmotunoja, and meteo
rological observations, it is calculated that an area 
of roughly 150,000 mVa discharges from the 
drainage area along underground flow pathways, 
mainly controlled by a few dominant fracture 
zones. The flow along the Palmotunoja fracture 
zone that penetrates the U-Th deposit is estimat
ed to be 18 200 mVa. 

As one of the future aims of the Palmottu Project 
is the assessment of present mobilization and frac
ture-controlled transport of radionuclides under 
various hydrogeochemical conditions, consider
able effort was put into characterizing the tec
tonic and structural setting of the Palmottu study 
site and the fracture-tectonic features of the U-
Th deposit. The fracture zone model of Palmottu 
is based on bore- hole data, such as lithology and 
fracturing, and interpretation of results from sev
eral geophysical methods, such as borehole ra
dar and ground-penetrating-radar, mise-a-la-
masse measurements, thermal measurements and 
hydraulic tests. The model consists of 6 nearly 
parallel, subvertical (dip over 70 degrees) and 
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semiplanar structures and a subhorizontal one (dip 
15—20 degrees). The strike of the structures is 
commonly 140—160 degrees, which is also 
roughly the same as that of the formation itself. 
After constructing the structural model of Pal
mottu. additional drilling and hydraulic tests 
(slug-tests and spinner measurements) were made 
to establish the main water-conducting structures. 
According to the present state of understanding, 
concordant granitic interlayers are the most prom
inent water-conducting structures at Palmottu 
(vertical structures V4 and V5). In general, di
rections transverse the foliation are not favour
able for water flow. However, one subhorizontal 
structure (HI) seems to be an exception in this 
respect, and indications of good hydraulic con
ductivity related to this structure have been de
termined from two boreholes. 

Combining evidence from the hydrogeological 
survey of borehole waters with the nature of frac
turing, topography and the structure-tectonic 
model of Palmottu, a preliminary hydrogeologi
cal model for groundwater flow was construct
ed. Within the western part of the drilled area, 
the rate of water recharge is low and bicarbonate 
waters typical of crystalline bedrock prevail. The 
boreholes located either within or transecting the 
upper part of the main western granite contain 
dilute groundwaters diat indicate high rates of 
recharge compared to the surroundings. As a 
steady, relatively high flow is an essential pre
requisite for the existence of dilute surficial-like 
waters in the bedrock, well-conducting flow 
routes seem inevitable. Based on the distribution 
of the dilute waters, only a few routes are con
sidered possible. The section most likely to be 
sufficiently conducting is located between the 
main granite bodies around the mineralized U-
rich pegmatites, at depths from approximately SO 
to 109 m, where several geophysically distinct, 
subvertical and semiplanar structures have been 
interpreted as cutting or bordering this portion of 
bedrock. It is proposed that the intersections be
tween the subhorizontal structure HI and the rel
atively broad subvertical structures (V1, V2. and 
V5) form a composite structure of favourable 
tubelike flow channels. These structures concen
trate the dominant groundwater flow along mainly 

horizontal flow routes in the bedrock. The exist
ence of such flow channels is supported by drill-
core observations, which reveal intense open frac
turing and sporadic loss of core close to die ura
nium-bearing horizons at depths of 50 to 100 m. 
Recharge of the fresh dilute waters most likely 
takes place along the identified structural features 
of the western granite body. 

The main flow direction of the dilute waters in 
the bedrock is considered to be towards die SSE 
along the Palmotunoja brook fracture zone. The 
driving force is the steep topographical gradient 
(about 50 m/km) at the southern border of die 
Palmottu bedrock block, about 1 km south of die 
drilling site. To test die validity of die proposed 
flow model, mathematical flow calculations are 
under way at both local and regional scales. 

Based on an extensive hydrogeochemical survey, 
four main types of groundwater have been re
corded in the bedrock at Palmottu: fresh Ca-HCO, 
waters, typical of near-surface crystalline bed
rock, dilute Ca-HC03-S04 waters resembling 
surface waters in Lake Palmottu and die surround
ing springs, and slightly saline groundwaters of 
die Na-CI or Na-S04 types. Mixtures of diese 
various end members are also common. It is re
markable that the distribution of the various 
groundwater types fails to indicate any pro
nounced hydrogeological connections parallel to 
the generally steep dip of die HUiological units, 
but radier indicates an absence of hydrogeologi
cal connections. The general areal pattern of die 
distribution of various groundwater types sup
ports the existence of continuous bodies of 
groundwater parallel to die strike of the lidiolog-
ical units. The existence of NNW—SSE trend
ing dilute groundwaters in die upper part of die 
bedrock between the two major subvertical gran
ite bodies is a good example of die mode of oc
currence of die groundwater bodies at Palmottu. 

Geochemical modelling calculations of the 
groundwaters at Palmottu confirm die existence 
of hydrogeochemically very different groundwa
ter tynes. The results also point out die aggres
sive nature of dilute groundwaters witli respect 
to calcite in fracture infillings. 
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At Palmottu preliminary paleohydrogeoiogical 
results of the different groundwater types indi
cate different recharge conditions for the various 
groundwaters. The fresh bicarbonate waters have 
a ä"0 signal (-12 %o) typical of near-surface 
groundwaters in Southern Finland, in good agree
ment with the idea of a recent recharge origin. 
Compared to the bicarbonate groundwaters the 
sulphate waters possess much lighter ä"0 sig
nals (-17 %e) indicating a distinctly colder re
charge period than the present one. and requiring 
a substantial input of glacial meltwater into the 
system. In the event that this sulphate ground
water body proves to be a groundwater partially 
glacial in origin, several interesting topics arise 
for further consideration: 
(1) the intrusion mechanism of this water to a 

depth of 120 — 200 m; 
(2) the geochemical evolution of the groundwa

ter, including the consumption of oxygen of 
the meltwater, and 

(3) the potential for using this temporarily well-
defined groundwater type in evaluating ra
dionuclide migration results. 

The U deposit consists of an irregularly discon
tinuous body, about 400 m long and 1—15 m 
thick, containing (down to 300 m) one million 
tonnes of rock with an average grade of 0.1% 
uranium. The body is locally exposed at the bed
rock surface although it is mostly concealed be
neath a thin glaciogenic overburden. It also ex
tends partly under Lake Palmottu. Uraninite 
(U02„, 0.01<x<0.25) and monazite (Ce-La-Th 
phosphate) are the major radioactive minerals. 
Most uraninite grains are visibly altered, the es
sential alteration product being a uranium sili
cate, most likely coffinite (USiO^,). According 
to mineralogical observations it is suggested that 
the alteration proceeded under reducing condi
tions in the presence of silica-rich hydrothermal 
solutions. It is calculated that the coffmitization 
of uraninite released 50 tons of U, Th, and Pb 
from the deposit The mobilized radionuclides 
have dispersed in the close vicinity of the miner
alization. Uranium is found from effective sor-
bents in the rock (altered plagioclase, biotite, iron 
oxides) especially around fractures, from frac
ture fillings and from groundwater. However, 
mineralogical observations point to the existence 

of many different phases of uranium silicates. As 
chemical analyses show substantial differences 
in the concentrations of radiogenic Pb. ranging 
from negligible to several per cent, some urani
um silicate has probably also crystallized rela
tively recently. 

Uranium concentrations and isotopic ratios in 
groundwaters and surface waters of the study site 
form a data set which, as such, includes useful 
information for migration considerations. Ura
nium concentrations in groundwaters from a rel
ative small bedrock volume (0.027 km3) vary 
widely, from 1.5 ppb up to 240 ppb. with large 
variations in the U-234/U-238 activity ratios (0.95 
- 4.20). Variations of this kind, when occurring 
under near-surface conditions, strongly suggest 
successive and episodic re-mobilization of U.anoY 
or localised areas of retardation/precipitation. 
Similar variations observed in the fracture coat
ings seem to support this view. The U-234/U-
238 activity ratios (1.08 - 1.62) in surface wa
ters, as well as the U-234/U-238 activity ratios 
in peat (0.79 -1.91), indicate that mixing of deep
er groundwaters with surface waters has occurred 
at least on a local scale. The high uranium con
centrations in peat near the U occurrence (up to 
180 ppm of dry weight) emphasizes the role of 
organic sediments in retarding radionuclides. 
Uranium concentrations, an order of magnitude 
lower, have been measured in the lake sediments. 
It should be borne in mind that the "monitoring" 
time of uranium biospheric migration is geolog
ically very short, comprising only the post gla
cial period, i.e. the last ten thousands years. 

The oxidation state of dissolved uranium has been 
analyzed from several groundwater samples. The 
close correlation between measured redox poten
tial of the groundwater and the calculated redox 
potential based on chemical analyses of the oxi
dation state of uranium is striking. This indicates 
that the quality of field measuring techniques as 
well as the chemical analytical techniques are 
reliable. In addition, it also shows that the codes 
and thermodynamic dat bases used in uranium 
calculations are of an acceptably high standard. 
Two of the analyzed samples contained dissolved 
uranium predominantly as U[IV] (in the filtered 
fraction <0.451m). This is an interesting obser-
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vation and has not previously been reported in 
the literature. Most of the measured redox po
tentials plot near the redox-stability limit of UO. 
(and USi04). which is the primary uranium min
eral in the deposit. It is evident that uraninite 
makes an important contribution to the total re
dox capacity of the bedrock system. In addition, 
the calculations indicate that partially oxidized 
uraninite together with the common iron oxyhy-
droxide (goethite) form a well buffered system 
which is able to immobilize UO,. 

Colloids having both inorganic and organic char
acter, have been detected. The association of ura
nium with the colloidal fraction has not yet been 
proven, but such a possibility may exist. Gener
ally, the amount of colloids present seems to be 
minor, but no conclusions can be made on the 
importance of possible colloidal migration of U 
at Palmottu based on the studies conducted so 
far. 

The detailed study of U distribution around wa
ter-bearing fractures has demonstrated that cer
tain, identifiable fractions of U on fracture sur
faces originate from the groundwater. Further
more, evidence for the penetration of radionu
clides deeper into the rock has also been obtained, 
pointing to the possible role of matrix diffusion 
in retardation of radionuclides. The fixation of a 
considerable quantity of dissolved U on fracture 
surfaces and. consequently. U concentration in 
groundwater, appears to be controlled by process
es commonly occurring in natural geochemical 
cycling (e.g. calcite and ferric iron precipitation 
on fracture surfaces). This provides a unique op
portunity for obtaining insights into the in situ 
fixation mechanisms of U and to consider the 
applicability of the K, concept versus chemical 
models in describing natural systems. Further
more, studies of U series disequilibria in the re-
mobilized U phases separated from several rock 
samples have yielded valuable information con
cerning the time dependence of the fixation pro
cesses, producing a well established basis for 
numerical simulations of experimental observa
tions. 

%2 Regulatory authority aspects 

There is a strong indication that, natural analogues 
may be among the most important tools for eval
uating safety assessments and justifying die use 
of different model calculations. Additionally, 
public acceptance is an important factor in nu
clear waste disposal issues, and in time, all stag
es of the regulatory licensing decision process 
must be reasonably justified. 

The process of site selection in Finland with the 
ultimate goal of licensing a deep repository has 
reached the stage of detailed investigations at 
three candidate sites. However, many uncertain
ties still remain in the assumptions used in per
formance assessment and many natural process
es can still be explained only by laboratory-de
rived data and mathematical calculations. 

The Palmottu Natural Analogue Project offers an 
excellent opportunity to gain data of actual pro
cesses and their relationships under conditions 
similar to those expected to occur within and 
around a deep repository. Many of the basic near-
to far-field geochemical components expected to 
be met at a disposal site also occur at Palmottu: 
the geochemical components in their natural sur
roundings, the source term, varied groundwater 
conditions and structural flow routes, and a large 
variety of barrier properties in the bedrock sys
tem. Palmottu is a multipurpose project, which 
in the long run is expected to provide versatile 
background support; for example, in the evalua
tion and testing of model input data. Identfica-
tion of local flow systems provides the possibil
ity of integrating all thedifferentsubtasks.so that 
the results and the predictions support one an
other. This may help to solve some problems in 
this complicated network of interacting natural 
phenomena. In future studies the Palmottu site 
will also provide a. opportunity to test some of A * 
die hydraulic borehole testing equipment used 
routinely in the Finnish site evaluation investi
gations. This could provide the authorities with 
extra support in their evaluation of results from 
the site investigations. 
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The existing boreholes in the Palmonu site are 
rather evenly distributed along several drilling 
profiles with only 25 m spacing. This configura
tion forms an excellent basis for die planning and 
executing of hydraulic testing of well defined 
structural features. In field experiments and in 
modelling of structural and hydraulic properties 
of the bedrock, die problem of scaling will also 
be addressed. Presently, testing is being carried 
out to determine whether 

1) it is possible to identifv groundwater flow 
channels at dus borehole grid and 

2) establish whedier die output of modelling and 
die measured results are in general agreement. 
Since die Paimortu Natural Analogue site is 
not a potential disposal site, there is no need 
to meet any study target in die form of posi
tive results, even if there is a desire to see 
die predictions come true. What ever the re
sults and experiences might be. diey will have 
a distinct role in guiding future planning. 
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