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New age constraints for metasedimentary rocks

in southern Finland
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Metasedimentary rocks from nine sampling sites in southern Finland and an
intermediate dyke in one of these sites were sampled for analysis of U-Pb zircon age
and geochemical composition. The zircons of the metasedimentary rock samples yield
207pPp/2%6pPp dates ranging from 3281 to 1810 Ma. The nearly concordant dates from
apparent detrital zircon cores indicate a prominent source with age around 2.1-2.0 Ga.
The maximum depositional ages estimated for six of the metasedimentary rock samples
span from 1.96 to 1.89 Ga. The data from zircon rims and overgrowths and metamorphic
zircons in the metasedimentary rock samples indicate regional metamorphic events in
the study area at least at ca. 1.89 and 1.84 Ga, and possibly also at ca. 1.87 Ga. The
minimum age of the deposition (£1.89 Ga) was estimated based on the ages of the
regional metamorphism and the intrusive rocks. Some zircon rims and overgrowths yield
>1.91 Ga ?°"Pb/?°°Pb dates, which are considered to possibly represent metamorphic

events in the source areas.
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1. Introduction and geological
setting

The depositional age of sedimentary rocks can be
constrained as a time span between the minimum
and maximum age. The minimum age is typically
defined by the dated cross-cutting/overlying
geological units or by overprinting features, such

as metamorphic minerals. The maximum age can
be obtained by dating stratigraphically underlying
rock units or fragments (clasts) in the sedimentary
rock. Accordingly, age determination of single
detrital zircons can be used in the assessment of the
source rocks but also in estimation of the maximum
depositional age of a sedimentary rock unit (e.g.,
Fedo etal. 2003; Zimmerman etal. 2018).
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Dating of detrital zircon grains is a commonly
used method in evaluation of the maximum
depositional age (MDA), the estimated oldest
possible age for the rock. However, reliable MDA
results are complicated to obtain. Several methods
to define the MDA have been proposed, and many
sources of bias must be considered. The MDA can
be based, for example, youngest detrital zircon,
youngest graphical peak, youngest age cluster
or some algorithm (see e.g., Coutts et al. 2019;
Vermeesch 2021). Depending on the applied
method, the obtained MDAs may be too old or
young, and better precision can be achieved with a
larger dataset (Coutts et al. 2019; see also Andersen
2005). Discordance and lead loss cause biases in
detrital zircon geochronology (e.g., Spencer et al.
2016; Andersen et al. 2019). Other sources of bias
include common lead correction (e.g., Andersen et
al. 2019) and sampling error (e.g., Fedo et al. 2003;
Andersen etal. 2018a,2018b).

Regarding the provenance, it must be noted
that detrital zircons only register those source
components which include zircons (e.g., Andersen
et al. 2019). In addition, detrital grains may be
recycled, even multiple times (e.g., Andersen et al.
2018a) in sedimentary systems, and the primary
source (e.g., sedimentary rock) may be different
from the ultimate igneous source of the zircon grains.
Furthermore, the metamorphic zircon growth may
occur after the deposition of the sediment (see e.g.,
Rasmussen 2005; Dhuime et al. 2007; Mikkola et
al. 2018a), and some zircons may have been entirely
recrystallised and reset for their U-Pb system during
metamorphism (e.g., Nelson 2001; Kohn & Kelly
2018). Therefore, zircon rims and overgrowths
may represent post-depositional growth and they
commonly yield younger ages than the respective
core domains (see e.g., Zimmerman etal. 2018).

The present study area is located in southern
(S§-SW) Finland (Fig. 1), and the aim of our study is
to provide additional age constraints based on dated
zircons in the metasedimentary rocks deposited and
metamorphosed during the Svecofennian orogeny
(ca. 1.92-1.79 Ga; see e.g., Lahtinen et al. 2005
and references therein). According to Johansson

et al. (2022), early Svecofennian magmatism
would have begun already at ca. 1.95 Ga, and
there was a major peak between 1.90 and 1.85 Ga,
and younger major peak at 1.8 Ga. In S-SW
Finland, metasedimentary rocks are often found in
association with metavolcanic rocks yielding ages
between 1.90-1.86 Ga (e.g., Reinikainen 2001;
Viisinen & Mainttiri 2002; Skyttd et al. 2005;
Pajunen et al. 2008; Viisinen & Kirkland 2008;
Nironen & Minttiri 2012; Kara et al. 2020). The
plutonic rocks in S-SW Finland include ca. 1.89-
1.87 Ga felsic and mafic intrusions (e.g., Huhma
1986; Patchett & Kouvo 1986; Viisinen et al. 2002;
Nironen et al. 2016; Kara et al. 2020, 2021) and ca.
1.86-1.81 Ga granites (e.g., Huhma 1986; Kurhila
et al. 2005; Skyttd & Minttdri 2008; Kurhila et al.
2011) intruding and migmatising the supracrustal
rocks. Accordingly, the study area is also known as
the late Svecofennian granite—migmatite zone of
southern Finland (Ehlers etal. 1993).

The southernmost Finland has been divided
into the Hime and Uusimaa belts (Fig. 1b) domi-
nated by metavolcanic and metasedimentary rocks,
respectively (e.g., Lahtinen et al. 2005; Nironen
2017a). A major part of the metasedimentary rocks
of southern Finland belongs to either the Hime
migmatite suite or the Kimito suite (Fig. 1b). The
samples of this study were collected from both suites
to bring up the potential age difference. In addition,
we wanted to collect samples from different types of
metasedimentary rocks.

The metasedimentary rocks from nine sampling
sites (Fig. 1b) were analysed for U-Pb zircon age
and geochemical composition. As a result, we
provide estimates of the maximum depositional
ages for six samples. We also estimate the age of the
metamorphism and use these metamorphic ages
in constraining the minimum age of the studied
metasedimentary rocks. The absolute minimum age
of the deposition was obtained by dating one cross-
cutting dyke sample in one of the sampling sites.
Additionally, the obtained whole-rock geochemical
data provide
concerning the protolith, provenance and tectonic

support for the speculations

setting of the sampled metasedimentary rocks.
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Figure 1. (a) A schematic map showing the location of figure b, the boundaries of the Fennoscandian shield (red line),
the Raahe-Ladoga cryptic suture separating the Svecofennian and Archean crustal provinces (solid blue line, blue
dotted line in postulated NW part), the location of the Bergslagen region (black dotted line) and approximate locations
of the Nalantojarvi suite (N) and Lampaanjarvi suite (L). (b) A simplified geological map of the southern (S-SW) Finland,
modified from Bedrock of Finland scale free (2022). The study area and the sampling sites are indicated on the map. The
abbreviations: Ki = Kisko group, Ti = Tiirismaa suite in Tiirismaa area, Py = Pyhantaka formation, Re = Renkajarvi suite.
Locations of samples from Rock Geochemical Database of Finland (Rasilainen et al. 2007) that were used for comparison
arealsoindicated.
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2. Age of regional
metamorphism and
metasedimentary rocks
in the Svecofennian
province of Finland

2.1. Regional metamorphism of
Svecofennian rocks in Finland

The potential
metamorphism are key issues in the interpretation

effects and age of regional
of detrital zircon age data. The Svecofennian rocks
in southern Finland have experienced medium to
high-grade metamorphism, and in the study area
the metamorphic grade varies from amphibolite
to granulite facies (Holttd & Heilimo 2017). The
published zircon and monazite age data have been
interpreted to indicate at least two metamorphic
events in the Svecofennian province in Finland:
one at ca. 1.89-1.86 Ga (e.g., Mouri et al. 1999;
Rutland et al. 2004; Lahtinen et al. 2009, 2017;
Mikkola et al. 2018b; Héltti et al. 2019; Salminen
et al. 2022) and another at ca. 1.84-1.81 Ga (e.g.,
Korsman et al. 1984; Mouri et al. 2005; Viisinen
et al. 2002; Nironen & Minttiri 2012; Holetid
et al. 2019; Salminen et al. 2022). Monazite ages
also indicate an age peak at ca. 1.80-1.77 Ga (e.g.,
Holttd et al. 2019; Salminen et al. 2022), which was
interpreted to be possibly linked to a shield-wide
exhumation stage (Salminen et al. 2022). Based
on data from central and western Finland, older
metamorphic events in the Svecofennian province
have also been suggested, at ca. 1.92 Ga (e.g.,
Rutland et al. 2004; Williams et al. 2008; Lahtinen
et al. 2009, 2017) and at >1.98 Ga (Rutland et al.
2004; Williams et al. 2008). Salminen et al. (2022)
also reported monazite ages of 21.91 Ga from
SE Finland, but their interpretation (detrital vs.
regional metamorphic) remained open.

2.2. Age constraints for the
metasedimentary rocks
in the Svecofennian province
in Finland

The published *7Pb/**Pb zircon dates from
the metasedimentary rocks are mostly between
3.60 and 1.75 Ga from the entire Svecofennian
province in Finland, and the presented MDA
estimates span from ca. 1.99 to 1.84 Ga. The
reported minimum ages for the Svecofennian
metasedimentary rocks in Finland vary between
1.90 Ga-1.81 Ga and are mainly based on the ages
of the adjacent metavolcanic or plutonic rocks
(e.g., Lahtinen et al. 2002). Thus, the maximum
depositional ages and minimum ages constrain the
deposition of the Svecofennian metasedimentary
rocks in Finland between ca. 1.99 and 1.81 Ga.
A remarkable feature is that detrital zircon data
from metasedimentary rocks display a major peak
at ca. 2.0 Ga without any known source area of
voluminous rocks of corresponding age (Huhma et
al. 2011). In the following, we summarise the spread
of the published U-Pb (*’Pb/?*Pb) zircon dates
and estimated maximum depositional ages (MDAs)
separately for central/western Finland, SE Finland
and S-SW Finland.

In central and western Finland, the published
27Pb/*Pb zircon dates from metasedimentary
rocks span from 3.60 to 1.82 Ga (Kouvo & Tilton
1966; Matisto 1968; Nironen 1989; Huhma et al.
1991; Claesson et al. 1993; Kihkonen & Huhma
1993; Alviola et al. 2001; Lahtinen et al. 2002;
Rutland et al. 2004; Williams et al. 2008; Lahtinen
et al. 2009; Suikkanen et al. 2014; Lahtinen et
al. 2015; Kotilainen et al. 2016; Lahtinen et al.
2017; Mikkola et al. 2018b, 2018¢). These data
include also dates from samples from the Tampere
and Pirkanmaa belts (for the location, see Fig. 1b).
The presented MDAs from that area span from
ca. 1.99 to 1.88 Ga (Lahtinen et al. 2002; Rutland
et al. 2004; Williams et al. 2008; Lahtinen et
al. 2009, 2015; Kotilainen et al. 2016; Lahtinen
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et al. 2017; Mikkola et al. 2018b, 2018c). These
MDA estimates were based on youngest detrital
zircon age (Kotilainen et al. 2016), the youngest
age cluster/group of detrital zircons (Lahtinen et
al. 2002; Williams et al. 2008; Lahtinen et al. 2009,
2015, 2017; Mikkola et al. 2018b, 2018¢), and in
the case of Rutland et al (2004) the youngest detrital
zircon cores or a pre-depositional metamorphic
event. Mikkola et al. (2018b) and Williams et al.
(2008) also took in account the metamorphic ages
in evaluation of the MDAs.

In SE Finland, the published *’Pb/**Pb
zircon dates from metasedimentary rocks mostly
span from 3.38 to 1.75 Ma (Korsman et al. 1984,
1988; Vaasjoki & Sakko 1988; Lahtinen et al.
2002; Bergman et al. 2008; Mikkola et al. 2018b;
Lahtinen et al. 2022). Korsman et al. (1984)
considered that all of their analysed zircons (with
27Pb/?*Pb dates from 1846 to 1780 Ma) represent
metamorphic published
MDAs for the metasedimentary rocks in SE
Finland span from >1.93 to 1.84 Ga (Lahtinen
et al. 2002; Bergman et al. 2008; Mikkola et
al. 2018b; Lahtinen et al. 2022). These MDAs
were based on the youngest zircon (Bergman et al.

crystallisation.  The

2008), the youngest age cluster/group of detrital
zircons (Lahtinen et al. 2002), the youngest age
peak of detrital zircons in a probability density plot
(Lahtinen et al. 2022), and in the case of Mikkola
et al. (2018b) either based on the youngest cluster
or the youngest “bulk” age. A rather reliable MDA
is locally provided by the postulated upper intercept
age (1885 + 6 Ma) for the granitoid cobbles in the
Haukivuori (Hepojirvi) conglomerate (Korsman et
al. 1988).

In S-SW Finland, the published detrital zircon
studies represent rather small areas and are based
on a small total number of samples (13 samples),
and only few grains were analysed from three
of those samples. Also, most of the previously
provided MDAs from S-SW Finland were based
on samples collected from a small area in the
northeastern part of our study area. As a result, the
knowledge regarding the depositional age of these

metamorphic rock units is limited. Excepting a
few younger dates, other published *’Pb/**Pb
zircon dates from metasedimentary rock samples
from S-SW Finland, from our study area or slightly
outside of it, span from 3.32 to 1.79 Ga (Hopgood
et al. 1983; van Duin 1992; Claesson et al. 1993;
Lahtinen etal. 2002; Viisinen et al. 2002; Bergman
et al. 2008; Nironen & Minttiri, 2012; Lahtinen
et al. 2017, 2022). The data of van Duin (1992;
one sample within the Hime migmatite suite) are
strongly discordant and yield an Archaean upper
interceptage.

The published MDAs from our study area
span from ca. 1.90 to 1.85 Ga. The MDA:s for the
quartzites of the Tiirismaa suite in the Tiirismaa
(“T1” in Fig. 1b) and Hyvinkdd areas, have been
reported as 1.87-1.85 Ga (Lahtinen et al. 2002;
Bergman et al. 2008). Bergman et al. (2008)
provided an MDA of 1.87 Ga for the quartzites
of the Pyhintaka formation (“Py” in Fig. 1b).
Nironen & Minttiri (2012) reported maximum
depositional ages of ca. 1.89-1.87 Ga for the
cordierite paragneisses within the Hime migmatite
suite. These cordierite paragneisses are found in
the Pyhintaka area but they are stratigraphically
distinct from the Pyhintaka formation. Lahtinen et
al. (2022) estimated a maximum depositional age of
1.87 Ga for felsic volcano-sedimentary gneiss in the
Himeenlinna area, within the Hime migmatite suite.
Claesson et al. (1993) stated that ca. 2.1 Ga zircons
were prominently present in a metagreywacke
sample of the Kisko group (“Ki” in Fig. 1b), and
Lahtinen et al. (2022) considered the maximum
depositional age of 1.90 Ga as most probable for
this same sample. In addition, Lahtinen etal. (2017)
provided a maximum depositional age of 1.92 Ga
for a psammitic metasedimentary rock sample of
the Renkajiirvi suite (“Re” in Fig. 1b), slightly outside
of our study area. These MDA estimates were based
on the youngest zircon (Bergman et al. 2008), the
youngest age cluster/group of detrital zircons
(Lahtinen et al. 2002, 2017), or the youngest age
peak of detrital zircons in a probability density plot
(Lahtinen et al. 2022). Nironen & Minttiri (2012)
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defined the MDAs based on the mean age of the
youngest U-Pb dates from zircons, which show
magmatic compositional zoning, but they also
reported the MDA estimates based on the youngest
single ages.

Torvela & Kurhila (2022) provided age con-
straints for gneisses (pyroxene granulites) in the
Vihti area, southern Finland. They were collected
close to the sampling sites 3 and 4 of this study. The
mineralogy of these rocks was described to vary
from “clinopyroxene-rich tonalitic gneisses to
Ca-rich,
es with an unknown protolith”. Torvela & Kurhila
(2022) reported *"Pb/*Pb zircon dates of ca. 3.4—
1.79 Ga and protolith ages of ca. 1908, 1911 and
1946 Ma from these rocks.

scapolite-clinopyroxene-calcite  gneiss-

3. Sampling sites and
characterisation of
the samples

The analysed samples were collected from nine
sampling sites (SS = sampling site/sites; Fig. 1b,
Fig. 2, Table 1). For convenience, the samples are
mostly referred to by the number of the sampling
site, but sometimes also the age determination ID
(A-number). Some information of the sampled
rocks and their geochemical features is given below.
Further information and data are provided in
Electronic Appendices. A more detailed description
of the sampling sites and samples can be found in
Appendix A, the description of the methodology
for the geochemical analyses in Appendix B, and
the geochemical data and some Harker diagrams in
Appendix C. The zircons extracted from the samples
are described in Appendix A and zircon images can

be found in Appendix D.

Table 1. Sampling sites (SS = sampling site, HMS = Hame migmatite suite, KS = Kimito suite, Sample field code = the internal sample field

code of Geological Survey of Finland).

SS | Locality Coordinates (Euref: | Unit | Sample field code | Age determination | Lithology Comments
N,E) ID
1 Heinola 6802998,449081 | HMS | PESA-2020-27.1 | A2568 Biotite
paragneiss
2 Orimattila | 6729677,422854 |HMS | PESA-2020-30.1 |A2569 Biotite paraschist| No zircons could be extracted from
the sample.
3 Nurmijérvi | 6703355,380833 | HMS | PESA-2020-31.1 |A2570 Garnet-bearing | Therockis in a contact with microcline
paragneiss granite. The sample includes some
leucosome and pegmatite.
- PESA-2020-31.2 |A2571 Intermediate The dyke is crosscutting microcline
dyke granite. The sample includes lighter
coloured patches.
4 Vihti 6702108,343678 |HMS | PESA-2020-38.1 |A2577 Pyroxene-biotite | Therock is a diatexite and it has a rusty
paragneiss weathering surface. The rockis in contact
with microcline granite.
5 Lohja 6688629,319841 | HMS | PESA-2020-37.1 |A2576 Pyroxene-
quartz-feldspar
paragneiss
6 Raasepori | 6655175,315536 | KS PESA-2020-35.1 | A2574 Biotite The sample includes some leucosome
paragneiss and one layer-parallel vein of pegmatite.
7 Salo 6675880,290159 | KS PESA-2020-36.1 | A2575 Biotite paraschist
8 Sarkisalo, | 6670358,274311 KS PESA-2020-32.1 | A2572 Quartz-feldspar | Only 1 zircon was extracted from the
Kemid paraschist sample.
The rock has a rusty weathering surface.
9 Kemid 6672786,262617 | KS PESA-2020-34.1 | A2573 Quartz-feldspar | Only 6 zircons were extracted from the
paragneiss sample
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Figure 2. Selected photos of the studied outcrops labelled by the sampling site numbers. The length of the
compass is ca. 11.5 cm. The compass is pointing approximately northwards in each photo (note the scale and
inset photo in the case of the sampling site 2). Photos: Paula Salminen/Geological Survey of Finland (GTK).
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The metasedimentary rocks of SS 1-5 represent
the Hime migmatite suite. Sampling sites 1 and
2 are located in middle amphibolite facies areas
and SS3-5 within a granulite facies area (see
Holeed & Heilimo 2017). The SiO, contents of the
metasedimentary rocks from the Hime migmatite
suite span from ca. 56 to 73 wt.%. They mainly
yield Al,O, contents of ca. 12-16 wt.%, but the
garnet-bearing paragneiss sample from SS 3 has a
higher AL O, content (ca. 20 wt.%). The sample
from SS 1, the northernmost of the sampling
sites, represents biotite paragneiss with layered
appearance (Fig. 2). The compositional variation
plausibly represents pelitic and psammitic layers
in the gneissose rock. The sample has a rather high
SiO, content (72.53 wt.%). The sample from SS 2
represents biotite paraschist. No zircons could
be extracted from this sample. Two samples were
collected from SS 3: a sample from a garnet-bearing
paragneiss and a sample from an intermediate
dyke (SiO, 52.54 wt.%). The dyke crosscuts a
microcline granite at the same outcrop. Based on
the field observations, the granite is younger than
the paragneiss. The paragneiss sample includes
some leucosome and pegmatite. The sampled rock
at SS 4 was interpreted as a paragneiss. It is referred
to as pyroxene-biotite paragneiss. In the field, this
rock appears as a diatexite. It has a rusty weathering
surface. It is in contact with microcline granite.
The paragneiss sample from this site is enriched in
Fe,O, (12.32 wt.%) and MgO (5.58 wt.%), but it
is unclear whether this is because of a mafic source
(also Cr 270 ppm) or because of a restite origin. The
sample from SS 5 is referred to pyroxene-quartz-
feldspar paragneiss. At the sampling site, that rock
is gneissose and layered. This calc-silicate-bearing
rock is rich in CaO (8.88 wt.%) and it probably
contained a sedimentary carbonate component
before metamorphism. Accordingly, the siliciclastic
component of the protolith would have had a
higher SiO, content than that of the paragneiss
(65.29 wt.%). This rock locally includes feldspar
grains/clasts (1-3 mm in diameter) of uncertain
origin.

Sampling sites 6-9 are located within
the Kimito suite. SS6 and 8 represents high
amphibolite facies and SS 7 and 9 low amphibolite
facies rocks (see Holtti & Heilimo 2017). The
samples from the Kimito suite include ca. 60—
84 wt.% of SiO, and ca. 8-16 wt.% of AL O.. The
sample from SS6 is from a biotite paragneiss,
including some leucosome and one thin (ca. 1-2
cm) layer-parallel pegmate vein. In the field, the
paragneiss is migmatitic/gneissose and layered. The
high SiO, content (83.52 wt.%) points to a high
amount of quartz in the protolith. The sampled
rock at SS 7 represents biotite paraschist. In the
field, it shows faint layering. The sample from
SS 8 is referred as quartz-feldspar paraschist. Only
one zircon was extracted from this sample. In the
field, this rock has a rusty weathering surface. The
sampled rock includes sulphides and the sample
shows high Cu, Pb and Zn contents. The sample
from SS9 represents quartz-feldspar paragneiss.
Only six zircons were extracted from this sample. In
the field, this rock shows faint layering. This rock
locally includes apparent larger feldspar grains of
uncertain origin.

4. Isotope analytical methods

Age determinations and the preparation and
imaging of samples for the analyses were performed
in the laboratories of the Geological Survey of
Finland (GTK), Espoo, Finland. Extraction of
zircons from the samples was done by crushing,
sieving, heavy liquid separation and magnetic
separation. The process is described in detail in
Appendix B. Magnetic separation was only used
when the heavy mineral yield was high. Magnetic
separation was not done for samples A2569, A2572,
A2573 and A2575, from which every zircon grain
was extracted for analysis. From the other samples, a
selection of various types of zircons, representative
of their abundances in each sample, was hand-
picked from the heavy non-magnetic fraction. Back-
scattered electron (BSE) and cathodoluminescence



New age constraints for metasedimentary rocks in southern Finland

91

(CL) images were taken from selected zircons using
SEM. Both types of images were used in targeting
the analysis spots.

The samples were analysed using an
LA-SC-ICP-MS (laser ablation single collector
inductively coupled plasma mass spectrometry)
instrument composed of a Nu Plasma AttoM
single collector ICP-MS connected to a Photon

Machine Excite 193nM ArF laser ablation system.

The analytical procedure is described Appendix
B. During the LA-SC-ICP-MS analyses, Th
and U contents were measured based on the
respective compositions of the standard sample
GJ1. According to Piazolo et al. (2017), GJ1 is
chemically exceptionally homogeneous. We only
used Th/U ratios (¥**Th/?*®U) to evaluate, whether
a certain date might represent e.g., a metamorphic
age. Isotope ratios were calculated from the raw

data with the software Saturn (Silva et al. 2023).

The U-Pb isotope data were plotted, and the ages
were calculated using the Isoplot/Ex 4.15 software
(Ludwig 2012). All ages are reported with 26 errors
and without decay constanterrors.

5. Age results

In this article, nearly concordant refers to analyses
that are <10 % normally or reversely discordant and
*%Pb_<2 %. Thus, a few analyses, which are <10 %
discordant but show **Pb_> 2 % were also filtered
out from the nearly concordant dataset.

5.1. LA-SC-ICP-MS results for dyke
A2571

All LA-SC-ICP-MS data from the dyke can be
found in Appendix D. The analysed zircons from
the intermediate dyke yield 2Pb/**Pb dates
from 1891 to 1791 Ma. The spread of *’Pb/**Pb
dates is relatively similar for the nearly concordant

data, from 1891 to 1808 Ma. Th/U values for the
analyses from the dyke are 0.18-0.69. Most of the
grains show zoning, although not always concentric.
Duplicate (two) analyses were obtained from some
of the grains and their different zones. In most cases,
the differences between the *’Pb/**Pb dates from
the duplicate analyses of the same grain are within
the 26 errors. It appears that the different zones are
of approximately the same age.

In the case of grain 26, the two analyses from
different zones yield an age difference slightly
exceeding the 20 error limits. However, the
younger *’Pb/**Pb date is more discordant (10 %
above concordia) than the older date (7 % above
concordia). Thus, the different zones may in this
case represent growth zones of approximately the
same age, but the zone with the younger date may
also represent, for example, younger metamorphic
growth. In the case of grain 69, the age difference
between the spots clearly exceeds the 26 error limits.
The older and younger domain yield *”Pb/**Pb
dates of 1891 and 1835 Ma, respectively, and both
analyses are nearly concordant. The older domain
may represent a Xenocrystic core, as its date is the
oldest of all the dates from the dyke. The younger
date probably represents a rim/overgrowth, either
representing the metamorphic age or the age of
crystallisation of the dyke.

The nearly concordant analyses from the
dyke yield an upper intercept age of 1846 + 6 Ma
(Fig. 3a). The weighted mean age (*’Pb/**Pb dates)
for these data is 1843 + 5 Ma (Fig. 3b). Only one
analysis from each grain was taken into account in
the calculation of these ages; the more discordant
analysis was omitted. In the case of grain 69, the
analysis from the rim/overgrowth was included in
the calculations, but the analysis from the possibly
xenocrystic core (also the more discordant analysis)
was omitted. A concordia plot for all data from the
dyke can be found in Appendix D.
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Figure 3. The age of the intermediate dyke at the sampling site 3 (sample A2571): (a) the upper intercept age based
on nearly concordant data and (b) the weighted mean age based on nearly concordant data. Nearly concordant
refers to analyses that are <10 % normally or reversely discordant and have *°°Pb_<2 %. In the case of duplicate
analyses from a certain grain, only the less discordant analysis was included in the calculations and the plots (see

alsosubsection 5.1).

5.2. LA-SC-ICP-MS results for
the metasedimentary rocks

All LA-SC-ICP-MS data for the metasedimentary
rocks can be found in Appendix D and the results
for these are summarised in Table 2. No zircons
were found from sample A2569 (SS 2), while
only one zircon was extracted from sample A2572
(8S 8), and its analysis yielded an invalid result. Five
zircons were analysed from sample A2573 (S§S9),
but most of the analyses are discordant. Only two
nearly concordant analyses were obtained from this
sample, yielding *’Pb/?*®Pb dates of 1890 Ma
(grain4) and 2089 Ma (grain 6).

The metasedimentary rocks from the sampling
sites 1 and 3—7 (A2568/SS 1, A2570/SS 3, A2577/
§S 4, A2576/SS5, A2574/SS6, A2575/SS7)
yield 2"Pb/**Pb dates from 3281 to 1810 Ma
(Fig. 4a, b). The spread of *’Pb/**Pb dates is
similar for the nearly concordant data and for all
data. The nearly concordant data from each of the
sampling sites display a relatively continuous spread
for Pb/**Pb dates <2230 Ma (Fig. 4c-h). The
concordia plots for each sample can be found in

Appendix D.

One analysis (spot ¢) from grain 26 in sample
A2568 was targeted at an apparent rim, but it is
located at the border of two zones and it possibly
yields a mixed age. The younger analysis (1911 Ma)
from the outer part of the grain 60 in sample A2574
yields a very high Th/U ratio (2.31), while the older
analysis (1990 Ma) from the inner domain of this
grain yields a low Th/U ratio (0.04). In addition, the
*%Pb_ (%) for this younger date is higher (ca. 1.9)
than that for the older date (ca. 0.0). So, it is not
clear what these two dates actually represent (e.g., a
core or an overgrowth).

The analysed zircons (except the grain 60 of
sample A2574) have an apparent core and at least
one rim/overgrowth, but the rim is sometimes only
weakly visible. Occasionally, the core domains show
internal zoning. Table 2 presents the spread on per-
sample basis the 2”Pb/?*Pb dates from the zircon
core domains and the *’Pb/**Pb dates for the rims/
overgrowths.

Most of the core domains were interpreted as
detrital ones. All data from the detrital zircon cores,
including duplicate analyses from some cores, yield
207Pb/**Pb dates from 3281 to 1810 Ma. The spread

of nearly concordant dates from these cores is similar,
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Table 2. Summary of the age data for the metasedimentary rock samples (SS = sampling site). The maximum depositional ages are based
on nearly concordant analyses (for details, see subsection 6.2.). Nearly concordant refers to analyses that are less than 10 % discordant
(normally or reversely) and have 206PbC <2 %. Below, zircon cores refer to apparent detrital core domains if not otherwise mentioned.

SS | Age Number of | Number Spread of 2°’Ph/2°°Pb dates (Ma) Interpreted Comments
dfetermination ID a.nalysed of analysed Alldata Nearly Zircon cores (all Rims and maxin]u.!m
(lithology) zircons spots concordant | dates) overgrowths depositional
data (all dates) age
1 | A2568 53 62 2889-1883 | 2889-1883 |2889-1883 2187,2071, 1.89Ga One analysis
(biotite (n=55, duplicate 2029.1930, |(n=4) yield a possibly
paragneiss) analyses from two 1913,1891 mixed age (1971
grains) Ma) between
the coreandthe
rim.
2 | A2569 No zircons
(biotite were
paraschist) extracted
fromthe
sample
3 | A2570 49 59 2973-1838 | 2948-1838 | Detrital cores: 1959,1958. | 1.93Ga
(garnet-bearing 2973-1866 (n=46, 1943,1891, (n=6)
paragneiss) duplicate analyses 1867,1864,
from grain 84) 1860, 1844,
Metamorphic 1839
grains: 1880-1838
(n=4)
4 | A2577 47 51 2642-1810 | 2642-1810 |2642-1810 1951,1896, |[1.91Ga
(pyroxene-biotite (n=48,duplicate 1825 (n=4)
paragneiss) analyses from
grain 50)
5 |A2576 36 47 3144-1823 | 3144-1832 | 3144-1835 2035,1996, |1.90Ga
(pyroxene- (n=37,duplicate 1914,1912. (n=3)
quartz-feldspar analyses from 1876,1844,
paragneiss) grains9and 12) 1841,1835
1832,1823
6 | A2574 48 54 3281-1896 | 3281-1896 | 3281-1896 1985, 1980 1.96Ga Two analyses
(biotite (n=50, duplicate (n=2) (1990 and 1911
paragneiss) analyses fromthree Ma) from grain
grains) 60are not listed
inthe dates for
cores, rimsand
overgrowths;
seesection 5.2
7 |A2575 25 26 2810-1904 | 2810-1904 |2810-1904 No rims/ 1.91Ma
(biotite (n=26, duplicate overgrowths (n=2)
paraschist) analyses from were analysed
grain 17)
8 |A2572 1 1 The analysis
(quartz-feldspar yieldan
paraschist) invalid result.
9 |A2573 5 7 2089-1846 | Onlytwo nearly| 2089-1846 Ma No rims/ Not
(quartz-feldspar concordant (n=7,duplicate overgrowths determined
paragneiss) analyses: analyses from were analysed | (onlytwo
2089,1890 | grains3andb) nearly
concordant
analyses)
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Figure 4. Metasedimentary rocks: the spread of 2°’Pb/2°¢Pb dates for (a) all data, (b) all nearly concordant analyses and
(c-h) nearly concordant analyses from the sampling sites 1 and 3-7 (SS = sampling site). Nearly concordant refers to
analyses that are <10 % normally or reversely discordant and have *°Pb_<2 %. The dataset includes two analyses from
some of the zircons (from different zones of the core or one from the core and the other from the rim/overgrowth); these
have been marked in the images c-g. In a few cases, this dataset does not include the analysis from the core, but the
analysis from the rim/overgrowth is still marked in the images. No zircons were extracted from the sample of SS 2, and
the analysis of the only extracted zircon from the sample of SS 8 was invalid. Only two nearly concordant analyses were
obtained fromthe sample of SS 9 (see Table 2).
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but two of the three <1.85 Ga dates are discordant.
Th/U ratios for these detrital zircon cores were
mostly >0.20 (242/269 analyses) but show a total
spread from these was from 0.01 to 1.70.

In the case of five grains, the *’Pb/?**Pb dates
from duplicate analyses from apparent detrital
core domains yield an age difference exceeding the
20 error limits. These age differences between the
two analyses from the same core domain might be
explained by different discordances of the spots. In
one case (grain 84/A2570), the older analysis also
shows elevated common lead content (***Pb_5.0 %).

Four grains from the sample A2570 (SS 3) with
weakly visible rim were interpreted as metamorphic
grains: the analyses from their core domains yield
low Th/U ratios (0.01-0.04) and relatively young
207Pb/?%°Pb dates (1880-1838 Ma).

Apparent rims and overgrowths of the grains
yield ?Pb/**Pb dates that are younger (age
difference >2¢ error limits) than those from the
respective core domains. The data from rims and
overgrowths yield ’Pb/**Pb dates of 1896-1823
Ma (n=15), 1959-1912 Ma (n =8), 1980 Ma,
1985 Ma, 1996 Ma, 2029 Ma, 2035 Ma, 2071 Ma
and 2187 Ma. The single analysis from grain 11 of
sample A2576 is also interpreted to represent a rim/
overgrowth, because it was obtained from the outer
part of the grain, and it yields a young *’Pb/**Pb
date (1832 Ma) and a low Th/U ratio (0.09). The
analyses from rims/overgrowths show Th/U ratios
from 0.00 t0 0.51; mostly <0.20 (22/30 analyses).

6. Discussion

6.1. Discordance

Some of the obtained analyses were normally or
reversely discordant (for the determination of the
discordance in this study, see Appendix B). In
general, normal discordance can be explained by
the loss of radiogenic lead, Gain of excess uranium
or incorporation of common lead (e.g., Mezger &
Krogstad 1997; Andersen et al. 2019). Reverse
discordance is more difficult to explain. In this study,

it results probably from analytical issues (e.g., effects
from different matrices between the calibration
standard and unknowns), taking into account
that the reference samples also sometimes showed
reverse discordance. To correct for the matrix effect,
we used a secondary standard (see Appendix B).

6.2. Maximum depositional ages

Despite the challenges of the detrital zircon
geochronology, discussed in section 1, we present
MDA estimates based on the youngest robust
age peaks in probability density plots (Fig. 5).
Basically, our aim is: (1) to provide constraints
for the depositional age (the MDA estimate vs.
the minimum age), and (2) to provide data for
comparison to the previous MDA estimates. The
presented MDA estimates are based on at least two
nearly concordant 2’Pb/**Pb dates from apparent
detrital zircon cores. When duplicate analyses from
a certain core were available, only the less discordant
analysis was included in the probability density
plot of the respective sampling site. The probability
density plots were made by summing the
probability distribution for the data with normally-
distributed errors (for details, see Ludwig 2012);
the plots were constructed using the *’Pb/**Pb
ages and their respective analytical 26 errors. No
concordia or upper intercept ages were calculated
for the age peaks, as they would have been mostly
based on few analyses only and probably would not
be any more reliable than the modes of the age peaks.

The estimation of the MDAs based on the
youngest peak in a probability density plot may
yield too old MDAs (e.g., Coutts et al. 2019), but
we still considered the method more appropriate
and reliable than relying on a single analysis. We also
evaluated the significance of the nearly concordant
dates (from detrital cores, rims/overgrowths or
metamorphic grains) younger than the estimated
MDA. In principle, data from rims or overgrowths
and apparent metamorphic grains record post-
depositional metamorphic events and were not used
in the estimation of the MDAs. However, some
of the rims, overgrowths or metamorphic grains
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may also record pre-depositional metamorphic
events.

It was not possible to estimate maximum
depositional ages for the sampling sites 2, 8 or 9: no
zircons could be extracted from the sample from

SS 2, the only analysis from SS 8 yielded an invalid
result, and only two nearly concordant analyses were
obtained from S§ 9. However, the youngest nearly
concordant date from SS 9, from a core domain in a
detrital grain, may point to deposition at ca. 1.89 Ga.
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Figure 5. Metasedimentary rocks (SS = sampling site): probability density plots for nearly concordant (<10 % normally
or reversely discordant and **Pb_ <2 %) Palaeoproterozoic *”’Pb/**°Pb dates from apparent detrital zircon cores:
(a-f) the sampling sites 1 and 3-7, and (g) the data from SS 4 presented separately for two types of zircons. If there were
duplicate analyses from some zircon core, only the less discordant one is included in the respective plot. Ages have been
marked for the age peaks used for the estimation of the maximum depositional ages (ages underlined) and the most

prominent age peaks of each site.
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The best estimate for the MDA of SS 1 (A2568)
is 1.89 Ga (Fig. 5a). One nearly concordant
date from an overgrowth in that sample is also ca.
1.89 Ga, which could indicate metamorphism soon
after the deposition of the rock.

§S§ 3-5 are within high-grade metamorphic
area, and their isotopic system may have been
partially or totally reset during the metamorphism
(see e.g., Mezger & Krogstad 1997). However, the
youngest age peak of at least two analyses of detrital
zircon cores from SS 3 (A2570) indicates a relatively
old maximum depositional age of 1.93 Ga (Fig. 5b).
Ayounger date (1866 Ma) was obtained from a core
domain of a grain, which appears somewhat patchy
in a cathodoluminescence image: that grain has
probably experienced dissolution—reprecipitation
and its primary isotopic composition may have
been altered in at least some patches (e.g., Mezger
& Krogstad 1997). The rims, overgrowths and
apparent metamorphic grains in the sample A2570
also yield nearly concordant dates younger than
1.93 Ga, but they are likely indicative of post-
depositional metamorphic events (see subsection
6.3).

The data for all zircon core domains from SS 4
(A2577) form a prominent peak at ca. 1.87 Ga
(Fig. 5f), which however does not probably
represent the maximum depositional age of that
sampling site. There are different types of zircon
grains in this sample: (1) zircon grains with a clearly
visible core (often with internal zoning) and at least
one rim/overgrowth and (2) zircon grains with a
weakly visible core-rim structure, of which some
are needle-shaped with a narrow apparent rim.
Type 2 grains still show the youngest age peak at
ca. 1.87 Ga (Fig. 5g). This age probably records a
post-depositional metamorphic age, and the needle-
shaped zircons have probably grown from the melt
phase during migmatisation at that time. Instead,
type 1 grains display the youngest reliable peak at
ca. 1.91 Ga (Fig. 5g). There are also a few younger
type 1 grains, but their isotopic composition
may have not been retained as they appear patchy,
metamict or notably fractured. The age of 1.91 Ga
is considered as the best MDA estimate for SS 4.

The best estimate for the MDA of SS5
(A2576) is 1.90 Ga by the mode for a composite
peak at ca. 1.91-1.89 Ga (Fig. 5¢). The younger
nearly concordant dates from rims/overgrowths
(ca. 1.88-1.83 Ga) are considered to represent
post-depositional ~ metamorphic  events  (see
subsection 6.3). One date of ca. 1.88 Ga from rims/
overgrowths may indicate a metamorphic event
soon after the deposition.

The age of 1.96 Ga (Fig. 5d) is considered as
the best estimate of the MDA for SS 6 (A2574),
based on a side peak of a larger peak (at ca. 2.00 Ga).
One date (1896 Ma; Th/U = 0.01) younger than
1.96 Ga was obtained from grain 66, which
appears dissolute and patchy, and therefore may
not record the original isotopic composition (e.g.,
Mezger & Krogstad 1997). One of the two analyses
from grain 60 also yields a nearly concordant date
(1911 Ma) younger than 1.96 Ga, butdue to its very
high Th/U ratio of 2.31 it might represent fluid-
mediated growth (see subsection 6.3); it also shows
somewhat elevated ***Pb_(1.9 %).

The age of 1.91 Ga (Fig. 5e) is the best estimate
for the maximum depositional age of SS 7 (A2575).
No dates younger than 1904 Ma were obtained
from the sample A2575; no rims/overgrowths were
analysed from this sample.

Based on the estimated maximum depositional
ages (MDAs), the sediments of SS1, 4 and 5
(Hime migmatite suite) and SS 7 (Kimito suite)
were deposited during the main phase of the
Svecofennian orogeny. The MDA for the sediments
of 8§ 6 (Kimito suite) and SS 3 (Hime migmatite
suite), 1.96 Ga and 1.93 Ga respectively, suggest
deposition before the onset of the Svecofennian
orogeny.

6.3. Metamorphic ages and
minimum ages of the deposition

We evaluate the regional metamorphic ages and
metamorphic ages of the source areas based on
the nearly concordant data from zircon rims/
overgrowths and metamorphic zircons in the
rock Rims and

metasedimentary samples.
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overgrowths in the metasedimentary rock samples
yield younger dates than those from the respective
core domains, with an age difference of more than
the 26 error. These rims and overgrowths may
represent metamorphic growth (e.g., Kohn & Kelly
2018). In this study, the rims, overgrowths and
metamorphic grains typically show low Th/U ratios,
mostly <0.20, while the apparent detrital core
zones mainly show Th/U ratios of >0.20. In general,
igneous zircons display high (>0.5) Th/U ratios
and metamorphic zircons typically display Th/U
ratios of <0.1 (Kohn & Kelly 2018, and references
therein). However, this is not always the case. For
example, fluid-meditated growth may also cause
high Th/U ratios (see Kohn & Kelly 2018), which
could perhaps also explain the high Th/U ratio
(2.31) obtained from the grain 60 of sample A2574.

A half (13/25) of the nearly concordant
27Pb/?*Pb dates from rims and overgrowths are ca.
1.90-1.83 Ga (Fig. 6a). The nearly concordant data
from rims and overgrowths display clear age peaks
at ca. 1.84 Ga and at ca. 1.89 Ga (Fig. 6b). The
age peak of 1.84 Ga is based on six analyses from
the granulite area (SS 3 and 5). The age peak of
1.89 Gaisbased on three analyses from the granulite
area (SS 3-5) and one analysis from SS 1, which
is found in a middle amphibolite area. The upper
intercept ages for these peaks are 1841 + 9 Ma and
1891 + 10 Ma, respectively (Fig. 6¢, d). A slightly
less prominent age peak is found at ca. 1.87 Ga (Fig.
6b), based on three nearly concordant analyses from
SS 3. The age span of 1.90-1.83 Ga and the three
age peaks are approximately within the suggested
age span of the regional metamorphic events, at
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Figure 6. The rims and overgrowths of the zircons of the metasedimentary rock samples: (a) the spread of the nearly
concordant 2°"Pb/2%Pb dates (SS = sampling site), (b) the probability density plot for the nearly concordant 2°’Pb/2°6Pb
dates, and (c-d) concordia plots for the two most prominent age peaks based on nearly concordant analyses. Nearly
concordant refers to analyses that are <10 % normally or reversely discordant and have *°Pb_<2 %.
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1.89-1.86 Ga (e.g., Mouri et al. 1999; Rutland et
al. 2004; Lahtinen et al. 2009, 2017; Mikkola et al.
2018b; Holttid et al. 2019; Salminen etal. 2022) and
1.84-1.81 Ga (e.g., Korsman et al. 1984; Mouri et
al. 2005; Viisinen et al. 2002; Nironen & Minttiri
2012; Holttd et al. 2019; Salminen et al. 2022), in
the Svecofennian province in Finland.

The above mentioned 1.87 Ga peak may also
record the age of the migmatisation and granite
emplacement, because the metasedimentary rock
of SS§3 has been intruded and migmatised by
microcline granite. That idea is supported by the
results from SS 4, where the metasedimentary
rock is also found at the contact with granite: type
2 grains (with a weakly visible core—rim structure
and needle-shaped grains with a narrow apparent
rim) from SS 4 also show an age peak at ca. 1.87 Ga
(Fig. 5g). The ages of the microcline granites in
S-SW Finland are typically ca. 1.86-1.81 Ga
(e.g., Huhma 1986; Kurhila et al. 2005; Skyttd &
Minttiri 2008; Kurhila et al. 2011), and the age of
1.87 Ga is older than typical ages of the microcline
granites. The granites at SS 3 or 4 were not dated in
this study. However, the dyke at SS 3 was dated as ca.
1846 Ma old (Fig. 3a), and it crosscuts a microcline
granite at this sampling site. The five youngest
nearly concordant dates (1864-1838 Ma) from
rims/overgrowths and metamorphic grains in the
paragneiss sample from this sampling site are within
their 26 error limits similar to the age of the dyke.

Four zircons of sample A2570 from SS 3 are
interpreted as metamorphic grains. They show dates
(nearly concordant *’Pb/?*Pb dates of 1880, 1879
and 1838 Ma, and a reversely discordant date of
ca. 1.86 Ga), which are aligned with the dates from
the rims/overgrowths in that sample and they are
also within the suggested age spans of the regional
metamorphicevents.

The nearly concordant data from rims and
overgrowths additionally yield older 2’Pb/**Pb
dates of ca. 2.19-1.91 Ga (n = 12; Fig. 6a), which
might also be linked to metamorphic events. These
dates show two age peaks of at least two analyses
at 1984 Ma (n = 3) and 1914 Ma (n = 3) (Fig.
6b). Most of these 2.19-1.91 Ga dates predate

the estimated maximum depositional age of the
respective sampling site, which means that they may
represent metamorphic events in the provenance
areas. Salminen et al. (2022) reported 1.91 Ga
monazite dates from SE Finland and speculated
that they may have had a detrital or a metamorphic
origin. Based on samples from central to western
Finland, metamorphic events at >1.91 Ga have also
been suggested by Rutland et al. (2004), Williams
et al. (2008) and Lahtinen et al. (2009, 2017). The
timing of metamorphic events at SS 2 or 7-9 cannot
be evaluated. No rims/overgrowths or metamorphic
grains were analysed from SS7 or 9. The only
analysis from SS 8 yielded an invalid result and no
zircons were extracted from the sample from SS 2.

The minimum age of the deposition for the
metasedimentary rocks can be estimated based
on the age of the regional metamorphism and the
ages of intrusive rocks. The rims/overgrowths
of SS1 and 3-5 record the oldest, ca. 1.89 Ga,
metamorphic peak, suggesting that the minimum
age of the deposition for these sites would be
ca. 1.89 Ga. The sample from SS 6 yield one date
of 1897 Ma from a zircon core, which appeared
dissolute and patchy and can also possibly record
the ca. 1.89 Ga metamorphism. Taking into
account the ages of the plutonic rocks in S-SW
Finland, from ca. 1.89 to 1.81 Ga (see section 1)
and the previously published constraints for the
oldest regional metamorphic event (ca. 1.89—
1.86 Ga), the minimum age of the deposition
for all studied metasedimentary rocks can be
constrained to be <1.89 Ga. The upper intercept age
(1846 + 6 Ma) of the intermediate dyke at
SS 3 provides an ultimate minimum age of the
deposition for this site, and possibly also for all
studied metasedimentary rocks.

In the case of SS 1 and 5, the metamorphism
at 1.89 Ga would have occurred soon after the
deposition. However, the depositional ages and the
207Pb/*Pb dates from the rims/overgrowths from
these sites have a precision of some tens of Ma, so the
actual age difference cannot be determined exactly.
It cannot be either ruled out that the primary
isotopic composition of the youngest detrital
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grains from these two sites has been reset after the
deposition.

6.4. Comparisons to other age
studies in the Svecofennian
province

The obtained spread of *’Pb/**Pb dates is relatively
similar to the published spread of 2’Pb/**Pb dates
from the metasedimentary rocks in Svecofennian
province in Finland (see subsection 2.2). The
estimated MDAs of this study, from ca. 1.96 to
1.89 Ga, are older or similar than the previous
MDA estimates from our study area (<1.90 Ga; see
subsection 2.2). The MDAs of SS 3 (1.93 Ga), SS 4
(1.91 Ga) and SS 7 (1.91) are also rather similar to
the reported MDA of 1.92 Ga for the sample from
the Renkajirvi suite (Lahtinen et al. 2017), in the
vicinity of our study area. In addition, the protolith
ages reported by Torvela & Kurhila (2022) are also
close to the suggested MDAs of nearby SS 3 and
SS 4.

The obtained MDAs are in the range of
those reported for metasedimentary rocks in
other parts of Svecofennian province in Finland
(see subsection 2.2). The MDAs defined in our
study are also in the range of the MDAs (1.97—
1.89 Ga), which Lahtinen et al. (2015) defined
for the Nilint6jarvi and Lampaanjirvi suites
(“N” and “L” in Fig. 1a, respectively). The rocks
of these suites have been considered to represent a
Svecofennian allochtonous, tectonically displaced
rocks juxtaposed across the cryptic suture on top of
Archaean rocks (see Luukas & Kohonen 2021).

Lahtinen et al. (2005) considered that the
Uusimaa belt may be correlative with the Bergslagen
region of Sweden (Fig. 1a). This correlation between
the Bergslagen region and southern parts of Finland
was also already made by e.g., Allen et al. (1996).
However, it should be noted that in Sweden, direct
correlation of Palacoproterozoic rocks of southern
Finland to the Bergslagen region and the existence
of the Bergslagen microcontinent are not favoured
(e.g., Stephens & Andersson 2015). According
to Stephens et al. (2009), the Bergslagen region in

central Sweden is dominated by ca. 1.9-1.8 Ga
Palacoproterozoic rocks. The published *’Pb/**Pb
zircon dates from metasedimentary rocks in the
Bergslagen region span from ca. 2.97 to 1.83 Ga
(Claesson et al. 1993, Stephens & Anderson 2015;
Johansson & Stephens 2017; Kathol et al. 2020).
Kuipers et al. (2018) constrained a conglomerate
within the Bergslagen region as ca. 1895 Ma old,
based on the U-Pb zircon dates from enclosing
metavolcanic rocks. The spread of 2”Pb/?*Pb dates
obtained in our study from metasedimentary rock
samples is relatively similar to that in the Bergslagen
region.

6.5. Provenance and depositional
setting

A great part of the nearly concordant *’Pb/**Pb
dates from the apparent detrital zircon cores are
within the age range of ca. 2.05-1.89 Ga, but
this dataset also shows some older age peaks (the
Palacoproterozoic ones are shown in Fig. 5). These
dates from SS 4 mostly include <2.02 Ga dates
(Fig. 4e), but some of them may not record their
original age (see subsection 6.2). The dates from
8§ 1, 3 and 5-7 show a prominent age peak at ca.
2.05-2.03 Ga (Fig. 5a—e). In addition, the most
prominent age peak of these dates from type 1 grains
of SS 4 (Fig. 5g) is at ca. 2.02 Ga. Thus, our dataset
from apparent detrital zircon cores also indicates
the prominent age peak at ca. 2.1-2.0 Ga. This is in
accord with Huhma et al. (2011), who noted that
detrital zircon data from most metasedimentary
rocks in the Svecofennian province show a major
peakatca. 2.0 Ga.

In addition to the age peaks at 2.05-2.03 Ma,
the nearly concordant datasets from the detrital
zircon cores from the SS5 (Hime migmatite
suite) and SS 6-7 (Kimito suite) also show slightly
younger, notable age peaks at ca. 2.00-1.99 Ga
(Fig. 5c—e). Instead, age peaks at ca. 2.00-1.99 Ga
are not equally prominent in the respective datasets
from SS 1 and SS 3 (Hime migmatite suite). This
difference in the age data may be simply explained
e.g., by analytical errors or sampling bias but
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interestingly, SS 5-7 are found within an area
for which Nd isotopic data (Lahtinen & Huhma
1997; Rimo et al. 2001) suggest an older crustal
component. Inaddition, the nearly concordant data
from detrital cores include two >3.1 Ga 2"Pb/?**Pb
dates, both of which were obtained from the area
of this suggested older crustal component (one from
SS 5and one from SS 6).

In the case of each sampling site, there must
have been multiple source areas for the zircons, or
alternatively one provenance that already included
older inherited zircons (see e.g., Huhmaetal. 2011).
Because of sedimentary recycling, it may not be
possible to determine the ultimate source area of
the rock (see e.g., Andersen et al. 2018a). Also, the
sampling error may have an effect on the spread of
the yielded dates (e.g., Fedo et al. 2003; Andersen et
al.2018a,2018b).

All samples were also analysed for geochemical
composition, and that geochemical data was used
to provide implications for provenance and tectonic
setting. We also used some samples from the Rock
Geochemical Database of Finland (Rasilainen et
al. 2007; see Fig. 1b for details and location of the
selected samples) for comparison.

The provenances of the metasedimentary rocks
were evaluated using a discrimination diagram
based on Roser and Korch (1988) and a TiO,/Zr
diagram (fields according to Hayashi et al. 1997).
The tectonic setting of the metasedimentary rocks,
at the time of deposition, was estimated using
discrimination diagrams based on Verma and
Armstrong-Altrin  (2013). These diagrams and
more detailed examination of them are found in
Appendix E. However, as such diagrams contain
uncertainties due to e.g., recycling of sedimentary
material, we consider them only as suggestive.
The data of the geochemical database mostly
plot similarly as our data in these diagrams (see
Appendix E).

Based on the discrimination diagram for
provenance and the TiO /Zr diagram, it seems
that most of our samples and the samples of the
Rock Geochemical Database would have had an
intermediate or a felsic igneous provenance. The

discrimination diagram suggests a more mafic
provenance for the sample from SS 4, and this
sample may actually have a mafic nature or a notable
restite component.

In the discrimination diagrams for the tectonic
setting, our samples and most of the samples of
the Rock Geochemical Database plot in a rift or
an arc field. Although these classifications are only
indicative, they are still aligned with the earlier
studies. Colley & Westra (1987) suggested that the
western part of the Uusimaa belt (including the
Kimito suite) formed in a volcanic—tectonic setting,
where rifting occurred in a mature arc or continental
crust. Viisinen & Minttiri (2002) considered
the volcanic rocks of the Orijirvi area in the Kisko
group as volcanic arc and back arc rocks and
suggested that the volcanic rocks east and west of the
Orijdrvi area were formed in a rift setting. Nironen
(2017b) considered that the rocks in the upper
part of the Kisko group were formed by rifting in a
mature (continental) arc rather than back-arc.

7. Conclusions

Metasedimentary rock samples were collected
from nine sampling sites in southern Finland. The
following conclusions based the U-Pb zircon age
results are presented:
* The obtained range of 2”Pb/**Pb dates
(3281-1810 Ma) is consistent with previously
published data

metasedimentary rocks in the Svecofennian

from Palacoproterozoic

province in Finland. The nearly concordant
dates from apparent detrital zircon cores
indicate a prominent source with age around
2.1-2.0 Ga.

e The maximum depositional ages (MDAs)
of sampling sites 1 and 3—7 span from 1.96
to 1.89 Ga thus slightly expanding the
previously published MDA range within the
study area. The defined MDAs suggest that
the metasedimentary rocks in S-SW Finland
are of approximately same age than in other
parts of Svecofennian province in Finland.
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* The obtained range of *’Pb/**Pb dates is
consistent with the published *’Pb/**’Pb
dates from the Bergslagen region in Sweden.

e The »’Pb/*™Pb dates

overgrowths and metamorphic zircon grains

from zircon rims/

suggest metamorphic events at least at ca.
1.89 and ca. 1.84 Ga and possibly also at
ca. 1.87 Ga. The result is in accord with the
documented regional metamorphic events of
Svecofennian rocks in Finland.

e Some zircon rims and overgrowths yield
>21.91 Ga *Pb/**Pb dates. They mostly
predate the estimated maximum depositional
ages of the studied rocks and are possibly
recording metamorphic events in their source
areas.

Based on the metamorphic age of ca. 1.89 Ga
and the previously published ages of the
intrusive rocks, the minimum age of the
deposition for the metasedimentary rocks is
constrained to be <1.89 Ga. In addition, an
dyke sampling site
3 yields an upper intercept age of 1846 + 6 Ma,

which provides an ultimate minimum age of

intermediate from the

deposition for the metasedimentary rock at this
sampling site and possibly for all the studied

metasedimentary rocks.
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