Evidence of arc-related Svecofennian magmatic activity in the southwestern margin of the East European Craton in Poland.
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Abstract: The Precambrian basement of northeastern Poland forms the western part of the present-day East European Craton. The central part of this area, with moderately uniform potential fields of variably oriented magnetic and gravity anomalies, has been penetrated by a six boreholes, samples from which consist of calc-alkaline granodiorite orthogneiss (Okuniew 1), calc-alkaline monzonite (Rajsk 1 and 2), and calc-alkaline orthoamphibolite (Lomza 1, 2 and 3). Geochemical features of the most drilled rocks - particularly depletion in Th-U, Nb, P and Ti relative to primitive mantle and position on trace element discrimination diagrams (Y vs. Nb, Y+Nb vs. Rb, Hf-Rb-Ta and La-Y-Nb) – are consistent with a volcanic arc environment. The results of U-Pb age measurements show that arc-related magmatic activity took place between 1.82 and 1.80 Ga. These data may be compared to analytical results from the Transcandinavian Igneous Belt in the southwestern part of the East European Craton, where continental crust was formed in several arc systems mainly between 1.91 and 1.86 Ga. Overall, the data suggest a general decrease in the age of the intrusive rocks towards the south–southwest of the East European Craton.
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1. Introduction

Geochronological data provide evidence for a major 2.7 Ga peak in the production of continental crust (Condie, 1997), postulated to indicate creation of the first supercontinent or a small number of composite continents (Mints and Konilov, 2004). Other Palaeoproterozoic episodes of crust formation followed, highlighted by another peak in juvenile continental crust production rate at about 1.9 Ga representing the rapid accretion of an arc system accreted to pre-existing continent (Fig.1). The East European Craton (EEC), the oldest part of Europe, displays well documented subduction-collision episodes between 1.9 and 1.8 Ga which together constitute the Svecofennian orogeny. Later orogeny occurred mostly along the south-western margin of the EEC at ca. 1.81-1.78 Ga (Bogdanova et al., 2005). Until now, the Palaeoproterozoic geology of northeastern Poland (southwestern margin of the EEC) has remained a “grey area” because of a lack of geochemical and petrological data. In the geological description of the Precambrian evolution of NE Poland, the classical idea of distinguishing metamorphic/folded complexes and Archaean granitoid massifs has no relationship with the accretion-based structural model of the remaining part of the EEC. Thus the draft of the EEC map (prepared under the EUROBRIDGE programme) (Bogdanova, 1999; Bogdanova et al., 2001) shows question marks in northeastern Poland. The aim of this contribution is to document and correlate the Late Palaeoproterozoic arc-related magmatic activity and to document the presence of Svecofennian crust in the south-western margin of the EEC near the Trans-European Suture Zone (TESZ).

2. Regional geological background 

Precambrian bedrock in northeastern Poland beneath the Phanerozoic sediments belongs to the southern part of Fennoscandia. This last crustal segment forms the northwestern part of the present large EEC, which also includes the Volgo-Uralian and Sarmatian segments, existed as separate cratons by about 2.05 -2.0 Ga. Their amalgamation with Fennoscandia and Sarmatia as a whole may have occurred at about 1.7 Ga (Bogdanova et al., 2001; Claesson et al., 2001). Fennoscandia consists of two principal parts: a large Archaean domain in the north-east and Palaeo- and Mesoproterozoic, mostly juvenile, mantle-derived rocks, in the rest of the above megasegment. The continental and arc-related terranes were amalgamated between 2.0 and 1.7 Ga (Bogdanova et al., 2001; 2005). Previously, the EEC was defined as a uniform region of numerous minor blocks of Archaean crust set in a matrix of Archaean-Proterozoic folded belts. In Poland, the existence of pre-Karelian granitoid blocks such as the Mazowsze, Dobrzyn, Pomorze (Figs.1 and 2) and pre-Karelian metamorphic folded zones, has remained practically unmodified since the end of the 1970s (Ryka, 1984, 1998). Since that time, Archaean-Paleoproterozoic(?) granitoid blocks of enigmatic provenance and age, surrounded by metamorphic folded structures, have been described (Kubicki and Ryka 1982). The lack of reliable radiometric and geochemical data has prevented confirmation of the detailed age and provenance of these rocks. The first work that seriously changed the prevalent view of Archaean crust in northeastern Poland was a Nd-isotope study by Claesson and Ryka (1999). They obtained Proterozoic depleted mantle Nd model ages of 2.2 -2.0 Ga for this crust. Indeed, tDMNd model ages for the main structural units of NE Poland, are similar to those obtained for the Svecofennian structures in Scandinavia and Lithuania (Mansfeld, 2001). The continuous cross-section through the Svecofennides compiled by BABEL seismic refraction profiles (Korja and Heikkinen, 2005) suggests an accrectionary orogen with the lateral growth of the orogen towards the southwest. The continental crust in the Svecofennian domain was formed in several arc systems, probably starting before 2.0 Ga (Claesson et al., 2001; Lahtinen et al., 2002). These arcs started to accrete prior to 1.9 Ga (Lahtinen, 1994) and continued to accrete to the Palaeoproterozoic continental nuclei, while the subduction zone retreated to the south. In general, ages of volcanic and intrusive rocks vary between 2.1 and 1.8 Ga, becoming younger westwards (Bogdanova et al. 2001; Mints and Konilov, 2004). In this part of the EEC, several SW-NE trending Svecofennian crustal domains such as the Baltic-Belarus Granulite Belt (BBG), the East Lithuanian Belt (EL), and the West Lithuanian Granulite Belt (WLG), continue to the southwest into Polish territory near the TESZ (Fig.1). 

3. Geology and Petrography of the study area.

The Precambrian crystalline basement of the Polish part of the EEC is covered by a sequence of unmetamorphosed Phanerozoic sediments ranging from c. 0.5 km thick in the northeast to 6.5 km thick in the southwest. Therefore, recognition of the deep crystalline basement structures is only possible through interpretation of available geophysical data and from direct petrographic studies of rocks from the available deep boreholes distributed unevenly throughout the area and drilled to investigate geophysical anomalies. Four geological structures are visible on the gravimetric anomaly map (Fig. 2): (I) The Palaeoproterozoic Podlasie-Belarus Granulite Belt (PBGB), which consists of predominantly metaigneous rock lenses, with magmatic U-Pb zircon ages between 1.85 and 1.79 Ga (data from Belarus part: Bogdanova et al., 1994; Bibikova et al., 1996; Taran and Bogdanova, 2001). The peak of granulite-facies metamorphism appears to have occurred close to the end of that period of about 1.79 Ga (Taran and Bogdanova, 1997); (II) The Mesoproterozoic (1.55-1.52 Ga) Mazury Complex (MC), represented by post-collisional A-type rapakivi granitoids, and related to the Suwalki anorthosites (Baginski et al., 2001, Wiszniewska et al., 2002; Skridlaite et al., 2003;); (III) The Palaeozoic (318-285 Ma) Elk syenite intrusion, that reflects cratonic magmatism in the centre of the Polish section of the EEC (Ryka, 1994; Blusztajn,1994). Area (IV) is a part of the hypothetical Mazowsze massif (Fig.1) and part of Kampinos folded complex (not shown on the sketch map) on the border of TESZ (Kubicki and Ryka 1982; Ryka, 1984; 1998), which was penetrated by only a few boreholes (Fig. 2). Recognition of Late Svecofennian magmatic activity in Lomza boreholes (Wiszniewska et al., 2005) casts doubts on the existence of an Archaean massif there. 

3.1. Lomza
The rocks recovered from three Lomza boreholes (Fig.2) at depths of 944–1300 m are mostly moderately deformed orthoamphibolites (56–75 vol. %), amphibolitic gneisses (3–18 vol. %) and schists (17–22 vol.%). The orthoamphibolites range from fine- to medium-grained, with very well preserved magmatic textures. They are strongly porphyritic, displaying large euhedral grains of amphibole with inclusions of calcic plagioclase and ilmenite and minor grains of plagioclase, biotite, accessory epidote and abundance of apatite. Patchy pleochroism reflects variation of chemical composition from pargasite and edenite (Mg# = 51–53), sometimes magnesiohornblende (Mg# = 63), in the grain cores, to ferroedenite (Mg# = 42–48) on the rims. The plagioclase grains are zoned, An53-87, and plagioclase inclusions in amphibole are even more calcic, An77-82. These magmatic features and the uniformity and simplicity of the zircon population indicate that the orthoamphibolites, although affected by amphibolite facies metamorphism, have an igneous origin (Krzeminska et al., 2005).

3.2. Rajsk

Petrologic data on the Precambrian basement are also available from two Rajsk boreholes located over 100 km to the southeast of Lomza (Fig. 2). From a total depth of over 880m, less than 20m of granite were recovered in both drill cores. The cores consist of equigranular to coarsely porphyritic granodiorites which contain plagioclase (42 vol. %) with An25-34, quartz (27 vol. %), K-feldspar (8 vol. %) and biotite (20 vol. %) with accessory apatite, zircon, epidote, Fe-Ti oxides, titanite and chlorite.

3.3. Okuniew

Okuniew borehole, located to the southwest (Fig. 2), yielded 58 m of gneissic basement rocks drilled from depths between 4240 m and 4298 m. These rocks are classified as highly strained metaluminous granodioritic orthogneiss (Valverde-Vaquero et al., 2000). The gneisses have leucocratic and melanocratic types, but these have identical mineralogical features, plagioclase (An10-15), K-feldspar, quartz and different modal proportions of amphibole and biotite. Apatite, zircon and Ti-Fe oxides are accessory phases. The similar composition and modal proportions of quartz, plagioclase, K-feldspar between leucocratic and melanocratic parts suggests the absence of anatectic processes. The igneous type of zircon grains is observed (Fig. 3). Mineral grain boundary textures are analogous to those observed in upper amphibolite facies rocks. Secondary alteration, such as chloritization of amphibole and biotite, and albitization of plagioclase, can be quite extensive. 

4. Analytical techniques

 The six samples of Lomza orthoamphibolite, Okuniew orthogneiss and Rajsk granite were selected from drill cores for major and trace element analyses. Whole rock analyses were performed at the ACME Analytical Laboratories, Vancouver, Canada. Major elements were analysed using standard X-ray fluorescence (XRF) fusion techniques. Trace elements were analysed by inductively coupled plasma mass spectrometry (ICP-MS) by LiBO2 fusion or aqua regia digestion. The zircon grains from Okuniew thin sections were analysed by CL and electron microprobe on the LEO instrument at the Polish Geological Institute. The Rajsk zircon samples were processed and analysed at the Isotope Laboratory of the University of Giessen, Germany. The isotopic analyses were carried out with a Finnigan MAT 261 solid-source mass spectrometer operated in multi-collector static mode, using simultaneously an ion-counting system for the 204Pb measurements. In all cases, the beam intensities of 207Pb and 206Pb allowed static mode measurement with 2( errors around 0.1%, or better. The measured lead isotopic ratios were corrected for mass fractionation, blank and initial lead. Ages and uncertainties for the analyzed spike with 205Pb-233U were calculated using PBDAT and Isoplot (Ludwig1999). The Lomza zircons U-Th-Pb were analyzed by the SHRIMP II ion microprobe at the Australian National University in Canberra, using zircon standards FC1 (radiogenic 206Pb/238U = 0.1859) and SL13 (U = 238 ppm) and techniques based on those of Williams and Claesson (1987).

 5. Geochemistry
5.1. Lomza
Based on detailed descriptions of the geochemistry of Lomza orthoamphibolites (Krzemińska et al., 2005), it is possible to select the main features and to show two representative analyses (Table 1). The Lomza amphibolite samples are characterized by low SiO2 and TiO2 contents (42.70-47.90 wt.% and 1–2 wt.% respectively), and high Al2O3 (16.85–19.86 wt.%). The MgO and CaO amounts are relatively constant (MgO = 5.97 -6.97 wt.%, CaO = 10.42-12.00 wt.%). The K2O content ranges between 0.92 and 1.5 wt.%. All plots of K2O vs SiO2 may indicate chemical affinity transitional between the medium-K calc-alkaline and high-K calc-alkaline series (not shown). All analysed samples have anomalously high amounts of P2O5 (0.74–1.33 wt.%). Rare earth element contents are moderately high (31–44 ppm La, ca.5 ppm Yb). All samples are enriched in light and middle rare elements (LREE, MREE) with LREE contents of 110-120 times chondritic abundance (Fig. 4), and (La/Yb)N ratios of ca. 5.8-6.0. They have a narrow range of large ion lithophile element (LILE) contents, (30–40 ppm Rb and 256–660 ppm Ba). The high field strength element (HFSE) Nb contents (5–11 ppm) are particularly low, as are the Zr contents (60–85 ppm). Sr and Y range from 690 to 1140 ppm, and from 25 to 63 ppm, respectively. Normalised to primitive mantle (PM) incompatible element patterns (Fig. 5a) from Lomza orthoamphibolite exhibit enrichment in LREE and MREE over marked depletion in HFSE (Nb, Zr, and Ti). Such distinctive geochemical signature is typical for subduction-related magmas (Pearce and Peate, 1995). In addition, the PM-normalized Lomza pattern partially reflects those of continental arcs represented for example, by Andean volcanic rocks (Parada et al., 2001) in terms of the Nb anomaly (Fig. 5b). In this context, it is pertinent to mention that from a worldwide compilation of geochemical data from arcs, rifts, extension-related areas, and continental break-up regions, Verma (2006) has recently shown that although basic and ultrabasic rocks from all these tectonic settings may have negative Nb anomaly (with respect to Ba and La), both the size of the negative Nb anomaly and the actual Nb contents are distinctive features of these tectonic environments. The Lomza mafic rocks possess these two characteristics that are broadly similar to numerous arcs (see Verma, 2006 for more details). In a similar manner, on F1 vs. F2 discriminant function diagrams (Agrawal et al., 2004), the mafic rocks plot mainly in the arc (IAB) field (only one such diagram is shown in Fig. 8b). On the La-Y-Nb diagram (Fig. 8c) the orthoamphibolite compositions fall within field 1A (calc-alkaline island arc basalts). In fact, in a still newer set of log-ratio transformed discriminant function diagrams recently presented by Verma et al. (2006), the Lomza mafic rocks also plot mainly in the IAB field (plots not shown).
5.2. Rajsk 
Unpublished (drilling data) major-element analyses, as well as new data (Table 1) show that these rocks, previously named granodiorites, are in fact monzonites (nomenclature of Middlemost, 1994) with 62.5-63.5 wt.%, SiO2, 3.2-3.8 wt.% K2O, 0.3–0.6 wt.% TiO2 and 5.2-3.3 wt.% Fe2O3. In terms of weight percentages, K2O is nearly equal to Na2O, and the sum of alkali oxides varies between 7 and 8. Based on major element discrimination diagrams (after Le Maitre et al., 1989; Frost et al., 2001), Rajsk samples are high-K granitic rocks with calc-alkaline and magnesian affinity. The A/CNK ratios (1.02-1.19) are peraluminous, but only slightly so (cf. Maniar and Piccoli, 1989). The REE patterns are steep for the LREE (Fig.4), with La and Ce enrichment factors up to 80 times chondritic abundance and with (La/Yb)N = 19-20. The Eu anomaly is positive and reflects the plagioclase-rich composition of Rajsk rocks. Relative to PM, they are also characterized by selective enrichment in Rb, Ba and K, and very low abundances of Zr, Ti and Yb (Fig.5a). The Rajsk monzonites fall in the ‘I type’ granite field (not shown) of Chapell and White (1992) and Whalen et al. (1987).

5.3. Okuniew

Geochemical analysis of previously dated (Valverde-Vaquero et al., 2000) Okuniew orthogneisses, performed as part of the present study, are listed in Table 1 and compared with an earlier major element study (Ryka, 1975). The SiO2 contents of the Okuniew orthogneisses vary from 59.6 to 67.8 wt.%, and the sum of alkali oxides varies from 4.9 to 6.5 wt. %; thus the rocks are diorite/tonalite in the TAS diagram (Middlemost, 1994). The relation between alkali metals shows that Na2O prevails over K2O with K2O/Na2O of c.0.4-0.6. These rocks are peraluminous as indicated by molecular A/CKN ratios of 1.2 to 1.4 and magnesium number (according to the classification of Frost et al., 2001) varying from 0.57 to 0.70. Thus, they are all medium-K rocks with calc-alkaline affinities and magnesian characteristics. In relation to Rajsk monzonites, the Okuniew samples display a slightly higher level of LREE enrichment (Fig. 4), more than 100 times chondrite, with (La/Yb)N =30-34. There is no Eu anomaly. Trace elements show depletion in Th-U, Nb, P and Ti on PM normalized diagram (Fig.5a) as well as plotting in the volcanic arc field in Y vs. Nb and Y+Nb vs. Rb discrimination diagrams (Fig. 7a, b). These geochemical features are very similar to the main incompatible element pattern diagram of Eksjö tonalites (Fig. 5c) which have been described as subduction-related magmas connected with a continental arc or a mature island arc system (Ahall et al., 2002).

6. Geochronology

6.1. Lomza

The zircons from Lomza orthoamphibolite (sample from depth 1275 m) consist of simple melt-precipitated grains with no visible inherited cores or metamorphic overgrowths. Their weighted mean 207Pb/206Pb age of 1802 ± 9 Ma was interpreted as the emplacement age of the igneous protolith. Therefore, the Lomza orthoamphibolites preserve a record of Late Palaeoproterozoic (1.80 Ga) subduction-related mafic igneous activity (Krzeminska et al., 2005).

6.2. Rajsk

Zircon grains chosen for ion microprobe work from sample Rajsk 909 were mainly prismatic and showed typical magmatic zoning. Seven single zircons which were analyzed with an isotopic-dilution-TIMS scatter around a line (MSWD = 4.4) which intersect the concordia curve at around 1824 Ma and at around 145 Ma (see fig. 6). Zircons number 6 and 7, containing the highest U-concentration (see table 2), display a later lead loss. Zircons with U contents below 221 ppm plot close to the concordia curve. The single zircons 1, 2 and 3 define a concordia age (calculated after Ludwig, 2001) of 1826 (6 Ma, which is interpreted as the age of the granitoid.
6.3. Okuniew

The zircon grains from Okuniew granodioritic gneisses were analysed and described by Valverde-Vaquero et al. (2000). The zircon grains were selected from a drillcore sample at a depth of 4295 m. They show euhedral prisms with length ca. 180 – 250 μm. New back-scattered electron and cathodoluminecence images confirm the absence of an inherited zircon component (Fig. 3). One concordant and four discordant analyses define a discordia with an upper intercept age of 1800±6 Ma and lower intercept age of ca. 205 Ma. The upper intercept at 1800±6 Ma, coincident with concordant analysis, reflects the age of zircon crystallization and was interpreted as the age of the magmatic protolith.

7. Discussion

The data presented here and in companion studies (Wiszniewska et al., 2005), for the Lomza mafic igneous suite constitute the first reports of the existence of Late Proterozoic arc-related magmatic activity in central northeastern Poland. The PM-normalized diagram of representative composition of orthoamphibolites have generally a very similar pattern shape compared to rocks from the Andean Central Volcanic Zone (Krzeminska et al., 2005) or samples from the back-arc domain from Aysén region of Chilean Patagonia (Parada et al., 2001). Minor differences are that the Lomza amphibolites represent enrichment in LREE and MREE. A common feature is that the volcanic rocks associated with subduction zones are usually enriched in the process of subduction and the degree of enrichment differs widely on a regional scale. The enrichment in HREE reflects the predominance of amphibole in the Lomza rocks relatively to the Okuniew and Rajsk granitic rocks (which are only approximately coeval in the time span 1.82 - 1.80 Ga).

 The regional geophysical map, when combined with our petrological and geochronological study of material recovered from drill cores, indicates a magmatic event(s) at about 1.82 - 1.80 Ga. Later (Mesoproterozoic) magmatic activity was identified at 1.55 to 1.52 Ga in the northeastern-most part of the crystalline basement of Poland (Wiszniewska et al., 2002; Skridalite et al., 2003; Dörr et al., 2002). The Mazury Complex, a ferro-potassic, alkali-calcic type granodiorite with A-type granitoid affinities, comparable with the AMCG suite, was formed over a time-span of almost 50 Myr. It is the most prominent part of post-collisional, anorogenic magmatism in the southwestern EEC (Figs.1 and 2). Chemical data suggest a within-plate, post-collisional tectonic setting (Fig.7c). In contrast, the Rajsk and Okuniew granitoid rocks have trace element characteristics which are typical of volcanic arc granites. A similar tectonic setting was recognized for most of the granitic rocks from the Transcandinavian Igneous Belt (TIB) in the southwestern part of the EEC (Figs.1 and 7), where continental crust was formed in several arc systems, but some 0.6-0.2 Gyr earlier, mainly between 1.91 and 1.86 Ga (Gaal and Gorbatchev 1987, Anderson et al., 2004). In the southeastern part of the TIB, granitoid intrusions form the WNW-ESE trending Oskarshamn-Jonkoping Belt (OJB). The OJB is composed of calc-alkaline rocks and it was identified by Mansfeld (1996) as an 1.84 -1.82 Ga volcanic-arc related terrane accreted to the Svecofennian margin by about 1.81 Ga. Geochemical data from the Bäckaby tonalitic intrusion (dated at 1.84 Ga, Mansfeld, 1996) and from the Eksjö tonalitic body (dated at 1.82 Ga, Ahall et al., 2002) were used for comparison based on the same geochemical criteria (Figs. 5c; 7a and 7b). Data for the OJB granitoids plot within volcanic arc fields in trace element discrimination diagrams and near to the data for samples from Rajsk and Okuniew. However, in Late Palaeoproterozoic time (ca.1.82- 1.80 Ga) in the same southern part of the Svecofennian domain, the crust of an accretionary arc complex was punctured by several P-, F-, Ba-, Sr-, and LREE-enriched bimodal intrusions. These extend from the Aland Islands to Russian Karelia. Though geochemical and isotopic results indicate, in general, a post-collisional setting (Fig.7a; b), these coeval intrusive complexes appear to represent increasingly continental arc-type magmatic expressions, related to the overall tectonic regime associated with the TIB (Anderson et al., 2006). A key feature of the Rajsk and Okuniew drill core samples is their calc-alkaline signature, typical of subduction-related magmatism in a continental arc setting. In general, the data can be interpreted as reflecting a decrease in the ages of the intrusive rocks towards the south–southwest. The major and trace element compositions of Lomza orthoamphibolites exhibit important similarity to mafic igneous rocks from the Småland-Värmland Belt (SVB), southern TIB (Figs.5b; 8b and 8c). All mafic SVB rocks studied so far show similar continental arc-type geochemical signatures (Mansfeld, 1996; Anderson et al., 2006). Petrographically, these rocks are mostly amphibolitic, however with preserved clino- and orthopyroxene, which are absent in Lomza amphibolites. Nd, P and Sm elements have higher concentrations than SVB rocks. Such enrichment in middle REE is generally controlled by hornblende. Higher concentrations of P may be connected with the abundance of apatite in Lomza rocks. Recent EUROBRIDGE data (Bogdanova et al., 2001) show that the TIB could extend eastwards along the basement beneath the Baltic Sea and Gotland Island (Sunblad et al., 1998) into Lithuania (WL domain).

8. Conclusions

Our data allow a new interpretation of the Precambrian evolution of northeast Poland and predict an extension of Svecofennian island arcs into Poland as far as the Trans-European Suture Zone. They show that:

(i) The Precambrian basement of the central part of NE Poland (previously the so-called Mazowsze Massif) consists of calc-alkaline orthogneisses of granodioritic composition (Okuniew), calc-alkaline monzonites (Rajsk) and calc-alkaline orthoamphibolites (Lomza). Their geochemical features, particularly depletion in Th-U, Nb, P and Ti relative to primitive mantle, and the fact that the data plot in the volcanic arc field on Y vs. Nb, Y+Nb vs. Rb, Hf-Rb-Ta and La-Y-Nb discrimination diagrams, are suggestive of a volcanic arc palaeoenvironment. 

(ii) The simplicity of zircon populations and the results of our age determinations suggest arc-related magmatic activity at 1.82 -1.80 Ga, and the presence of Late Svecofennian crust on the south-western margin of EEC near the Trans-European Suture Zone (TESZ).

(iii) Compilation of previous age determinations and new geochronological data obtained during the present study provide evidence for the existence of a Late Palaeoproterozoic arc system (1.82 -1.80 Ga) in part of the Mazowsze massif. 
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Figure Captions

Fig.1. Sketch map of the East European Craton (after Bogdanova, 1999) showing the principal structural units within the Polish section of the EEC (after Ryka, 1998) and the location of the key drill holes: Lomza, Rajsk, and Okuniew. R – Rapakivi-like granites and related rocks, TIB – Transscandinavian Igneous Belt, OJB-Oskarshamn-Jonkoping Belt, BBG – Baltic-Belarus Granulite Belt (BBG + Pod = PBGB), EL – East Lithuanian Belt, WLG – West Lithuanian Granulite Belt, MLSZ – Middle Lithuanian Suture Zone, NE – North Estonian Belt, CB – Central Belarus Belt, VG – Vitebsk Granulite Domain, OMI – Osnitsk-Mikashevichi Igneous Belt. In addition, in the Poland area: Massifs: Maz –Mazowsze, Dob – Dobrzyn; Pom – Pomorze; and Metamorphic complexes: Pod – Podlasie; Cie – Ciechanow; Ks – Kaszuby, MC – Mazury Complex with rapakivi-like granitoids and anorthosite massifs, TESZ – Transeuropean Suture Zone. Note that location of Bäckaby, Eksjö from OJB, Småland- Varmland Belt and Aland area is shown (see: chapter Discussion). Box shows location of Fig.2.

Fig.2 Gravity map of Baltic region in grey scale (after Wybraniec, 1999) showing the major tectonic features with higher fields and contrast: I.- the Palaeoproterozoic Podlasie-Belarus Granulite Belt (PBGB), II.- the Mesoproterozoic Suwalki Anorthosite Massif and related Mazury granitoides, III.- the Palaeozoic Elk syenite massif and location of studied boreholes Lomza, Rajsk, Okuniew, within the area of Mazowsze massif (IV). Note that the borders of principal structural units of Precambrian basement of NE Poland after Ryka (1998) are also marked. Detailed names see Fig.1.

Fig.3 a) Back-scattered electron image (BEI) of Okuniew dioritic orthogneiss showing typical texture and mineral assemblage, involving zircon grains; magnitude 335 X b) BEI of euhedral zircon grain enclosed within K-feldspar; magnitude 2.1 K X c) Cathodoluminescence image of the same zircon grain showing magmatic type of zonation.
Fig.4. Chondrite-normalized rare-earth element patterns for the orthoamphibolite, orthogneisses of dioritic and monzonitic composition from the Precambrian basement of central part of NE Poland. Locations are given in Figs.1 and 2. Normalizing values are from Sun and McDonough (1989).

Fig.5 a) Primitive mantle–normalized incompatible elements diagram for the orthoamphibolite, orthogneisses of dioritic and monzonitic composition from the Precambrian basement of central part of NE Poland; b) PM-normalized incompatible elements diagram for Lomza orthoamphibolite compared to the samples from the back-arc domain from Aysén region of Andean Patagonia (Parada et al., 2001). Selected data from the Tjällmo-Vättern zone (TVZ) situated within Smålamd-Värmland Belt with continental-arc geochemical signatures (Anderson et al. 2006) are also shown for comparison; c) PM-normalized incompatible elements diagram for Rajsk and Okuniew granitic rocks compared to subduction-related Eksjo tonalites (Åhäll et al. 2002) located in the Oskarshamn-Jönköping belt. PM values are after Sun and McDonough (1989).

Fig.6. Concordia diagram for zircon grains from Rajsk monzonite. Error ellipse of each analysis is 1-sigma confidence, whereas intercept ages and weighted average ages are 2 sigma uncertainties.

Fig.7. Trace element indicators of tectonic setting. Key to the symbols in (a) applies to all three diagrams. a) Y vs. Nb discrimination diagram for granitic rocks from Pearce et al. (1984); b). Rb vs Y+Nb discrimination diagram for rocks of granitic composition from Pearce et al. (1984); c) Hf-Rb-Ta discrimination diagram for rocks of granitic composition from Harris et al. (1986). Fields are: ORG- ocean ridge granites, VAG- volcanic arc granites, WPG- within-plate granites, syn-COLG- syn-collisional granites. Data for comparison come from Eksjo tonalites (Åhäll et al. 2002), Bäkaby intrusion (Mansfeld, 1996) Aland area (Anderson et al. 2006) and the Mazury Complex (Baginski et al, 2001).

Fig.8. Geochemical discrimination of the environment of mafic rocks from Lomza, a) Ti- V diagram after Shervais (1982) with field of arc tholeiite (diagram also includes unpublished drilling data); b) major-element composition diagram DF1 vs DF1 after Agrawal et al., 2004 showing that the Lomza and SVB-Småland- Värmland Belt mafic rocks (data from Anderson et al. 2006) plot mainly within the island arc field (IAB). The others are: continental rift (CRB), ocean island (OIB). To prepare this diagram the major-element data were processed by SINCLAS computer program (Verma et al., 2002); c) La-Y-Nb diagram for Lomza and for SVB samples. Designated fields are from Cabanis, Lecolle (1988). Fields contain: 1-volcanic-arc basalts, 2- continental basalts, 3- oceanic basalts. Subdivisions of the fields are: 1A- calc-alkaline basalts, 1C- arc tholeiites, 1B- overlap between 1A-1C, 2A- continental basalts, 2B- back-arc basin basalts, 3A alkali basalts from intercontinental rift, 3B, 3C-E-type MORB, 3D-N-type MORB. Key to the symbols applies to all three diagrams.

Tables

Table1. Representative major and selected trace elements concentrations for the orthoamphibolites, orthogneisses and monzonites from the Precambrian basement of central NE Poland.

Table 2. Isotopic U-Pb analyses of zircon grains from Rajsk monzonite.
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