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Abstract

:

Despite significant progress in Arctic geological studies, a number of principal questions concerning the Paleozoic collisional events remain unanswered. Therefore, the Taimyr Peninsula, representing the only outcropped high Arctic region where magmatic complexes, formed by Hercynian collision between the Siberian Craton and the Kara Block, are well exposed, is crucially important. In this paper we report new geochemical and geochronological data for intrusions in the poorly studied northeastern part of the Taimyr Peninsula. The obtained results in combination with published data show that supra-subduction magmatism at the southern active margin of the Kara Block continued from ca. 345 to 285 Ma (Early Carboniferous to Early Permian), and was followed by a post-collisional magmatic pulse that affected the whole Taimyr across terrane boundaries at ca. 280 Ma in the Early Permian. After cessation of the post-collisional magmatism at ca. 265 Ma, the Taimyr experienced extension, and voluminous magmatic series associated with a Siberian mantle plume were formed between 251 and 228 Ma during the Triassic. The studied post-collisional and plume-related intrusions of the Northeastern Taimyr are generally classified as evolved high-K I-type granites with adakitic affinity. The latter is a regional feature because the majority of the analyzed plume-related granitoids are geochemically similar to high potassium continental adakites. It is suggested that the adakitic geochemical characteristics of the plume-related granitoids resulted from melting of hydrated mafic lower crustal protoliths and were controlled by the source lithology. Comparison of the new results with data available for adjacent areas allows for correlation of terranes on a regional scale and sheds light on the evolution of the Arctic continental margins in general. In the Early–Middle Paleozoic, the Kara Block was part of a continental terrane that formed at the northern edge of Baltica as a result of Neoproterozoic Timanian orogeny. In the Early Carboniferous, the southern margin of Kara turned into an active margin, while its inferred continuation in the eastern Uralian margin of Baltica remained a passive margin until the Early Permian. This discrepancy can be explained by dextral displacement of Kara relative to Baltica that took place in the Early Carboniferous and was later accommodated by the formation of the Taimyr collisional belt in the course of the Early Permian collision between Kara and Siberia. After collision, the Taimyr was incorporated into the northern Eurasian margin as an uplifted block that experienced surface erosion and supplied clastic material in surrounding basins.
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1. Introduction


The Arctic Ocean includes a vast area of Cenozoic oceanic lithosphere and several deep-sea troughs filled with Jurassic–Cenozoic sediments [1,2,3,4]. The ocean is surrounded by extensive shelf zones, where pre-Mesozoic continental basement is hidden under thick Meso-Cenozoic sedimentary cover and remains insufficiently studied. The basement of the Arctic margins consists of continental terranes of various size and origin including Archean and Paleoproterozoic cratons, Neoproterozoic microcontinents derived from Rodinia, and Paleozoic orogenic belts [5,6,7] (Figure 1). Phanerozoic magmatic rocks, which provide one of the most important proxies to decipher the tectonic evolution, make up significant portions of the Arctic crust, and formed in the course of the Caledonian [8,9,10,11,12,13], Ellesmerian [14], and Hercynian [15,16,17,18,19] orogenic cycles during the Paleozoic, and as a result of the formation of Siberian Traps [20,21,22,23,24,25] and High Arctic (HALIP) [26,27,28,29,30] Large Igneous Provinces during the Mesozoic (Table 1).



Despite significant progress in the investigations into tectonic evolution of the Arctic during recent decades [1,33,34], a number of principal questions concerning the Paleozoic collisional events remain unanswered. Therefore, the Taimyr Peninsula, representing the only outcropped area where the structures, formed by Hercynian collision between the Siberian Craton and the Kara Block, are well exposed and accessible for study, is crucially important (Figure 1, Figure 2 and Figure 3). Paleozoic granitoid magmatism of the Taimyr Peninsula has been addressed in a number of studies [9,15,16,18,20,21,22,35,36,37,38,39,40,41,42], and several recent works emphasized the importance of the Early Mesozoic intrusive series [9,15,16,20,22,35,39].



Herein, we present new geochemical data and results of sensitive high-resolution ion microprobe (SHRIMP) U–Pb zircon dating obtained for three Late Paleozoic–Early Mesozoic intrusions located in the poorly studied northeastern part of the Taimyr Peninsula (Figure 3). The new data constrain the age and characterize the geochemistry of supra-subduction, post-collisional and plume-related granitoid series associated with the evolution of the Taimyr–Severnaya Zemlya fold-and-thrust belt during the Late Paleozoic–Early Mesozoic times. Particular emphasis is made on the geochemical affinity of Taimyr granitoids to high potassium adakites typical of the areas with thickened continental crust, such as Tibet [47,48,49,50,51,52]. Comparison of the new results with data available for adjacent areas of the Taimyr Peninsula allows for correlation of terranes on a regional scale and sheds light on the Paleozoic and Mesozoic evolution of the Arctic continental margins in general.




2. Geological Setting of the Arctic Continental Margins


Major Precambrian continental blocks comprising the Arctic continental margins in the Eastern Hemisphere include, from west to east, the Svaldbard block, the Kara block, which is partially exposed in the Taimyr Peninsula and Severnaya Zemlya Archipelago, as well as the Novosibirsk and Chukotka-Alaska blocks located to the east [1,5,53] (Figure 1). These terranes were separated in the Neoproterozoic from the Rodinia supercontinent [54] as either a single continent, Arctida [55,56], or as individual microcontinents [57,58].



It is generally accepted that accretion of the Svalbard block to Baltica took place in the latest Neoproterozoic–Early Cambrian and formed the orogenic belt of Timanides comprising part of the basement of the northeastern Europe and the Barents Sea shelf, in particular. Collisional events of similar or slightly older (Baikalian) age also occurred at Siberian margins where they formed the Central Taimyr Domain and other Neoproterozoic belts along the western margin of Siberia (e.g., [56,58]) (Figure 2). Based on detrital zircon studies, it has been established that during the latest Neoproterozoic (630–550 Ma) an active continental margin also developed in the Kara Block. However, recent tectonic reconstructions suggest that in the Neoproterozoic, the Kara Block was separated from the Siberian Craton and represented either a part of Arctida or an isolated microcontinent [59,60].



The closure of the Japetus Ocean in the late Ordovician–Early Silurian was manifested as a Caledonian collisional event along the Barents Sea margin in the western Svalbard Block. In the easternmost parts of the Arctic, the closure of the Japetus Ocean probably took place in the Late Silurian and Devonian, and formed a collisional structure known as the Ellesmerian orogenic belt along the Chukotka-Alaska block and Canadian Arctic [58,61].



The Carboniferous–Permian Hercynian collisional orogeny resulted in the closure of the Paleo-Asian Ocean separating Siberia and Baltica (Laurussia) and final incorporation of Siberia into the Pangaea supercontinent. Hercynian collision created the Uralian orogenic belt at the Baltica margin and also affected various Arctic terranes. However, in contrast to the Urals, Hercynian structures at Arctic margins are mostly unexposed making the Taimyr Peninsula a unique place where the collisional belt separating the Kara Block and Siberia is accessible for study (Figure 2).



After Hercynian collision, at the Permo–Triassic boundary, the Taimyr experienced another major episode of magmatism triggered by formation of the Siberian Traps Large Igneous Province in the northwestern part of the Siberian Craton [20,21,22,23,24,25] (Figure 1B). This event formed numerous mafic sills in the Southern Taimyr and a number of granitoid intrusions in the Central and Northern Taimyr Domains (Figure 3).




3. Geology of the Taimyr Peninsula


The Taimyr Peninsula and, located to the north, the Severnaya Zemlya Archipelago lie on the northern edge of Siberia, between the Laptev and Kara seas. This large piece of land, where pre-Mesozoic basement rocks are exposed, stretches from east to west for more than a thousand kilometers. The Yenisei–Khatanga paleo-rift separates the Taimyr Peninsula from the Siberian Craton located to the south (Figure 3).



The Taimyr–Severnaya Zemlya fold-and-thrust belt is subdivided into three major tectonic units or domains, namely the Southern, Central and Northern Domains (Figure 3). The Northern Domain is separated from the Central Domain by the Main Taimyr and Diabasic regional faults, and the Central Domain is separated from the Southern Domain by the Pyasina–Faddey fault. All three major faults represent regional-scale thrusts dipping to the northeast (Figure 3) [18,62].



The Northern Taimyr Domain is mainly composed of Early Paleozoic (mostly Cambrian and Ordovician) sedimentary rocks metamorphosed under greenschist- to amphibolite-facies conditions [18,43]. These metasediments were originally mapped as Proterozoic in age [17,19,63], however, recent detrital zircon studies have shown that the depositional ages of these rocks are predominantly Cambrian [59,64,65,66]. The Northern Taimyr Domain and Severnaya Zemlya Archipelago are interpreted as parts of the Kara microcontinent where the Early Paleozoic sediments were deposited in a passive margin geodynamic setting. Early Paleozoic sedimentary rocks of the Northern Taimyr Domain are intruded by voluminous Carboniferous to Triassic granitic plutons occupying up to 20% of the Northern Domain territory at the present-day erosion surface [9,15,16,22,35,36,38,39,41].



The Central Taimyr Domain was initially interpreted as a collage of diverse terranes accreted to the continental margin of Siberia during the Neoproterozoic [62,67,68]. An alternative point of view suggests that the Central Domain was already formed by accretion to the Siberian margin in the Mesoproterozoic, and during the Neoproterozoic developed as an active continental margin [69]. In the latest Neoproterozoic it was transformed into a passive margin where the deposition of the shelf sediments continued until the Late Paleozoic. The Central Domain consists of Meso- and Neoproterozoic sediments, ophiolite fragments, and magmatic rocks metamorphosed under greenschist- to amphibolite-facies conditions, and overlain by Ediacaran to Silurian sedimentary succession [18,40,43,70]. Importantly, the Central Taimyr Domain is intruded by Permian–Early Triassic granites and Early Triassic dolerite dykes and sills, correlated with synchronous magmatism of the Siberian Traps Large Igneous Province (LIP) [18,21,22,35,40]. Jurassic–Lower Cretaceous sediments have discontinuous distribution and fill local depressions in both the Northern and Central Taimyr domains [43].



The Southern Taimyr Domain represents part of the Paleozoic passive margin of the Siberian Craton. The Ordovician to Triassic sedimentary sequence, which is exposed within the Southern Domain, was intruded by latest Permian–Early Triassic dykes and sills associated with Siberian Traps LIP. These intrusions were variably deformed during subsequent Mesozoic events [18,20].



The Taimyr–Severnaya Zemlya fold-and-thrust belt formed as a result of collision between the Kara Block and Siberia in the Late Carboniferous–Early Permian [15,16,35,46,62]. Compression and tectonic activity terminated in the Early Permian when the Kara Block, including the Taimyr–Severnaya Zemlya areas, was accreted to the northern margin of the Siberian Craton [15,35]. Termination of compression was followed by an extensional regime that affected the Siberian margins and the West Siberian basin in the Late Permian–Early Triassic [71,72,73,74,75]. In Taimyr, this extension was manifested by the opening of the Yenisei–Khatanga paleo-rift (Figure 3), and other indications of extensional tectonics described elsewhere in Taimyr [75].




4. Description of the Studied Intrusions


Extreme climatic conditions and the remote location of the Taimyr Peninsula make data acquisition in this area a challenging task. Therefore, every newly investigated intrusion provides unique new information on this region. Herein, we present first data from three intrusions, located in the Central (Peka River intrusion) and Northern Taimyr domains (Olenya and Tessema River intrusions), collected in the course of geological mapping projects between 2008 and 2021.



The Peka River intrusion is located in the Central Taimyr domain (Figure 3 and Figure 4A). It is a relatively small granitoid body occupying an area of ca. 70 km2. The intrusion is composed of granitoid rocks intruded in three phases: the first phase comprises porphyritic granites and granosyenites, the second—porphyritic granite, the third—differently oriented dikes and veins of aplite, pegmatoid granite, and less commonly pegmatite. The contacts with the host rocks are steep and sinuous. Large rhyolitic xenolith (at least 200 m across) is exposed in the southwestern part of the intrusion (Figure 4A).



The Olenya River intrusion is located in the Northern Taimyr Domain (Figure 3 and Figure 4B). It has an area of about 125 km2. The intrusion is oval in shape; the contacts are plain, sharp, and sub-vertical. The first intrusive phase, comprising the main volume of the intrusion, is represented by porphyritic biotite granite. Granites of the second phase make up small stocks and dikes. In composition they correspond to medium-grained biotite granite-porphyry, granite, and leucogranite. Aplitic varieties are developed in the endocontact. Rocks of the third phase are represented by pegmatite, aplite, and fine- to medium-grained granite porphyries. At the final stage, the muscovite-quartz-feldspar veins and hydrothermal-metasomatic veinlets of fluorite-pyrite-muscovite-quartz composition were formed. Granitoids of the third phase host molybdenite and chalcopyrite-pyrite mineralization associated with metasomatic veins.



The Tessema River intrusion is located in the Northern Taimyr Domain on the shore of the Kara Sea (Figure 3, Figure 4C and Figure 5). It has an area of about 650 km2, irregular shape, and sharp sub-vertical contacts. The rocks of the Tessema River intrusion have a relatively heterogeneous composition varying from tonalite to leucogranite. The pluton intrudes Cambrian metasedimentary rocks and is overlain by Late Jurassic–Early Cretaceous sediments of the Mukha Formation, Paleogene sediments, and Quaternary loose sediments. The granites are intruded by the Early Triassic dolerite dikes.




5. Analytical Procedures


U-Pb zircon dating was carried out at the Center of Isotopic Research of the Russian Geological Research Institute (VSEGEI) in St. Petersburg. Separation of zircon grains was performed according to the standard procedure including crushing of rock fragments to approximately 0.25 mm in size, a centrifugal concentration, removing of the highly magnetic minerals, and processing with heavy liquids. The handpicked zircon grains were mounted in the epoxy resin discs along with fragments of the TEMORA and 91,500 zircon standards. The discs were polished to expose centers of zircon grains. Cathodoluminescent (CL) images were used to guide the selection of analysis points. U–Th–Pb isotope analyses of zircon grains were made using a Sensitive High-Resolution Ion Microprobe (SHRIMP-II) by Australian Scientific Instruments, Canberra, Australia. Each analysis consisted of four scans through the mass range. The diameter of the spot was about 30 μm, and the primary beam current was about 4 nA. The data were reduced in a manner similar to that described by Williams (1998) [76], utilizing the SQUID Excel Macro of Ludwig (2000) [77]. The Pb/U ratios have been normalized relative to a value of 0.0668 for the 206Pb/238U ratio of the TEMORA 1 standard. The zircon standard 91,500, with a U concentration of 81.2 ppm and an accepted 206Pb/238U age of 1065 Ma, was used as a “U-concentration” standard [78]. Uncertainties of individual analyses (ratios and ages) were calculated at a level of ±2σ. The ISOPLOT program was used to construct concordia diagrams [79].



Whole-rock samples were analyzed for major and trace elements at the Central Laboratory of VSEGEI. All samples underwent conventional crushing and grinding. The major oxide concentrations were determined on an ARL 9800 XRF spectrometer by Thermo Fisher Scientific, Waltham, MA USA. The contents of trace elements (including REE) were determined on an OPTIMA 4300DV by PerkinElmer, Waltham, MA USA emission spectrometer and an ELAN 6100 DRC mass spectrometer by PerkinElmer, Waltham, MA USA. Analytical uncertainties for major and trace elements were generally better than 5%. Reproducibility and accuracy of the OMAC sample suite are well within 10%. Petrographic study of rocks was performed using Olympus BX51 by Olympus Shinjuku, Japan and Leica DM4000 P LED by Leica microsystems, Wetzlar, Germany optical microscopes.




6. Petrography and Geochemistry


We present a petrographic description and first major and trace element data for 18 magmatic rocks from three intrusions located in the Northeastern Taimyr area. Coordinates of sampling points and analytical results are given in Supplementary Table S1 and shown in schematic geological maps of intrusions in Figure 4. Photographs illustrating exposure and structure of the studied granites are presented in Figure 5 and in Supplementary Figure S1. Major and trace element data are plotted in classification and discrimination diagrams (Figure 6, Figure 7, Figure 8 and Figure 9) where the analyzed rocks are subdivided into three groups: subduction-related (Tessema River intrusion), post-collisional (xenolith from Peka River intrusion), and plume-related granites (Olenya and Peka River intrusions). Published data from granitoid intrusions of adjacent Taimyr regions are included in the dataset and shown in Figure 6, Figure 7, Figure 8 and Figure 9 for comparison.



6.1. Peka River Intrusion


Seven samples were collected from the Peka River intrusion. The intrusion is composed of even-grained to coarse-grained granites containing quartz (25%–30%), plagioclase (25%–28%), microcline (27%–30%), biotite (7%–10%), hornblende (2%–3%), and minor titanite, zircon, apatite, and magnetite, as well as secondary chlorite (up to 5%), sericite (up to 2%), epidote, and carbonate (Supplementary Figure S1). The analyzed samples have SiO2 contents in the range of 63.3–73.7 wt.%, Na2O 2.7–3.7 wt.%, and K2O 4.6–5.5 wt.%. On the TAS classification diagram of [80], the compositions of the granitoids plot in the fields of granite and granodiorite (Figure 6A). The rocks are characterized by slightly peraluminous compositions and plot in the fields of magnesian and ferroan granites in the FeOt/(FeOt + MgO) vs. SiO2 diagram of Frost et al. (2001) [81] and the fields of calc-alkaline and alkali-calcic series in the diagram (Na2O + K2O–CaO) vs. SiO2 (Figure 6B–D). The REE spectra of the granites are characterized by a low to moderate enrichment in LREE and depletion in HREE (LaN/YbN = 13.2–48.8), with a pronounced negative Eu anomaly (Eu/Eu* = 0.5–0.9) (Figure 7A). The primitive mantle-normalized multicationic diagram patterns show relative enrichment in Rb, Th, and U, and depletion in Ba, Ta, Nb, and Ti (Figure 7B).



The xenolith of rhyolite-porphyry (sample 2031/9) is moderately altered by sericitization. The content of sericite, replacing feldspars, is up to 5 vol. %. The rock contains 68.5 wt.% SiO2, 2.7 wt.% Na2O, and 5.1 wt.% K2O. The sample is alkali-calcic, as defined by the modified alkali–lime index. It is slightly peraluminous and plots on the boundary between fields of ferroan and magnesian granites (Figure 6B–D). On a Chondrite-normalized diagram (Figure 7A), the rhyolite is characterized by a low to moderate enrichment in LREE and depletion in HREE (LaN/YbN = 27.9), with a negative Eu anomaly (Eu/Eu* = 0.83).




6.2. Olenya River Intrusion


Seven samples were analyzed from the Olenya River intrusion. The sampled rocks are represented by medium-grained monzogranites with porphyritic texture containing biotite (from 3 to 5%) and amphibole (up to 2%) (Supplementary Figure S1). The analyzed samples have SiO2 contents in the range of 71.1–75.9 wt.%, Na2O 2.1–3.9 wt.%, and K2O 4.4–7.3 wt.%. The samples are classified as granites on the TAS classification diagram of [80] (Figure 6A). Samples are predominantly magnesian according to the classification of (Frost et al. 2001), alkali-calcic to calc-alkaline as defined by the modified alkali–lime index, and slightly peraluminous (Figure 6B–D). On a Chondrite-normalized diagram (Chondrite values of [84], Figure 7A), the granites are characterized by low to moderate enrichment in LREE and depletion in HREE (LaN/YbN = 7.0–35.1), with mainly negative Eu anomalies (Eu/Eu* = 0.5–1.23). On an N-MORB-normalized multi-element diagram (N-MORB values of [84]), the granites are relatively enriched in Rb, Th, and U, and depleted in Ba, Ta, Nb, and Ti (Figure 7B).




6.3. Tessema River Intrusion


Three samples were analyzed from intrusion exposed on the left shore of the Tessema River and at the Kara Sea shore (Figure 5A,B). The intrusion is composed of relatively heterogeneous medium- to coarse-grained granodiorites containing quartz (25%–30%), plagioclase (30%–45%), microcline (12%–15%), biotite (10%–12%), hornblende (5%–7%), and minor titanite, zircon, apatite, and magnetite, as well as secondary chlorite, sericite, epidote, and carbonate (Figure 5C). Altered samples contain up to 10 vol. % of sericite (Figure 5D). The analyzed samples have SiO2 contents in the range of 67.0–68.5 wt.%, Na2O 3.1–3.4 wt.%, and K2O 3.0–4.5 wt.%. The samples are classified as granites and granodiorites on the TAS classification diagram of [80] (Figure 6A). Samples are magnesian according to the classification of (Frost et al. 2001), alkali-calcic to calc-alkaline as defined by the modified alkali–lime index, and slightly peraluminous (Figure 6B–D). On a Chondrite-normalized diagram (Chondrite values of [84], Figure 7A), the granites are characterized by a low to moderate enrichment in LREE and depletion in HREE (LaN/YbN = 11.4–11.7), with a negative Eu anomaly (Eu/Eu* = 0.9–1.0). On an N-MORB-normalized multi-element diagram (N-MORB values of [84]), the granites are enriched in Rb, Th, and U, and depleted in Ba, Ta, Nb, and Ti (Figure 7B).



The studied intrusions of the Northeastern Taimyr are composed of predominantly magnesian, slightly peraluminous calc-alkaline amphibole-bearing granitoids that can be generally classified as evolved high-K I-type granites (Figure 6C–F). Berzin et al. (in press) noted that granitoids from the Peka and Tessema River intrusions had trace element composition similar to adakites [88]. Analysis of the extended geochemical dataset showed that a significant number of other Taimyr granitoids also classified as adakites using Sr/Y vs. Y and La/Yb vs. Yb discrimination diagrams (Figure 9). Thus, the adakitic geochemical signature of the Taimyr granitoids is considered as a regional feature, which is discussed below in Section 8.1.





7. U-Pb Zircon Geochronology


To identify the evolution of magmatism in the studied areas, we used SHRIMP-II equipment to geochronologically investigate zircon grains from seven samples collected from three intrusions. The U–Pb analytical data and calculated ages are presented in Supplementary Table S2. The CL images of representative zircon grains are shown together with the concordia diagrams in Figure 10 and in Supplementary Figure S2, and the obtained ages are incorporated in a histogram showing distribution of published intrusive ages for the whole Taimyr Peninsula (Figure 11).



7.1. Peka River Intrusion


Granite sample 2023/1, chosen for U-Pb zircon chronology, supplied a homogeneous population of stubby prismatic zircon grains with well-developed facets demonstrating simple oscillatory zoning and Th/U ratios in the range 0.45–1.28, characteristic for magmatic zircon. Spot analyses have been carried out on 12 grains from this sample. The U–Pb analytical data are presented in Supplementary Table S2 and on concordia diagram (Figure 10). Eight analyses plot as a tight cluster yielding a 206Pb/238U concordia age of 242.2 ± 2.0 Ma (MSWD = 1.3), which is interpreted as the crystallization age of granite sample 2023/1. Four analyses, characterized by high common Pb concentrations (0.25–1.74) pointing to metamictization, yielded slightly younger ages in the range 219–198 Ma, and were excluded from age calculation.



Zircons recovered from granite sample 2024/1 comprise a similarly homogeneous population of stubby prismatic grains, with elongation ratios varying from 1 to 4 (Figure 10), U contents from 172 to 1991 ppm, and Th/U ratios in the range 0.35–1.03 (Supplementary Table S2). Four of the 11 analyzed grains define a 206Pb/238U concordia age of 237.3 ± 2.6 Ma (MSWD = 1.17), which is a good estimate of the crystallization age of granite sample 2024/1. Four grains are slightly younger than the inferred concordia age. They are characterized by high common Pb concentration (1.31–3.43) pointing to metamictization, so these grains were not included in age calculation. Two grains are slightly older and characterized by high discordance, so they were excluded from age calculation. One grain has a Middle Permian age and most likely was inherited from a wallrock.



Granite sample 2031/9 was collected from a xenolith of presumably older age. The zircon population of sample 2031/9 is homogeneous, with elongation ratios ranging from 2 to 5 (Figure 10). U content ranges from 55 to 4319 ppm with Th/U ratios of 0.26–0.62 (Supplementary Table S2). Five of the 12 analyzed grains define a concordia age of 280.1 ± 2.7 Ma (MSWD = 1.17), which constrains the crystallization age of granite sample 2024/1. Four grains are younger than the inferred concordia age. They are characterized by high common Pb concentrations (1.26–5.76) pointing to metamictization, so these grains were not included in age calculation. One grain has an older Middle Permian age and most likely it was inherited from a wallrock. This sample probably represents a fragment of an Early Permian granite body that was dismembered by a later Triassic magmatic pulse and incorporated into the Peka River intrusion as a xenolith.




7.2. Olenya River Intrusion


The zircon population of sample 203043/1 is homogeneous, and includes relatively large stubby prismatic zircon grains with well-developed facets demonstrating simple oscillatory zoning, with elongation ratios ranging from 2 to 5 (Figure 10). U content ranges from 376 to 1090 ppm with Th/U ratios of 0.41–0.82 (Supplementary Table S2). Eight of the 10 analyzed grains define a 206Pb/238U concordia age of 248.8 ± 3.3 Ma (MSWD = 0.59), which is a good estimate of the crystallization age of granite sample 203043/1. One grain is younger than the inferred concordia age, and characterized by high common Pb concentration (0.35 ppm) pointing to metamictization, so this grain was not included in the age calculation. One grain has a Middle Permian age and most likely was inherited from country rocks.



The zircon population of sample 203043/3 is homogeneous, and consists of stubby prismatic grains, with elongation ratios ranging from 2 to 5 (Figure 10). Some grains contain inclusions. U content ranges from 353 to 1025 ppm with Th/U ratios of 0.70–0.94 (Supplementary Table S2). All 10 analyses define a tight cluster with a 206Pb/238U concordia age of 240.2 ± 1.3 Ma (MSWD = 1.4), which is interpreted as the crystallization age of granite sample 203043/3.



The zircon population of sample 203043/11 is homogeneous, with elongation ratios ranging from 2 to 4 (Figure 10). U content ranges from 133 to 875 ppm with Th/U ratios of 0.55–2.84 (Supplementary Table S2). Eight of the ten analyzed grains define a 206Pb/238U concordia age of 239.4 ± 1.6 Ma (MSWD = 0.36), which is interpreted as the crystallization age of granite sample 203043/11. Two grains are close in age to the inferred concordia age, but characterized by high common Pb concentration (1.67–2.97 ppm) pointing to metamictization, so these grains were not included in age calculation.




7.3. Tessema River Intrusion


The zircon population of sample 121068/2 is heterogeneous, and includes stubby prismatic zircon grains, with well-developed facets demonstrating simple oscillatory zoning as well as angular fragments of larger grains which are dark-colored in CL images (Figure 10). Measured U content ranges from 513 to 4849 ppm with Th/U ratios of 0.30–1.84 (Supplementary Table S2). Ten zircon grains were analyzed, including both prismatic and dark-colored varieties. Nine out of 10 analyses yielded 206Pb/238U ages in the range 296–281 Ma, and one analysis yielded a significantly younger age of 141 Ma. Five tightly clustered analyses define a 206Pb/238U concordia age of 295.2 ± 1.2 Ma (MSWD = 1.17), which is interpreted as the crystallization age of granite sample 121068/2. Four grains are slightly younger than the inferred concordia age. They are characterized by high common Pb concentration (5.63–20.93 ppm) pointing to metamictization, so these grains were excluded from age calculation.





8. Discussion


8.1. Geochronology, Geochemistry, and Petrogenesis of the Taimyr Granitoid Series


The distribution of published crystallization ages of granitoid intrusions from the Taimyr Peninsula is illustrated by a histogram and probability density plot presented in Figure 11. It is generally accepted that the Taimyr granitoid series formed in three different geodynamic settings including the Carboniferous active margin of the Kara Block, Early Permian post-collisional environment, and Permo–Triassic intra-plate rifting associated with formation of Siberian LIP [15,35].



As seen in Figure 11, supra-subduction magmatism at the southern active margin of the Kara Block continued from ca. 345 to 285 Ma, and granitoid intrusions of this stage are localized in the Northern Taimyr Domain comprising the southern margin of the Kara Block. After the Early Permian collision of Kara with the Siberian Craton, post-collisional granitoids were emplaced in all Taimyr domains across terrane boundaries within a time span between ca. 285 and 265 Ma. After cessation of the post-collisional magmatism, at the Permo–Triassic boundary, the Taimyr experienced extension, and voluminous magmatic series associated with a Siberian mantle plume formed between 251 and 228 Ma.



Granites of the Tessema River intrusion in the Northern Taimyr Domain yielded an age of 295 Ma (Figure 10). The analyzed samples of the Tessema River granites follow the I-type trend in the P2O5 vs. SiO2 diagram [82] (Figure 8A). They mainly plot in the fields of island arc and syn-collisional granites in the Y + Nb vs. Rb discrimination diagram of Pearce et al. (1984) [85] (Figure 8B) and demonstrate LREE-enriched patterns and negative Ta and Nb anomalies in multicationic diagrams (Figure 7). These geochemical features are also typical for granitoids from other supra-subduction intrusions of the Northern Taimyr Domain, which are shown on the corresponding diagrams for comparison. Thus, the Tessema River intrusion, together with the recently described adjacent Pervomayski Island massif [15], are interpreted to represent a supra-subduction magmatic series formed at the active southern margin of Kara Block.



Granitoid xenolith from the Triassic plume-related Peka River intrusion (sample 2031/9), located to the south of the Main Taimyr Fault in the Central Taimyr Domain, produced an Early Permian age of 280 Ma and probably represents a fragment of older granitoid body formed at post-collisional stage. Similar crosscutting relationships of Triassic granites intruding older Carboniferous and Permian granitoid massifs are common and have been described elsewhere in the Taimyr Peninsula [15,22]. An age of 280 Ma obtained for post-collisional granite, located in the Central Taimyr Domain, which is interpreted as a former passive margin of the Siberian Craton, may indicate that the Kara Block had already been accreted to Siberia by the Early Permian.



Granite samples from the Olenya River intrusion, located in the Northern Taimyr Domain, yielded Early–Middle Triassic ages in the range 249–239 Ma, typical for Siberian plume-related intrusions. Two samples from the Peka River intrusion located in the Central Taimyr Domain yielded similar Middle Triassic ages of 242 and 237 Ma, representing the easternmost Triassic granite dated in Taimyr so far. The granites from both intrusions are marginally peraluminous and plot in the fields of volcanic arc and syn-collisional granites and in the Rb vs. Y + Nb discrimination diagram (Figure 6 and Figure 8). These geochemical characteristics are typical for granitoids from Triassic plume-related intrusions elsewhere in the Taimyr Peninsula [20,22,39].



The granitoid series of the Taimyr Peninsula formed in different geodynamic settings during a time span of almost 100 Ma. However, despite their diverse origin, most of the Taimyr granitoids demonstrate geochemical characteristics typical for granites of active continental margins (Figure 6, Figure 7 and Figure 8). Although Triassic plume-related granites of the Taimyr formed in the intra-plate tectonic environment, they generally inherit the geochemical features of supra-subduction granitoids and can be classified as evolved high-K I-type granites (Figure 6E). Shoshonitic affinities of the plume-related granitoids from the Western Taimyr, illustrated in Figure 6F, were recently described by Proskurnina et al. [39].



Berzin et al. (in press) have shown that granitoids from the Peka and Tessema River intrusions had pronounced geochemical affinity to adakites, and additional analysis of the extended geochemical dataset has revealed that a significant number of other Taimyr plume-related granitoids also classified as adakites utilizing Sr/Y vs. Y and La/Yb vs.Yb discrimination diagrams (Figure 9).



The term “adakite” was introduced by Defant and Drummond (1990) [86] to describe intermediate-felsic igneous rocks from Adak Island in the Aleutian arc, in which major and trace element composition suggested an origin by melting of subducted basaltic crust. Adakites are silica- (SiO2 > 56 wt.%) and sodium-rich (K2O/Na2O < 0.5) rocks with high Sr (≥400 ppm) and low Y (≤18 ppm) and Yb (≤1.9 ppm) concentrations, and high Sr/Y (>40) and La/Yb (>20) ratios [86,87,89]. In recent decades, K2O-rich igneous rocks with adakitic trace element composition have been widely reported from post-collisional settings, such as in Tibet after 50 Ma, and described as high potassium continental adakites [48,50,90]. Adakitic granitoids, identified in the Taimyr Peninsula, have K2O/Na2O ratios in the range 0.3–6.9 (Supplementary Table S1) and generally plot in the field of shoshonitic series in the K2O vs. SiO2 diagram (Figure 6F), and, thus, are similar to high potassium continental adakites characteristic for post-collisional settings.



Sodium-rich adakites are commonly considered to be generated by partial melting of MORB at eclogite facies [91], while potassium-rich continental adakites are generally attributed to partial melting of thickened and/or hydrated mafic lower crust [92]. Experimental studies using hydrated mafic lower crust as starting materials show that the adakitic signature is not necessarily a result of anatexis at eclogite facies conditions. It was proved that the source rock lithological compositions, and especially fluid contents, are also critical because the geochemical signatures of adakitic melts are mainly controlled by residual minerals [93,94].



The leading role of the source lithology probably can explain the geochemical features of the granitoid series of the Taimyr Peninsula where granites with similar adakitic and I-type affinities were repeatedly generated in supra-subduction, post-collisional, and plume-related tectonic settings during the time span of almost 50–70 million years. The geochemical connection between supra-subduction and plume-related granitoids of the Taimyr Peninsula is also illustrated by Nd and Sr isotopic compositions of these rocks. In a diagram εNd vs. 87Sr/86Sr, presented in Figure 12, both granitoid series generally plot in the field of Siberian traps and demonstrate variably mixed Nd-Sr isotopic signatures typical for the continental arc environment where mantle-derived magmas interact with continental crust.



Thus, it can be tentatively suggested that adakitic granitoids of the Taimyr Peninsula were produced by melting of hydrated mafic lower crustal protholiths in post-collisional and intra-plate tectonic settings, and their adakitic geochemical signatures were probably controlled by the source lithology and fluid content.




8.2. Late Paleozoic–Early Mesozoic Tectono-Magmatic Evolution of the Taimyr–Severnaya Zemlya Fold-and-Thrust Belt


An eye-catching feature of the Main Taimyr fault zone, which represents an inferred collisional suture between the Kara Block and Siberia, is a lack of Paleozoic ophiolites, oceanic sediments, and UHP metamorphic rocks that are typical for similar collisional zones in coeval Hercynian orogenic belts of the Urals [100,101] and South Tien-Shan [102,103,104]. It is suggested that these formations could be destroyed by collisional tectonics, possible mechanisms of which are discussed below. Therefore, the Late Paleozoic magmatic series comprise nearly the only evidence of convergence between Siberia and Kara preserved in the geological record.



Supra-subduction granitoid intrusions in the Northern Taimyr Domain, making up the southern part of the Kara Block, have ages in the range from ca. 345 Ma, corresponding to the Middle Carboniferous (Visean), to ca. 280 Ma, corresponding to the Early Permian (Figure 11). This time span of ca. 40–50 Ma matches well with the duration of episodes of supra-subduction magmatism reported for other Hercynian active margins and elsewhere (e.g., [105]). Formation of supra-subduction intrusions in the southern part of the Kara Block is illustrated in the geodynamic reconstruction shown in Figure 13A for a time slice of 345–295 Ma.



The timing of collision between the Siberian and Kara continents is rather difficult to constrain due to significant syn- and post-collisional deformations and subsequent tectonic erosion. The distribution of crystallization ages shows that supra-subduction Carboniferous magmatism was followed, without interruption in time, by the emplacement of the Early Permian post-collisional complexes that also inherited geochemical signatures of subduction-related granitoids, which is typical for active continental margins elsewhere (e.g., [106]) (Figure 11). Therefore, the evidence for the timing of post-collisional uplift comes from the geological record preserved in the sedimentary sequences of the Yenisei–Khatanga paleo-rift, where the Lower Permian (Asselian) siltstones of the Turuzov and Falabigai formations change in their upsection to overlying sandy layers of the Byrrang Formation, for which the sandy material was clearly sourced from the rising collisional belt of the Taimyr [69,107,108]. This supports known reconstructions of collisional events during the Asselian stage of the Lower Permian and is in accordance with the ages of post-collisional granites that appear in the Central Taimyr Domain after ca. 280 Ma, probably due to slab break-off as shown in the geodynamic reconstruction given in Figure 13B for the time slice of 287–280 Ma. Additional evidence that the Kara Block had already been accreted to Central Taimyr Domain by the Early Permian is provided by an age of 280 Ma obtained for a granite xenolith in the Peka River intrusion, located in the Central Taimyr Domain, in this study.



Based on the large set of data, it was suggested that a transform fault existed between the Siberian and Kara continents as early as the Early Permian, and this structure was turned into a series of large-amplitude longitudinal sinistral shear zones at the post-collisional stage due to the oblique character of the collision and significant clockwise rotation of Siberia [35,109] (Figure 2). These deformations might be responsible for the destruction of the accretionary wedge as a result of tectonic erosion and explain the absence of the ophiolites along the Main Taimyr fault. After the collision, the region experienced uplift and erosion that was constrained by metamorphic ages [15] and thermochronological studies [22]. Cessation of post-collisional magmatism took place at ca. 265 Ma (Figure 11).



At the Permo–Triassic boundary, one of the largest LIPs in Earth history formed in the northwestern part of Siberia as a result of a Siberian mantle plume that was presumably centred approximately 1000 km to the SSW of Taimyr [27,32,72,110] (Figure 1B). This event triggered emplacement of plume-related intrusions all over the Taimyr Peninsula and was well documented in the geological record preserved in the sedimentary sequences of the Yenisei–Khatanga paleo-rift [111]. The latter originally formed as a Middle Carboniferous–Early Permian foredeep superimposed on the Siberian margin as a result of ongoing Hercynian collision with the Kara Block (Figure 13B). However, after collision, the subsidence in the Yenisei–Khatanga trough resumed at the Permo–Triassic boundary due to Siberian plume-related extension and under the load of erupted volcanic rocks reaching up to 2000 m in thickness in the Southern Taimyr Domain [112]. An age of 248 Ma reported for basalt flow from the Southern Taimyr Domain corresponds to the peak of plume-related magmatism elsewhere in Siberia [112], and overlaps with 252–248 Ma ages of granitoid intrusions associated with the main plume-related magmatic pulse in the Taimyr Peninsula (Figure 11 and Figure 13C). The plume-related granitoid magmatism in Taimyr continued for ca. 20–25 Ma, until the Upper Triassic, and included several minor pulses between 241 and 230 Ma [32,112,113,114,115], with the youngest intrusions dated at 229–228 Ma [116] (Figure 11). On a regional scale, this Triassic tectono-magmatic evolution established for the Taimyr Peninsula enables a better understanding of the geodynamic setting of the less studied Triassic granites known in adjacent tectonic areas of the Polar Urals and Novosibirsk Block [117,118]. Furthermore, the magmatic episodes recognized in the Taimyr Peninsula are also well documented in age spectra of detrital zircon grains from the Mesozoic sedimentary rocks covering the northeastern part of the Siberian Craton [119,120,121].




8.3. Implications for Tectonic Evolution of the Arctic Continental Margins


Ine early paleo-tectonic reconstructions, it was supposed that in the Middle Paleozoic, the Kara Block was part of a hypothetical continent, Arctida [55], or developed as an individual microcontinent [57]. However, recent works, based on new geochronological and seismic data, have shown that in the Middle Paleozoic, the Kara Block was probably incorporated in a post-Ediacaran continental terrane formed at the northern margin of Baltica as a result of Timanian orogeny [54,56]. This is supported by “Timanian” age spectra of detrital zircon grains recovered from the Kara basement [54,64,122] and by the absence of Cambrian carbonate sediments in the Kara Block, which is ubiquitously typical of eastern European parts of Baltica, in contrast to Siberia where abundant Cambrian limestones were deposited in a warmer climate. However, the Late Paleozoic evolution paths of Kara and Baltica differ significantly. The Eastern (Uralian) margin of Baltica developed as a passive margin until the Early Permian collision, while its inferred continuation in the Kara Block turned into an active margin in the Early Carboniferous (Visean). In order to resolve this controversy, several authors have suggested that large-amplitude dextral displacement of the Kara Block relative to Baltica took place in the Early Carboniferous and was later accommodated by formation of a collisional belt in the Northern Taimyr [1,58] (Figure 2). This suggestion can be tested when more data on the geological structure of the submerged northern part of the Kara Block are obtained. Similarly, additional research and detailed remote sensing data are needed to decipher the eastern continuation of the Taimyr structures and their junction with the Novosibirsk Block under the Laptev Sea shelf sediments (Figure 1). In this area, the Early Paleozoic detrital zircon grains, supposedly derived from the Caledonian orogenic belt at northern Baltica margins, were recently reported from Devonian–Carboniferous sediments outcropping in Kotelny Is. in the central part of the Novosibirsk Block [122]. This may point to possible connection between the Novosibirsk and Svalbard blocks during the Middle Paleozoic and suggests that concurrent large-amplitude transform displacement of the Kara Block along the Siberian margin took place in the Middle–Late Paleozoic times.



After Hercynian collision, the Taimyr was incorporated in the northern Eurasian margin as an uplifted block that was affected by Siberian plume-related magmatism at the Permo–Triassic boundary. Although the Taimyr was located at the periphery of the plume, centered ca. 1500 km to the south (Figure 1B), the presence of grabens filled with Triassic clastic sediments in the Southern Taimyr [17,18] shows that the lithosphere of this domain experienced plume-related extension, a process that was also registered elsewhere in adjacent Arctic continental margins [23,24,25]. Triassic sedimentary fill of the grabens was derived from the Northern Taimyr domains that underwent surface erosion and provided clastic material in surrounding basins. Recent studies [123,124] have shown that age spectra of detrital zircon grains, recovered from Jurassic sediments of the Canada basin and North American shelf, demonstrate major Devonian–Early Carboniferous peaks sourced from the rocks of the Ellesmerian orogenic cycle, and several additional peaks ranging from Middle Carboniferous to Late Triassic. The latter may be explained by the erosion of the Taimyr–Severnaya Zemlya terranes supplying clastic material to the easternmost parts of Canadian shelf, such as the Sverdrup basin separating the northern part of Greenland from Canada [123,124] (Figure 1).





9. Conclusions


The ages of three granitoid intrusions located in the Northeastern Taimyr Peninsula have been established by ion microprobe zircon dating. The granite sample from the Tessema River intrusion, located in the Northern Taimyr Domain, yielded an Early Permian age of 295 Ma, which is typical for supra-subduction intrusions elsewhere in the Northern Taimyr. Three samples from the Olenya River intrusion, also located in Northern Taimyr, yielded Early–Middle Triassic ages in the range 249–239 Ma, typical for Siberian plume-related intrusions. Two samples from the Peka River intrusion, located in the Central Taimyr Domain, yielded similar Middle Triassic ages of 242 and 237 Ma, representing the easternmost Triassic granite dated in Taimyr so far, and one sample from granitic xenolith from this intrusion produced an Early Permian age of 280 Ma.



Geochronological data show that supra-subduction magmatism at the southern active margin of the Kara Block continued from ca. 345 to 285 Ma and was followed by a post-collisional magmatic pulse at ca. 280 Ma. An age of 280 Ma obtained for a granite xenolith in the Peka River intrusion, located in the Central Taimyr Domain, may indicate that the Kara Block had already been accreted to the Central Taimyr Domain by the Early Permian. After cessation of the post-collisional magmatism at ca. 265 Ma, the Taimyr experienced extension, and voluminous magmatic series associated with a Siberian mantle plume have been formed within a time span between 251 and 228 Ma. A Middle Triassic age, identified in this study for the Peka River intrusion, shows that Siberian plume-related granitoid magmatism was manifested as far as the northeastern edge of the Taimyr Peninsula.



The studied post-collisional and plume-related intrusions of the Northeastern Taimyr are generally classified as evolved high-K I-type granites with adakitic affinity. It is suggested that adakitic geochemical characteristics of plume-related granitoids resulted from melting of hydrated mafic lower crustal protoliths and were probably controlled by the source lithology.
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Figure 1. Geology and tectonics of the Arctic continental margins. (A) Circumpolar geological map of the Arctic [31] showing major tectonic units and location of study area in the Taimyr Peninsula. (B) Schematic tectonic map of the Western Hemisphere demonstrating major orogenic belts formed in the Neoproterozoic and Phanerozoic. Legend: 1—Baikalides at Siberian margins; 2—Timanides; 3—Caledonides of Norway and Svaldbard; 4—Hercynian fold belts and sutured continental margins of Urals and Kara, and Early Mesozoic fold belt of Novaya Zemlya; 5—generalized surficial distribution of flood basalts and associated rock-types of Siberian Traps LIP within Siberian Craton after [32]; 6—Mesozoides (Cimmerides) of NE Russia and deformed Mesozoic sediments of the Southern Taimyr Domain; 7—Alpine accretionary orogenic belts at Pacific margins; 8—cratons, microcontinental blocks and young plates with relatively underformed sedimentary cover. 






Figure 1. Geology and tectonics of the Arctic continental margins. (A) Circumpolar geological map of the Arctic [31] showing major tectonic units and location of study area in the Taimyr Peninsula. (B) Schematic tectonic map of the Western Hemisphere demonstrating major orogenic belts formed in the Neoproterozoic and Phanerozoic. Legend: 1—Baikalides at Siberian margins; 2—Timanides; 3—Caledonides of Norway and Svaldbard; 4—Hercynian fold belts and sutured continental margins of Urals and Kara, and Early Mesozoic fold belt of Novaya Zemlya; 5—generalized surficial distribution of flood basalts and associated rock-types of Siberian Traps LIP within Siberian Craton after [32]; 6—Mesozoides (Cimmerides) of NE Russia and deformed Mesozoic sediments of the Southern Taimyr Domain; 7—Alpine accretionary orogenic belts at Pacific margins; 8—cratons, microcontinental blocks and young plates with relatively underformed sedimentary cover.
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Figure 2. Simplified tectonic map of the Svalbard–Kara region and adjacent areas in the Arctic with schematic cross section through the Taimur Peninsula. After [7], modified by the authors. Legend: 1—Precambrian metamorphic rocks of the Anabar Shield; 2—sedimentary cover of the Siberian Craton: (A) undeformed and (B) subjected to Mesozoic deformations; 3—micro-continents with (A) Meso-Neoproterozoic and (B) Neoproterozoic–Early Paleozoic (Timanian) basement; 4—Neoproterozoic (Baikalian) accretionary orogen of Central Taimyr Domain; 5—Hercynian fold belt and sutured continental margins of Urals and Kara, and Early Mesozoic fold belt of Pay-Khoy–Novaya Zemlya; 6—Meso-Cenozoic sedimentary cover of the West Siberian plate with Paleozoic basement and northern part of the Siberian Craton; 7—deep-sea troughs; 8—Triassic intra-continental paleo-rifts; 9—Cenozoic oceanic crust of the Arctic Ocean; 10—Mid-ocean Ridge; 11—major thrusts; 12—strike-slip and transform faults; 13—normal faults; 14—other undivided faults; 15—edge of continental slope. 
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Figure 3. Simplified geological map of the Taimyr Peninsula and Severnaya Zemlya Archipelago showing locations of studied areas and ages of intrusions (modified after [43,44,45]). Ages obtained in this study are shown in red. Other ages from [9,15,16,18,20,21,22,35,38,39,40,41,46]. 
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Figure 4. Simplified geological maps of the studied intrusions showing location of sampling points and obtained ages: (A) Peka River intrusion; (B) Olenya River intrusion; (C) Tessema River intrusion. Compiled by the authors. 
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Figure 5. Photographs illustrating exposure and structure of granites of the Tessema River intrusion: (A) general view of sharp-angled granite boulders on the shore of the Kara Sea; (B) close up view of granite fragments; (C,D) photomicrographs of granite in cross-polarized light. 
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Figure 6. Classification diagrams for Taimyr granites. (A) Na2O + K2O vs. SiO2 diagram after [80]. (B) Alumina Saturation Index (ASI = Al2O3/(Na2O + K2O + CaO)) vs. SiO2. (C) FeO/(FeO + MgO) vs. SiO2. (D) Na2O + K2O–CaO vs. SiO2 diagrams after [81]. (E) A-type granite classification diagram after [82]. (F) K2O vs. SiO2 diagram after [83]. Fields on (A): 1, gabbro; 2, gabbro–diorite; 3, diorite; 4, granodiorite; 5, granite; 6, monzogabbro; 7, monzodiorite; 8, monzonite; 9, quartz monzonite. Published data from [15,21,22,39]. 
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Figure 7. Multi-element diagrams for studied samples. (A) Chondrite-normalized REE diagram. (B) N-MORB-normalized multi-cationic diagram. Chondrite and N-MORB normalization values from [84]. Published data from [15,22,39]. 
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Figure 8. Discrimination diagrams for Taimyr granitoids. (A) P2O5 vs. SiO2 diagram after [82]. (B) Rb vs. Y + Nb diagram after [85]. Published data from [15,22,38]. 
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Figure 9. Supra-subduction, post-collisional and plume-related granitoids of Taimyr on discrimination diagrams that are used to distinguish adakite from normal arc andesite, dacite, and rhyolite lavas (after [86]). (A) Sr/Y vs. Y. (B) La/Yb vs. Yb. Field boundaries after [87]. Published data from [15,22,39]. 
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Figure 10. Concordia diagrams for zircon U–Pb SHRIMP data of granitoids from the Taimyr Peninsula. The scale bar on the CL images corresponds to 0.1 mm. Sample numbers as in Supplementary Table S2. 
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Figure 11. Histogram and probability density plot showing distribution of U-Pb zircon ages from granitoid intrusions of the Taimyr Peninsula. Intrusions investigated in this study are shown by arrows. Other data from [9,15,16,18,20,21,22,35,38,39,40,41,46]. Unpublished data by Kurapov and Proskurnin for post-collisional intrusions are shown as the lilac box and not included in the probability density plot. 
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Figure 12. Initial εNd vs. 87Sr/86Sr diagram for granitoids from the Taimyr Peninsula (data from [15,21,22]). Reference fields for mantle and Proterozoic crust are shown for orientation (data from [95,96,97,98]). Field of Siberian traps is given for comparison after [99]. 
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Figure 13. Geodynamic setting and tectonic evolution of the Kara Block and Siberian Craton in the Late Paleozoic–Early Mesozoic. (A) Reconstruction for Early Carboniferous (Visean)–Early Permian (Asselian). Passive margin of Siberia and the Kara Block are separated by inferred oceanic basin with subduction to the north under the Kara continental margin, where supra-subduction magmatic series are shown. (B) Reconstruction for Early Permian (Sakmarian–Kungurian). Collision of Kara with Siberia followed by crustal thickening, metamorphism, post-collisional magmatism, and uplift of Northern and Central Taimyr domains. The Southern Taimyr foredeep is superimposed on the Siberian passive margin. (C) Reconstruction for Early–Late Triassic showing the influence of Siberian plume manifested by crustal extension and formation of plume-related bimodal magmatic series. Abbreviations: MTF—Main Taimyr Fault, PFT—Piasina–Faddey Thrust. 
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Table 1. Major stages of tectono-magmatic evolution of the Arctic continental margins.
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Orogenic Cycle

	
Collisional Event/LIP

	
Timing of Collision/LIP

	
Typical Magmatic Series at Arctic Continental Margins






	
Opening of the Arctic Ocean with currently active spreading center in Paleocene




	
Cimmerian

(Mesozoides)

	
High Arctic Large Igneous Province (HALIP)

	
Cretaceous

	
Flood basalts and doleritic sills in continental shelf zones of the Arctic Ocean.




	
Formation of giant Mesozoic orogenic collage between Siberia and North American Craton (Laurentia).

	
Late Jurassic–Early Cretaceous

	
Granitoid magmatism in Chukotka-Alaska Block and in Mesozoic orogenic collage of NE Russia.




	
Siberian Traps Large Igneous Province (LIP)

	
Permo–Triassic boundary

	
Predominantly granitoid magmatism at the periphery of Siberian plume in Northern and Central Taimyr. Flood basalts and doleritic sills of Siberian Traps LIP in the central part of the plume within Siberian Craton.




	
Hercynian

	
Collision of Baltica with Paleo-Kazakhstan and Siberia, collision of Kara Block with Siberia and collision of Laurussia with Gondwana to form the supercontinent of Pangaea.

	
Late Carboniferous–Early Permian

	
Supra-subduction and post-collisional granitoid magmatism in Northern and Central Taimyr domains. Hercynian granitoids of Polar Urals.




	
Ellesmerian

	
Accretion of micro-continental blocks to the margin of North American Craton (Laurentia).

	
Late Devonian–Early Carboniferous

	
Granitoid magmatism in Chukotka-Alaska Block.




	
Caledonian

	
Collision of Baltica with North American Craton (Laurentia).

	
Late Ordovician–Silurian

	
Granitoid magmatism in Caledonides of Norway and Svalbard Archipelago.




	
Timanian

	
Collision of Svalbard Block with Baltica.

	
Neoproterozoic–Early Paleozoic (Ediacaran to Early Cambrian)

	
Granitoid intrusions of Polar Urals, Novaya Zemlya Isl., and in the Timanides comprising the basement of Pechora basin.




	
Baikalian

	
Collision of Kara Block with Siberia and other collisional events at Siberian margins.

	
Neoproterozoic (Ediacaran)

	
Ediacaran granitoids of Central Taimyr Domain and other fold belts along Siberian margins.
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(eastern part)
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