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Abstract

The present study aims, with the help of different geochronological systems, to
reconstruct the temperature-time history of the bedrock at the Forsmark site, from the
time of crystallization of the intrusive rocks through to the time when the rocks were
uplifted through the ¢ 70-60°C isotherm. The geochronological analytical programme
has involved the analysis of different minerals in different isotopic systems with different
blocking temperatures. In order of decreasing blocking temperature, these systems are
U-Pb zircon (SIMS and TIMS techniques), U-Pb titanite (TIMS technique), “*Ar/*Ar
hornblende, **Ar/*’Ar biotite, and (U-Th)/He apatite. 31 age determinations have been
completed. The 25 samples analysed come from different groups of meta-intrusive rocks
at the Forsmark site, from contrasting ductile structural domains, and from different bedrock
blocks between regionally important deformation zones (Forsmark, Eckarfjarden, Sing0).

Bearing in mind the analytical errors, an older suite of calc-alkaline, meta-intrusive
rocks, with tonalitic to granodioritic and gabbroic compositions (Group B), have yielded
crystallisation ages in the time range 1887 to 1880 Ma. The metagranite in the candidate
area (Group B) has yielded a younger age of 1865+3.4 Ma and a minor intrusion with
granodioritic composition (Group C), which belongs to a younger suite of calc-alkaline
rocks, has given a similar age (1864+3 Ma). A sample from a suite of granite dykes
(Group D) that are strongly discordant to the intense tectonic banding in the rocks along
the coast, to the northeast of the candidate area, has yielded a crystallisation age of
1851+5 Ma. The intense ductile deformation in the coastal area is constrained to the time
interval 1868 to 1846 Ma. Ductile deformation along more discrete ductile deformation
zones at the Forsmark site, which locally affected the Group D rocks, is inferred to have
occurred after 1856 Ma.

Cooling below the 700-550°C isotherm occurred in the time interval 1848—1840 Ma and
below the ¢ 500°C isotherm in the time interval 1834—1793 Ma. An apparent difference
has been detected in the cooling ages below the 500°C isotherm, in surface samples from
the different ductile, structural domains. Cooling below the ¢ 300°C isotherm occurred

in the time interval 1704—1635 Ma and below the 70-60°C isotherm in the time interval

¢ 630-250 Ma. There also appear to be differences in the cooling ages below these two
isotherms in surface samples from different bedrock blocks. Furthermore, the cooling ages
beneath these two isotherms decrease, as expected, with depth in borehole KFMO1A. The
borehole data have also revealed a possible exhumation event at ¢ 300-250 Ma. More data
from both surface and borehole samples are required to understand better the important
geological implications of these spatial variations.



Sammanfattning

Syftet med denna studie &r, att med hjélp av olika geokronologiska metoder

rekonstruera den magmatiska utvecklingen samt deformations- och avkylningshistorien 1
Forsmarksomradets berggrund. Den dokumenterade delen av hiandelseforloppet borjade
med kristallisationen av de intrusiva bergarterna och pagick under den tid da bergarterna
lyftes upp genom den niva i jordskorpan som haller en temperatur pa 70-60° C Det
geokronologiska programmet omfattade analys av olika mineral i flera isotopsystem med
skilda stangningstemperaturer. I ordningsf6ljd efter minskande stingningstemperatur

ir de isotopiska systemen; U-Pb i zircon (SIMS- och TIMS-metoderna), U-Pb i titanit
(TIMS), “Ar/*°Ar i hornblédnde, “*Ar/*Ar i biotit och (U-Th)/He i apatit. Totalt har 31
aldersbestamningar utforts. De 25 analyserade proverna kommer fran olika metaintrusiva
bergartsgrupper i Forsmarksomradet, fran doméner med sinsemellan starkt varierande
plastisk deformation och fran olika berggrundsblock som ligger mellan regionalt
betydelsefulla deformationszoner (Forsmarks-, Eckarfjdrden- och Singdzonen).

En dldre svit av kalkalkalina metaintrusiva bergarter, med tonalitisk till granodioritisk
och gabbroisk sammansittning (grupp B), gav en kristallisationsalder (med reservation
for analysfel) i tidsintervallet 1887—1880 miljoner ar. Metagraniten i kandidatomradet
(grupp B) visade sig ha en ldgre alder, 1865+3,4 miljoner &r, och en mindre intrusion
med granodioritisk sammanséttning (grupp C), som tillhor en yngre svit av kalkalkalina
bergarter, gav en liknande alder (18643 milj. ar). Grupp D omfattar en svit av
granitgangar som ir starkt diskordanta mot den intensiva tektoniska bandningen i
bergarterna liangs kusten, nordost om kandidatomradet. Ett prov fran granitgangarna
gav en kristallisationsalder pa 1851+5 miljoner ar. Den starka plastiska deformationen
i kustomradet dr begrinsad i tiden till intervallet 1868—1846 miljoner &r sedan. Plastisk
deformation lidngs mer begriansade zoner vid Forsmarksomradet som paverkar Grupp D
bergarterna anses ha pagatt senare dn for 1856 miljoner ar sedan.

Avkylning under nivan for 700-550° C dgde rum for 1848—1840 miljoner ar sedan och
under 500° C-nivan for 1834—1793 miljoner ar sedan. Pitagliga skillnader i avkylningsédlder
under 500° C-nivan har upptickts mellan ytliga bergartsprover fran de olika plastiska,
strukturella doménerna. Avkylning under 300° C-nivan skedde for 1704—1639 miljoner ar
sedan och under 70-60° C-nivan for 630-250 miljoner ar sedan. Det tycks ocksa finnas
skillnader i avkylningsalder under de bada senare nivaerna i prover fran olika bergartsblock.
Dessutom minskar avkylningsaldern under de bada nivaerna som véntat mot djupet i borrhal
KFMO1A. Data frin borrhalet har ocksa avslojat en mojlig uppatrorelse i berggrunden for
300-250 miljoner ar sedan. Det behovs ytterligare information, bade fran markytan och
fran borrhal, for att bittre forsta den geologiskt viktiga inneborden av de tredimensionella
variationerna.
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1 Introduction

Geological mapping of the crystalline bedrock forms one of the major surface activities
performed within the initial site investigation programme at the Forsmark site. The work
follows the directives in the steering document for the activity that is entitled “Bedrock
mapping at Forsmark, 2002-2003” (AP PF 400-02-11) and has involved several subprojects.
These subprojects have been carried out in accordance with the method description for
bedrock mapping (SKB MD 132.001).

The prime aim of the bedrock-mapping activity is to present a new, detailed geological
map of the crystalline bedrock in the candidate area at Forsmark and its surroundings,

at the scale 1:10 000. The area selected for mapping is shown in Figure 1-1. The first
version of this map (Version 1.1), which was based on all the geological and geophysical
information available at the end of April 2003, was presented earlier /SKB GIS database
under field note no 22/. The second and final version of the bedrock geological map of the
Forsmark site (Version 1.2), based on all the information available at the end of April 2004,
has recently been delivered to SKB /SKB GIS database under field note no 22/. A version
of this map, suitable for presentation in the context of this report, is shown in Figure 1-2.

The bedrock-mapping project has been organised into several distinct working phases
and has involved execution of activities during two time stages, 2002 and 2003. Many
of the results of the various subprojects have already been presented in several reports
/Bergman et al, 2004; Isaksson, 2003; Isaksson et al, 2004a; Mattsson et al, 2003;
Stephens et al, 2003a, 2003b/. Furthermore, use has been made of the results of work

in complementary projects, steered by separate activity documents /see, for example,
Isaksson et al, 2004b/. This report presents the results of the geochronological work that
has been completed within the context of the bedrock-mapping project.

Felsic to intermediate metavolcanic rocks (Group A) and three groups of meta-intrusive
rocks (Groups B, C and D) have been recognised /Stephens et al, 2003b/ in connection
with the bedrock-mapping activities at Forsmark (Figure 1-2 and Table 1-1). The intrusive
rocks that belong to Group B and to Groups C and D, respectively, form two separate
calc-alkaline suites of igneous rocks.

The calc-alkaline intrusive rocks in Group B, as well as the supracrustal rocks in Group A,
were affected by penetrative ductile deformation under amphibolite-facies metamorphic
conditions, prior to intrusion of the younger suite of calc-alkaline intrusive rocks that belong
to Groups C and D (Table 1-1). The intrusive rocks included in Groups C and D were also
affected by ductile deformation, probably under lower amphibolite- and greenschist-facies
metamorphic conditions. However, pervasive ductile deformation at the Forsmark site was
completed prior to intrusion of the granites and at least some of the pegmatites included in
the Group D rocks.

The Forsmark site can be divided into contrasting structural domains /Stephens et al.
2003b/. SL-tectonites and an inferred higher degree of ductile deformation characterise the
areas, for example, to the southwest and to the northeast of the candidate area (Figure 1-2).
By contrast, LS-tectonites, folding and an inferred lower degree of ductile deformation
characterise, for example, the candidate area (Figure 1-2).



The deformation in the bedrock that accompanied and/or followed intrusion of the Group D
rocks was discrete in character and was restricted to high-strain zones, with combined
ductile and brittle or solely brittle character (Table 1-1). The most conspicuous regional
deformation zones in the area strike in a north-west direction and include the Forsmark,
Eckarfjirden and Singo deformation zones (Figure 1-2). These zones divide the bedrock
into different structural blocks.
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Figure 1-1. Location of the area selected for bedrock mapping at the Forsmark site.
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Figure 1-2. Bedrock geological map of the Forsmark site, based on Version 1.1 /SKB GIS
database under field note no 22/, and location of samples selected for geochronological purposes.




Table 1-1. Major groups of rock at the Forsmark site.

Rock types

All rocks affected by brittle deformation. The 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, aplite, pegmatitic granite and pegmatite. Occur as dykes
and minor bodies that are commonly discordant to earlier ductile deformation. Variable age
relationships with respect to Group C.

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

Group C Fine- to medium-grained granodiorite, tonalite and subordinate granite. Occur as lenses and
dykes in Groups A and B. Intruded after some ductile deformation in the rocks belonging to
Groups A and B.

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

Group B Biotite-bearing granite (to granodiorite) and aplitic granite, both with amphibolite as dyke-like
bodies and irregular inclusions.

Granodiorite and tonalite to granodiorite with amphibolite enclaves.
Quartz diorite to gabbro, ultramafic rock.
Group A Volcanic rocks and iron oxide mineralisation. Sulphide mineralisation
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2  Objective and Scope

The present study aims, with the help of different geochronological systems, to
reconstruct the temperature-time history of the bedrock at the Forsmark site, from
crystallization through to the time when the rocks were uplifted through the ¢ 70-60°C
isotherm. The geochronological analytical programme has involved the analysis of
different minerals in different isotopic systems with different blocking temperatures. In
order of decreasing blocking temperature, these systems are U-Pb zircon, U-Pb titanite,
“Ar/** Ar hornblende, “*Ar/*Ar biotite, and (U-Th)/He apatite. The results are documented
in this order in this report.

The geochronological investigations at Forsmark have been subdivided into two principal
subprojects that have addressed 1) high-T (>500°C) geochronology and 2) low-T (<500°C)
geochronology. Both studies form parts of two Ph.D. projects that are financed partly by the
University of Lund and partly by SKB (high-T geochronology, Tobias Hermansson; low-T
geochronology, Pia Séderlund).

The prime objective of the high-T geochronology work has been to date the crustal growth
and the high-T tectonothermal evolution down to cooling at ¢ 500°C. This subproject

has included conventional U-Pb zircon and U-Pb titanite analyses in order to constrain
igneous crystallisation ages and the timing of cooling through the temperature interval

¢ 700-550°C. However, due to the complex nature of some of the zircons, it was judged
necessary to use the in-situ capability of the NORDSIM instrument at the Swedish Museum
of Natural History in Stockholm. With the help of this technique, it is possible to separate
igneous crystallisation ages from complications caused by, for example, secondary zircon
growth in connection with later metamorphic events. Finally, “*Ar/*’ Ar hornblende analyses
were obtained to constrain the regional cooling below 500°C. The zircons, titanites and
hornblendes that have been analysed have all been separated from surface samples.

The low-T thermochronology project has aimed to constrain the cooling of the bedrock
at the Forsmark site below ¢ 300°C with the help of “°Ar/*Ar analyses of biotite and the
temperature of uplift through ¢ 70-60°C using (U-Th)/He dating of apatite. Biotite and

apatite have been separated and analysed from both surface and drill-core samples.

A complete list of all the samples analysed in this study, in combination with the
geochronological method(s) that was used, is presented in Table 2-1. The samples
analysed for geochronological purposes are also illustrated on the geological map in
Figure 1-2. The assessment of the character of each sample is based on the documented
field relationships /Stephens et al, 2003a/ as well as, in most cases, modal and geochemical
analyses /Stephens et al, 2003b/. Samples for geochronology were taken from each of the
three groups of meta-intrusive rocks (Groups B, C and D), from both types of structural
domain, and from the different bedrock blocks between the regionally important
deformation zones. The dating of the meta-intrusive rocks also provides a minimum

age for the supracrustal rocks at the site (Group A).

Geochronological work has been carried out on 25 samples. Furthermore, different
analytical techniques have been used on several of these samples. In total, 31 age
determinations have been obtained, which together provide different types of geological
information. This report aims to present the results of this geochronological investigation
and to provide the geological interpretation of the ages obtained. No attempt is made here
to evaluate the broader geological implications of these new geochronological data.
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Table 2-1. Samples analysed for geochronological purposes at the Forsmark site and

the methods employed.

Sample Northing Easting Rock Rock type Method of dating
in RT 90, in RT 90, group
25gonV 25gonV
(metres) (metres)
PFMO000256A 6699088 1629974 B Metagranite to metagranodiorite ~ “°Ar/3°Ar biotite
PFMO000718G 6700543 1632654 D Granite dyke U-Pb titanite
PFMO000875A 6698352 1629723 B Metatonalite 4CAr/*Ar biotite,
(U-Th)/He apatite
PFM001183B 6698019 1632862 B Amphibolite U-Pb titanite
PFM001240A 6693523 1632499 B Metagranodiorite 4OAr/*°Ar biotite
PFM002207A 6699740 1632290 B Metagranite U-Pb zircon,
“OAr/**Ar biotite
PFM002208A 6699743 1632308 B Amphibolite 4OAr/3%Ar hornblende
PFMO002209A 6700651 1632580 B Amphibolite “Ar/**Ar hornblende
PFM002210A 6700655 1632484 D Granite dyke U-Pb zircon
PFM002213A 6700532 1632663 C Metagranodiorite U-Pb zircon,
4OAr/*°Ar biotite
PFM002216A 6699652 1630093 B Metagabbro U-Pb zircon,
40Ar/**Ar hornblende
PFMO002217A 6698336 1634013 B Metatonalite to metagranodiorite  U-Pb zircon
PFM002219A 6699506 1631340 B Metagranite to metagranodiorite  “°Ar/*°Ar biotite,
(U-Th)/He apatite
PFM002219B 6699506 1631340 B Amphibolite 40Ar/**Ar hornblende
PFMO002239A 6698839 1627369 B Amphibolite “0Ar/*°Ar hornblende
PFM002241A 6697859 1634625 B Amphibolite 40Ar/**Ar hornblende
PFM002242A 6699917 1632853 B Amphibolite 40Ar/*°Ar hornblende
PFM002244A 6698361 1633262 B Amphibolite 4Ar/**Ar hornblende
PFM002245A 6697733 1631685 B Amphibolite 40Ar/*Ar hornblende
KFMO01A-100 6699529,8 16313972 B Metagranite to metagranodiorite  “°Ar/*°Ar biotite
(108.5-108.9 m)
KFMO01A-200 6699529,8 1631397,2 B Metagranite to metagranodiorite  (U-Th)/He apatite
(208.0-208.4 m)
KFMO01A-400 6699529,8 1631397,2 B Metagranite to metagranodiorite  (U-Th)/He apatite
(408.6-409.0 m)
KFMO01A-600 6699529,8 1631397,2 B Metagranite to metagranodiorite  (U-Th)/He apatite
(607.7-608.1 m)
KFMO01A-800 6699529,8 1631397,2 B Metagranite to metagranodiorite  (U-Th)/He apatite
(810.08-810.48 m)
KFMO01A-1000 6699529,8 16313972 B Metagranite to metagranodiorite ~ “°Ar/3°Ar biotite,

(1001.2-1001.6 m)

(U-Th)/He apatite
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3 Equipment

3.1 Description of equipment/interpretation tools

The following equipment was used for sample collection in the field, sample crushing,
mineral separation, and selection of individual minerals for analysis:

e Sledge hammer.

* Rock saw.

* Jaw-crusher.

e Swing-mill.

e Mill tray.

* Wilfley (water-shaking) table.
* Hand magnet.

* Frantz magnet separator.

* Heavy liquids (2-iodine methane).
¢ Plastic gloves.

* Binocular microscope.

* Tweezers.

e Jeol, JSM 6400 scanning microscope (University of Lund, Lund, Sweden).

The geochronological analyses were carried out using the instruments and laboratories
listed below:

* Quadrupole mass spectrometer, Hal 51 (Free University, Amsterdam, Netherlands).
e HP4500 ICP-MS (Free University, Amsterdam, Netherlands).

e Cameca IMS 1270 ion microprobe (NORDSIM facility, Swedish Museum of Natural
History, Stockholm, Sweden).

* Finnigan MAT262 mass spectrometer (University of Oslo, Oslo, Norway).
*  Micromass 5400 mass spectrometer (University of Lund, Lund, Sweden).

* New Wave Research SO0W CO, laser facility (University of Lund, Lund, Sweden).
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4 Execution

4.1 Preparatory work
4.1.1. U-Pb (zircon, titanite) and “°’Ar/**Ar hornblende dating

All rock samples were crushed by hand or with a jaw-crusher and subsequently milled
using a swing-mill. Samples collected for U-Pb zircon and titanite analyses were processed
into a fine powder because of the fine-grained nature of the target minerals. Heavy minerals,
e.g. zircon and titanite, were separated from their lighter counterparts using a Wilfley
water-shaking table. A hand magnet was used to remove magnetic phases and subsequently
zircon and titanite were hand-picked under a binocular microscope.

Samples collected for “*Ar/*’ Ar hornblende analyses were processed into a range of
grain-sizes to make sure that a selection of intact hornblende crystals remained. The
resulting mix of grain-sizes was sieved under running water in order to divide each
sample into fractions of >2 mm, 2—1 mm, 1-0.5 mm, 0.5-0.25 and <0.25 mm. The two
fractions 1-0.5 mm and 0.5-0.25 mm were, in all cases, regarded as most likely to contain
hornblende crystals suitable for analysis. The fractions were separated into one magnetic
and one non-magnetic part using a Frantz magnetic separator. The non-magnetic parts of
the two fractions were examined under a binocular microscope and hornblendes were
hand-picked for analysis.

4.1.2 “Ar/*Ar biotite and (U-Th)/He apatite dating

Samples selected for “*Ar/*?Ar biotite analyses went through the same crushing procedure

as the samples selected for apatite extraction and (U-Th)/He dating (see below). The lightest
fraction (above clay fraction) was collected from the Wilfley table for biotite separation.
The samples were sieved through a 500 pm mesh and biotites were hand-picked under a
microscope from the largest fraction.

Apatite is an accessory mineral in most rock types. For this study, 0.5—-1 kg of each rock
sample was used. For mineral separation, each sample was reduced in size by a crushing
procedure using a sledge hammer, a jaw-crusher and a mill tray. After these steps, each
sample was placed on a Wilfley table to remove the clay size fraction. The two heaviest
fractions from the Wilfley table were collected and dried. The samples were then sieved
through a 250 pm and a 75 pm mesh and the middle fraction was placed into a heavy
liquid (2-iodine methane, d=3.1 g/cm®) to separate the apatite from lighter minerals such
as feldspar and quartz. The heavy separate was placed through a Frantz magnet to remove
all the magnetic minerals. All mineral separation was performed at the Department of
Geosciences, University of Arizona, Tucson, Arizona, USA.

Euhedral to subhedral apatite grains were hand-picked. Investigation of the grains was
performed under an high enlargement microscope to select those with no visible inclusions.
Three to four single grains were then selected and a photographic record was compiled
(see, for example, Figure 4-1).
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Figure 4-1. Typical examples of selected apatites. Pictures shown are from the surface sample
PFMO002219A (left) and the sample from the ¢ 400 m depth in KFMOIA (right).

4.2 Analytical work
4.2.1 U-Pb (zircon, titanite) geochronology

U-Pb geochronology has been carried out on four zircon samples (Figure 2-1) using

the Secondary Jon Mass Spectrometry (SIMS) technique at the Swedish Museum of
Natural History in Stockholm, Sweden (NORDSIM facility). One zircon sample and two
titanite samples (Figure 2-1) have also been analysed using the Thermal Jonisation Mass
Spectrometry (TIMS) technique at the University of Oslo, Norway. The TIMS work was
carried out in close collaboration with Professor Fernando Corfu at the Department of
Geosciences, University of Oslo, Norway.

SIMS technique

The hand-picked zircons were mounted in transparent epoxy resin together with

chips of the 1065 Ma Geostandards zircon 91500 /Wiedenbeck et al, 1995/. The epoxy
mount was polished sufficiently to expose any potentially older cores. Characterisation
of the zircon structures was carried out using BSE- (Backscatter electron) and CL-
(Cathodoluminescense) imaging. Prior to analysis, the mount was coated with ¢ 30 nm
of gold.

Ion-microprobe (SIMS) analyses were performed using the Cameca IMS 1270 high
mass-resolution instrument at the NORDSIM facility. A ¢ 4 nA O, primary ion beam
was used together with an aperture producing an ellipsoid analysis spot that is ¢ 30 um

in size. The isotope masses were measured with an electron multiplier. Detailed analytical
procedures are described by /Whitehouse et al, 1997, 1999/.

16



TIMS technique

The grains of zircon and titanite from each selected sample were grouped into three

or more fractions based on degree of alteration, abundance of micro-cracks, crystal shape
and crystal colour. All fractions, except one (067/S.08), were then abraded to remove
external disturbed domains /Krogh, 1982; Davis et al, 1982/. The selected samples were
subsequently washed using HNO;, H,O and acetone, weighed on a microbalance and
spiked with a mixed **Pb/>*U tracer. Zircons were dissolved with HF (+HNO;) in
Teflon bombs /Krogh, 1973/ at 185-190°C, whereas dissolution of titanite was carried
out in Savillex vials on a hot plate. Chemical purification was performed on all samples
except zircons with a weight of less than 5 pug. Mini-columns, with an anion exchange
resin (Dowex AG 1X-8, 200-400 mesh), were used on all processed fractions except one
(057/S.57), where a large column was used. The zircons were processed with HCI /modified
from Krogh, 1973/ and the titanites using a single stage technique with 3 N HCl + 0.5 N
HBr /Corfu and Andersen, 2002/. The residual HBr in the titanite columns was removed
from the resin by passing through 3 N HCI. The Pb and U were then collected with 6 N
HCI and H,0, respectively. The purified Pb and U were loaded together on outgassed Re
filaments with Si-gel and phosphoric acid.

Analyses were carried out with a Finnigan MAT262 mass spectrometer either in static

mode on Faraday cups, or for small amounts and all *’Pb/**Pb ratios, in dynamic mode
using an electron multiplier (EM). The data were corrected for 0.1%/amu fractionation on
both Pb and U, with an additional bias correction for EM data determined from regular runs
of the NBS 982 Pb standard. Blank correction was 2 pg Pb and 0.1 pg U, and the initial Pb
was corrected using Pb compositions calculated with the /Stacey and Kramers, 1975/ model.
More detailed descriptions of the analytical procedures are given by /Corfu and Andersen,
2002/ and /Corfu, in press/.

4.2.2 “Ar/**Ar (hornblende, biotite) geochronology

“Ar/*° Ar geochronology has been carried out on nine hornblende samples and eight biotite
samples (Figure 2-1) at the new “°Ar/*Ar geochronological laboratory at the University of
Lund, Sweden.

The hornblende and biotite samples selected for “Ar/*Ar geochronology were irradiated
together with the DRA-1 sanidine standard (25.26 Ma) /Wijbrans et al, 1995/, recalculated
following /Renne et al, 1998/, for 35 hours at the NRG-Petten HFR RODEO facility in the
Netherlands. J-Values were calculated with a precision of 0.5%.

The “°Ar/*’Ar geochronology laboratory at the University of Lund contains a Micromass
5400 mass spectrometer with a Faraday and an electron multiplier. A metal extraction line,
which contains two SAES C50-ST101 Zr-Al getters and a cold finger cooled to ca —155°C
by a Polycold P100 cryogenic refrigeration unit, is also present. One or two grains of
hornblende or biotite were loaded into a copper planchette that consists of several 3 mm
holes. Samples were step-heated using a defocused SOW CO, laser. Sample clean-up

time that made use of the two hot Zr-Al SAES getters and a cold finger with a Polycold
refrigeration unit was five minutes. The laser was rastered over the samples to provide
even-heating of all grains. The entire analytical process is automated and runs on a
Macintosh-steered OS 10.2 with software modified specifically for the laboratory at

the University of Lund and developed originally at the Berkeley Geochronology Center
(Al Deino).
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Time zero regressions were fitted to data collected from 10 scans over the mass range of
40 to 36. Peak heights and backgrounds were corrected for mass discrimination, isotopic
decay and interfering nucleogenic Ca-, K-, and Cl-derived isotopes. Isotopic production
values for the cadmium-lined position in the Petten reactor are *Ar/*’ Ar(Ca) = 0.000270,
FAr/F"Ar(Ca) = 0.000699, and “Ar/*Ar(K) = 0.00183. “°Ar blanks were calculated before
every new sample and after every three sample steps.*’Ar blanks were between 6.0-3x101°,
Blank values for masses 39-36 were all less than 7x107'®. Blank values were subtracted for
all incremental steps from the sample signal. The laboratory was able to produce very good
incremental gas splits, using a combination of increasing time at the same laser output,
followed by increasing laser output. Age plateaus were determined using the criteria of
/Dalrymple and Lamphere, 1971/, which specify the presence of at least three contiguous
incremental heating steps with statistically indistinguishable ages and constituting greater
than 50% of the total **Ar released during the experiment. Inverse isochrons yield ages
statistically indistinguishable from those given by the plateaus and are not presented here.

4.2.3 (U-Th)/He thermochronology

(U-Th)/He thermochronology has been carried out on seven apatite samples at the Forsmark
site (Figure 2-1). Final hand-picking of the apatites selected for analysis and all the analyses
were performed in close collaboration with Dr. Joaquim Juez-Larré at the Free University,
Amsterdam, Netherlands.

Helium extraction

Helium measurements were conducted on a quadruple mass spectrometer. For each
individual sample, the single apatite grain was inserted in an inconel capsule and loaded
into separate inconel tubes attached to a thermocouple. The inconel tubes were mounted
in a flange multiplexer and pumped to UHV-conditions. First, a hot blank was measured to
ensure the absence of helium or a leak in the system. Next the first inconel tube containing
a sample was heated in an external oven for 30 minutes up to 900°C. These T-t conditions
guarantee the complete extraction of helium from the apatite grain size used in this study.
After degassing and before the helium was measured, a sequential clean-up procedure was
carried out, consisting of:

1. Exposure to a SAES getter at 450°C for the removal of reactive gases.

2. Exposure to one charcoal trap held at nitrogen temperatures to remove non-reactive
condensable gases.

3. Exposure to a SAES getter at 20°C for absorption of H,.

The remaining helium fraction was then expanded into the mass spectrometer for analysis.
The amount of helium was determined by counts per second compared to an internal
standard (Krusivik geothermal gas) measured under the same conditions as the analysed
sample. One shot of Krusivik typically contains (2.60+0.02)x107 cm® of “He at STP.

U-Th measurements

The grains were unloaded from the inconel capsules and the apatite was transferred to a
Teflon beaker. Grains were dissolved with HNO; and HF on hot plates, spiked with two
artificial isotopes (**U and **Th) and diluted up to ~3 ml with MiliQwater. In this solution,
the uranium and thorium contents were measured using an Inductively Coupled Plasma
Mass Spectrometer (ICP-MS). The argon ICP used is a high temperature plasma fireball,
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into which the aerosol sample is carried by argon gas. A low-flow Teflon nebulizer
(90-120 pul/min) was used in order to increase the ICP-MS efficiency for measurements of
very low U-Th concentrations in small quantities of the solution. The plasma decomposes
and dissociates the particles of the sample and then ionises the resulting atoms. The ions
were partially extracted into the vacuum chamber, focused and transferred to a quadruple
mass spectrometer, where they were analysed by an electron multiplier detector in a rapid
sequential scan. Detection limits are typically at the ng/l (ppt) level. The resulting mass
spectra were used to quantify the amount of >*U and #**Th by isotopic ratio comparison to
the two artificial isotopes of known concentration.

Durango standard calibration

Verification of the analytical technique and procedures is provided by routine analyses

of an apatite standard. As a standard we used the 160—180 um fraction of crushed and
sieved Durango apatite crystals that were originally 1-2 cm in size. Each standard aliquot
comprised from 1 to 50 grains. Six standards were measured for (U-Th)/He in the analyses,
containing between 0.147 and 0.006 mgr of Durango apatite grains. The results yielded a
range of (U-Th)/He ages between 28+1 Ma and 35+1 Ma against a reported age of 32+1 Ma
/Farley, 2000; Jonckheere et al, 1993/.

4.3 Data Handling

The program Isoplot/Ex 3.00 /Ludwig, 2003/ has been used for calculating ages and
plotting the data obtained from the SIMS and TIMS analyses. “°Ar/*’ Ar geochronology
data were produced, plotted and fitted using the argon programme provided by Al Deino
from the Berkeley Geochronology Centre, USA. Data was subsequently exported to MS
Excel tables. (U-Th)/He ages were calculated with an in-house program used at the Free
University, Amsterdam, Netherlands. Data was subsequently exported to MS Excel tables.
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5 Results

The data from the geochronological study are presented in tables, one for each technique.
These data contain the information that is needed to calculate the various ages. The data are
also presented in plots that are appropriate for the different techniques. Tera-Wasserburg
and conventional concordia diagrams are used for the U-Pb (SIMS) and U-Pb (TIMS) data,
respectively, and step-heating spectra for all the **Ar/*°Ar data. The (U-Th)/He data are
plotted in an age—depth diagram.

5.1 U-Pb (zircon, titanite) ages

In the case of the U-Pb isotope system, an age can be calculated as a concordia age, a
concordia intercept, or as a weighted average of ’Pb/*®Pb ages. A concordia age can be
calculated when the data are concordant, i.e. lie on the concordia curve, and it integrates
the 2°°Pb/>®U, 27Pb/>*3U and **"Pb/**Pb ages. A drawback is that a small deviation from
concordance can affect the age depending on the slope of the concordia curve. A concordia
intercept is the intersection between the concordia and a discordia line. This line is defined
by a set of discordant data, which is the result of lead loss in the analysed crystals. In this
study, we have preferred to use the weighted average of the *’Pb/**Pb ages for concordant
data, since it is not sensitive to deviations from concordance produced by recent lead loss.
It should be noted that some of the ages presented in the concordia diagrams are in fact
weighted averages.

Following data acquisition with the help of the SIMS technique, it was evident that the
analytical points within two of the samples, PFM002207A and PFM002213A, showed a
statistically significant spread, with a few analyses considerably older than the majority of
the analyses. To deal with this problem, the internal structures of the zircons were studied in
the BSE- and CL-images. Zircons with magmatic oscillatory zoning were selected in favour
of altered zircons that lack zoning or show BSE-bright, or CL-dark images (Figures 5-1 and
5-2, respectively). This approach works well since some of the worst outliers are discarded.
However, it also means that a few analyses that are consistent with the majority of analyses
have been omitted from the age calculations.

5.1.1 U-Pb (zircon) ages based on the SIMS technique

The data that have been derived with the help of the U-Pb SIMS technique and that have
been used to calculate the four ages presented here are listed in Table 5-1. All samples are
from the surface. A short summary of the results for each sample is presented below.
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Figure 5-1. Representative BSE-images of zircons mounted for analysis by the SIMS technique.

A: Zircon (analysis n1257-07a) with magmatic oscillatory zoning that has been included in an age
calculation. B: Zircon (analysis n1257-06a) that lacks zoning, is BSE-bright and has been omitted
from an age calculation. Ellipses mark analysed spots.

60 um

Figure 5-2. Representative CL-images of zircons mounted for analysis by the SIMS technique.
A: Zircon (analyses nl1425-12b and nl1425-12a) with magmatic oscillatory zoning that has been
included in an age calculation. B: Zircon (analysis n1425-03a) with altered zoning and CL-dark
image that has been omitted from an age calculation. Ellipses mark analysed spots.

22



96 69 0981 yx4 L08L  8€0 L€11°0 Ll 2eee0 €00 G66€S €€0 L6€ Zsl uoz 3s0 10 960-L¢viu
00l 2'S 981 8¢ 8/8L 620 8vLL0 Ll 18€€0 659201 90°0 V.S 0ce woy 34ep-1o e€60-L2¥ U
96 L9 €981 x4 €08l /€0 6€LL0 Ll 122¢0 80°0 18474 G50 801 191 uoz 3s0 10 eg0-LZvLu
v6 8°L 9981 9 69.L  €v'0 L0 Ll 651€0 GL0 G.6¢) S¥0 98¢ 43" uoz 3s0 19 e.0-/Zvlu
06 6°L G/81 9 vLLL v VAN Ll 9¥0¢‘0 22¢09S Ge0 ole GLl uoz 3s0 19 €90-LZVLu
66 ¥'9 8G81 yx4 P8l 9€0 9¢LL0 Ll €1€€0 ¥0°0 8625 (0)40] 9.¢€ €Gl uoz 3s0 19 eG0-LZvLu
86 8L V.81 yx4 L¥8L  ¥¥'0 9vLL0 L'l 61€€0 8€¢CS €€0 1444 86 uoz 3s0 19 ey0-LZvlu
66 8'9 Go81L yx4 2681 8€0 orLL0 Ll 82¢e’0 G0°0 oves8e €0 6v¢ Ll uoz 3s0 19 ego-Leviu
0L g8 6G81 8¢ 1281  L¥0 9110 L'l 19¢€°0 200 0018¢ €€0 lcc 26 uoz 3s0 19 eco-Lcviu
0L 62 6981 8¢ 088l  ¥v'0 evLL0 L'l 98¢€‘0 L0.¥S 9¢0 98¢ 8Ll uoz 3s0 19 eLo-Lcviu
6 14 9081 g8 1291 vl ¥0L1°0 LG 65620 L0 119¢ 6¥°0 88¢ 6€l [eUOZXM 3S9  «B0L-LGCLU
66 (¥4 0s81L 16 8¢8l Al LELLO LS 8/2¢0 ¥Z'0 0€6. €80 GG 961 uoz |e|s 359 q€60-2GCLU
26 44 Ggesl 98 S0ZL Al rAANN(] L'S 120¢€°0 6¥°0 1G8¢E 650 98¢ 801 uoz e |s 359 q€80-2G¢LU
0L 9L 9681 0€ ¥88L  2v'0 GELLO 6°l G6e€0 L0 16181 L¥0 (42 1474 uoz 9so 3S9 e/0-/GCLu
L0 0l 6061 L€ 816l 950 6911°0 6°l 99%¢°0 600 14 ZA% €0 19G 9ec woy 1ybug-3s9 e€90-2G¢LU
86 Z9 6881 0€ GG8L  S€0 95110 6°l Geee'o 600 €G66¢ €0 L6y 00z  uoz)ymjybug-3sg eBG0-LG¢CLU
¥0L 69 881 L€ 961  8¢0 €510 6°l 9¥Se‘0 €00 26929 1€0 Sy 06l woy 3s9 eBy0-LGCLU
0L 6'S 9981 0€ 1881  €£0 L0 6°l 88¢€€‘0 GL0 viccl €0 Gcs 8l¢c uoz 9so 3S9 qe€0-LG¢Lu
00l 6°L 6G81 0€ ¥S8L  v¥'0 LELL0 6°l zeee’o 200 8ll/lc 9¥‘0 GG 681 uoz 9so 3S9 ego-LGcLu
86 G's 9981 0€ €8l 0g0 S 4N0] 6°l 982¢‘0 600 8606¢ €€0 Ley 891 uoz 9so 359 eco-LGcLu
96 G‘9 0981 6¢ 208l 9g0 LELL0 6°l Geee'o 60°0 9861 050 yee €1 uoz |e|s 359 qlL0-LGCLu
€0l G's V.81 L€ LE6L LE0 9rLL0 6'l z6%€0 €00 60S€S €€0 VA4 102 uoz |e|s 359 eLo-LGcLu
£8°0 AMSI ‘v'€ ¥ G981 :s9be qd90z/dd L0z 40 abeitane pajybiop v.2L02Z00Nd

% (e) abe (ew) abe % % painseaw painseaw (wdd) (wdd) (3sg pue 19 wouy) jods
2"2U0D OF  Qdsoe/dd.0z OF  Nacz/ddooz OF  ddsoz/dd.0z OF  Nece/Adsoz % %%} Advoz/Adsoz n/uL n ad -SSEJJ |einjonaig /ol dwes

"anbluyoa) SNIS 3y} jo diay ay} yyim paaliap ejep (uodiiz) qd-n °L-G djgeL

23



86
66
96
86
86
(0[0]
(0[0]
G6
18
(0[0]
0l
96
c0l
€0l
€0l
col
86
€0l
101

€01
0l
601
601
601
S0l
901
S0l
601
€01
S0l

L'S
Z's
L'l
¥'9
8'0
L2
L2
€'6
G's
9'9
€'/
6'L
L'6
ol
€'9
8's
9'9
6'S
]

Ll
G'6
€L

¢l
G'6
6'8
9'9
v'8
6'L

bl
G'g

¢/8l
298l
¢s8l
0.8l
6981
Go8l
€981
6981
8.1
Go8l
1681
Gas8l
V.81
981
9681
0681
1881
Y061
1981

6€81
va81
a8l
LG8l
8l
€681
a8l
LG8l
a8l
818l
6v8l

14
14
€¢
14
14
14
e
€¢
0c
0c
1€
6¢
L€
1€
1€
1€
1€
ce
ce

8¢
L€
4
4
4
2%
2%
2%
4
2%
2%

yesl
8l
1611
Sv8lL
9€81
1681
9681
6811
08¥l
8G81
661
6811
6061
cl6l
961
6161
cs8l
6v61
0861

088l
0c6l
661
1661
c661
GE6L
cv6l
Gee6l
8661
9681
1261

zeo
620
€70
Ge0
8€‘0
6€0
6€0
2s'o
0€‘0
9¢'0
0¥‘0
1440
¥G'0
950
Ge0
ze'o
1€0
€€0
zr'o

650
€50
L0
¥9'0
€50
6%°0
L€°0
1¥°0
70
€90
1¥°0

SyLL0
8€LL0
ZeLLo
rLL0
ePLL0
LrLL'o
6€LL0
ePLL0
16010
LrLL'o
2G11°0
¥ELLO
9rLL‘0
ovLL‘0
09110
1G11°0
GGL1°0
G910
ZrLLo

1741%0)
€ELLO
ZELL'O
ZeELL'O
8zZLL'0
€ELLO
€ELLO
ZeLLo
¥ELLO
0€LL0
0€LL0

Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
Gl
A"
6l
6l
6l
6l
6l
6l
6l
6l
6l

L'l
6'l
6'l
6'l
6'l
6'l
6'l
6'l
6'l
6l
6l

z62e'0
ZLeeo
€02Z€0
yLEED
962€°0
8€€€'0
L€€€°0
861€°0
18620
LYEE0
LEGED
861€°0
9vye‘0
€5¥€°0
€25€°0
19%€°0
62€€0
0€S€0
G6SE0

98€€°0
0L¥€'0
GZ9€'0
0€9€0
129€0
20S€E0
91GE0
6.¥E0
€€9€°0
0Z¥e'0
G8YE'0

¥0°0
ZLo
90°0

A
G0°0
vL0
60°0
9z'0

60°0
810
Lo
1z'o
¥0°0

10

Z'0
¥0°0
¥0°0

600
¥0'0
€00
60°0
G0'0
G0'0
800

Lo
¥0'0

A
800

LL29Y
€1¢S1
L061€
8463141
veve
LyGLE
28cel
¥€80¢
clil
€0¢v0l
GG¥0¢C
98501
Gecell
7988
98¢SY
8611
Gvc6
81¥09
9G/Sv

19'0
8€'0
9v'o
zr'o
19'0
0S'0
zr'o
16’0
150
29'0
8€'0
or'o
0€‘0
0€‘0
LE'0
€€'0
0€‘0
8v'0
¥'0

SOy
09
°1*14
€.€
00¥
90€
€G¢€
€le
.01
06€
S09
Svy
6G€
ove
cly
€28
c0s
YAYA
12

161
8G¢
28l
csl
cll
8¢l
141
9cl
6v€
891
19¢
Gll
14
ovl
Vil
6lc
00¢
vee
yA4"

uoz 9s0 19
uoz 9s0 19

uoz 9s0 19

uoz 9s0 19

uoz 29s0 19

uoz 29so 19

uoz 29so 19

uoz 29so 19

uoz |e yiep-19
uoz 29s0 19

uoz ym ybug-3sg
uoz 9so 339

uoz 9s0 YM 3Sg
uoz 9s0 YMm 3Sg
woy Jybug-389
woy Jybug-389
woy Jybug-389
woy ybug-389
uoz 9so 389

ell-Geylu
eQl-Geylu
B60-Gevlu
eg0-Gevlu
B/0-Geylu
B90-Geylu
BG0-Geylu
ey0-Geylu
eB€0-GZylu
elL0-Geylu
«€80-8G¢ U
e/0-85¢lu
e90-85¢lu
BG0-8Gclu
eBy0-8G¢IU
«B€0-8G¢ U
edc0-8G¢lu
eB20-8GCIU
el0-8GcLu

¥l AMSIN ‘v'€ F 1981 :sabe qd90z/dd .0 jo abesane pajybiam "VELZZO0Nd

125°124
G96.¥
Y9615
1 23%4
[A1 PR
[49341%
[44°1¢4
90681
9/¢vvy
14444

€9€€C

LE0
0€0
0S°0
120
0€0
vzZ'o
9€'0
LE0
€€0
Ge'0
8€0

Gol
Ggeel
866
9ce
8¢6
99
116
1242
G09
6yl
124

89

805
193°1 4
ovl
(0[0) %
v.ic
513%
LEG
G9¢
29

(1[0

woy yep-3s9
woy 389

woy 389

woy 3s9

woy 3s9

uoz 3m 3sg

uoz 3m ybug-3s9
woy jybug-3sg
uoz 3S9g

U0z S0 M 3Sg

woy 359

elL0-6¢ylu
eQl-6Gclu
B60-6GCLu
eg80-6G¢Clu
B/0-6G¢Clu
BG0-6GClU
av0-6Gclu
ey0-6G¢CLu
Beg0-6Gclu
ec0-65clu
elL0-6Gclu

220 AMSIN ‘2'S 71581 :sabe qd90z/dd .02 Jo abelane pajyblam "v012Z00Nd

24



1UBPIOOSIP PasIaAal ale 9,00 < SJequinu ‘eouepoouos Jo salba( »

uoIINQIUOD B|gEe}I8}8p OU SedIpul Syue|g ‘|opow (G/6L) Siowesy pue Asoe)g Bulwnsse pue gd,q, WOJy Pajew}ss ‘qd uowwod Agq pajnguiuod qdeg; 40 8bejussiad »
Apybis ‘Is ‘paJsye ‘|e Heam Ym ‘snosusbowoy ‘woy {|elojoas ‘109s ‘A10je||I0so ‘0so (Buluoz ‘uoz ‘Buibewi uoujose Ja)eds yoeg ‘3gg Buibew susasauiwnopoyied ‘19

(wr Q| 9) 8zIs jods |lews 4
uone|nojes abe wolj paRIWQ -

86

1oL
1oL
0ol
col
col
col
0ol
col
col
(0[0]5
1oL
1oL

1013
1oL
86
(0[0]
66
16
08
Z8
06
86
86
66

LG
8'9
6'S
9's
6'S
Gy
vy
L2
€'s
9'9
G'o
9',
Z'9

€'9
ol
6'9
Z'8
L'8
vy
¥4
G'6
9'v
9's
9'g
L'9

8.8l
c68l
288l
9881
8.8l
0881
€881
1781
1881
V.81
G681
681
0681

9981
8981
8.8l
1881
6¢€8l
6981
818l
9681
2s8l
8981
1681
6981

/C
8¢
8¢
8¢
8¢
8¢
8¢
8¢
8¢
8¢
8¢
8¢
8¢

8¢
8¢
yx4
yx4
yx4
yx4
14
14
44
e
ve
14

88l
€l6l
€681
c68l
6161
L161
8l61
€881
/161
1061
1681
0681
oL6l

1881
1881
88l
€681
8181
181
9¢st
€651
1891
6€81
98l
98l

LED
8€0
€€0
LE0
€€0
STAl
1740
6€0
0€0
L€°0
9¢°0
Zr'o
Ge0

Ge0
950
8€‘0
9v‘0
8y°0
1Al

A"
€50
STAl
LE0
8y'0
1€0

67110
85110
LGLLO
¥SLL0
67110
0SLL°0
2510
8vLL‘0
0SLL°0
9rLL‘0
09LL°0
0SLL°0
95110

LrLLo
ZrLLo
67110
GELLO
¥ZL1L0
€PLL0
0€LL0
GELLO
ZeLLo
eVLL0
GELLO
eVLL0

L
L
L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
8l
L
Gl
Gl
Gl
Gl

BLEE0
GGYE'D
YLYED
0L¥E'D
99%€°0
LGYED
SovE‘0
Z6E€0
€9¥€°0
62¥€0
zzre'o
80¥€‘0
8vye‘0

88€€'0
88€€°0
6LEE0
LEEE0
8G2€'0
112€°0
12920
62/2°0
8/62°0
00€€°0
G120
GLEED

900 06¥€€ 9€'0  L€S vie uoz 3s0 XM 10 q80-9¢viLu
Lv€89 zeo Loy 8.1 uoz 3s0 XM 110 eg80-9¢ylu
€00 18809 LE°0 VSV 681 Uuoz 3s0 XM 10 q.0-9¢vLu
€00 22929 €0  €8Y 10¢ U0z 3s0 XM 10 B/0-9¢viu
6€€G8 GE'0 YIS yAY4 Uuoz 3s0 XM 10 B90-9¢ylu
265191 LW'o  vel 43 uoz 3s0 XM 10 qG0-9¢yiLu
2ev8.LS L7'0 908 144 U0z 3s0 XM 10 BG0-9¢ylu
20°0 GG9G¢ 1A A 90¢ U0z 3s0 XM 10 ey0-9¢yiu
G188l LP'0 865 GGe uoz 3s0 XM 10 Beg0-9¢ylu
¥0°0 9¢G¢S LE'0  evy 28l uoz 3s0 XM 190 qc0-9¢yiu
19GY. LE'0 vy 28l uoz 3s0 XM 10 Bc0-9¢ylu
ZLo ¥89G1 vZ'o  Lov Y9l U0z 3s0 XM 10 qL0-9¢vlu
048101 120 86¢ Y9l U0z 3s0 XM 10 eL0-9¢ylu

160 AMSIN ‘LS F €881 :s9be 0d4902/0d L0 o abelane payybiop 'V .12Z00Ndd

90€1LS1 650 SOV 9.1 uoz d9so 10 ay0-8¢yLu

90°0 €80¢¢€ ¥'0  gee G6 uoz d9so 10 ey0-8¢yLu
G0'0 9198¢ 1G'0 oLy €Ll uoz|e|s 1o ego-8¢ylu
8GG88 0€'0  gee ocl uozim 1o qc0o-8cyiu

80°0 €602¢ LE'0  9re o€l uoziym 1o ec0-8cylu
L0 66581 v.'0 Lcol 927 uoz 3m 19 010-8¢vLu
€8'¢c 88Y Ge'0 €8¢ S6 uoz }08s 9s0 10 qlL0-8cylu
650 981¢ L'o  9l§ 121 uozxm [e s 10 elL0-8cylu
60°0 10661} er'o  0€8 S0€ uoz d9so 10 eyl-Geylu
90°0 €10¢¢ 16’0 l6v ole uoz d9so 10 egl-Geylu
L0 06561 ve'o  9/e¢ 601 uoz d9so 10 qcl-Geylu

L0€€S L€'0  leg el uoz 9so 10 ecl-Geylu

25



PFM002207A

Sample PFM002207A is a Group B, medium-grained metagranite from an outcrop inside
the candidate area (Figure 1-2). The metagranite shows a linear grain-shape fabric and a
weaker planar grain-shape fabric. All these structures formed under amphibolite-facies
metamorphic conditions.

The age obtained, 1865+3.4 Ma, is a weighted average of the *’Pb/*Pb ages and is
interpreted as the age of crystallisation of the granite pluton (Figure 5-3). It is evident that
some of the analysed crystals are slightly discordant due to recent lead loss (Figure 5-3).
Since there are insufficient discordant data to construct a reliable discordia line, no attempt
has been made to calculate an intercept age.

data-point error ellipses are 26
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Figure 5-3. Tera-Wasserburg concordia diagram for sample PFM002207A. Triangles indicate the
positions of analyses omitted from the age calculation.
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PFMO002210A

Sample PFM002210A is a Group D granite dyke from a coastal outcrop on Klubbudden
that is situated northeast of the candidate area (Figure 1-2). The dyke is strongly discordant
to a tectonic banding in the surrounding host rocks that is defined primarily by different
components of Group B meta-intrusive rocks. On a larger scale, the tectonically banded
sequence is folded and the outcrop from which this sample has been taken is situated on the
northeastern limb of a major synform that plunges moderately to the south-east.

The age obtained, 1851+5.2 Ma, is a weighted average of the 2’Pb/?Pb ages and is
interpreted as the age of crystallisation. The fact that the analyses are slightly reversed
discordant is an analytical artefact and does not affect the 2’Pb/>*Pb ages.

0,118 data-point error ellipses are 26
0,116
0
Q. 0114 f
(I
o
N
—
0
l\n- 0,112
o
N
0,110 PFM002210A
Weighted Average of ?’Pb/*®Pb ages
1851 £ 5.2 Ma, 95% conf.
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Figure 5-4. Tera-Wasserburg concordia diagram for sample PFM002210A.
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PFM002213A

Sample PFM002213A is a Group C metagranodiorite from a coastal outcrop on Klubbudden
that is situated northeast of the candidate area (Figure 1-2). The metagranodiorite is slightly
discordant to the same tectonic banding described above. The metagranodiorite shows

a linear grain-shape fabric that developed under lower amphibolite-facies metamorphic
conditions.

The age obtained, 1864+3.4 Ma, is a weighted average of the *’Pb/?*Pb ages and is
interpreted as the age of crystallisation of the metagranodiorite (Figure 5-5). It is evident
that some of the analysed crystals are slightly discordant, due to recent lead loss (Figure
5-5). However, there are not enough discordant data to construct a reliable discordia line.
For this reason, no attempt has been made to calculate an intercept age.

0.120 data-point error ellipses are 20
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Figure 5-5. Tera-Wasserburg concordia diagram for sample PFM002213A. Triangles indicate the
positions of analyses omitted from the age calculation.
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PFM002217A

Sample PEFM002217A is from a Group B metatonalite to metagranodiorite pluton that is
situated partially inside the candidate area (Figure 1-2). On the basis of a modal analysis
/Stephens et al, 2003b/, this sample is inferred to be granodioritic in composition. The
metatonalite to metagranodiorite pluton shows a strong linear and a somewhat weaker
planar grain-shape fabric. This mineral fabric developed under amphibolite-facies
metamorphic conditions.

The age obtained, 1883+3.1 Ma, is a weighted average of the >’Pb/**Pb ages and is
interpreted as the age of crystallisation of the Group B metatonalite to metagranodiorite
body (Figure 5-6). Calculation of a concordia age provides the same result.

0.120 data-point error ellipses are 2o

0.118

' 940\
0.116 | "//ﬂffé:?\;

‘_ =

207Pbl206Pb

0.114 |
ik 1?
| & PFMO002217A
‘ Weighted Average of *’Pb/”®Pb ages
1883 + 3.1 Ma, 95% conf.
o | MSWD = 0.97
27 2.8 2.9 3.0 3.1 82

238 UIZOBPb

Figure 5-6. Tera-Wasserburg concordia diagram for sample PFM002217A.

5.1.2 U-Pb (zircon, titanite) ages based on the TIMS technique

The data that have been derived with the help of the U-Pb TIMS technique and that have
been used to calculate the three ages presented here are listed in Table 5-2. All samples are
from the surface. A short summary of the results for each sample is presented below.
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PFMO000718G (U-Pb titanite)

Sample PFM000718G is from a Group D granite dyke from a coastal outcrop on
Klubbudden that is situated northeast of the candidate area (Figure 1-2). As for
PFMO002210A, the granite dyke is strongly discordant to the intense tectonic banding in
the surrounding rocks, defined primarily by different components of the Group B meta-
intrusive rocks. It is also situated on the north-eastern limb of a major synform.

The upper intercept on the titanite concordia diagram (Figure 5-7), 184444 Ma, is
interpreted as the age of cooling below the closure temperature of titanite, i.e. ¢ 700-550°C
/Frost et al, 2000/. The lower intercept, 909+200 Ma, suggests a Sveconorwegian lead-loss
event for the titanites. One highly altered fraction, 067/S.03, has been omitted from the
regression. The analysis point of this fraction is positioned far down and to the left on the
concordia diagram, slightly below the discordia line. It has probably been affected by more
than one lead-loss event, but is important in a qualitative sense since it confirms that the
Sveconorwegian intercept is real.

0,335 data-point error ellipses are 2G

0,333

0,331

0,329

0,327

206Pb/238u

PFM000718G
Intercepts at
909 + 200 & 1844 + 4 Ma
MSWD = 0,0018

0,325 |
181(

0,323

0,321
4,94 4,98 5,02 5,06 5,10 5,14 5,18 5,22

207Pbl235U

Figure 5-7. Conventional concordia diagram for sample PFM000718G.
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PFM001183B (U-Pb titanite)

Sample PFM001183B is a Group B amphibolite from an outcrop outside yet close to

the south-western margin of the candidate area (Figure 1-2). This sample is representative
of the amphibolites that are intimately associated with the metagranite inside the candidate
area. These amphibolites occur as dyke-like or irregular intrusive bodies inside the
metagranite.

The upper intercept on the titanite concordia diagram (Figure 5-8), 1843+3 Ma, is
interpreted as the age of cooling below the closure temperature of titanite, i.e. ¢ 700-550°C
/Frost et al, 2000/. It should be noted that the errors on the two discordant analyses have
been doubled, since these two analyses are slightly aberrant and produce an unreasonably
large error in the calculated age (184314 Ma). If one of the two analyses is omitted from
the age calculation, the resulting age remains the same, but with a much lower error. Since
there are neither analytical nor geological reasons to omit either of these analyses, the error
has been doubled. This procedure gives rise to a better fit on the discordia line and a more
reasonable error in the calculated age.

data-point error ellipses are 2o
0,35
Double error on discordant
fractions
0,33
=) 0,31
0
™
N
8
o 0,29
©
< 1
0.27 PFM001183B
Intercepts at
0.25 18 + 66 & 1843 + 3 Ma
MSWD = 1.6
0,23 L L L
3,6 4,0 4.4 4.8 5,2 5,6

207Pbl235u

Figure 5-8. Conventional concordia diagram for sample PFM001183B.
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PFM002216A (U-Pb zircon)

Sample PFM002216B is from a roadside outcrop in the southernmost part of one of the
major Group B ultramafic to intermediate plutons that are situated west and south-west
of the candidate area (Figure 1-2). On the basis of a geochemical analysis /Stephens et al,
2003b/, this sample is inferred to be gabbroic in composition.

The upper intercept on the zircon concordia diagram (Figure 5-9), 1886+0.9 Ma, is
interpreted as the crystallisation age of this mafic to intermediate pluton.

0,342
0,338
wD 0,334
o™
N L
—
g 0,330 |
[{e]
o
N
0.326 PFM002216A
i Intercepts at
0322 | 249 + 110 & 1886 + 0.9 Ma
_ MSWD = 0,059
0,318 L L L L L
50 51 5,2 5,3 5,4 55

207Pbl235U

Figure 5-9. Conventional concordia diagram for sample PFM002216A.

33



5.2 4Ar/*Ar hornblende ages

The “Ar/*Ar hornblende data that have been used to calculate the nine ages presented here
are listed in Table 5-3. All samples are from the surface.

Bearing in mind the calculated errors, the *°Ar/*Ar hornblende ages indicate cooling
through ¢ 500°C during the time interval 1834—1793 Ma. The four samples taken from

the structural domains affected by more intense ductile deformation, to the north-east

and to the southwest of the candidate area, yield consistently younger ages in the range
1812—-1793 Ma. Both older ages in the range 1834—1819 Ma (three samples) and younger
ages in the range 1807-1799 (two samples) are present in the candidate area, i.e. one of
the structural domains that generally shows less intense ductile deformation. More data are
required to confirm this disparity and to assess its geological significance.

A short summary of the results for each sample is presented below.

Table 5-3. “°Ar/**Ar hornblende data.

Sample/run Power Ca/K CI/K Ar/*Ar  %*Ar(Ca)® “Ar*/*Ar *Ar %*Arc  Cum. %*Ar %*“Ar* Age *20
D W) (Mol-14) (Ma)
PFMO002208A, run ID 1067-44 (J = 0.01071 £ 0.00001):

1067-44A 2,3 5,26623 0,06283 0,028776 25 194,80 0,3515 5,1 5,1 959 20331 1,5
1067-44B 24 8,72945 0,04732 0,003755 32,0 168,28 0,8568 12,7 17,7 996 1859,0 1,0
+1067-44C 2,5 8,58089 0,04532 0,001816 65,1 163,68 1,7331 25,6 43,3 99,9 1826,3 1,6
+1067-44D 2,5 8,61668 0,04684 0,001592 74,6 163,76  2,0514 30,3 73,6 99,9 18275 0,9
*1067-44E 2,6 9,67932 0,04940 0,003314 40,2 164,04  0,1066 1,6 75,2 996 18295 2,3
+1067-44F 2,6 11,88924 0,09017 0,001400 117,0 159,00 0,0247 04 75,6 100,0 17938 271
+1067-44G 2,7 8,73560 0,05193 0,001972 61,0 163,94 0,6505 9,6 85,2 99,9 1828,8 1,9
+1067-44H 2,7 9,26881 0,05538 0,003520 36,3 163,77 0,0564 0,8 86,0 996 1827,6 3,7
+1067-441 28 9,21709 0,04814 0,001950 65,1 163,73  0,4751 7,0 93,0 99,9 1827,3 1,2
+1067-44J 28 9,67641 0,04729 0,002349 56,8 163,72 0,2045 3,0 96,0 99,8 1827,3 1,7
+1067-44K 2,9 1,51354 0,04351 0,000988 21,1 168,24  0,0027 0,0 96,1 99,9 17884 38,0
1067-44L 31 9,50401 0,04295 0,001455 90,0 160,23  0,0781 1,2 97,2 100,0 1802,6 4,4
1067-44M 3,5 12,92285 0,09083 0,011284 15,8 159,94 0,0404 06 97,8 98,3 1800,5 78
1067-44N 5 10,78355 0,04797 0,002754 53,9 163,35 0,473 2,2 100,0 99,8 1824,7 2,0
Integrated age= 1842 2
() Plateau age = 78,3 1828 2
PFMO002209A, run ID 1054-45 (J = 0.01071 £ 0.00001):

1054-45A 211 6,75235 0,02649 0,005015 18,5 150,60 0,4455 33,6 33,6 99,2  1732,1 1,5
+1054-45B 2,1 6,89992 0,02433 0,001338 71,0 159,29 0,5948 44,9 78,5 99,9 17959 1,3
+1054-45C 2,2 5,90505 0,00841 0,002811 28,9 160,12 0,0433 33 81,7 996 1801,8 44
+1054-45D 2,2 6,72082 0,02674 0,000665 139,2 159,33  0,1364 10,3 92,0 100,0 1796,2 2,3
+1054-45E 2,3 11,65939 0,14696 0,005626 28,3 158,90 00116 0,9 92,9 99,3 17931 14,2
+1054-45F 24 7,43254 0,03407 0,002260 45,3 159,00  0,0941 71 100,0 99,8  1793,8 3,6
Integrated age= 1775 3
() Plateau age = 66,4 1796 3
PFMO002216A, run ID 1051-49 (J = 0.01071 £ 0.00001):

1051-49A 21 36,56697 0,53023 3,834243 0,1 1350,16 0,0043 0,3 0,3 54,1 49401 298
1051-49B 2,3 15,97637 0,23863 0,014506 15,2 170,12  0,1595 10,6 10,8 97,9 1871,6 21
+1051-49C 24 15,28727 0,21729 0,003419 61,6 161,31  0,3451 229 33,7 99,8 1810,2 1,5
+1051-49D 24 15,01753 0,21376 0,003104 66,6 161,26  0,5109 33,8 67,5 99,8 1809,9 1,3
*1051-49E 24 15,19776 0,21645 0,002027 103,3 160,58 0,3744 24,8 92,3 100,0  1805,1 2,2
*1051-49F 25 18,68100 0,26252 0,006243 41,0 157,24  0,0170 1,1 93,5 99,3 17812 178
*1051-49H 28 15,10295 0,20101 0,000715 291,0 157,62 0,0988 6,5 100,0 100,3 17839 33,3
Integrated age= 1837 5
(*) Plateau age = 89,2 1809 3
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PFM002219B, run ID 1058-52 (J = 0.01071 £ 0.00001):

1058-52A 1,7 22,44032 0,24539 0,727408 0,4 193,18 0,0067 0,8 0,8 472 20230 27,5
+1058-52B 1,9 10,12503 0,04052 0,002826 49,4 160,11  0,5724 66,6 67,4 99,7 1801,8 1,4
+1058-52C 2 9,87795 0,04569 0,001292 105,3 160,23  0,2246 26,1 93,5 100,0 1802,6 2,0
*1058-52E 3 12,15279 0,05515 0,001830 91,5 159,98 0,0542 6,5 100,0 100,0 1800,8 3,9
Integrated age= 1804 3
() Plateau age = 99,2 1802 3
PFMO002239A, run ID 1057-54 (J = 0.01071 £ 0.00001):

1057-54A 1,7 6,92232 0,12400 0,145906 0,7 317,17 0,0573 51 5,1 88,1 2671,6 44
1057-54C 1,9 10,65382 0,11889 0,009617 15,3 160,00 0,0684 6,1 11,1 98,5 1801,0 2,3
1057-54D 1,9 3,59598 0,15344 0,002822 17,6 162,23 0,0105 0,9 121 996 1816,8 16,1
1057-54E 2 11,12666 0,11651 0,006369 24,1 169,21 0,3092 274 39,5 99,2 18654 1,5
*1057-54F 2 9,74614 0,10121 0,002960 454 160,41 04304 38,2 77,6 99,7  1803,9 1,6
+1057-54G 2,1 12,07526 0,01678 0,003493 47,6 159,41 00120 1,1 78,7 99,7 1796,7 153
+1057-54H 2,2 12,57148 0,12578 0,002020 85,7 168,37  0,0302 2,7 81,4 99,9 17893 7.2
+1057-541 3 11,00766 0,10422 0,005121 29,6 160,91 0,2099 18,6 100,0 99,3 18074 2,2
Integrated age= 1876 3
(+) Plateau age = 60,5 1805 3
PFMO002241A, run ID 1052-55 (J = 0.01071 £ 0.00001):

1052-55A 2,1 9,75633 0,60399 1,839127 0,1 2280,89 0,0146 0,3 0,3 80,7 58378 11,3
1052-55B 2,3 14,12438 0,05904 0,037888 5,1 164,17 0,0480 1,0 1,3 939 18304 3,7
1052-55C 2,4 16,37457 0,12505 0,041161 55 194,94 0,0308 0,7 2,0 944  2034,1 9,0
1052-55D 2,5 11,96792 0,04244 0,004019 41,0 168,06 1,2923 27,7 29,7 996 18574 1,0
*1052-55E 2,7 11,83282 0,04113 0,002296 71,0 164,18 2,8510 61,2 90,9 99,9 1830,5 14
+1052-55F 3,1 12,11468 0,04483 0,002634 63,4 164,40 04257 91 100,0 99,8 18320 2,2
Integrated age= 1885 3
() Plateau age = 70,3 1831 3
PFMO002242A, run ID 1053-57 (J = 0.01071 £ 0.00001):

1053-57A 211 13,47117 0,19414 0,186340 1,0 39349 0,1359 19 1,9 87,8 29793 2,8
+1053-57B 2,3 7,91648 0,12091 0,002801 38,9 163,23  1,2492 17,2 19,1 99,7 1823,8 1,0
+1053-57C 24 7,86804 0,12369 0,003038 35,7 162,66 01285 1,8 20,9 996 18198 2,2
+1053-57D 24 7,35210 0,12239 0,001752 57,8 162,63 2,2006 30,3 51,2 999 1819,6 1,2
*1053-57TE 24 7,28640 0,12282 0,001562 64,3 162,80 1,2135 16,7 67,9 99,9 1820,8 1,0
*1053-57F 2,5 7,32106 0,12351 0,001824 55,3 162,77  1,7215 23,7 91,6 99,9 1820,6 1,0
1053-57G 2,5 7,57575 0,12321 0,001207 86,4 162,28 0,2998 4,1 95,8 100,0 1817,2 1,7
1053-57H 2,5 7,81443 0,13208 0,003014 35,7 162,22  0,2571 3,5 99,3 99,7 1816,7 1,6
1053-571 2,6 7,38304 0,13505 0,007613 134 159,69 0,0495 0,7 100,0 98,8 1798,0 4,4
Integrated age= 1851 2
() Plateau age = 89,8 1821 2
PFMO002244A, run ID 1056-59 (J = 0.01071 £ 0.00001):

1056-59A 1,9 587725 0,07516 0,007326 11,1 16543 0,7645 43,2 43,2 98,8 1839,2 1,1
+1056-59B 1,9 6,08697 0,08334 0,001373 61,1 160,67 04706 26,6 69,8 99,9  1805,7 1,2
+1056-59C 2 6,18787  0,08202 0,001116 76,4 159,71 0,052 59 75,8 100,0 1798,9 25
+1056-59D 2 5,72579  0,09115 0,000186 423,5 160,23 0,0625 3,5 79,3 100,1  1802,6 3,1
*1056-59F 2,2 7,89316  0,12271 0,009005 12,1 158,11 0,0294 1,7 81,0 98,5 17874 8,2
+1056-59G 2,7 6,16955 0,08084 0,001381 61,6 160,65 0,3362 19,0 100,0 99,9 1804,9 1,5
Integrated age= 1819 3
(*) Plateau age = 56,8 1804 3
PFMO002245A, run ID 1055-61 (J = 0.01071 £ 0.00001):

1055-61A 1,8 14,67125 0,41780 0,420131 0,5 402,49 0,0060 04 04 764 3012,3 281
1055-61B 1,9 8,91066 0,07674 0,004255 28,8 156,04 0,0809 5,6 6,0 994  1772,6 3,3
*1055-61C 2 8,80101 0,07617 0,001917 63,2 160,98 0,6053 42,0 48,1 99,9 1807,9 1,2
+1055-61D 2 8,73942 0,07199 0,001574 76,5 161,03 04553 31,6 79,7 99,9 1808,3 1,5
*1055-61E 2 9,51756 0,08207 0,003713 35,3 160,92 0,0659 4,6 84,3 996 1807,5 2,9
*1055-61F 2,1 12,09834 0,08823 0,010611 15,7 160,41  0,0232 1,6 85,9 984  1803,9 9,3
+1055-61G 2,2 8,76094 0,08071 0,000824 146,5 160,41 0,0912 6,3 92,2 100,1 1803,8 29
+1055-61H 2,3 9,70198 0,05755 0,002818 474 160,67  0,0466 3,2 95,5 99,7  1805,7 4,1
1055-611 24 11,43990 0,11531 0,005511 28,6 153,63  0,0101 0,7 96,2 99,2 17551 12,8
1055-61J 2,5 8,57507 0,08619 0,000103 1146,9 159,63 0,0548 3,8 100,0 100,2 1798,4 3,3
Integrated age= 1812 3
(+) Plateau age = 89,4 1808 3

a  Indicates steps included in the plateau age. Integrated age = the age calculated from all steps analysed; () Plateau age = the age calcula-
ted from steps that constitute a plateau, i.e. the interpreted true age of the sample

b Percentage of the total *Ar that is produced from Ca during irradiation (used to correct for atmospheric “°Ar)
¢ Percentage **Ar released during each step
d Percentage of measured “°Ar that is radiogenic
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PFM002208A

Sample PEFM002208A is a Group B amphibolite that is spatially associated with
medium-grained metagranite inside the candidate area (Figure 1-2). The sampling locality
lies within the structural domain that generally shows less intense ductile deformation. It is
also situated in the bedrock block between the Eckarfjiarden and Singd deformation zones
(Figure 1-2).

The plateau age defined on the **Ar/*°Ar step-heating spectrum diagram is 1828+2 Ma

(Figure 5-10). The age is interpreted as the age of cooling below the closure temperature
of hornblende (c 500°C).
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Figure 5-10. “°Ar/°Ar hornblende step-heating spectrum for sample PFMO002208A.
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PFMO002209A

Sample PFM002209A is a Group B amphibolite that is spatially associated with aplitic
metagranite along the coast at Klubbudden (Figure 1-2). The sampling locality lies within
the structural domain that shows more intense ductile deformation to the north-east of the
candidate area. It is also situated in the bedrock block between the Eckarfjdarden and Sing6
deformation zones, relatively close to the Singd deformation zone (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1796+3 Ma
(Figure 5-11). The age is interpreted as the age of cooling below the closure temperature
of hornblende (c 500°C).
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Figure 5-11. “Ar/°Ar hornblende step-heating spectrum for sample PFM002209A.
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PFM002216A

Sample PEFM002216A is a Group B metagabbro. The sampling locality is a roadside
outcrop in the southernmost part of one of the major Group B ultramafic to intermediate
plutons that are situated west and south-west of the candidate area (Figure 1-2). On the basis
of a geochemical analysis /Stephens et al, 2003b/, this sample is inferred to be gabbroic in
composition. The locality lies within the structural domain that shows more intense ductile
deformation to the south-west of the candidate area. It is also situated in the bedrock block
between the Eckarfjirden and Singd deformation zones, relatively close to the Eckarfjirden
deformation zone (Figure 1-2).

The plateau age defined on the **Ar/*°Ar step-heating spectrum diagram is 1809+3 Ma

(Figure 5-12). The age is interpreted as the age of cooling below the closure temperature
of hornblende (¢ 500°C).
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Figure 5-12. “Ar/Ar hornblende step-heating spectrum for sample PFM002216A.
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PFM002219B

Sample PFM002219B is a Group B amphibolite. The sampling locality is a small roadside
outcrop that is situated close to drill site 1, inside yet close to the south-western margin of
the candidate area (Figure 1-2). It is spatially associated with medium-grained metagranite
to metagranodiorite. The locality lies within the structural domain that generally shows less
intense ductile deformation. However, the degree of ductile deformation, with the develop-
ment of a distinctive, planar grain-shape fabric, increases towards the margin of the granite
pluton. The sampling locality is also situated in the bedrock block between the Eckarfjirden
and Singd deformation zones (Figure 1-2).

The plateau age defined on the **Ar/*°Ar step-heating spectrum diagram is 1802+3 Ma
(Figure 5-13). The age is interpreted as the age of cooling below the closure temperature of
hornblende (¢ 500°C).
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Figure 5-13. “Ar/°Ar hornblende step-heating spectrum for sample PFM002219B.
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PFM002239A

Sample PEFM002239A is a Group B amphibolite that is spatially associated with
metatonalite to the west of the candidate area (Figure 1-2). The locality lies within the
structural domain that shows more intense ductile deformation. It is also situated close to
the Forsmark deformation zone (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1805+3 Ma,

(Figure 5-14). The age is interpreted as the age of cooling below the closure temperature of
hornblende (¢ 500°C).
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Figure 5-14. “Ar/’Ar hornblende step-heating spectrum for sample PFM002239A.
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PFM002241A

Sample PFM002241A is a Group B amphibolite from drill site 3 (Figure 1-2). It is spatially
associated with pegmatitic granite and medium-grained metagranite. The locality lies
within the structural domain that generally shows less intense ductile deformation. The
sampling locality is also situated in the bedrock block between the Eckarfjirden and Singo
deformation zones (Figure 1-2).

The age obtained, 1831+3 Ma, consists of only two steps and does not constitute a true
plateau (Figure 5-15). However, this age is consistent with other ages in the area and, for
this reason, it is considered as relevant. The age is interpreted as dating the cooling below
the closure temperature of hornblende (¢ 500°C).
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Figure 5-15. “Ar/’Ar hornblende step-heating spectrum for sample PFM002241A. The asterisk
indicates that there are only two steps and that there is no true plateau according to the criteria
used here /Dalrymple and Lamphere, 1971/.

41



PFM002242A

Sample PFM002242A is a Group B amphibolite that is situated within yet close to the
north-eastern margin of the candidate area (Figure 1-2). It is spatially associated with
medium-grained metagranite. The locality lies within the structural domain that generally
shows less intense ductile deformation. The sampling locality is also situated in the bedrock
block between the Eckarfjarden and Sing6 deformation zones (Figure 1-2).

The plateau age defined on the **Ar/*°Ar step-heating spectrum diagram is 1821+2 Ma

(Figure 5-16). The age is interpreted as the age of cooling below the closure temperature of
hornblende (¢ 500°C).
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Figure 5-16. “’Ar/’Ar hornblende step-heating spectrum for sample PFM002242A.
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PFM002244A

Sample PFM002244A is a Group B amphibolite that is situated south of drill site 2 in the
candidate area and is spatially associated with medium-grained metagranite (Figure 1-2).
The locality lies within the structural domain that generally shows less intense ductile
deformation. The sampling locality is also situated in the bedrock block between the
Eckarfjiarden and Sing6 deformation zones (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1804+3 Ma,
(Figure 5-17). The age is interpreted as the age of cooling below the closure temperature of
hornblende (c 500°C).
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Figure 5-17. “Ar/°Ar hornblende step-heating spectrum for sample PFM002244A.
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PFM002245A

Sample PFM002245A is a Group B amphibolite that is situated north-west of the lake
Eckarfjirden (Figure 1-2). It is spatially associated with metagranite similar to that observed
inside the candidate area. The locality lies within the structural domain that shows more
intense ductile deformation. The sampling locality is also situated close to the Eckarfjirden
deformation zone (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1808+3 Ma
(Figure 5-18). The age is interpreted as the age of cooling below the closure temperature of
hornblende (¢ 500°C).
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Figure 5-18. “Ar/*Ar hornblende step-heating spectrum for sample PFM002245A.
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5.3 “Ar/**Ar biotite ages

The “Ar/*Ar biotite data that have been used to calculate the eight ages presented here are
listed in Table 5-4. These include six age determinations from surface samples and two age
determinations from samples taken from borehole KFMO1A.

Bearing in mind the calculated errors, the ages obtained from the surface samples and from
the upper part of KFMO1A indicate cooling through 300°C between 1704 Ma and 1666
Ma. An age of 1639+4 Ma has been obtained from the sample at the bottom of KFMO1A

(c 1000 m). This result is consistent with the fact that deeper levels of the crust will pass
through the 300° isotherm at a later stage than shallower levels. An uplift rate of ¢ 25 m/Ma
after 1643 Ma is indicated from the *“*Ar/*°Ar biotite data from borehole KFMO1A. For
comparison purposes, it may be noted that the present rate of uplift in northern Uppland,
following the latest glaciation, is 6000 m/Ma.

The variation in the ages of the surface samples may reflect different crustal levels that
have been offset, with respect to each other, by faulting after ¢ 1671 Ma. The oldest
“Ar/*Ar biotite ages come from samples PFM000875A and PFM001240A. These
samples are situated within the bedrock block between the Eckarfjirden and Forsmark
deformation zones and the bedrock block to the southwest of the Forsmark deformation
zone, respectively. More data are required to investigate the geological significance of the
variation in the ages of the surface samples.

A short summary of the results for each sample is presented below.
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PFMO000256A

Sample PEFM000256A is a Group B, medium-grained metagranite to metagranodiorite from
an outcrop to the south-west of the candidate area (Figure 1-2). The locality lies within the
structural domain that shows more intense ductile deformation. The sampling locality is also
situated immediately to the southwest of the Eckarfjirden deformation zone (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1671+5 Ma
(Figure 5-19). The age is interpreted as the age of cooling below the closure temperature of
biotite (¢ 300°C).
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Figure 5-19. “Ar/*Ar biotite step-heating spectrum for sample PFM000256A.
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PFMO000875A

Sample PFM000875A is a Group B metatonalite that is situated southwest of the candidate
area (Figure 1-2). The locality lies within the structural domain that shows more intense
ductile deformation. The sampling locality is also situated between the Eckarfjdrden and
Forsmark deformation zones (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1700+4 Ma
(Figure 5-20). The age is interpreted as the age of cooling below the closure temperature of
biotite (¢ 300°C).
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Figure 5-20. “Ar/°Ar biotite step-heating spectrum for sample PFMO000875A.
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PFMO001240A

Sample PEFM001240A is a Group B metagranodiorite that is situated immediately
south-west of the area selected for bedrock mapping activities (Figure 1-2). The locality
lies within the structural domain that generally shows less intense ductile deformation.
The sampling locality is also situated south-west of the regionally important Forsmark
deformation zone (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1699+4 Ma
(Figure 5-21). The age is interpreted as the age of cooling below the closure temperature of
biotite (c 300°C).
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Figure 5-21. “Ar/*Ar biotite step-heating spectrum for sample PFM001240A.
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PFM002207A

Sample PFM002207A is a Group B, medium-grained metagranite from an outcrop inside
the candidate area (Figure 1-2). The locality lies within the structural domain that generally
shows less intense ductile deformation. It is also situated in the bedrock block between the
Eckarfjiarden and Singo deformation zones (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1680+4 Ma
(Figure 5-22). The age is interpreted as the age of cooling below the closure temperature of
biotite (¢ 300°C).
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Figure 5-22. “Ar/°Ar biotite step-heating spectrum for sample PFM002207A.
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PFM002213A

Sample PFM002213A is a Group C metagranodiorite from a coastal outcrop on
Klubbudden (Figure 1-2). The sampling locality lies within the structural domain that shows
more intense ductile deformation to the north-east of the candidate area. It is also situated in
the bedrock block between the Eckarfjidrden and Singd deformation zones, relatively close
to the Sing6 deformation zone (Figure 1-2).

The plateau age defined on the “°Ar/*°Ar step-heating spectrum diagram is 1672+4 Ma
(Figure 5-23). The age is interpreted as the age of cooling below the closure temperature of
biotite (c 300°C).

Run 1152-01, PFM2213

1740 - -
1720 -

1700 -
' 1672 + 4 Ma

] | 1
1680 ; ; | : : :
1660 — 15 1516 17 19 21 23 26 |

1.4
1620 -

1600 - -

1680 -

Apparent Age (Ma)

1560 -
1540 - -
1620 :
1500 - -

1480 1 -

1460 Integrated Age = 1658 + 4 Ma -

0 10 20 30 40 50 60 70 80 90 100

Cumulative %*Ar Released

Figure 5-23. “Ar/*Ar biotite step-heating spectrum for sample PFM002213A.
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PFMO002219A

Sample PEFM002219A is a Group B, medium-grained metagranite to metagranodiorite
from a small roadside outcrop close to drill site 1. This outcrop is situated inside yet close
to the south-western margin of the candidate area and lies within the structural domain
that generally shows less intense ductile deformation (Figure 1-2). However, the degree

of ductile deformation, with the development of a distinctive, planar grain-shape fabric,
increases towards the margin of the granite pluton. The sampling locality is also situated in
the bedrock block between the Eckarfjidrden and Singd deformation zones (Figure 1-2).

Sample PFM002219A did not yield a well-constrained plateau age (Figure 5-24). However,
an integrated age from steps B to O, which accounts for 86.5% of the gas released (Table
5-4), is 1679+4 Ma. This age coincides with the other “*Ar/*?Ar biotite ages obtained from
samples within the candidate area. For this reason, this age is interpreted as the age of
cooling below the closure temperature of biotite (c 300°C).
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Figure 5-24. “Ar/’Ar biotite step-heating spectrum for sample PFM002219A. The asterisk
indicates that there is no true plateau according to the criteria used here /Dalrymple and
Lanphere, 1971/.
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KFM01A-100

Sample KFMO01A-100 is a Group B, medium-grained metagranite to metagranodiorite that
was sampled in the 108.5-108.9 m depth interval in borehole KFMO1A. This borehole
intersects the bedrock within the structural domain that generally shows less intense ductile
deformation (Figure 1-2). However, the degree of ductile deformation, with the development
of a distinctive, planar grain-shape fabric, increases towards the margin of the granite pluton
where KFMO1A is situated. Borehole KFMO1A also intersects the bedrock block between
the Eckarfjdrden and Singd deformation zones (Figure 1-2).

The “Ar/*Ar step-heating plateau age is 1681+4 Ma (Figure 5-25). The age is interpreted as
the age of cooling below the closure temperature of biotite (¢ 300°C).

Run 1158-01, KFMO1A100

1740 1 -

1720 1 d

1700 | 1681 + 4 Ma
1680 ——f——+——1 T +—T 1
i 14 1.4 1.5 1.5 1618 »2 2‘2:_

1660 -

1640 7 -
i o B

1620 1 -

1600 -

1580 - -

Apparent Age (Ma)

1560 -
1540 1 -
1520 -
1500 - -

1480 1 -

1460 Integrated Age = 1667 + 5 Ma -
L e . e B e B s S B B S S S B B B B B

0 10 20 30 40 50 60 70 80 90 100

Cumulative %*Ar Released

Figure 5-25. “Ar/*Ar biotite step-heating spectrum for sample KFMO01A-100.
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KFM01A-1000

Sample KFMO01A-100 is a Group B, medium-grained metagranite to metagranodiorite that
was sampled in the 1001.2—1001.6 m depth interval in borehole KFMO1A. This borehole
intersects the bedrock within the structural domain that generally shows less intense ductile
deformation (Figure 1-2). However, the degree of ductile deformation, with the development
of a distinctive, planar grain-shape fabric, increases towards the margin of the granite pluton
where KFMO1A is situated. Borehole KFMO1A also intersects the bedrock block between
the Eckarfjdrden and Singd deformation zones (Figure 1-2).

The “°Ar/*Ar step-heating plateau age is 1639+4 Ma (Figure 5-26). The age is interpreted as
the age of cooling below the closure temperature of biotite (¢ 300°C).
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1740 1 -
1720 -
1700 -

1680 1 -

L | 1639 + 4 Ma | f

1640 — [ ' '_CEI::|:
i ——1 43 1.4 14 14 15 1516 18 2 03l

] 1.3 -
1600 - N

1580 -

Apparent Age (Ma)

1560 -
1540 - -
1520 1 -
1500 - -

1480 1 -

1460 I Integrated Age = 1623 + 4 Ma -

0 10 20 30 40 50 60 70 80 20 100

Cumulative %*Ar Released

Figure 5-26. “’Ar/°Ar biotite step-heating spectrum for sample KFM0I1A-1000.
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5.4 (U-Th)/He ages

When apatite crystallises, U and Th are incorporated into the crystal lattice. Both isotopes
subsequently decay with emission of alpha particles (= *He nuclei). Helium is completely
mobile in apatite down to a temperature of ¢ 70—60°C /Farley, 2000/, after which it starts
to be retained in the crystal. However, helium diffusion continues at lower temperatures,
though at progressively slower rates, until complete retention occurs below ¢ 40°C.

This temperature range is referred to as the Helium Partial Retention Zone (HePRZ)

and is analogous to the Partial Annealing Zone (PAZ) used in apatite fission-track
thermochronology /Gallagher et al, 1998/. Due to its sensitivity at low temperatures, the
(U-Th)/He method has been used in interdisciplinary fields within geomorphology,
landform evolution, structural geology and geodynamics.

The (U-Th)/He data that have been used to calculate the ages presented in this report are
listed in Table 5-5. These include age determinations from two surface samples, on opposite
sides of the Eckarfjérden deformation zone (Figure 1-2), and from five samples from
different depths (c 200, 400, 600, 800 and 1000 m) in KFMO1A (Figure 1-2).

Table 5-5. (U-Th)/He data.

Sample? =8y =5y Th He Ft® Raw age Corr. Age Error
(ppm) (ppm) (ppm) cm?/g (Ma) (Ma) (*20)
PFM000875Ap1 10,918 0,079 1,181  4,44E-04 0,648 326 503,4 19,9
PFM002219Ap1 9,745 0,071 3,684  4,99E-04 0,611 386 632,8 22,3
PFM002219Ap2 11,612 0,084 3,686  6,22E-04 0,695 410 590,4 23,9
KFMO01A-200p1 9,075 0,066 4,677  3,79E-04 0,733 307 418,5 17,2
KFMO01A-200p2 11,975 0,087 5,608 6,51E-04 0,785 403 513,4 22,8
KFMO01A-400p1 5,816 0,042 3,080 2,42E-04 0,668 304 4547 17,0
KFMO01A-400p2 6,313 0,046 3,067  1,87E-04 0,594 219 368,9 12,4
KFMO01A-600p1 8,826 0,064 8,029 2,61E-04 0,726 200 275,8 10,6
KFM01A-600p2 6,442 0,047 5,246  2,14E-04 0,699 229 327,6 12,3
KFMO01A-800p1 7,444 0,054 4,527  1,81E-04 0,611 175 286,5 9,7
KFMO01A-1000p1 13,320 0,097 11,120  3,01E-04 0,619 155 251,2 8,3
KFM01A-1000p2 20,928 0,152 16,014  4,87E-04 0,567 159 281,2 8,6

ap1 and p2 at the end of the sample names refers to splits of same sample
®Ft = alpha-ejection correction factor
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The age obtained from the metatonalite within the bedrock block between the Forsmark and
Eckarfjiarden deformation zones (Figure 1-2) is ¢ 100 Ma younger than the age obtained
from the medium-grained metagranite in the bedrock block to the north-east, between the
Eckarfjdrden and Sing6 deformation zones (Figure 1-2). This age difference exists even
after account is taken of the analytical errors involved. More data are required to investigate
the geological significance of this result.

The data from KFMOI1A indicate consistently younger ages with depth (Figure 5-27),
ranging from ¢ 630 Ma from the surface sample close to drill site 1 (PFM002219A) down
to ¢ 250 Ma at the bottom of borehole KFMO1A (¢ 1000 m). However, a change in slope on
the age—depth diagram can be observed at a depth of ¢ 600 m (Figure 5-27).

Age—depth correlations possibly reveal the lower part of a fossil HePRZ in the upper part
of the diagram. The steeper slope on the diagram beneath this possible HePRZ represents
an exhumation event that had to occur to preserve the zone. From this set of data, the age
of the onset of this event can be estimated to a minimum of ¢ 300 Ma. The exhumation
rate, defined by a regression line through the steeper part between the ages of ¢ 300 Ma
and ¢ 250 Ma, is ¢ 4 m/Ma. For comparison purposes, it may be noted that the present rate
of uplift in northern Uppland, following the latest glaciation, is 6000 m/Ma. More samples
from KFMOI1A as well as other boreholes will be analysed at a later stage, in order to
provide tighter constraints on the age and character of the exhumation event.

(U-Th)/He ages, KFMO1A, PFM002219A,
PFM000875A
(U-Th)/He age (Ma)
200 300 400 500 600
0 | | | -l -
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E 4001 . . « KFMO1A
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§ 600 . . PFM000875A
800 .
1000 - o .

Figure 5-27. (U-Th)/He ages plotted on an age—depth diagram. The spread in the duplicates are
likely due to grain-size differences. The lower part of the slope, between 600 m and 1000 m, may
represent an exhumation event that is estimated to have started at a minimum age of ¢ 300 Ma.
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6 Conclusions

A summary of the geological features at the Forsmark site upon which the age-dating work
has been focused and the ages obtained are presented in Tables 6-1 and 6-2.

Table 6-1. Ages of crystallisation of the igneous rocks at the Forsmark site.

Age of crystallisation of igneous rocks

Geological feature

Dated rock type

Method

Age

Supracrustal rocks (Group A)

Older calc-alkaline plutons
with ultramafic to intermediate,
tonalitic and granodioritic
compositions (Group B
intrusive rocks)

Older calc-alkaline plutons
with granitic to granodioritic
composition (Group B intrusive
rocks)

Mafic dyke-like bodies and
irregular minor intrusions
in Group B metagranite to
metagranodiorite

Younger, calc-alkaline,
dyke-like bodies and minor
intrusions with granodioritic to
tonalitic composition (Group C
intrusive rocks)

Younger calc-alkaline dykes
and intrusions with granitic
composition (included in Group
D intrusive rocks)

1. Metagabbro

2. Metatonalite to
metagranodiorite

Metagranite inside
the candidate area

Metagranodiorite

Granite

1. U-Pb zircon (TIMS)
2. U-Pb zircon (SIMS)

U-Pb zircon (SIMS)

U-Pb zircon (SIMS)

U-Pb zircon (SIMS)

Comment: Age inferred to be
older than 1885 Ma.

1. 1886+0.9 Ma
2.1883+3.4 Ma

1865+3.4 Ma

Comment: Field relationships
indicate similar or younger

age relative to the Group B
metagranite to metagranodiorite.
Age of cooling through the
700-550°C temperature interval
is 184313 Ma (see below).

Age of intrusion inferred to be
1868-1840 Ma.

1864+3.4 Ma

1851+5.2 Ma

Comment: The age is supported
by the U-Pb titanite age (see
below) from the same rock type.
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Table 6-2. Timing of ductile deformation as well as cooling and exhumation ages at the

Forsmark site.

Timing of ductile deformation. Cooling and exhumation ages

Geological feature

Dated rock type

Method

Age

Penetrative ductile
deformation under
amphibolite-facies
metamorphic conditions

Discrete ductile deformation
under lower amphibolite-

or greenschist-facies
metamorphic conditions

Cooling below 700-550°C

Cooling below ¢ 500°C

Cooling below ¢ 300°C

Cooling below ¢ 70-60°C

1. Group B amphibolite
2. Group D granite

Group B amphibolite
(eight samples) and
metagabbro (one
sample)

Various Group B and
Group C felsic meta-
intrusive rocks (eight
samples)

Group B metagranite
to metagranodiorite,
predominantly from
KFMO1A (seven
samples)

U-Pb titanite
(TIMS)

4OAr/3°Ar
hornblende

4O0Ar/3%Ar biotite

(U-Th)/He

Comment: Field relationships
indicate that penetrative
deformation in the coastal area
(Klubbudden) affected the Group B
rocks and was complete prior to
intrusion of the group D dykes, i.e.
is constrained to the time interval
1868-1846 Ma. The intense
tectonic banding in this area
affected the Group B rocks and
was established prior to intrusion of
the Group C rocks, i.e.developed
around 1865 Ma.

Comment: Field relationships
indicate that this type of
deformation affects the Group D
rocks, i.e. developed after 1856 Ma.

1. 1843+3 Ma
2.1844+4 Ma
1834-1793 Ma

Comment: Variation in age in
different structural domains.

1704-1635 Ma

Comment: Variation in age at the
surface in different bedrock blocks
and a younger age with depth in
KFMO1A. Age difference between
the samples in KFM0O1A suggests
an uplift rate of ¢ 25 m/Ma.

¢ 630-250 Ma

Comment: (U-Th)/He ages are
younger with depth in KFMO1A,
with a possible exhumation event
between ¢ 300 and 250 Ma.
Borehole data indicate an uplift rate
of ¢ 4 m/Ma. Variation also at the
surface in different bedrock blocks.

The present data indicate that there are systematic spatial variations in “°Ar/*°Ar
(hornblende, biotite) and (U-Th)/He ages, both at the surface in different ductile structural
domains (“°Ar/*’Ar hornblende) and in different bedrock blocks (**Ar/*°Ar biotite and
(U-Th)/He), and at depth along borehole KFMO1A. More data from both surface and
borehole samples are required to understand better the important geological implications
of these spatial variations.
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