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Abstract

This report presents petrographic and whole-rock geochemical analyses for 81 and 40
surface bedrock samples, respectively, from the Forsmark site. The petrographic data
include 51 modal analyses. All these analyses were completed during stage 2 of the
bedrock-mapping project. They complement the petrographic (78 samples) and whole-rock
geochemical (50 samples) data that were reported earlier during stage 1. Analyses were
completed on all the major groups of rocks at the site (Groups A to D) and the focus of the
analytical work during stage 2 was on samples from the areas marginal to the candidate
area. The report also provides a synthesis of the results from the analytical work completed
during both these stages.

All the felsic rocks at the surface are rich in quartz. The modal analyses indicate that the
quartz content in these felsic rocks lies in the range 14 to 45%. The Group B rocks with a
predominantly granitic composition, which dominate inside the candidate area, yield modal
quartz values in the range 28 to 44%. The granitoids within Groups C and D, which occur
as subordinate rock types inside the candidate area, show modal quartz values in the range
18 to 35% and 25 to 43%, respectively.

Early-stage alteration gives rise to difficulties to assess the primary composition of the
fine-grained, volcanic and synvolcanic intrusive rocks (Group Al). Locally, this alteration
has also affected the Group B rocks with a granitic composition that dominate inside the
candidate area. A pale grey to whitish colour, an anomalous geochemical trend into the
granodioritic and tonalitic fields, and the absence of hornblende help to distinguish these
altered granites from true granodiorites and tonalites. In the field, this type of alteration has
been noted in Group B granite close to the contact with dyke-like bodies of amphibolite.
Later secondary alteration that affected the various minerals in the rocks is conspicuous

in many thin-sections.

There are two separate phases of calc-alkaline, peraluminous (to metaluminous) intrusive
activity at the site. The older, calc-alkaline intrusive rocks (Group B) form major plutons.
The rocks are, in general, medium-grained and show a broad range in composition.
Pyroxenite, gabbro-diorite, quartz diorite, tonalite, granodiorite and biotite-bearing
granite are present. The biotite-bearing granite, which dominates in the candidate area, is
spatially associated with amphibolite in a bimodal rock association. Ductile deformation
under amphibolite-facies metamorphic conditions affected all these plutonic rocks prior
to intrusion of the rocks in the younger calc-alkaline suite.

The younger, calc-alkaline intrusive rocks (Groups C and D) occur as minor intrusions.
The Group C rocks are fine- to medium-grained and are predominantly granodioritic and
tonalitic in composition. They are also affected by ductile deformation under amphibolite-
facies metamorphic conditions. The Group D rocks consist of fine- to medium-grained
granite that commonly shows low contents of biotite. Coarser, pegmatitic granite and
different generations of pegmatite are also present. There is a more common occurrence
of higher contents of U and Th in the rocks in Group D, compared to that observed in

the other groups. Furthermore, the rocks in Group D are only affected, in part, by ductile
deformation and metamorphism. Finally, only the Group D rocks show a commonly high
frequency of microfractures.



Sammanfattning

Denna rapport redovisar 81 petrografiska och 40 geokemiska analyser av bergarter fran
Forsmarksomradet. I 51 av de petrografiska analyserna dr modalsammanséttningen
analyserad. Alla analyserna utférdes under steg 2 av den berggrundsgeologiska karteringen,
och kompletterar de 78 petrografiska och 50 geokemiska analyser som rapporterats tidigare
under steg 1 av denna kartering. Analyser utférdes pa alla huvudbergarter (Grupp A till

D), och analysarbetet under steg 2 fokuserades pa bergartsprover frdn omraden som omger
sjalva kandidatomradet. Rapporten omfattar &ven en syntes av resultaten fran analysarbetet
under bade steg 1 och 2.

Alla de felsiska bergarterna pé ytan dr kvartsrika. Modalanalyserna visar att kvartshalten
i alla felsiska bergarter ligger i intervallet 14 till 45%. Grupp B-bergarterna som har

en huvudsakligen granitisk sammansittning och dominerar inom kandidatomradet,

har kvartshalter i intervallet 28 till 44%. I granitoiderna i grupp C och D, vilka utgor
underordnade bergarter inom kandidatomradet, varierar kvartshalten mellan 18 och 35%
respektive 25 och 43%.

Omvandlingar som skedde innan deformationen och metamorfosen av de finkorniga
vulkaniska och synvulkaniska, intrusiva bergarterna (Grupp A1) leder till att det ar svart

att bestimma den primira sammanséttningen. Lokalt har denna omvandling dven drabbat
de granitiska Grupp B-bergarterna som dominerar kandidatomradet. En ljusgra till vit farg,
en anomal geokemisk trend med granodioritiska till tonalitiska sammanséttningar och
frdnvaron av hornblinde skiljer dessa omvandlade graniter fran intrusiva bergarter med

en primér granodioritisk och tonalitisk sammansittning. I félt har denna typ av omvandling
observerats i graniten vid kontakten till gangliknande kroppar av amfibolit. Senare sekundéar
omvandling av olika mineral forekommer i alla bergarter.

Det forekommer tva separata faser av kalkalkalin, peralumingés (till metaaluminds) intrusiv
aktivitet 1 undersokningsomradet. De &dldre kalkalkalina intrusiva bergarterna (Grupp B)
bildar stora plutoner. I allménhet 4r dessa bergarter medelkorniga och uppvisar en stor
sammansattningsvariation. Pyroxenit, gabbro-diorit, kvartsdiorit, tonalit, granodiorit och
biotitférande granit forekommer. Den biotitforande graniten &r rumsligt associerad med
amfibolit och tillsammans utgdr de en bimodal bergartsassociation vilken dominerar

inom kandidatomrédet. Plastisk deformation under metamorfa férhéllanden motsvarande
amfibolitfacies paverkade de plutoniska bergarterna innan intrusionen av bergarterna i den
yngre kalkalkalina sviten.

De yngre kalkalkalina intrusiva bergarterna (Grupp C och D) forekommer som mindre
intrusioner. Grupp C-bergarterna har en dominerande granodioritisk och tonalitisk
sammansittning. De dr ocksé paverkade av plastisk deformation under metamorfa
forhallanden motsvarande amfibolitfacies. Grupp D-bergarterna utgors av fin- till
medelkornig granit vilken vanligen har en lag halt av biotit. Grovre pegmatitgranit och
olika generationer av pegmatit forekommer ocksa. Bergarterna i Grupp D har vanligen
hogre halter av U och Th jimfort med bergarterna i de andra grupperna. Grupp D-
bergarterna &r bara delvis paverkade av plastisk deformation och metamorfos men visar
vanligtvis en hog frekvens av mikrosprickor.
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1 Introduction

This document reports the final batch of analytical data that has been acquired in connection
with the project entitled “Bedrock mapping at Forsmark, 2002—-2003” (AP PF 400-02-11).
The project was organised into several distinct working phases which were planned to be
executed during two time stages, 2002 (stage 1) and 2003 (stage 2). Outcrop data for these
two stages were presented in /Stephens et al. 2003a/ and /Bergman et al. 2004/, respectively.
This project is one of the activities performed within the site investigation programme at
Forsmark.

The bedrock-mapping project has produced a new, detailed geological map of the bedrock
in the candidate area at Forsmark and its surroundings. The area selected for mapping is
constrained by the co-ordinates shown in Table 1-1. The outline of the mapping area and
the outcrops observed during both stages of the project are shown in Figure 1-1. One of
the key sets of data that was required for the production of this map is the petrographic
and geochemical characteristics of the different rock types in the mapping area.

Table 1-1. Co-ordinates of the area selected for bedrock mapping in the Forsmark area.

Corner ID Northing in RT 90, 2.5 gon V (metres) Easting in RT 90, 2.5 gon V (metres)

1 6,706,371 1,632,471
2 6,698,593 1,640,249
3 6,691,522 1,633,178
4 6,699,300 1,625,400

The first batch of petrographic and geochemical data from stage 1 samples were reported
in /Stephens et al. 2003b/. The new data reported here are complementary petrographic
(including modal analyses) and geochemical analyses of bedrock samples from:

1. Surface outcrops that were documented in the outcrop database during stage 1 of the
project /Stephens et al. 2003a/.

2. Surface outcrops that were documented in the outcrop database during stage 2 of the
project /Bergman et al. 2004/.

These data are presented for each group of rock types that has been recognized in the
Forsmark area /Stephens et al. 2003b/. A synthesis of all the petrographic and geochemical
data is presented in the various diagrams and tables in this report.
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[ Bedrock mapping area
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Figure 1-1. Location of observation points where bedrock-mapping data were collected during
stage 2 (a) and stage 1 (b).



2  Objective and scope

The mapping of bedrock outcrops in the Forsmark area provided, amongst other attributes,
a first estimation of the composition and grain size of the various rock types that are
exposed at the surface /Stephens et al. 2003a; Bergman et al. 2004/. These estimates were
carried out optically, often with the help of a hand lens. The field investigations showed
that the bedrock in the Forsmark area is composed predominantly of igneous rocks which
have been affected by metamorphism under amphibolite-facies conditions /Stephens et al.
2003a; Bergman et al. 2004/. In order to obtain a more systematic documentation of the
composition of these rock types, petrographic (including a calculation of modal values) and
geochemical analyses of representative samples from the surface bedrock are necessary.

The microscopic examination of thin sections in the petrographic analysis also

provides important grain size, textural and microstructural information. The availability

of geochemical analyses opens possibilities to document the broader petrological
characteristics of the different groups of rock types that have been recognised on the basis
of the field work. Furthermore, these characteristics can be compared with the geochemical
trends of major bedrock units in the region.

The first round of petrographic and geochemical analyses was completed in connection with
stage 1 of the bedrock mapping project /Stephens et al. 2003b/. Petrographic data from 78
samples (including 71 modal analyses) and whole-rock geochemical data from 50 samples
were generated at this stage. During the present work, 81 bedrock samples were selected

for petrographic analysis and 51 of these samples underwent a modal analysis (Table 2-1,
Figure 2-1). 40 rock samples were also selected for whole-rock geochemical analysis

(Table 2-1, Figure 2-1). Modal analyses are available either for the same sample that was
analysed geochemically (36) or from a bedrock sample taken from the same rock type at

the same outcrop (4). The focus of analytical work during stage 2 has been on samples

that are situated in the areas marginal to the candidate area at Forsmark (Figure 2-1).



Table 2-1. Summary of petrographic and geochemical analyses carried out on
surface bedrock samples selected during stage 2 of the bedrock-mapping project.
A similar summary for the stage 1 samples is presented in /Stephens et al. 2003b/.

PFM-nr N-S-coord. E-W-coord. Description of Modal Geochemical
thin-section analysis analysis

PFMO000261A 6699158 1629846 X
PFMO000276A 6697997 1631059 X

PFM000278B 6698045 1631243 X
PFMO00555A 6692340 1633763 X X X
PFMO00557A 6692780 1634208 X X X
PFMOO0G601A 6693819 1631058 X X X
PFMOO0614A 6694755 1630650 X X X
PFMO000621A 6695532 1630884 X X X
PFMOOOG650A 6696739 1628728 X X X
PFMOO0G651A 6696712 1628665 X X X

PFMO0O00652A 6696674 1628614 X
PFMO000677B 6698346 1634362 X X
PFMO0O0709E 6700658 1632430 X
PFM000718C 6700543 1632654

x
x

x

PFMO000778A 6700419 1629690 X X X
PFMO000782A 6701351 1628857 X X X
PFM000782B 6701351 1628857 X

PFMO00789A 6701885 1628291 X

PFM000825B 6701460 1628049 X X
PFM000825C 6701460 1628049 X

PFMO000827A 6700317 1628455 X X
PFMO00834A 6700784 1628532 X

PFMO00837A 6701852 1628963 X X X
PFMO000837D 6701852 1628963 X

PFMO000842A 6702060 1628886 X X X
PFM000844B 6702401 1628795 X

PFMO00872A 6699452 1629758 X

PFMOO0994A 6696236 1629904 X X X
PFMOO01010A 6696151 1628975 X X X
PFMO01102A 6701738 1635649 X X X
PFMO01106A 6701714 1635350 X X X
PFMO01119A 6698381 1634354 X

PFM001156B 6701371 1632016 X

PFMO001157A 6700020 1630033 X X
PFMO01158A 6699645 1630099 X X
PFMO01160A 6700636 1632588 X X
PFMO001161A 6700618 1632616 X X
PFMO001172A 6699784 1632974 X
PFM001176B 6699038 1633245 X
PFM001176C 6699038 1633245 X
PFMO01204A 6694745 1634443 X X

PFM001214B 6701054 1630626 X
PFM001216B 6701194 1629974 X
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PFM-nr N-S-coord. E-W-coord. Description of Modal Geochemical
thin-section analysis analysis

PFM001224B 6701560 1631547 X X

PFM001224C 6701560 1631547 X

PFM001226A 6700351 1630652 X

PFM001229B 6701410 1631893 X X

PFM001229C 6701410 1631893 X

PFM001234B 6701393 1632042 X

PFM001235A 6701402 1632065 X

PFM001243B 6701079 1632094 X X

PFMO001246A 6701198 1632025 X

PFMO001252A 6700095 1630303 X

PFMO001256A 6700043 1630212 X

PFM001529A 6700167 1626524 X

PFMO001539A 6700164 1626885 X

PFMO001573A 6700739 1627891 X X

PFMO001579A 6700726 1627702 X X

PFMO001580A 6700671 1627710 X X

PFM001627A 6700274 1633187 X X X

PFM001635A 6702146 1629682 X X X

PFMO001636A 6702627 1629913 X X X

PFMO001650A 6703456 1630782 X

PFM001874A 6695974 1634993 X X

PFMO001906A 6704232 1631955 X X X

PFM001908A 6704814 1631052 X X X

PFMO001941A 6700115 1635856 X X X

PFMO001956A 6704315 1633529 X X X

PFM002128A 6697402 1631521 X

PFM002149A 6695462 1634077 X X X

PFMO002163A 6695756 1633125 X

PFM002179B 6695355 1633432 X

PFM002221A 6694642 1635144 X X X

PFM005172A 6696760 1628033 X X X

PFM005193A 6699251 1634961 X X X

PFMO005197A 6699858 1634100 X X X

PFM005205B 6699875 1633704 X X X

PFM005206A 6702911 1632195 X X X

PFMO005209A 6703186 1631796 X X X

PFMO005217A 6704608 1630901 X X X

PFMO005236A 6700362 1635703 X X X

PFM005245A 6705094 1633496 X X X

PFM005249A 6704589 1634027 X

PFM005282A 6696670 1638116 X X X

PFMO005288A 6697002 1638048 X X X

11
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Figure 2-1. Location of surface bedrock samples which have undergone petrographic (a) and
whole-rock geochemical (b) analyses during stages 1 (2002) and 2 (2003) of the bedrock-mapping
project. Samples from different rock types at the same locality are not distinguishable on this
diagram. Several samples also lie close to each other and are also difficult to distinguish on

this figure.
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3 Equipment

3.1 Description of equipment

Optical microscopic investigations were carried out at the Geological Survey of Sweden
in Uppsala and at Ekstrom Mineral AB in Téby, Stockholm using standard polarizing
microscopes designed for the investigation of thin sections of bedrock samples. The modal
analyses were carried out using standard point counter equipment. Some representative
photomicrographs were taken using a polarizing microscope with digital photographic
equipment at the Geological Survey of Sweden.

The fresh bedrock samples selected for geochemical analysis were prepared for analysis
by crushing and pulverizing to a fine powder by Swedish Geochem Services AB,
Ojebyn. The samples were crushed using a Mn-steel crusher and pulverized using a LMS5
mill. The powdered samples were subsequently analysed geochemically at the Acme
Analytical Laboratories Ltd in Vancouver, Canada using the ICP (Inductively Coupled
Plasma) technique. This laboratory was satisfactorily accredited under ISO 9002 during
November 1996.

13



4 Execution

The preparation of samples, the analytical work and the data handling have followed the
procedures recommended in the description of the methods for the analysis of bedrock
samples (SKB MD 160.001).

41 Preparatory work

Fresh, representative bedrock samples were selected for petrographic description, modal
analysis and geochemical analysis during and after the field work carried out in connection
with the stage 2 bedrock-mapping programme. All the selection work was carried out after
mapping of the respective outcrop had been completed. In order to check the precision of
the geochemical data, Acme Analytical Laboratories Ltd completed a repeat analysis on
one sample, PFM001224C.

Uncovered polished thin sections from 81 samples were prepared by Minoprep in
Hunnebostrand for optical microscopic investigations. 36 of these samples together
with four more samples were crushed and pulverized by Swedish Geochem Services
AB. Crushing down to a size of < 10 mm was followed by grinding to a powder with a
size <200 mesh (90%). 50-100 gm of this fine powder was subsequently extracted and
transferred to Acme Analytical Laboratories Ltd in Vancouver, Canada for geochemical
analysis. The crushing and pulverizing procedure is estimated to give rise to minor
contamination of the elements Fe (c 600 ppm), Mn (c 9 ppm) and Cr (c 1.5 ppm) in the
powder extracted for analysis.

4.2 Analytical work

Table 4-1 summarizes the information that is included in the thin section description of
each sample:

Table 4-1. Summary of information in the thin-section description.

* |ID-code, outcrop (PFM-number).

+ Coordinates of the PFM-number.

» Person who has carried out the analysis.

» Date.

* Number of points analysed in the modal analysis.

* Grain size.

» Texture.

* Microstructure.

» Mineral occurrence with comments. Values included if a modal analysis has been carried out.

* Rock type based on the modal analysis (if available) or field estimate (if no modal analysis is available).

« Brief general description in free text form.

15



A modal analysis was completed for the majority of the thin sections (51 of 81). The
mineral composition at 500 evenly-spaced points over each thin-section were determined
during this analysis. Following point counting, the grain size as well as the relevant
textural and microstructural characteristics of each sample were documented (thin section
description). A qualitative analysis of the mineral composition and a description of the
thin section were also completed for the remaining samples (30).

The major and minor oxide (SiO,, Al,Os, Fe,0;, MgO, Ca0, Na,0, K,0, TiO,, P,0s,

and MnO) and some trace oxide and element compositions (Cr,0Os, Ba, Ni and Sc) of

the 40 geochemical samples were analysed by ICP-AES (Inductively Coupled Plasma

— Atomic Emission Spectrometer). A 0.2 g sample from a LiBO, fusion was used. The
ICP-AES analytical method is capable of determining the concentrations of many elements
simultaneously by measuring the intensity of light given off by samples aspirated into an
argon gas plasma heated to > 10,000°K. The technique is capable of very low detection
limits (ppm to ppb) with wide linear ranges (5 orders of magnitude).

C and S in the 50 samples were determined by the so-called Leco method. Each sample
was heated in an induction furnace operating at > 1,650°C causing the volatization of all
C- and S-bearing minerals and compounds. The vapours were then carried through an
infrared spectrometric cell wherein the concentrations of C and S were determined by
absorption of specific infrared wavelengths.

The trace elements Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr and Y and the rare
earth elements (REE) La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu in the
40 geochemical samples were analysed by ICP-MS (Inductively Coupled Plasma — Mass
Spectrometer) after a LiBO, fusion. The remaining elements, Mo, Cu, Pb, Zn, Ni, As, Cd,
Sb, Bi, Ag, Au, Hg and T1, were analysed by leaching a 0.5 gm sample with 3 ml 2-2-2
HCI-HNO;-H,0 at 95°C for one hour, dilution to 10 ml and then analysed by ICP-MS.
This analytical method is capable of determining the concentrations of many elements
simultaneously by measuring the mass of ions generated by an argon gas plasma heated
to 10,000°K and passing through a magnetic quadrupole to the detector. The method is
capable of very low detection limits (ppb to ppt) with wide linear ranges (up to 7 orders
of magnitude).

4.3 Data handling

The descriptions of the thin sections (81 samples) and the modal analyses (51 of these 81
samples) were all included in an Access database for the documentation of thin section
descriptions which is under development at the Geological Survey of Sweden.

The numerical data (51 modal analyses) were subsequently transferred and exported to
SKB as an Excel file, following the format recommended by SKB. The modal analyses
have been recalculated in this report as QAP(F = 0) values for inclusion in Streckeisen
plots /Streckeisen, 1976, 1978/, in order to facilitate a more systematic rock classification
/Le Bas and Streckeisen, 1991; Le Maitre, 2002/. Following internationally recommended
standards and the recommendations in the method description for whole-rock analysis
(SKB MD 160.001), rock nomenclature is steered by the modal analysis data. The size

of mineral grains in the groundmass of the various meta-igneous rocks follows the
nomenclature used by the Geological Survey of Sweden (Table 4-2).

16



Table 4-2. Nomenclature for the grain size of groundmass in igneous rocks (after the
Geological Survey of Sweden).

Size of mineral grains Nomenclature
in groundmass

<0.05 mm Very fine-grained

0.05-1 mm Fine-grained

1-3 mm Finely medium-grained
1-5 mm Medium-grained

3-5mm Coarsely medium-grained
>5mm Coarse-grained

The raw geochemical data (40 analyses plus one repeat analysis from the same sample)
were transferred and subsequently exported to SKB as an Excel file, following the format
recommended by SKB. The geochemical data have been handled in this report so that they
can be presented in several standard geochemical plots.

17



5 Results

5.1 Rock types defined on the basis of field investigations

The mapping of bedrock outcrops indicates that four major groups of rock types are present
in the Forsmark area (Groups A, B, C and D). Groups A, B and C represent a stratigraphic
sequence with older, predominantly supracrustal rocks represented in Group A, major
plutonic rocks represented in Group B, and younger, minor intrusive rocks represented in
Group C. The minor intrusive rocks in Group D are younger than the rocks in Groups A and
B. However, there are variable age relationships between the rocks in Groups C and D.

The various groups form a basis for the graphical presentation of modal and geochemical
data in several diagrams in this report. The nomenclature used for the different rock types
in these diagrams is based solely on the estimates of rock composition carried out in the
field. Furthermore, the estimates of grain size made in the field are an attempt to address
the size of mineral grains prior to the effects of deformational and metamorphic processes.
A definition of the major groups and a description of the various rock types within each
group were presented earlier /Stephens et al. 2003b/. A brief summary of these groups,
including their relationship to the deformation in the bedrock, is shown in Table 5-1.

Biotite-bearing granite (to granodiorite) dominates the surface bedrock inside the candidate
area at Forsmark. Amphibolite, minor intrusions of granitoids that belong to Group C,

as well as pegmatitic rocks and granites that belong to Group D form subordinate rock
components inside the candidate area.

Table 5-1. Summary of rock types and rock groups at Forsmark.

Rock types

All rocks affected by brittle deformation. Fractures generally cut the boundaries between the different rock
types (sealed boundaries).

Rocks in Group D affected, in part, by ductile deformation and metamorphism.

Group D Fine- to medium-grained granite (D1), aplite (D1), pegmatitic granite (D2) and pegmatite (D3).
Occur as dykes and minor bodies. Locally, strongly discordant contacts with respect to earlier
ductile deformation. Variable age relationships with respect to Group C.

Rocks in Group C affected by penetrative ductile deformation under lower amphibolite-facies metamorphic
conditions.

Group C Fine- to medium-grained granitoid with predominantly granodioritic and tonalitic composition.
Occurs as lenses and dykes in Groups A and B. Intruded after some ductile deformation in the
rocks belonging to Groups A and B. Weakly discordant contacts with respect to earlier ductile
deformation.

Rocks in Groups A and B affected by penetrative ductile deformation under amphibolite-facies metamorphic
conditions.

Group B * Biotite-bearing granite to granodiorite (B8—B9) and aplitic granite (B10), both with
amphibolite (B4) as dyke-like bodies and irregular inclusions.

» Tonalite to granodiorite (B5—B6) and granodiorite (B7) with amphibolite enclaves (B4).
« Ultramafic rock (B1), gabbro to quartz diorite (B2-B3).

Group A «  Sulphide mineralisation (A5).
* Iron oxide mineralisation (A2) associated with calc-silicate rock (A4).

* Volcanic and synvolcanic intrusive rocks (A1).
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5.2 Petrography including modal analytical data

The descriptions of individual thin-sections, including modal analyses, are presented in
Appendix 1 and the results are summarised in Tables 5-2 and 5-3. The modal analysis
data are stored at SKB under field note number Forsmark 22. Summaries of the mineral
composition, grain size, texture and microstructure for the samples analysed during stage
2 are presented below. With a few key exceptions referred to in the text, this description
concerns only the samples where modal analyses are available. In order to complete a
synthesis of all the petrographic data, the results of the analyses from the data collected
during stage 1 are also shown on the diagrams in this report.

Felsic to intermediate metavolcanic and synvolcanic meta-intrusive rocks (Group Al)

Modal analyses have been carried out on four samples of Group A1 metavolcanic and
synvolcanic meta-intrusive rocks (Table 5-2). An amphibolite (PFM000652A), which was
classified in the field data /Bergman et al. 2004/ as a metamorphosed dacite (Table 5-2), is
described together with the rocks in Group B4. In total, 14 modal analyses from stages 1
and 2 are available for the rocks in Group Al.

The analysed samples are rich in quartz (27 to 39%) and plagioclase feldspar, with
variable contents of biotite (6 to 14%) and low contents of alkali feldspar (Figure 5-1).

No hornblende has been observed in the samples. If all samples from both stages 1 and 2
are taken into account, the content of quartz varies from 24 to 39%, excluding two samples
from stage 1 that show quartz contents of 5% and 13% (Figure 5-1). The rocks analysed
during stage 2 plot in the dacite field on the QAP(F = 0) diagram (Figure 5-2a), which is
in agreement with the compositional estimate that was made during the field investigations
(Table 5-2). Opaque minerals are dominated by pyrite with occasional occurrences of
magnetite, hematite and ilmenite. Zircon, apatite and titanite form accessory minerals.

Muscovite is a conspicuous secondary alteration mineral especially in the two samples
(PFMO001650A and PFM005249A) where modal analyses are lacking. Small garnets are
present in PFM001650A, while PFM005249A exhibits oval spots that are up to 1 to 2 cm
and are devoid of alkali feldspar (Figure 5-3a). Fibrolite and muscovite occur together

with quartz and plagioclase feldspar in these spots. The occurrences of muscovite, fibrolite
and oval spots devoid of K-feldspar are reminiscent of the so-called Mg-alteration that
affected felsic volcanic rocks in the western part of Bergslagen, central Sweden /Lundstrom,
1995/. Epidote, chlorite (after biotite) and prehnite are also present as secondary minerals.
Plagioclase feldspar is slightly saussuritized and/or sericitized, and pyrite is occasionally
altered to goethite along mineral boundaries.

The Group A1 rocks are generally homogeneous and even-grained in hand specimen.
However, various heterogeneities are present on the microscopic scale. The distribution

of micas primarily defines the heterogeneity in the rocks, and both evenly distributed mica
as well as drawn-out aggregates occur. There are also variations in grain size. Besides the
oval spots described above, other textural features include ghost islets (1 to 5 mm) with
almost no mica, and the occurrence of finer-grained mica around larger quartz-feldspar
aggregates. These islets may represent originally coarser mineral grains. With the exception
of mica, which is commonly up to 1 to 2 mm, mineral grains are usually less than 1 mm,
1.e. the rocks are fine-grained (Table 5-3). The generally homogeneous character of the
rocks, with a low grain size variation, are consistent with extensive recrystallisation during
metamorphism.
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Figure 5-1. Modal compos

numbers from samples analysed during stages 1 and 2 are marked in black and red, respectively.
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Figure 5-2. QAP(F = 0) modal classification of analysed samples from the different rock groups
based on /Streckeisen, 1976, 1978/.

28



All the rocks display a ductile deformational fabric that formed under amphibolite-facies
metamorphic conditions. This fabric is defined by oriented grains of mica as well as
elongate aggregates of recrystallised mica, quartz and feldspar. Intracrystalline strain
features are present in quartz with the development of undulose extinction and sub-grains.
This deformation is inferred to have occurred after the main phase of deformation and grain
growth, during retrogressive metamorphic conditions.

A qualitative estimate of the frequency of microfractures has been carried out in all samples
(Table 5-3). A variable frequency of microfractures has been observed. If account is taken of
all the observations (stage 1 and stage 2), the frequency of microfractures is generally low

Ultramafic, mafic and intermediate meta-intrusive rocks (Groups Bl to B4)

Modal analyses have been carried out on twelve samples from the rocks in Groups B1 to B4
(Table 5-2). One sample was classified in the field as an ultramafic rock, two samples were
classified as metagabbro and seven samples were classified as quartz-bearing metadiorite,
metadiorite or metadioritoid (Table 5-2). Two amphibolites, which were mapped as
amphibolite and metadacite (Table 5-2), are also included here. In total, 16 modal analyses
(17 analyses, if the stage 1 sample PFM001234A is included, see /Stephens et al. 2003b/)
from stages 1 and 2 are available for the ultramafic, mafic and intermediate meta-intrusive
rocks in Group B.

The metamorphosed ultramafic rock (PFM000555A) is dominated by clinopyroxene

and hornblende, and the hornblende grains often contain relicts of pyroxene, i.e. the rock
is a pyroxenite. Actinolite and biotite are also present as well as occasional grains of
orthopyroxene, plagioclase feldspar and secondary muscovite. Opaque minerals include
ilmenite, pyrite, chalcopyrite, magnetite, hematite and titanomagnetite. Calcite also forms
a conspicuous secondary mineral, while pyrite and chalcopyrite are sometimes altered to
goethite along mineral boundaries. The mineral grains vary in size from 0.05 to 4 mm, i.e.
the rock is medium-grained. No mineral fabric orientation is visible in the sample.

Sample PFM001204A is dominated by plagioclase feldspar and hornblende (Figure 5-1)
with subordinate ortho- and clinopyroxene, talc, opaque minerals similar to those in the
ultramafic rock, and phlogopite. As in the ultramafic rock, hornblende replaces pyroxene.
Chlorite formed as a later, secondary mineral. This sample plots in the plagioclase feldspar
corner of the QAP(F = 0) diagram (Figure 5-2b) and the rock is tentatively inferred to be a
metagabbro. The mineralogy of sample PFM001158A (Figure 5-1), including the anorthite
content of the plagioclase feldspar (38 to 46%) resembles that observed in the intermediate
rocks (see below). It plots on the boundary line between gabbro/diorite and quartz-bearing
diorite on the QAP(F = 0) diagram (Figure 5-2b).
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The two amphibolites (PFM000652A and PFM001010A) are strongly dominated by
plagioclase feldspar and hornblende (Figure 5-1). Biotite and quartz are present as
subordinate components (Figure 5-1). The plagioclase feldspar displays an oligoclase—
andesine composition and both samples plot closely together on the QAP(F = 0) diagram
as quartz diorite (Figure 5-2b). Opaque minerals include pyrite, ilmenite, magnetite,
pyrrhotite and traces of chalcopyrite. Zircon, allanite and apatite are accessory components
and secondary alteration minerals include epidote, chlorite and prehnite. Plagioclase
feldspar is slightly saussuritized and/or sericitized, while pyrite is occasionally altered

to goethite along mineral boundaries.

Plagioclase feldspar and quartz grains are usually less than 1 mm, whereas biotite and
hornblende grains usually reach 2 mm, i.e. the rocks are fine-grained (Table 5-3). The
major minerals are evenly distributed throughout the rock. A ductile deformational fabric
is defined particularly by a grain-shape fabric of oriented biotite and hornblende, as well
as elongate aggregates of hornblende. Intracrystalline strain features are present in quartz
with the development of undulose extinction and sub-grains.

The samples with intermediate composition are dominated by plagioclase feldspar and
hornblende with subordinate contents of quartz and biotite (Figure 5-1). In three samples,
the plagioclase feldspar composition has been estimated on the basis of its optical properties
to be andesitic in composition. The modal analyses show that three of the samples that

were classified as intermediate in composition during the field mapping (PFM000842A,
PFMO001906A and PFM005209A) lie in the tonalite field in the QAP(F = 0) diagram
(Figure 5-2b). The content of quartz was underestimated in the optical assessment that was
carried out in connection with the field investigations /Stephens et al. 2003a; Bergman et al.
2004/. The remaining samples are all quartz dioritic in composition (Figure 5-2b). Opaque
minerals include pyrite, ilmenite, chalcopyrite and traces of sphalerite. Zircon, titanite and
apatite are accessory components and garnet is present in one sample (PFM000789A).
Secondary minerals include chlorite, calcite, epidote and prehnite. Plagioclase feldspar

is partly saussuritized and/or sericitized, but patches of strong alteration occur. Furthermore,
pyrite is sometimes altered to goethite along mineral boundaries.

The mineral grains in the intermediate rocks are variable in grain size from 0.1 up to

3 mm, although 0.1 to 1 mm constitutes the major part, i.e. the rocks are classified as
fine-grained to finely medium-grained (Table 5-3). Hornblende crystals are locally up to
5 mm in length. Microstructurally, the rocks show conspicuous, elongate aggregates of
recrystallised quartz, plagioclase feldspar, biotite and hornblende. This gives rise to an
heterogeneous arrangement of the minerals and an uneven grain size distribution. It also
suggests that the original grain size was coarser, probably finely medium-grained

to medium-grained.

The intermediate rocks display a ductile deformational grain-shape fabric that is defined

by oriented biotite and hornblende grains as well as the elongate aggregates. The mineral
fabric splays around the garnet porphyroblasts in sample PFM000789A (Figure 5-3b).
These features suggest that deformation occurred under amphibolite-facies metamorphic
conditions. Intracrystalline strain features are present in quartz with the development of
undulose extinction and sub-grains. This deformation is assumed to have occurred after

the main phase of deformation and grain growth, during retrograde metamorphic conditions.
A qualitative estimate of the frequency of microfractures has been carried out and a low to
moderate frequency of microfractures has been observed (Table 5-3). Two sealed fractures
that transect the entire thin section have been observed in different samples. These fractures
are filled with epidote and calcite (PFM000825C) and K-feldspar (PFM005206A).
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Felsic (quartz-rich) meta-intrusive rocks (Groups B5 to B10)

The majority of samples that have been studied petrographically during the stage 2
investigations come from the felsic, meta-intrusive rocks in Groups BS5 to B10, i.e. those
samples that have been classified in the field as metamorphosed tonalite, granodiorite and
granite. Modal analyses have been carried out on 29 of these samples. In total, 67 modal
analyses from stages 1 and 2 (66 analyses, if the stage 1 sample PFM001234A is excluded,
see /Stephens et al. 2003b/) are available for the felsic meta-intrusive rocks in Group B.

The quartz content in these rocks varies from 14 to 44% (14 to 45%, if all the samples
from stages 1 and 2 are considered). The variation in quartz content in the rocks that
show a granitic composition and that dominate in the candidate area is more limited
(Figure 5-1) and lies in the interval 32 to 44% (28 to 44%, if all the samples from stages
1 and 2, including PFMO001510A and PFM002218A, see /Stephens et al. 2003b/, are
considered). There is considerable variation in the contents of K-feldspar, plagioclase
feldspar, hornblende and biotite. In particular, hornblende diminishes in importance as the
content of quartz increases (Figure 5-1). Furthermore, with some notable exceptions (see
below), hornblende is restricted to the rocks with lower contents (< 10%) of K-feldspar
(Figure 5-1). The rocks classified as aplitic metagranite (Group B10) show low contents
of biotite. All the rocks belonging to Groups BS5 to B10 lie in the tonalite, granodiorite
and granite fields on the QAP(F = 0) diagram (Figure 5-2b). In general, this is in good
agreement with the preliminary classifications carried out during optical examination in
the field (Table 5-2).

The opaque minerals are dominated by pyrite, ilmenite, magnetite and chalcopyrite.
Pyrrhotite and sphalerite are also present. Zircon, titanite, allanite and apatite form
accessory minerals. Secondary alteration minerals include chlorite, muscovite, epidote,
calcite and prehnite. Plagioclase feldspar is to a variable degree affected by saussuritization
and/or sericitization. Furthermore, pyrite is occasionally altered to goethite along mineral
boundaries. Hematite and martite are also present.

The rocks in Groups B5 to B10 are even-grained. However, they are often characterised

by heterogeneous mineral and grain size distributions. Optical examination in the field,

in combination with an estimate of the size of the mineral aggregates observed during

the microscopic study, suggest that the felsic rocks in Groups B5 to B9 originally had a
grain size in the range 1-3 mm to more than 5 mm, i.e. they are finely medium-grained to
coarse-grained. A predominance of originally medium-grained rocks is inferred (Table 5-3).
Grain size reduction has occurred in connection with the penetrative ductile deformation
and metamorphism. The rocks classified as aplitic metagranite (Group B10) are inferred to
be fine-grained to finely medium-grained (Table 5-3).

Most of the rocks display a ductile, deformational grain-shape fabric that is defined by
oriented biotite and, to some extent, by oriented hornblende, quartz and feldspar grains.

The occurrence of elongate aggregates of quartz, feldspar, biotite, hornblende and accessory
minerals is also a characteristic microstructural signature (Figure 5-3c). These features
suggest that deformation occurred under amphibolite-facies metamorphic conditions. In two
samples, tectonic fabrics in two different orientations are present. In sample PFM000621A,
a C/S-fabric occurs (C-surface composed of biotite), while, in sample PFM005288A,

both fabrics are developed to the same degree and show the same character (grain-shape
fabric and elongate aggregates). Intracrystalline strain features are present in quartz with
the development of undulose extinction and sub-grains. This deformation is assumed to
have occurred after the main phase of deformation and grain growth, during retrograde
metamorphic conditions.
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Figure 5-3a. Photomicrograph of ovoid spot (central-left part of picture) that is over I cm
long in an altered, Group Al felsic metavolcanic rock (PFM0052494). K-feldspar is absent in
the ovoid spot and a mesh of fine-grained muscovite and fibrolite (musc+fib) is also prominent.
Coarser muscovite (musc) and biotite (bi) grains are scattered throughout the thin-section.

Figure 5-3b. Photomicrograph of garnet porphyroblast (gt) in a Group B metadiorite
(PFM000789A). The mineral fabric that is defined predominantly by elongate grains of
hornblende (hbl) and biotite (bi) splays around the garnet, which crystallized prior to or
during the ductile deformation.
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Figure 5-3c. Photomicrograph of Group B metagranite (PFM005193A4). Elongate aggregates
of quartz (qtz) and saussuritized plagioclase feldspar (plag), as well as elongate grains of biotite
(bi), define the mineral fabric that trends diagonally across the figure (upper left to lower right).
The microstructure indicates penetrative deformation under amphibolite-facies metamorphic
conditions.

Figure 5-3d. Photomicrograph of Group D granite (PFM001243B) that shows undulose extinction
and subgrain development in quartz (qtz).
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A qualitative estimate of the frequency of microfractures has been carried out. In general,
there is a low to moderate frequency of microfractures in these rocks, with a more
consistent low frequency in the metatonalites of Group B5-B6 (Table 5-3). Furthermore,
it is common that large crystals of quartz contain more microfractures than that observed
in the surrounding groundmass. Some thin sections contain sealed fractures across the
entire surface.

Five samples (PFM001627A, PFM001636A, PFM001224B, PFM001229B and
PFMO005197A), which were classified in the field as metagranite (Groups B9 and B10),
are anomalous. Texturally, they resemble the rocks with granitic composition at the site,
but they are pale grey or even whitish in appearance and contain little or no K-feldspar yet
lack hornblende. They resemble samples PFM000320A, PFM000530A, PFM001864A and
PFMO002212A in stage 1 that, on the basis of geochemical criteria, were inferred to have
been affected by hydrothermal alteration /Stephens et al. 2003b/.

It is suggested that the inferred tonalitic or granodioritic composition of all these rocks
(Figure 5-2b) is due to alteration and does not reflect their primary composition. The
alteration involved a change in the proportions of alkali elements in the rocks /Stephens
et al. 2003b/. Examination of samples PFM001172A, PFM001226A and PFMO001256A
(see Appendix 1) indicates that this type of alteration occurs close to the contact with
dyke-like bodies of amphibolite. It affected both the coarser-grained (B8-B9) and aplitic
(B10) granites prior to the ductile deformation that occurred under amphibolite-facies
metamorphic conditions.

Fine- to medium-grained, felsic (quartz-rich) meta-intrusive rocks (Group C)

Modal analyses have been carried out on three Group C rocks during the stage 2 work
(Table 5-2). These samples were classified in the field (Table 5-2) as metamorphosed
dioritoid (PFM001102A), granodiorite (PFM001941A) and granite (PFMO001161A). In
total, 17 modal analyses from stages 1 and 2 are available for the Group C rocks.

The modal analyses (Figure 5-1) show that the Group C rocks are rich in plagioclase
feldspar (¢ 50%) with variable amounts of quartz (18 to 31%) and biotite (5-18%).
Hornblende is only present in the sample (PFM001102A) that contains a markedly lower
content of quartz (Figure 5-1). If all samples from both stages 1 and 2 are taken into
account, the content of quartz varies from 18 to 35% (Figure 5-1). All rocks lie in the
tonalite (PFMO001102A and PFM001941A) and granodiorite (PFMO001161A) fields on

the QAP(F = 0) diagram and there are some discrepancies with the compositional

estimates carried out during outcrop inspection (Table 5-2). Bearing in mind the results
from stage 1 /Stephens et al. 2003b/, it is apparent that there is wide variation in the
composition of the Group C rocks within the granitoid field on the QAP(F = 0) diagram,
with a strong bias towards granodioritic and tonalitic compositions (Figure 5-2¢). Opaque
minerals are ilmenite, magnetite, pyrite, chalcopyrite, pyrrhotite and hematite, while zircon,
titanite, allanite and apatite occur as accessories. Secondary alteration minerals include
chlorite, muscovite, epidote, calcite and prehnite. Plagioclase feldspar is partly saussuritized
and/or sericitized, with patches of strong alteration.

The Group C rocks are equigranular but show somewhat variable mineral and grain

size distributions, including elongate aggregates of recrystallised quartz, feldspar and
hornblende. Mineral grains vary in size from 0.01 to 3 mm (Table 5-3). Optical examination
in the field, in combination with an estimate of the size of the mineral aggregates observed
during the microscopic examination, suggest that the samples originally had a grain size
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in the range < 1-3 mm, i.e. they are fine- to medium-grained. Grain size reduction has
occurred in connection with the penetrative ductile deformation and metamorphism but this
appears to be of limited extent in the Group C rocks.

The Group C rocks display a ductile deformational grain-shape fabric defined distinctly

by oriented biotite and to some extent by oriented hornblende, quartz and plagioclase
feldspar grains. Elongate aggregates of recrystallised quartz, biotite and hornblende,
somewhat recrystallised plagioclase feldspar as well as accessory minerals are also present.
These features suggest that deformation occurred under amphibolite-facies metamorphic
conditions. In PFMO001102A, there are bands of stronger deformation. Intracrystalline
strain features are present in quartz with the development of undulose extinction and sub-
grains. This deformation is assumed to have occurred after the main phase of deformation
and grain growth, during later retrograde metamorphic conditions.

A qualitative estimate of the frequency of microfractures has been carried out and, in
general, there is a low to moderate frequency of microfractures (Table 5-3).

Granite and pegmatitic granite (Groups DI and D2)

Modal analyses have been carried out on three samples that have been classified as

granite (PFM000651A and PFM005245A) and pegmatitic granite (PFM001243B) in the
field investigations and that are inferred to belong to the younger suite of Group D rocks
(Table 5-2). There is some uncertainty concerning whether sample PFM005245A belongs
to Group D or Group B. However, the lower degree of ductile deformation and the absence
of amphibolites in the body from which this sample has been taken argue for inclusion of
this sample in Group D. In total, eight modal analyses from stages 1 and 2 are available for
the rocks in this group.

The contents of quartz and biotite in the three samples range from 25 to 43% and 4-5%,
respectively. If all the samples from stages 1 and 2 are considered, the quartz content falls
within the same range. The modal analyses indicate that these rocks either fall within the
granitic field or lie close to the boundary between the granitic and granodioritic fields on
the QAP(F = 0) diagram (Figure 5-2d), in agreement with the field estimates. Opaque
minerals consist of magnetite, ilmenite, hematite and pyrite, while zircon, allanite, apatite
and occasionally titanite are present as accessories. Secondary alteration minerals include
chlorite, muscovite, epidote, calcite and prehnite. Plagioclase feldspar is saussuritized
and/or sericitized. In some magnetite grains, there is alteration to martite. Goethite that
grows after pyrite is also present.

Optical examination in the field, in combination with an estimate of the size of mineral
aggregates observed during the microscopic examination, suggest that the samples vary
considerably in grain size (Table 5-3). A ductile deformational fabric, which is defined
by oriented grains of biotite, quartz and, to some extent, feldspar as well as by deformed
aggregates of these minerals, is conspicuous in sample PFM000651A. On the thin-
section scale, the flattened aggregates appear as bands. Grain size reduction has occurred
in connection with the ductile deformation and metamorphism. By contrast, sample
PFMO005245A is characterised by the virtual absence of ductile deformational features.
Intracrystalline strain features are present in quartz in all three samples with

the development of undulose extinction and sub-grains (Figure 5-3d). This deformation
is assumed to have occurred after the main phase of deformation and grain growth,
during later retrograde metamorphic conditions.

A qualitative estimate of the frequency of microfractures has been carried out and, in
general, a high frequency of microfractures has been observed (Table 5-3).
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5.3 Geochemistry

The raw geochemical data are presented in Appendix 2 and stored at SKB under field

note number Forsmark 22. The data are presented here in the form of a series of figures
that illustrate the key geochemical characteristics of the metamorphosed igneous rocks
from the Forsmark area. In order to complete a synthesis of all the geochemical data,

the results of the analyses from the data collected during stage 1 are shown in all these
figures. Furthermore, the analyses of other igneous rocks in the Bergslagen area and its
surroundings, extracted from the Geological Survey of Sweden’s geochemical database, are
included in several of them.

Felsic to intermediate metavolcanic and synvolcanic meta-intrusive rocks (Group Al)

Four samples of metavolcanic and synvolcanic meta-intrusive rocks (Group A1) were
analysed geochemically during stage 2 (Table 5-2). A total of 11 geochemical analyses from
stages 1 and 2 are available for the rocks in this group (Table 5-2).

The four samples from stage 2 plot within the field occupied by apparently less altered
volcanic rocks (Figure 5-4a) on the igneous spectrum diagram of /Hughes, 1973/. The
majority of analysed Svecofennian metavolcanic rocks in the Bergslagen area and
surroundings also plot within this part of the diagram. However, many metavolcanic rocks
in this geological province also lie within the fields that indicate strong alkali enrichment,
both in Na,O (to the left in Figure 5-4a) and in K,O (to the right in Figure 5-4a).

On the basis of the patterns in the total alkali—SiO, diagram for volcanic rocks /Le Bas

et al. 1986/ and the Zr/TiO,*0.0001 diagram /Winchester and Floyd, 1977/, the analysed
metavolcanic rocks can be classified as rhyolites with subordinate dacite (Figures 5-4b and
5-4c¢). The rocks also show a medium- to low-K composition (Figure 5-4d). There is a poor
agreement between the classification of the metavolcanic rocks based on the modal analyses
and that based on the geochemical data (Table 5-2). However, bearing in mind the pre-
metamorphic alteration that has been inferred to be present in these rocks (see section 5.2
and /Stephens et al. 2003b/), extreme care must be exercised in the use of especially alkali
elements and silica to classify them on a geochemical basis, i.e. Figures 5-4b and 5-4d.

The Group A1 rocks display U values in the range 3.2 to 4.6 ppm and Th values in the
range 9.5 to 15.3 ppm (Table 5-4). These values fall within the respective ranges for these
elements that were defined from the data acquired during stage 1 (1.4 to 6.9 ppm and

4.6 to 16.7 ppm, respectively). The Group A1 rocks are enriched in large ion lithophile
(LILE) relative to high field strength (HFSE) elements on the rock/primordial mantle plot
(Figures 5-5). Negative anomalies for Nb and Ta and, in part, even Sr, P and Ti are also
conspicuous on this plot (Figure 5-5). All samples show an enrichment in light rare earth
(LREE) relative to heavy rare earth (HREE) elements with a weak, negative Eu anomaly
on the rock/chondrites diagram (Figure 5-6).
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Table 5-4. K,O (%), U (ppm) and Th (ppm) contents of samples in the different rock
groups. Analyses of samples from stages 1 and 2 are shown in black and red,
respectively.

Group/sample number /data stage KO (%) U (ppm) Th (ppm)

A1. Felsic to intermediate metavolcanic and synvolcanic meta-intrusive
rocks. SKB rock code 103076

PFMO000350A 1.71 2.1 8.4
PFMO000352A 211 3.2 15.2
PFM000352B 1.62 1.4 5.6
PFMO001156A 0.41 23 11.4
PFMO001200A 2.02 6.9 10.7
PFMO001222A 1.57 4.0 16.7
PFM002163B 0.88 22 4.6
PFMO001908A 1.73 4.2 15.3
PFMO0O01956A 1.39 4.6 12.6
PFMO005217A 2.08 3.2 9.5
PFMO005236A 1.68 3.2 9.6
B1. Meta-ultramafic rock. Code 101004

PFMO001205A 0.08 <0.1 0.3
B2-B3. Metagabbro, metadiorite, quartz-bearing metadiorite. Code 101033
PFM002216A 0.71 0.8 1.6
PFM002216B 1.33 0.6 1.1
PFM002220A 0.64 0.5 21
PFMO000555A 0.25 0.3 0.5
PFMO000782A 0.71 0.6 1.7
PFMO000842A 1.61 27 6.6
PFMO001906A 1.83 25 5.0
PFMO005206A 1.66 1.9 55
PFMO005209A 1.27 2.0 5.2
B4. Amphibolite. Code 102017

PFM001183B 0.76 23 2.8
PFMO002209A 1.43 2.8 1.0
PFM002215A 0.61 0.9 1.6
PFM002218B 1.41 0.9 2.6
PFM002219B 0.91 1.4 1.8
PFM002239A 2.57 1.0 0.6
PFM002240A 1.81 0.9 1.5
PFM002241A 0.82 23 1.4
PFM002242A 1.51 14 3.0
PFM002243A 1.70 0.7 1.4
PFM002244A 1.61 2.8 5.6
PFM002245A 1.12 1.4 27
PFM002246A 0.88 0.9 21
PFMO000652A 1.36 1.6 3.8
PFMO001010A 1.46 1.1 2.3
B5-B6. Metatonalite (to metagranodiorite). Code 101054
PFMO000729A 2.57 3.0 19.8
PFMO001162A 2.13 238 7.8
PFM001217A 1.02 3.8 71
PFM002217A. 2.19 3.0 6.5
PFM002218A 1.40 4.2 6.3
PFMO000557A 2.19 1.4 7.8
PFMO000621A 1.93 8.0 7.8
PFMO000778A 1.61 2.3 5.1
PFMO00837A 1.86 4.6 10.2
PFMO005172A 1.74 2.0 5.6
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Group/sample number /data stage KO (%) U (ppm) Th (ppm)

B7. Metagranodiorite. Code 101056

PFMO000692A 2.13 4.2 11.6
PFMO000614A 2.38 1.3 8.5
PFMO000650A 2.13 34 7.6
PFMO005282A 2.58 4.1 11.1
B8-B9. Metagranite (to metagranodiorite). Code 101057
PFMO000197A 4.18 3.9 19.5
PFMO000289A 3.06 3.9 15.3
PFMO00319A 3.24 22 16.1
PFMO000320A 2.31 54 15.9
PFMO00658A 3.74 35 15.9
PFM001159B 3.58 8.4 14.7
PFMO001180A 3.20 2.0 16.2
PFMO001182A 3.33 3.0 23.8
PFMO001864A 1.56 5.9 12.9
PFM002207A 2.98 3.7 19.3
PFM002212A 0.74 4.8 13.5
PFMO000601A 3.73 3.0 14.2
PFMO000994A 4.08 3.2 14.7
PFM001224C 0.73 4.9 16.0
PFM001229C 0.91 4.6 141
PFMO001119A 3.67 24 16.6
PFMO001635A 3.74 5.3 15.2
PFMO002149A 3.61 3.1 12.5
PFM002221A 3.87 3.2 12.7
PFMO005193A 3.51 4.2 14.0
PFMO005197A 0.69 4.4 15.6
PFMO005288A 4.07 23 16.2
B10. Metagranite, aplitic. Code 101058

PFMO00530A 2.02 3.1 15.9
PFM000278B 6.47 9.1 271
PFMO001106A 4.67 5.6 18.5
PFMO001627A 0.73 3.1 16.9
PFMO01636A 1.68 5.3 16.8
PFM005205B 4.06 24 18.0

C. Quartz-rich felsic meta-intrusive rock (metagranitoid), fine- to medium-
grained. Code 101051

PFMO000529A 1.55 3.3 19.9
PFMO002206A 2.43 3.0 21.5
PFM002213A 1.42 3.6 9.5
PFM002214A 3.83 10.4 19.2
PFMO001102A 2.25 2.1 5.6
PFM001941A 1.51 4.8 18.0
D1. Granite, fine- to medium-grained, in part leucocratic. Code 111058
PFM000530B 4.41 14.5 13.6
PFM002210A 4.84 11.0 29.0
PFMO000651A 4.63 24 15.3
PFM005245A 3.08 6.2 16.2
D2. Pegmatitic granite. Code 101061

PFM000198A 4.87 24 28.6
PFM001191A 9.63 3.1 21.3
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Figure 5-5. Rock/primordial mantle diagram showing the relationships between large ion
lithophile (LILE, e.g. Ba, Rb) and high field strength (HFSE, e.g. Zr, Ti and Y) elements for the
Group Al metavolcanic and synvolcanic meta-intrusive rocks. Primordial mantle values after
/McDonough et al. 1992/.
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Figure 5-6. Rock/chondrites diagram showing the relationships between light rare earth (LREE,
e.g. La, Ce) and heavy rare earth (HREE, e.g. Yb, Lu) elements for the Group Al metavolcanic
and synvolcanic meta-intrusive rocks. Chondrite values after /Boynton, 1984/.
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Ultramafic, mafic, intermediate and felsic (quartz-rich) meta-intrusive rocks (Group B)

32 samples of Group B rocks have been analysed geochemically during stage 2 (Table 5-2).
These include one sample classified in the field as an ultramafic rock (B1), five samples
classified as intermediate in composition (B3), two amphibolites (B4) and 24 felsic meta-
intrusive rocks (B5 to B10). A total of 67 geochemical analyses from stages 1 and 2 are
available for the rocks in this group (Table 5-2).

Virtually all the samples define a trend that lies in the granite-granodiorite-tonalite-diorite-
gabbro spectrum on the total alkali—SiO, classification diagram (Figure 5-7a) for intrusive
rocks /Middlemost, 1994/. This trend is similar to that obtained for the early-tectonic
intrusive rocks in the Bergslagen area and surroundings (Figure 5-7a). However, some

of the samples with granitic composition contain lower total alkali element contents than
that predicted by the trend. The two amphibolites show a transitional gabbroic to dioritic
composition (Figure 5-7a).

With a few exceptions, there is a good agreement between the classification based on the
modal analyses and the classification obtained with the help of the total alkali—SiO,
diagram (Table 5-2). However, it is apparent that several samples, which are considered
to be granitic in composition on the basis of the field studies and their position on the total
alkali—SiO, plot, lie in the tonalite field on the QP classification diagram (Figure 5-7b)

for intrusive rocks /Debon and LeFort, 1983/.

These samples correspond to the five granites discussed in section 5.2 (PFMO001627A,
PFMO001636A, PFM001224B, PFM001229B and PFM005197A) that have undergone an
early-stage, hydrothermal alteration and have subsequently been affected by deformation
and metamorphism. This feature was also observed for four samples (PFM000320A,
PFMO000530A, PFM001864A and PFM002212A) in the rocks analysed during stage 1
/Stephens et al. 2003b/. All these samples show high contents of Na,O (4.09 to 5.68%) and
low contents of K,O (0.69 to 2.31%). They also show reduced contents of Ba, Rb and Sr
relative to the unaltered granites. Furthermore, several of these samples occur in the banded,
highly strained rocks that occur along the coast, both to the north-east and to the north-west
of the candidate area. It is suggested that the alteration has affected the proportions of alkalis
in these rocks and, thereby, affected their position on the QP plot /Stephens et al. 2003b/.

The Group B rocks display a calk-alkaline igneous trend (Figure 5-8a) and are peraluminous
(to metaluminous) in composition (Figure 5-8b). The trends on these two diagrams are also
identical to those observed for the early-tectonic intrusive rocks in the Bergslagen area and
its surroundings. The felsic rocks (B5 to B10) display U values in the range 1.3 to 9.1 ppm,
and Th values in the range 5.1 to 27.1 ppm (Table 5-4). The ranges in values for these two
elements are somewhat broader than those noted during stage 1 (Table 5-4). Nevertheless,
these values are normal for felsic igneous rocks.

All the Group B rocks are enriched in LILE relative to HFSE on the rock/primordial mantle
plot (Figures 5-9a, 5-9b and 5-9c). All rocks (B2-B10) show negative anomalies for Nb
and Ta. In addition, the felsic rocks (B5—B10) show negative anomalies for P and Ti and the
granitic rocks (B8—B10) show a negative anomaly for Sr (Figure 5-9b and 5-9c). In all the
Group B rocks, the LREE are enriched relative to HREE on the rock/chondrites plot
(Figures 5-10a, 5-10b and 5-10c) and the granitic rocks show a distinctive negative Eu
anomaly (Figure 5-10c) that is related to the fractional crystallisation of feldspar. These
features strongly resemble the patterns observed for the Group A1 metavolcanic and
synvolcanic meta-intrusive rocks.

The negative anomalies for both Nb and Ta, as well as the position of the Group B felsic
rocks on a Rb/Y+Nb diagram (Figure 5-11), suggest the influence of one or more source
regions for both the Group A1 and Group B rocks that were affected, at some stage in their
history, by subduction-related processes.
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Fine- to medium-grained, felsic (quartz-rich) meta-intrusive rocks (Group C)

Two samples of Group C rocks have been analysed geochemically during stage 2
(Table 5-2). These samples were classified in the field (Table 5-2) as metamorphosed
dioritoid (PFM001102A) and granodiorite (PFM001941A). A total of six geochemical
analyses from stages 1 and 2 are available for the rocks in Group C (Table 5-2).

Sample PFM001941A shows either a granodioritic or tonalitic composition on the two
geochemical classification diagrams, while sample PFM001102A is weakly monzodioritic
(Figures 5-12a and 5-12b). The geochemical classification of PFMO001102A differs
somewhat from the classification based on the modal analysis (Table 5-2).

Sample PFM001941A lies along the same calc-alkaline trend that is defined by the
early-tectonic intrusive rocks in the Bergslagen area and its surroundings (Figure 5-13a).
However, sample PFM001102A lies off this trend (Figure 5-13a). As for Group B, the
two samples lie on either side of the line that separates peraluminous and metaluminous
rocks (Figure 5-13b). They also contain similar contents of U and Th as the metatonalites
in Group B (Table 5-4) and show similar LILE/HFSE (Figure 5-14a) and LREE/HREE
(Figure 5-15a) trends and anomalies as the felsic to intermediate rocks in Group B.
Furthermore, they plot in the same field as the felsic Group B rocks on the Rb/Y+Nb
diagram (Figure 5-16). In summary, they are geochemically very similar to the felsic to
intermediate rocks in Group B.
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Granite (Group D1)

Two samples of granite (Group D1) have been analysed geochemically during stage 2
(Table 5-2). In total, six geochemical analyses from stages 1 and 2 are available for the
rocks in Group D (Table 5-2).

The samples analysed during stage 2 display a granitic composition on both the total
alkali—SiO, (Figure 5-12a) and QP (Figure 5-12b) diagrams, in agreement with the modal
analyses. U and Th contents are similar to those observed in the Group B metagranites and
lie in the lower part of the respective ranges for the Group D rocks inferred from the stage
1 data (Table 5-4). The samples lie along the calc-alkaline trend established for the early-
tectonic intrusive rocks in the Bergslagen area and its surroundings (Figures 5-13a). They
are also peraluminous in composition (Figure 5-13b). The Group D samples show similar
LILE/HFSE (Figure 5-14b) and LREE/HREE (Figure 5-15b) trends and anomalies as the
other felsic rocks in the area. They also plot in the same field as the felsic rocks in

Groups B and C rocks on the Rb/Y+Nb diagram (Figure 5-16). Bearing in mind the
continental crustal origin of the Group D rocks, these similarities raise the question of
inheritance of geochemical signatures from older crustal material.
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6 Conclusions

Since the analyses presented here have confirmed the results from stage 1, the conclusions
are based on a synthesis of the results from the analyses carried out during both stage 1 and
stage 2:

1. All the felsic rocks at the surface, both volcanic and intrusive, are rich in quartz. The
modal analyses indicate that the quartz content in all samples (106) over the whole
site fall in the range 14 to 45%. The Group B rocks with a predominantly granitic
composition (39 samples), which dominate inside the candidate area, yield modal
quartz values in the range 28 to 44%. The granitoids within Groups C (17 samples)
and D (8 samples), which occur as subordinate rocks inside the candidate area, show
modal quartz values in the ranges 18 to 35% and 25 to 43%, respectively.

2. The fine-grained, volcanic and synvolcanic intrusive rocks (Group A1), which are
the oldest rocks in the area, show a medium-K, dacitic or andesitic mineralogical
composition. Dacites are dominant. However, whole-rock geochemical analyses indicate
a more variable, rhyolitic to andesitic composition. An early-stage (pre-deformation/
pre-peak metamorphism) alteration has affected the rocks. This alteration gives rise to
difficulties to assess the primary composition of the rocks. All these rocks were affected
by ductile deformation under amphibolite-facies metamorphic conditions. The frequency
of microfractures is predominantly low.

3. There are two separate phases of later, calc-alkaline, peraluminous (to metaluminous)
intrusive activity. The older, calc-alkaline intrusive rocks (Group B) form major plutons.
These rocks are predominantly medium-grained and show a broad range in composition.
Pyroxenite, gabbro-diorite, quartz diorite, tonalite, granodiorite and biotite-bearing
granite are present. The biotite-bearing granite, which dominates inside the candidate
area, is spatially associated with amphibolite in a bimodal rock association. Ductile
deformation under amphibolite-facies metamorphic conditions affected the plutonic
rocks prior to intrusion of the rocks in the younger calc-alkaline suite. The frequency
of microfractures is low to moderate and more consistently low in the rocks with
tonalitic composition.

4. The younger, calc-alkaline intrusive rocks (Groups C and D) occur as minor intrusions
and form subordinate rock components inside the candidate area. The Group C rocks
are fine- to medium-grained and are predominantly granodioritic and tonalitic in
composition. They are also affected by ductile deformation under amphibolite-facies
metamorphic conditions and show a low to moderate frequency of microfractures. The
youngest rocks in the area consist of minor intrusions of fine- to medium-grained granite
that commonly show low contents of biotite (Group D1). Coarser pegmatitic granite
(Group D2) and different generations of pegmatite (Group D3) are also conspicuous.
The pegmatites display a variable time relationship with respect to the Group C calc-
alkaline rocks as well as to the ductile deformation and metamorphism in the various
host rocks. The rocks in Group D are only affected, in part, by ductile deformation and
metamorphism. However, the frequency of microfractures is generally high.

5. With the exception of some of the Group D rocks, all rocks in the area show low
contents of U and Th.
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6. All rocks, both volcanic and intrusive, are enriched in LILE relative to HFSE and in
LREE relative to HREE. Furthermore, all rocks display distinctive depletions in the
elements Nb and Ta relative to primordial mantle values. In addition, depletions in P and
Ti are conspicuous in the felsic intrusive rocks and in most of the volcanic /synvolcanic
intrusive rocks. Depletions in Sr and Eu are also present in the granitic rocks and in most
of the volcanic/synvolcanic rocks. The negative Eu anomaly is related to the fractional
crystallisation of feldspar.

7. The trace element compositions of the felsic rocks indicate the influence of one or
more source regions for these rocks that were affected, at some stage in their history, by
subduction-related processes.

8. Early-stage alteration (pre-deformation/pre-peak metamorphism) has been recognised
in both the Group A1 volcanic and synvolcanic intrusive rocks, and in some of the
Group B granitic rocks. Locally, the volcanic and synvolcanic intrusive rocks show
enrichment in muscovite and a reduction in the content of K-feldspar. The altered
granites are pale grey to whitish in appearance and show mineralogical and anomalous
geochemical trends that move the rocks into the granodiorite and even tonalite fields on
various classification diagrams. The character of the geochemical trend and the absence
of hornblende differ from that observed in the true granodiorites and tonalites. Relative
to the unaltered granites, this alteration modified the contents of the alkali elements Na
(relative increase) and K (relative decrease). It also affected the contents of Ba, Rb and
Sr (relative decrease). In the field, this type of alteration has been noted in Group B
granite close to the contact with dyke-like bodies of amphibolite.

9. Most samples display evidence for later (post-deformation/post-peak metamorphism)
secondary alteration processes under lower temperature conditions. Plagioclase feldspar
is commonly affected by saussuritization and/or sericitization. Epidote is also a common
secondary mineral. Other secondary minerals include chlorite (after biotite), goethite
(after pyrite), prehnite and calcite.
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Appendix 1

Modal analyses and description of thin sections

Comment: In the cases where a modal analysis has been carried out, the rock name listed in
the table is based on the result of the modal analysis. In the cases where no modal analysis
is available, the classification carried out in the field and recorded in the outcrop database
has been maintained, except for those cases where the microscopic examination is judged to
provide a more correct classification.
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Elements Mo Cu Pb Zn Ni As Cd Sb Bi Ag Au Hg TI  Se
Samples pPM ppm ppm ppm ppm ppm ppm ppm ppm ppm ppb ppm ppm ppm
PFM000278B 8 138 88 13 26 35 <41 1 <1 1 14 <01 <1 <5
PFMO000555A 8 842 30 15 158 39 <1 2 2 <1 8 <01 <1 <5
PFMO000557A 67 26 66 23 6 <1 1 <1 <1 11 <01 2 <5
PFMO000601A 10 63 42 47 29 22 <1 1 <1 <1 5 <01 3 <5
PFMO000614A 7 79 30 50 20 17 <41 1 <1 <1 <5 <01 2 <5
PFMO000621A 14 90 37 37 22 7 <1 1 <1 <1 <5 <01 3 <5
PFMO000650A 4 72 36 49 20 5 <41 1 <1 <1 <5 <01 3 <5
PFMO000651A 34 103 74 18 23 <5 <1 1 <1 2 <5 01 1 <5
PFMO000652A 3 324 13 45 65 <5 <41 <1 <1 <1 5 <01 1 <5
PFMO000778A 5 139 18 46 66 8 <1 2 3 <1 <5 <01 1 <5
PFMO000782A 33 563 30 41 44 6 <1 1 2 <1 <5 <01 1 <5
PFMO000837A 5 405 30 46 88 6 <4 1 1 <1 6 <01 4 <5
PFMO000842A 5 271 30 45 105 <5 <41 <1 <1 <41 5 <01 1 <5
PFM000994A 7 80 45 22 21 <5 <4 1 <4 <41 5 <01 2 <5
PFMO001010A 3 173 17 50 68 <5 <1 <1 <1 <1 <5 <01 1 <5
PFMO001102A 3 64 21 98 2 <5 <1 <1 <1 <1 8 <01 4 <5
PFMO001106A 5 183 49 13 20 5 <4 1 <1 <41 9 <01 <1 <5
PFM001119A 10 74 35 26 23 <5 <1 1 <1 <1 9 <01 1 <5
PFM001224C 5 66 32 19 22 8 <41 1 <1 <1 26 <01 1 <5
RE PFM001224C 6 88 32 20 26 6 <41 1 <1 <1 7 <01 1 <5
PFM001229C 6 581 36 17 23 7 <4 1 1 <41 15 <01 1 <5
PFMO001627A 6 84 20 3 23 8 <41 1 1 <1 9 <01 <1 <5
PFMO001635A 6 63 38 28 21 6 <4 1 1 <41 6 <01 2 <5
PFMO001636A 7 205 32 7 23 7 <1 1 41 <1 7 <01 <4 <5
PFMO001906A 8 246 31 89 62 5 1 1 2 <1 7 <01 6 <5
PFMO001908A 11 73 51 62 19 7 <1 1 1 <1 10 <01 2 <5
PFM001941A 6 115 68 69 47 9 <41 1 <1 <1 <5 <01 2 <5
PFMO001956A 6 81 40 68 21 7 1 1 1 <41 5 <01 4 <5
PFM002149A 12 111 42 21 25 8 <1 1 <1 <1 11 <01 2 <5
PFM002221A 9 205 42 13 26 8 <4 1 <1 <41 7 <01 1 <5
PFM005172A 1.0 130 4.3 109 6 11 <1 1 1 <1 5 <01 1 <5
PFM005193A 5 58 71 31 23 6 <4 1 <4 <41 7 <01 2 <5
PFMO005197A 5 63 39 13 21 6 <41 1 <41 <41 11 <01 <1 <5
PFM005205B 6 56 4.1 9 15 7 <41 1 1 <1 9 <01 <1 <5
PFMO005206A 8 290 32 63 67 7 41 <1 1 <1 8 <01 2 <5
PFMO005209A 5 536 32 60 70 5 41 <1 1 1 10 <01 2 <5
PFM005217A 17 59 35 49 15 7 <1 <41 1 <1 <5 <01 2 <5
PFM005236A 10 77 38 46 15 <5 <1 1 <1 <1 13 <01 1 <5
PFMO005245A 4 64 54 5 30 <5 41 1 1 <41 12 <01 2 <5
PFMO005282A 6 71 54 54 28 5 <4 1 1 <41 14 <01 2 <5
PFMO005288A 14 95 67 34 29 5 <1 1 1 <1 <5 <01 1 <5
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