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Abstract

The Svecofennian orogeny in southern Finland has traditionally been divided into two
broadly defined compressional stages, the 1.89-1.87 Ga “synorogenic” stage and the
ca 1.84-1.81 Ga “lateorogenic” stage. The term “intraorogenic” is used to describe
a less studied stage that occurred between these two, with some overlap with both.

Mafic and intermediate intrusions collectively named as the Kaiplot gabbros are
situated on a number of islands and islets in Nagu (Nauvo) in the southwestern
archipelago of Finland. The outcrops occur as dykes as well as plutonic bodies and
have been emplaced in at least two separate pulses. Net-veining and other structures
suggesting incomplete mixing between mafic and felsic magmas are found. The main
plutonic body is a hornblende gabbronorite. U-Pb dating (TIMS, zircon) gives it an age
of 1865 * 2 Ma.

Geochemically, the most primitive Kaiplot gabbros are tholeiitic and show affinity to
back-arc basin basalts, indicating generation in an extensional tectonic environment.
Their parental magmas appear to have originated from relatively high-degree partial
melting of a shallow spinel-bearing and slightly subduction-modified depleted mantle.
During transport and emplacement, both differentiation and assimilation of crustal
material have taken place. The Kaiplot gabbros endorse an extensional tectonic
episode of the Svecofennian orogeny at around 1865 Ma, possibly as a result of
tectonic switching propagating southwestwards.
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1. Introduction

When studying modern day plate tectonics, it is
relatively easy to distinguish plate motions and
boundaries, and where magmatism occurs. Dealing
with a Proterozoic orogeny like the Svecofennian
orogeny, which happened almost 2 billion years
ago, is much less straightforward. The tectonic
puzzle includes several orogenic stages, prolonged
magmatism and periodic tectonically stable stages
and the studied rocks represent a mid-crustal
section of the ancient orogen.

In relation to the Svecofennian orogeny, two
major compressional stages have traditionally been
defined in southern Finland: the “synorogenic”
(from 1.89 to 1.87 Ga), and the “lateorogenic”
(from 1.84 to ca 1.81 Ga) stages (Simonen 1980;
Suominen 1991; Korja & Heikkinen 2005). In the
most recent recommendation of time-stratigraphic
division (Kohonen et al. 2024), these stages overlap
with the Middle Svecofennian (1900-1860 Ma)
and the Upper Svecofennian (1860-1800 Ma).
During the last 20 years, an increasing number of
mafic intrusions that temporally fall between the
two compressional stages have been identified.
This loosely defined period of magmatism is called
the “intraorogenic” stage (Simonen 1980; Nironen
2017), and the identified mantle-derived magma
types vary from calc-alkaline and shoshonitic to
tholeiitic N-MORB, E-MORB and OIB, and
show affinities with both island-arc magmatism
and extensional environments (e.g. Kara et al. 2020
and references therein). Mingling between mantle-
derived mafic magmas and crust-derived felsic
magmas also occur, as well as charnockitisation in
the vicinity of the mafic intrusions (e.g. Konopelko
& Eklund 2003; Pajunen et al. 2008). A large variety
of magmas and rock types have been produced
over a considerably large area during a prolonged
timespan. It is not clear whether there were distinct
intermittent periods between the “synorogenic,
intraorogenic and lateorogenic” magmatism, or
whether the magmatism was continuous.

The aim of this paper is to present the Kaiplot
gabbros in Nagu (Nauvo), southwestern Finland,
using petrography, age determination and geochem-
ical methods. The gabbro intrusions will be put into
a broader context of Svecofennian magmatism, and
the tectonic implications that arise concerning the
Svecofennian orogeny will be addressed.

2. Geological background

The study area is situated in the Southern Finland
Subprovince (SFS) in the Paleoproterozoic
2.0-1.75 Ga Svecofennian domain (Gail &
Gorbatschev 1987) within the Fennoscandian
Shield. The SES (Fig. 1) is dominated by the late
Svecofennian  granite-migmatite (LSGM) zone
(Ehlers et al. 1993). The LSGM zone is a roughly
500 km long and 100 km wide zone representing
repeated strong transpressive deformation, ductile
shearing and high-T low-P (amphibolite to
granulite) metamorphism. The zone is characterised
by extensive migmatisation and intrusions of late
Svecofennian, mostly 1.84-1.81 Ga microcline
granites, often porphyritic (Levin et al. 2005;
Stélfors & Ehlers 2006; Skytta & Mainttiri 2008).
It overprints an area of metamorphosed volcanic
and sedimentary shallow marine lithologies
consisting of thin sequences of metabasalts
overlain by thin layers of metamorphosed chemical
sedimentary rocks comprised of marbles and
iron formations. The chemical signatures of the
metabasalts imply extensional rift basins (Ehlers et
al. 1986). The LSGM zone covers parts of the Hime
belt in the northern and the Uusimaa belt in the
southern parts of SES. In the southwest the LSGM
is cut off by the 1.57 Ga Aland rapakivi massive and
the South Finland shear zone (Torvela et al. 2008).
When moving northwards into the Hime belt, the
shallow water lithologies are less common and the
chemical signatures of the basaltic lavas change to
more subduction-related volcanic arc aflinities (e.g.
Kihkonen 2005).
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Figure 1. a) The Fennoscandian Shield, major divisions. Map modified from Koistinen et al. (2001). WFS = Western
Finland Subprovince; SFS = Southern Finland Subprovince. b) Simplified geological map of Southern Finland
Subprovince and its subdivisions, the location of the Kaiplot gabbros is indicated by a circle. The bedrock map is
constructed using digital map information from GTK Maankamara: http://gtkdata.gtk.fi/Maankamara/index.html
© Geological Survey of Finland (2016, GTK Basic licence version 1.1), Bedrock of Finland 1:200000 (2023-2024),

CC-BY-4.0.

2.1 Tectonic models

In Finland, the Svecofennian domain has
traditionally been considered an accretionary
orogen consisting of a series of island arcs and
microcontinents that were accreted against each

other and towards the Archean craton in the
northeast. Age data indicate that the tectonic events
become successively younger towards the southwest
(e.g. Lahtinen et al. 2005; Stephens & Andersson
2015; Stephens 2020). This plate
model was first suggested by Hietanen (1975)

tectonic
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and later developed by others (Simonen 1980;
Gaidl & Gorbatschev 1987; Lahtinen et al. 2005;
Bogdanova etal. 2015; Nironen 2017; Lahtinen et
al. 2023).

In the light of the overall model, the
Svecofennian orogeny in southern Finland has
been divided into the following stages: 1) the
“preorogenic” stage with island arc magmatism and
seafloor sedimentation (Nironen 2005); 2) the
“synorogenic”, main collisional stage 1.89-1.87 Ga
(Vdisinen et al. 2002; Lahtinen et al. 2005); 3)
the “lateorogenic” compressional-transpressional
stage from 1.84 to ca 1.81 Ga with high-grade
metamorphism and crustal melting (Ehlers et
al. 1993; Lahtinen et al. 2005; Stilfors & Ehlers
2006; Stephens & Andersson 2015); and 4) the
“postorogenic” stage from ca 1.81 to 1.79 Ga with
small-volume magmatism from enriched sources
(Eklund et al. 1998; Rutanen et al. 2011).

However, Lahtinen & Nironen (2010) point
out that the tectonic evolution of southern
Fennoscandia is not compatible with merely an
accretion-type model. Formation of paleosols and
ultramature quartzites, both aeolian and in shallow
marine basins with simultaneous magmatism at
deeper crustal levels, suddenly transitioning to mass
flow deposits and more immature sediments and
subsequent rift-related igneous activity, indicate a
gradual development from a stable intracratonic
setting to an active rifting environment (Bergman et
al. 2008; Lahtinen & Nironen 2010).

An alternative tectonic model was presented
by Hermansson et al. (2008), in which the need for
several island arcs or microcontinents is omitted by
introducing a single subduction zone with constant
polarity towards the northeast but with alternating
net movement direction. This process called zectonic
switching (Collins  2002) efhciently produces
new continental crust by alternating cycles of
compressional and extensional regimes. Hot, short-
lived narrow orogenic belts form during inversion
of extensional basins, and these terrains can often
misleadingly be interpreted as volcanic arcs or
microcontinents.

2.2 Extensional mantle-derived
magmatism during
the Svecofennian orogeny

An extensional stage between the two compressional
stages was identified already in the beginning
of the 20" Century (Ramsay 1912; Sederholm
1926) and was named “intraorogenic” by Simonen
(1980), but it has often been sidelined in discussions
about the Svecofennian orogeny. An increasing
number of reports show that mantle-derived
mafic magmatism is common in the SFS between
1870 and 1840 Ma (Suominen 1991; Lahtinen
et al. 2005; Pajunen et al. 2008; Viisinen et al.
2012; Nevalainen et al. 2014; Kara et al. 2020
and others). U-Pb (zircon, monazite, titanite)
dating of the intrusions give ages that span from
ca 1.87 to ca 1.83 Ga with the majority so far
towards the older end. Geochemically, they cover
a spectrum from tholeiitic to calc-alkaline (meta-)
basalts and gabbros. Both extension-related and
more subduction/arc-like geochemical affinities
are found. Most of the magmas were emplaced
as dykes, but plutonic rocks that usually exhibit
bimodal mingling structures are also found. They
have been metamorphosed and deformed during
the “lateorogenic” stage. Similar rock types and ages
have also been recognized in the Bergslagen area in
south-central Sweden (Dahlin et al. 2014; Hogdahl
& Bergman 2020; Johansson & Karlsson 2020)
and as far east as the Ladoga region (Konopelko &
Eklund 2003).

2.3 Geology of the study area

The study area is situated in the middle of the
westernmost part of the LSGM zone in southern
Finland (Fig. 1). The studied rocks are exposed on
several islands just north of the main harbour in the
central village of the former Nagu municipality in
the archipelago of southwestern Finland (Fig. 2).
The Pargas-Nagu-Korpo area has been affected
by both the “synorogenic” and the “lateorogenic”
compressional events and is now dominated by
late Svecofennian granites and migmatites and
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Figure 2. a) Simplified geological map of the Pargas-Nagu-Korpo area with the study area marked. b) The
study area with observation and sampling points indicated. The marked outcrop numbers are referred to in
the text. Coordinates for Nagu harbour: N =6683907, E=218035 (ETRS-TM35FIN). The bedrock map in
a) and b) is constructed using digital map information from GTK Maankamara: http://gtkdata.gtk.fi/Maankamara/
index.html © Geologijcal Survey of Finland (2016, GTK Basic licence version 1.1), Bedrock of Finland 1:200000

(2023-2024), CC-BY-4.0.

large recumbent fold-structures. The bedrock map
of the area was published by Edelman (1973). In
the map explanation (Edelman 1985), it is stated
that the Nagu main islands are characterised by
a flat oblong syncline (Fig. 2a), stratigraphically
composed of, from bottom to top, 1) quartz-
feldspar gneisses stemmed from psammitic shallow-
water sedimentary rocks, 2) intermediate to mafic

amphibolites representing basaltic to andesitic
volcanic ash deposits or lavas; pillow-structures
are locally preserved and the amphibolites include
banded gabbros in the lowermost parts, and
3) garnet-cordierite-sillimanite mica gneisses,
interpreted as deep sea clays and greywackes
originally. Marbles occur as thin lenses in the

quartz-feldspar gneiss, and as thicker layers in the
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amphibolite and between the amphibolite and the
mica gneiss (Edelman & Jaanus-Jarkkild 1983;
Edelman 1985). The syncline is surrounded by a red,
coarse-grained, porphyritic microcline granite that
contains banded domains/parts. Hausen (1944)
describes the different porphyritic granite types of
the Nagu area, of which the “Mattnis granite” in
the southern part of Nagu has an ambiguous U-Pb
(zircon, monazite) age of 1842 + 31 Ma (Suominen
1991). The gabbroic rocks in the Kaiplot area were
petrographically described by Hausen (1944) and
commented further by Edelman (1972).

The rocks of the area have undergone metamor-
phosis in amphibolite to granulite facies, the
maximum metamorphic temperature and pressure
range during that event is estimated to have been
around 800-850°C and 4—6 kbars (400-600 MPa),
respectively (Viisinen & Holwd 1999), the
metamorphic grade increasing eastwards in the
Nagu area (Edelman 1985). These P-T conditions
correspond to a crustal depth of about 15-20 km.

3. Research materials and
analytical methods

During fieldwork, 18 samples varying between 1.6
and 7 kg of the Kaiplot mafic rocks were collected
for the purpose of petrographic and geochemical
analysis as well as U-Pb age determination. The
sampled localities are shown in Figure 2b. We
sampled both plutonic rocks and dykes, avoiding
visible cumulates and aimed to sample the most
representative parts of the outcrops. All samples
were prepared at the department of Geology and
Mineralogy at Abo Akademi University. They
were first cut and crushed, and then the freshest
chips were hand-picked for pulverisation. The
instruments were thoroughly cleaned between
samples to avoid contamination. The crushing
device was a Fritsch Pulverisette jaw crusher, and
the chips were ground in a ring and disc mill made
of mild steel (Outokumpu brand). The risk of
contamination is greatest concerning Fe, possibly
up to 0.8 % (S. Frojdo pers. comm.).

Seven thin sections from five of the outcrops
(II-6, VII-9, XI-11, XXI-16 & -19, XXV-20
& -21) were chosen for detailed petrographic
studies. The outcrops were selected to represent the
mineralogical and geochemical variation of the area.

For the U-Pb age determinations, we chose
samples 1I-6 and XI-11 due to their high Zr
contents. The zircons were separated from the
crushed samples using panning, heavy liquids and
the magnetic separator Frantz. The zircons were
then handpicked under a microscope and mounted
in an epoxy puck. The analysis was done by Irmeli
Minttiri at the Geological Survey of Finland. The
decomposition of zircon and extraction of U and
Pb for multigrain TIMS (thermal ionisation mass
spectrometry) isotopic age determinations mainly
follow the procedure described by Krogh (1973,
1982). *U- *®Pb-spiked and unspiked isotopic
ratios were measured using a VG Sector 54 thermal
ionization multi-collector mass spectrometer.
Based on multiple analyses of SRM 981 standard
the measured lead isotopic ratios were corrected
for fractionation (0.10 + 0.05 % / a.m.u.). Pb/U
ratios were calculated using the PbDat-program
(Ludwig 1991). Plotting of the isotopic data and
final age calculation was done using the Isoplot/Ex 3
program (Ludwig 2003). All the ages are calculated
at 26 with decay constant errors ignored.

Pulverised material from all of the 18 samples
were sent to Activation laboratories Ltd, Ontario,
Canada (2006) for geochemical whole-rock
analysis. The major elements plus Sc, Be, V, St,
Zr and Ba were analysed by FUS-ICP (Fusion-
Inductively Coupled Plasma Optical Emission
Spectroscopy), and the minor and trace elements
(e.g. REE) were analysed by FUS-MS (Fusion-
Mass Spectrometry). The whole-rock analysis data
is presented in Table 1. Concentrations for Be, As,
Mo, Ag, In, Sn, Sb, W, T1, Pb, and Bi were below or
so close to detection limit in general that they are
not reported here. Based on analysis of standard
materials compositionally similar to our samples,
the maximum offset from recommended value
(accuracy) for major element oxides is considered to

be < 3 %, except < 5 % for Na,O and about < 10 %
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for P,O,. Based on duplicate analysis of our sample
and a standard sample that was analysed at about the
same time (D’Elia 2010), the coefficient of variation
(precision) is < 2 % for all major element oxides,
except for K,O and P,O; (< 5 %). The limits of
detection for Cr, Ni, Cu and Zn are quite high with
FUS-MS (<10-30 ppm), so their concentrations
have been rounded to the nearest ten. The offset
and coeflicient of variation for them are considered
to be less than 10-20 % in general. For other trace
elements, the offset and coeflicient of variation
are generally less than 10 %, but can be higher for
some (e.g., Ge, Nb, Sb, La, Ce, Pr, Ta, U and Th),
especially if their concentrations are close to the
respective detection limits. Standard and duplicate
analyses and more detailed information about
accuracy and precision can be found in Electronic
Appendix A.

Thin section XXV-20 was studied with a
Phenom XL Desktop SEM (Thermo Fisher
Scientific Inc, Phenom-World B.V., Dillenburgs-
traat 9T, 5652 AM Eindhoven, The Netherlands).
The electron source is a CeB, crystal, and samples
can be imaged with a four-segment backscattered
electron detector (BSD) under a variable vacuum
and no carbon coating is needed. For semi-
quantitative mineral analysis, the thin section was
carbon coated, and data were collected with the
integrated energy-dispersive X-ray spectroscopy
detector (EDS; thermoelectrically cooled 25 mm?
Silicon Drift Detector with an ultra-thin Si,N,
window). Data reduction and ZAF correction was
performed with the proprietary software (Phenom
Pro Suite). The SEM data is found in Electronic
Appendix A.

4. Results

4.1 Field observations and
petrography
Most of the mafic outcrops are relatively flat

surfaces by the water where waves and ice keep the
shorelines clean from moss and lichen. The mafic

rocks in the study area occur as both dyke-like
intrusions and larger bodies (Fig. 2 and 3). The
largest exposed plutonic body is situated mainly on
the island of Kaiplot extending to the smaller islets
east of Kaiplot, and we chose the name Kaiplot
gabbros to represent all the mafic rocks of the study
area, including rocks that are not (necessarily)
geochemically classified as gabbros.

The main plutonic body exhibits a variety
of grain sizes from fine-grained (0.1-1 mm) to
coarse-grained (1-10 mm). Most of the larger
bodies are medium-grained and massive, but in
places they contain narrow bands with different
mineral proportions, or structures that resemble
flow banding (e.g. Fig. 3b). On most outcrops, the
gabbros are clearly foliated in the same direction as
the surrounding porphyritic granites. On outcrop
XXV, two emplacement pulses can be distinguished.
Here a massive medium-grained rock (XXV-21)
and a fine-grained banded rock (XXV-20) lie
side by side with inclusions of the first inside the
latter (Fig. 3a, b). These fragments have sharp
edges as if brecciated. On other outcrops, irregular
quenched enclaves with rounded outlines are found,
possibly representing autoliths or cumulates. The
contacts between the mafic plutonic rocks and the
surrounding granites are not exposed.

The thin section study of the largest plutonic
body reveals that the main minerals are plagioclase
(-An,; based on the Michel-Levy method) and
pleochroic amphibole in different shades of green
to brown. The more primitive samples contain
abundant ortho- and clinopyroxene, and ilmenite
as a minor phase. SEM analysis of one of the
most primitive samples (XXV-20: Fig. 3b and
4a, b) shows the orthopyroxene to be En, and the
clinopyroxene to be augite. Exsolution lamellae
with lower Ca-content are common in them.
In the more differentiated samples, pyroxenes
are highly altered to microcrystalline materials.
Biotite and quartz appear as minor to main phases.
Apatite is an abundant accessory mineral in the
differentiated samples, and there are virtually no
opaques. Orthopyroxene is variably replaced
by symplectic amphibole + opaques + quartz +



Johnson, Eklund and Heinonen

€L 9Y [o)e] e € 7T g€ o€ 7T 8T cc 9T o€ Ly LT v e 8¢ 4H
ove €ee 6vT 9T G.1T 29 98 29 88 44 89 14 09T €0C 69 10T 8¥T 99T eg
91T 7T 90 LT g0 €0 70 Pq 8T g0 70 co 97T 60 co gc g0 co SO
ovT 00T TTT 96 ot €C 9'6 T€e 8¢ 1€ v'e g9 09 9'ST ce e} 14’ cet aN
Sg6¢ LGT ovT eic] 0ST €€ €6 a8 144 S 69 TL 6 ovT 144 81T 8vT 6L iz
o'se ove oee €TC o'ge g1 6'9C Loe ooT [x44 [e14 6'T€ olc 1'8¢€ 60T €ce L9z 9'sT A
et} 692 G6¢ €9¢ €ce 9€T [4°r4 T6T (4544 8T €TT 6ET e v6C €8T 162 89¢ vee ES)
18 9 GT 09 T 1T 14 8 €9 8¢ (914 T €C PSS 6 <14 6¢C 8T ay
0T 0c 0T 6T 0c 8T T e T 8T 0c ST (x4 T 8T €T LT LT @9
9C (44 8¢ oe 14 oc 1€ [44 e (44 €C 9C [44 1€ ve o€ [43 €€ ey
08 0octT oTT 00¢ oct oTT oTT oct oTT oTT 09T 00T 06 09T oct 06 08T 00T uz
(0)24 06 oe 06 09 oT 06 (14 oc 0s ov OET ot ooe oe oe 09 06T no
TPq or og 0Ss Pa 0L og rq 0g Pa 0g 09 ‘ra oe oc 0L og [0}4 IN
=12 (45 6cC PASS Gge 0g 8¢ =14 €y 9€ £ 89 e 14 =14 8¢ [43 9€ 00
rq 08T 00T 09T Pa 0sc 0L 09¢ oge o 0ST 0oTT rq 0S 08 09T 09 ra 10
ot €61 €6T 86C Gg8¢ 8€T 19T (o514 61¢C 80C 69¢ g1e gee 89¢ 16T 8CT 1474 66C A
€C 6¢C (¢4 [44 [4 v LT 134 €C 1€ Lg ov 1€ LT 8¢ 9T (4 8T oS
wdd ‘uawa|z
¢9'8¢E vETS 8Ly 16'87 90'6€ S.°C9 LY'9r 86'9G 6299 €8'TY 66'CS 8¥'09 96'61 S0°LE 05’69 S0°LS 80'TY oT'TY #3IN
26’66 2966 5966 0v'00T 1866 0C'00T 0c00T 00°00T 0€'00T 0T'00T  0€00T 0€'00T 6866 0c00T 0€'00T 0€00T 0T00T 0€00T 1ejoL
6’1 LG°0 cTo 14 100 0S80 6.0 oco G6°0 ¥6°0 €80 €90 €01 Sr'T T€0 19T LE0 €L°0 101
620 0co vZo cT’o 120 900 =1 20] €T°0 €00 61°0 600 =1 20] ST'0 120 100 9T'0 LT°0 147¢ S0%d
1CT 12T 0S50 660 [4=)4} €¥'0 6.0 790 ST'T 9.0 G680 170 10T 0T 9’0 €17 9.0 0.0 oM
ce'e €0 AR or'e 6T €0C €L'e oLc 19T [4°x4 cre €v'e €8T g€ [4°x4 gee LL°€ 19°€ oceN
189 66°L 4 S0'6 8€'6 ¢8TT €9°0T 0S'TT L0TT €18 60°0T TL°0T 06’6 sTe €9°0T 706 Sg8'8 oT'otT oed
av'T 18 1 7h 74 ev's 1€ 99'6 L7’ 69°L EV'9 8TV 09°L LT°L 186 e 99°L LE'S €L'E 09'€ 03I
S0°0 g1’0 10 10 L1°0 8T°0 600 8T°0 cro 142 610 0co ST'0 170 SGT'0 oT'o c1’0 cr’o Ooun
8L, 16°0T GcotT 11T CEET 9ETT 6L 86'TT 686 6L7TT 9€'ET ETVT S9TT 8¥' 1T €€°0T 108 09°0T cTotT (1)e0%a4
LY'6T 1097 8€'8T 9,97 €897 GEET praler4 €TYT GT'8T o147 VSET 8E'ET LT €6°LT cELT 06T 1987 99'8T £0°Y
60T 62T 66'T S§.T [4°x4 60 99T 99T 89T g8'0 8CT 18T 99T 6v'c 860 89T 8T'€ 06°C colL
¥'GS 6€CS 19617 11454 6E6Y S8'67 €609 €T'6Y [44i4 G298 6€°09 fadci4 €C8Y 0€'6Y G661 00 TS G008 €967 oIS
%M Quows|3
‘Hia ‘Ha ‘Hia ‘wd ‘Ha ‘wid ‘Ba ‘wid ‘Ha ‘Ha ‘wid ‘wid ‘wild ‘Hia ‘wild ‘Ha Ha Ha qumz_m_muwt_o
BN T F G98T BN T F GO8T ejep a8y
g oluoINid ENI] oluoINd oluoInd ENI] ouoinld  duoInid oluonid ENI] ENI] kg aAa oluoIn|d oluoinid oluoinid ouoIN|d ouonld  adAy
8gtcee 118.T¢C 808€CC 88EETT 69€€CT G€e60ce ¥2181¢C 88¢8T¢C €¥28TC 8918T¢C §0coce T900CC 8066TC €TT6TC CEGBTC 8v¥8Tc 13
€6.9899 8969899 6€89899 0..G899 TG.G899 1665899 2TT9899 1955899 8959899 0/69899 T6T9899 90€9899 G9C9899 6969899 0029899 9669899 N
THHAXX BE-AIXXX LTIXXX 9TIXXX 9€-XXX PTHIAXX TTAXX 0CT-AXX 8T-IIXX 6T-XX 9T-XX ST-XX LEXIX TT-IX OT-IIA 6lIA ol Gl g|dwes

12

'soJqqges 10|diey] 8y 10} e1ep [eoIWayd0ay) ‘T d|qel



1865 Ma tholeiitic magmatism during an extensional episode of the Svecofennian orogeny 13

0.90
5.80
2.10
24.20
50.7

0.60
0.50
0.40
16.60
40.9

0.79

1.20

1.12
20.10

0.77
0.76
4.31
11.00
25.8

0.80
0.60
0.40
14.90
36.5

0.12
0.35
0.13
4.69
11.5

0.60
1.31
0.56
14.60

0.19
0.54
0.26
7.43

19.0

0.31
1.26
0.60
6.21

0.13
4.06
0.95
15.40

0.23

0.46
0.92
0.37
10.60
27.1

0.40
0.50
0.30
9.90
23.9

0.87
0.80
0.59
21.30
55.6

0.18
0.27
0.17
5.46
13.7

0.59
5.31
1.04
22.30
50.7

1.10
0.77
0.59
16.20
38.9

0.91

0.45

0.37
14.40

Ta

1.44
0.62
8.49
20.4

Th

La

49.4

35.7

13.2

35.4

34.2

Ce

6.15
26.50
5.70
1.99
5.70
0.80
4.40
0.80
2.40
0.36
2.30
0.35

5.51
25.00
6.30
1.52
6.40
1.10
6.00
1.10
3.30
0.49
3.10
0.45

6.66
28.80
7.16
2.03
7.31
1.15
6.45
1.21
3.43
0.51
3.10
0.43

3.45
15.10
3.82
1.44
3.99
0.69
3.93
0.77
2.26
0.32
1.86
0.27

4.87
23.00

1.63
7.92
2.31
0.89
2.73
0.50
3.13
0.65
2.05
0.31
1.90
0.28

4.71
19.80

2.86
14.60
431
1.56
4.96
0.90
5.49
1.10
3.23
0.48
2.97
0.42

1.67
6.87
1.73
1.07
1.91
0.33
1.94
0.39
1.14
0.17
1.03
0.15

4.54
18.90

2.72
12.90
3.69

3.78
16.60
4.59
1.34
4.92
0.90
5.52
1.13
3.38
0.49
3.00
0.42

3.09
14.10

7.92
35.20
9.12
1.90
8.81
1.38
7.51
1.46
4.09
0.56
3.29
0.46

1.86
8.93
2.76
1.03
3.22
0.58
3.56
0.75
2.23
0.33
2.04
0.29

6.49
25.70

5.35
23.00
6.12
1.73
5.86
0.93
5.02
0.94
2.77
0.39
2.23
0.31

4.66
19.50

Pr
Nd

6.00
2.09

4.93
1.37
5.04
0.84
4.81
0.94
2.75
0.40
241
0.34

4.47
1.10
4.26
0.68
4.03
0.84
2.58
0.39
2.48
0.37

3.80
1.45
450
0.70
4.40
0.90
2.60
0.39
2.50
0.41

5.69
1.46
5.05
0.78
4.28
0.82
2.33
0.34
2.01
0.28

5.08
1.84
5.01
0.83
4.76
0.94
2.69
0.38
2.23
0.31

Sm

1.14
4.08
0.74
4.60
0.95
2.85
0.42

Eu
Gd

6.70
1.10
6.20
1.20
3.40
0.50
3.10
0.46

Tb

Dy

Ho

Er

Tm

2.64
0.38

Yb

Lu

Coordinates are ETRS-TM35FIN. Mg# calculated as 100*(Mg0/(FeO+MgO0)) [mol.%].

biotite (uralitisation), and plagioclase is weakly
altered to saussurite/sericite. Due to their mineral
composition, we suggest that the Kaiplot gabbros
should be classified as hornblende-gabbronorites.

In the medium-grained samples of the main
plutonic body, the mafic minerals tend to form
aggregates that occasionally show a preferred
orientation that gives the outcrops their foliated
appearances (Fig. 4c, d). The average grain size
is around 1-2 mm with sporadic plagioclase and
amphibole grains being up to 4 mm long, however.
The fine-grained banded sample (XXV-20, Fig. 3b
and 4a, b) has alternating pyroxene-rich and
amphibole-rich bands that are < 3 mm in thickness.
The grain sizes are in general less than 0.5 mm.

The dykes have intruded both the porphyritic
and the relatively even-grained granite variants.
Since the dykes have been sheared together with
the granites, they are now in some cases flat lying,
sheared and altered, and the closest contact zones
to the surrounding rock are often eroded. Their
appearance in the field is nevertheless crosscutting
the other lithologies. On outcrop XXI there is
a dyke that has intruded in two separate pulses
with different composition, but the order of the
intrusions is unclear (Fig. 3c).

The thin sections from the two dykes on outcrop
XXT are both fine-grained with average grain sizes of
< 0.5 mm. The more primitive of the dykes (XXI-
16, lower in Fig. 3¢c) consists mostly of plagioclase,
amphibole, clinopyroxene and minor opaques, but
it also contains light-coloured veins of extensively
altered clinopyroxenes, chloritized amphibole and
quartz. The more differentiated dyke (XXI-19) is
dominated by elongated amphibole grains with a
preferred orientation as well as abundant quartz and
biotite (Fig. 4e, f). Occasional plagioclase grains
and remnants of highly altered pyroxene can be
found. Accessory apatite is abundant.

The bedrock in the study area shows signs of
bimodal magmatism. This is manifested as mingling
structures (outcrop V, Fig. 3d) and fingering, i.c. a
dyke intruding into and interrupted by a highly
viscous felsic body, as well as back-veining and
incomplete mixing of a maficand a felsic magma.
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Figure 3. Field photos. a) The main plutonic body, outcrop XXV. Two emplacement pulses, both gabbroic, with different
grain sizes. b) Close-up of the fine-grained banded mafic rock, XXV-20. c¢) Dyke intrusion, outcrop XXI. Two emplacement
pulses surrounded by porphyritic granite. d) Mingling between a mafic and a felsic component, outcrop V.

Table 2. Multigrain TIMS zircon U-Pb isotopic data for the Kaiplot gabbros.

Sample information Sample | U Pb | 206Pb/204Pp | 208Ph/206Ph ISOTOPIC RATIOSY Rho2 APPARENT AGES / Ma+2 o

mg ppm measured | Radiogenic |206Pb/238U +20% 207Pb/235U +20% 207Pb/206Pb +206% [P06Ph/238 207Phb/235( 207Ph/206Ph
A#2) XI-11; Zr abraded 20 h | 0.53 | 809 294 2278 0.15 0.3276 0.33 5.1480 0.34 0.1140 0.07 | 0.98 1827 1844 18641
B) XI-11; Zr abraded 25 h 0.50 | 749 272 2257 0.14 0.3286 0.33 5.1619 0.34 0.1139 0.06 [ 0.98 1832 1846 18631
C) XI-11; Zr abraded 10 h 041 | 774 277 2408 0.14 03231 033 5.0768 0.34 0.1140 0.06 |0.98 1805 1832 18631
D) II-6; Zr abraded 20 h 0.50 | 932 322 2853 0.13 0.3159 0.33 4.9571 0.33 0.1138 0.06 | 0.98 1770 1812 1861+1

1) Isotopic ratios corrected for fractionation, blank (35-50 pg), and age-related common lead (Stacey and Kramers (1975); 206Pb/204Pb + 0.2, 207Pb/204Pb + 0.1, 208Pb/204Pb + 0.2).

2)  Rho: Error correlation between 206Ph/238U and 207Pb/235U ratios. All errors are 2 o.

4.2 U-Pb analysis

For the U-Pb analysis, the most transparent and
inclusion-free zircon grains were selected. The
zircons of the sampled Kaiplot gabbros are
brownish, elongated. They
contain dark inclusions and the crystal faces are

translucent, and

undeveloped or corroded. Three zircon fractions
from sample XI-11 (A#2, B and C) and one fraction
from sample I1I-6 (D) were analysed (Table 2),

the first analysis of fraction A failed but the second
was successful. The four-point discordia line
intercepts the concordia curve at 1865 + 2 Ma,
which is considered the magmatic age of the Kaiplot

gabbros (Fig. 5).

4.3 Geochemistry

All the 18 analysed Kaiplot gabbros (Table 1,
Electronic Appendix A) fall within the igneous
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Figure 4. Photos of the thin sections, plane-polarised to the left, cross-polarised to the right. a) and b) from the
main plutonic body, the fine-grained and banded XXV-20, a light pyroxene-rich band. ¢) and d) from outcrop Il in the
main plutonic body, medium-grained with mafic aggregates. e) and f) from the differentiated dyke on outcrop XXI.
Am = amphibole; Opx = orthopyroxene; Cpx = clinopyroxene; Pl = plagioclase; Bt = biotite; Qtz = quartz; Ap = apatite;

IIm = ilmenite.

spectrum of Hughes (1972) and have not thus
been significantly altered. The samples have
SiO, contents ranging from 48 to 56 wt.%. and
the majority fall in the 49-52 wt.% range. Total
alkalis (Na,0+K O) are 2.5-4.6 wt.%. Most of
the samples are subalkaline and tholeiitic gabbros
(Fig. 6). The AL O, contents are 13-20 wt.%,
MgO 2.5-9.7 wt.%, Fe,O,(T) 8-14 wt.% while

the TiO, variation is 0.8-3.2 wt.%. Magnesium
numbers (Mg#) range from 37 to 63 (Table1).

To be able to classify gabbros geochemically
and investigate their tectonic origin, we have
screened the data to make it possible to separate
samples that deviate significantly from primitive
melt compositions. The following screening cri-
teria are used in this paper: SiO, = 45-52 wt.%,



16

Johnson, Eklund and Heinonen

0.3401[Mintercepts at 186522 Ma
and 103170 Ma 1860
0.335 1 MSWD = 1.12, n=4 1
1840
0.330 1 !
1820I
0.325 1
1800
0.320 1 w:)
03154 &
‘°D- 207 235
0310 § Pb/~"U
48 49 5.0 5.1 5.2 5.3

Figure 5. Concordia plot for TIMS multigrain zircon U-Pb
isotopic data from the Kaiplot gabbros, samples II-6 and
XI-11.

MgO = 5-12 wt.%, ALO, < 18 wt.%, Ni < 200
ppm and Cr < 600 ppm. These criteria help to select
basaltic samples that are not extensively differenti-
ated, and do not contain considerable amounts of
accumulated mafic minerals or plagioclase. In all

diagrams, the black filled circles labelled “primitive”
symbolise the analyses that pass this screening while
the grey triangles labelled “differentiated” fail the
screening by one or more criteria.

The primitive samples show a clear tholeiitic
affinity while the differentiated samples trend
into the more calc-alkaline field of the AFM plot
(Fig. 6b). The significance of the screening is also
visible in the major element variation diagrams
in Figure 7 and trace element variation diagrams
in Figure 8. The primitive gabbros have higher
magnesium numbers in general and tend to form a
more concentrated trend. The lower the Mg#, the
more variation is seen in element concentration.
The La/Lu ratio shows that the primitive gabbros
have very little LREE enrichment relative to HREE,
which sets them apart from the differentiated
samples.

In Figure 7, four analyses are highlighted in red
and green. The red ones represent the two dykes
lying side by side on outcrop XXI with unclear
intrusion order, and the green ones are from outcrop
XXV where the plutonic rocks have been emplaced

a b
F
Ultrabasic , Sntermediate,  Acid
15 | |
1
U
O,
e Tholeiite Series
+ 104 A
C)N A
© A L
=z
54 (grangdiorite)
Calc-alkaline Series
'Subglkaline/Thgleiitic
0 T : " T T
40 50 ) 60 70 A M
SiO,
@ Primitive

A\ Differentiated

Figure 6. Classification of the Kaiplot gabbros. a) Total alkalis vs. silica (TAS) in wt.% (Cox et al. 1979). b) AFM-plot after

Irvine and Baragar (1971) (A = Na,0 + K,0 (alkalis), F = FeO + Fe,O

M = MgO).

273
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Figure 8. Trace element (ppm) vs Mg# (calculated as 100*(Mg0/(FeO+MgO0)) [mol.%]).

in two pulses with a clear intrusion order (see Fig. 3a,
¢). Geochemical analysis shows that the magma
composition has changed between the pulses. The
pulse represented by sample XXV-21 intruded
first, and after it had cooled the second pulse
(XXV-20) that is more primitive in composition,
was emplaced.

The primitive samples form relatively similar
and flat REE patterns in the chondrite-normalised
diagram (Fig. 9a). The Eu-anomaly associated with

plagioclase accumulation or fractionation is evident
in only a few of the most and least enriched samples
respectively. The differentiated sample with the
lowest REE content and a positive Eu anomaly
(XXII) is probably a plagioclase cumulate. In the
MORB-normalised trace element diagram, the
LILE contents are slightly elevated, but generally
less pronounced in the primitive samples compared
to the differentiated samples (Fig. 9b).
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Figure 9. Multielement normalised diagrams of
the Kaiplot gabbros. a) Chondrite-normalised REE
diagram, normalisation after Boynton (1984). b) MORB-
normalised diagram, normalisation and element order
after Pearce (1983).

5. Discussion

5.1 Age data

The TIMS dating method that was used on the
Kaiplot gabbros has potential to yield mixed ages
because several stages/zones of zircon growth inside
the grains are analysed together. The relatively
high precision of +2 Ma of the Kaiplot gabbros
implies minimal within-grain variation, and since
the analysed zircons come from two different
outcrops within the area, the suggested age for the

Kaiplot gabbros, 1865 + 2 Ma, can be considered
areasonable age estimate.

During recent years, an increasing number of
mafic rocks in the SFS and south-central Sweden
have been dated at the “intraorogenic” stage (see
Table 3 and Fig. 10). The majority of the mafic
rocks shows ages between 1870 and 1855 Ma. The
1865 + 2 Ma Kaiplot gabbros fit well into this age

group.

5.2 The Kaiplot gabbros in a local
context

The Kaiplot gabbros have intruded in several pulses
into both brittle and ductile crust. In the initial
stages of their emplacement, the surrounding crust
is still cold and brittle, but if the magma input is
high, the wall rock temperature rises, and partial or
complete melting is initiated. The mafic magma and
the wall rock melt can then interact to form hybrid
magmas if chemically mixed or mingling structures
where the mixing is only physical (Huppert &
Sparks 1988; Heinonen et al. 2021; Weinberg
et al. 2021). Such mingling structures are seen
within the Kaiplot area, which implies substantial
input of thermal energy from mafic magma to the
Svecofennian crust.

(2012) described another
outcrop of mafic and felsic rocks with similar ages
(diorite 1852 + 4 Ma, granite 1849 + 8 Ma) in the
northern Korpo area less than 20 km west of the
Kaiplot area. This mafic intrusion is similarly

Viisinen et al.

situated outside of the large recumbent fold system
(see Fig. 2a and 10). Our interpretation is that the
Korpo diorite and the Kaiplot gabbros belong to a
similar tectonicand thermal environment.

The Kaiplot gabbros have been emplaced in
an area dominated by porphyritic granite. The
including the Mattnis
granite and the other microcline granites that

porphyritic  granites,
are common in the archipelago have in general
been considered “lateorogenic” and related to
the second folding phase only, but Edelman
& Jaanus-Jarkkild (1983) already pointed out
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Table 3. Compilation of published ages for extension-related Svecofennian mafic rocks in the Southern

Finland and Bergslagen area. See Figure 10 for geographical distribution.

Age, Ma Location Type Reference

1869+ 8 Ladoga, Puutsaari gabbro-monzodiorite Konopelko & Eklund 2003
1868 £ 3 Hakkila, Vantaa tonalitic dyke Pajunen et al. 2008
1865+ 9 Rauma city diorite Vaisanen et al. 2012
1865 + 2 Kaiplot, Nagu gabbro This study

1863 £ 6 Olkiluoto tonalitic gneiss Manttari et al. 2006
1861+ 4 Urjala high-Mg gabbro (HMG) Kara et al. 2020

1859 + 5 Moisio, Turku monzogabbro Nevalainen et al. 2014
1859 + 5 Urjala high-Nb gabbro (HNB) Kara et al. 2020

1859 + 19 Torsholma, Aland metadiabase dyke Ehlers et al. 2004

1856 + 7 Olkiluoto diabase dyke Manttari et al. 2006
1852+ 4 Galtby, Korpo diorite Vaisanen et al. 2012
1870-1850* Herrang, Bergslagen amphibolitic dyke Johansson & Karlsson 2020
1838+ 4 Jyskeld, Tuusula gabbro Pajunen et al. 2008

* Exact age unclear; younger than 1.87 Ga which is the age of the country rock. The metamorphic age (U-Pb, titanite) is 1848 + 13.

that this model is oversimplified. They state that
the granites in the area were probably formed
through a number of processes (recrystallisation,
metasomatic replacement, anatexis and intrusion)
during a prolonged period when the conditions
developed into being suitable for granite
formation. The published age with large error
(1842 + 31 Ma, Suominen 1991) is the only attempt
so far to date the Mattnis granite. Stilfors & Ehlers
(20006) proposed that the granites in the Nagu area
have indeed formed as several batches of varying
degrees of partial melting, trapped and spread out
under a roof of overturned amphibolites. The melts
were produced separately during a prolonged time
and squeezed out of the protolith by shearing.

5.3 Magma differentiation and
origin

The calculated bulk magma evolution shown for

a selected number of major elements in Figure 7

implies that the fractionation of clinopyroxene is

the major driver of magma evolution. Both major

and trace element distributions (Fig. 7 and 8) vary
much more for the differentiated samples. This is

evident especially for the incompatible elements
enriched in the continental crust, such as KO, Zr,
Rb, Ba, St, Thand LREE.

To compare the influence of crystal
fractionation versus assimilation of wall rock, we
performed simple AFC modelling (DePaolo 1981)
on the Kaiplot gabbro data. The surrounding
porphyritic granite was wused as wall rock
contaminant (data from Stilfors & Ehlers 2006).
Since clinopyroxene has the most influence on the
fractionation, the AFC modelling is simplified
not taking other mineral phases into account. As
seen in Figure 11, some of the samples, especially
the more primitive ones, follow the modelled
trend for pure fractionation, while others better
resemble the curves for different degrees of wall rock
assimilation. Accordingly, the Kaiplot gabbros have
likely been subjected to both crystal fractionation
and assimilation of wall rock material during
differentiation.

Geochemical diagrams used to interpret magma
type and tectonic setting are based on relatively
recent volcanic rock types (Rollinson 1993). The
plate tectonic processes were likely somewhat
different during the Paleoproterozoic due to higher
crustal and mantle temperatures. Therefore, some
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Figure 10. Extension-related Svecofennian mafic intrusions together with quartzite occurrences. See Table 3 for
reference information. Background map adopted from Lithotectonic map of Fennoscandia (Luth et al. 2024).

caution is needed when interpreting tectonic
discrimination diagrams for older rocks.

The triangular La-Y-Nb diagram of Cabanis
& Lecolle (1989) was constructed to discriminate
between volcanic arc basalts, continental basalts,
and oceanic basalts (Fig. 12). The Kaiplot gabbros
are compared with data for other mafic rocks
of similar ages (see Figure 10 and Table 3). The
primitive Kaiplot samples plot in and around the
field for back-arc basin basalt (BABB) which is
compatible with an extensional tectonic setting.
The more differentiated Kaiplot gabbros and most
of the other samples plot into domains representing

compressional tectonics which likely reflects higher
input of crustal material.

In the chondrite-normalised REE diagram of
Boynton (1984) (Fig. 9a), the primitive samples
exhibit relatively flat patterns which suggests a
high degree of melting and/or a depleted mantle
protolith. The differentiated samples show more
pronounced enrichment of LREE over HREE
and a larger internal variation, including both
positive and negative Eu-anomalies. In the
MORB-normalised multielement diagram (Pearce
1983) (Fig. 9b), a negative Ta-Nb anomaly and
enrichment in LILE are clear in all samples.
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Figure 11. AFC modelling (DePaolo 1981) of the Kaiplot
gabbros in an MgO (wt.%) vs Zr/Y diagram. Wall rock
contaminant: average of the porphyritic granite from
northern Nagu (Stalfors & Ehlers 2006). The dots on
the coloured AFC curves represent F values (remaining
liquid fraction) where XXVII-24 represents parental mag-
ma (F = 1) and each subsequent dot a step of -0.05, the
ones furthest to the left representing F = 0.45. The pro-
portion of assimilation vs fractionation is expressed as
the r value, where r = O is pure fractionation. Partition
coefficients in clinopyroxene used in the calculations:
Mg0 = 1.72; Zr = 0.26; Y = 0.412 (that of MgO calculat-
ed from SEM pyroxene analysis (see Electronic Appendix
A) and whole-rock data from sample XXV-20, and those
for Zr and Y taken from the PELE database (Boudreau
1999)).

These indicate that subduction-related

contaminants and/or mantle protoliths have

some

been involved in the magma formation (see, e.g.,
McCulloch & Gamble 1991; Stolz etal. 1996).
Another attempt to trace the source for
the Kaiplot gabbros and other related rocks is
shown in Figure 13. The diagram is based on the
distribution of certain trace elements between the
melt and solid fraction when mantle peridotites
of different mineral composition (indicating
depth) is subjected to partial melting to various
degrees. The overall trend for the whole dataset

Figure 12. Triangular diagram by Cabanis & Lecolle
(1989). The primitive Kaiplot gabbros plot in and around
the BABB field (highlighted in blue) in the corner for
tholeiitic magmas. The fields are as follows: 1. Volcanic
arc basalts (1A = calc-alkaline basalts, 1B = overlap,
1C = volcanic arc tholeiites); 2. Continental basalts
(2A = continental basalts, 2B = back-arc basin basalts);
3. Oceanic basalts (3A = alkali basalts/intercontinental
rifts, 3B = E-MORB, 3C = N-MORB).

of extension-related Svecofennian mafic rocks
goes from a low degree of partial melting of a
more garnet-rich, i.e. deep-seated, mantle source
towards a higher degree of melting of spinel-
bearing shallower mantle. The primitive Kaiplot
samples represent the most depleted magma
type, i.e. the highest degree of partial melting of
a shallow mantle. The differentiated Kaiplot
samples and the other related rocks represent
processes such as emplacement through thicker
crust or a source that is more fertile, possibly
enriched by subduction.
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Figure 13. REE data from Kaiplot and other mafics
of the same age group compared to modelled mantle
melting curves adopted from Geng & Tlysuz (2010). The
data forms a trend between a higher degree of partial
melting of shallow spinel-bearing mantle and lower
degree melting of a garnet-bearing deeper mantle.

5.4 Interpretation and implication
for the Svecofennian crustal
evolution

The Kaiplot gabbros have intruded in several pulses
with varying geochemistry. On outcrop XXV where
two pulses are discernible, their geochemistry
suggests a development from a slightly enriched/
differentiated towards a more depleted magma type.
Figure 14 illustrates our model for the emplacement
of the Kaiplot gabbro dykes and plutons. In the
initial rifting phase, the magma was more enriched,
partly because it might have originated from a low
degree of partial melting of a deeper garnet-bearing
mantle, possibly with a subduction-enriched

composition, and partly due to a higher degree
of differentiation. When the rift system matured
due to mantle upwelling, the lithospheric mantle
and the crust successively became thinner and
more ductile. The associated gabbroic magmas
were created by higher degrees of partial melting of
shallower spinel-bearing mantle. Large plutonic
bodies that conducted enough thermal energy to
melt the surrounding country rock were formed.
The mafic intrusive magma mingled with the
anatectic felsic crustal melts. For comparison,
Cui et al. (2020) describe a back-arc system of
Devonian age on the border between Mongolia and
Kazakhstan. They assume that rocks emplaced in
the initial stages of the back-arc rifting more likely
show trace-element patterns that are relatively more
enriched and resemble island arcs. This is due to
greater input of subduction-related crustal material
and possibly also because the initial melts may have
originated by lower degree of partial melting at a
greater depth. When the back-arc rifting system
matures and widens, the crustal input decreases
and magma compositions approach E-MORB
and N-MORB as the main magma source evolves
towards a higher degree of partial melting of shallow
depleted mantle.

Age determinations from Kaiplot and the
reference data show that the mafic rocks were
emplaced between 1868 Ma and ca 1840 Ma, the
majority of them during the earliest 20 million years
of this timespan (Table 3, Fig. 10). There is no clear
pattern or consistency between these intrusions
regarding age, magma composition or geotectonic
environment (Fig. 10, 12 and 13). These intrusions
are spread over a large area, and the magmas are
diverse. This was probably not a simple extension
that deepened and widened linearly, but a process
that was fragmented and discontinuous, as well
as interrupted early before any oceanic crust was
formed. Magni et al. (2021) have done numerical
modelling on the complex development of back-
arc systems. They conclude that discontinuous
extension can be caused by episodic trench retreat,
and more generally by changes in subduction
dynamics. This leads to asymmetry as multiple
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Figure 14. Simplified sketch of the generation of the Kaiplot gabbro intrusions, dykes and plutons (not to scale).
In the initial rifting phase, the magma intrudes as fissure dykes into brittle crust. When the rifting matures, the crust is
heated and becomes more ductile. Plutons are emplaced and mingle with partially molten crust locally.

basins can develop due to the occurrence of rift
and/or ridge jumps. The duration of the initial
extensional phase is the most important parameter
that controls the distance of and time interval
between rift/ridge jumps, and hence the structure
and (a-)symmetry of the basin. If the initial
extensional episode continues for a longer time, the
basin formed is large enough to concentrate further
rifting to the same or a nearby location. Shorter
episodes of rifting cause multiple basins to form via
irregular rift jumps which allow several sedimentary
basins with interspersed magmatism between
continental fragments. Magni et al. (2021) also
point out that magmatism is not only active during
phases of extension, but gradually increases and
decreases from one extensional episode and location
to another, with different geochemical fingerprints
asaresult.

We think that this is what could have happened
in the SFS during the Svecofennian orogeny
between 1.87 and 1.84 Ga. The initiation of

episodic rifting can be the result of a retreating
subduction zone in a setting of tectonic switching
as described in the model by Hermansson et al.
(2008). During slab retreat the terrain is extended
causing splitting of the crust and formation of
microcontinent slivers.

Kara et al. (2021) suggested that the Tampere,
Pirkanmaa and Hiame belts at the northern border
and parts of the SES (Fig. 1) were subjected to
alternating extension and contraction due to
hinge retreat/advance of a single subducting slab
with constant polarity. They present a model of
the magmatic evolution in these belts from 1.92
to 1.86 Ga that consists of tectonic switching
where the extensional foci successively shift
southwards through the back-arc and fore-arc
areas of the vaguely defined arc terrains. At 1.86
Ga, the extension-related magmatism waned in the
northern belts, but may already have been active
in the Uusimaa belt further south. Hermansson
et al. (2008) argue that tectonic switching is the
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predominant model for the bedrock formation of
south-central Sweden, while the preferred tectonic
model for the Southern Finland Subprovince is the
one with island arcs and microcontinent collisions
(Nironen 2017; Lahtinen etal. 2023 and others).
Presented models
melting and migmatisation in the LSGM zone by
redistribution of radiogenic heat (from U, Th and
K) within tectonically stacked terrains (Kukkonen
& Lauri 2009) and an extensional event by
gravitational collapse between the two collisional
events at ca 1.89-1.87 Ga and 1.84-1.81 Ga
(Korja & Heikkinen 2005; Lahtinen et al. 2009).
Neither of the models involve major mantle-derived

alternative include

magmatism.

We argue that the Southern Finland
Subprovince can be interpreted as a continental
back-arc complex with multiple intrusion foci
due to rift jumps, which would explain different
geochemical fingerprints for the mafic magmatism
in the area. Several dyke intrusions observed in the
field suggest extensional episodes with mantle-
derived magmatism. Compared to the reference
data, the Kaiplot gabbros geochemically represent
the most mature phase of this extension process with
the most BABB-like signatures recognised so far.
The area in question is characterised by the LSGM
zone (Ehlers et al. 1993), a belt of migmatites,
and bimodal

metamorphosed in amphibolite to granulite facies.

anatectic  granites magmatism,
In the same area, quartz-rich metasandstone units
are documented (Bergman et al. 2008; Lahtinen
& Nironen 2010). Stratigraphical data and age
data from detrital zircons indicate that the original
quartz-rich sediments were deposited in several
sedimentary basins that had formed between the
two Svecofennian collisional episodes, i.e. ca 1.87—
1.84 Gaago.

We suggest that the tectonic switching model
by Collins (2002), applied to the Svecofennian
orogeny by Hermansson et al. (2008), has capacity
to explain many of the characteristics of the SFS.
The Svecofennian orogen is probably a combination
of a number of accreting microcontinents, a
withdrawing subduction zone with alternating

compressional and extensional cycles and
gravitational collapse of local hot orogenic belts.
Putting this into a bigger context with larger craton
systems moving in respect to each other during
the Paleoproterozoic will shed further light on the
mechanisms and terrain distributions (see, e.g.,
Bogdanova etal. 2015; Mints et al. 2020; Johansson
et al. 2022; Lahtinen et al. 2022, 2023), but this is

outside the scope of this paper.

6. Conclusions

In this paper, we describe the field relations,
petrography, age and whole-rock major and trace
element geochemistry of the Kaiplot gabbros in
Nagu (Nauvo), SW Finland. The intrusions are
situated in the LSGM zone in the SFS. Our main
findings and interpretations can be summarised as
follows:

* The Kaiplot gabbros occur as both plutons
and dykes with varying grain sizes. The main
plutonic body is a hornblende gabbronorite.
Formation of wall-rock melts is manifested by
mingling structures.

* U-Pb dating of zircon (TIMS) gives an age of
1865 + 2 Ma, which allows time correlation
with the previously suggested “intraorogenic”
stage of the Svecofennian orogeny.

* Geochemically the most primitive Kaiplot
gabbros show BABB/tholeiitic extension-
related affinities. Their parental magmas
appear to have originated from relatively
high-degree partial melting of shallow mantle.
The more differentiated Kaiplot magmas have
probably assimilated more wall rock material
than the primitive ones and show more arc-
like affinities.

* Reference data from mafic rocks of similar age
from southern Finland and the Bergslagen
area suggest extension-related magmatism
with geochemical signatures shifting from
volcanic arc to BABB, which is characteristic
for back-arc magmatism. Among these
rocks, the Kaiplot gabbros exhibit the most
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pronounced BABB affinities.
We consider alternating phases of extension and
compression (tectonic switching) as the most likely
explanation for the Svecofennian mafic magmatism

between 1.87 and 1.84 Ga.
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