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ABSTRACT

A small carbonatite dyke swarm has been identdieaantali, southwest
Finland. Several swarms of shoshonitic lamprophgresalso known along the
Archean-Proterozoic boundary in eastern Finlandramrthwest Russia. These
intrusions, along with the carbonatite intrusiotdatpanen, eastern Finland,
represent a stage of widespread low-volume manptieeed alkaline
magmatism in the Svecofennian Domain. Using tré&ment and isotope
geochemistry coupled with precise geochronologyftbese rocks, a model is
presented for the Proterozoic metasomatic evolufdhe Fennoscandian
subcontinental lithospheric mantle. At ~2.2-2.06 fBareased biological
production in shallow seas linked to continentting, resulted in increased
burial rates of organic carbon. Subduction betwekf3-1.88 Ga returned
organic carbon-enriched sediments of mixed ArcteeahProterozoic
provenance to the mantle. Dehydration reactionplggwater to the mantle
wedge, driving arc volcanism, while mica, amphibahel carbonate were
brought deeper into the mantle with the subductlal. The cold subducted
slab was heated conductively from the surroundiaghwmantle, while
pressures continued to gradually increase as # ofsurustal thickening. The
sediments began to melt in a two stage process pfioducing a hydrous
alkaline silicate melt, which infiltrated the manthedge and crystallised as
metasomatic veins. At higher temperatures, carltenaelt was produced,
which preferentially infiltrated the pre-existingetasomatic vein network. At
the onset of post-collisional extension, deep faulictures formed, providing
conduits for mantle melts to reach the upper ciusi-volume partial melting
of the enriched mantle at depths of at least 110ekhto the formation of first
carbonatitic magma and subsequently lamprophyrigmaa Carbonatite was
emplaced in the upper crust at Naantali at 179%8#a; lamprophyres
along the Archean-Proterozoic boundary were emglaetéwveen 1790.1 + 3.3
Ma and 1781 + 20 Ma.

Keywords: carbonatite; deep carbon cycle; geochogyp lamprophyre;
mantle metasomatism; shoshonitic; zircon
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PREFACE
This thesis consists of a synopsis and four orlgmblications, referred to

with respect to their Roman numerals in the texdesignated below:

Paper I:'Woodard, J. and Holtta, P., 2005. The Naantali alvikite veykes: a
new carbonatite in southwestern Finla@eological Survey of Finland,
Soecial Paper 38, 5-10.

Paper II: Woodard, J. and Hetherington, C.J. Timing and conditions of
carbonatite emplacement at Naantali, SW Finlamdanuscript
submitted to Precambrian Research.

Paper lll: Woodard, J., Kietavdinen, R., Eklund, O. and Shebanov, A.
Svecofennian post-collisional shoshonitic lamprapkyat the margin
of the Karelia Craton: implications for mantle nsimatism.
Manuscript submitted to Lithos.

Paper IV:Woodard, J. and Huhma, H. Paleoproterozoic mantle enrichment
beneath the Fennoscandian Shield: isotopic infigimh carbonatites

and lamprophyresvianuscript submitted to Lithos.

J. Woodard was responsible for all work pertairtmghe original publications

with the following exceptions: P. Holtta made thegmal field discovery of

the dykes in Paper I. C.J. Hetherington perfornteal dpatite and monazite
analyses, calculated the monazite age, wrote thdAEMethods section and
contributed to the dissolution-reprecipitation dission in Paper Il. For Paper
lll, O. EKlund and A. Shebanov were responsibletiierfieldwork and some of
the zircon analyses. R. Kietavainen contributethepetrography. H. Huhma

assisted with the radiogenic isotope data redudati¢taper V.



1. INTRODUCTION

Alkaline igneous rocks, including volatile-rich Vettes such as
carbonatites, lamprophyres and kimberlites, havehmgreater petrological
significance than their relative volumetric abuncanwould indicate. A
common thread connecting these relatively diversek rtypes is their
generation via low-volume partial melting of mardiemains enriched in trace
elements and volatiles. Owing to their deep sowce rapid, often violent
mode of emplacement, alkaline rocks are some ofrtbst important carriers
of mantle xenoliths. These xenoliths are vital tar @nderstanding of the
composition of the deep earth, as they provide ansméor direct observations
and analyses of material from the mantle. In addito their scientific value,
alkaline rocks are often of great economic valuenl¥erlites and lamproites
are important hard rock sources for diamonds (dighell, 1986), while some
lamprophyres may be associated with gold depostg. (Rock, 1991).
Carbonatites have been mined for a multitude ofpgses, including rare
metals, phosphates and industrial minerals (e.giadva, 1989).

Study of the alkaline rocks themselves is of eqimportance.
Combining observations on the geochemical chanatitesx of natural rocks
with experimental results may provide insight inpoocesses of mantle
metasomatism and melt generation under high-pressaonditions.
Metasomatism by carbonatite melts has been recadjngs an important
mechanism for enrichment of mantle domains. Theecedf of crustal
contamination can complicate interpretation of dmmeical data, and care
must be taken to ensure that whole-rock analysesemresentative of primary
compositions. Isotope studies are useful in thgamd. Owing to the high
absolute concentrations of REE and Sr in alkalowks, the Sm-Nd and Rb-Sr
isotopic systems are relatively insensitive to tledfects of crustal

contamination.



Although it has long been recognised that alkalioeks occur in
various tectonic settings worldwide (e.g. Wooll&989; Rock, 1991), study of
these rocks, particularly carbonatites, has focusaroportionately on within-
plate continental rift environments. Due to thei¢glly low volume and high
reactivity of these magmas, it may nonethelessssaraed that an extensional
tectonic environment is prerequisite to their eroptaent into the upper crust.
In post-collisional extensional settings, alkalirecks have the potential to
provide information about the effects of converg@utonic processes on the
geochemical and isotopic evolution of the upper thearDetermining the
emplacement ages of these rocks may also be usegraxy to date tectonic

events.

1.1. Carbonatites

Carbonatites are defined by the IUGS as igneouksredath > 50%
modal carbonate minerals. They most commonly oesusmall, hypabyssal
bodies such as dykes, cone sheets, plugs andosils, composite plutonic ring
complexes in association with alkaline silicateko¢Barker, 1989). The most
recent database lists 527 occurrences of carbewetitidwide, roughly 24% of
which have no associated silicate rocks (Woolled &farsgaard, 2008a;
2008b). They occur on all continents as well asesdvoceanic islands,
spanning geologic time from the oldest known intns at ~2.7 Ga to present
day eruptions. Although the majority of known carhttes are found in rift or
near-rift settings, they may nonetheless occur fficraton, orogenic or
collision suture settings where extension may lsalised in back-arc regimes
or occur from widespread orogenic collapse (Woo#lag Kjarsgaard, 2008a).
Carbonatite melt is highly reactive, and as sucérehare physiochemical
barriers to its emplacement in the upper crust.p&nthermal constraints on

melt generation (outlined in Section 4.2.1) may asentribute to the relative



dominance of rift or near-rift settings for carbtitea occurrences. It is
estimated that the majority of primary carbonatitelt generated in the mantle
is consumed by reaction with mantle peridotite amlergoes "chemical
death" (Yaxley et al., 1991; Rudnick et al., 19€%lton and Wood, 1993;
Barker, 1996; Bell et al., 1998). The implicatianthat the structural conduits
linking the mantle source to the upper crust antbwahg for rapid
emplacement may only occur in an extensional enuilent. Recently reported
examples of carbonatites from post-collisional dagt settings include
Maoniuping, Lizhuang and Dalucao, Sichuan, Chinaukét al., 2006) and
Eden Lake, Manitoba, Canada (Chakmouradian, 2008).

The dominant carbonate mineral can be calcite,ditdg or ankerite;
these may also constitute an evolutionary seridated to fractional
crystallisation processes (e.g. Le Bas, 1989). &$idm the main carbonate
minerals, the most common accessory minerals agafatite, phlogopite,
magnetite, hematite, titanite, pyrochlore, pyroxeme amphibole (Hogarth,
1989). Chemically, carbonatites are characterisgdexireme trace element
enrichment, including having the highest concemnabf lanthanides (REE) of
any known rock type (e.g. Woolley and Kempe, 1988). addition,
characteristic alkaline metasomatic alterationi{igation) typically surrounds
carbonatite complexes. Enrichment in high fieldesgth elements (HFSE)
such as niobium and tantalum, once considered sengal characteristic of
carbonatite, is conspicuously absent from carbtagtin post-collisional
tectonic settings (Hou et al., 2006; Chakmouradz@08; Paper I). Three main
models have been proposed for the petrogenesiarbbratite magma: partial
melting of carbonated mantle to generate primarpaaatite magma (Gittins,
1989; Harmer & Gittins, 1998; Gittins & Harmer, Z)0derivation in the crust
from a carbonated silicate parent melt via immisicyp (Le Bas, 1977,
Kjarsgaard & Hamilton 1989; Lee & Wyllie 1998); aras "carbothermal



residua” resulting from extensive crystal fractiooma (Veksler et al., 1998;
Mitchell, 2005).

1.2. Lamprophyres

Lamprophyres form a diverse group of volatile-righgralkaline to
alkaline, mafic to ultramafic igneous rocks, typigaoccurring as dyke
swarms. Rock (1991) described the "lamprophyre"ctenconsisting of five
different groups: shoshonitic (or calc-alkaline) mfaophyres, alkaline
lamprophyres, ultramafic lamprophyres, lamproited kimberlites. Under the
current IUGS guidelines however, lamproites andbarites are distinct and
should not be considered as lamprophyres (Woolley ab, 1996).
Mineralogical classification is based upon a twa-tsystem involving the
modal abundance of light-coloured minerals (feldspend felspathoids) and
predominant mafic minerals. Ultramafic lamprophycssmtain > 90% mafic
minerals, melilite and/or primary carbonate, aslwslmacrocrysts of olivine
and phlogopite (Tappe et al., 2005). Shoshoniimdrophyres contain
feldspar as a matrix phase, while alkaline lampyogdh may contain either
feldspars or felspathoids (Le Maitre et al., 198%hoshonitic lamprophyres
with biotite as the dominant mafic mineral are tedmminettes (alkali feldspar
dominant) or kersantites (plagioclase dominant)rré€ponding names for
amphibole-dominant varieties are vogesite and spiss (Le Maitre et al.,
1989; Rock, 1991).

Shoshonitic lamprophyres are typically found in wengent or passive
margin settings, often associated with other shaisiboor calc-alkaline
igneous rocks (Rock, 1991). Alkaline lamprophyres #und in all tectonic
settings, typically alone or associated with mildiikaline igneous rocks.
Ultramafic lamprophyres, on the other hand, arendbwnly in divergent

margin and intraplate settings and are most comyn@ssociated with



carbonatite-ijolite-nephelinite complexes. This nferces the notion that
ultramafic lamprophyres are not related to the o@prophyres, with distinct
differences in tectonic setting, source and gerstaracteristics (cf. Tappe et
al., 2005).

1.3. Carbonatitesand Lamprophyresin Fennoscandia

distribution of carbiies and

lamprophyres is known throughout Fennoscandia (Eigl). Much of the

A wide spatial and temporal
classic work on alkaline rocks was done in Fennudiea as is expressed in
type-locality rock names including alnoite, alvékiand beforsite (from Alng,
Alvik and Bergeforsen, AlnG complex, north-cent@veden; Rosenbusch,

1887; von Eckermann, 1928a, von Eckermann, 194@)tei (from livaara,

Carbonatites and Lamprophyres
in the Fennoscandian Shield

O carbonatites with no associated silicate rocks
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Figure 1 Map showing the spatial distribution of carbonatiteamprophyres and
kimberlites in the Fennoscandian Shi
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northern Finland; Ramsay and Berghell, 1891) ad asldamtjernite, sovite,
sannaite and fenite (from Damtjern, Sgve, SannaamadFen, Fen complex,
southern Norway; Brggger, 1921; Seether, 1957).

The ~2.6 Ga calciocarbonatite at Siilinjarvi, eastEinland, is one of
the oldest known carbonatite intrusions in the d¢®'Brien et al., 2005). Two
intrusions at Laivajoki and Kortejarvi, identifiedsing aeromagnetics and
sampled only by drilling, have an estimated age-202 Ga (Vartiainen and
Woolley, 1974). The newly discovered dykes at Nalansouthwest Finland
(Paper I; Woodard, 2005) have many characterigticdommon with those at
Halpanen, southeast Finland (Puustinen and KarB@9)land Panjavaara,
eastern Finland (Torppa and Karhu, 2007). At Kalimqrthern Sweden,
silicocarbonatite dykes have been reported witlage of 1142 Ma (Kresten
and Brunfelt, 1980). The classic carbonatite o@nes at Fen and Alnd are
coeval, with ages determined at 583 Ma (Meert et 98) and 589 Ma
(Rukhlov and Bell, 2009) respectively. The Devonja60-380 Ma; Kramm et
al., 1993) Kola Alkaline Province of northwest Riasand northeast Finland is
the largest alkaline magmatic province in the world

Lamprophyres have an equally wide distribution tgtoout
Fennoscandia, and are often found in direct associavith carbonatites.
Ultramafic lamprophyres are found at Kalix (Geijer928; Kresten and
Brunfelt, 1980), AInd (Rosenbusch, 1887; von Eckamm 1948), Fen
(Brggger, 1921; Dahlgren, 1994) and the Kola Alk@lProvince (Ramsay and
Hackman, 1894; Vartiainen et al., 1978). Shoshowitialkaline lamprophyres
occur in several locations including North Savo dktean, 1914; Koistinen,
1965), Viljakkala (Stigzelius, 1944), Helsinki (Ed&, 1954), Haukivesi,
Pielavesi (Laukkanen, 1983) and Palovaara (Rasts €001) in Finland and
in the NW Ladoga region (lvashchenko and Lavrow3t%Eklund, 2003) in
Russia. The "hamrongite" dykes of von Eckermann 28bY from

11



Hamrangefjarden, near Gavle in central Sweden, Idhbe classified as
kersantite under the modern classification guieslin

For this study, samples from three separate regwrikin the
Fennoscandian Shield were examined in detail. Ceniite and fenite samples
were collected from Naantali, southwest Finlandosblonitic lamprophyres
were collected from three separate areas in théhN®avo region, eastern

Finland and four locations in the NW Ladoga regioorthwest Russia.

1.4. Objectives of this Study

Based on the trace element characteristics of quksional
shoshonitic (monzonite - granite + lamprophyre)rusions, Eklund et al.
(1998) suggested that the lithospheric mantle kbnéhe Svecofennian
Domain had been affected by carbonatite metasomat¥hen carbonatite
dykes were discovered at Naantali, southwest Fihl@Paper |; Woodard,
2005), together with the carbonatite at Halpanenthseast Finland (Puustinen,
1986), it was speculated that there could be a@gioalaThese carbonatites both
have island arc trace element signatures, whileekngnary age determination
from Halpanen (Puustinen and Karhu, 1999) suggesteplacement coeval
with the post-collisional shoshonitic intrusiongtéssic fenitisation around the
Naantali dykes further suggested an associationh wshoshonitic or
ultrapotassic magmatism (Woodard, 2005). Severalss of shoshonitic to
ultrapotassic lamprophyres are also known in Fetara$ia, implying that all
of these intrusions could be related to a singleeld-scale event. These
mantle-sourced rocks offer a means to examine pseseof enrichment in the
subcontinental lithospheric mantle. Essential tp rodel of the Svecofennian
mantle evolution is precise geochronological datal obtaining this from the
carbonatites and lamprophyres was an important gbathis study. This

precise age data, combined with trace elementsaitdpic data, also facilitates
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correlation of the intrusions despite their wideogg@aphic distribution. The
trace element and isotopic data were subsequesdy o develop a more

complete model for mantle metasomatism beneatReheoscandian Shield.

2. SUMMARY OF THE ORIGINAL PUBLICATIONS

Paper |

Paper | uses field relationships, mineralogy anochemistry to verify
carbonate dykes at Naantali, Finland dsoma fide occurrence of carbonatite.
A small swarm of narrow dykes (mostly 3-20 cm wi@de¢ found to intrude
Svecofennian pyroxene tonalite in the town of Naknsouthwest Finland. At
least fifteen straight, sub-parallel dykes weranidied in an area roughly 1 km
wide and 2 km long. The dykes cut the regional S®/9¢histosity in a NW-
SE orientation, dipping ~45° to the NE. An aureofepotassic fenitisation
extends up to 1 km outward from the dyke swarm. dylees contain 90-95%
calcite, minor fluorapatite and allanite and acogssitanite, fluorite, chlorite
and quartz. Monazite and bastnasite were identiisdinclusions in the
fluorapatite. Chemically, the dykes are enriched®mY and REE, with very
high relative LREE/HREE enrichment, while the fesitare also enriched in K
and Ba. Based on the combined evidence of tracmeele enrichment,
intrusive nature of the veins and the fenite atierahalo, it was concluded that
the Naantali dykes formed by intrusion and crysation of carbonatite

magma.

Paper 11

In Paper I, two independent methods were usedvanm different

mineral phases in order to determine the age ofctmbonatite dykes at
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Naantali, southwest Finland. Fluorapatite macrdsrydisplaying irregular
zoning patterns and alteration zones containingnddmot inclusions, including
monazite, were analysed by electron probe micrgaisa(EPMA) in order to
better understand their conditions of formation.e Timaltered fluorapatite
domains are Th-Si-LREE enriched and have distingsitive europium
anomalies. Altered domains have lower concentratainTh, Si and LREE, no
Eu anomalies, and contain abundant inclusions afaxnite, quartz, allanite
and bastnasite. Based on experimental partitiogia, positive europium
anomalies will not form in fluorapatite without aepexisting anomaly in the
crystallising environment, either in bulk or asoadl anomaly created by a co-
crystallising phase. The Naantali dykes contairtheei Eu anomalies in the
whole rocks nor any phase known to exclude Euivelab the other REE;
therefore the fluorapatite is interpreted as xeysiar. Most likely, fluorapatite
crystallised in the presence of significant clinapyene and in the absence of
plagioclase, for instance during metasomatism efupper mantle. Textures
within the altered domains are characteristic adsdiution-reprecipitation
reactions, further indicating disequilibrium betwethe fluorapatite and the
carbonatite. The observed inclusion assemblagebeaaxplained by a fluid

catalysedn situ mineral reaction such as:

(Th-Si-LREE)-Fluorapatite + CO— Fluorapatite + Monazite + Quartz + Bastnasite

Furthermore, the influx of Si, Al, Fe and Mg frometwall rock alteration,
together with Ca in the carbonatite promoted eptdpbup mineral stability,
which in the presence of REE released by fluorggalissolution, led to the
growth of allanite.

A U-Th-Pb chemical (EPMA) date of 1797 * 34 Maoc)2was
determined from the monazite inclusions within flmatite macrocrysts,

placing an age on the monazite-forming mineraltreacin addition, inclusion

14



free, light pink, gemmy zircon grains, interpret&sl mantle xenocrysts, were
analysed with the ion microprobe, resulting in ge af 1795.7 £ 8.5 Ma 6.
The correlation in the age results suggests thatlenaircons, entrained by the
carbonatite magma, became closed to diffusive lessl-at the time of
carbonatite emplacement, while the monazite inchsi formed via

dissolution-reprecipitation triggered by the magm#8tid.

Paper 111

Paper 1l describes the petrology, geochemistry g@alchronology of
the post-collisional shoshonitic lamprophyres imf@scandia. Specifically,
lamprophyre dykes were investigated from two region close proximity to
the Archean-Proterozoic boundary: North Savo, FRielaand NW Ladoga,
Russia. The dykes (minettes and kersantites) coataindant mica and apatite
macrocrysts set in a matrix dominated by feldspamsa, clinopyroxene and
apatite. The magmas were produced by low-volumdigbanelting in the
lithospheric mantle, which experienced two stagemetasomatic enrichment.
First, a hydrous alkaline silicate melt enriched thantle wedge in Al, Fe, K,
Ba, Rb, P, Sr, Th, U, F, LREE and® probably crystallising as veins. This
was followed by preferential infiltration of carbatite melt along the
metasomatic veins, enriching the source area in I®EE, Y and CQ
Geochemistry indicates a destructive-margin setivith clear negative spikes
for Ti, Nb and Ta in multi-element plots, suggegtimelting of subducted
sediment as the source for the metasomatising mélBb analyses of mantle
zircons by ion microprobe resulted in ages of 1Y9%23.3 Ma, 1784.1 + 4.0
Ma and 1783.7 £ 5.4 Ma from North Savo and 17810+N2a from NW
Ladoga. The close correlation in ages (identicahwvierror limits) indicates a
shield-scale shift to an extensional tectonic reginfFurthermore, the

lamprophyres, along with other coeval shoshonititrusions in the

15



Svecofennian Domain (including the carbonatiteestigated in Papers | and
II) may be considered to belong to a single, lasip@shonitic magmatic
province. In addition, inherited zircons in theseks provide direct evidence
of Proterozoic crust underlying the western margfirthe Archean Karelian
Province as well as Archean crust beneath the i rocks south of the

Meijeri Thrust in northwest Russia.
Paper |V

The Rb-Sr, Sm-Nd, C and O isotope geochemistry ath bthe
carbonatites and the lamprophyres are presenteBaper IV. All of the
samples plot to the right of the mantle array i@ Md-Sr correlation diagram,
with compositions trending toward EMII (high radesgc Sr; chondritic Nd),
resulting from recycling of terrigeneous sedimebéck into the mantle. A
mathematical mixing model for both the Rb-Sr and-IS$ehisotope systems
was developed to quantify mantle enrichment by oy of a subducted
mixture of Archean sediments and juvenile Proteiormaterial. The results of
this expanded on the two-stage metasomatic modsiepted in Paper lIl. It
was shown that Rb, Sr and importantl$rP®Sr were enriched in the first
(hydrous alkaline silicate) stage of metasomatismhile the REE were
confined to the second (carbonatitic) stage. Asegma mixture of 45%
Archean and 55% Proterozoic material, addition dP®@ silicate melt to the
depleted mantle in the southwest, increasing t&4rvthe northeast and up to
3.0% in the southeast would produce the obseH@&d#°Sr ratios. Subsequent
addition of 4.0-4.6% carbonatite melt (in all afeasuld produce the observed
13NdA*Nd ratios. If the subducted material only contairg@%6 Archean
sediments, the predicted percentages rise to 34B&%, 5.1% and 6.4-7.4%
respectively. Carbon and oxygen isotopes were alsmlysed from calcite

concentrates. Oxygen isotope ratios are slightiyéi than the normal range
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for mantle carbonate, most likely due to minor fi@tation effects during
crystallisation or post-magmatic interaction witheteoric water. Carbon
isotope ratios, however, are anomalously light webkpect to normal mantle
carbonate, which may result from large amounts gjawoic carbon in
subducted sediments having been recycled back timto mantle. It was
estimated that the metasomatising carbonatite mettose proximity to the
Archean continent had maximud°C ratios between -17 and -19%o, similar to
early Proterozoic black shales in Fennoscandia Simpports a model in which
recycled organic carbon was the source of this soetatising melt. With
increasing distance from the Archean contine®tC ratios become less
negative, indicating mixing of increasing amountsnorganic carbon with the

recycled sediments.

3. TECTONIC EVOLUTION OF THE SVECOFENNIAN DOMAIN

The Fennoscandian Shield may be divided into thehéan Karelian
Craton in the north, which may be further dividetbithe Kola, Belomorian
and Karelian Provinces, the Paleoproterozoic Swerodn Domain and the
Transscandinavian Igneous Belt in the centre ane Meoproterozoic
Southwest Scandinavian Domain in the southwestu(Bi®, e.g. Gaal and
Gorbatschev, 1987; Nironen, 1997). The tectonic luivm of the
Svecofennian Domain has been discussed in detamdry other researchers
(e.g. Gaal and Gorbatschev, 1987; Nironen, 199%a#&n, 2002; Lahtinen et
al., 2005; Korja et al., 2006), and there is nodneereview all aspects here.
The purpose of this section is to review the imguairtectonic events and how
they affected the evolution of the Fennoscandidrcantinental lithospheric
mantle. It should also be noted that in the follogvisection, all compass

directions refer to the modern orientation of calistocks.
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3.1. Rifting of the Archean Continent

The first stage of rifting of the Karelian Cratos marked by the
intrusion of mafic dyke swarms and large layeredieniatrusions at around
2.45 Ga, while several generations of younger, Indholeiitic dyke swarms
intruded at 2.32 Ga, 2.2 Ga, ~2.1 Ga, ~2.05 an8 & (Vuollo and Huhma,
2005). Continental break-up occurred beginning a2 ~Ga, resulting in the
opening of an ocean to the southwest of the Kardfeovince (Korja et al.,
2006). Age determinations of 1.97-1.95 Ga from gabb clinopyroxenite
dykes and hornblendite dykes from the Jormua antbKbmpu ophiolite
complexes constrain the age of seafloor magmatisuhrfa, 1986; Kontinen,
1987; Peltonen et al. 1998).

The break-up of the Archean continent correlateh thie Lomagundi-
Jatuli carbon isotope event, a worldwide positixeuesion in carbon isotope
ratios in sedimentary carbonate from 2.22-2.06 IGat{u and Holland, 1996;
Melezhik et al., 2007). The formation of shallovase&luring the first stages of

ocean opening led to an overall increase in contaleshelf area. This may
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have resulted in increased biological productiod, amonsequently, increased
burial rates of organic carbon (Karhu, 1993; Kardwmd Holland, 1996).
Evidence of further ocean opening is provided lgaasition at 2.06-1.96 Ga
from shallow water to turbidite and then deep-watedimentation (Laajoki,
2005). The ensuing decrease in continental shekl and, correspondingly,
stromatolite abundance, coincided with and may leen causal to the end of

the Lomagundi-Jatuli carbon isotope event (Meleztial., 2007).

3.2. Subduction and Accretion of Arcs

Active subduction of the newly formed oceanic crb&neath the
margin of the Karelian Craton began at about 1.98 f@sulting in the
formation of the island arc volcanics of the SawdtBKorsman et al., 1984;
Vaasjoki and Sakko, 1988; Kousa et al., 1994). @heralites and associated
felsic volcanics have distinctly positivagg(T) values, indicative of a juvenile
depleted mantle source (Lahtinen and Huhma, 198uépduction reversal
occurred at least twice, resulting in a graduatt gifithe subduction zones to
the south and southwest (Korja et al., 2006). Téssilted in the formation of a
succession of island arcs (north to south, the BEampHame and Uusimaa
Belts) from 1.90-1.88 Ga (e.g. Patchett and KouM@86; Kahkoénen et al.,
1989; Vaisanen and Manttari, 2002). These newlynéat arcs collided with
each other and accreted onto the Archean Kareliato@ (Lahtinen et al.,
2005). The maximum age for the obduction of themim and Outokumpu
ophiolites, and thus the closure of the interveroogan, is 1.92 Ga, given by
the youngest detrital zircons in the Kaleva metesedts (Claesson et al.,
1993). Along the Archean-Proterozoic boundary, gligan facies
metamorphism at 1.89-1.875 Ga (Holtta, 1988; Vaasgmd Sakko, 1988)
coincides with the accretion of the Bergslagen atontinent and subsequent

shift of subduction zones to the southwest (Lalntiaeal., 2005; Korja et al.,

19



2006). Intrusion of the mildly shoshonitic grandsiat Puutsaari, northwest
Russia, indicates a midly enriched mantle benela¢h Archean-Proterozoic
boundary already at at ~1.87 Ga and that someniecextension may have
occurred (Konopelko and Eklund, 2003).

3.3. Continental Coallision

Continent-continent collision began at about 1.84 @ith the
convergence of Laurentia from the north, Amazoniamf the west and
Sarmatia from the southeast (Korja et al., 2006pdaction continued in an
Andean-type active margin to the southwest (Lahtigieal., 2005; Korja et al.,
2006). Transpressional shear zones developed esul of oblique collision,
and large-scale fold and thrust belts indicatetafustacking (e.g. Ehlers et al.,
1993). As a result, the Fennoscandian lithospher@bnormally thick, up to
240 km (Kukkonen and Peltonen, 1999). In southemlafd, a second
metamorphic peak (upper amphibolite to granuliteiefs) occurred at 1.84-
1.815 Ga, manifested in extensive migmatisation @ndtal anatexis forming
Late Svecofennian "S-type" granites (Vaasjoki amdks, 1988; Suominen,
1991; Ehlers et al., 1993; Vaisanen et al., 2002).

3.4. Post-collisional Extension (orogenic collapse)

Orogenic collapse is the isostatic stabilisatiothef crust after a period
of thickening and compression. Whether or not onageollapse occurred in
the Svecofennian Domain is still a matter of cowmtrgy. For example,
Cagnard et al. (2007) argue that regionally homeges metamorphic
conditions and lack of major jumps in P-T condiaacross shear zones are
evidence against thrusting or localised detachmekdsording to Chardon et

al. (2009), ultra-hot orogens such as the Svecddero not collapse, which is
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evidenced by the preservation of thick lithosphefFbe latest of the Late
Svecofennian granites in southwest Finland (Run&sniarku, 1814.3 £ 2.7
Ma) was emplaced at a minimum depth of 14-15 km1(+bar; Vaisanen et
al., 2000). Ductile deformation was still active at.79 Ga at pressures in
excess of 4 kbar in shear zones in southwest FInf&orvela et al., 2008).
Carbonatite emplacement at 1795.7 + 8.5 Ma at N#iasbuthwest Finland
indicates an extensional tectonic regime (PapeiFlythermore, the presence
of a calcite-prehnite-epidote-actinolite assemblagethe fenites implies
pressures of ~2 kbar (Liou, 1971; Paper ). The nida and Runosmaki
intrusions are also located within 15 km of eachent with no intervening
metamorphic jumps or tectonic boundaries. Shositod@mprophyres in
eastern Finland and northwest Russia intruded leetvie/90-1.781 Ga (Paper
[1). Small intrusions of post-collisional shoshbaigranitoids, indicative of a
transition from compressional to extensional teictargime, are found in an
east-west trending belt across the Svecofenniananoffe.g. Eklund et al.,
1998; Andersson et al., 2006). In southeast Finlaheé post-collisional
Ruokolahti granite (1795 Ma; Nykanen, 1988) was lawgd at 2.5 kbar and
650°C (Niiranen, 2000). Cagnard et al. (2007) psepihat lateral ductile flow
and erosion compensate for crustal thickening, thatl isostatic equilibrium
was likely reached before the end of regional casgion. According to
Harrison (1994), normal erosion rates in mountasnagions are 0.235-0.212
km/My, and significantly faster denudation ratequiee tectonic extension or
lithospheric delamination. Assuming the crust ie furku area was uplifted
from 14 km depth at 1814.3 Ma to 6.8 km at 17954, lin erosion rate of
0.387 km/My (> 65% faster than normal rates) wdaddrequired. In addition,
Niiranen (2000) estimated a similar uplift rate3(0 km/My) from 1810-1795
Ma in the eastern part of the Svecofennian DoniEnese indications of rapid
uplift and tectonic extension are taken as evidefi@gogenic collapse.
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4. DISCUSSION

4.1. Mantle M etasomatism

4.1.1. Types of metasomatism

Metasomatism, by definition, is the alteration diet chemical
composition of a solid by interaction with a flughase. This very broad
definition can encompass a variety of fluid composs and processes within
the crust and mantle. Fenitisation, for examplea isietasomatic process in
which Na- or K-rich fluids evolved from intrudinglkaline magma cause
characteristic alteration in the host rocks (Brag4621). At mantle pressures
and temperatures, the distinction between aquelid &nd hydrous melt
becomes blurred, such that in addition to watet€@¢-rich liquids, the fluids
responsible for mantle metasomatism can be silmatarbonatite melts.

It is not possible to define a set of general ottarsstics for silicate
melt metasomatism due to the wide compositionaiatian of such melts.
Experimental evidence and observations on ultrapigissure rocks show that
the elements enriched in arc lavas (LILE, LREE, Whcan be transported in
significant quantities from the slab to the mamilge by granitic melts (Rapp
et al., 1999; Hermann et al., 2006). Metasomatigna lsilica-rich melt may
result in the formation of orthopyroxene at the enge of olivine, increasing
bulk SiG, while maintaining compatible trace element chamastics (e.qg.
Beccaluva et al.,, 2004; Rehfeldt et al., 2008hds been proposed that the
MARID assemblage found in some mantle xenolithsnkt via high-pressure
crystallisation of a melt resembling lamproite (\&fat 1987). Metasomatism
by hydrous alkaline silicate melt has been consilen many areas as a
necessary precursor to the generation of lampraphyemproitic or
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kimberlitic magmas (e.g. Bergman, 1987, Mitche#9%; O'Brien et al., 1995;
Tappe et al., 2008; Paper llI).

Carbonatite metasomatism is characterised by eneoh in CaO,
particularly relative to Ti@ and ALOs (Yaxley et al.,, 1991; Rudnick et al.,
1993). Trace element characteristics of carbonatgeasomatism include very
low Ti/Eu, low Hf/Sm, high LREE/HREE, high Zr/Hf dna correlation of
Zr/Hf with Ca/Sc (Yaxley et al., 1991; Dupuy et,&992; Rudnick et al.,
1993). Enrichment in LILE and LREE without corresding HFSE
enrichment is also characteristic of carbonatitéas@matism (Yaxley et al.,
1991). Recent experimental work has shown that semell of these
characteristics may be produced by silicate metatiem of varying
compositions, however the combination of severaltlodse indicators is

nonetheless probably a result of carbonatite metaism (Foley et al., 2009).

4.1.2. Source of the metasomatising melts

It was proposed in Paper Ill that the source ofickmment in the
Fennoscandian subcontinental lithospheric mantle subducted carbon-rich
sediments. During subduction, metamorphism of aarich pelitic sediments
releases water driving arc magmatism, leaving aneemhmineral assemblage
of garnet, clinopyroxene, biotite (or phengite)dépars, kyanite, quartz and
calcite (e.g. Spear, 1995). Carbonates and K-niieas a stability range high
enough to bypass the volcanic arc region suchithatost subduction zones
CO,, H,0O and KO may be carried to depths greater than 120 kmn(&#ithet
al., 2004; Thomsen and Schmidt, 2008). Experimentd-e-rich carbonate-
saturated pelite compositions show that at uppentlmapressures and
temperatures (P > 2.5 GPa; T > 900°C), the breakdoWv phengite +
quartz/coesite controls silicate melting, producimgdrous alkaline silicate
melt with K;O/N&O wt-ratios of 5.8-8.6 (Thomsen and Schmidt, 20@&Rich
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a melt would be an ideal metasomatising agenthfersource of ultrapotassic
magmas (e.g. Bergman, 1987; Ulmer and Sweeney, )200arbonates
continue to be stable to still higher pressures tanaperatures, disappearing
only through the formation of calciocarbonatite el 3.7-5.0 GPa and T >
1100°C (Thomsen and Schmidt, 2008). The implicatibthese experiments is
that in an open system, subducted carbon-richipskidiment may melt in two
stages to first produce hydrous alkaline silicatdtrand subsequently produce
carbonatite melt (Paper Il).

In Paper IV, isotope data was used to show that siheducted
sediments were of mixed Archean and Proterozoigegmance, similar to the
Svecofennian metasediments examined by Lahtinex. 2002). Radiogenic
isotope characteristics are an important way ofirigh mantle metasomatic
processes. Mid-ocean ridge basalts have the loW®st®Sr and the highest
13Nd/A*Nd, defining a depleted mantle isotopic reservalative to the
chondritic bulk earth composition (DePaolo and Veéassrg, 1976; Richard et
al., 1976; O'Nions et al., 1977). Ocean island lmdaave slightly higher
87SrPSr and lower**Nd/A*“Nd, while continental basalts have the highest
8SrfPsr and the lowest*Nd/**“Nd. These characteristics define a normal
"mantle array" for mantle derived igneous rocks RBelo and Wasserburg,
1979). A mantle reservoir defined by low&6rf°Sr and lower**Nd/ **Nd
relative to the mantle array, recognised as derifrech recycled pelagic
sediment, is defined as EMI (enriched mantle 1; Wégal991; Dickin, 2005).
The EMIl (enriched mantle 2) component, which formstrend toward
extremely high®'SrP®Sr, is attributed to terrigeneous sediment recgclin
(Zindler and Hart, 1986; Dickin, 2005).

Recycling of carbon back to the mantle may alsarbeeable using
stable isotope ratios. The carbon isotope composif peridotitic diamonds
shows a distinct mode &tC = -5 + 1%. (Deines, 1980), and this is widely

accepted as representing the primitive mantle cailsotope composition.
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Overall, > 90% of carbonatites worldwide have -8%d2C < -2%. (Deines
and Gold, 1973; Deines, 1989). Abnormally heavyboarisotope ratios in
some primary carbonatites could result from reayéterganic carbon in the
mantle source (Ray et al., 1999; Manthilake et28)(Q8). In addition, Torppa
and Karhu (2007) suggested that th% depletion in Fennoscandian

carbonatites could be the result of recycled oxaarbon.

4.1.3. Model for Paleoproterozoic mantle metasomatismin Fennoscandia

The first processes related to Paleoproterozoictlmamrichment in
Fennoscandia began in connection to rifting of Alnehean continent (Figure
3a). At 2.2-2.06 Ga, a worldwide large positive bcar isotope excursion
known as the Lomagundi-Jatuli carbon isotope ewmuurred (e.g. Karhu,
1993; Karhu and Holland, 1996). During this timearme carbonates
deposited in Fennoscandia ha¥&C = 10 * 3%., while those deposited after
2.06 Ga have™C = 0 + 3% (Karhu, 1993). Although it has been msigd
that the Lomagundi-Jatuli carbon isotope event vassed by an increase in
organic carbon burial rates, remarkably few strapfic units of this age
containing significant organic matter have beens@need, and it has been
suggested that they may have been subducted (Ka®@3; Karhu and
Holland, 1996). Most black shales deposited betw@en2.06 Ga in
Fennoscandia hav@>C between -21 and -17%., although values as low as
-43%o have been reported (Karhu, 1993).

With the transition to a convergent tectonic settietween ~1.96-1.93
Ga, most of the material in the sediments was ddrifrom the juvenile
volcanics from the island arcs. Metasediments deggbbetween 1.93-1.88 Ga
in the Svecofennian Domain are comprised of mgstignile Paleoproterozoic
material with addition of 30-45% terrigeneous mialefrom the Archean

continent (Lahtinen et al., 2002). Some of thesBnsents were subsequently
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returned to the mantle along with the subductingp s{Figure 3b). It is

reasonable to assume that the sediments that weduded had the same
mixed age provenance as those that were preseimeBaper IV, it was

estimated that the subducted sediments had maxidi@nratios between -17
and -19%. in the northeast and about -12 to -14%ther areas. This implies
that in northeast, the carbon content was dominbiedrganic material of

similar isotopic composition to the black shalehjlevwith increasing distance
from the Archean continent the proportion of inarigamaterial increased
(Paper IV).

The arc volcanics in the Savo Belt (1.93-1.91 G&ws little to no
isotopic evidence of an Archean component, whichlieen taken as evidence
that the island arcs were situated at some distlmooethe Archean continent
(Huhma, 1986; Lahtinen and Huhma, 1997). Howevegtasediments
throughout the Svecofennian Domain show evidena fnificant amount of
Archean terrigeneous material (Lahtinen et al.,220@n equally plausible
solution, therefore, is that while slab dehydratioeneath the island arcs
triggered melting in the mantle wedge, the fluidsrevnot able to carry the
trace elements necessary to significantly alteristdopic composition (e.qg.
Hermann et al., 2006). Trace element transfer i(uéarly the REE) to the

Figure 3 Model for mantle metasomatism beneath the Fenndgma Shield. a) Rifting of
the Archean continent led to the opening of a ehaflea at ~2.2-2.06 Ga. In this
environment, increased biological production, careldiwith sediment influx from the
Archean continent, resulted in increased buri@saf organic carbon. b) Convergent
tectonics led to the formation of multiple islamdsbetween ~1.93-1.88 Ga. Subduction
brought the organic carbon-enriched sediments rédh{Archean and Proterozoic)
provenance back into the mantle. Dehydration reastiprimarily in the blueschist facies,
supplied the water to the mantle wedge, allowingiielting and driving the arc volcanism.
Mica, amphibole and carbonate-bearing sedimentévad this process and brought with
them KO, H,O and CQ into the mantle with the subducting slab. c) Afte migration of
the subduction front to the southwest, the coll slas heated by the surrounding warm
mantle. Pressure increase was more gradual, doiwenustal stacking and thickening
during arc accretion (~1.88-1.87 Ga) and contirmamtinent collision (~1.84-1.815 Ga).
Melting of the sediments produced a hydrous alkaditicate melt, which infiltrated the
mantle wedge and crystallised as veins. d) Afterperatures reached 1100°C (at ~1.8 Ga),
residual carbonates in the sediments began to Te#.carbonatite melt preferentially
infiltrated the pre-existing metasomatic vein netwo
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Figure 4 Phase diagram depicting a potential pressure-teanpertime path for the
subducted sediments. Arrows represent: a) deepustibd of sediments prior to ~1.85 Ga.
b) stagnation of subduction and gradual condudtesaging (~1.85-1.82 Ga); generation of
hydrous alkaline silicate melt at ~950°C. c) Hegibove 1100°C at ~1.8 Ga; geatem of
carbonatite melt. Black phase boundaries are fraonsen and Schmidt (2008); green
dashed line is the 4®-saturated solidus curve from Schmidt et al. (3004e other three
dashed lines are the modelled geotherms from Kukk@amd Lauri (2008) for 1.85 Ga
(blue), 1.82 Ga (purple) and 1.80 Ga (red). Ablatens are: phe = phengite; gt = garnet;
cpx = clinopyroxene; ky = kyanite; coe = coesiteqquartz; cc = calcite; cor = corundum.

mantle wedge did not occur until higher pressuned semperatures were
attained and the sediments themselves began to melt

The relative downward motion of the slab likelygstated after the
closure of the ocean and migration of the activedsation zone to the
southwest at ~1.87 Ga. However, pressures contitausidwly increase due to
thickening of the overlying crust during contineatatinent collision at ~1.84-
1.815 Ga. Melting of the high-pressure carbon-nuogtapelite assemblage of

garnet, clinopyroxene, biotite (or phengite), felals, kyanite, quartz, calcite
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and apatite was most likely triggered by the breakd of mica, which occurs
at a minimum temperature of 900°C at ~2.5 GPa (Eigl Thomsen and
Schmidt, 2008). Thermal modelling of southern Fmlasuggests that
subduction and crustal stacking would have depdetmmperatures such that
prior to 1.86 Ga, temperatures above 900°C woulg be attained at depths
greater than 120 km (Kukkonen and Lauri, 2009).sEhéepths correspond to
pressures in excess of 3.5 GPa (e.g. Spear, 18B8)melting would produce
a hydrous alkaline silicate melt, which could haveiched the mantle wedge
in Al, Fe, K, Ba, Rb and ¥, probably as metasomatic veins (Figure 3c).
Despite its high thermal stability, apatite is hygboluble in such a melt and
likely enriched it in P, F, Sr, LREE, Th and U (éWatson, 1980). The mildly
shoshonitic character of the granitoids at Puuksaarthwest Russia, indicate
that this process had already begun by ~1.87 Gadpelko and Eklund,
2003). By about 1.80 Ga, radiogenic heat productod conductive heat
transfer could have raised temperatures at thishdep~1100°C (Kukkonen
and Lauri, 2009). The residual carbonates in thHedgcted sediments would
melt under these conditions, producing calciocaatiten melt (Thomsen and
Schmidt, 2008). Such a melt would move preferdgtialong zones of
weakness, likely infiltrating the mantle wedge @onhe pre-existing
metasomatic veins (Figure 3d; cf. Tappe et al.,8200his would cause
enrichment of the mantle wedge in Ca, LREE, Y ar@, (Paper lll). As
apatite is also highly soluble is carbonatite nfelg. Baker and Wyllie, 1992),
any apatite formed during the first phase of metegsm was likely
dissolved, transported and recrystallised. Undeh stonditions, the Th-Si-
LREE enriched fluorapatite grains bearing posititee anomalies found as
xenocrysts in the carbonatites and lamprophyre&idoave formed (Paper II).
The end result of this metasomatic process wouldghmet Iherzolite
containing metasomatic veins of diopside, biotémphibole, apatite, zircon

and carbonates (Paper Ill). From Sr and Nd isotapdabke carbonatites and
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lamprophyres, it can be seen that a small and matijovariable amount (2.4-
3.0%) of silicate melt infiltration into depleted amtle, followed by

metasomatism by 4.0-4.6% carbonatite melt wouldlpece the required source
characteristics given a 45/55% (Archean/Protergzoigture in the subducted

sediments (Paper V).

4.2. Post-collisonal  Shoshonitic Magmatism  (carbonatites and

lamprophyres)

4.2.1. Genesis

A commonly accepted model is that primary carboestiform by
extremely low-volume partial melting of carbonatethntle peridotite (e.g.
Gittins, 1989; Harmer & Gittins, 1998; Gittins & Hmaer, 2003; Mitchell,
2005). Although the carbonatite solidus temperatarsimple experimental
systems (such as CaO-MgO.8k-Si0,-CO,) is noticeably pressure-dependent
(Gudfinnsson and Presnall, 2005), recent experisnesing synthesised natural
compositions show no discernable change in solitemperature with
changing pressure (Thomsen and Schmidt, 2008). Trhidies that the
generation of carbonatite by decompression meisngot feasible in nature
(see Figure 4). Therefore, an increase in temperaeems to be prerequisite
to carbonatite melt generation. Models involvinthdspheric delamination
(Kukkonen et al., 2008) or slab break-off (Vaisamtral., 2000; Eklund and
Shebanov, 2002), resulting in asthenospheric upwglhave been proposed
for the Svecofennian Domain, however such models aot without
controversy (Cagnard et al., 2007; Chardon et28109). Rb-Sr and Sm-Nd
isotopic characteristics suggest derivation fromraviously depleted mantle
source enriched by subducted sediments (Paperalthiough isotopes alone

can neither confirm nor rule out a fresh asthenegpltomponent. However,
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corresponding enrichment in compatible trace eléeméeg. Ni, Cr, V) and
HFSE (Ti, Nb, Ta, Zr, Hf) would be expected if mg#neration involved fresh
asthenospheric input. Paleoproterozoic carbonat#ted lamprophyres in
Fennoscandia have arc signature trace elementrimttevith relative to
extreme depletion in compatible elements and HF%Spér 1, Paper Ill). This
indicates that no significant mass transfer frone thsthenosphere was
involved. Sufficient heat may be generateditu by the radioactive decay of
U, Th and K, particularly in apatite or mica begrimetasomatised areas
(O'Reilly and Griffin, 2000). Alternatively, asthespheric upwelling may
provide the required thermal energy by conductieathransfer without any
accompanying mass transfer (e.g. Turner et al2)199

Generation of the lamprophyric magmas, and subsgigualso the
shoshonitic monzonites, requires more extensiveimgehnd more absolute
heat energy. Contrary to the carbonatites howehese melts may also be
produced via decompression melting. Furthermorkas been shown that the
presence of CPdestabilises hydrous minerals at high pressurésgiJand
Sweeney, 2002). As the stage of silicate metasematresulted in
crystallisation of mica and amphibole in the soumegion, subsequent
infiltration of carbonatite melt could have fluxedelting, producing the
lamprophyric magma (Paper lll). Xenocrystic mamiieons found in both the
carbonatites and lamprophyres give intrusion agesaning that prior to
generation and emplacement, ambient temperaturdsisource region were
in excess of 1000°C (Cherniak and Watson, 2001ePpPaper Ill). This
implies source depths of at least 110 km and up5® km (~3.2-4.4 GPa)
depending on the geotherm used (Kukkonen and Relioi©99; Kukkonen
and Lauri, 2008). Preliminary thermobarometric daten xenocrystic biotite
in the lamprophyres also imply source conditions~df GPa (135 km) and
~1200°C (Woodard et al., 2008).
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4.2.2. Emplacement

Emplacement of carbonatite occurred at Naantalithseest Finland at
1795.7 + 8.5 Ma (Paper Il) and at Halpanen, sostheémland at 1792.0 £ 0.9
Ma (Rukhlov and Bell, 2009). The lamprophyres irsteen Finland and
northwest Russia were emplaced at 1790-1781 Mae(RHp This suggests a
very short time interval between the carbonatitdasmmatism (see section
4.1.3) and the generation of these shoshonitic rmagifhe stability range of
the assemblage of calcite-prehnite-epidote-actmaln the fenites implies
emplacement pressures of ~2 kbar (Liou, 1971; PdperPreliminary
thermobarometric data from matrix biotite in thenfgophyres also implies an
emplacement depth less than 5 km (1-2 kbar; Wooeardl., 2008), and
suggests that significant uplift had already oaedirby ~1.79 Ga. This is
further support that over a wide geographical aeal.79 Ga, the onset of
orogenic collapse provided the necessary extensiemironment and
structural conduits that allowed primary carbomaand lamprophyric magmas
to survive transport through > 105 km of lithosgher

Crustal zircon xenocrysts with Proterozoic agesthie North Savo
lamprophyres provide direct evidence of Proterozaigst underlying the
western margin of the Archean Karelian Provincéhis region (Paper lll), as
has been proposed by Plomerova et al. (2006). &imilthe NW Ladoga
lamprophyres, which intrude Proterozoic rocks, hiabverited Archean crustal
zircons (Paper lll). The possibility must be coesetl that these zircons were
inherited from metasediments of mixed age provemamtowever, this is
considered highly unlikely because for each offtwe sampling area, the ages
of xenocrysts are either all Archean or all Pratero (Paper 1ll), whereas if
the zircons were inherited from metasediments, xaahiages similar to those
within the metasediments themselves would be egdecthis is therefore
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taken as evidence of buried Archean crust in thes,ahe first such evidence

of Archean south of the Meijeri Thrust in northwBstssia.

5. CONCLUSIONS

The main conclusions that may be drawn as a resthis study are:

1: The carbonate dykes at Naantali are in fact areatite, with distinct
crosscutting intrusive structures and magmaticutest An aureole of potassic
fenitisation surrounds the dykes. Their carbor@tititure is confirmed by their
trace element characteristics, having strong emmtt in both LILE and REE,
with an extremely high LREE/HREE ratio.

2. The combination of trace element geochemissgtope geochemistry and
geochronology confirms that the Paleoproterozoicrbaaatites and
lamprophyres in Fennoscandia can be correlatecanthe result of prolonged
mantle enrichment, followed by low-volume partiaamie melting and rapid

emplacement in the upper crust.

3: Mantle metasomatism occurred as a two-stageepsod-irst, melting of
subducted sediments produced a hydrous alkalimateilmelt that crystallised
veins of diopside, biotite, amphibole, apatite aivdon in the garnet lherzolite
stability field. This process enriched the mantkdge in Al, Fe, K, Ba, Rb, P,
Sr, Th, U, F, LREE and #. A second stage of metasomatism occurred with

the infiltration of carbonatite melt, causing ehnwent in Ca, LREE, Y and
CO..

4: Isotopic mixing models predict that the firsige of metasomatism involved

addition of ~2.4% hydrous alkaline silicate melttihe depleted mantle in the
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western Svecofennian Domain, increasing to ~2.7%eénnorth and ~3.0% in
the east while assuming the recycled material wasxéure of 45% Archean
and 55% Proterozoic material. The second stage ethsomatism involved
addition of ~4.0-4.6% carbonatite melt to the metastised mantle. These

percentages rise with decreasing proportions ofidaia material.

5. Emplacement of the carbonatite dykes at Naaataurred at 1795.7 £ 8.5
Ma. Lamprophyres were emplaced along the ArcheateRizoic boundary in
eastern Finland and northwest Russia in a ~10 My\val, the earliest in North
Savo at 1790.1 £ 3.3 Ma and the latest in the N\Wolga region at 1781 + 20
Ma.

6: Due to the high reactivity of these magmas, ecghent must have been
rapid and an extensional tectonic environment weguired. Preliminary
thermobarometric data indicate emplacement in fhy@eu crust; evidence for
significant uplift throughout the Svecofennian Damavithin a ~15 million
year period. These indications of extension andftugrle taken as evidence of
orogenic collapse in the Svecofennian Domain beggqshortly before 1.795
Ga.

7: Inherited zircons in the lamprophyres provideecd evidence of Proterozoic
crust beneath the margins of the Archean KareliaoviRce. Likewise,
inherited zircons in the NW Ladoga lamprophyresvyate the first evidence of
buried Archean crust south of the Meijeri Thrust.

8: Further study of these rocks could provide insigto the role of these
metasomatic events in the formation of Finnish diads. The diamond
potential of these rocks is still somewhat of a tergs however preliminary

data indicate the source may have been within thea@hd stability field.
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However, it must be noted that diamond indicatanerals such as Cr-pyrope,
Cr-diopside or picroilmenite have never been foumthese rocks. Additional

thermobarometry on these and other known lampreshwiill better constrain

both emplacement and source depths, which comhividd geochronology

may also assist with determining crustal uplifegtXenocrysts and xenoliths
from these rocks provide direct samples from theelocrust and upper mantle.
In short, these exotic rocks offer intriguing oppaities to expand our

knowledge about the evolution of the crust and teantFennoscandia.
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