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Abstract

:

We used LA-ICP-MS U-Pb data for detrital zircon to constrain the Maximum Depositional Age (MDA) and provenance of clastic sedimentary rocks of the Volyn-Orsha sedimentary basin, which filled an elongated (~625 × 250 km) depression in SW Baltica and attained ~900 m in thickness. Eighty-six zircons out of one hundred and three yielded concordant dates, with most of them (86%) falling in the time interval between 1655 ± 3 and 1044 ± 16 Ma and clustering in two peaks at ca. 1630 and 1230 Ma. The remaining zircons yielded dates older than 1800 Ma. The MDA is defined by a tight group of three zircons with a weighted mean age of 1079 ± 8 Ma. This age corresponds to the time of a ~90° clockwise rotation of Baltica and the formation of the Grenvillian—Sveconorwegian—Sunsas orogenic belts. Subsidence was facilitated by the presence of eclogites derived from subducted oceanic crust. The sediments of the Orsha sub-basin in the northeastern part of the basin were derived from the local crystalline basement, whereas the sediments in the Volyn sub-basin, extending to the margin of Baltica, were transported from the orogen between Laurentia, Baltica and Amazonia.
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1. Introduction


For Precambrian sedimentary successions that do not bear paleontological records or lack datable authigenic minerals and volcanogenic rocks, dating of detrital minerals represents a useful tool for assessing the Maximum Depositional Age (MDA). Due to its high physical robustness and ability to survive long transportation, detrital zircon is widely used to assess the provenance of clastic sedimentary material and provide an estimate of the timing of deposition [1,2]. The zircon record can also be used to define the tectonic setting of sedimentary basins [3,4] and to investigate crustal evolution [5,6,7,8,9,10].



During the Mesoproterozoic and early Neoproterozoic, most parts of Baltica (also known as the East European platform) experienced a tectonically quiet regime that was accompanied by denudation; but it was episodically interrupted by localized intraplate anorthosite-mangerite-charnockite-granite (AMCG) magmatism [11,12]. Orogenic processes in these times were manifested in the Transscandinavian igneous belt (ca. 1810–1650 Ma; [13,14]) and the Sveconorwegian orogenic belt (ca. 1140–960 Ma; [15,16]), located in the extreme NW part of Baltica. Despite this generally stable tectonic regime, a series of sedimentary basins developed [11,17,18]. One such system, known as the Volyn-Middle Russia, extends from SW to NE across the whole of Baltica for a distance of over 2000 km and includes the Volyn-Orsha basin and Middle Russian—Moscow—Valdai (Krestsy) aulacogen [19]. At the SW margin of Baltica, the system is abruptly terminated by the Trans-European Suture Zone. The Pachelma aulacogen is another example of this system of sedimentary basins and strikes nearly perpendicular to the Volyn-Middle Russia system (Figure 1).



It has long been recognized that the Volyn-Middle Russia system of sedimentary basins and the Pachelma aulacogen broadly developed along the suture zones between the main crustal segments constituting Baltica, i.e., Sarmatia, Fennoscandia and Volgo-Uralia (Figure 1) [19,20,21]. This relationship between the late Stenian—early Tonian sedimentary basins and Paleoproterozoic suture zones is considered to be not accidental. Other important features of the Volyn-Orsha basin include its amagmatic nature, lack of well-defined rift boundaries, and low heat flow [20].



There is no consensus on the tectonic evolution of the Volyn-Middle Russia sedimentary system and its relationships with other Meso-Neoproterozoic sedimentary basins in Baltica. Some researchers consider the entire Volyn-Middle Russia system is a single tectonic structure, while others stress the independent and non-synchronous evolution of its different parts (see discussion in [19]). The main unresolved problem is the poorly known depositional age of the sedimentary basins and the tectonic mechanism for their formation. In this short communication, we present new detrital zircon dates for sandstones of the Polissya Group in the Volyn-Orsha basin. These data are further used to discuss the sedimentary provenance, the possible link with Amazonia and the maximum depositional age of the Polissya Group, and to infer the possible drivers for basin initiation.




2. The Volyn-Orsha Sedimentary Basin


The Volyn-Orsha basin represents the western part of the Volyn-Middle Russia basin system (Figure 1). In general, this basin system is amagmatic. The Polissya Group is cut by several sill-like bodies that were previously dated by the K-Ar whole-rock method at ca. 1200–1050 Ma [22]. However, recent studies have shown their affinity to the Neoproterozoic Volyn flood basalt province (see below). An intrusive dolerite body in the Valdai (Krestsy) graben yielded a Mesoproterozoic K-Ar ages of 1345–1180 Ma [23].



Terrigenous rocks prevail in the sedimentary basin system. In the Moscow graben (Figure 1), continental red beds dominate a 500 m thick sequence of alternating gravelly arkoses, mudstones, and siltstones [11]. The upper part of the sequence is composed of brown mudstones with lenses of siltstone and sandstone, as well as limestone. The Valdai (Krestsy) graben is filled with ~300 m of thick red, terrigenous, siliciclastic rocks, whereas in the Middle-Russian Rift System, the thickness of the terrigenous red-bed sediments reaches approximately 1500 m [18]. The Pachelma aulacogen contains 700 m of variegated, poorly sorted, coarse- to medium-grained arkosic sandstones, conglomerates, siltstones, and mudstones, overlying unconformably basal, quartz-rich sandstones. Geophysical data indicate that the total thickness of sediments may exceed 4 km [24].



The Volyn-Orsha basin is located in the SW part of Baltica. It is an elongated sedimentary depression that runs in a northeast direction with rather gentle bedding slopes towards the axial part. The size of the basin is about 625 × 250 km, and the maximum thickness is approximately 900 m. Sediments that fill the basin are referred to as the Polissya Series (Group) in Ukraine, the Polesie Series (Group) in Poland and the Sherovichi and Belarus Series (Groups) in Belarus. The basin is separated from the Krestsy aulacogen by the Velizh saddle [25]. The Volyn-Orsha basin is divided into two sub-basins (Volyn and Orsha) by the Central-Belarussian (or Rogachev-Bobruisk) saddle [26].



The initial stage in the development of the Volyn-Orsha basin was characterized by gradual subsidence and accumulation of fine-grained sediments, including mudstones, siltstones and fine-grained sandstones [19]. At this stage, the detrital material was transported from the basin margins towards the centre of the trough, forming alluvial fans that were reworked by a fluvial system flowing along the long axis of the basin. This resulted in the facies boundaries running parallel to the basin margins. In the second stage, local horsts transverse to the long axis were developed, dividing the basin into a series of sub-basins. The most significant horst is the Rogachev-Bobruisk saddle, which separates the Volyn and Orsha sub-basins. Once the saddle was formed, these sub-basins started to develop independently and were likely fed from different sources. Feldspathic to arkose sandstones prevail in the Volyn sub-basin, while the Orsha sub-basin is dominated by quartz sandstones. Immature sediments of the Volyn sub-basin were likely locally derived, whereas sediments of the Orsha sub-basin were fluvially transported for longer distances. During the later stage in basin evolution, the two sub-basins continued to be isolated from each other. In the Orsha sub-basin, terrigenous-carbonate (dolostone) sediments of the Lapichi Formation accumulated, while deposition of terrigenous sediments continued in the Volyn sub-basin. The Lapichi Formation was deposited in a shallow-water, intracratonic basin with low salinity and no oceanic connection [27].




3. Polissya Group in Ukraine


The Polissya Group comprises a continental, silty to sandy, red-bed sedimentary succession that was unconformably deposited on a Paleoproterozoic crystalline basement. The sedimentary thickness of the group gradually increases from the basin margins towards the basin axis, where it reaches 900 m [28]. The sequence is weakly deformed, forming gently dipping, open folds. The group is subdivided into three formations (known in Ukrainian literature as suites): the Romeyki, Polytsi and Zhobryn formations [29]. The sediments are sandstones (96.8%), siltstones (1.7%) and mudstones (1.5%) [30]. Sandstones are feldspathic to arkose and poorly cemented. The presence of red-coloured siltstones in the lower part of each formation results in the rhythmicity of the whole sequence.



The Romeyki Formation is up to 380 m thick and rests on paleosols developed on the crystalline basement. It contains coarse-grained sandstones and conglomerates at the base. The pebbles are fragments of locally weathered crystalline rocks. The basal coarse-grained interval is overlain by a thick (up to 207 m) sequence of reddish-brown arkose sandstones that contain interlayers of siltstones and mudstones. Clastic fragments of quartz and potassium feldspar are well-rounded and sorted. Heavy minerals are ilmenite, garnet, tourmaline, zircon and apatite. The rocks are poorly cemented, and the cement is composed of clay minerals with rare carbonate admixtures.



The Polytsi Formation is 110 m thick and overlies the Romeyki Formation with disconformity. It is composed of rather monotonous, fine-grained sandstones and siltstones that form the second sedimentary succession. The basal part of the formation consists of an 18 m thick layer of brown micaceous mudstone, while the middle part is represented by brown, poorly cemented, oligomictic sandstones. The upper part of the formation consists of a variegated interlayering of sandstones and mudstones. The rocks of the formation are rich in feldspars, with accessory ilmenite, tourmaline, and zircon.



The Zhobryn Formation is developed in the axial part of the Volyn-Orsha basin. It is up to 360 m thick and is subdivided into three sub-formations, each representing a sedimentary sequence. The lower sub-formation is over 100 m thick, with a 20 to 30 m thick layer of greenish-grey mudstone at the base, overlain by a 75 m thick layer of brown, poorly cemented, oligomictic sandstone. The middle sub-formation contains predominantly fine-grained sandstone interlayered with mudstone, which grades up-section into poorly cemented, porous, oligomictic, arkosic sandstone. The upper sub-formation consists of light grey, poorly sorted, porous sandstones that contain up to 30% K-feldspar.



The depositional age of the Polissya Group is poorly defined. The youngest basement rocks are the ca. 2030–1980 Ma intrusive and metavolcanic rocks of the Osnitsk-Mikashevychi Igneous Belt [31,32,33] and the ca. 1980–1900 Ma metavolcanic and metasedimentary rocks of the Central Belarusian Suture Zone [34]. The group is overlain with a hiatus by the terrigenous sediments of the Brody Formation in Ukraine, which is coeval with the Vilchitsy Group in Belarus. Based on U-Pb dates of detrital zircons, the maximum depositional age for the Vilchitsy Group is 977 ± 6 Ma [35], and for the Brody Formation is 1204 ± 26 Ma [36].



All these rocks are overlain by the volcano-sedimentary Volyn Group [37,38,39]. The age of the Volyn Group has been defined based on U-Pb ages of volcanic zircon at 573 ± 14 Ma [40]. Sill-like dolerite bodies intrude the Polissya Group. According to their chemical and isotope composition, the dolerite sills belong to the Volyn flood basalt province [40]. Their maximum age is constrained at 626 ± 17 Ma by baddeleyite 206Pb/238U dating [41].



There have been several attempts to date sediments of the Polissya Group using various methods. Early age determinations were based on K-Ar dating, which yielded ages of 815–700 Ma for mica and feldspar and 980–880 Ma for whole rocks [27,42]. A K-Ar age of 1055 Ma was also obtained [43]. More recent studies were based on U-Pb dating of detrital zircons. The Maximum Depositional Age (MDA) of the Polissya Group was defined at 1018 ± 43 Ma for sandstone of the Polytsy Formation [8] and 954 ± 12 Ma for sandstone of the Rudnya Formation, Belarus Group, which may be equivalent to the middle-upper part of the Polissya Group in Ukraine [35]. Similar results (960–950 Ma) have also been obtained for detrital zircons from sandstones sampled from the basal and upper parts of the Belarus Group in Belarus [44].




4. Sample


A sandstone sample was collected from drill-core #70 at a depth of 106.5 m (Figure 1 and Figure 2). It represents the uppermost part of the Romeyki Formation, the lowermost unit of the Polissya Group. The boundary with the overlying Polytsi Formation is defined at a depth of 104.3 m. The analysed sample is a fine-grained, greenish-grey quartz sandstone that is bedded and poorly cemented. The bedding is defined by thin seams of claystone. Numerous zircon crystals were separated from this rock, which are predominantly 100 to 150 µm in size, colourless, and transparent. The grains are well- to very well-rounded and have an equant to short-prismatic shape.




5. Methods


Zircons were separated from the sandstone sample using a shaking table, magnetic separator and heavy liquids in the M.P. Semenenko Institute of Geochemistry, Mineralogy and Ore Formation of the National Academy of Sciences of Ukraine. About 1 kg of the analysed sample was processed. The separated zircons were mounted in epoxy, polished and imaged using reflected and transmitted light. U-Pb zircon geochronology was performed at the University of California, Santa Barbara, using a Nu Plasma HR MC-ICP-MS and a Photon Machines Excite 193 excimer ArF laser-ablation system equipped with a HeLex sample cell. During the analysis, spots were ablated for 15 s at a rate of 4 Hz and an intensity of approximately 1 J/cm2, resulting in a pit depth of about 5 µm. The analyses were preceded by a 15 s baseline measurement, and analyses of unknowns were corrected using the 91500 reference zircon (1062 Ma; [45]). The reference standard was analysed after approximately every 10 analyses for quality control purposes. Secondary reference materials, including GJ-1 (602 Ma; [46]) and Plešovice (337 Ma; [47]), were analysed and returned concordia dates within 2% of the accepted ages (91500: 1063 ± 2.1 Ma; GJ-1: 605 ± 3 Ma; Plešovice: 341.2 ± 2.2 Ma). All errors are reported at 2 standard deviations (σ).



The kernel density estimation (KDE) plots were generated by using the Python pandas.DataFrame.plot.kde library. The selected estimator bandwidth was the ‘scott’ method, which was set to a value of 0.05.




6. Results


In total, 103 zircon crystals were dated. Seventeen grains were more than 10% discordant and were excluded from further consideration. Eighty-six grains yielded concordant ages, with most of them (74 grains, or 86%) in the time interval between 1655 ± 3 and 1044 ± 16 Ma, with two well-defined peaks at ca. 1630 and 1230 Ma. The next group (7 zircons, 8%) yielded ages between 2004 ± 9 and 1799 ± 9 Ma. Finally, 5 zircons had even older ages, extending back to 3260 ± 4 Ma (Supplementary Table S1, Figure 3). The youngest dated grain yielded a date of 1044 ± 16 Ma, and the next three youngest grains formed a tight group with a weighted mean age of 1079 ± 8 Ma. We accept this latter age as the MDA of the Romeyki Formation.



Zircons from all age groups show significant variations in U (ranging from 10 to 1630 ppm) and Th (ranging from 2 to 185 ppm) concentrations, which are irrespective of age. The Th/U ratio varies from 0.17 to 1.18, indicating the predominantly igneous source of zircon.




7. Discussion


7.1. Provenance of the Volyn-Orsha Basin Sediments


Previous researchers reported the results of U-Pb dating of detrital zircons from different levels of the sedimentary succession filling the Volyn-Orsha basin [8,35]. The lowermost samples, Vilch-2 and Vilch-4, represent the basal Pinsk Formation of the Belarus Group and are dominated by a ca. 1.97 Ga population (Figure 3). These zircons correspond in age to the Osnitsk-Mikashevychi Igneous Belt and Central Belarusian Suture Zone [31,32,33,48]. A similar pattern was previously observed for the lowermost sediments filling the late Paleozoic Donets basin, as a part of the Pripyat-Dnieper-Donets aulacogen (see Figure 1), where the basal sandstones contain zircon populations predominantly derived from the immediately underlying crystalline rocks [49]. In the Belarusian samples, there are also smaller peaks at ca. 2.15–2.10 Ga and 1.85–1.70 Ga, which match the age of the local crystalline basement. Older (as old as ca. 2.90 Ga) and younger zircons are rare and are unlikely to be derived from a local source.



The sample Vilch-5b represents the Orsha Formation, which sits in the middle part of the Belarus Group [35]. The age pattern of detrital zircons in this sample is different from that in the lower samples. The main population has an age of ca. 2.00 Ga, but it does not define a single peak. Other important peaks are at ca. 2075, 1890, and 1790 Ma. All these peaks, except the one at 1890 Ma, can be explained by local sources. Sixty-eight percent of zircons in this sample fall within the age range of 2150 to 1700 Ma. There is also a significant group of zircons (15%) with ages between 3200 and 2450 Ma, which could have been derived from the Meso- to Neoarchean complexes of the Ukrainian Shield [50,51,52,53,54,55]. The remaining zircons in this sample have ages between 1660 and 1280 Ma. Most of them could have been derived from the AMCG complexes of Fennoscandia, except for the youngest zircons, which were more distally derived (see below).



Sample 56/90-95 [8] represents the middle part of the Polissya Group in the Volyn sub-basin of Ukraine and is in a stratigraphically similar position to sample Vilch-5b of the Orsha sub-basin. However, these two samples show a significant difference in their provenance. Characteristically, zircons from the Ukrainian sample cluster into two large groups with ages of 2200–1800 and 1600–1200 Ma. Similar to sample 70/106.5, which is presented in this work, zircons from sample 56/90-95 were predominantly derived from distal sources. Only a relatively small number of zircons, dated at ca. 2110, 2010 and 1970 Ma, could have been derived from the local crystalline basement. Also, zircons from the ca. 2080–2020 Ma Zhytomyr and 1800–1740 Ma Korosten complexes, which are abundant in the area, are absent in sample 56/90-95. It has been shown that the Sveconorwegian belt and Finnish rapakivi intrusions and associated rocks could have been a source of some zircons of the 1500–1000 Ma population [8].



In sample 70/106.5 (this study), Paleoproterozoic (ca. 2000–1800 Ma) zircons constitute one of the main groups and, in general, correspond to the time of formation of the crystalline basement that directly underlies the Volyn-Orsha basin. However, a closer examination of the zircon ages reveals significant differences between the spectrum of detrital ages and the ages of the potential local zircon sources. For instance, 1800–1740 Ma zircons are absent in the studied sample, whereas this age interval corresponds to the time of active intraplate magmatism in the Ukrainian Shield [56,57,58]. Zircons with ages of 2150–2050 Ma are also absent in the studied sample, whereas rocks of this age are widely distributed in the Ukrainian Shield [59,60,61,62]. The studied sample contains a small number of ca. 2000 Ma zircons that could have been sourced from the Osnitsk-Mikashevychi igneous belt. Igneous and metamorphic complexes formed between 1950 and 1800 Ma could have been derived from the Svecofennian orogen (e.g., [63]).



Zircons with ca. 1650–1500 Ma dates could have been sourced from large anorthosite-mangerite-charnockite-granite complexes in SW Fennoscandia: Mazury (1520–1500 Ma, [64,65], Viborg (1640–1630 Ma, [66]), Riga (1580 Ma, [67]), and Salmi (1550–1530 Ma, [66,68]. Also, potential sources of the ca. 1500–1000 Ma zircons, which are the most abundant in the studied sample, are unknown in Sarmatia but could have been derived from the Sveconorwegian belt [69]. In addition, a small population of Archean zircons was likely derived from Archean complexes widely developed in the Ukrainian Shield [50,51,52,53,54,55].



In summary, zircons found in the Orsha sub-basin were mainly derived from local sources. In contrast, zircons in the Volyn sub-basin were predominantly derived from distal sources (Figure 4). This observation agrees with previous results, which indicated different sources for the Volyn and Orsha sub-basins [19]. This also precludes transportation of the sedimentary material from NE to SW. Our data suggest that detritus was transported along the axis of the basin in the NE direction into the continent.



In the context of long-distance transport of the sedimentary material, a fluvial transport exceeding 3000 km was suggested for ca. 1.1 Ga zircons derived from the Grenville orogenic mountains to Neoproterozoic sedimentary basins in Laurentia [71]. Importantly, these basins have similar maximum depositional ages of ca. 1.1 Ga and—similar to the Polissya Group—patterns of U-Pb detrital zircon dates. It was inferred that the Grenville orogenic belt must have been high enough to facilitate long-distance fluvial transport of the detrital material. This scenario might also apply to the Polissya Group sediments.




7.2. Possible Link to Amazonia


Many studies have suggested a strong link between Baltica and Amazonia during the Proterozoic (e.g., [57,62,72,73]. The available information indicates that these continents possibly existed as a single entity in the Nuna and Rodinia supercontinents until Rodinia breakup in the late Neoproterozoic (e.g., [38,63,74,75,76,77,78,79]. According to most reconstructions, the western margin of Baltica (the Trans-European Suture Zone) was attached to Amazonia, suggesting that the Volyn-Orsha basin possibly continued farther westward towards Amazonia. Available geological data do not indicate any closure of the Volyn-Orsha basin towards the Trans-European Suture Zone; rather, it is sharply aborted by the zone. If this reconstruction is correct, then Amazonia might have been supplying detrital material to the basin rather than the distally located Sveconorwegian rocks. It is worth noting that basins of broadly similar age, sediment composition and tectonic setting are also known in Amazonia [80].



Geochronological and isotope geochemical data regarding the Amazonian complexes [81,82,83,84] suggest that these areas could have been a suitable source of detrital material deposited in the Volyn sub-basin. Indeed, active magmatism in Amazonia started at ca. 2200 Ma and lasted until ca. 1250 Ma. After 1250 Ma, it continued until ca. 950–900 Ma, but on a smaller scale (see overview in [62]).



The Meso- to Neoproterozoic orogenic belts in Amazonia extend to the NW Baltica (Figure 4). As a result, geochronological and isotope geochemical data do not allow for unequivocal differentiation between Amazonia and Baltica sources. The sedimentary fill of the Volyn sub-basin is relatively poorly sorted, poorly rounded and subarkosic. This conflicts with long-distance (either from Amazonia or Baltica) transport from their sources. In contrast, the Orsha sub-basin is filled with well-sorted and rounded, mainly quartz sediments derived predominantly from local sources.



Importantly, the detrital zircon age distribution patterns in Neoproterozoic sedimentary samples collected from the stratigraphic units overlying the Volyn-Orsha basin [35] change drastically after the breakup of Rodinia. Samples of the Vilchitsy Group, which were deposited above the Belarus Group, demonstrate a wide spectrum of zircon ages with MDAs of ca. 1000 Ma, similar to those observed in the Polissya Group. In contrast, all younger Ediacaran samples reveal patterns with a strong peak at ca. 1500 Ma and a small peak at ca. 1800 Ma and lack younger zircons, except for ca. 570 Ma zircons related to the Volyn flood basalt province. Such a difference in the detrital zircon patterns indicates a sharp change in the provenance. After the Rodinia breakup, Amazonia sources became unavailable and disappeared from the sedimentary record of Baltica.



In Meso-Neoproterozoic continental reconstructions, some authors [85,86,87] place the Oaxaquia block of Mexico between Baltica and Amazonia (see Figure 4). However, this model contradicts the available geological and geochronological information regarding the late Mesoproterozoic to early Neoproterozoic evolution of SW Baltica. Between 1300 and 1000 Ma, the Oaxaquia block experienced intense arc magmatism and emplacement of AMCG complexes. At 1000–980 Ma, it was affected by a granulite facies tectonothermal event [87]. None of these events are recorded in SW Baltica, where the latest known magmatic event was dated at ca. 1720 Ma [88]. SW Baltica lost its adjacent landmasses during the Rodinia breakup, and the latter event possibly explains the disappearance of the above-mentioned, ca. 1500 Ma detrital zircon age mode from the late Ediacaran—Palaeozoic sedimentary record of SW Baltica.



It should be noted that our speculations regarding the possible link to Amazonia are based on the results of U-Pb dating only. Unfortunately, neither zircon trace element data nor Hf isotopes are available. Further, more extensive studies of detrital zircons and other minerals (including, e.g., rutile and monazite), applying a wider range of methods and samples collected at different stratigraphic levels, would support or deny our assumptions.




7.3. Possible Triggers for Basin Initiation


To explain the origin of the Meso- to Neoproterozoic Volyn-Orsha intracontinental sedimentary basin in Baltica, we need to consider possible reasons for extension, decrease in lithospheric rigidity and potential link to major suture zones. Considering the linear shape of the Volyn-Middle Russia rift system, it has long been considered an aulacogen (fossil rift; [89]). However, the lack of associated magmatism and connection to the contemporaneous continental margin at either end of the system seem to challenge this view. Further, if this rift system indeed developed at ca. 1.0 Ga, as detrital zircon ages and micropaleontological data suggest, Baltica was in a compressional rather than an extensional regime. Considering the compressional regime at ca. 1.0 Ga, the Volyn-Middle Russia rift system could be an impactogen basin formed in front of the orogenic belt. However, evidence for the Meso- to Neoproterozoic orogeny at either end of the rift system is not strong; in fact, it runs roughly parallel to the Sveconorwegian orogenic belt.



It has been suggested [11,21,72,90,91,92] that during the time interval ca. 1.2 to 0.9 Ga, Baltica (either together with Amazonia or alone) underwent a ~90° clockwise rotation and collided with Laurentia, resulting in the formation of the Grenvillian—Sveconorwegian—Sunsas orogenic belts. These processes likely resulted in significant shear stresses that were probably concentrated along Paleoproterozoic sutures [21]. These stresses could have caused localized extension and subsidence but did not result in magmatic activity or significant tectonic re-arrangement. Furthermore, the rotation of the craton, with deep mantle keels to orogens generating localized stresses, along a fulcrum centred in NW Fennoscandia, would result in a greater degree of extension along the eastern margin of Baltica (in its present position) with respect to its western margin.



Another factor that can facilitate subsidence is the presence of an eclogitized subducted slab. It has been shown that eclogites, which are denser than most of the crustal or upper mantle rocks, can survive in the lithosphere for a long time, avoiding lower crustal delamination [93]. Such a dense and heated lithosphere would tend to subside under conditions of lithospheric extension caused by tectonic factors.



The Sarmatia (and Volga-Uralia)—Fennoscandia suture zone has a “diffuse” structure and contains a number of displaced crustal blocks that could be either exotic or derived from all three crustal segments [11,48,94]. It has been shown that Paleoproterozoic eclogites, probably representing relics of the subducted oceanic plate, occur in the suture zone [48,95,96,97]. Hence, the development of the system of Meso- to Neoproterozoic sedimentary basins in Baltica could have been triggered by a combination of several factors, including (1) localized lithospheric extension along ancient suture zones caused by the differential movement (rotation) of Baltica and by continental collisions that produced the Grenvillian—Sveconorwegian—Sunsas orogenic belts, and (2) pulling down by subducted eclogite lithosphere in the suture zones.





8. Conclusions


From the end of the Mesoproterozoic to the beginning of the Neoproterozoic, an extended system of amagmatic sedimentary basins developed in Baltica. These basins generally follow sutures between the major crustal blocks that constitute the craton. The depositional age of the basins is poorly known, but the maximum depositional age has been herein defined as ca. 1000–950 Ma. This age broadly corresponds to the time of ~90° clockwise rotation of Baltica and the formation of the Grenvillian—Sveconorwegian—Sunsas orogenic belts, which caused lithospheric extension to be concentrated in the old suture zones. In addition, subsidence was facilitated by the presence of eclogites derived from the subducted oceanic crust.



The westernmost part of the system of sedimentary basins, known as the Volyn-Orsha basin, comprises two sub-basins (Volyn and Orsha) separated by the Rogachev-Bobruisk saddle. Despite their close spatial relationships, the two sub-basins reveal drastically different provenances. The clastic sediments infilling the Orsha sub-basin were predominantly derived from local crystalline basement rocks. In contrast, the detrital material deposited in the Volyn sub-basin was transported from distant areas, possibly from the Sveconorwegian orogen in NW Baltica or the Sunsas orogen in Amazonia.
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Figure 1. Meso- and Neoproterozoic sedimentary basins in Baltica, modified after [11]. The Volyn-Middle Russia System, together with the Pachelma aulacogen, generally follows the Paleoproterozoic suture zones separating the main Archean and early Paleoproterozoic crustal blocks composing Baltica. 






Figure 1. Meso- and Neoproterozoic sedimentary basins in Baltica, modified after [11]. The Volyn-Middle Russia System, together with the Pachelma aulacogen, generally follows the Paleoproterozoic suture zones separating the main Archean and early Paleoproterozoic crustal blocks composing Baltica.



[image: Geosciences 13 00152 g001]







[image: Geosciences 13 00152 g002 550] 





Figure 2. Lithostratigraphic column of the pre-Cretaceous section of drill-core #70, Volyn sub-basin of the Volyn-Orsha basin, showing the stratigraphic position of the analysed sandstone. 
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Figure 3. The detrital zircon age spectra (KDE plots) for the sediments filling the Volyn and Orsha sub-basins. Arrangement of the plots on the diagram broadly corresponds to their position in the sedimentary succession. Zircon U-Pb data for the Orsha sub-basin is from [35], and for sample 56/90-95 is from [8]. 
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Figure 4. Position of Baltica within the Meso-Neoproterozoic supercontinent Rodinia (modified after [70]). The possible routes of detrital material for the Volyn and Orsha sub-basins are shown. As can be seen, detrital material infilling the Orsha sub-basin was mostly derived from the local crystalline basement. In contrast, the detrital material deposited in the Volyn sub-basin was transported from distant areas, possibly from the Sveconorwegian orogen in NW Baltica or the Sunsas orogen in Amazonia. SL stands for the São Luis block, La—for the Laurentia continent, Ro—for the Rockall plateau, Ch—for the Chortis block, and Oa—for the Oaxaquia block. 
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