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ABSTRACT

Major- and trace-element geochemistry, Sm-Nd isotopic and U-Pb geochronological (ID TIMS, badde-
leyite) data are presented for Paleoproterozoic mafic dykes in the Karelian Craton, eastern Fennoscandian
shield. Mafic dyke swarms recognized in the Lake Upper Kuito area in the Western Karelian terrane of the
Karelian Craton include (i) NE-trending ca. 2450 Ma gabbronorite dykes, (ii) NW-trending ca. 2310 Ma
dolerite dykes, and (iii) NNW-trending ca. 2130 Ma continental MORB-type tholeiitic dykes. Each swarm
belongs to a distinct intraplate igneous event and indicates specific mantle melting and extensional
processes.

The ca. 2.31 Ga doleritic dykes have high-Fe, high-Ti tholeiitic series affinity and characterized by high
concentrations of lithophile trace elements. The enrichment of LREE and unfractionated HREE patterns
together with depletion of Nb on multi-element diagrams and initial £yq values of +0.5 to +0.8 are char-
acteristic for ca. 2.31 Ga dolerites. The geochemical modelling results suggest that these features could be
originated via combination of fractional crystallization and crustal contamination processes, and do not
indicative of a mantle source enrichment. It also indicates long-term storage of melts in an intracrustal
magma chamber and a relatively slow ascent to the surface. The primary melts of ca. 2.31 Ga dolerites
possibly originated by partial melting of a DM-type mantle source in the spinel peridotite stability field.

In contrast to previous ca. 2.45Ga event studied ca. 2.31 Ga dolerites do not indicate high-temperature
mantle-plume induced mantle melting. On the other hand, the ca. 2.31 Ga dykes have some similarities
with syn-breakup ca. 2.13 Ga continental MORB-type tholeiites, although there is no evidence for the
break-up of the continental lithosphere of the Karelian Craton at ca. 2.31 Ga. Thus ca. 2.31 Ga dykes could
indicate the existence of relatively stable extensional tectonic environment and an unsuccessful attempt
of break-up of the continent.

The ca. 2.31 Ga dykes together with previously studied Runkaus basalts and Taivalkoski dykes could
be considered as a component of distinct relatively wide-spread Kuito-Taivalkoski igneous event within
the ca. 2.2-2.4 Ga “crustal age gap"” period in the eastern Fennoscandian shield. This probably indicate
that the number and intensity of endogenous events of age 2.4-2.2 Ga are greatly undervalued. This also
argues against a decrease of endogenic activity and magmatic “slowdown" during ca. 2.4-2.2 Ga period.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

information on age of igneous events, mantle melting processes,
crustal tectonics and sometimes these data allow us to recognize a

Mafic dykes are useful instrument in recognizing mantle and
crustal events in the Earth history because they could give reliable
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mantle plume ascent and/or continents break-up.

In the Paleoproterozoic, several global igneous events (ca.
2.5-2.4,22,2.1,2.0-1.98Ga, etc.) have been recognized by study-
ing mafic dykes in different Precambrian shields (Ernst and Buchan,
2001: Bleeker and Ernst, 2006). These are also important as the
plumbing system of large igneous provinces (LIPs) (Ernst, 2014).
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The early Paleoproterozoic ca. 2.5-2.4 Ga event is characterized by
a wide distribution of high-Mg mafic dykes, volcanic rocks and
layered intrusions indicative of a high-temperature, deep-seated
mantle melting event related to the ascent of a mantle plume
(Puchtel et al., 1997; Vogel et al., 1998; Bleeker and Ernst, 2006;
Bayanova et al,, 2009) and in comparison with the formerly adja-
cent Superior craton divide into two distinct LIP/plume events,
as ¢. 2500 and 2450 Ma (Kulikov et al., 2010). The next ca. 2.2Ga
global-scale event includes mafic dykes and sills that occur in sev-
eral Precambrian shields (Maurice et al., 2009; French and Heaman,
2010: Hanski et al,, 2010). This event is not as homogenous as the
mentioned above ca. 2.45-2.5 Ga one but also indicates widespread
mantle melting processes probably caused by mantle plume activ-
ity. A lot of information is also available on the ca. 2.1, 2.0, and
1.98 Ga magmatic events (Puchtel et al., 1998; Hanski et al., 2001a;
Aspler et al., 2002; Modeland et al,, 2003; Bleeker and Ernst, 2006;
Vuollo and Huhma, 2005; Stepanova et al., 2014a).

Incontrast, information on igneous events that took place within
the time interval of ca. 2.4-2.2 Ga is more restricted (Condie et al,,
2009 Ernst and Bleeker, 2010). The apparent global scarcity of the
ca. 2.4-2.2 Ga igneous rocks has led to a suggestion that this time
represents a “crustal age gap” or “magmatic slowdown" period
dominated by continental sedimentary processes (Condie et al.,
2009: Eriksson and Condie, 2014). However, recent investigations
indicate that igneous events including intrusion of granitoids and
mafic dyke swarms with an age between 2.4 and 2.2Ga occur
in different Precambrian shields (Kusky and Li, 2003; French and
Heaman, 2010: Nilsson et al., 2012; Partin et al., 2014; Salminen
et al., 2014).

In the Karelian Craton, mafic rocks with an age ca. 2.3 Ga have
been recognized previously. They include the Runkaus Forma-
tion volcanic rocks in the Perdpohja schist belt (Huhma et al,
1990) and sporadic mafic dykes in the Archaean basement (Vuollo
and Huhma, 2005; Salminen et al., 2014), but their geochemical
features, isotopic characteristics and tectonic position have not pre-
viously been discussed in detail. In this contribution, new U-Pb
age determinations and geochemical and Sm-Nd isotopic data are
reported for a ca. 2.3 Ga mafic dyke swarm in Russian Karelia and
the petrological and tectonic processes responsible for the origin
of these dykes are evaluated. Also the newly recognized event is
compared with previous and subsequent episodes of intraplate
magmatic activity in the Karelian Craton.

2. Geological background

The Karelian Craton is a large Archaean composite granite-
greenstone terrane in the eastern part of the Fennoscandian
Shield bounded in the SW and NE by the Svecofennian and
Lapland-Kola Paleoproterozoic orogens, respectively (Fig. 1).
The craton is subdivided into the Western Karelian, Central
Karelian, and Vodlozero terranes with different ages of crust
formation (Lobach-Zhuchenko et al, 2000). The Vodlozero and
Western Karelian terranes comprise Paleoarchaean (3.5-3.2Ga)
tonalite-trondhjemite-granodiorite (TTG) gneiss cores surround-
ing by Meso- and Neoarchaean tonalite-greenstone belts. These
terranes are separated by juvenile Neoarchaean (2.74-2.69 Ga)
complexes of the Central Karelian terrane, which is dominated
by sanukitoid series batholiths with relicts of tonalite-greenstone
belts (Kovalenko et al., 2005; Heilimo et al., 2011).

The Paleoproterozoic history of the Karelian Craton includes
accumulation of different types of marine and continental sed-
iments and several pulses of within-plate magmatism (Hanski,
2013: Melezhik and Hanski, 2013 and references wherein) thought
to belong to large igneous province (LIP) events. Mafic dykes,
volcanic rocks, sills, and layered intrusions with ages of ca.

2.51-2.45 Ga and ca. 2.06-1.95 Ga are widespread and well-studied
in the Karelian Craton (Puchtel et al., 1997, 1998; Sharkov and
Smolkin, 1997; Vogel et al., 1998; Hanski et al., 2001a,b; lljina and
Hanski, 2005; Vuollo and Huhma, 2005).

The ca. 2.50-2.45Ga event is characterized by the presence
of komatiitic, basaltic, and felsic volcanic rocks and siliciclas-
tic sediments formed in rift-related volcano-sedimentary belts
synchronous with layered mafic intrusions, granite massifs, and
gabbronorite dyke swarms (Buiko et al.,, 1995; Puchtel et al., 1997;
Vuollo and Huhma, 2005; Kulikov et al., 2010; Korsakova et al.,
2011: Lauri el al., 2012). It is generally assumed that mantle and
crust melting at ca. 2.50-2.45Ga was caused by the ascent of a
mantle plume that produced a LIP that affected an extensive area
in the Karelian and Superior cratons which were attached at this
time (Puchtel et al., 1997; Vogel et al., 1998; Bleeker and Ernst,
2006: Kulikov et al,, 2010). The younger Sariolian (2.4-2.3 Ga) mafic
volcanic rocks that are relatively widespread in Finland and Kola
Peninsula vary in composition from komatiites to andesites and
have geochemical and isotopic characteristics close to those of ca.
2.45Ga high-Mg rocks in the Russian part of the Karelian Craton
(Risinen et al., 1989; Puchtel et al., 1997; Hanski, 2013).

The ca. 2.06-1.95Ga events comprise diverse, plume-related
mafic complexes that include picrites, high- and low-Ti tholei-
ites, subalkaline basalts, syenites, carbonatites, and kimberlites
(Puchtel et al., 1998; Philippov et al, 2007; Corfu et al., 2011;
Glushanin et al, 2011; Vuollo and Huhma, 2005). These mag-
matic complexes were accompanied by terrigenous sedimentary
sequences, containing black shales, accumulated in the Onega
and Salla-Kuolajirvi Basins (Glushanin et al, 2011} Hanski and
Melezhik, 2013).

In contrast to the plume-related events discussed above, the ca.
2.3-2.06 Ga period (Jatuli in the regional stratigraphy) is presented
by volcano-sedimentary sequences of relatively homogeneous
intraplate tholeiitic series basalts and sills interbedded with marine
and continental sediments (Glushanin et al, 2011: Hanski and
Melezhik, 2013). The compositional homogeneity of basalts was
perhaps the reason for the consideration of all ca. 2.3-2.06Ga
mafic igneous rocks in the frame of single continental flood basalt
(trap) event (Svetov, 1979; Malashin et al,, 2003). However, pre-
cise geochronological studies indicate that this magmatism could
be subdivided into a number of discrete magmatic events: Jatu-
lian igneous rocks have defined an age of ca. 2.22 Ga for the mafic
sills of the gabbro-wehrlite association (Hanski et al., 2010) and
ca. 2.1 Ga for the Fe-tholeiitic (Nykénen et al,, 1994; Vuollo and
Huhma, 2005) and continental MORB-type tholeiitic (Stepanova
et al., 2014b) mafic dyke swarms in the Karelian Craton. These
are also linked to corresponding LIP events in the formerly adja-
cent Superior craton (Bleeker and Ernst, 2006: Ernst and Bleeker,
2010). Recently, Salminen et al. (2014) reported new geochronolo-
gical and paleomagnetic data for doleritic dykes showing an age of
ca. 2.34 Ga. This together with our results argues for the existence
of a distinct intraplate igneous event at ca. 2.3Ga in the Karelian
Craton. We have studied mafic dykes occurring in the Lake Upper
Kuito area in the eastern part of the Western Karelian terrane where
a large number of Paleoproterozoic mafic dykes were recognized
previously (Ein, 1984) in the Archaean rocks of the Voinytsa and
Voknavolok domains (Fig. 1).

The Voknavolok domain is mostly composed late-tectonic
orthopyroxene-bearing granitoids with amphibolite inclusions,
belonging the Voknavolok granulite complex that preserve relicts
of granulite facies mineral assemblages (Kozhevnikov, 1982)
formed at a relatively low P of 1.8-4.1 kbar and a high T of
677 +36°C (Samsonov et al,, 2001). The late-tectonic granitoids
are adakite-series, high-Al trondhjemites strongly depleted in U
and Th. The U-Pb zircon age of 2745 +4 Ma obtained by Bibikova
et al. (2005) defines the crystallization age of trondhjemites. The
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Fig. 1. Schematic geological map of the Voinytsa-Voknavolok area (after 1: 2,000,000 Geological Map of the Baltic Shield (1999), Ein (1984), Bibikova et al. (2005), Samsonov

et al. (2001)) with the main tectonic structures of the Fennoscandian Shield shown in the insert (after Holttd et al., 2008); (b) schematic map of sampling site Ca-240; (c)
schematic map of sampling site C-2643 showing cross-cutting of gabbronorite and dolerite dykes; (d) schematic map of sampling site Ca-245.

initial £yq values of +1.4 (Lobach-Zhuchenko et al., 2000) indicates
a short crustal residence time for the source of trondhjemites.

The TTG gneisses with intrusive protolith of age 2788 +12 Ma
predominate among the Archaean crustal rocks in the Voinytsa
domain. They are cross-cut by small intrusions of the late-
and post-tectonic sanukitoid series granitoids with an age of
2714+ 9Ma (U-Pb zircon data; Bibikova et al, 2005). Both TTG
gneisses and sanukitoid series granitoids are analogues to the
well-studied gneisses and granitoids of the Kostomuksha domain
where TTG magmas have a juvenile mafic source (eyg(2.86a)=+1.9)
while the sanukitoid series rocks indicate contribution from an
ancient crustal component (&yg(2,72 a) varies from +1.92 to —0.62)
(Samsonov et al., 2004; Larionova et al., 2007).

The Western Karelian terrane was thermally overprinted dur-
ing the 1.9-1.8 Ga Svecofennian orogeny, but at very low degree
(Kontinen et al., 1982). The latest metamorphic overprinting is
localized in narrow shear zones with an age ca. 1.72 Ga (Larionova
et al., 2013).

3. Sampling and analytical techniques

The sampling sites are shown on the map of Fig. 1. Each swarm
was sampled at several locations along its strike (NE and NNW
swarms) or across it (NW swarm) (Fig. 1). Samples from individual
dykes were collected from the chilled margin zones and medium- to

coarse-grained dykes central parts. The sampled dykes were stud-
ied using a combination of petrographic, geochemical, and isotopic
methods.

Baddeleyite from medium-grained dolerite samples was
extracted using a Wilfley shaking table at the Institute of Geology of
Ore deposits, Geochemistry, Mineralogy and Petrography, Russian
Academy of Sciences (IGEM RAS), Moscow, following the method
described by Soderlund and Johansson (2002). Up to 200 badde-
leyite grains with a size range of 20-80 um were extracted from
each sample of weight up to 2.0kg.

Concentrations of major elements were determined on fused
glass discs using a PW-2400 X-ray sequential fluorescence spec-
trometer at IGEM RAS. The uncertainties were 1-5% for elements
with concentrations of >0.5wt.% and up to 12% for elements with
concentrations of <0.5wt.%. Loss on ignition (LOI) values were
determined gravimetrically.

The concentrations of lithophile trace elements were deter-
mined by inductively coupled plasma mass-spectrometry (ICP-MS)
using an XSeries 2 instrument at the Institute of Geology Kare-
lian Research Centre RAS (IG KarRC RAS), Pertozavodsk. Powdered
samples were digested in acid mixture following the standard pro-
cedure described by Karandashev et al. (2008). The accuracy of the
analyses was monitored by analyzing the USGS standards BHVO2,
GSP-2, and BIR-1a, and in-house reference materials. The accu-
racy for most trace elements was ca. 7%, with the exception of
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Nb (10-15%) and Pb (up to 15%). The uncertainties in the concen-
trations of Be, Zr, Hf, and Ta were 25-40% due to poor analytical
reproducibility; ICP-MS data for these elements are not reported
here. The reported concentrations of Zr were analyzed by XRF using
aPW-2400spectrometer at IGEM RAS. The accuracy of XRF analyses
for Zr monitored using the BHVO2, BIR-1a and in-house reference
materials was better than 10%. Compositions of minerals were
determined at the IG KarRC RAS using a Tescan Vega II LSH elec-
tron microprobe with EDS INCA-Energy 350. Operating conditions
were 20 kV accelerating voltage, 15nA beam current, and 10 um
beam size.

The U-Pb baddeleyite study was carried out in the Laboratory of
Isotope Geology, Institute of Precambrian Geology and Geochronol-
ogy (IPGG RAS), Saint-Petersburg employing the isotope dilution
thermal ionization mass-spectrometry technique (ID-TIMS). Hand-
picked, most transparent and homogeneous baddeleyite grains
were ultrasonically washed in ethanol and acetone. To eliminate
surface contamination, additional soft acid washing was performed
using warm 1M HNO3 and 1M HCI for 20 min each. Then grains
(9-30 per analysis) were transferred to the Teflon digestion ves-
sel in a high-pressure, stainless steel-jacketed Teflon bomb (Parr
bombs) and spiked with a 292Pb-235U isotopic solution. The grains
were dissolved in 10 w1 HF at 220°C overnight. No column chem-
istry was performed. Isotopic analyses were carried out on a Triton
TI multicollector mass spectrometer in ion counting mode.

The uncertainties on the U/Pb ratio were 0.5%, and the blanks
were 1-5pg for Pb and 1 pg for U. The data were reduced using
the PbDAT (Ludwig, 1989) and ISOPLOT (Ludwig, 2003) software.
The common Pb correction was applied according to the model of
Stacey and Kramers (1975). All errors are reported as 20 mean.

The Sm-Nd isotopic data were obtained at the Laboratory of
Isotope Geochemistry and Geochronology, IGEM RAS following the
analytical protocol described in Stepanova et al. (2014b).

4. Results

During Paleoproterozoic LIP[rifting events over the interval
ca. 2.45-1.97 Ga, numerous mafic dykes were emplaced into the
Archaean crust of the Western Karelia terrane (Ein, 1984; Vuollo
and Huhma, 2005). In the Lake Upper Kuito area they form
several swarms with a NW, NNW, or NE direction (Ein, 1984)
(Fig. 1a). Below we give a short description of the previously-
studied ca. 2.13 Ga NNE swarm, new compositional and age data
for the ca. 2.45 Ga, NE-trending swarm and a detailed description
of the ca, 2.31 Ga, NW-trending swarm that is the main object of
this study.

4.1. The 2.13 Ga Pirtguba swarm

The ca. 2.13 Ga mafic dykes form a narrow (ca. 10 km), NNW-
trending swarm that can be traced for more than 30 km. The dykes
within this swarm are up to 50 m thick and have a strike length of
several kilometres (Fig. 1). Most of the dykes are well-preserved.
The detailed description of the Pirtguba (Ca-255) and Allajarvi (Ca-
237) localities (Fig. 1a) has been documented by Stepanova et al.
(2014b).

The ca. 2.13 Ga dykes are composed of olivine-bearing dolerites.
The dyke margins usually comprise fine-grained clinopyroxene-
plagioclase dolerite with rare plagioclase and olivine phenocrysts.
The central parts of the studied ca. 2.13 Ga dykes usually consist of
medium-grained olivine-bearing dolerite and gabbro with small
gabbro-pegmatite schlieren. The main minerals of the dolerites
are plagioclase (Angp_45 ), high-Ca pyroxene (Xyg = 0.80-0.68), low-
Ca pyroxene (X =0.78-0.48), and olivine (Fosg-s0). Amphibole
(Fe-edenite) forms an essential part of the late-magmatic mineral

assemblage. The dykes also contain a lot of baddeleyite and zir-
con, with both of them being well-preserved. Zircon grains from
the Pirtguba locality were dated using the SHRIMP-II instrument
and gave a U-Pb age of 2126 4 5Ma that is interpreted to be the
emplacement age of the dyke (Stepanova et al., 2014b).

The ca. 2.13 Ga dykes have a continental MORB-type tholeiitic
affinity. The MgO contents range between 7.44 wt.% in the chilled
margin zones and 4.14 wt.% in gabbro-pegmatite, TiO, - between
1.06 and 1.27wt.% (Figs. 3 and 4). These dykes have relatively
high Fe,03%t and V, and low Cr, Ni, and Co concentrations, and
low contents of HFSE and REE (Stepanova et al., 2014Db). They are
characterized by essentially unfractionated chondrite-normalized
LREE ((La/Sm),=0.9-1.2) and HREE ((Gd[Yb),=1.0-1.2) patterns
and small positive Ti, Nb, and Zr anomalies on the primitive mantle-
normalized diagrams (Fig. 5). Studied whole-rock samples of ca.
2.13Ga continental MORB-type tholeiites in the Lake Upper Kuito
area (site Ca-255) have positive initial £yq values ranging from +1.4
in the chilled margin zone to +2.8 in the central part of the dyke
(Stepanova et al., 2014b).

4.2. The 2.45 Ga Lashkujarvi swarm

In the studied area, the NE-trending dykes form a narrow swarm
that can be traced for ca. 30 km along its strike (Fig. 1). The swarm
consists of gabbronorite dykes that vary in thickness from 10m up
to several hundreds of metres. The dykes were studied previously
by Ein (1984), and based on their mineral and chemical compo-
sition, the dykes are considered to belong to the ca. 2.45Ga age
group. The NE-trending dykes of similar composition and age were
described by Vuollo and Huhma (2005) as boninite-norite dykes.

Many of the dykes in this swarm have been altered under green-
schist facies conditions. They usually preserve relicts of plagioclase
grains but pyroxenes and olivine are completely altered and
replaced by fibrous amphibole. The chilled fine-grained, pyroxene-
phyric rocks along the contacts, if preserved (e.g. site Ca-296, Fig. | ),
are composed of orthopyroxene, clinopyroxene and plagioclase.
The central parts of several dykes are well-preserved and consist
of medium- and coarse-grained olivine gabbronorite. These rocks
still contain primary magmatic olivine, chromite, orthopyroxene,
clinopyroxene and plagioclase. Dark-coloured olivine (Foys) forms
up to 10% of the rock volume. Orthopyroxene (Xyg =0.88) forms
unzoned prismatic grains that are often surrounded by a hypers-
thene (X = 0.80) or augite (Xmg = 0.65) “rim”. Augite (Xyg =0.78)
also forms small, prismatic and anhedral grains that contain small
anhedral chromite inclusions. Plagioclase in the gabbronorites
varies in composition from Ans7 to Angg. Interstices between pri-
mary magmatic minerals are sometimes filled with quartz-feldspar
granophyre that forms up to 1-3% of the rock volume and contains
rare baddeleyite grains.

The gabbronorites of the NE-trending swarm are high-Mg rocks
with the MgO content varying from ca. 8 wt.% in the chilled margin
rocks up to 17.9wt.% in the olivine gabbronorites in the central
parts of the dykes. High concentrations of Cr (up to 2198 ppm), Ni
(up to 1000ppm) and low contents of TiO, (0.47-0.84 wt.%) are
characteristic for these gabbronorites (Fig. 4). At the same time,
they are relatively high in SiO; (up to 52 wt.%) (Fig. 3, Table 1

)-

The gabbronorites are characterized by a strong deple-
tion of Nb on the multi-element diagrams (Fig. 5) and their
Nb/Nb* = [Nbppm/(Thpy *Lapy )] values vary from 0.36 to 0.17. They
show fractionated REE patterns with LREE enrichment and HREE
depletion ((La/Sm)p =2.2-2.9, (Gd/Yb),=1.7) (Figs. 4 and 5). The
studied gabbronorites from site Ca-230 have an initial £yg of —1.7
(Table 1).

More than 100 baddeleyite grains were extracted from a
medium-grained olivine gabbronorite (sample Ca-230-3, central
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Table 1
Chemical and Nd isotopic composition of dolerite and gabbronorite dykes of the Lake Upper Kuito area.
Voinytsa Aiguba
Ca-240-1 Ca-240-2 Ca-240-5 Ca-240-7 Ca-240-8 Ca-240-10 C-2643-3 C-2643-5 C-2643-7 Ca-299-1
Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite
Si0; 49.85 50.04 48.83 4951 49.36 49.32 50.92 5047 51.36 48.21
TiO; 221 213 249 215 222 225 2,14 1.92 223 2.66
AL O3 11.67 11.44 1245 13.47 13.52 12.60 13.06 13.35 13.34 12.10
Fe,03 19.24 19.34 19.73 18.29 18.65 19.10 17.70 17.81 17.42 18.78
MnO 0244 0.259 0.252 0.242 0.237 0.250 0.25 0.25 0.26 025
MgOo 3.89 4.05 338 3.28 29 3.44 5.12 486 5.56 397
Ca0 9.45 8.94 9.05 9.26 9.11 9.25 8.99 9.64 8.89 9.27
Na,0 191 1.55 2.28 237 252 232 234 232 1.74 2.39
K20 0.79 138 0.96 0.86 0.90 0.90 0.75 0.70 042 0.73
P,0s 0.24 0.19 0.25 0.27 025 0.23 0.24 0.21 0.25 0.30
S 0.06 0.06 0.08 0.06 0.10 0.09 <0.02 <0.02 <0.02 0.09
Lol 0.22 0.39 <0.02 <0.02 <0.02 <0.02 1.32 0.26 1.58 0.78
ppm
L 115 359 3.52 6.03 5.35 5.36 3.74 9.02 7.34 1a
Sc 414 475 40.56 40,34 39.00 42.17 36.53 38.17 38.50
v 439 506 502 424 427 460 405 395 416 348
Cr 66.7 82,6 64.4 60.3 583 64.5 1512 84.1 86.9 373
Co 499 50.9 52.1 47.7 50.6 48.1 49.8 49.1 51.0 40.1
Ni 46.4 51.7 47.2 46.0 442 454 66.41 61.2 60.9 322
Cu 267 266 330 259 287 269 300 323 230 227
Rb 243 41.7 259 20.5 220 235 23.0 188 2385 12.6
Sr 157 125 162 153 158 154 155 153 124 133
Y 40.57 42.44 39.55 4147 38.81 42.48 38.47 35.81 3933 441
Zr 162 164 170 155 171 160 112 89.9 52.0 151
Nb 9.98 102 119 103 11.0 10.5 10.7 9.65 11.1 111
Ba 224 294 319 272 271 268 167 169 39.2 127
La 164 16.7 183 165 178 164 16.1 15.5 16.1 184
Ce 36.1 36.1 41.9 358 408 359 408 375 37.9 442
Pr 4.72 4,76 5.44 4,71 5.32 4.68 419 3.80 3.85 5.89
Nd 205 20.8 234 206 229 206 236 214 221 269
Sm 6.12 6.22 6.40 623 6.25 6.25 6.25 5.65 5.78 6.71
Eu 1.88 1.87 1.98 191 191 1.92 1.97 1.83 1.88 1.89
Gd 6.40 6.50 724 6.63 7.16 6.46 6.44 5.79 6.11 8.78
T 1.04 1.07 1.1 1.07 112 1.07 131 1.18 1.25 134
Dy 7.39 7.91 6.60 7.53 647 7.58 8.29 7.59 8.08 8.51
Ho 1.55 1.57 1.49 1.59 1.50 1.58 1.70 1.55 1.68 1.73
Er 4.53 4.55 4.76 4,62 4.69 4.67 5.03 4.61 498 5.15
Tm 0.648 0.655 0.680 0.652 0.668 0.666 0.728 0.686 0.732 0714
Yb 4.51 431 464 455 455 467 5.03 456 474 4.60
Lu 0.626 0.608 0.688 0.644 0.676 0.652 0.707 0.651 0.696 0.688
Pb 3.92 n 7.60 543 6.60 8.24 8.98 9.36 2.54 5.45
Th 3.19 3.07 363 3.27 3.50 3.20 353 3.14 2.96 347
u 0.443 0414 0.540 0.436 0516 0.436 0.585 0491 0.489 0518
1475mf144Nd 0.1513
143Nd/44Nd 0.511980
End (2310) +0.7
Voknavolok Lashkujarvi
Ca-245-1 Ca-245-3 Ca-245-4 Ca-246-1 Ca-247-1 Ca-247-2 Ca-230-1 Ca-230-2 Ca-230-3
Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite 0l gabbronorite Ol gabbronorite 0l gabbronorite
Si0, 49.83 49.22 4933 49,61 50.08 50.28 50.66 49.60 51.36
TiO; 2,60 257 2.57 2.27 225 2.09 0.57 0.55 047
ALOs 1134 12.93 13.25 12.16 12.66 12.16 8.45 9.04 9.11
Fe203 19.83 18.75 18.62 17.72 17.91 17.58 11.09 11.34 10.73
MnO 0.241 0.225 0.222 0.236 0.224 0.226 0.191 0.187 0.176
Mgo 3.67 3.15 2.89 4,64 3.87 4.50 16.84 17.89 17.26
Ca0 8.98 9.00 8.85 9.09 9.02 9.48 7.46 7.16 7.59
Na;0 1.64 2.36 243 2.65 218 2.09 148 1.23 148
K20 1.07 1.1 . 0.71 1.03 0.82 0.65 0.56 0.51
P,0s 0.31 0.36 037 0.25 0.30 0.23 0.07 0.07 0.06
S 0.07 0.06 0.08 0.03 0.08 0.06 0.04 <0.02 0.04
Lol 0.15 49.22 <0.02 0.40 0.16 0.26 1.86 1.87 0.73
ppm
Li 7.96 6.09 113 15.3 5.76 9.41 188 183 120
Sc¢ 40.5 415 40.7 436 39.7 394 20.7 223 225
v 426 475 440 395 387 387 112 14 135
Cr 432 46.7 376 89.3 634 83.0 1653 1733 1850
Co 48.2 49.0 47.6 447 46.2 432 74.8 725 712
Ni 384 414 37.7 55.8 48.5 498 660 604 584
Cu 357 341 379 253 327 244 77.8 71.3 67.3
Rb 311 30.64 302 19.6 263 23.0 255 17.8 18.7
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Voknavolok Lashkujarvi

Ca-245-1 Ca-245-3 Ca-245-4 Ca-246-1 Ca-247-1 Ca-247-2 Ca-230-1 Ca-230-2 Ca-230-3

Dolerite Dolerite Dolerite Dolerite Dolerite Dolerite 0l gabbronorite 0l gabbronorite 0l gabbronorite
Sr 134 141.89 134 154 160 156 147 134 138
Y 51.7 50.33 51.5 419 44.6 40.0 9.18 9.09 7.86
Zr 225 198.06 216 176 195 177 71 68 61
Nb 13.3 13.15 13.3 11.6 129 11.5 2.01 2.18 1.88
Ba 314 312.08 307 210 333 262 191 152 171
La 176 19.97 20.9 19.5 209 18.0 7.77 4.70 6.59
Ce 40.5 43.02 45.1 40.4 44.6 39.1 16.5 11.4 14.2
Pr 5.34 5.66 5.89 5.28 5.76 5.05 1.93 1.45 1.68
Nd 233 24.72 25.6 226 248 22.0 7.79 6.04 6.71
Sm 7.33 753 7.7 6.55 7.20 6.40 1.99 1.93 1.73
Eu 2.04 21 215 1.87 2.06 1.85 0.59 0.61 0.54
Gd 7.68 7.78 7.87 6.56 7.19 6.44 2.04 2.00 1.73
Tb 1.30 1.28 1.30 1.08 1.16 1.05 0.30 0.29 0.26
Dy 9.35 9.08 9.29 7.49 8.09 7.38 1.34 135 1.14
Ho 1.95 1.90 1.92 1.56 1.70 1.53 0.36 0.36 0.31
Er 5.78 5.53 5.69 4.57 490 447 1.07 1.08 0.95
Tm 0.817 0.78 0.796 0.644 0.698 0.626 0.140 0.144 0.124
Yb 5.79 5.46 5.54 4.48 493 438 0.98 0.97 0.84
Lu 0.792 0.76 0.770 0.630 0.673 0.612 0.136 0.140 0.124
Pb 4.70 11.02 4.38 4.83 5.19 431 7.08 5.46 3.55
Th 4.64 4.41 4.63 3.82 423 3.83 2.05 1.94 1.78
U 0.803 0.71 0.770 0.461 0.569 0.500 0.400 0.36 0.36
1475 m[144Nd 0.1522 0.1516 0.1362
M43Nd/44Nd 0.511984 0.511993 0511572
ENd (2310) +0.5 +0.8 -1.7

part of the dyke, ca. 2.0 kg). Most of the grains are well-preserved,
transparent, light-brown and long-prismatic in habit. The range
in grain size is 20-40um. Three fractions (10-15 grains) of
dark brown, tabular baddeleyite grains were analyzed (Table 2,
lines 1-3). Data points are slightly discordant, yielding an upper
interceptage of 2450 + 12 Ma (MSWD =0.17)(Fig. 7), which is inter-
preted as the dyke emplacement age. The lower intercept is at
1416 + 450 Ma.

4.3. The 2.31 Ga Kuito swarm

4.3.1. Geology and mineral composition

The NW-trending (300-310°) dykes form a regular swarm,
which was traced in a wide territory with a width of ca. 40km
and length of ca. 50km (Ein, 1984) (Fig. 1a). According to the
data of Vuollo and Huhma (2005) and Salminen et al. (2014), this
swarm may continue to the neighbouring territory of Finland and
probably forms the most wide-spread dyke generation in the stud-
ied area. The dykes vary in thickness from several metres up to
50m (Fig. 1b-d). A cross-cutting relationships between two dykes
of different orientation occur in the Aiguba area, where the NW-
trending (310°) dolerite dyke cross-cuts the NE-trending olivine
gabbronorite dyke that belongs to the ca. 2.45 Ga swarm (site C-
2643, Fig. 1aand c).

Most of the dykes are well-preserved and can be followed
along the strike for several hundreds of metres. The others are
fragmented and altered under epidote amphibolite facies condi-
tions, This alteration is probably related to late shearing tectonics
that, according to the Rb-Sr and Sm-Nd data, occurred in the
Karelian Craton at ca. 1.7-1.5Ga (Amelin and Semenov, 1996;
Larionova et al., 2013). Several dykes (e.g. dyke at Site Ca-240,
Fig. 1a and b) have complicated morphological features, e.g., bifur-
cation, apophyses and xenoliths of host rocks, and show evidence
for small-scale crustal remelting or absorption of crustal mate-
rial at the dyke margin. Chilled margin zones of the dykes are
composed of fine-grained dolerite-porphyries with clinopyroxene
and plagioclase phenocrysts (Fig. 2a). The inner parts of plagio-
clase laths are unzoned and composed of Ang;_49. The plagioclase

phenocrysts sometimes contain rare small (20-30 pm), anhedral
inclusions of Ba-bearing potassium feldspar. The clinopyroxene
phenocrysts occur as unzoned laths (Fig. 2a) and are composed of
both augite and pigeonite (Xpg = 0.67-0.59).

The groundmass of dolerite-porphyries (Fig. 2a) consists of pla-
gioclase (Ang3), clinopyroxene, amphibole, Fe-oxides and contains
interstitial granophyric segregations. The clinopyroxene grains are
often amphibolized and preserved in relicts. Ilmenite and mag-
netite form up to 5% of rock volume, and interstitial granophyre
composed of quartz, albite, and K-feldspar form several percent of
the rock volume.

Fine-grained dolerites occur at ca. 1 m from the dyke contacts.
Their main minerals are clinopyroxene (both high-Ca and low-Ca)
and plagioclase. The presence of the Fe-rich hornblende, fayalite
and quartz-K-Feldspar-plagioclase granophyre in the late liquidus
assemblage is characteristic for the NW-trending dolerite dykes
(Fig. 2b and d). Fayalite constitutes up to 5-7% of the rock vol-
ume and crystallized together with opaque minerals, and biotite,
hornblende, quartz and granophyre.

The typical accessory minerals of the dolerites are badde-
leyite, apatite, chalcopyrite, and rare zircon (Fig. 2d). Sometimes
baddeleyite grains are surrounded by a fine zircon rim or con-
tain “ingrowths" of zircon in the central part of grains. Zircon
forms small, anhedral metamict grains containing small thorite
inclusions. These features of the zircon suggest its xenocrystic ori-
gin and indicate crustal contamination of the dolerite parental
melts.

Magnetite and ilmenite are typical opaque minerals of the stud-
ied dolerites. The Fe-oxide grains usually show a complicated inner
structure with V-bearing magnetite grains containing ilmenite
exsolution lamella in their cores, and ilmenite in their rims (Fig. 2c).
Fe-oxides are often intergrown with fayalite, biotote and amphi-
bole (Fig. 2c).

The central parts of the dykes usually consist of medium-grained
clinopyroxene-plagioclase dolerite. These rocks contain up to 5-7%
of the granophyre and up to 10% of ilmenite and magnetite. Fay-
alite is rare or absent. Baddeleyite and rare zircon grains occur in
the granophyre intercrystalline space. The amphibole (Cl-bearing
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Fig. 2. Photomicrographs and back-scattered electron (BSE) images of ca. 2.31 Ga dolerite dykes. Cpx, clinopyroxene; Aug, augite; Pl, plagioclase; Amf, amphibole; Mgt,
magnetite; Ilm, ilmenite; Fa, fayalite; Qtz, quartz; KFsp, alkali feldspar; Ab, albite; Bt, biotite; Bd, baddeleyite. (a) Photomicrograph of an Cpx-P1 porphyritic microdolerite,
quenched contact rock, sample Ca-240-8, polarized light; (b) photomicrograph of a Fa-bearing dolerite, dyke margin, sample Ca-240-7; (c) Mgt grain with lim exsolution
lamella surrounded by Ilm + Bt rim, BSE image, sample Ca-245-3; (d) detail of Fig. 2b, BSE image.

Fe-edenite) forms an essential part of the late-magmatic mineral
assemblage.

4.3.2. Geochemistry

The fayalite-bearing doleritic dykes of the NW-trending swarm
are characterized by a relatively constant chemical composition
(Figs. 3-5, Table 1). All dykes have a tholeiitic geochemical affin-
ity. The SiO; content varies insignificantly. Low concentrations of
MgO and Al;03 and high concentrations of Fe;03 !, TiO,, and P, 05
are characteristic features of these dykes (Fig. 3, Table 1).

Concentrations of the trace-elements in the dykes within the
swarm are also nearly-constant. The low content of Cr and Ni cor-
responds to the low concentrations of MgO in the rocks (Table 1,
Fig. 4). At the same time, dolerites have high concentrations of
lithophile trace elements (Table 1, Figs. 4 and 5). The distribu-
tion of trace elements in dolerites is characterized by enrichment
of the LILE and depletion of Nb (Nb/Nb*=0.49-0.58) on mantle-
normalized diagrams (Fig. 5). Chondrite-normalized REE in the
dolerites are relatively flat at the HREE part and display a LREE
enrichment ((La/Yb), =1.50-1.86, (Gd/Yb), =1.03-1.27) (Fig. 4).

4.3.3. U-Pb study
Baddeleyite from two mafic dykes of the northern (sample Ca-
240-5; Fig. 1a and b) and southern (sample Ca-245-3; Fig. 1a and d)

parts of the NW-trending swarm was studied. Sample Ca-240-5 is
a coarse-grained dolerite taken from the central part of a ca. 50-m-
thick dyke (Fig. 1b). Approximately 100 brownish long-prismatic
and dark-brown, tabular baddeleyite grains were extracted from ca.
1.5 kg sample. Three fractions of most transparent, brownish, tabu-
lar and long-prismatic grains were analyzed. Each fraction includes
9-15 grains, 40-60 wm in size. Regression of three slightly discord-
ant analyses of baddeleyite (Table 2, lines 4-6) defines an upper
intercept age of 2311 +5Ma (MSWD=0.01) (Fig. 8), interpreted
as the emplacement age of the Ca-240 dolerite dyke. The lower
intercept age is at 177 £ 110 Ma.

Sample Ca-245-3 is a medium-grained dolerite taken from the
central part of the dyke (Fig. 1d). Approximately 250 brownish
baddeleyite grains were extracted from ca. 1.5kg sample. Four
fractions of dark brown, tabular and long-prismatic baddeleyite
grains were analyzed (Table 2, lines 7-10). Each fraction includes
10-30 grains with crystal size <30 pm to 30-40 pwm. Four analy-
ses of baddeleyite define a Discordia with an upper intercept age
of 2309 + 3 Ma (MSWD=0.84) (Fig. 8), which is interpreted as the
dyke emplacement age. The lower intercept age is essentially zero
(128 +130Ma).

Taking into account the results of the U-Pb study of baddeleyite
from two dykes of similar orientation, their consistent mineral and
chemical compositions, the age of the NW-trending swarm is con-
sidered to be ca. 2310 Ma.
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Fig. 3. Variations of major elements vs. MgO in Paleoproterozoic mafic dykes and volcanic rocks of the Karelian Craton including ca. 2.31 Ga dolerite dykes; ca. 2.13Ga
continental MORB-type thaleiites dykes (Pirtguba and Allajarvi localities; Stepanova et al., 2014b); ca. 2.45Ga olivine gabbronorite dykes of the Lake Upper Kuito area;
ca. 2.34Ga Taivalkoski mafic dyke, (Vuollo and Fedotov, 2005: Salminen et al., 2014); Runkaus metabasalts (Huhma et al,, 1990); ca. 2.3-2.06 Ga basalts, Karelian Craton
(Malashin et al., 2003); Sariolian mafic volcanic rocks of the Onkamo group (Rdsdnen et al., 1989),

4.3.4. Sm-Nd study

The Sm-Nd studies were carried out for samples from sites Ca-
240 and Ca-245. The results are reported in Table 2. All studied
whole-rock samples show uniform initial Nd isotope composi-
tions, with initial eyg values calculated for an emplacement age
of 2310 Ma ranging from +0.5 to +0.8.

5. Discussion

Three mafic dyke swarm generations were recognized in the
Lake Upper Kuito area. They are: (i) ca. 2450 Ma gabbronorite dykes,
(ii) the ca. 2310 Ma dolerite dykes, and (iii) ca. 2130 Ma continental
MORB-type tholeiitic dykes.

The NE-trending ca. 2.45 Ga gabbronorite dykes of the Lashku-
jarviswarm correspond to the Sumian (ca. 2.5-2.4 Ga) LIPevent that
includes high-Mg mafic volcanic rocks, layered intrusions and gab-
bronorite dykes (Amelin et al., 1995; Puchtel et al., 1997; Vuollo and
Huhma, 2005; Bayanova et al., 2009). Mafic volcanic rocks, mafic

dyke swarms, and layered intrusions of similar age and composi-
tion are also recognized in several Precambrian Shields (Bleeker and
Ernst, 2006 and references wherein). The studied ca. 2450 Ma dykes
are typical for the 2.45 Ga event as they have high MgO content,
strongly fractionated REE patterns, Nb-depleted primitive mantle-
normalized trace-element patterns (Figs. 4 and 5), and negative
initial £pq values (Table 1, Fig. 6). Primary melts of ca. 2.45 Ga mafic
rocks were produced via high degrees of mantle source melting, and
substantial degrees of fractional crystallization and crustal contam-
ination also played an important role in their origin (Puchtel et al.,
1997: Hanski et al., 2001b). These mafic rocks are considered to
be related to the ascent of a mantle plume (Puchtel et al., 1997;
Sharkov et al., 2000; Kulikov et al., 2010).

The NNW-trending ca. 2.13 Ga continental MORB-type tholeiitic
dykes correspond to the ca. 2.1 Ga event that also includes mafic
volcanic rocks, and Fe-Ti tholeiitic dykes in the Fennoscandian
and Canadian Shields (Nykdnen et al., 1994; Vuollo and Huhma,
2005; Halls et al., 2008; Maurice et al., 2009; Ernst and Bleeker,
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Fig. 4. Variations of selected trace elements vs. MgO and (La/Sm), vs. (Gd/Yb), ratios in Paleoproterozoic mafic dykes and volcanic rocks of the Karelian Craton including ca.
2.31Ga dolerite dykes; ca. 2.13 Ga continental MORB-type tholeiites dykes (Pirtguba and Allajarvi localities; Stepanova et al., 2014b); ca. 2.45 Ga olivine gabbronorite dykes
of the Lake Upper Kuito area; ca. 2.34 Ga Taivalkoski mafic dyke, (Vuollo and Fedotov, 2005; Salminen et al., 2014); Runkaus metabasalts (Huhma et al., 1990); ca. 2.3-2.06 Ga
basalts, Karelian Craton (Malashin et al., 2003); Sariolian mafic volcanic rocks of the Onkamo group (Rasanen et al., 1989).

2010). The ca. 2.13Ga MORB-type tholeiitic dykes are character-
ized by low contents of LILE, flat REE patterns, an undepleted HFSE
distribution on mantle-normalized diagrams (Fig. 5), and positive
initial gy values varying from +1.4 to +3.0 (Fig. 6). These dykes
were described by Stepanova et al. (2014b) and were considered
by these authors as indicators of the continental break-up based on
the almost uncontaminated character of their melts that formed via
DM-type mantle melting at the spinel stability field simultaneously
with rapid crustal extension.

In contrast to the ca. 2.45Ga and ca. 2.1 Ga events that are
widespread and relatively well-studied, the 2.31 Ga igneous event
falls into the 2.4-2.2 Ga “crustal age gap” period (Condie et al.,
2009). Although the amount of data on age of mafic dykes at
different Precambrian shields that formed during 2.4-2.2 Ga inter-
val increased dramatically during several past years (French and
Heaman, 2010; Nilsson et al., 2012; Partin et al., 2014; Salminen
et al.,, 2014; Davies and Heaman, 2014, this study), the information
about petrological process and geodynamic environments during
this period for the Fennoscandian (Huhma et al,, 1990; Holttd et al.,
2000; Vuollo and Huhma, 2005) and other Precambrian shields
(Bleeker and Ernst, 2006; Ernst and Bleeker, 2010) is still limited.

The existence of ca. 2.3 Ga mafic dykes in the Karelian Craton
was pointed out by Vuollo and Huhma (2005) who suggested that
sporadic doleritic dykes of this age are relatively widespread in the
craton. The dolerite dykes with an age 23394 18 Ma occur in the
Taivalkoski block in Finland (Salminen et al., 2014). These dykes
have an orientation (340°) and chemical compaosition, including the
REE and HFSE distribution, similar to those of the studied 2.31Ga
dykes (Figs. 3-5). The Taivalkoski dolerites have a positive initial
eng Of +1.4 (Vuollo and Fedotov, 2005) and slightly less evolved
chemical composition than that of the studied ca. 2.31 Ga dykes
(Figs. 3-5). Taking into account neighbouring position of Voinitsa
and Taivalkoski blocks, and similarity in the orientation, mineral

composition, age, and geochemical characteristics of the dykes,
the 2.34 Ga Taivalkoski dykes and 2.31 Ga Upper Kuito dykes can
be considered as components of a single event. It is also possible
that the Runkaus Formation basalts with imprecise Sm-Nd age of
2330+ 180Ma (Huhma et al., 1990) that occur in the Perdpohja
schist belt between Sariolian conglomerates and Jatulian quartzites
form a volcanic counterpart of this event. The basalts of the upper
part of the Runkaus Formation have trace-element characteristics
(Figs. 3-5), and Nd isotope composition (Fig. 6) close to those of the
ca.2.31 Ga dykes. Thus, it is possible that ca. 2.34 Taivalkoski dykes,
2.31 Lake Upper Kuito dolerite dykes and Runkaus metabasalts
belong to a single and relatively widespread endogenic event which
we herein term the Kuito-Taivalkoski LIP (cf Taivalkoski LIP name
in Ernst, 2014). The origin of these rocks, their tectonic setting,
position within regional stratigraphic framework, and relation-
ships with previous and subsequent igneous events have not been
discussed previously and are of a considerable interest.

In the regional stratigraphic scale the age of 2.31Ga corre-
sponds to the boundary between Sariolian (2.4-2.3 Ga) and Jatulian
(2.3-2.06 Ga) systems. Despite the fact that formally the 2.31Ga
dykes belongs to the Sariolian sequence they differ from Sariolian
volcanicrocks (Figs. 3 and 4) represented by high-Mg, low-Ti tholei-
ites and vary in composition from komatiites to andesites (Hanski,
2013 and references wherein). The initial eyg values of the Sario-
lian volcanic rocks vary from —5.0 to —3.2 (Hanski, 2013) and differ
from those of studied 2.31 Ga dykes. At the same time, the 2.31Ga
dykes have similarity in major and trace-element composition with
Jatulian basalts of the Central Karelia (Fig. 5). The observed differ-
ences in the contents of CaO, MgO and total alkalis (Fig. 2) could
be caused by metasomatic alteration typical for the Jatulian basalts
(Ivanikov et al., 2008; Hanski, 2013).

The comparison of ca. 2.31 Ga and ca. 2.45 Ga mafic dyke swarms
show considerable differences in age, swarm orientation, mineral
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composition, major-element concentrations, trace-element distri-
bution and Nd isotope composition (Figs. 3-6, Table 1) These
distinctions suggest contrastingly different petrological and tec-
tonic processes responsible for the origin of the ca. 2.45Ga and
2.31 Ga dyke swarms.

The ca. 2.31Ga dykes also differ from ca. 2.13Ga swarm
recognized in the studied area. The clinopyroxene-plagioclase por-
phyrites are characteristic for the 2.31 Ga dolerites in contrast to
the ca. 2.13Ga continental MORB-type tholeiitic dykes that are
mostly aphyric. Clinopyroxene and plagioclase are the main min-
erals in both cases, but in the continental MORB-type tholeiites
they are more primitive. These rocks are also different in terms of
the composition of the late magmatic mineral assemblage. In the
continental MORB-type tholeiites, it includes Cl-bearing edenite,
plagioclase (Anys), and quartz, but Fa-bearing quartz-K-feldspar-
albite-apatite granophyre is typical of the ca. 2.31 Ga dolerite dykes
(Figs. 2b, 2d). The 2.31 Ga dolerites have essentially lower contents
of MgO, Cr, Ni, and higher concentrations of TiO;, Fe;03'" and
most part of lithophile trace elements than MORB-type tholei-
ites (Figs. 3 and 4). They are also more enriched in LREE, LILE and
depleted in Nb compared to MORB-type tholeiites (Fig. 5).

It should be noted that despite the differences indicated above,
ca. 2.31 Ga dykes and ca. 2.13 Ga continental MORB-type tholei-
itic dykes show certain similarities in the distribution of major and
trace elements (Figs. 3-5). Chemical composition the ca. 2.31Ga
dolerites close to those of gabbro-pegmatites of the MORB-type
tholeiitic dykes (Figs. 3-5) corresponding to the late residual melts
formed by in situ fractional crystallization (Stepanova et al., 2014b).
Both the ca. 2.31 Ga and 2.13 Ga dykes have flat or near-flat HREE
distribution patterns (Fig. 5). Geochemical characteristics of the ca.
2.31Ga and 2.13 Ga dykes allow us to propose similar origin of their
primary mantle melts but different history of crustal evolution. To
test this hypothesis, we consider petrological processes that could
be responsible for the evolution of primary melts of ca. 2.31Ga
dykes.

5.1. Petrology of the 2.31 Ga dykes

5.1.1. Fractional crystallization

Very low contents of MgO, Cr, Ni, and high contents of Fe;03
and TiO, in the ca. 2.31 Ga dolerites are indicative of the evolved
character of their magmas that could be considered as a result
of a significant role of fractional crystallization in their parental
magmas evolution, There are no signs of in situ fractional crys-
tallization such as layering or gabbro-pegmatite schlieren in the
studied dykes. All of them consist of massive dolerites whose chem-
ical and mineral compositions vary insignificantly across the dyke.
However, in situ crystallization processes are well-defined micro-
scopically.

Based on the composition of the main minerals, in situ crystal-
lization processes in the dykes could be subdivided into two main
stages. The first one includes crystallization of relatively high-Mg
augite, pigeonite (Xyg =0.5-0.6), plagioclase (Angg_45), and proba-
bly magnetite that form the “framework” of the rock. The second
stage comprises crystallization of the residual liquids enriched in
Si0,, Fe,03'f, TiO,, incompatible trace elements, and depleted
in MgO and Ca0, resulting in mineral assemblages that include
high-Fe clinopyroxene, Fe-edenite, plagiolclase (Anys), ilmenite,
and then fayalite, quartz, K-feldspar, albite, and apatite, The enrich-
ment of the system in SiO; and very low fO, values (-2QFM or
-3QFM based on modelling results and measured FeO/Fe;, 03 ratios
in the rocks; Stepanova, 2004) probably caused the crystallization
of fayalite from the residual melts.

An attempt to evaluate the PT-parameters of crystallization
using clinopyroxene thermobarometers of Putirka (2008) has not
been successful because clinopyroxene was not in equilibrium

tot
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with the melt corresponding to the whole-rock composition, but
likely crystallized at depth in an intermediate magma chamber.
The clinopyroxene barometer of Nimis (1995) gives an estimate for
the crystallization pressure at ca. 1kbar or less, which is consis-
tent with early crystallization of the plagioclase phenocrysts in the
rocks.

The composition of the dolerites suggests early crystallization of
a gabbroic mineral assemblage in the intermediate magma cham-
ber and probably olivine removal from the system at early stages
of a primitive melt crystallization that caused the strong deple-
tion of the rocks in Mg and Ni. Very high contents of the Fe;04%¢
in the dolerites suggest low fO, at early stages of the parental
melts evolution and a Fenner-type (Fenner, 1929) crystallization
path. Taking into account these boundary conditions reverse frac-
tional crystallization modelling was carried out using the Petrolog
3.0 software (Danyushevsky and Plechov, 2011) at P=3 kbar and
fO, =QFM (Table 1). The result of calculations indicates that addi-
tion of 45-50% of olivine-plagioclase-clinopyroxene cumulate to
the relatively primitive dolerite composition corresponding to the
sample Ca-246-1 could give the melts similar to average N-MORB
(Hofmann, 1988).

5.1.2. Crustal contamination

Several features of the studied ca. 2.31 Ga dykes are indicative of
crustal contamination. The dykes contain a large amount of quartz-
feldspar-bearing granophyric material that sometimes contains
zircon xenocrysts even in the chilled margin zones. The geochem-
ical signatures of the 2,31 Ga doleritic dykes, such as enrichment

in LIL elements and depletion of Nb on mantle-normalized multi-
element diagrams (Fig. 5), and the low positive initial £yg values
from +0.5 to +0.8 also provide strong evidence for crustal con-
tamination processes. A rough estimate of the degree of crustal
contamination and contaminant composition was obtained by
binary mixing calculation. Several potential contaminants typical
for the continental crust of the Western Karelian terrane of the
Karelian Craton were considered. They are ca. 2.8 Ga TTG gneisses,
ca. 2.74 Ga granulites of Voknavolok block, and ca. 2.71 Ga sanuki-
toid series granodiorites (Lobach-Zhuchenko et al., 2000; Samsonov
et al, 2001; Bibikova et al., 2005). An average composition of N-
MORB (DePaolo, 1981; Hofmann, 1988) recalculated to 2.31Ga
was considered the primitive uncontaminated melt end-member.
The results of the calculation indicate that the most probable con-
taminant corresponds to the sanukitoid series granodiorite and its
contribution to the melt could be evaluated at 12-14% (Fig. 9).
According to the calculation, the ca. 2.8 Ga TTG gneisses is another
likely contaminant. In this case, the degree of crustal contamination
reached about 25% (Fig. 9), but so high degree of contamination is
contrary with relatively low SiO, contents in studied dolerites. The
Voknavolok granulites turned out to be unlikely contaminant.

5.1.3. Mantle melting

Due to the evolved geochemical composition of the ca.
2.31Ga mafic dykes, neither the degree of mantle melting
nor the composition of primary melts could not be precisely
evaluated. Nevertheless, two parameters can be discussed. The
near-chondritic HREE ratios ((Gd/Yb), = 1.03-1.27) of the dolerites
suggest that the primary melts of ca. 2.31 Ga dolerites were not in
equilibrium with garnet and formed at a relatively shallow level
of the mantle in the spinel peridotite stability field. The initial
eng values of the dolerites those vary from +0.5 to +0.8 together
with evidences for crustal contamination suggest that their primary
melts were originated by partial melting of a long-term depleted
mantle source and subsequent assimilation and fractional crystal-
lization processes.

5.2. Tectonic position and relation to continental break-up events

The compositional and petrological differences between stud-
ied intraplate mafic igneous events of age ca. 2.45,2.31and 2.13 Ga
in the Karelian Craton are probably resulting from their different
tectonic setting. The well-studied 2.45 Ga high-Mg tholeiites are
usually considered to be related to the ascent of a high-temperature
mantle plume which most likely did not lead to a break-up
of the Archaean continental lithosphere of the Karelian Craton
(Puchtel et al., 1997; Sharkov et al., 2000; Kulikov et al., 2010). The
ca. 2.13 Ga continental MORB-type tholeiitic dykes considered as
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Fig. 8. U-Pb concordia diagram showing baddeleyite analyses and calculated discordia lines. Samples Ca-240-5, Ca-245-3.
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probable indicators of a continental break-up (Stepanova et al.,
2014b). Newly identified ca. 2.31 Ga dolerite dykes are clearly dif-
ferent from the ca. 2.45 high-Mg tholeiites, but similar with 2.13
continental MORB-type tholeiitic dykes. It probably suggests the
similarity in tectonic setting for the 2.31Ga and 2.13 Ga dykes.
Indeed, the fact that studied ca. 2.31 Ga dykes form a relatively
wide, regular swarm consisting of ca. 50 m thick dykes indicates
that it formed due to intensive extension over a relatively large
segment of the Archaean continental crust. The dolerites are highly
contaminated and have undergone a substantial degree of frac-
tional crystallization, which suggests a long-term storage in an
intracrustal magma chamber and a relatively slow ascent of the
melts to the surface. This is contrary with rapid crustal exten-
sion, lithospheric rupture and continental break-up at ca. 2.31Ga,
but rather indicates the existence of a relatively stable extensional

tectonic environment that could be regarded as an unsuccessful
break-up attempt. Taking into account that Karelian Craton is con-
sidered to be a part of a proposed supercontinent Superia (e.g.
Bleeker and Ernst, 2006; Soderlund et al., 2010) it could be sug-
gested that this supercontinent or at least a large block of the
Archaean continental lithosphere corresponding to the Fennoscan-
dia remained relatively stable at ca. 2.31-2.34 Ga. It was broken-up
substantially later probably at ca. 2.1Ga. To test this hypothe-
sis further geochronological and paleomagnetic investigations are
required.

The ca. 2.31Ga event is relatively voluminous and could be
considered as a fragment of relatively large igneous event, e.g.
large igneous province (LIP, e.g. Ernst, 2014), thus it should be
assumed that the number and intensity of endogenous events of
age 2.4-2.2 Ga are greatly undervalued and need further study. This
also strongly argues against a decrease of endogenic activity and
magmatic “slowdown” during ca. 2.4-2.2 Ga period.

Several important issues related to the origin of the ca. 2.31Ga
event remain unresolved. What caused the mantle melting? This
question is especially important given the fact that information
on mantle melting events of this age is very restricted. Part of
the available data, such as the rock compositions similar to ca.
2.3-2.06Ga continental flood basalts and the occurrence of the
near-contemporaneous quartzite cover, could be considered within
the model of a mantle plume ascent, plume-related mantle melting,
and near-simultaneously areal uplift. Such interpretation contra-
dicts the absence of high-Mg rocks among the studied 2.31 Ga dykes
that could be formed via high-degree, deep-seated mantle melt-
ing. Another possible scenario for the mantle melting could be the
delamination of eclogitized lower crust that formed due to mafic
magma underplating in the previous, ca. 2.45 Ga igneous event. To
choose between these two models, the additional data on the ca.
2.3 Ga mafic dykes and basalts are required. The search for the rel-
atively primitive mafic rocks of the same age that could give more
reliable information on the mantle melting processes and primary
melts evolution is an important objective of further studies.

6. Conclusions

Three mafic dyke generations were recognized in the Lake Upper
Kuito area in the Western Karelian terrane of the Karelian Cra-
ton. They are: (i) ca. 2450 Ma gabbronorite dykes of Lashkujarvi
swarm, (ii) the ca. 2310 Ma dolerite dykes of Kuito swarm, and
(iii) ca. 2130Ma continental MORB-type tholeiitic dykes of Pirt-
guba swarm. Each swarm is related to a distinct intraplate igneous
event, which indicates that specific mantle melting processes and
extensional processes caused injection of melts into upper levels of
the continental crust.

Geochemical characteristics of the 2.31 Ga dolerite dykes in the
Lake Upper Kuito area are close to those of the ca. 2.3 Ga Runkaus
Formation basalts from Perdpohja schist belt (Huhma et al., 1990)
and the ca. 2.34Ga mafic dykes in the Taivalkoski block (Salminen
et al., 2014). It suggests that they could belong to a single igneous
event spread in a relatively wide area. It gives new evidence for an
intensive magmatic activity at ca. 2.3 Ga that contradict with the
idea of decreasing of endogenic activity and magmatic “slowdown”
during ca. 2.4-2.2 Ga period (Condie et al., 2009).

The geochemical and isotopic characteristics of the ca. 2.31Ga
dolerites, and modelling results allow us to suggest that (1) high
concentrations of the lithophile elements in the dolerites resulted
from high degrees of fractional crystallization, and not from the
source enrichment; (2) the degree of crustal contamination is
estimated at 12-14%; (3) a melt which is similar in chemical com-
position to the studied dolerites could be generated via 45-50%
fractional crystallization of the N-MORB composition at the QFM



56 A.V. Stepanova et al. / Precambrian Research 259 (2015) 43-57

fO; level; (4) the primary melts could be a result of melting of a
DM-type mantle in the spinel peridotite stability field.

Geochemical characteristics of the ca. 2.31 Ga dolerite dykes are
clearly different from those of the ca. 2.45 Ga gabbronorites but the
former show a considerable similarity to ca. 2.13 Ga continental
MORB-type tholeiites, which could be caused by similar tectonic
and mantle dynamic processes operating in the ca.2.13 and ca. 2.31
events. The main difference between these two events is a long-
lasting storage of the mantle melts in the continental crust and a
relatively low speed of their accent to the surface at ca. 2.31 Ga.

These features indicate that ca. 2.31 Ga event was not related
to a break-up of the continental lithosphere of the Karelian Craton,
but can be regarded as an unsuccessful break-up attempt or a pre-
breakup event.
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