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FOLIATION: GEOLOGICAL BACKGROUND, ROCK MECHANICS 
SIGNIFICANCE, AND PRELIMINARY INVESTIGATIONS AT OLKILUOTO 

ABSTRACT 

A well developed, pervasive foliation is a characteristic feature of the migmatites and 
gneisses in the Olkiluoto bedrock, and is expected to have a significant influence on the 
underground construction, the design and layout and the groundwater flow regime of a 
deep spent nuclear fuel repository.  This Working Report reviews the geological 
background and rock mechanics significance of foliation, and develops a methodology 
for the systematic acquisition of foliation data in cored boreholes and in tunnels at the 
Olkiluoto site, to provide the necessary basis for future geological, rock mechanics and 
hydrogeological modelling.   
 
The first part of the methodology concerns foliation characterisation, and develops a 
characterisation scheme based on two variables: the foliation type (G = gneissic, B = 
banded, S = schistose), which is a function of mineral composition and degree of small-
scale heterogeneity, and the foliation intensity (1 = low, 2 = intermediate, 3 = high), 
which is a function of the type and intensity of the deformation by which it was 
produced (under high-grade metamorphic conditions in the core of the Svecofennian 
orogenic belt).  At the suggested reference scales (1 m length of core, 10 m2 area of 
tunnel wall), the most representative foliation type and intensity is assessed using a 
standard set of core photographs, which are included as an Appendix at the end of the 
report, providing a systematic description in terms of 9 descriptive types (G1, G2, G3, 
B1, B2, B3, S1, S2, S3).  As a further step, the rock mechanics significance of these 
types is assessed and a rock mechanics foliation (RMF) number is assigned (RMF 0 = 
no significance, RMF 1, RMF 2 and RMF 3 = low, intermediate and high significance, 
respectively). 
 
The second part of the methodology concerns the orientations of the foliation within the 
same 1 m core lengths or 10 m2 wall areas, which have been characterised as above.  
This combined analysis of foliation character and foliation orientation is based on 
recognized principles of structural analysis in geology, as found in textbooks.  Some 
results of an initial systematic foliation study at Olkiluoto are summarised, as an 
example, at the end of the report. 
 
 
Keywords: Olkiluoto, deep repository, spent nuclear fuel, ONKALO, site 
characterisation, intact rock, migmatites, gneisses, foliation, lineation, rock mechanics, 
structural geology, structural analysis, methodology 



 



SUUNTAUTUNEISUUS: GEOLOGINEN TAUSTA, KALLIOMEKAANINEN 
MERKITYS JA ALUSTAVAT TUTKIMUKSET OLKILUODOSSA 

TIIVISTELMÄ 

Läpikotainen suuntautuneisuus on luonteenomainen Olkiluodon kallioperän gneisseille 
ja migmatiiteille.  Voidaan olettaa, että sillä on merkittävä vaikutus maanalaiseen 
rakentamiseen sekä pohjaveden virtausolosuhteisiin loppusijoitustiloissa.  Tässä 
työraportissa tarkastellaan kiven suuntautuneisuuden geologista taustaa sekä 
suuntautuneisuuden merkitystä kiven mekaanisille ominaisuuksille.  Raportissa 
esitetään myös metodologia systemaattisen suuntautuneisuustiedon keruuseen 
kairasydännäytteistä sekä tunnelista geologista, kalliomekaanista ja hydrogeologista 
mallinnusta varten. 
 
Metodologian ensimmäisessä osassa keskitytään suuntautuneisuuden luokitteluun ja 
esitetään luokittelua varten kahteen muuttujaan perustuva kaava.  Muuttujat ovat 
suuntautuneisuuden tyyppi (G = gneissimäinen, B = raitainen, S = liuskeinen), joka 
riippuu mineraalikoostumuksesta sekä pienimittakaavaisesta heterogeenisyydestä ja 
suuntautuneisuuden intensiteetti (1 = heikko, 2 = kohtalainen, 3 = voimakas), joka 
riippuu suuntautuneisuuden aiheuttaneen deformaation tyypistä ja voimakkuudesta.  
Havaintopaikkaa (yhden metrin jakso kairasydäntä, n. 10 m2 tunnelin seinää) edustava 
suuntautuneisuuden tyyppi sekä intensiteetti arvioidaan liitteessä esitettyjen 
standardivalokuvien perusteella.  Tällä tavoin suuntautuneisuushavainnot luokitellaan 
em. muuttujien perusteella yhdeksään luokkaan (G1, G2, G3, B1, B2, B3, S1, S2, S3).  
Edempänä erilaisten suuntautuneisuusluokkien kalliomekaanisia merkityksiä arvioidaan 
ja määritetään RMF -luku, joka kuvaa suuntautuneisuuden kalliomekaanista merkitystä 
(RMF 0 = ei merkitystä, RMF 1 = vähäinen merkitys, RMF 2 = kohtalainen merkitys, 
RMF 3 = suuri merkitys). 
 
Metodologian toisessa osassa keskitytään suuntautuneisuuden suuntaan samassa 
mittakaavassa kuin aiemmin tehdyssä luokittelussa.  Kyseisen kaltainen 
suuntautuneisuuden luonteen ja sen suunnan yhdistetty analyysi perustuu 
kirjallisuudessa tunnettuihin rakennegeologian tavanomaisiin menetelmiin.  
Esimerkkinä esitetään joitakin tuloksia Olkiluodossa tehdystä ensimmäisestä usean 
syvän kairareiän systemaattisesta suuntautuneisuustutkimuksesta. 
 
 
Avainsanat: Olkiluoto, loppusijoitustilat, ydinjäte, ONKALO, paikkatutkimukset, 
kallioperä, migmatiitit, gneissit, suuntautuneisuus, lineaatio, kalliomekaniikka, 
rakennegeologia, rakenneanalyysi, metodologia  
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1  INTRODUCTION 

1.1 Terminology 

Foliation is a general term for a planar arrangement of small-scale textural, crystallo-
graphic and/or structural features - a “planar fabric” - in any type of rock. It has been 
applied, for example, to cleavage in slates, to schistosity or gneissic structure in meta-
morphic rocks, to flow structure in granites, to ice fabrics in glaciers, and even to fabrics 
of sedimentary origin (Passchier & Trouw 1996). However, the term used alone is 
mainly applied to planar fabrics in deformed and metamorphosed crystalline rocks 
(metamorphic tectonites, cf. Turner & Weiss 1963), although "tectonic foliation" or 
"secondary foliation" would be more correct terms. Foliation belongs to the group of 
geological structures which are called pervasive, i.e. structures which do not occur as 
individual features (like fractures or bedding planes) but rather affect the whole of the 
intact rock, usually as a preferred shape and/or crystallographic orientation of mineral 
grains and/or aggregates of mineral grains. Foliation planes are often referred to as S-
planes (from the original German nomenclature), and tectonites which show a single 
pervasive foliation which is mesoscopically recognisable and constantly oriented (e.g. 
in hand-specimen or on outcrop surfaces) are often referred to as S-tectonites (e.g. 
Barker 1990). Such rocks can be said to be characteristic of the Olkiluoto site.  
 
S-tectonites (metamorphic rocks with a dominantly planar fabric) are anisotropic, and 
show an axial fabric symmetry (Turner & Weiss 1963), i.e. a fabric which is symmetri-
cal about an axis perpendicular to the foliation. For this situation, engineers use a differ-
ent terminology (e.g. Hudson & Harrison 1997). In rock engineering, S-tectonites are 
said to show “transverse isotropy” (e.g. Wang & Liao 1999), although in some cases the 
term "transverse anisotropy" is also used (e.g. Nasseri et al. 2003). We follow the more 
common usage: the term transverse isotropy will be used to indicate that a foliated rock 
has isotropic geomechanics properties in the foliation plane, i.e. transverse to the axis of 
rotational symmetry, but has varying geomechanics properties perpendicular to the fo-
liation, i.e. along the axis of rotational symmetry. 
 
For a more detailed definition of the terms introduced above, and for definitions of other 
technical terms used in following text, please refer to the Glossary at the end of this 
report 
 

1.2  Rock Mechanics and Hydrogeological Significance of Foliation 

At Olkiluoto, S-tectonites with a relatively constant orientation of the foliation seem to 
be a characteristic feature of the site, and this has important implications for under-
ground construction, repository design and layout, and long-term safety. There are two 
main effects to be considered: 
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(1) Anisotropic properties of the intact rock 
The presence of a single, dominant, and constantly oriented foliation at Olkiluoto would 
affect the orientational variation of the bulk properties of the intact rock. Properties such 
as strength, thermal conductivity, resistivity, etc., would vary according the direction in 
which they are measured, relative to the axis of symmetry (e.g. Amadei 1996, Wang & 
Liao 1999, Nunes 2002, Wanne 2002, Nasseri et al. 2003 - for a more detailed discus-
sion, see Chapter 3 of the present report). This in turn would make numerical modelling 
for engineering purposes more complicated and elaborate. For realistic construction 
design, thermal modelling, stability problem solution, etc., the anisotropy of the intact 
rock should be taken into account, and it is imperative, therefore, to carry out a detailed 
analysis of the foliation at the site, and to incorporate this in the basic geological model.  
 
(2) Anisotropic properties of the rock mass 
The presence of a single, dominant, and constantly oriented foliation at Olkiluoto might 
affect the orientational variation of the bulk properties of the rock mass. This is based 
on the phenomenon, described qualitatively in many reports, that the foliation in the 
intact rock seems to pre-determine the orientation of an important fracture set (e.g. Ant-
tila et al. 1999, Äikäs et al. 2000), and possibly also the preferred orientation of an im-
portant set of fracture zones or “R-structures” (see Vaittinen et al. 2003). The formation 
of the foliation (Paleoproterozoic) and the formation of the fractures and fracture zones 
(Mesoproterozoic or later) are genetically unrelated, but because of the anisotropy in 
mechanics properties caused by the foliation, the fractures and fracture zones seem to 
"inherit" the planar fabric of the intact rock. This could mean that the rock mass (i.e. the 
intact rock and the superimposed fracture system) shows a bulk anisotropy which could 
have important rock engineering and hydrogeological consequences (e.g. Roberts & 
Crampin 1986, Shapiro et al. 1999, Chen et al. 1999, Beacom et al. 2001, Wang et al. 
2002, Rautakorpi et al. 2003, Tonon & Amadei 2003). For instance, if the phenomenon 
of “foliation-guided fracturing” proved to be a characteristic feature of the Olkiluoto 
site, it may cause the bulk permeability of the rock mass to be anisotropic, in which 
case, numerical models of groundwater flow will need to take this into account. 
 
These are two separate and distinct effects, each necessitating the systematic collection 
of foliation data throughout the site. The present Working Report addresses this need.  
 

1.3  Data from Site Investigations at Olkiluoto 

During the preliminary site investigations in Finland, which led, around year 2000, to 
the selection of Olkiluoto as the Finnish site for a deep repository for spent nuclear fuel 
(McEwen & Aikäs 2001), little attention was paid to the problem of foliation and its 
possible effects. However, surface mapping of natural outcrops and of two investigation 
trenches produced a foliation database and a structural history for the intact rock which 
still serve as a good basis for further studies. In contrast, the drilling reports of bore-
holes OL-KR1 to OL-KR10 contain practically no foliation data, and the Olkiluoto site 
report (Anttila et al. 1999), although discussing the general attitude of the foliation in 
connection with the geology of the site, makes no mention of it in connection with, for 
instance, "Rock Mechanics and Thermal Properties" (see Anttila et al., p.69). Also, few 
of the models, profiles and diagrams in the Olkiluoto site report show foliation data, or 
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give the impression that the intact rock is anything but isotropic. Similarly, in the report 
on the engineering rock mass classification at Olkiluoto (Äikäs et al. 2000), the foliated 
nature of the intact rock at Olkiluoto, and its possible influence on rock mass properties, 
is hardly mentioned, except for the general statement that "Typically, the gneisses are 
foliated with the foliation trending ENE and dipping to the SSE at 50-60o" (Äikäs et al., 
p. 8). Only in recent years was the possible significance of foliation for site characterisa-
tion and modelling realized. This led to the pilot study and the systematic foliation char-
acterisation/orientation study reported here, and to a number of rock mechanics studies 
reported elsewhere (e.g. Wanne 2002, Posiva 2005, Hudson & Johansson in press).  
 

1.4  Structure of this Working Report  

Because of its potential importance for rock engineering and hydrogeological modelling 
at Olkiluoto, increasing attention is being focussed on the problem of foliation, after 
Olkiluoto was confirmed as Finland's future repository site. The present report begins, 
therefore, with a summary of the geological background to the phenomenon of foliation, 
and the related feature of lineation, in metamorphic tectonites (Chapter 2). Following 
this, the significance of foliation for different aspects of rock engineering and rock me-
chanics modelling is explained (Chapter 3). After these introductory Chapters, the focus 
turns to Olkiluoto and the development of a programme of systematic and problem-
oriented foliation investigation at the site. The greatest potential for systematic study at 
Olkiluoto lies in the cored drillholes, particularly those in which borehole-wall imagery 
(BIPS or OPTV) has been carried out. In 2001-2002, a pilot study was carried out using 
the OPTV data from borehole OL-KR12 (Palmén 2004), which included checking the 
results against direct observations on the rock cores. In Chapter 4, some of the results of 
this pilot study are reviewed and some conclusions regarding future systematic foliation 
studies at Olkiluoto are drawn.  
 
Foliation data acquisition and processing need to be appropriate to the special geologi-
cal situation at Olkiluoto (dominance of heterogeneous and anisotropic rocks), and need 
to be integrated with the acquisition procedures for other types of geological data, as 
outlined, for instance, in the recent ONKALO Underground Characterisation and Re-
search Programme (UCRP) (Posiva 2003). Hence, in Chapter 5, a programme of folia-
tion characterisation and measurement is outlined which is tailored to the needs of the 
ONKALO project and takes into account that systematic foliation investigations will in 
future be based on detailed tunnel mapping, as well as on the logging of cores from the 
pilot and characterisation boreholes. During 2003 and 2004, an exploratory study was 
carried out using the methodology outlined in Chapter 5. Some preliminary results of 
this study are given in Chapter 6, by way of illustration. After the report Summary 
(Chapter 7) and the list of References, a Glossary is added containing explanations of all 
foliation-related terms used in the text. 
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2  FOLIATION (AND LINEATION) IN METAMORPHIC TECTONITES: 
GEOLOGICAL BACKGROUND  

2.1  Characteristic Features of Foliation 

As indicated above, foliation is a general term for a planar arrangement of textural 
and/or structural features in any type of rock. The main rock types at Olkiluoto are high 
grade metamorphic rocks and migmatites. They are generally foliated, and are often 
described as schists or gneisses, falling into the general category of "metamorphic tec-
tonites" (Turner & Weiss 1963). The foliation in these types of rocks is what in the sci-
entific literature is sometimes called "composite", which means that the planar fabric is 
built up of a combination of some or all of the following fabric elements (cf. Borrodaile 
et al. 1982, Passchier & Trouw 1996): 
 
• Grain shape orientation: grains of minerals which are normally equidimensional, 

such as quartz, feldspar, calcite, etc., show flattened ellipsoidal shapes with the 
short axes perpendicular to the foliation plane, independent of crystallographic ori-
entation (Figure 2-1, upper left). 

• Paleosome/neosome: in migmatites, alternating layers of mafic and felsic material 
occur, where the mafic paleosome represents the remains of the protolith, and 
newly crystallised neosome layers the felsic components which formed by partial 
melting (Figure 2-1, upper right). 

• Crystallographic preferred orientation: tabular and prismatic minerals, such as mica 
and amphibole, are arranged such that crystallographic axes and planes, and crys-
tallographically determined grain boundaries, tend to be parallel (Figure 2-1, lower 
left). 

•  Aggregate shape orientation1: aggregates of grains of the same mineral, often de-
rived from original equidimensional grains or aggregates in the protolith which 
have been transformed in the course of deformation to mono-mineralic lenses and 
bands (Figure 2-1, lower right). 

 
 
 
 
 

                                                 
1 This fabric element is the one which has been numerically modelled by Wanne (2002), using particle 
mechanics as a basis for the computer codes. Spherical particles of two types ((strong and weak) are ar-
ranged to different intensities of anisotropy in mono-compositional aggregates and then tested for peak 
strength and Young's modulus in relation to the thus-formed "schistosity". The experiments proved that 
even foliations of this type, without effects due, for instance, to oriented micas, affect the mechanics 
properties of the intact rock, depending on the angle between the "schistosity" and the compression axis. 
This fabric element is a prominent component of the composite foliation at Olkiluoto, so these results are 
highly relevant to geomechanics modelling at Olkiluoto.  
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Figure 2-1. Schematic representation of the fabric elements which, alone or in combi-
nation, form the most common types of foliation in metamorphic tectonites (from Pas-
schier & Trouw 1996, Figure 4.1). Upper left: grain shape orientation; upper right: 
paleosome/neosome; lower left: crystallographic preferred orientation; lower right: 
aggregate shape orientation. These fabric elements, together with the effects of isoclinal 
folding, combine to form the “composite foliation” which is a characteristic feature of 
the Olkiluoto bedrock. 
 
 
 
 
The deformational processes leading to the formation of these different types of fabric 
element also caused intense folding, during which layering and other heterogeneities in 
the protolith become "transposed" into parallelism with the foliation, creating a regular 
compositional banding with isolated, tight fold hinges, or, in extreme cases, a mylonitic 
lamination (cf. Turner and Weiss 1963, Figs. 4-11, 5-26, see also Passchier & Trouw 
1996).  
 
All these features are well-developed at Olkiluoto, and the evolution of the composite 
foliation at the site, as deduced from surface outcrops and trenches, is well illustrated in 
the Olkiluoto site report (Anttila et al. 1999, Figure 4.2-2). The foliation that dominates 
the Olkiluoto bedrock is the result of a sequence of deformational phases which accom-
panied the main period of migmatisation (deformation phases D2A, D2B, D2C, D2D, and 
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possibly D3). It is commonly observed in such Precambrian migmatite complexes, also 
in other areas, that a series of deformation phases, or long continued deformation, at 
depth in a particular orogenic zone, often results in a composite foliation which remains 
remarkable constant in orientation over large areas if it has not been affected by signifi-
cant large-scale deformation in a subsequent orogenic phase. 
 

2.2  S-Tectonites and Finite Strain 

The foliation in S-tectonites of the type described above approximately traces the XY-
plane of the finite strain ellipsoid of the deformation phase or phases under which it 
formed (Passchier & Trouw 1996). The finite strain ellipsoid is the end product of the 
deformation of a hypothetical original sphere in the protolith, with X, Y, and Z repre-
senting its long, intermediate and short axes of the ellipsoid, respectively. S-tectonites 
represent a special case in which the X and Y axes are of equal length. That the foliation 
mimicks the XY-plane has been demonstrated in innumerable instances where quasi-
spherical "strain markers" were present in the protolith (conglomerate pebbles, xeno-
liths, breccia fragments, etc.). To a good approximation, these are always "flattened" in 
the plane of the foliation. When "strain markers" are present, they often show two other 
general features of interest: 
• The "intensity” of foliation, i.e. how well developed the foliation is, corresponds 

qualitatively to the intensity of strain, i.e. it indicates roughly the amount of "flat-
tening" which the rocks have undergone (for instance, if xenoliths in a granite are 
being observed, strongly flattened xenoliths occur in areas of strong foliation, and 
weakly deformed xenoliths occur where the foliation is weak). 

• Strictly speaking, in S-tectonites, the deformed objects indicate that the X and Y axes 
of the strain ellipsoid are of equal length ("pancakes"), i.e. that the finite strain had 
axial symmetry. The resulting rocks are therefore "transversely isotropic" (see Sec-
tion 1.1). However, true S-tectonites rarely occur over large areas, since the finite 
strain often varies from place to place and corresponds only locally to pure flatten-
ing. The most common finite strain ellipsoids (as indicated by "strain markers") 
show a more general shape, with X, Y and Z axes all of different length. This led to 
the development of a more detailed tectonite nomenclature, and to the question of 
lineation, as indicated in the next section. 

 

2.3  Sl- and L-Tectonites 

Up to this point, we have only considered rocks characterized by a planar fabric (folia-
tion), which were referred to as S-tectonites. However, composite foliations of the type 
described above (Section 2.1) are very often accompanied by a lineation of similar type 
(Figure 2-2). In this case, the "strain markers" are not only flattened in the foliation but 
are also elongate in the direction of the lineation, i.e. such lineations mark the long axis 
(X axis) of the finite strain ellipsoid and are often referred to as a "stretching lineations". 
They represent a pervasive linear fabric in the rock and such fabrics are composite in 
the same way as the foliation.  
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Figure 2-2. Schematic representation of the fabric elements which, alone or in combi-
nation, form the most common types of lineation in metamorphic tectonites (from 
Passchier & Trouw 1996, Figure 4.2). Rocks with linear fabrics of these types are 
known as L-tectonites, and, although uncommon, have been observed in the bedrock at 
Olkiluoto. Upper left: grain shape fabric; upper right: linear fabric of grain aggre-
gates, often referred to as “rodding”; lower left: crystallographic preferred orientation 
of prismatic minerals, such as amphiboles; lower right: crystallographic preferred ori-
entation of platy minerals, such as micas, in a “girdle” around the lineation (which is 
horizontal, as in the other sketches).  
 
 
Under these conditions, the relative importance of foliation and lineation in any particu-
lar locality depends on variations in the type of strain (Figure 2-3). Rocks with both a 
foliation and a lineation of the same type, and belonging to the same deformation phase 
or sequence of deformation phases, will be referred to here as SL-tectonites (for a more 
detailed discussion of tectonite nomenclature, see Glossary), and rocks which are lin-
eated but not foliated (as shown in Figure 2-2) are called L-tectonites. The latter are not 
uncommon in crystalline complexes, and have been observed, but not yet documented, 
at Olkiluoto (for an example, see Appendix 1D, photos a) and b)). Like S-tectonites, L-
tectonites are "transversely isotropic" in rock engineering parlance, since the fabric is 
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also axial symmetric (Figure 2-3). However, SL-tectonites, which are expected to be 
quite common (although Olkiluoto has not been investigated in this respect), are no 
longer "transversely isotropic": they would fall in the category "orthotropic" (e.g. Hud-
son & Harrison 1997), which is a more complicated situation from the modelling point 
of view. 
 
Although this exposition is far too brief to do justice to this important subject, the main 
point here is that foliation investigations should not be carried out without considering 
the question of lineation, since foliation and lineation are mutually dependent, being 
manifestations of the same cause, the bulk strain. Future foliation studies should en-
compass the lineation, as well. However, in boreholes, it is not possible to carry out 
systematic investigations of lineations using borehole-wall imagery (BIPS, OPTV). A 
systematic study of lineation in a borehole requires the systematic “hands-on” logging 
of oriented rock cores. 
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Figure 2-3. Schematic representation of the relationship between foliation, lineation 
and finite strain (Twiss & Moores 1992, Figure 15.19). In this diagram, the type of 
strain is indicated with “blocks” rather than with ellipsoids. The “blocks” represent the 
finite strain ellipsoid, and the white cube represents the original sphere with the same 
volume as the “block”, i.e. the undeformed state. The parameter “a” is the length ratio 
of the X (long) and Y (intermediate) axes of the “block”(indicated in the nomenclature 
of Twiss and Moores by the parameters ^S1 and ^S2 respectively). The parameter “b” is 
the length ratio of the Y (intermediate) and Z (short) axes of the “block” (^S2 and ^S3 
respectively). The parameter “k” is the ratio (a - 1)/(b - 1). This indicates the strain 
type, and is independent of the intensity of strain. All “blocks” along the bottom of the 
diagram (“Simple flattening”) have k = 0, and this is the strain path which results in S-
tectonites. All “blocks” along the side of the diagram (“Simple extension”) have k = 
infinity, and this is the strain path which results in L-tectonites. Most strain paths, how-
ever, will lie in the central area of the diagram, marked” constrictional strain” (linea-
tion dominant) and “flattening strain” (foliation dominant). This results in SL-
tectonites, i.e. foliated rocks with a more or less well developed lineation. “k” values 
between 0 and 10 are the most common geological strain states. 
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2.4  Data Acquisition 

As noted above, foliation (and lineation) are pervasive or pervasive structures, i.e. struc-
tures which do not occur as individual features (like fractures or bedding planes) but 
affect the whole of the intact rock. This has important implications for data acquisition, 
both in surface outcrops and in boreholes. The aim of mapping pervasive structures is to 
obtain representative orientation values for areas of outcrop or borehole sections in 
which the structure is judged to be homogeneously developed. Pervasive structures are 
not individuals, they are bulk properties, and these cannot be treated statistically, except 
for obtaining mean values, variation ranges, etc. (see Chapters 4-6). Parameters such as 
width, length, spacing, etc., which are important in fracture system analysis, do not 
come into foliation/lineation investigations, and common statistical corrections for sam-
pling biases (truncation, Terzaghi effect, etc.) are inapplicable. Only three parameters 
are important in foliation/lineation studies, orientation, intensity of development (re-
flecting the type and intensity of strain, see above), and type (determined by the minera-
logical composition and texture of the rock, which in turn reflect the composition and 
texture of the protolith, the metamorphic conditions, the relation between deformation 
and metamorphism, etc.). Statistics enter only in a qualitative way, in the judgement of 
the observer as to what constitutes a homogeneous domain (a domain within which the 
orientation, intensity and/or type of foliation is statistically uniform), and in the judge-
ment of the observer as to how many measurements need to be made within such a do-
main in order to obtain a meaningful average and to document the spectrum of natural 
variation. 
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3  THE SIGNIFICANCE OF FOLIATION FOR UNDERGROUND 
CONSTRUCTION AND LONG-TERM SAFETY 

3.1 The Modelling Requirement 

In order to design a repository for radioactive waste disposal at Olkiluoto, it is necessary 
to have some form of predictive capability, i.e. to be able to predict the consequences of 
constructing access and deposition tunnels at different orientations and depths. In this 
way, the optimal repository configuration can be established. This predictive capability 
is achieved through modelling, mainly numerical modelling, and it is therefore neces-
sary to provide accurate boundary conditions and rock properties for the model.  
 
In Figure 3-1, the rock mechanics model is illustrated conceptually. The rock stress state 
provides the boundary conditions, and the rest of the model is comprised of the intact 
rock, the fractures, the brittle deformation zones and the excavation geometry. Note that 
we are mainly considering the rock mechanics aspects initially; more complex model-
ling is required for the radionuclide transport modelling. The near field permeability in 
the excavation disturbed zone is discussed later in Section 3.3. 
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Figure 3-1. The basic components of the rock mechanics model. 
 
 
 
The properties of the intact rock are one set of the key input parameters to the rock me-
chanics modelling as required for repository design studies, and the foliation is one of 
the main geological factors influencing the mechanics properties of the bedrock at 
Olkiluoto (see also Hudson & Cosgrove 2005). 
 
At Olkiluoto, foliated rocks, with a relatively constant orientation of the foliation, seem 
to be a characteristic feature of the site, and this has important implications for the rock 
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mechanics modelling and potentially for the safety analysis. As noted in Section 1.3, 
there are two main effects: the first is directly related to properties of the intact rock, 
and the second concerns the linkage between the intact rock and the properties of the 
rock mass: 
1. The presence of a single, dominant, and constantly oriented foliation af-

fects the orientational variation of the properties of the intact rock. Proper-
ties such as stiffness, strength, thermal conductivity, resistivity, etc., will 
vary according to the direction in which they are measured, relative to the 
axis of symmetry. Hence, for repository and construction design, thermal 
modelling, stability problems, etc., it is essential to be able to incorporate 
the foliation characteristics at Olkiluoto into the basic geological model of 
the site.  

2. In addition to the properties of the intact rock, the fractures and brittle de-
formation zones are key components of the modelling, as illustrated in 
Figure 3-1. The foliation is important in this context because the fabric of 
the intact rock seems to pre-determine the orientation of an important frac-
ture set, and possibly the orientation of a major set of fracture zones. 
Whether these circumstances pertain at Olkiluoto needs to be clarified as 
soon as possible, since, if so, rock mechanics and hydrogeological nu-
merical models which do not take them into account are inappropriate. 

  
 

3.2  Influence on Mechanics Properties of the Intact Rock 

The properties of interest for rock mechanics modelling are the rock stiffness and the 
rock strength. When a specimen of rock is compressed, a complete stress-strain curve is 
obtained as illustrated in Figure 3-2. The rock stiffness is expressed via the Young’s 
modulus (elastic properties) and the rock strength via the compressive strength (failure 
properties), both of which are shown in this Figure. 
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Figure 3-2. The complete stress-strain curve obtained during the compression of a 
specimen of intact rock. Features to note are the initial elastic modulus, the compres-
sive strength and the post-peak failure locus. 
 
 
 
 
If the intact rock is isotropic, it will have the same modulus and strength values regard-
less of the direction in which the loading is applied relative to the microstructural fabric 
of the specimen. If, however, the intact rock is foliated, and hence anisotropic, the 
modulus and strength values will vary with the direction of loading relative to the folia-
tion. The influence of the foliation on the modulus and strength can be characterised 
using existing rock mechanics methods, as described in the following sub-sections (see 
also Posiva 2005, Ch. 5: Rock Mechanics). 
 

3.1.1 The effect of foliation on rock stiffness 

The rock stiffness expressed via Young’s modulus is characterised using the theory of 
elasticity, where ‘elasticity’ is used here to mean the deformation of the rock before it 
starts failing, see Figure 3-2.2 Foliation affects the elastic properties because a planar 
                                                 
2 With a truly elastic material, all the energy that is mechanically input into the rock can be recovered 
through unloading.  
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fabric has different elastic moduli when it is loaded parallel or perpendicular to the fab-
ric, or indeed at some other orientation. There is only a limited number of elastic sym-
metry types, and foliation can be represented as transverse isotropy. The elastic parame-
ters of an isotropic and a transversely isotropic rock are given in Table 3-1. 
 
 
 
Table 3-1. Elastic parameters of an isotropic and a transversely isotropic rock. 
 

Perfectly isotropic rock 
 

2 elastic constants: 
1 Young’s modulus, 1 Poisson’s ratio 

Transversely isotropic rock 
(one axis of symmetry, for a rock with 
distinct laminations, foliation, or a rock 

mass with one fracture set) 
 
 
 

5 elastic constants: 
2 Young’s moduli, 2 Poisson’s ratios, 

and 1 shear modulus 
(There are two shear moduli but, in the plane 
of the laminations, the shear modulus can be 
determined from the Young’s modulus and 

Poisson’s ratio – which is not the case for the 
shear modulus perpendicular to the lamina-

tions. So, the six elastic constants are reduced 
to five independent constants.) 

 
 

 
It is important to realize that rock mechanics analyses are often conducted assuming that 
the rock mass is completely isotropic, i.e. assuming that the elastic moduli are the same 
in all directions, and that the rock mass can therefore be characterized by just two para-
meters: a single value of Young’s modulus, E, and a single value of Poisson’s ratio, ν 
(Table 3-1, first row). In some cases, isotropy may be a useful simplifying engineering 
assumption; in other cases, especially where there is one constantly oriented planar fab-
ric (foliation) in the intact rock, or one dominant low stiffness fracture set in the rock 
mass, the transversely isotropic assumption is more appropriate and should be utilised. 
This means that it will be more appropriate to conduct elastic calculations of the stress 
and displacement distributions around underground openings at Olkiluoto with the 
transversely isotropic elastic assumption, depending on the intensity and spatial variati-
on of the foliation as measured (which thus needs to be studied systematically, see 
Chapter 5). 
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3.1.2 Effect of foliation on the rock strength 

The planar fabric associated with foliation can represent incipient weakness planes in 
the rock microstructure. This means that the intact rock will be weaker when loaded in 
one direction, and stronger when loaded in another direction. This results in the type of 
strength locus illustrated in Figure 3-3.  
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Figure 3-3. Effect of foliation on the compressive strength of a rock specimen (the angle 
on the x-axis is the angle in degrees between the normal to the foliation and the applied 
stress direction). Note that the horizontal portion represents failure through the intact 
rock; whereas, the 'U' portion represents failure induced by the foliation, the base of the 
'U' being where the foliation angle has the greatest effect on rock failure.  
 
 
Numerical modelling can be used to study the development of microstructural cracking 
when foliated rock specimens are stressed to failure. The illustrations in Figure 3-4 were 
generated using a particle flow code (PFC), and those in Figures 3-5 and 3-6 using a 
finite element rock failure process analysis code (RFPA).  
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Figure 3-4. The influence of foliation on the rock matrix microstructural failure during 
loading (along the long axis of the specimen) using the PFC numerical code, from 
Wanne 2002). The development of microcracking induced by the foliation is represented 
by the dark spots. This angle of the foliation relative to the applied loading corresponds 
to the base of the 'U' in Fig. 3-3. 
 
 
 

 

 
 
Figure 3-5. The influence of foliation on the rock matrix microstructural failure during 
loading (along the long axis of the specimen) using the RFPA numerical code (from 
Wang et al., 2005). This simulation is similar to Fig. 3-4 but the numerical code used is 
different. The influence of the anisotropy on the development of microstructural crack-
ing can be seen overlying the transversely isotropic rock texture. 
 

Loading 
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Figure 3-6. Numerical simulation results for the 'U' shape of the failure values shown 
in Fig. 3-3. The graph shows the influence of foliation angle with respect to the loading 
direction in degrees on the compressive strength, obtained using the RFPA numerical 
code (from Wang, 2005). 
 
 
The significance of the variation of intact rock strength as the foliation angle changes 
with respect to the loading direction is illustrated in Figure 3-6. When an excavation is 
created in rock, the pre-existing stress state is altered so that the maximum principal 
stress is orientated tangentially around the circular opening, as indicated by the white 
arrows in Figure 3-7a. If the intact rock were isotropic in strength, the potential failure 
could be established by directly comparing the value of the stress at different points 
around the periphery with the rock strength. When the rock is anisotropic, however, the 
situation is more complicated because the strength varies with orientation of the foliati-
on and hence with respect to the direction of the excavation peripheral stress com-
ponent. This latter case has been modelled using the RFPA code, as illustrated in Figure 
3-7b. In Figure 3-7b, the left-hand diagram illustrates the cracking events and the right-
hand diagram shows the most recent acoustic emission events associated with the prog-
ressive cracking along the shear plane. Here we see the interaction between the stress 
state and the foliation-induced anisotropy producing an asymmetrical failure pattern. 
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Fig. 3-7a. The influence of the foliation on the potential for rock failure around a circu-
lar excavation in the Olkiluoto rock matrix. Note that the highlighted rock samples 
around the periphery will have different strengths because of the different varying an-
gles of the peripheral stress relative to the relatively constant foliation orientation. 
 

 
Figure 3-7b. The influence of the foliation on rock failure around a circular excavation 
in anisotropic rock (uniaxial loading in the vertical direction), as modelled by the 
RFPA numerical code, Wang, 2005. This diagram illustrates the interaction of the 
stress field and the foliation in determining the failure mode. 
 
 
To conclude Section 3.2, considerable rock mechanics work has been conducted for 
Posiva on the effect of foliation on the mechanics properties of the intact rock at Olki-
luoto and the consequential rock failure effects. References to this work can be found in 
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the survey of the 80 rock mechanics reports listed in Posiva 2005, Appendix 2, and the 
more detailed study of this material in Hudson & Johansson 2005. 
 

3.3  Influence on the Excavation Disturbed Zone (Edz) and Permeability 

 The influence of foliation on the safety analysis is related to the EDZ, which is the zone 
around an excavation altered by the process of construction. The damage to the rock 
mass influences the rock mechanics analysis and can introduce enhanced permeability 
paths along the tunnel periphery, thus affecting the modelling of radionuclide migration. 
The influence of the foliation on the EDZ is particularly important because it is the rock 
property values after excavation of the repository which govern the repository perform-
ance, rather than the values before excavation.  
 
There is an inevitable EDZ caused by the fact that rock has been removed and there can 
be additional effects as a result of the construction process, e.g. blasting is likely to 
cause more disturbance than the use of a tunnel boring machine. The process of excava-
tion has four main effects:  
• the rock moves inwards (because the rock resistance has been reduced to zero),  
• the principal stresses in the rock become orientated parallel and perpendicular to the 

excavation surface (because at the surface there are no longer significant shear 
stresses), 

• the groundwater initially moves into the excavation (because the pressure has been 
reduced to atmospheric pressure), and  

• the rock fracture permeability is at first increased, but in time may be reduced be-
cause of chemical precipitation. 

 
These effects are illustrated in Figure 3-8 for both an isotropic and a foliated (anisot-
ropic) rock. It can be imagined in Figure 3-8b how the effects will change as the orien-
tation of the foliation with respect to the excavation surface changes. 
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b) Anisotropic rock (properties are different in different directions). The shading repre-
sents foliation. 
 
Figure 3-8. The generation of the Excavation Disturbed Zone in (a) an isotropic rock 
and (b) an anisotropic rock. Note that in this context only the effect of the intact rock is 
being considered here; there will also be enhanced EDZ effects caused by the addi-
tional presence of rock fractures and deformation zones. 
 
 
In Figure 3-8b, incipient fractures associated with the foliation have led to block fall-
out. However, the foliation does not in itself affect the orientations of the principal 
stresses at the excavation surface, because these are determined by the fact that there are 
no shear stresses on the excavation surface. The foliation and presence of brittle defor-
mation zones could, however, have affected the overall distribution of stresses around 
the openings and hence the magnitudes of the two non-zero principal stresses at the 
EDZ surface. Numerical modelling of shear failure on the foliation plane around a cir-
cular opening is described in Hakala et al. 2002. 
 
With respect to Figure 3-8b, water movement will be affected by the foliation because 
the hydraulic conductivity is likely to be highest along the foliation fabric direction 
rather than perpendicular to it. Similarly, consequential chemical precipitation effects 
are likely to be more dominant along the foliation fabric. 
 
Autio et al. 1999 conducted a study of the influence of mechanized excavation (boring) 
on the EDZ rock in the experimental full-scale deposition holes in the Research Tunnel 
at Olkiluoto. The additional disturbance to the rock can be seen in the autoradiograph in 
the upper part of Figure 3-9, compared to an undisturbed sample in the lower part. 
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Again, this effect is likely to be exacerbated by the presence of foliation and the phe-
nomenon will also be a function of the orientation of the foliation relative to the excava-
tion surface. 
 
 

 
 
Figure 3-9. Autoradiographs of disturbed (upper) and undisturbed (lower) rock at the 
EDZ surface (length of rock samples is 98 mm), from Autio et al., 1999. 
 

3.4  Influence on Thermal Properties  

The thermal properties of the intact rock are important for repository design because 
they are input parameters to the thermo-hydro-mechanics modelling and, inter alia, af-
fect the deposition hole spacing design. For a foliated rock, it is known that the thermal 
properties will vary depending on the orientation of the measurement direction with 
respect to the foliation.  

Kukkonen & Lindberg (1995) have studied the thermal conductivity of rocks at Olkilu-
oto. Laboratory tests were conducted on core samples from the depth range of 342 – 
502 m. Values were obtained in the range 2.41 to 4.23 Wm-1K-1, which is in good ag-
reement with the theoretical values estimated from the rock composition. It was found 
that, as expected, the rock at Olkiluoto is thermally anisotropic with an anisotropy fac-
tor of about 1.3. The bulk thermal conductivity value for the rock at Olkiluoto is 
estimated to be 3.04-3.14 Wm-1K-1. 

This was followed by Kukkonen’s (2000) work on further core samples from Olkiluoto 
to determine the thermal properties of mica gneiss. 37 samples from five boreholes 
(OL-KR1,2,4,9,11) in the depth range of 453 – 550 m were measured. Old results were 
also included and thermal properties were corrected for the temperature dependencies 
using literature data. Anisotropy was also investigated by correlating the foliation angle 
and thermal conductivity. . 

The conclusions were that the Olkiluoto mica gneiss is thermally anisotropic and het-
erogeneous. Thermal conductivity decreases with increasing temperature; specific heat 
capacity increases with increasing temperature; average thermal diffusivity decreases 
with increasing temperature. Anisotropy causes variations of up to 30%. Thermal con-
ductivity and diffusivity are lowest in a direction perpendicular to the foliation (the ani-
sotropy effect). Thermal properties can vary considerably over short distances (the het-
erogeneity effect). 
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3.5  Influence on In-Situ Stress Estimation 

The fact that the rock at Olkiluoto is foliated has significance not only for the overall 
engineering considerations and modelling but also for some site investigation measure-
ments. One example is stress measurements (e.g. Amadei 1983). In these measure-
ments, the in situ stress state is established from the strains induced by releasing the 
stress on a device used in a borehole. However, the stress components can only be es-
tablished via a relation between the stresses and strains, i.e. using the elastic moduli. 
The resulting stress values will depend on whether the rock is assumed to be isotropic or 
anisotropic. 
 
Recently Hakala et al. (2003) have developed a method for comparing the theoretical 
strains with those observed in the stress measurement device, as a quality control 
method for stress measurements. This work has been developed for isotropic rock, and 
is currently being developed for transversely isotropic rock. Thus, it is important to have 
a method of characterizing the foliation in order to assist in deciding on the applicability 
of the transversely isotropic solution and to what extent this would apply throughout the 
rock mass. 
 

3.6 Influence on Repository Layout and Construction Activities (Blasting, 
Grouting, Etc.) 

The way in which the foliation (and the associated fracturing) can interact with the con-
struction is shown in Figure 3-10. A further example of the influence of foliation on 
rock engineering is provided through an assessment of the unlined pressurised bedrock 
in the Päijänne tunnel in Finland, which carries water from Lake Päijänne to Helsinki 
over a distance of 120 km. It was found that deterioration of the tunnel had occurred 
over the last 30 years; in particular, this deterioration occurred where the tunnel align-
ment became sub-parallel to the foliation and rock blocks had fallen from the tunnel 
sidewalls (Lipponen et al., 2005). Figure 3-11 clearly indicates the increased block falls 
when the tunnel axis is within 0-20° of the foliation strike direction. 
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Foliation direction

 
Figure 3-10. The significance of foliation in affecting fracturing and hence construc-
tion. a) Foliation causes anisotropy in the mechanics properties of the host rock be-
cause of the pervasive presence of the planar fabric which can then induce fracturing 
with similar orientation. b) Interaction between geological structure (foliation and frac-
turing) and excavation at the existing VLJ repository at Olkiluoto 
 
 
 

 
 

Figure 3-11. The relation between the number of block fall locations and angle between 
the tunnel orientation and ‘cleavage’ (i.e. foliation) strike for the Päijänne Tunnel, 
Finland (from Lipponen et al., 2005). 
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3.7  Conclusions Regarding the Foliation Information Required for         
Engineering and Safety Analysis  

From the repository design, construction and safety assessment standpoints, the key 
issues are:  

a)  being able to predict the rock stress and deformation distribution around re-
pository openings; 

b)  ensuring that the rock does not fail as a result of the local rock stress reach-
ing the rock strength around the openings; and 

c)  characterizing the rock properties in the EDZ.  
In particular, the engineer needs to know the stresses around the excavation (which are 
affected by the foliation through the elastic properties3) plus the rock strength (which is 
affected by the foliation) and, finally, how foliation affects the way in which excavation 
process alters the rock properties.  
 
Given the earlier discussions concerning the influence of foliation on rock stiffness (the 
elastic modulus characterization) and on rock strength (the weakening in certain direc-
tions) and hence on the development of the EDZ, we can now consider the characteris-
tics of the foliation that are significant for engineering and safety. These are listed in 
Table 3-2. This is the motivation for the approach adopted in Section 4.2 which consid-
ers these three foliation characteristics, and for the rock mechanics foliation (RMF) 
number derived from these characteristics in Section 5.3. 
 
 
Table 3-2. Foliation characteristics that are important for the intact rock deformability 
and strength, and evaluation of the EDZ. 
 

 
Orientation of foliation 

 
The orientation must be known so that the axis of the trans-
verse anisotropy and the direction of strength weakening are 
known. The variation in foliation orientation is also re-
quired. 
 

 
Intensity of foliation 

 
A more intense foliation will have a greater effect on the 
elastic properties and the strength variation. 
 

 
Type of foliation 

 
If there are geological differences in the foliation type, these 
should be specified because they will have different effects 
on the rock elasticity and strength. 
  

 
 

                                                 
3   In a relatively recent paper, Tonon & Amadei (2003) discuss the role of rock anisotropy and its inter-

action with the numerical analysis boundary conditions.  
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4  THE OL-KR12 PILOT STUDY 

4.1  Use of Borehole-Wall Imagery 

As a first step towards systematising foliation investigations at Olkiluoto, a pilot study 
on cored drillhole OL-KR12 was carried out in 2001-2002 (Palmén 2004). The aim of 
the pilot study was to develop a methodology for acquiring reliable foliation data sets in 
cored boreholes: the acquisition of lineation data was not attempted. In cored drillholes, 
foliation can be studied in oriented cores and/or on digital borehole-wall images (sys-
tems such as BIPS and OPTV, both having been used at Olkiluoto). However, the in 
situ orientation of cores at the drilling site (i.e. using a system of marking the cores me-
chanically, before they are removed from the borehole) is not always wholly successful, 
and is not possible in vertical drillholes. In contrast, composite foliations of the type met 
with at Olkiluoto are usually clearly visible on BIPS/OPTV images, and the images can 
be automatically oriented in space, within the site's 3D coordinate system.  
 
Using borehole-wall imagery, the orientation of planar structures intersecting a drillhole 
can be systematically logged, as was done in the KR12 pilot study (Palmén 2004). On 
BIPS/OPTV images, the optical view of the borehole wall is digitized and "unwrapped" 
to a plane, giving a continuous 3600 picture of the inside of the borehole, oriented in 
space. Structures which are approximately planar as they intersect the borehole appear 
as traces which approximate to a sine curve. After the observer has "picked" points 
along the trace, the system determines the best-fit sine curve through the points and 
converts the data to an orientation measurement (dip/strike, or dip angle/dip direction), 
automatically. The basic principles of borehole-wall imagery and technical details of the 
BIPS and the OPTV systems are described in Palmén (2004, Ch. 1).  
 
That is the theory. In practice, when foliation is the planar structure under investigation, 
certain difficulties arise. The main one is due to the fact that it is a pervasive structure, 
not necessarily associated with continuous features. Fractures, bedding planes or 
lithological contacts (i.e. non-pervasive structures), if planar and continuous across the 
borehole, can be "picked" unambiguously because they are usually visible as an unbro-
ken line on the image. In foliated rocks, such continuous lines often do not exist - all 
one sees is a sinusoidal "flowing" texture of short sub-parallel marks. Although "pick-
ing" is often facilitated by the composite nature of many foliations (with parallel band-
ing or contacts between mineral aggregates, as is frequently the case at Olkiluoto), find-
ing the "best-fit" sine curve parallel to such a "flowing" texture is not always straight-
forward. Nevertheless, with time and practice, accurate foliation measurements are a 
practical proposition.  
 
Other difficulties arise from resolution problems in fine-grained schists, from the pres-
ence of a strong lineation, from orientations subparallel to the borehole axis, from the 
presence of intersecting foliations and other discordances, etc. These difficulties will not 
be systematised here. All can be overcome, if the work with the BIPS/OPTV images 
can be carried out in a situation such that the corresponding cores can be studied when-
ever they, and similar "geological" problems, are encountered. Failing that, all problem-
atic sections (ones for which the cores would have been studied, if it had been possible) 
need to be marked, and checked against the cores at some later date, after the logging of 
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the whole borehole has been completed (as in the KR12 pilot study). As a general rule, 
the use of borehole-wall imagery, like any other "remote" technique, will always be 
dependent on the possibility of validation, at least in problematic sections, against the 
actual material which is being imaged.  
 

4.2  Methodological Results  

Borehole OL-KR12 was chosen as the study object for various reasons, including the 
availability of high quality OPTV images. The study has been documented in detail in a 
recent Posiva Working Report (WR 2004-36, Palmén 2004), where some recommenda-
tions are made for future investigations. These recommendations can be summarised as 
follows: 
• The OPTV images (which are delivered in 10m sections) should be combined into 

longer entities (30-70m), and the investigation carried out on these entities in such 
a way that the different observations are collected sequentially, focussing on one 
task at a time. 

• The first task should be the subdivision of the borehole into representative sections, 
i.e. sections within which the foliation observations (orientation, intensity, type, 
lithology) may be considered to be representative. In KR-12, the representative sec-
tions were typically of the order of 10-100 cm long, and about 4000 such sections 
were distinguished along the 800 m of the borehole. Within each section, one folia-
tion measurement (dip angle and dip direction) was be made, or the segment was 
designated "massive" or "irregular". The along-hole "depth" of the top and the bot-
tom of each section, and the point at which the measurement was made, were 
specified in the resulting data sheet (Excel). 

• The second task should be the estimation of the intensity of foliation in each foliated 
segment, made on a scale of 1=low, 2=moderate, 3=high (0=unfoliated, i.e. "mas-
sive"). This was carried out visually, by comparing the images with a series of core 
photos which have been classified beforehand, i.e. it is a qualitative process, even 
though expressed numerically. 

• The third task should be to specify the type of foliation (S=schistosity, GB= gneissic 
banding, C=combined). In the pilot study, estimation of type was combined with or 
followed by a specification of the lithology of each section as this could be esti-
mated from the images ("image petrology"). 

• During the performance of these tasks, any problematic features, any uncertainties, 
and any observations which could be of particular significance for understanding 
the deformation process or history (relation of foliation to folding, intersecting fo-
liations, etc.), should be specified. In the pilot study, these were checked against 
the actual cores in the core archive at a later data. About 1200 measuring points 
were checked in this way, and about 180 adjustments were made, particularly with 
respect to intensity of foliation. 

 
Several questions arise out of the pilot study which needed to be answered before the 
foliation investigations could proceed. Firstly, did the pilot study produce data in a form 
and with a content that are appropriate for further analysis? Is this what we want in or-
der to construct a spent nuclear fuel repository at Olkiluoto and to assess its long-term 
safety? Secondly, is it possible to make the data acquisition more efficient without re-



 31

ducing the reliability of the conclusions and the confidence with which the data can be 
used in subsequent modelling? Can the time and effort used in the pilot study be re-
duced in any way, without jeopardising the results? Thirdly, does it make sense to carry 
out investigations focussed solely on foliation, or rather to strive towards an integrated 
core/OPTV synthesis which covers all aspects of bedrock geology (lithology, folia-
tion/lineation, fracturing, etc.)? Should one distinguish between a methodology for pre-
viously drilled boreholes, for which there is a backlog with respect to foliation data, and 
an improved methodology for the overall investigation of future boreholes, for which 
foliation investigation should be simply an integrated part of the whole procedure?  
 
Using the experience from the pilot study, and taking account of the fact that a new di-
mension was added to Posiva’s research with the start of underground investigations, a 
systematic foliation investigation procedure was developed, as explained in Chapter 5, 
and an exploratory study based on this procedure was initiated. Some initial results from 
this first systematic foliation study are presented in Chapter 6.  
 

4.3  “Quick Look” Evaluation of Foliation Orientation Variations  

In the OL-KR12 pilot study, the foliation data are presented in an exceptionally detailed 
borehole log at a scale of 1:139, and the foliation orientation data are collected in 
stereograms (equal area, lower hemisphere, pole diagrams) which encompass all the 
data in each 25 metre long section of the borehole (Palmén 2004, Appendices 1 and 2). 
It was not part of the pilot study to analyse the foliation data, but we carried out a 
“quick look” evaluation of the orientation data presented in these Appendices, based on 
our experience from other research projects in gneiss terrains similar to Olkiluoto, with 
the following results. 
 
The poles plotted on each stereogram for OL-KR12 show, in general, well-defined clus-
ters with a spread which in our experience is typical of gneiss and migmatite terrains. A 
visual assessment of the variations in dip angle/dip direction along each 25m section (as 
visualised in the "tadpole" column of the WellCAD log, Palmén 2004, App. 2) suggests 
that this is a natural variation in measured orientation due to the irregularity of the folia-
tion along that section. If this impression is correct, it means that a statistical mean ori-
entation derived from the data can be taken as a representative orientation value for 
modelling purposes. In gneiss terrains, such as Olkiluoto, composite foliations (as de-
scribed in Section 2.1) often show natural variations about a mean, due to irregularities 
and heterogeneities in the gneisses (e.g. boudinaged competent layers of varying thick-
ness). The "looseness" or "tightness" of the clustering, which can be statistically treated 
to give a measure of the natural variability or "intensity of preferred orientation", varies 
about the statistical mean, depending on local conditions (Figure 4-1, stereograms a) 
and b)).  
 
The shapes of the clusters clearly vary along OL-KR12. In some sections, the clusters 
are equidimensional, in others they are elongate, and, when the latter, there is a clear 
consistence to the direction of elongation (Figure 4-1, stereograms c) and d)). In fact, 
there is quite a clear subdivision of OL-KR12 into three segments: 50-225m - equidi-
mensional clusters; 225-450m - elongate clusters approximating to part of a great circle 
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distribution with a pole plunging moderately towards ESE; 450-793m - equidimen-
sional clusters. The segment of elongate clusters needs closer analysis, because it sug-
gests the influence of folding. This could be due to either open flexuring and/or foliation 
refraction, or to not-quite-isoclinal folding, or some combination of these. A closer ana-
lysis is important because, depending on the outcome, the statistical mean may or may 
not be a meaningful representative value (e.g. for modelling), and the analysis may 
contribute significantly to a better understanding of the structural history. 
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(a) 725-750 m 
 

 

 
(b) 600-625 m 
 

 
 
 
(c) 225-250 m 
 

 

 
 
(d) 425-450 m 
 

 
 
Figure 4-1. Pole diagrams of foliation data from borehole OL-KR12 (from Palmén 
2004, Appendix 2). Equal area, lower hemisphere projection. (a) Data from borehole 
segment 725-750 m, representing a “tight” equidimensional pole cluster. (b) Data from 
borehole segment 600-625 m, representing a “loose” equidimensional pole cluster. (c) 
Data from borehole segment 225-250 m, representing a “loose” pole cluster with a 
tendency to distribution along a great circle, (d) Data from borehole segment 425-450 
m, representing a “tight” pole cluster which clearly defines part of a great circle with a 
“fold axis” plunging ca. 40o to the ESE. For further discussion, see text. 
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These are some general impressions based on experience in similar crystalline com-
plexes in other areas - a more detailed analysis should, of course, be made for each 
borehole, based on today's capability of easily and quickly plotting stereograms for any 
required section of borehole, together with the possibility of looking more closely at any 
required section of image or core. The point here is that the amount of data collected 
during the pilot study is, according to our experience, certainly sufficient for scientifi-
cally acceptable generalisations (mean values, distributions, increased understanding). 
In this context, there is one concrete suggestion to be made. With present-day computer 
programs, the foliation data can be processed automatically a little further than was 
done in the pilot study, and this would facilitate analysis. In addition to the pole diagram 
for each 25m section of the borehole, the following should be carried out: 
 
• The number of poles plotted should be stated, and the pole diagram should be auto-

matically contoured, using the Kamb method (Kamb 1959, Vollmer 1995). Both the 
pole stereogram and the contoured stereogram (without poles) should be presented, 
side by side. 

 
• The statistical features of the pole distribution should be analysed automatically, (1) to 

give the orientation of the mean pole of the cluster, (2) to calculate the Fisher parame-
ter, or some other parameter for the deviation from the mean ("tightness" of clustering, 
or "intensity of preferred orientation"). For clusters which are visually elongate, the 
statistical treatment should be extended, (3) to give the orientation of the pole to the 
"best-fit" great circle (a potential "fold axis"), and (4) to calculate a parameter for the 
intensity to which the cluster "fits" the best-fit great circle.  

 
Software for these calculations already exists and should in future be built into the sys-
tem, so that the above statistical parameters are automatically calculated. 
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5  PROGRAMME FOR SYSTEMATIC INVESTIGATION OF FOLIATION AT 
OLKILUOTO  

5.1  Background 

Based on the experience gained from the OL-KR12 pilot study and the material summa-
rized in Chapters 1-3, a programme for the systematic study of foliation at Olkiluoto has 
been developed which takes into account the time and resource constraints placed on 
geological data acquisition by Posiva's overall Underground Characterisation and Re-
search Programme (UCRP), as set out in a recent report (Posiva 2003b). The UCRP 
programme is subdivided into three stages: 
  
UCRP Stage 1, encompassing all surface-based investigations from the start of site in-
vestigations (in 1988) to the start of underground excavations (in late 2004),  
 
UCRP Stage 2, consisting of investigations to be carried out during the construction of 
the access tunnel to the underground research laboratory, ONKALO, and the construc-
tion of the main characterisation levels of ONKALO itself (planned for the period 2004-
2009),  
 
UCRP Stage 3, covering investigations to be carried out in ONKALO, leading to the 
application for a construction licence for the repository (around 2010-2011). 
 
With regard to foliation studies, UCRP Stage 1 covers practically all the work done up 
to now (with the exception of the OL-KR12 pilot study, see Chapter 4), which was car-
ried out at what can be called the general level. This consisted of the general mapping 
of outcrops and trenches, aimed at obtaining representative orientation data and a gen-
eral characterisation of foliation type and intensity, and a general logging of oriented 
rock cores at the drilling site, immediately after extraction from the drilling tubes. An 
overview of the work carried out at this general level during UCRP Stage 1 is given in 
Section 5.2, below. 
 
During UCRP Stage 2, a more detailed and methodical study of foliation will be carried 
out, which we will refer to as investigation at the systematic level. This includes the 
systematic study of oriented rock cores in the core laboratory, the systematic grid map-
ping of outcrops, trenches, etc., and the systematic logging of scanlines on tunnel walls. 
The aim of these activities is to obtain a more definitive database on foliation, to be 
used together with the fracture database, which will be acquired at the same time and at 
the same scales. The foliation data acquisition will be subdivided into two parts which 
may or may not be carried out at the same time. Firstly, foliation characterization (map-
ping/logging variations in type and intensity of foliation) will be carried out, as outlined 
in Section 5.3. In the case of data acquisition from oriented rock cores, the cores them-
selves will be used, rather than borehole-wall imagery, for the reasons indicated below. 
Secondly, systematic measurement of foliation orientation will be carried out, and the 
data processed, as outlined in Section 5.4. In this case, the data from rock cores will 
need to be complemented and checked using borehole-wall imagery (e.g. for borehole 
segments in which the mechanics core orientation procedure failed). 
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At some stage in UCRP Stage 2, special investigations may become necessary at what 
can be called the research level. These will mainly be carried out on oriented rock cores 
and will involve detailed logging of the cores, side-by-side with geophysical logs and 
OPTV images, as soon as these become available. The aim will be to provide research 
data on the small-scale heterogeneity and anisotropy of the Olkiluoto bedrock, and its 
relation to fracturing. This will be necessary because the Olkiluoto migmatites are 
unique host rocks in the context of nuclear waste disposal, world-wide, and therefore 
show characteristics which have never been studied in detail in this respect. Research 
level foliation logging will be carried out simultaneously with detailed fracture logging, 
since one of the main aims will be to investigate closely the relation between foliation 
and fracture development. The pilot study on the cores from OL-KR12 described above 
(Chapter 4) would have fallen into this category of investigation. 
 
 

5.2  Earlier Foliation Investigations at Olkiluoto  

5.2.1 Preliminary core logging, on-site 

Up to the start of underground investigations, a total of 33 deep boreholes, varying in 
length from 125 m to over 1000 m, have been core-drilled at the Olkiluoto site since 
1989 (OL-KR01 to OL-KR33, see Rautio 2005a, 2005b for the latest drilling reports 
available at the time of writing). At each drill site, the site geologist has carried out on-
site logging for engineering geological purposes, including the systematic observation 
of fractures (type, filling, orientation, frequency, RDQ), weathering, highly fractured 
zones and core losses. At first, only a few foliation measurements were made, but more 
attention has been paid to foliation in recent years (from about OL-KR13 onwards), as 
awareness of its possible significance for rock engineering, repository layout and safety 
assessment increased. The orientation of the foliation is now measured every 5-10 m 
along the core (dip/dip direction, if the core is oriented, or angle between foliation and 
core axis, if the core is unoriented), with an eye to its representativeness. More recently, 
a general estimate of the characteristics of the foliation (type, intensity) in the surround-
ings of each measurement has been made according to the system used in the OL-KR12 
pilot study (Palmén 2004, see Chapter 4).  
 
This preliminary on-site logging is sufficient for immediate rock engineering purposes 
(for instance, for the siting of the entrance and the initial orientation of the access tunnel 
for ONKALO), but it is, of course, insufficient for longer term needs, such as the devel-
opment of a lithological model for the site or as basic data for the safety assessment. 
Hence, it is clear that the foliation database from these surface-based cored drillholes 
needs to be expanded and made more definitive for such purposes, which was the rea-
son for the OL-KR12 pilot study (Palmén 2004), and for ongoing re-logging of the fo-
liation in many of the cores (see Chapter 6, below). 
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5.2.2 Structural mapping of outcrops and trenches 

During the preliminary site investigations, general geological mapping of the Olkiluoto 
site was carried out between 1988 and 1991. During the first geological mapping cam-
paign (Paulamäki 1989), the outcrops were studied with respect to rock types and the 
main tectonic features, with special emphasis on fracturing. Normally, a layer of moss 
and lichen covers most of the outcrops at Olkiluoto, which has to be removed before 
making any observations. However, detailed structural mapping was found to be unsat-
isfactory even then, on the wet and dirty outcrop surfaces. Hence, a second mapping 
campaign was carried out a few years later, when the exposed outcrops had been 
washed and scrubbed by rain and snow. This second campaign included detailed struc-
tural investigations (Paulamäki & Koistinen 1991). The aim of the second campaign 
was to describe the tectonic history and the structures of various phases of ductile de-
formation and to assess their effect on fracturing. Later, additional structural geological 
investigations were carried out in the surroundings of Olkiluoto in 2002 and 2003. Dur-
ing these mapping campaigns, ductile deformation features, such as foliations, linea-
tions, fold structures and shear zones, where mapped according to the established prin-
ciples of structural geology, and the data were used to establish the history of deforma-
tion, metamorphism and migmatisation of the Olkiluoto bedrock, as described in a 
number of recent reports (e.g. Anttila et al. 1999, Posiva 2003a, 2005). 
 
Since the bedrock at Olkiluoto is rather poorly exposed, with outcrops covering only 
about 4% of the land area, the contacts between the rock types are only occasionally 
visible. To improve the reliability of the geological map, geological investigations have 
included the excavation and mapping of seven investigation trenches, of which the most 
recent ones are described in Lindberg & Paulamäki (2004), Paulamäki & Aaltonen 
(2005) and Paulamäki (2005a, 2005b). The aim of the work in the investigation trenches 
is to obtain systematic bedrock and fracturing data in areas with no or only a few out-
crops. With the help of the trenches, lithological contacts and fracture zones can be lo-
cated more precisely than predicted earlier on the basis of outcrop observations alone. 
After excavation, the trenches were first cleaned by pressured air and then washed by 
pressure washer. The width of the trenches ranges from 0.5 m to 5 m, and their total 
length at the time of writing is 2500 m (trenches TK1-TK7).  
 
A total of ca. 8500 structural measurements have been made on the outcrops and in the 
investigation trenches at Olkiluoto, including ca. 2100 orientation measurements of duc-
tile deformation features (foliation, lineation, fold axis and axial plane, shear zone). 
Each measurement is bound to either x-y –coordinates (outcrops) or x-y-z –coordinates 
(investigation trenches). In outcrops, the coordinates of each measurement are the same 
as the coordinates of the outcrop. In the investigation trenches, the trenches were di-
vided into sections and the x-, y- and z-coordinates of the starting and end points of 
each section were determined using a high-precision GPS device. The location of each 
observation and measurement was determined by using a straight thread, which was 
tightened over each section, by measuring the horizontal distance from the starting point 
of the section to the observation point as well as the vertical distance from the thread to 
the observation point. Knowing the coordinates of the starting and end point of the sec-
tion, the location of the observation point in the x-y-z coordinate system can be meas-
ured. Detailed structural maps of ductile deformation features along the trenches are 
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included in each of the trench reports, and the analogous data from the outcrops have 
been compiled on maps at scales 1:1000 to 1:1500.  
 

5.3  Systematic Foliation Characterisation - Methodology 

5.3.1 Overview 

The characterisation of the small-scale heterogeneity and anisotropy of many of the 
rocks at Olkiluoto is difficult, but at the same time extremely important for both rock 
engineering and performance assessment. Particular attention must be paid to this aspect 
of rock characterisation at Olkiluoto, because it addresses a problem which, from the 
point of view of constructing a deep repository for spent nuclear fuel, is unique and for 
which there is no body of international experience. The terms homogene-
ity/heterogeneity refer to the compositional relations within a certain volume of rock, 
particularly the absence or presence of mineralogical segregations (see below), whereas 
the terms isotropy/anisotropy refer to the textural relations within a certain volume of 
rock, particularly the absence or presence of preferred mineral orientation (see Glos-
sary). To use the concepts meaningfully, however, depends on defining the phrase 
"within a certain volume of rock". For the purposes of core and scanline logging (linear 
data sets), we to use a reference rock volume of 1 m3, which is represented approxi-
mately by a reference core or scanline length of 1 m. For the purposes of areal or “win-
dow” mapping (outcrops, trenches, tunnel walls, etc.), we use a reference area of ca. 10 
m2 (a square roughly 3m x 3m, or a circle roughly 3.5 m in diameter) corresponding to a 
reference rock volume of ca. 35 m3. These reference dimensions define the scale of ob-
servation which is the basis for the following characterisation scheme  
 
The descriptive characterisation of rock heterogeneity and anisotropy along cores 
/scanlines and in small areas ("windows") is carried out in a series of steps (Steps 1-4, 
below), in a characterisation scheme which starts with a general assignment of the intact 
rock within the reference volume to a lithological type, according to the present classifi-
cation in use at the Olkiluoto site (Posiva 2005). An overview of the characterisation 
scheme is given in Table 5-1, and the details of each step in the procedure are described 
separately, below. 
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Table 5-1. Scheme for the descriptive characterisation of rock anisotropy, including 
some aspects of small-scale heterogeneity, in cores and small mapping areas (reference 
scales 1-10 m) at Olkiluoto. For explanation of Steps 1-4, see text. 
 

Intact rock  
(different lithological types, at linear reference scale 1-10 m) 

  
Step 1. Subdivision of intact rock according to isotropy/anisotropy and homogene-

ity/heterogeneity 
Isotropic rocks (massive)  

Categories 1A and 1B (homo-
geneous/heterogeneous) 

Anisotropic rocks (schistose, gneissic, banded - 
known collectively as "tectonites")  
Categories 2A and 2B (homogene-

ous/heterogeneous) 
 

Step 2. Subdivision of anisotropic rocks (tecton-
ites) according to type of anisotropy 

Linear anisot-
ropy 

(L-tectonites) 

Planar and planar/linear anisot-
ropy 

(S- and SL-tectonites) 
foliated rocks, with or without 

lineation 
Step 3. Subdivision of foliated 

rocks according to type and in-
tensity of foliation 

Matrix based on foliation type: G 
(gneissic), B (banded), S (schis-
tose), and foliation intensity: 1 
(weak), 2 (medium), 3 (strong) 

G1 
 

G2 G3 

B1 
 

B2 B3 

 
 
 
 

(all intact rock in this column 
can be treated as "homogene-
ous" for rock mechanics and 
fracture system modelling)  

(intact rock in 
this column can 

be approx. 
treated as "ho-
mogeneous" 

and "isotropic" 
for rock mech. 

and fracture 
system model-

ling) 
S1 

 
S2 S3 

Step 4. Assignment of rock mechanics foliation (RMF) number 
 

RMF = 0 
 

RMF = 1 - G1, B1, G2 
RMF = 2 - S1, B2, G3 
RMF = 3 - S2, B3, S3 
(see Table 5-2) 
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5.3.2 Step 1: subdivision of intact rock according to isotropy/anisotropy and ho-
mogeneity/heterogeneity  

Since isotropy/anisotropy and homogeneity/heterogeneity are independent variables, 
any sample of intact rock can be assigned to one of four categories: 
 
Category 1A: isotropic and homogeneous 
At Olkiluoto, such rocks are referred to as massive, in line with normal geological us-
age. Many of the granites and granite-pegmatites fall in this category. 
 
Category 1B: isotropic and heterogeneous 
At Olkiluoto, some types of migmatite fall in this category - those where the neosome is 
in the form of irregular veins and diffuse masses (see, for instance Appendix 1D(c)). 
Such rocks have the same rock engineering and performance-related significance as 
Category 1A, and will also be referred to as massive, for present purposes. 
 
Category 2A: anisotropic and homogeneous 
At Olkiluoto, this category is mainly represented by the non-migmatitic, high-grade 
metamorphic rocks. In line with common usage in geology, rocks of this category which 
are mica- and/or amphibole-rich, will be called schistose, and rocks which are quartz- 
and feldspar-rich, will be called gneissic (see Step 3). 
 
Category 2A: anisotropic and heterogeneous 
At Olkiluoto, this category is mainly represented by common types of migmatite, par-
ticularly veined and stromatic migmatites. These rocks are commonly referred to as 
banded, since they have a typical striped appearance (alternating light coloured and dark 
coloured bands or streaks) in cores and outcrops (see Step 3). 
 
It is important to note here that, although some lithologies at Olkiluoto may generally 
fall in one or other of the above categories, the subdivision in the above table is small-
scale descriptive, and is independent of the bulk (large-scale) lithology, assigned in the 
course of general geological mapping. In principle, a particular lithology can fall into 
any of the above categories, although often it is typically developed as one of them and 
only occurs in the other categories exceptionally. For instance, a granitic rock generally 
falls in category 1A, but sometimes (e.g. when it contains numerous xenoliths) in 1B. 
Often, however, granites which have suffered some degree of ductile deformation, will 
fall in categories 2A (or 2B), although they are then usually called granitic gneisses or 
gneissic granites. 
 

5.3.3 Step 2: subdivision of anisotropic rocks (tectonites) according to type of 
anisotropy  

In Table 5-1, the next step is the subdivision of the rocks designated anisotropic (cate-
gories 2A and 2B) according to the character of the anisotropy. Such rocks are generally 
called tectonites (see Chapter 2), and are subdivided into different types according to the 
degree of development of the foliation and/or lineation (see Glossary). For present pur-
poses, it is sufficient to distinguish three groups, as follows (cf. Chapter 2): 
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• S-tectonites - mineral shapes, crystallographic planes and shapes of mineral aggre-

gates are arranged in such a way that the rock takes on a pervasive planar anisot-
ropy (called foliation)  

• L-tectonites - mineral shapes, crystallographic planes and shapes of mineral aggre-
gates arranged in such a way that the rock takes on a pervasive linear anisotropy 
(called lineation)  

• SL-tectonites - mineral shapes, crystallographic planes and shapes of mineral ag-
gregates arranged in such a way that the rock takes on a combined planar/linear ani-
sotropy. The foliation planes are defined as in S-tectonites, but they show a linea-
tion (often called a "streaky lineation") which is of the same character as that of L-
tectonites  

 
For the present project, interest is focussed on foliated rocks (S-tectonites and SL-
tectonites) because the main feature which affects underground construction, repository 
layout, fracture network parameters, etc. (see below) is the foliation, which provides 
pervasive planes of mechanics weakness (see Chapter 3). Although some types of mod-
elling need to take the lineation into account (e.g. thermal modelling), it is the foliation 
in tectonites which is significant for rock engineering and performance assessment. 
Also, foliated rocks are more common and more continuously developed at Olkiluoto 
than lineated rocks lacking a well developed foliation (e.g. L-tectonites). Hence, for a 
characterisation procedure which aims at providing relevant data for rock engineering, 
tectonites (rocks falling in Categories 2A and 2B, in Step 1) will be subdivided into two 
groups: 
 
• S- and SL-tectonites (foliated rocks, whether lineated or not) 
• L tectonites (rocks showing only a linear anisotropy, i.e. unfoliated) 
 
Only the first group, "S- and SL-tectonites", i.e. foliated rocks, with or without linea-
tion, is subdivided further in the next step of the characterisation system (Step 3, be-
low). Anisotropic rocks which are unfoliated (L-tectonites) are assigned the same rock 
mechanics foliation (RMF) number as isotropic rocks (see Step 4, below), since they 
lack pervasive planes of weakness and are thus to be considered "massive" from a rock 
mechanics point of view.  
 

5.3.4 Step 3: Subdivision of foliated rocks (S- and SL-tectonites) according to 
type and intensity of foliation 

Foliated rocks (S- and SL-tectonites) need to be subdivided into descriptive types which 
reflect their significance for rock mechanics behaviour. To a first approximation, two 
independent factors affect this: 
• The mineral composition of the rock. This affects the type of foliation, and some 

types are more significant for rock mechanics and fracture development than others. 
• The deformational and metamorphic conditions which produced the foliation. This 

determines how well developed the foliation is, i.e. the foliation intensity, whatever 
the mineral composition. A well developed foliation (high intensity) is much more 
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significant from a rock mechanics point of view than a poorly developed foliation 
(low intensity). 

These factors are independent variables: each can be subdivided into descriptive types 
(categories) on the basis of observational criteria, and these can be combined to form of 
a classification matrix. For the purposes of the present project, it is sufficient to subdi-
vide each variable into 3 classes, giving a matrix of 9 descriptive types, as indicated 
below. 
 
(a) Visual estimation of type of foliation, and subdivision into 3 classes (based on ex-
perience at Olkiluoto and the results of KR12 pilot study, Palmén 2004). Visual estima-
tion takes place by comparing the observed conditions with a standard set of photo-
graphs (see Appendix 1): 
G - gneissic (rock dominated by quartz and feldspars; no continuous trains of micas or 
amphiboles) - Appendix 1A 
B - banded (intercalated gneissic and schistose layers) - Appendix 1B 
S - schistose (rock dominated by micas and/or amphiboles; these minerals are arranged 
in continuous trains so that the preferred orientation of crystallographic cleavages pro-
vide a general plane of mechanics weakness) - Appendix 1C 
 
The dominant type of foliation (G, B, S) is estimated on the linear metre scale (e.g. core 
sections of 1m length) or on the areal 10m2 scale. From a rock mechanics point of view, 
an S-type foliation is much more significant than a G-type (because of the continuous 
trains of micas and/or amphiboles, which are mechanically very weak), and the B-type 
lies somewhere between the two. 
 
(b) Visual estimation of intensity of foliation, and subdivision into 3 classes, is done 
by comparison with a standard set of core and outcrop photographs, which have been 
chosen and classified on the basis of general experience at Olkiluoto and the results of 
KR12 pilot study (Palmén 2004), as follows: 
 
1 - foliation of low intensity (Appendix 1A, 1B, 1C, photo (b)) 
2 - foliation of intermediate intensity (Appendix 1A, 1B, 1C, photo (c)) 
3 - foliation of high intensity (Appendix 1A, 1B, photo (d)) 
 
The intensity class of the foliation (1, 2, 3) which best describes the sampling window is 
estimated on the linear metre scale (e.g. core sections of 1m length) or on the areal 10m2 
scale. From a rock mechanics point of view, foliation of intensity class 3 is much more 
significant than foliation of intensity class 1, and the foliation intensity class 2 lies 
somewhere in between. 
 
(c) The foliation matrix 
The two variables, type of foliation and intensity of foliation, can be combined in a ma-
trix which is constructed to reflect the rock mechanics significance of the 9 classes (Ta-
ble 5-2). The foliation type classes (G, B, S) are arranged vertically, with the mechanics 
significance increasing from top to bottom, whilst the foliation intensity classes (1, 2, 3) 
are arranged horizontally, with the mechanics significance increasing from left to the 
right. This means that the combined significance increases diagonally, from top left to 
bottom right (see Step 4, below)  
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Table 5-2. The foliation matrix developed for characterising variations in the type and 
intensity of foliation in the heterogeneous and anisotropic rocks typical for Olkiluoto 
(for explanation, see text and Appendix 1A-1C), and its interpretation in terms of rock 
mechanics significance. 
 

  
rock mechanics significance of foliation increasing 

from left to right 
  

G1 
gneissic/low 
App. 1A(b) 

G2 
gneissic/intermediate 

App. 1A(c) 

G3 
gneissic/high 
App. 1A(d) 

 
B1 

banded/low 
App. 1B(b) 

B2 
banded/intermediate 

App. 1B(c) 

B3 
banded/high 
App. 1B(d) 

 

rock mechanics 
significance of 

foliation in-
creasing from 
top to bottom 

S1 
schistose/low 
App. 1C(b) 

S2 
schistose/intermediate

App. 1C(c) 

S3 
schistose/high 
App. 1C(d) 

 
 
Legend 
 foliation of low rock mechanics significance (RMF 1) 
 foliation of intermediate rock mechanics significance (RMF 2) 
 foliation of high rock mechanics significance (RMF 3) 
 

5.3.5 Step 4: Assignment of rock mechanics foliation (RMF) number 

The main aim of the methodology described above is to characterise rock volumes at the 
scale 1-30 m3 (linear reference scale 1m - 10m) which are heterogeneous and anisot-
ropic (typical for 80-90 % of the Olkiluoto bedrock), in a way which is meaningful for 
rock mechanics problems. The procedures outlined in Steps 1-3 are carried out system-
atically on rock cores and tunnel scanlines, and are being used as guidelines for the 
more general description of heterogeneity and anisotropy in outcrops, trenches, tunnel 
walls, etc. The rock engineering significance of the data collected can be summarised in 
a final step in terms of a rock mechanics foliation (RMF) number, according to the 
following scheme: 
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RMF 0 
Number given to all rock domains which are unfoliated, i.e.“massive” (iso-
tropic/homogeneous rocks, irregular or crumpled heterogeneous rocks, etc., including 
L-tectonites, as in Table 5-1 - see Appendix 1D).  
 
RMF 1 
Number given to all rock domains which are characterised by a foliation which has low 
rock mechanics significance (categories G1, B1 and G2 in Table 5-2) 
 
RMF 2 
Number given to all rock domains which are characterised by a foliation which has in-
termediate rock mechanics significance (categories S1, B2 andG3 in Table 5-2) 
 
RMF 3 
Number given to all rock domains which are characterised by a foliation which has high 
rock mechanics significance (categories S2, B3 and S3, in Table 5-2) 
 
 
Although the RMF number has not yet been calibrated for practical rock engineering 
usage, experience from applying this method of characterisation to rock cores suggests 
that RMF 2, the most common designation received by Olkiluoto migmatites, indicates 
rocks for which the foliation must be taken into account but which are not expected to 
entail special measures during underground excavation. RMF 1 is a category which, 
from a rock engineering point of view can be treated as "massive" (RMF 0) in most in-
stances, although it may be necessary, at some places, to take the foliation into account, 
depending on its orientation with respect to the tunnel axis. However, the interest of 
rock engineers is likely to be mainly focussed on zones with RMF 3, and these will need 
to be studied more closely in the course of geological data acquisition, for instance, on 
cores from pilot holes. It is important for repository design to know what proportion of 
the Olkiluoto bedrock is characterised by RMF 3 and this is one of the main motivations 
for the systematic mapping at present being carried out.  
 

5.4  Orientation Measurement and Combined Orientation/Characterisation 
Procedures  

Foliation (and lineation) are pervasive structures, reflecting the preferred crystallo-
graphic and shape orientation of mineral grains and mineral aggregates. In Section 5.3, 
reference rock volumes of 1 m3 and ca.30 m3, roughly represented by a core length of 1 
m and an area of tunnel wall of 10 m2, were used to indicate the scale of characterisa-
tion. For the purposes of orientation analysis, these scales will also be used as reference 
scales. It will be assumed that a single measurement of the orientation of the foliation 
and/or the lineation within a 1m3 rock volume (or along a 1m length of core or scanline) 
is representative of the whole planar and/or linear anisotropy which characterises that 
volume. Similarly, in areal mapping, it will be assumed that 10 orientation measure-
ments within an area of 10 m2 is sufficient to yield a representative mean orientation. 
However, as we shall see, this number can be considerably reduced using visual judge-
ment. When the intensity of foliation is moderate to strong, this will normally be de-
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monstrably the case (for instance, by visual inspection of core, tunnel wall, outcrop pho-
tographs, etc.). When the foliation is weak, it may be difficult to demonstrate and diffi-
cult to ascertain which of a number of possible measurement sites is the most represen-
tative of the whole volume (or core length). This is a sampling problem which must be 
solved by expert judgement, but the reduced reliabilility (reduced certainty as to the 
representiveness of the single measurement) can be indicated using a different pole 
symbol. In general, however, it is assumed that a single orientation measurement of fo-
liation or lineation is representative of 1m3 of rock, and that, for large volumes, a mean 
value derived from several measurements must be established.  
 
The fact that foliation and lineation are pervasive structures, and that a single measure-
ment is taken as representative of a certain volume of the intact rock, has important con-
sequences. The main one is that, in contrast to fracture system analysis, the methodol-
ogy is simpler, but statistically much less rigorous. Foliations and lineations are not in-
dividual features, so there are no parameters of size, and there is no necessity to apply 
complicated statistical methods to correct for sampling biases (e.g. there is no "Terzaghi 
effect"). The results of statistical computations, such as the Fisher function, are to be 
treated with great care, because the number of measurements is not determined by the 
number of objects which exist (as is the case, for instance, for fractures in a fracture 
network), but by the number of measurements the observer decides to make.  
 
Since the processing of foliation and lineation data sets (collected data from sections of 
cores or scanlines, or from outcrop windows) is not statistical in the true sense, it is not 
meaningful to treat such data in a strictly statistical way (in contrast, for instance, to 
fracture data). The main focus is on identifying structural domains which can be con-
sidered "homogeneous" with respect to a particular parameter, whereby "homogeneous" 
here means that the domain can be represented meaningfully by a single value (for in-
stance, orientation or RMF number). Since statistical tests cannot be carried out, the 
answer to the question: what is meaningful? must be based on expert judgement, on 
site-specific experience, and on the needs of the project. The needs of the ONKALO 
programme were outlined above (Section 5.1) and discussed in terms of three levels of 
analysis, general, systematic, research. Foliation orientation data acquisition and analy-
sis are discussed under these three headings below, with emphasis on the systematic 
investigation level. 
 

5.4.1 Foliation data acquisition and analysis - general level 

The general mapping of outcrops, trenches and tunnel walls, etc., is aimed at obtaining 
sufficient orientation data and generalised visual estimates from variably sized mapping 
windows to provide a satisfactory general coverage of foliation and lineation variations 
within the site, as a general background to the geological site model. Procedures follow 
the normal geological mapping procedures (e.g. Fry 1984, McClay 1987) and are 
mainly used for covering larger areas than the site itself, as a regional framework for the 
site model. A simple method of analysis is known as "form line mapping" (also called 
“form surface mapping” by some authors), where a form line is the trace of an imagi-
nary single foliation surface on the ground surface, interpreted in unexposed areas by 
roughly estimating its trend and position between the nearest outcrops with foliation 
measurements (Hobbs et al. 1976, p. 365-368, Passchier et al. 1990, p. 9-10, see also 
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"foliation trajectories", e.g., in Davis & Reynolds 1996). The same system can be used 
on vertical exposures, such as tunnel walls, and any planar (2D) surface. Obvious zones 
of strongly foliated rocks ("shear zones") and areas of unfoliated rocks ("tectonic 
lenses") are mapped as geological units, but no attempt is made to distinguish domains 
of different types or intensities of foliation on a more subtle basis, for instance, using a 
methodology similar to that outlined in Section 5.3. With regard to orientation, stereo-
graphic projection and the analysis of pole stereograms is the main methodology, com-
bined with overall structural analysis as described in structural geology text books (e.g. 
Hobbs et al. 1976, Price & Cosgrove 1990, Davis & Reynolds 1996). 
 

5.4.2 Foliation data acquisition and analysis - systematic level 

The general foliation-lineation mapping described above (Subsection 5.4.1) is little 
more than the standard method of structural geological mapping described in text books. 
This methodology is basically non-systematic, whereas there is a need at Olkiluoto for a 
more systematic approach which is comparable to the systematic acquisition and analy-
sis of fracture orientation data. Hence, a methodology is being developed which will 
lead to data sets which satisfy this need, but still take account of the time constraints 
which the project imposes. This methodology is described below in terms of a series of 
steps for (i) rapid window mapping (areal sampling), and (ii) core and scanline logging 
(linear sampling).  
 
 
Rapid window mapping  
 
The rapid window mapping of outcrops, trenches and tunnel walls, etc. is aimed at ob-
taining representative orientation data (average values) and generalised visual estimates 
from 5-10 m2 mapping windows. The aim is to attach a single (representative) foliation 
and/or lineation orientation and a single RMF number to each window. In heterogene-
ous rocks such as those typical of Olkiluoto, this is difficult, and requires a more con-
scious procedure than is necessary in geologically simpler areas. For rapid window 
mapping, it is proposed to use something like the following procedure:  
 
Step 1 
Make a rough sketch of the distribution of unfoliated and foliated rocks within the win-
dow, showing the position and code numbers of survey points, etc. Estimate the % of 
massive rock (including L-tectonite, if present), and the % of foliated rock (S- and SL-
tectonite, see Section 5.3).  
If the massive rocks (including L-tectonites) dominate (> 50%) and are distributed 
evenly throughout, the window as a whole is considered to be best represented by a 
bulk RMF number = 0, and a foliation orientation measurement is not required. If a 
major part of the window is massive and the minor part foliated (i.e., an uneven distri-
bution), note the RMF number best representative of the foliated part and measure a 
representative orientation, for comparison with the neighbouring window, but not for 
inclusion in the systematic data base. 
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Step 2 
If foliated rocks make up more than 50% of the window, carry out a visual estimate of 
the dominant character of the type and intensity of foliation, according to the instruc-
tions in Section 5.3. Characterise the dominant nature of the window by assigning an 
average RMF number between 1 and 3 (the number which best describes the general 
nature of the foliated rocks within the window, see Section 5.3).  
 
Step 3 
Measure the orientation of the foliation (and associated lineation, if any) at one location 
(marked on the sketch map), using visual judgement to assess which location gives the 
most representative value for the whole window.  
If the foliation is too variable for a single representative value to be obtained (folded or 
irregular at the scale of the window), assign a bulk RMF number = 0 to the whole cell, 
since significant irregularities at the 5-10 m2 scale (folding, strong curvature, distur-
bance by intrusions, etc.) reduce the rock mechanics significance of the foliation to a 
negligible amount. From the point of view of the present project, interest is focussed on 
medium to strongly foliated domains (RMF 2 or 3) which show a constant orientation 
across the whole window. If the foliation is strongly developed in some part of the win-
dow, proceed to Step 4.  
 
Step 4 
Look carefully at any domains of high foliation intensity, to see whether they are my-
lonitic and whether they are parts of a narrow zones of ductile shearing (potential duc-
tile deformation zones). Identify and locate the margins of the mylonitic zones on the 
sketch map, and assign ID numbers by which the zone intersections will be identified in 
the database (as the "fixed points" for potential ductile deformation zones in the site 
model). If possible, a detailed study of any identified mylonitic zones would provide 
valuable data for future modelling (c.f. shear zone structures and kinematics, as de-
scribed in numerous textbooks, e.g. McClay 1987, Passchier et al. 1990, Hamner & Pas-
schier 1991). 
 
Step 5 
Foliation and/or lineation analysis of the 5-10 m2 grid cell results from Steps 1-4 follow 
normal procedures of structural geological mapping (see references above). The basic 
tool is the structural map and/or profile, which, for work in connection with ONKALO 
construction, needs to be printable at a scale of 1:1000 (1 cm = 10 m, as in several re-
cent trench reports), and the basic method is to distinguish homogeneous domains with 
regard to orientation and/or RMF number, of a size which is appropriate for inclusion in 
the site geological model.  
 
 
Core and scanline logging 
 
Systematic linear sampling will be carried out under two types of conditions: 
 
a) The detailed logging of oriented cores in the core storage facility immediately after 

completion of drilling. In the absence of OPTV-type borehole-wall imagery, the ba-
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sic requirement is that the cores have been successfully oriented by an in-hole me-
chanics process. If OPTV-type borehole-wall imagery is available, foliation map-
ping would be mainly carried out using this tool (see Chapter 4), side-by-side with 
the cores to facilitate direct comparison.  

b) The detailed logging of scanlines drawn on tunnel walls. 
 
The reference length of core or scanline in this case is 1m, and the aim in this type of 
systematic logging is to attach a single (representative) foliation and/or lineation orien-
tation, and a single (average) RMF number, to each 1m line length. Parallel to the 
methodology for rapid window mapping, described above, the procedure can be subdi-
vided into a sequence of similar steps: 
 
Step 1 
Decide, for each 1m line segment, whether the term "massive" (including all intact rock 
which would be described as isotropic/homogeneous, isotropic/heterogeneous, and/or 
L-tectonite, see Section 5.3), or the term "foliated" (S-tectonite and/or SL-tectonite) best 
describes the intact rock. 
 
The term "massive" corresponds to RMF 0, and no further measurement or typology is 
necessary (although structural relations which contribute to understanding, such as 
cross-cutting veins, minor folding, etc., should be noted). Detailed description is only 
required if there is an obvious contact between massive and foliated rock near one end 
of the segment (referring then to foliation conditions in the adjacent segment). 
 
Step 2 
If the segment is designated "foliated", estimate which of the descriptive foliation 
classes best describes the 1m segment and assign an average RMF number (see in-
structions in Section 5.3). The RMF number (1, 2 or 3) is used for "tagging" the folia-
tion measurement obtained in the next step. 
 
Step 3 
Measure the orientation of the foliation (and associated lineation, if any) at one place, 
using visual judgement to assess the best position to obtain a value which is representa-
tive for the whole 1m segment. If this visual assessment suggests that the 1m segment 
would be only poorly represented by a single measurement, return to Step 1 and decide 
whether the segment should be placed in the category "massive" (RMF 0), with an ap-
propriate description). This is particularly critical for cores (because the surroundings of 
a core are unobservable, in contrast to a tunnel wall scanline). Any variation in the atti-
tude of the foliation along a 1m core length needs to be studied in detail and, if at all 
significant, the core segment needs to be re-assigned. As pointed out above, significant 
irregularities at the scale of observation (folding, strong curvature, disturbance by intru-
sions, etc.) reduce the foliation's rock mechanics significance at that scale to zero (i.e. 
RMF 0). 
 
Step 4 
If the foliation is strongly developed (RMF 3), study the segment carefully to see 
whether it is mylonitic and could be part of a narrow zone of ductile shearing (potential 
ductile deformation zone). If so, search adjacent segments to identify and locate the 



 49

margins of the shear zone, and assign an ID number by which the zone intersection will 
be identified in the database (as the "fixed point" for a potential ductile deformation 
zone in the site model). For a mylonitic shear zone, a single measurement of the folia-
tion at the point where it is most intensely developed (most strongly mylonitised) gives 
a good estimate of the orientation of the zone as a whole. If possible, a detailed study of 
any identified shear zone intersections should be carried out, since the analysis of such 
data can provide valuable information for geological modelling (c.f. shear zone struc-
tures and kinematics, as described in numerous textbooks, e.g. McClay 1987, Passchier 
et al. 1990, Hamner & Passchier, 1991). 
 
Step 5 
Foliation and/or lineation analysis of the orientation measurements obtained from all 1 
m lengths of oriented core or tunnel wall scanline is based on stereographic projection 
and the analysis of pole stereograms. Such analysis needs to be carried out at a scale 
significantly larger than the reference scale, in order to encompass a statistically mean-
ingful amount of data. In the pilot study, core sections of 25 m length were arbitrarily 
chosen as a basis for the analysis (Palmen 2004, Appendix 1, see also Section 4.3 of the 
present report), but in other situations this may be too small or too large. This part of the 
procedure needs to pass through a stage of “trial and error”, based on visual assessment 
and expert judgment in the light of current site knowledge, before an appropriate analy-
sis methodology can be worked out. The aim of the analysis, however, is clear. It is to 
distinguish domains, of a size relevant to site geological modelling, in which the folia-
tion (or lineation) can be modelled as constant in orientation and/or characteristics (e.g. 
RMF number). 
 

5.4.3 Foliation data acquisition and analysis - research level 

It is, of course, not possible to give procedural instructions for any research-oriented 
study of foliation/lineation at Olkiluoto. Future studies at research level will, however, 
be necessary (for instance, for developing a deepened understanding of the relation be-
tween foliation and fracturing, as critical background for the safety assessment), and 
will be carried out on cores from the characterisation boreholes, and/or on segments of 
tunnel which are of special interest (e.g. across major brittle-ductile deformation zones). 
The pilot study described in Chapter 4 of this report is a research-level study of this 
type, and led to the development of the methodology for systematic foliation characteri-
sation at Olkiluoto which has been presented in the present Chapter. 
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6  SOME RESULTS FROM A FIRST SYSTEMATIC STUDY 

A first systematic foliation study of several deep drillholes, together with general sur-
face mapping of outcrops and trenches, was done in years 2004 and 2005 (Aaltonen 
2005). The foliation was systematically logged along cored drillholes OL-KR4, OL-
KR7, OL-KR8, OL-KR22, OL-KR22B, OL-KR24, OL-KR27, OL-KR27B, OL-KR28, 
OL-KR28B. The total length of these ten drillholes is 4521 meters. Logging was done 
using 1-meter resolution, applying the methodology described in Sections 5.3 and 5.4 
for the characterisation of the type and intensity of foliation, and for the orientation 
analysis. Orientation of foliation planes was mostly done by using OPTV images and 
WellCAD-software (ALT Advanced Logic Technology), although some core sections 
were also mapped manually, using an orientation stand and a dip curve transparency.  
 
Also, a so-called surface control area was used to characterise the foliation in the area of 
the site where most of the drillholes studied were located. The surface control area was 
a 30 x 50 m (1500 m2), man-made outcrop which had been cleared and cleaned and 
which was also used for producing a detailed fracture map. On this kind of area, the 
foliation can be characterised continuously in two dimensions (as opposed to the essen-
tially 1D nature of the drillhole data) and this facilitates the study of small-scale varia-
tions in foliation orientation, effects of folding, etc. For the same purpose and for the 
lateral extrapolation of the data obtained from the drillholes, a more general survey of 
foliation relations in the outcrops surrounding the drillholes was made. In this surface 
mapping, the foliation was described using the same methodology which was applied to 
the drillholes (see Chapter 5). The surface control area and the natural outcrops pro-
vided a valuable back-up for assumptions of foliation behaviour obtained from the drill-
hole foliation data. All rocks were systematically characterised according to the type 
and intensity of foliation using the procedures outlined in Section 5.3 (i.e. Table 5-1, 
Steps 1, 2 and 3). 
 
Based on direct observation of the rock cores, the parts of the drillholes which contained 
foliated rock, were divided into three kinds of core segment. Firstly, a search was made 
for core segments in which the foliation was clear and had a constant orientation. These 
were called regularly foliated core segments, and the rest of drillhole was said to be 
composed of irregularly foliated rock. After that, the irregular segments were logged to 
identify segments which were regularly folded, i.e. where the foliation attitudes devi-
ated along an arc of a great circle in stereonet pole plots (the pole to the great circle be-
ing the fold axis). The core segments which did not show identifiable folding where 
then designated irregular, in the true sense. Using the attitude of the foliation as a 
guide, these three types of foliated core segment show typical features in stereographic 
projection, as illustrated in Figure 6-1. The domains were divided only on the basis of 
foliation directions.  
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Figure 6-1. Three types of foliated core segment found in the investigated drillholes. 
Left: regular foliation - tight, equidimensional foliation pole cluster (KR7, 527-600 m); 
centre: regularly folded foliation - foliation poles fall on the arc of the great circle 
(KR4, 281-315 m); right: irregular foliation - wide, irregular dispersion of poles, not on 
a single great circle (KR28, 106-275 m).  
 
 
The core segments identified as regularly foliated were depicted by Surpac Vision, us-
ing Surpac Minex Group software, as discs with the average orientation of the individ-
ual foliation measurements of the corresponding core segment (Figure 6-2). In this visu-
alisation, the discs are coloured according to the intensity of foliation, as determined 
using the methodology described in Chapter 5. Figure 6-3 shows the distribution of the 
average orientations of the regular domains as a stereogram. 
 

 
 
Figure 6-2. Diagram showing the average orientation of regularly foliated core seg-
ments in the investigated drillholes, using Surpac Vision (viewed from the south). The 
“intensity” values given in the legend is the mean intensity of foliation determined from 
the 1m classes identified along each “regular” segment of core (see Section 5.3). 
 

Mean intensity of
core segments
designated ”regular”
(see text) 
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Figure 6-3. Distribution of regular domain orientations in stereonet. Left: core seg-
ments colour-coded according to the segment length; right: core segments colour-coded 
according to average intensity of foliation. Average intensities seem to be smaller in the 
peak area of the mean vector deviation and random-like mean vectors seems to repre-
sent shorter and more intense domains. 
 
 
With regard to folded core segments, the poles to the best-fit great circle through the 
foliation poles have been constructed using the DIPS code (software Rockscience). 
These constructed “fold axes” have been plotted on the stereonet and their distribution 
was compared to that of fold axes measured from out crops (Figure 6-4). Several sets of 
axes can be recognised, which in some case correspond to known fold axis orientations 
at Olkiluoto. The mean vectors of the sets and other data are given in Table 6-1. 
 



 54

 
 
 

 
 
Figure 6-4. Fold axes from great circle arcs of poles to foliation in regularly folded 
core segments. Sets F3, F4 and F5 are approximations for different deformation phases 
equivalent to phases identified in surface outcrops and trenches. 
 
 
 
 
 
 
Table 6-1. Mean vector's trend and plunge, 68.27% variability (one standard deviation) 
and Fisher's K-value of fold axis sets, based on data presented in Figure 6-4. 
 
Phase Trend Plunge Variability Fisher's K 

F3 53 8 23.5 13.9 

F4 168 31 28.7 9.3 

F5 112 30 14.4 36.4 
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7  SUMMARY  

A well developed, pervasive foliation is a characteristic feature of the migmatites and 
gneisses in the Olkiluoto bedrock. It is a composite planar fabric consisting of a parallel 
arrangement of textural, crystallographic and structural elements, which together make 
the intact rock anisotropic (“transversely isotropic” in rock engineering terminology). In 
structural geology, foliated rocks of this type, formed by ductile deformation under 
high-grade metamorphic conditions deep in the Earth’s crust, are known as S-tectonites, 
or SL-tectonites (if the foliation is accompanied by a linear fabric of similar type).  
 
The pervasive presence of foliated rocks in the Olkiluoto bedrock has important impli-
cations for underground construction, repository design and long-term safety. Firstly, it 
affects the mechanical and thermal properties of the intact rock, such as rock stiffness, 
rock strength, thermal conductivity, seismic velocity, etc. Such properties become ani-
sotropic, making rock mechanics and thermal modelling more complicated, and de-
pendent on the existence of an extensive, foliation-related database. The anisotropy of 
these properties also has consequences for such diverse subjects as the intepretation of 
in situ stress estimations, the development of the Excavation Disturbed Zone, the use of 
seismic and radar survey techniques, etc. Secondly, there is evidence that the anisotropy 
in mechanical properties “guides”, to some extent, the later formation of fractures and 
fracture zones in the rock mass, potentially contributing to more complicated permeabil-
ity conditions than would otherwise be expected. Up to very recently, however, very 
little attention had been paid to these effects and the foliation database was meagre and 
unsystematic. 
 
To remedy this situation, a pilot study was carried out in 2001-2002 with the aim of 
developing an appropriate methodology for acquiring reliable and systematically col-
lected foliation data sets in cored boreholes using borehole-wall imagery (BIPS, 
OPTV). The results of this exploratory study were published as a Posiva Working Re-
port (Palmén 2004). Based on these results and the experience gained, a systematic fo-
liation characterisation methodology was developed which is now being applied to the 
logging of cored boreholes and to the mapping of the ONKALO access tunnel. Some 
first results from an initial systematic foliation study (Aaltonen 2005) are presented in 
this Working Report, but the main emphasis is on the methodology, which includes in-
structions for work programmes in different situations (cored borehole and scanline 
logging, window mapping) and at different levels of investigation (with emphasis on the 
systematic level). 
 
At the systematic level, the main focus is on characterising the anisotropy and some 
aspects of the small-scale heterogeneity of the intact rock at Olkiluoto within a volume 
of rock at a certain scale. For the purposes of core and scanline logging, the reference 
rock volume is taken as 1 m3, represented by a 1 m length of core or scanline. For the 
purposes of window mapping, a reference area of 10 m2 is used, representing a rock 
volume of ca. 35 m3. The aim of the characterisation scheme is to represent foliation 
conditions within the appropriate reference rock volume by (1) a single “type of folia-
tion” designation, (2) a single “intensity of foliation” designation, and (3) a single repre-
sentative foliation orientation measurement. For foliation type, which is a function of 
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mineral composition and degree of small-scale heterogeneity, three classes are used (G 
= gneissic, B = banded, S = schistose), and for foliation intensity, which is a function of 
the type and intensity of the deformation by which the foliation was produced, another 
three classes (1 = low, 2 = intermediate, 3 = high). At the suggested reference scales (1 
m length of core, 10 m2 area of tunnel wall), the most representative foliation type and 
intensity is assessed using a standard set of core photographs, which are included as an 
Appendix at the end of the report. This provides a systematic characterisation in terms 
of 9 descriptive types (G1, G2, G3, B1, B2, B3, S1, S2, S3). 
 
As a further step in the methodology, the 9 descriptive types have been subdivided ac-
cording to their rock mechanics significance, thus building a direct link to one of the 
main areas of application. The rock mechanics significance of foliation in “massive” 
rocks is clearly zero, and such rocks are assigned a rock mechanics foliation (RMF) 
number 0. Foliation classes with a low rock mechanics significance (G1, G2, B1) are 
labelled RMF 1, those with an intermediate significance (S1, B2, G3) are labelled RMF 
2, and those with a high significance (B3, S2, S3) are labelled RMF 3. Using this meth-
odology, RMF borehole logs and RMF tunnel wall maps can be produced using the fo-
liation characterisation database. Experience up to now indicates that RMF 2 is the most 
common designation and that rocks with this number or below are not expected to re-
quire special measures during underground excavation. The interest of rock engineers is 
likely to be focussed on RMF 3 rocks, which at Olkiluoto seem to be relatively rare and 
to occur only in thin zones. These will need to be studied closely within the framework 
of future site investigations at Olkiluoto. 
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GLOSSARY 
 
Terms used in the descriptions which are explained elsewhere in the Glossary are indi-
cated with an asterisk (*) on first usage. 
 
Anisotropic (property: anisotropy) 
The term “anisotropy” comes from the Greek, an = not, isos = equal, and tropos = way, 
i.e. anisotropic means having different properties in different directions. In structural 
geology, anisotropy refers to the rock *fabric, particularly to the presence of a pervasive 
preferred orientation of mineral grains and/or mineral aggregates, resulting in different 
grain shapes and/or crystallographic orientations in different directions. If the mineral 
grains and/or aggregates are dominantly tabular or oblate in shape, the anisotropy is 
called planar, and if the mineral grains and/or aggregates are prismatic or prolate, the 
anisotropy is called linear. The general term *foliation is used to designate the planar 
anisotropy and *lineation to designate a linear anisotropy in *tectonites. A rock can be 
both anisotropic and *homogeneous, in which case the mechanical properties vary ac-
cording to the direction in which they are measured but not according to the location at 
which the measurement is made.  
Antonym: *isotropic. See also *transversely isotropic. 
 
Brittle (brittle deformation) 
The term “brittle” is applied to the types and effects of deformation in which rock fail-
ure takes place suddenly by fracture at peak strength, without any plasticity. Brittle de-
formation of rocks in the Earth’s crust takes place by breakage along discrete planes of 
fracture and by associated mechanics break-down of the rock minerals. The general 
term for these processes is cataclasis, involving microcracking and granulation of min-
eral grains, frictional sliding, dilatancy and rigid-body rotation among grain fragments, 
often associated with fluid flow. These processes are mainly active in the upper, earth-
quake-generating part of the crust, under low temperature and low pressure conditions, 
and are controlled by the lithostatic and fluid pressures. Hence, any *rock mass exposed 
at the surface consists of a *intact rock, which may have formed deep in the crust (also 
called *intact rock), and a system of fractures and other effects of brittle deformation, 
which formed later as the intact rock was uplifted and exhumed. 
Compare: *ductile (ductile deformation).  
 
Dip (dip angle, dip azimuth) of planar structures 
“Dip” is the geological method of describing the orientation of any planar structure 
(bedding, *foliation, fracture, fault plane, fold axial plane, etc.,). It is only used for de-
scribing the orientation of planes, and it refers to the line of maximum slope on a geo-
logical surface, defined by two parameters: “dip angle” (sometimes just called the dip, 
as in "the dip of the beds") and “dip azimuth” (sometimes called, more loosely, “dip 
direction”). The dip angle is the angle between the line of maximum slope, or dip line, 
and the horizontal, measured in a vertical plane. The dip azimuth is the geographic di-
rection of the downward end of the dip line. The dip angle varies between 0 and 90 de-
grees, whereas the dip azimuth varies between 0 and 360 intensitys. Orientation data for 
planar structures are generally specified as two and three digit figures in a given se-
quence, e.g. 08/054 (or 08-054, or 054:08, etc.) means that the planar structure which 
has been measured dips at an angle of 8 degrees towards azimuth 54 degrees (i.e. NE). 
See also: *strike. Compare with *plunge (of linear structures). 
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Domain 
The term "domain" is used to designate bedrock volumes which show uniform charac-
teristics with respect to a particular property (intensity of foliation, permeability, Q-
value, etc.), as compared to adjacent domains, which are different with respect to the 
same property. Domains may be lithologically controlled (i.e. a lithological unit may 
also be a domain), but they are not necessarily so (e.g. a lithological unit like a granitic 
gneiss may be subdivided into strongly and weakly foliated domains, which may show 
quite different rock engineering properties for underground excavation).  
Compare: *unit, *zone. 
 
Ductile (ductile deformation) 
“Ductile” deformation of rocks in the Earth’s crust takes place by change in shape of the 
whole rock volume, without the development of discrete discontinuities. Ductile defor-
mation often takes place with related mineral and fabric transformations. Deformation 
mechanisms include dislocation glide and creep, solid-state diffusion, diffusional mass 
transfer involving mineral solution /precipitation, and viscous grain-boundary sliding. 
These processes are dominant in the lower, aseismic part of the crust, under high tem-
peratures and high pressures, and are controlled by temperature, strain-rate and often 
grain size. *Foliation and *lineation are typical products of ductile rock deformation. 
Compare: *brittle (brittle deformation).  
 
Fabric (rock fabric) 
"The term fabric, when applied to rocks, includes the complete spatial and geometrical 
configuration of all those components that make up the rock. It covers terms such as 
texture, structure and crystallographic orientation and so is an all-encompassing term 
that describes the shapes and characters of individual parts of a rock mass and the man-
ner in which these parts are distributed and oriented in space. As the term is currently 
used .......... the individual parts referred to are only considered as contributing to a fab-
ric if they occur over and over again in a reproducible manner from one sample of the 
rock to another." (Hobbs et al.1976, p. 73, see also Turner & Weiss 1963, p.19-34). In 
common geological usage, the term “fabric” refers to features of the intact rock ob-
served at the scale of the rock sample or outcrop, whilst “microfabric” refers to features 
observed under the microscope. The rock fabric is said to be *isotropic when the "com-
ponents which make up the rock" - in crystalline rocks, basically the mineral grains and 
mono-mineralic aggregates - do not show any preferred shape orientation. The fabric of 
a crystalline rock shows an *anisotropy when the mineral grain shapes and mono-
mineralic aggregate shapes are all similarly oriented throughout the rock. When the 
grain and grain-aggregate boundaries show a tendency to arrangement in a particular 
plane, the fabric is said to be planar, as, for instance, the *foliation in metamorphic 
*tectonites (e.g. S-tectonites). If the grain and grain-aggregate boundaries show a ten-
dency to contain a particular axis, the fabric is said to be linear (e.g. L-tectonites). 
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Field work 
The term "field work" was originally applied to geological mapping "in the field", i.e. 
description and measurement of geological parameters on outcrops, road sections, 
shorelines, etc. It is used now in a wider sense to cover all activities which require the 
work of a geologist at the site where the rocks are actually exposed, i.e. it includes such 
activities as the on-site logging of cores, as they are extracted from the borehole, and the 
on-site mapping of tunnel faces, walls, etc., during tunnel construction. Field work gen-
erally implies uncomfortable working conditions, often under pressure of time and re-
quiring hard physical exertion, as opposed to *laboratory work.  
 
Foliation 
“Foliation” is a general term for a planar arrangement of small-scale textural, crystallo-
graphic and/or structural features (also called a planar *fabric) in any type of rock. It has 
been applied, for example, to cleavage in slates, to schistosity or gneissic structure in 
metamorphic rocks, to flow structure in granites, and sometimes to fabrics of sedimen-
tary origin (Passchier & Trouw 1996). However, it is mainly used for planar fabrics in 
deformed and metamorphosed rocks or *tectonites (Turner & Weiss 1963), although 
"tectonic foliation" or "secondary foliation" would be more correct terms. Foliation be-
longs to the group of geological structures which are called pervasive, i.e. structures 
which do not occur as individual features (like fractures or bedding planes) but rather 
affect the whole of the intact rock, usually as a preferred shape and/or crystallographic 
orientation of mineral grains and/or aggregates of mineral grains. Tectonites which only 
show a foliation, and no *lineation, are often referred to as S-tectonites.  
See also: *anisotropic, *transversely isotropic 
 
Heterogeneous (property: heterogeneity) 
The term “heterogeneity” is derived from the Greek, hetero = different, genos = kind, 
and in geology refers to the compositional relations within a certain volume of rock, 
particularly the absence or presence of mineralogical and/or lithological segregations. In 
order to apply the term heterogeneity, the scale of reference needs to be defined. For 
instance, a rock which is heterogeneous on a centimeter to meter scale (e.g. the scale of 
laboratory testing of rock specimens or rock cores) may be homogeneous on the scale of 
a kilometer or more (e.g. the scale of deep seismic or regional gravity surveys). It is 
important to differentiate clearly between the terms heterogeneous/homogeneous and 
*anisotropic/isotropic. At a particular scale, a rock may be both heterogeneous and iso-
tropic (e.g. a granitic intrusion with numerous mafic xenoliths), in which case the prop-
erties of the rock vary according to the location of the measurements but not according 
to the direction in which the measurements are made. However, most of the rocks at 
Olkiluoto are both heterogeneous and anisotropic at the scale of “laboratory testing”), 
properties varying both with location and direction. 
Antonym: *homogeneous. Synonym: inhomogeneous. 
 
Homogeneous (property: homogeneity)  
A “homogeneous” rock is one in which the mineral composition does not vary appre-
ciably from place to place within the rock body. As with *heterogeneous, the term 
should only be used when the scale of reference is defined, and should be clearly distin-
guished from *anisotropic/isotropic. Many rocks, for instance, the “grey gneisses” at 
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Olkiluoto, are homogeneous (little variation in mineral composition), but are also ani-
sotropic (show a marked development of *foliation and *lineation.).  
Antonyms: inhomogeneous, *heterogeneous. 
 
Intact rock 
The use of the term “intact rock” emphasizes the unfractured nature of the material un-
der discussion, i.e. the material lying between any fractures which may occur. This is 
the internationally recognised usage. In Finland, the term was earlier used in a different 
sense, as referring to the averagely fractured rock mass between the identified fracture 
zones, and is used in this sense in many Posiva reports. In future, when referring to the 
combination “intact rock + fractures”, whether the fracturing is of average intensity or 
not, the term *rock mass will be used, also following international usage. 
 
Isotropic (property: isotropy) 
The term “isotropic” is derived from the Greek, isos = equal, and tropos = way, and is 
used to describe a rock fabric which consists of mineral grains and/or mineral aggre-
gates which do not show any preferred orientation, and hence a rock whose mechanical 
properties are the same in all directions. 
Antonym: *anisotropic. See also: *transversely isotropic. 
 
Laboratory work 
Work described as having been done "in the laboratory" implies more comfortable 
working conditions than *field work (even if the laboratory is “in the field”). It also 
implies that the work time is determined by the task at hand and not by external circum-
stances (e.g. the tunnel construction schedule). Work “in the laboratory” also allows for 
a preliminary processing and analysis of the data and observations which were collected 
"in the field" (where the working conditions often do not allow this). An additional fea-
ture is often that sufficient time has elapsed between the field work and the laboratory 
work for additional data to have become available (photographic images, OPTV from 
boreholes, petrographic and/or chemical analysis of samples, etc.) which contribute sig-
nificantly to the dependability of the geological results.  
 
Lineation 
“Lineation” is a general term applied to a linear arrangement of small-scale textural, 
crystallographic and/or structural features (also called a linear *fabric) in any type of 
rock, for example, to cleavage/bedding interections in slates, to flow directions in lavas 
and granitic intrusions, to flow-related pebble alignments in sedimentary rocks, to slick-
enside striations on fault surfaces, etc. However, it is mainly used to refer to pervasive 
linear fabrics in deformed and metamorphosed rocks or *tectonites (Turner & Weiss 
1963). As such it very often occurs together with a pervasive *foliation, and the folia-
tion and lineation together reflect the strain path of a particular phase of deformation. 
*Tectonites which only show a linear structure, in the absence of a foliation, are often 
referred to as L-tectonites.  
See also: *anisotropic, *transversely isotropic 
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Migmatite 
A “migmatite” is a composite silicate rock which is pervasively heterogeneous on the 
handspecimen-outcrop scale, the heterogeneities typically consisting of mafic (domi-
nantly ferro-magnesian minerals) and felsic (dominantly quartz and feldspars) parts. The 
mafic parts (melanosome) usually exhibit features of metamorphic rocks, whilst the fel-
sic parts (leucosome) are commonly of magmatic appearance. Layers with intermediate 
compositions and textures are referred to as mesosome. Migmatites are thought to have 
formed by partial melting (anatexis) of a parent rock (*protolith). Parts which are inter-
preted as representing remnants of the protolith are called paleosome and parts which 
are are interpreted as representing the newly-formed melts are called neosome. During 
the formation of the migmatites at Olkiluoto, the partially molten rock material went 
through several phases of deformation, which in many places resulted in a prominent 
*foliation and/or *lineation, as well as complex folding and veining. Many of the 
Olkiluoto migmatites would be classified as diatexites (in situ melting leading to diffuse 
paleosome/neosome relations), although phlebites (neosome in the form of complex 
vein systems) and agmatites (neosome enclosing paleosome fragments, breccia-like) are 
also encountered. 
  
Pole (stereographic projection of a plane) 
A “pole” is the term used in *stereographic projection for the intersection of a line with 
the surface of the projection sphere when it passes through the sphere centre. It is also 
more loosely applied to point representing such a line on the stereogram. In *foliation 
orientation analysis, the line used to represent the foliation plane is the line perpendicu-
lar to the plane, which itself is often referred to as the pole (e.g. in the phrase, “pole to 
the foliation”).  
 
Plunge (of linear structures) 
The term “plunge” is only used in geological analysis when referring to linear structures 
(*lineations, fold axes, slickenside striations, etc.), and is defined as the angle between 
the linear structure and the horizontal plane, measured in a vertical plane containing the 
lineation. Like *dip, it is also used in a general way, as in the expression “plunging to 
the SE”. However, unlike dip, the “direction of plunge” is not used a specific term: this 
parameter has a particular designation, *trend, when it is precisely measured.  
 
Protolith 
In metamorphic complexes and in fault zones, the rocks as they appear today have been 
formed from parent rocks of completely different character and often difficult to recog-
nize. The parent rock is referred to as the “protolith”. For instance, petrological and 
geochemical analysis of specimens of the Olkiluoto migmatites has led to the inference 
that the protolith consisted of 3-4 different rock complexes, on the basis of subtle differ-
ences in chemical and isotopic composition. Only at a very few places have structures 
been observed which are thought to derive from the protolith, e.g. occasional structures 
which seem to indicate a sedimentary origin. Many metamorphic textures, including the 
different types of foliation, are strongly influenced by the character of the protolith. A 
coarse-grained granite, for instance, can be transformed into a fine to medium-grained 
gneiss by metamorphic processes (deformation, recystallisation, etc.), but the individual 
metamorphic minerals (e.g. quartz, feldspar, mica) can still occur in aggregates, now 
strongly flattened, reflecting the original coarse grain-size. See also *migmatite. 
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Rock mass 
The term “rock mass” is used in its internationally recognized meaning, i.e. a technical 
term for a rock body and its included fractures. The concept derives from rock engineer-
ing, where the properties of the rock mass (*intact rock + fractures), as a whole, can be 
critical parameters for modelling. 
 
Stereographic projection 
“Stereographic projection” is the general term for the classical way of analyzing the 
orientation geometry of 3D objects in 2D, in cartography, crystallography, structural 
geology, engineering geology, etc. In structural geology, the orientation of a structure 
(e.g. *foliation, *lineation) is represented by a *pole on the surface of the projection 
sphere, and the lower hemisphere is projected upwards onto the horizontal projection 
plane using various geometrical rules. The most common projection in geology is the 
equal area projection, which enables a distribution of poles of the same type (e.g. folia-
tion measurements from different localities) to be contoured areally, in order to analyse 
the general pattern. The angular relations in such a contoured stereogram can be ana-
lysed using a Schmidt stereonet, which is simply a 3D protractor for use with equal area 
stereograms. Many of these operations are now computerized and combined with statis-
tical or semi-statistical treatments which provide, for instance, mean values and distri-
bution functions at the same time. Nevertheless, there are numerous pitfalls in stereo-
graphic analysis, and to avoid these requires a good knowledge of the basic principles of 
stereographic projection, together with a detailed knowledge of what the computer pro-
gram actually does in any particular case (information which should accompany any 
published stereogram). A common pitfall derives from the fact that many engineering 
geologists use the upper hemisphere for their stereograms, which means that this 
(whether the lower or the upper hemisphere was used) needs to be stated for every sin-
gle case. One can, of course, convert from one to the other by rotation through 180o.  
 
Strike (of planar structures) 
The “strike” of a planar structure is the orientation of a horizontal line on the structural 
surface, which is geometrically at 90o to the line of *dip. The strike is usually defined 
using the “right-hand rule”, which says that the strike azimuth is obtained by looking 
towards the azimuth such that the planar dips down to the right. For instance, the strike 
azimuth of a particular foliation surface could be, say, 063 or 243, but if the dip is to the 
SE, the correct strike is 063. Because of the potential ambiguity of the strike, and the 
now general computerization of orientation data analysis, dip angle and dip azimuth are 
now almost universally used, in spite of the impossibility of parameterizing exactly ver-
tical planes using that system (but then, it is equally impossible to parameterize the stri-
ke of exactly horizontal planes). 
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Tectonites 
The term “tectonite” is applied to any rock which has been pervasively deformed and 
had its original texture transformed by tectonic forces. Not all metamorphic rocks are 
tectonites (e.g. hornfels in the aureole around an igneous intrusion) and not all tectonites 
are metamporhpic rocks (e.g. foliated shales in accretionary wedges), but in orogenic 
belts large volumes of the crust have been subject, simultaneously or sequentially, to 
both high temperatures and pressures and long continued differential stress. Hence, 
Turner & Weiss (1963) coined the phrase “metamorphic tectonites” for this large group 
of rocks and for the scope of their seminal book. Particularly characteristic features of 
metamorphic tectonites are the development of pervasive *foliations and *lineations. 
Since foliations were originally called S-planes, tectonites with a foliated structure were 
called S-tectonites. Lineations were later given the symbol L and tectonites with a 
lineated structure (lacking foliation) were called L-tectonites. Between these two end 
members, different systems of subdivision have been used: a common one, for instance, 
is to designate tectonites with a well-developed foliation and a weak lineation, S>L, one 
with equal development of foliation and lineation, LS, and strongly lineated rocks with 
a weak foliation L>S. In this report, we do not distinguish these categories, but simply 
refer to tectonites showing a well developed foliation and a clearly distinguishable 
lineation as SL-tectonites.  
 
Transversely isotropic (property: transverse isotropy) 
Although the *foliation in *tectonites is usually referred to as a planar *anisotropy in 
the geological literature, in rock engineering, foliated rocks are usually said to be 
“transversely isotropic”. The implication here is that the properties of the intact rock are 
different when measured normal to or parallel to the foliation, but the properties 
measured in different directions in the foliation are similar (i.e. in the plane of the 
foliation the rocks are *isotropic). This is only strictly true for S-tectonites (and for L-
tectonites, whereby then the rock is isotropic perpendicular to the lineation), but it is 
often used as an approximation in the case of SL-tectonites, also.  
 
Trend (of linear structures) 
The “trend” of a linear structure is the azimuth measured in the direction of *plunge. 
The term is also used in a more general way for the orientation of geomorphic features, 
lineaments, etc. It should not be used in connection with planar structures, except in the 
case of lines of intersection (e.g. the line of intersection between a fault and a mountain 
slope).  
 
Unit 
In geology, the common word “unit” is used mainly in connection with mapping - in 
any area, the first task is to define “mappable units”, which are usually based on strati-
graphic, petrologic and/or structural criteria. As the name implies, a mappable unit is 
one which it is appropriate to map out at the scale at which the work is being executed. 
Hence, use of the term unit usually involves defining the scale on which it has been de-
fined. The units defined on Olkiluoto island have been mapped at a scale of 1:10 000, 
but they are too small to appear in detail on the bedrock map of Satakunta, scale 1:250 
000. The lithological units are based on detailed petrological and structural work in the 
field and in the laboratory, and on the application of expert judgement. This is in con-
trast to the use of the term *domain, which implies many data of the same type which 
have been analysed specifically to identify variations in a particular property. In Olki-
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luoto, units will be an integral part of the geological model, whereas domains will be 
defined using the geological model as a platform, with the specific aims of the project in 
mind. 
 
Zone 
In the current cotext, a “zone” is a *unit or *domain with a particular geometry, i.e. it is 
tabular in form, having sub-parallel and sub-planar margins, and having a certain thick-
ness which is very much less than the lateral extent of the zone. It is mainly used in 
connection with the terms "deformation zone" and “shear zone”, but can also be used in 
other contexts, e.g. foliated zone, migmatised zone, weathered zone, etc. 
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APPENDIX 1 

REPRESENTATIVE CORE PHOTOGRAPHS OF EACH FOLIATION CLASS 

The core photographs shown in this Appendix are intended as representative examples 
of the different foliation classes, as explained in the main text, Section 5.3.  For ease of 
comparison, the classification table, Table 5-2, is reproduced below, in outline, to show 
the position of the photos belonging to the different calsses. All photographs are ap-
proximately at true scale (1:1). 
 
Appendix 1A:  Gneissic rocks (foliation type G) - representative core photographs for 
determining intensity of foliation  
 
Appendix 1B:  Banded rocks (foliation type B) - representative core photographs for 
determining intensity of foliation  
 
Appendix 1C:  Schistose rocks (foliation type S) - representative core photographs for 
determining the intensity of foliation  
 
Appendix 1D: Anomalous unfoliated rocks, i.e. rocks classified as “massive” (RMF 0) 
for rock engineering purposes 
 
 
 
Foliation classification scheme (see Section 5.3 and Table 5-2 for explanation) 
 

Appendix 1A G1 
gneissic/low 

RMF 1 
App. 1A(b) 

G2 
gneissic/intermediate 

RMF 1 
App. 1A(c) 

G3 
gneissic/high 

RMF2 
App. 1A(d) 

 
Appendix 1B B1 

banded/low 
RMF 1 

App. 1B(b) 

B2 
banded/intermediate 

RMF 2 
App. 1B(c) 

B3 
banded/high 

RMF 3 
App. 1B(d) 

 
Appendix 1C S1 

schistose/low 
RMF 2 

App. 1C(b) 

S2 
schistose/intermediate

RMF 3 
App. 1C(c) 

S3 
schistose/high 

RMF 3 
(no photo) 
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Appendix 1A:  Gneissic rocks (foliation type G) - representative core photo-
graphs for determining intensity of foliation  

Photo (a):  Massive quartz- and feldspar-rich rock (RMF number 0), OL-KR8, 223.50 m 
 
Photo (b):  Gneissic rock with low foliation intensity (class G1 - RMF number 1), OL-
KR24,   288.36 m 
 
Photo (c):  Gneissic rock with intermediate foliation intensity (class G2 - RMF number 
1), OL-KR22, 399.20m 
 
Photo(d):  Gneissic rock with high foliation intensity (class G3 - RMF number 2), OL-
KR28,   618.75 m 
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a) 

b) 

c) 

d) 
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Appendix 1B:  Banded rocks (foliation type B) - representative core photographs 
for determining intensity of foliation  

Photo (a): Banded rocks which would be classified as "massive" for rock mechanics 
purposes (RMF number 0), OL-KR7, 737.30 m 
 
Photo (b): Banded rock with low foliation intensity (class B1 - RMF number 1), OL-
KR22, 269.00 m 
 
Photo (c): Banded rock with intermediate foliation intensity (class B2 - RMF number 
2), OL-KR4,   288.45 m 
 
Photo (d): Banded rock with high foliation intensity (class B3 - RMF number 3), OL-
KR7, 5.55 m 
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a) 

b) 

c) 

d) 
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Appendix 1C:  Schistose rocks (foliation type S) - representative core photo-
graphs for determining the intensity of foliation  

Photo (a): Mica- and amphibole-rich rocks which do not show any schistosity and 
would therefore be designated "massive" (RMF number 0), OL-KR25, 220.00 m.  Note: 
the vertical lines on the core surface are drilling-related grooves, not foliation traces. 
 
Photo (b): Schistose rock with low foliation intensity (class S1 - RMF number 2), OL-
KR7, 612.20 m 
 
Photo (c): Schistose rock with intermediate foliation intensity (class S2 - RMF number 
3), OL-KR4, 78.20 m 

 
(Photo (d) lacking - strongly foliated schistose rocks have not yet been found at the  
Olkiluoto site) 
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b) 

c) 

a) 
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Appendix 1D: Anomalous unfoliated rocks, i.e. rocks classified as “massive” 
(RMF = 0) for rock engineering purposes 

Photo (a): L-tectonite in core, viewed along the lineation, OL-KR7, 399.95 m 
 
Photo (b): same core as Photo (a), rotated 90o, i.e. viewed at right angles to the linea-
tion, OL-KR7, 399.95  
 
Photo (c): Heterogeneous, unfoliated migmatitic rock, descriptive type “irregular”, OL-
KR27, 64.30 
 
Photo (d): Foliated rock which shows small-scale folding (fold amplitudes at same scale 
as core diameter), descriptive type “folded”, OL-KR7, 569.92 
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a) 

b) 

c) 

d) 
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