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Abstract

:

Detrital zircon of clastic rocks has been widely recognized as a powerful tool for the study of crustal uplift, which is of great significance for understanding multi-sphere interaction. However, young detrital zircons can only roughly constrain the depositional time of the strata, and commonly used zircon age probability density and kernel density estimations cannot provide sufficient evidence to reveal spatio-temporal differences in tectonic uplift. The basins developed in active continental margins usually contain abundant magmatic rocks, which can provide insights into basin evolution and crustal deformation when combined with sedimentary characteristics. In this study, we report detrital zircon ages of Late Mesozoic clastic rocks from the Boli Basin, being part of the Great Sanjiang Basin Group in eastern NE China, which is strongly affected by the Paleo-Pacific subduction. In conjunction with the age data of coeval magmatic rocks and potential sedimentary sources of basement rocks adjacent to the basin, the geochronologic results of this study provide solid evidence for the formation of the Boli Basin and the spatio-temporal evolution of the crustal uplift in northeastern China. The Boli Basin went through multi-phase tectonic evolution of syn-rift and post-rift stages, based on the zircon age data of clastic and igneous rocks. When the geographical distribution characteristics of potential sedimentary sources and their percentages of contribution are taken into account, two stages of eastward migration of the crustal uplift and two episodes of basin destruction caused by the tectonic extension and subsequent compression can be proposed for the Boli Basin. These processes were caused successively by the rolling back of the subducted Paleo-Pacific slab, the docking of the Okhotomorsk block along the eastern continental margin of East Asia, and the transition of the subduction zone by the collision of the Okhotomorsk block.
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1. Introduction


Basins and ranges are two basic geomorphic units and metallogenic domains of the continent [1,2,3,4], the evolution of which has aroused great interest, and is known as “basin-range coupling” [2,5,6]. Differential uplift and subsidence of the crust results in the formation of basins and ranges [7,8]. Thus, studies of crustal uplift contribute to understanding the processes of “basin-range coupling” and related mineral and energy resources. Furthermore, crustal uplift is controlled by crust-mantle geodynamics [9,10,11,12] and affects climate by shaping the landscape [13,14]. Hence, research of crustal uplift is of crucial significance for understanding of multi-sphere coupling of the asthenosphere, lithosphere, atmosphere, and biosphere [6,15,16,17,18].



Studies of crustal uplift involve various disciplines of geoscience. Paleolatitude variation based on paleomagnetism reveals plateau uplift under the crustal shortening tectonic settings [19]. The lateral and vertical propagation of magmas provides dynamic evidence for crustal differential uplift [12,20,21]. Moreover, modelling research provides a framework to explain how lithospheric rheology, surface processes, and extensional faults control the height, shape, and longevity of ranges [8,22]. Considering that crustal uplift or exhumation is usually accompanied by cooling processes, the unique closure temperature of different isotopic systems for specific minerals play a crucial role in the process of crustal uplift. Firstly, geochronological and kinematic studies of ductile shear zones in the vicinity of fault belts and metamorphic core complexes can define the timing and mechanism of uplift of the lower-middle crust [23,24,25]. Secondly, crustal uplift rates can be reconstructed by determining different mineral cooling ages and thermobarometers [26,27]. Moreover, zircon and apatite fission track and (U-Th)/He thermochronology can reveal multi-stage uplift of the orogenic crust [28,29,30]. Besides, carbonate clumped isotope from carbonates and carbonaceous fossils can recover the paleo-altimetry of the ranges [31,32]. However, studies of geochronology, mineral thermobarometer, and carbonate clumped isotope paleothermometry require ideal objects, which are generally less accessible than clastic rocks from basin-fill. Consequently, revealing crustal uplift based on clastic rocks has been widely used. In the 1980s, provenance and tectonic setting were inferred mainly from detrital framework modes [33] and contents of major, trace, and rare earth elements [34,35,36,37,38]. Radiogenic isotope compositions (e.g., Sr-Nd-Pb) of whole-rocks and single-minerals are also applied to study the provenance and crustal uplift [39,40,41]. More recently, with advances in in situ analysis, a wealth of research has sprung up and focused on provenance and crustal uplift based on geochronology, trace elemental geochemistry and Hf isotope geochemistry of zircon [42,43,44,45,46,47,48].



Many studies have proved the importance of detrital zircon in provenance tracing and crustal uplift [49,50]. However, studies of spatio-temporal differences in crustal uplift using detrital zircon encountered two problems. The youngest detrital zircon (s) have long been applied to infer the maximum depositional age [51], but in practice, it is difficult to precisely limit the actual deposition time of the sedimentary sequence. The geographic distribution of potential provenances (or sedimentary sources) was not considered in the diagrams of zircon age probability density and kernel density estimation [52], making it difficult to reveal differential uplift of the crust. In contrast, basins located on active continental margins are controlled by subduction zones and typically accompanied by coeval volcanic-magmatism. The contact relationships between the volcanic-magmatic rocks and the sedimentary sequences (such as underlying, interbedding, overlying, or intruded) combined with geochronological data of igneous rocks are extremely conducive to constrain stratigraphic ages. In addition, magmatism within the subduction zone is characterized by landward or oceanward migration [53,54], leading to regular change in the spatio-temporal distribution of igneous rocks potentially as sedimentary sources, which can provide a premise for delicate study of differential uplift of the crust.



The Great Sanjiang Basin Group (or “Dasanjiang Basin Group” in the Chinese literature), located in eastern NE China, has experienced a complex tectonic evolution of syn-rift, tectonic inversion, and post-rift processes (Figure 1). The tectonic inversion caused the once-unified basin to split into a series of small ones [55,56,57,58,59]. Due to the disorder of the stratigraphic division, inconsistent dating results by paleontology [60,61,62,63,64,65,66,67,68,69,70] and insufficient U-Pb isotopic ages [71,72,73,74], the tectonic frame and history of the basin, even the depositional ages of sedimentary sequences remain to be adequately constrained. In this study, we focus on detrital zircon of Late Mesozoic clastic rocks from the Boli Basin, part of the Great Sanjiang Basin Group. The Late Mesozoic sedimentary sequences fully developed in the Boli Basin, accompanied by coeval magmatism [75,76,77,78,79,80], which is beneficial for limiting the evolution frame of the basin when combined with the age patterns of detrital zircons in the clastic rocks. The study area was successively influenced by the subduction and closure of the Paleo-Asian Ocean and the Paleo-Pacific Ocean [53,76,81,82,83], resulting in significant spatio-temporal differences in sedimentary sources and thus, providing a solid basis for the study of differential uplift of the crust. Here, we use line charts of percentage of the source contribution (detrital zircon age versus potential provenance) to examine the differential uplift of the crust in the Boli Basin and its peripheral.




2. Geological Background and Samples


The Boli Basin in Northeast China is located in the zone among the Siberian Block, North China Block, and West Pacific Plate, and is part of the eastern segment of the Central Asian Orogenic Belt (Figure 1a). Northeast China geologically consists of the Erguna, Xing’an, Songliao, and Bureya-Jiamusi-Khanka massifs (known as the “Northeast Micro-block Group” in the Chinese literature), and part of the North China Block in the south and the Wanda Range (or Nadanhada) and Sikhote-Alin accretionary complex in the east. The above-mentioned blocks or massifs are separated by the Mongolia-Okhotsk suture zone and the Solonker suture zone (Figure 1b). As a result, NE China was influenced by the tectonic domains of the Paleo-Asian Ocean, the Mongolian-Okhotsk Ocean, and the Paleo-Pacific Ocean, and hence, underwent a complex tectonic evolution, accompanied by extensive volcanic-magmatic activity [75,84,85]. The landform in NE China shows a basin-range configuration that can be divided into western, central, and eastern basin groups (Figure 1b) [55]. It is noteworthy that the eastern basin group, termed as the Great Sanjiang Basin Group (GSJBG), underwent more dramatic compression in the middle Cretaceous, resulting in the formation of a series of isolated small basins (Figure 1c) [55,56,57,58,59].



The Boli Basin is located in the southern part of the Great Sanjiang Basin Group and developed on the Jiamusi Massif (Figure 1c). It is separated from the Jixi Basin by the Mishan Uplift in the south, from the Sanjiang Basin by the Huanan Uplift in the north, and from the Hulin Basin by the Dun-Mi Fault in the east (Figure 1c). This basin was mainly filled with Late Mesozoic clastic rocks with subordinate tephra interlayers. The Jixi Group developed during the syn-rift period (Early Cretaceous), including the Didao Formation (K1d), Chengzihe Formation (K1ch), Muling Formation (K1m), and Dongshan Formation (K1dn) from bottom to top. The Houshigou Formation (K2h) developed during the post-rift period (Late Cretaceous) and can be divided into the lower and upper sections (Figure 1d–f). The coeval volcanic rocks were developed in the Boli Basin, termed the Songmuhe Formation in the east and Yilin Formation in the west, mainly consisting of rhyolite, dacite, and andesitic porphyrite. In addition, sporadic magmatic rocks, mainly consisting of rhyolite and diabase porphyrite, intruded into the syn-rift strata (Figure 1e).



Ten samples of clastic rocks were collected from the sedimentary sequences in the Boli Basin for zircon U-Pb dating, including (1) sandstone from the Didao and Muling formations (K1d, sample JX12-10; K1m, sample JX12-11) in the southwestern part of the basin (Figure 1d,e and Figure 2a,b); (2) sandstone from the Chengzihe, Muling, and Dongshan formations (K1ch, sample HL11; K1m, sample HL15; K1dn, samples HL12 and HL13) in the central basin (Figure 1d,e and Figure 2c,d); and (3) sandstone and pebbly sandstone from the lower section of the Houshigou Formation (K2h1, samples JX12-6 and JX12-8), siltstone (sample JX12-3) and pebbly sandstone (sample JX12-4) from the upper section of the formation (K2h2) in the east-central basin (Figure 1d,e and Figure 2e,f).




3. Analytical Methods and Analytical Results


Approximately 2 kg of each sample was crushed for zircon separation using standard mineral separation techniques. Zircon crystals were handpicked under a microscope, mounted in epoxy, and then polished for analysis. Cathodoluminescence (CL) images of zircon grains were obtained to inspect their internal structures for in situ U-Pb isotopic analysis. A laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) located in the Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China, was employed for zircon U-Pb dating. Zircon 91500 was used as an external standard for calibration of U-Pb and was analyzed twice per ten analyses. Procedures are described in detail elsewhere [86]. Correction for common Pb was performed using the ComPbCorr#3_18 procedure [87], U-Pb isotopic ratios were calculated using the ICPMSDataCal software module [86], and U-Pb age calculations were performed using ISOPLOT 4.15 [88]. All uncertainties for individual analyses are quoted as 1σ.



Analytical results of the U-Pb dating on detrital zircon grains separated from Late Mesozoic clastic rocks of the Boli Basin are given as Supplementary Data in Table S1. Plots of U-Pb isotopic data and diagram of Th/U ratio versus age of zircons are shown in Figure 3, while diagrams of probability density and representative CL images of detrital zircon are shown in Figure 4. In this study, analytical spots with a concordance greater than 90% are selected for the data evaluation. 206 Pb/238 U ages are used for grains younger than 1.0 Ga and 207 Pb/206 Pb ages for those older than 1.0 Ga.



Detrital zircon grains from the southwestern Boli Basin (Figure 4a,c) are euhedral to subhedral crystal and angular to subangular, with larger sizes than those from the central basin (Figure 4b,d–f), implying shorter to moderate transport before deposition. Detrital zircon grains from the central basin are of two types, younger ones (133–109 Ma) are euhedral to subhedral crystal and are angular to subangular (Figure 4b,d–h), reflecting shorter transport from adjacent areas, while the older ones (>131 Ma) are subhedral to anhedral crystal and subcircular to subangular, reflecting longer transport distances from distant provenances. Detrital zircon grains from the eastern basin are subangular to subrounded (Figure 4i,j), indicating a long transport distance. Almost all the zircon grains have Th/U ratios of 0.12 to 2.62 (Figure 3k) and mostly have oscillatory cathodoluminescence zone, suggesting magmatic origin.



Didao Formation (K1d): A total of sixty-nine detrital zircon grains from the sandstone sample JX12-10 were selected for the U-Pb dating. Forty-four analytical spots having concordant U-Pb ages yield a broad age range from ~990 Ma to ~110 Ma. They define four main populations with 206 Pb/238 U ages of 119 ± 14 Ma (n = 4), 174 ± 2 Ma (n = 19), 200 ± 3 Ma (n = 14), and 257 ± 22 Ma (n = 4), respectively. The other three grains crystallized in the Late Permian (310 Ma), Late Devonian (372 Ma), and Neoproterozoic (990 Ma), respectively (Figure 3a). Two major age peaks at ~174 Ma and ~200 Ma are shown in the diagram of probability density (Figure 4a).



Chengzihe Formation (K1ch): Ninety-four out of one hundred zircon grains from the sandstone sample HL11 yield concordant U-Pb ages. Their 206 Pb/238 U age values vary from 383 Ma to 108 Ma, with one exceptional grain with a 207 Pb/206 Pb age of 2561 Ma. The three main age populations can be recognized with a weighted mean 206 Pb/238 U ages of 120 ± 3 Ma (n = 29), 182 ± 3 Ma (n = 34) and 249 ± 6 Ma (n = 16), respectively. In addition, two minor age groups with mean 206 Pb/238 U ages of 147 ± 9 Ma (n = 6) and 206 ± 11 Ma (n = 5) can be identified (Figure 3b and Figure 4b). Five single grains give ages of Early Permian (298 Ma), Early Carboniferous (324, 342, 354 Ma), and Devonian (383 Ma).



Muling Formation (K1m): Eighty-seven out of one hundred and twenty analyzed zircon grains from the sample JX12-11 in the southwestern Boli Basin yield concordant U-Pb ages, ranging from 412 Ma to 108 Ma. The age data can be subdivided into three major populations with weighted mean 206 Pb/238 U ages of 120 ± 2 Ma (n = 31), 183 ± 4 Ma (n = 41), and 248 ± 6 Ma (n = 6), respectively (Figure 3c). Other grains give Late Carboniferous and Early Devonian ages (Figure 4c). Fifty-four out of one hundred zircon grains from sample HL15 in the central Boli Basin were plotted on the U-Pb concordia curve. Three grains yield Paleo-Proterozoic and Archean 207 Pb/206 Pb ages (2407 Ma, 2512 Ma, and 2607 Ma) and the remaining zircon grains have young 206 Pb/238 U ages from 348 Ma to 109 Ma. These young zircon grains can be divided into two major age populations of 123 ± 4 Ma (n = 15) and 179 ± 5 Ma (n = 18) and three minor age populations of 148 ± 6 Ma (n = 7), 220 ± 15 Ma (n = 3), and 263 ± 16 Ma (n = 3), respectively (Figure 3d). In the probability density diagram (Figure 4d), the age peaks of 179 Ma and 123 Ma are obvious, and some zircon grains have ages of Early Permian (298–288 Ma) and Early Carboniferous (349–318 Ma).



Dongshan Formation (K1dn): Fifty zircon grains from the sandstone sample HL12 in the central Boli Basin were analyzed, and thirty analytical spots yield concordant U-Pb ages. These zircon grains cluster at two major age peaks of 122 ± 3 Ma (206 Pb/238 U, n = 18) and 505 ± 14 Ma (206 Pb/238 U, n = 14) (Figure 3e). In addition, single zircon ages of 144 Ma, 251 Ma, 444 Ma, 468 Ma, 477 Ma, and 689 Ma were also found (Figure 4e). The sandstone sample HL13 has a similar distribution of detrital zircon ages to sample HL12. Fifty zircon grains were analyzed, and forty-one analytical spots have concordant U-Pb ages, where all of them were younger than 527 Ma. The most significant age group is clustered at 131 Ma to 109 Ma, giving an age peak at 116 Ma (n = 18). Three subordinate age peaks can be seen at 446 Ma (n = 4), 475 Ma (n = 4), and 512 Ma (n = 8) (Figure 3f). The remaining zircon grains yield 206 Pb/238 U ages of 211 Ma, 277 Ma, 289 Ma, 403 Ma, and 418 Ma (Figure 4f).



Lower section of the Houshigou Formation (K2h1): Seventy-six out of ninety-six grains from the pebbly sandstone sample JX12-8 yield concordant U-Pb ages, exhibiting a board range from 478 Ma to 101 Ma. One pronounced age population gives a weighted mean 206 Pb/238 U age of 185 ± 3 Ma (n = 65) (Figure 3g). The Early Cretaceous zircons (116 Ma to 101 Ma) contained in this sample became less significant compared with the clastic rocks of the Chengzihe (K1ch) and Dongshan (K1dn) formations. Minor zircon grains of Permian (297–264 Ma) and Early Paleozoic (478–435 Ma) can be also found (Figure 4g). The sandstone sample JX12-6 from the same locality has a similar distribution of zircon ages to sample JX12-8. Analyses of the U-Pb isotopic dating were performed on a total of ninety-seven zircon grains and eighty-one analytical spots yield concordant U-Pb ages, ranging from 485 Ma to 95 Ma. The majority of the age values give a weighted mean 206 Pb/238 U age of 181 ± 3 Ma (n = 63) (Figure 3h). Minor age groups are Cretaceous (124–95 Ma), Early Permian (293 Ma), Early Devonian (400 Ma), and Ordovician (485–453 Ma), respectively (Figure 4h).



Upper section of the Houshigou Formation (K2h2): Analyses of one hundred zircon grains were performed for the fine sandstone sample JX12-3 from the eastern Boli Basin, where sixty-seven analytical spots yield concordant U-Pb ages, ranging from 1407 Ma to 81 Ma. Six major age populations with weighted mean ages of 95 ± 2 Ma (n = 13), 104 ± 3 Ma (n = 6), 181 ± 4 Ma (n = 22), 248 ± 9 Ma (n = 7), 464 ± 27 Ma (n = 4), and 515 ± 17 Ma (n = 3) can be obtained (Figure 3i). The remaining grain formed in the Carboniferous (334–300 Ma), Neoproterozoic (772–561 Ma) and Mesoproterozoic (1407 Ma) (Figure 4i). The pebbly sandstone sample JX12-4 has a similar age distribution to sample JX12-3. Eighty-three analytical spots out of ninety-six detrital zircon grains yield concordant U-Pb ages, defining a broad age range from 1799 Ma to 87 Ma. Six major age populations can be identified (Figure 3j), having weighted mean 206 Pb/238 U ages of 89 ± 3 Ma (n = 4), 98 ± 1 Ma (n = 36), 132 ± 5 Ma (n = 3), 189 ± 4 Ma (n = 26), 247 ± 6 Ma (n = 6), and 464 ± 14 Ma (n = 3), respectively. The other analytical spots give U-Pb ages of Cambrian (529 Ma), Neoproterozoic (824–554 Ma), and Paleoproterozoic (1799 Ma) (Figure 4j).




4. Potential Sedimentary Sources Adjacent to the Boli Basin


Phanerozoic magmatic rocks were well developed on the Great Sanjiang Basin Group and adjacent areas, defining potential provenance for the basin filling. Based on the compilation of a large data set for more than 500 samples, including age and geographical data (Figure 5 and Figure 6), comprehensive information of the provenances can be acquired and in favor of reconstructing provenance variation and differential uplift of the crust during the formation of the Boli Basin. On the basis of the data set, we can distinguish four major regions of potential provenances to provide sedimentary material: western provenances (W-x), middle provenances (M-x), eastern provenances (E-x), and coeval volcanic-magmatic provenances (VM-x), where x means from 1 to 5, representing the number of sub-provenances.



Western potential provenances (W-x): Potential sources of W-1 to W-5 are distributed in the Zhangguangcai Range on the western part of the Great Sanjiang Basin Group (Figure 5 and Figure 6). Rocks of W-1 (190–170 Ma) were found in the westernmost part of the Zhangguangcai Range, adjacent to the Songliao Basin, thus being the westernmost potential source for the basin filling of the Great Sanjiang Basin Group [75,78,81,84,89,90,91,92,93,94,95,96,97,98,99]. Source rocks of W-2 (205–190 Ma) are located in the central region of the Zhangguangcai Range [81,82,84,89,90,92,93,94,100,101,102,103,104] and rocks of W-3 (370–310 Ma) are in the southern part of the range (between W-2 and W-4) [84,105,106]. Rocks of W-4 (235–205 Ma) are mainly located in the western part of the Mudanjiang fault and subordinately from the Jiamusi Massif [75,81,82,84,93,94,100,101,103,104,107,108,109,110,111,112,113], while those of W-5 (490–410 Ma) are distributed mainly in the western part of the Mudanjiang fault and subordinately from the northeastern Boli Basin [114,115,116,117,118] (Figure 5).



Middle potential provenances (M-x): The middle potential provenances are located in the Jiamusi Massif and are composed of Cambrian to Triassic rocks (Figure 5 and Figure 6). Source M-1 (265–240 Ma) is mainly developed in the western Jiamusi Massif and subordinately along the western part of the Mudanjiang fault [81,90,93,94,104,108,110,119,120,121,122,123,124,125,126,127,128,129]. Source M-2 (310–265 Ma) is mostly located in the Mishan and Huanan uplifts within the Jiamusi Massif with a small amount in the Zhangguangcai Range [82,90,108,120,123,126,127,130,131,132,133,134,135,136,137,138]. Source M-3 (410–380 Ma) develops mainly in the eastern part of the Huanan Uplift and subordinately in the western of Jiamusi Basin [96,139,140]. Source M-4 (550–490 Ma) is found mainly in the Hengshan, Mishan, and Huanan uplifts within the Jiamusi Massif and subordinately in the northern Zhangguangcai Range and the eastern Khanka Massif [83,117,118,141,142,143,144,145].



Eastern potential provenances (E-x): Three potential source areas can be recognized in the eastern region of the Boli Basin, which is mainly composed of a series of accretionary complexes, including the Nadanhada, Samarka, Zhuravlevka, and Taukahe massifs (Figure 5 and Figure 6). Source E-1 (95–80 Ma) is distributed in the Samarka, Zhuravlevka, and Taukahe massifs that are located in Russia’s Primorsky Kray [146,147,148,149]. Source E-2 (170–140 Ma) was only found in the northern part of the Nadanhada Massif [150,151,152,153]. Source E-3 (140–125 Ma) was found in Dongfanghong and Raohe, close to the northeastern margin of the Boli Basin [75,147,152,154,155].



Coeval volcanic-magmatic potential provenances (VM-x): The formation of the Great Sanjiang Basin Group was accompanied by coeval volcano-magmatism, mainly distributed within the basins and in the Lesser Xing’an Range in the northwest and the accretionary complex belt in the east (Figure 5 and Figure 6). Rocks of VM-1 (125–120 Ma) are mainly developed in the middle-east part of the Boli Basin and the northern part of the Nadanhada Massif [75,153,156]. Rocks of VM-2 (120–110 Ma) are mainly found in the Boli, Jiamusi, and Hulin basins and the Nadanhada Massif [75,153,156,157,158]. Rocks of VM-3 (110–100 Ma) spread over the Great Sanjiang Basin Group and its periphery [75,78,146,147,149,156,159] and rocks of VM-4 (100–95 Ma) can be found in the Jixi, Jiamusi, and Shuangyashan basins [75,76,77,79,156].




5. Discussion


5.1. Constraints on Depositional Time of the Sedimentary Sequences


It is well known that the sedimentary ages of clastic rocks are difficult to obtain, unless volcanic layers can be found interbedded in the sedimentary sequences. Such igneous products are most conducive to constraining the depositional time of sedimentary rocks. For clastic rocks without tephra interlayers, the maximum depositional age is generally inferred by the youngest detrital zircons or the ages of the underlying geological bodies, while the minimum depositional age can be constrained by the overlying sequence or igneous rocks intruding into the clastic strata. Considering that the Great Sanjiang Basin Group was once a unified basin during the syn-rift period [55,56,57,58,59], in this study, we tentatively assume that the analyzed samples of the same rock sequences or formations, although presently located in isolated sub-basins due to late tectonic events, should share a unified depositional time. To reduce the influence of the age errors of the youngest detrital zircons on the depositional ages, we integrate age data of the youngest detrital zircons, tephra interlayers, volcanic layers, underlying and overlying sequences, and igneous rocks intruding into the clastic rocks in the Great Sanjiang Basin Group. Collective constraints on depositional age and relevant data on the sedimentary sequences or formations in different basins of eastern NE China are summarized in Figure 7.



Didao Formation (K1d): An age of 110 ± 2 Ma was obtained from the youngest detrital zircon grain of sandstone sample JX12-10 (Figure 7d). However, this grain has very high U content (~2170 ppm, Table S1) and uniformly dark CL image (Figure 4a), likely implying late hydrothermal or metamict overprint that can lead the loss of radiogenic Pb, consequently showing a younger age (Figure 3a). Apart from this zircon grain, another zircon grain has relatively low U and Th contents (679 and 332 ppm) and gives an age value of 118 Ma. This is consistent with the depositional age of 117 ± 2 Ma for the Didao Formation in the Sanjiang basin, constrained by the youngest detrital zircon U-Pb age (Figure 7b) [72]. Furthermore, an emplacement age of 116.3 ± 2.1 Ma was reported for rhyolite within the Peide Formation (equivalent to the Didao Formation) in the eastern Boli Basin (Figure 7d) [156], consistent with the ages of the youngest detrital zircons. A zircon age of 116 ± 1 Ma was reported for tephra interlayer collected from the overlying Chengzihe Formation in the Jixi Basin (Figure 7e) [73], which can place a limit of the minimum depositional age of the Didao Formation. Similarly, an eruptive age of 115 ± 2 Ma was obtained for rhyolite overlaying the Didao Formation (authors’ unpublished data). Therefore, we can infer that the sedimentary sequences of the Didao Formation were more likely deposited between 118 Ma and 116 Ma (Figure 7).



Chengzihe Formation (K1ch): Sandstone of the Chengzihe Formation collected from the Jixi, Boli, and Shuangyashan basins contain the youngest detrital zircon grains of 107 Ma (Figure 7e, JX13-2), 110–108 Ma (Figure 7d, HL11), and 104–98 Ma (Figure 7c, LJ39), respectively. Previous studies also reported youngest detrital zircon ages of 109–106 Ma (Figure 7b, B1-2) and 122 Ma (Figure 7a, HG1-02) for the Chengzihe Formation in the Sanjiang and Hegang basins [71,72]. Conclusively, the depositional time of this formation likely ranged from 122 Ma to 98 Ma. However, diabase porphyrite intruding the Chengzihe Formation in the Boli Basin was emplaced at 110 ± 2 Ma (Figure 7d, LJ33, authors’ unpublished data), indicating that the depositional age should be older than 110 Ma. Moreover, an age of 111.1 ± 0.5 Ma (Figure 7e, JX08) was reported for tephra interlayer collected from the boundary of the Chengzihe and Muling formations [73]. In summary, timing of deposition of the Chengzihe Formation in the Great Sanjiang Basin Group cannot be constrained solely by the youngest detrital zircons from clastic rocks, due to its wide range of U-Pb age values. Here, we propose a depositional age of 116 Ma to 111 Ma for the Chengzihe Formation in combination of the minimum depositional age of the Didao Formation and the emplacement ages of tephra and magmatic rocks.



Muling Formation (K1m): Synthesizing the results of this study and previously reported age data [72,160], the youngest detrital zircon ages of the Muling Formation in the Great Sanjiang Basin Group range from 116 Ma to 93 Ma. The dominant ages are 110 ± 2 Ma (Figure 7d, JX12-11, J1-7B, HL15) and 107 ± 4 Ma (Figure 7e, JX03-4), while the minor ages are 116 ± 6 Ma (Figure 7e, HL18), 101 ± 1 Ma and 96 ± 3 Ma (Figure 7b, B1-3) [72], and 93 ± 13 Ma (Figure 7e, HL21). However, the boundary of the Chengzihe and Muling formations was placed at around 111 Ma [73] (Figure 7e, JX08). The pluton intruding the Muling Formation was emplaced at 109 ± 2 Ma (Figure 7c, LJ35). Hence, the depositional age of the Muling Formation can be constrained at 111 Ma to 109 Ma, which is in agreement with the ages of the youngest detrital zircon grains of 110 Ma to 107 Ma.



Dongshan Formation (K1dn): The U-Pb ages of the youngest detrital zircon grains from the Dongshan Formation in the Jixi and Boli basins range from 109 Ma to 105 Ma, likely being the depositional age of this formation (Figure 7d,e, HL12-13, LJ24-3). Considering the conformable contact of the Dongshan Formation and underlying Muling Formation (Figure 1f), the age value of 109 Ma should be the maximum depositional age of the Dongshan Formation and the minimum age of the Muling Formation. Andesite of 107.2 ± 0.7 Ma at the bottom and tuffaceous sandstone of 105.0 ± 0.8 Ma at the top of the Dongshan Formation collected from a drilling hole have suggested that this formation should develop at least from 107 Ma to 105 Ma (Figure 7d, ZK2-3, -64) [74]. In addition, gabbro intruding into the Dongshan Formation was emplaced at 102 Ma (Figure 7e, LJ24-4), suggesting that the sedimentation ended before 102 Ma. Furthermore, in combination with the tectonic inversion after the Dongshan Formation [55] and the sudden cessation of magmatic activities in the Great Sanjiang Basin Group and its periphery after ~104 Ma (authors’ unpublished data), we suggest 104 Ma as the minimum depositional age of the Dongshan Formation.



Houshigou Formation (K2h): Clastic rocks of the lower sequence of the Houshigou Formation in the Jixi and Boli basins contain the youngest detrital zircon grains of 103 Ma to 95 Ma (Figure 7d,e, JX03-3, 12-6, 12-8), which is consistent with those of 104 Ma to 94 Ma in the Hegang Basin (Figure 7a, HG02-1, -2) [71]. They yield a weighted mean age of ~100 Ma, which is suggested as the maximum depositional age for the lower sequence. Age data of tuffs and sandstones from the Hegang Basin indicate that the upper sequence of the Houshigou Formation was deposited at ~93 Ma (Figure 7a) [71]. Sandstones of the equal sequence collected from the Boli Basin contain the youngest detrital zircon grains of ~81 Ma (Figure 7d, JX12-3), similar to the age of 82 ± 1 Ma reported for clastic rocks in the Sanjiang Basin (Figure 7b, D3-1, -2) [72], which indicates the deposition of the upper sequence should be lasted until at least ~81 Ma.




5.2. Spatio-Temporal Evolution of the Crustal Uplift


Due to the complexity of potential provenances, it is difficult to identify the spatio-temporal differences in the crustal uplift in detail solely by comparing probability densities between the samples in the basin and the potential provenances (Figure 4 and Figure 6). To analyze the contributions made by different provenances, percentages of the source contributions to the basin filling from different provenances for each sample were calculated (see Table 1) and line charts of the percentages are shown in Figure 8. The horizontal axis is designated, from left to right, to the western, middle, coeval igneous, and eastern potential provenances, while the vertical axis indicates the percentages of source contribution. As shown in Figure 8a, the black line indicates the percentages of contributions made by each potential provenance to sandstone sample JX12-10 from the Didao Formation, visually revealing that the western zone (or the Zhangguangcai Range) provides a significant contribution; among them, the contribution from W-1 is the highest, reaching up to ~36% (Figure 8a and Table 1). Compared to the diagrams of zircon probability density and kernel density estimation, line charts of percentages of source contribution explicitly reveal the spatio-temporal differences in the process of the crustal uplift. By means of the line charts used here, we can propose that the crust of the Boli Basin and its periphery experienced four stages of the uplift, i.e., eastward migration of the crustal uplift, uplift of basement of the Jiamusi Massif, western crustal uplift, and formation of the eastern Coastal Ranges (Figure 8). Sketch models for the processes of the crustal uplift and corresponding tectonic evolution are shown in Figure 9.



Eastern migration of crustal uplift (early to middle syn-rift stages): From the deposition of the Didao to Chengzihe formations, the data show that the source material from the Zhangguangcai Range (provenances W-1 to W-4) decreased significantly, while the contribution from the western Jiamusi Massif (provenance M-1) increased (Figure 8a-I, II). This change reveals the eastern migration of the crustal uplift from the Zhangguangcai Range to the western Jiamusi Massif (Figure 9a,b). Furthermore, from the Chengzihe to Muling formations, the material supply from the western provenances (provenances W-1 to W-4 and M-1) decreased (Figure 8b-I), while that from the eastern provenances (provenances E-2 and E-3) increased (Figure 8b-II), indicating further eastward migration of the crustal uplift (Figure 9b,c). Coeval igneous rocks (provenances VM-1 and VM-2) provided a large amount of detritus for the Boli Basin during the middle syn-rift stage (Figure 8b-III), implying that the magmatism was closely related to the evolution of the basin (Figure 9a–c). In summary, the crustal uplift of the Boli Basin was characterized by eastward migration and accompanied by coeval magmatism from the early to middle syn-rift stages.



Destruction of the Great Sanjiang Basin Group (late syn-rift stage): At the late syn-rift stage of the basin when the Dongshan Formation formed, material provided from the western areas (provenances W-1 to W-4 and M-1) was insignificant, except for provenance W-5 (Figure 8c-I), revealing a significant reduction in the paleogeographic height of the western ranges. Materials from provenances W-5 (490–410 Ma) and M-4 (550–490 Ma) began to be eroded and transported into the Boli Basin at the first time point (Figure 8c-II,III). These Paleozoic rocks were generally considered to be seated at the middle-lower crust, containing different types of metamorphic rocks, such as schist, amphibolite, gneiss, and granulite, and parts of them represent the basement of the Jiamusi Massif [83,114,115,116,117,118,141,142,143,144,145]. These indicate that the middle-lower crust might have risen to the surface during the late syn-rift stage, which is considered to be related to the exhumation of the Hengshan, Mishan, and Huanan uplifts (Figure 9d). It is interesting to note that the contribution from M-4 is more significant than that of M-2, although both of them are developed in the uplift zone. This may be a result of the topography of the tilted fault block and the distribution characteristics of potential provenance. It is most likely that the clastic material of the samples of Dongshan Formation in the study area was derived from the Huanan uplift in the north of the Boli basin (Figure 1e). M-4, located near the basin boundary (Figure 5), with high topography, would contribute more material compared to M-2, which is further away from the basin and might be situated at a back slope of tilted fault block [161,162,163]. Moreover, it is noteworthy that material inputs from provenances W-5 and E-3 increased (Figure 8c-III,IV). Both of them are located on the outside of the boundary faults of the Great Sanjiang Basin Group (W-5 to the west of the Mudanjiang fault and E-3 to the east of the Yuejinshan fault; Figure 5 and Figure 9d), revealing that the crust was exhumed along the boundary faults in an extensional environment. Additionally, material contribution from the coeval igneous rocks (provenances VM-1 to VM-3) significantly increased (Figure 8c-V). In summary, the basement of the Jiamusi Massif was uplifted to the surface during the deposition of the Dongshan Formation due to the continuous extension. The Great Sanjiang Basin Group (once unified basin) was segregated into a series of small basins, including the Hegang, Sanjiang, Jiamusi, Shuangyashan, Shuanghua, Hulin, Boli, and Jixi basins. These basins were isolated by several uplifts, such as the Hengshan, Mishan, and Huanan uplifts (Figure 9d).



Western crustal uplift (early post-rift stage): During the early post-rift stage, when the lower Houshigou Formation was deposited, the material supply from the Zhangguangcai Range (W-1 to W-4) increased tremendously (Figure 8d-I) and the detrital material from the eastern area (Nadanhada Massif) became significant (Figure 8d-II), while the contribution from the Jiamusi Massif (provenances M-1 to M-4 and VM-1 to VM-3) declined drastically (Figure 8d-III). These changes indicate the intense uplift of the crust in the west (slight in the east) and the subsidence of the basin-forming area during the early post-rift stage (Figure 9e). Seismic profiles and field investigations suggest that the tectonic inversion took place between the Dongshan and Houshigou formations, resulting in the formation of numerous compressional structures [55,158,164]. The compressional event might cause the revival of faults along the basin margin and the uplift of the Zhangguangcai Range and the Nadanhada Massif. Moreover, bimodal magmatism of ~100 Ma immediately developed on the Great Sanjiang Basin Group after the tectonic inversion [76,77], revealing that an extensional environment dominated this area after tension release, leading to basin subsidence. In general, we suggest that the crustal uplift in the western and eastern areas of the basin and the subsidence of the basin region resulted from a combination of tectonic inversion (~103–100 Ma) and the right after extension (~100–95 Ma).



Formation of the eastern Coastal Ranges (late post-rift stage): In the late post-rift stage, during which the upper Houshigou Formation was deposited, material contribution from the western provenances declined (Figure 8e-I), but detrital material coming from the most eastern area (provenance E-1) can be recognized in the Boli Basin (Figure 8e-II). This source change may indicate an eastward migration of the crustal uplift (Figure 9f). Since the E-1 is seated in the coastal areas of the Samarka, Zhuravlevka-Amur, and Taukha Massifs (Figure 5), far from the Great Sanjiang Basin Group, we propose that the eastern Coastal Ranges were uplifted to a considerable height (Figure 9f), which is consistent with the results of previous studies in the Sanjiang and Hegang basins [71,72]. In addition, contribution of the middle provenances (M-1 to M-4) and part of the coeval igneous provenances (VM-3 and VM-4) increased (Figure 8e-III, IV), indicating that the eastward migration of the crustal uplift went through the Jiamusi Massif. In summary, the late post-rift stage was marked by the significant eastward migration of the crustal uplift and the formation of the eastern Coastal Ranges.




5.3. Tectonic Implications


As shown above, the Great Sanjiang Basin Group experienced a complex basin-range evolution during the Late Mesozoic, such as the eastward migration of crustal uplift, coeval volcanic-magmatism, tectonic inversion, and formation of the coastal range. The geodynamic settings related to the above processes depend on the complex tectonic evolution in NE China, which includes the closure of the Mongolian-Okhotsk Ocean [165,166], subduction and rolling back of the subducted slab of Paleo-Pacific Ocean and eastward migration of the trench [75,76], docking of the Okhotomorsk block along the continental margin of East Asia and the subsequent jumping of the subduction zone [39,167,168], and mantle upwelling caused by Paleo-Pacific subduction or the extrusion of the Okhotsk oceanic plateau [169,170].



Slab rolling back in the syn-rift stage: We show above that the spatio-temporal evolution of the crustal uplift during the syn-rift (118–104 Ma) was characterized by an eastward migration. This is consistent with the eastward migration of the magmatism in Northeast Asia [53,75,76]. It is generally believed that the lateral flow of the asthenosphere, induced by rolling back of the subducted Paleo-Pacific slab, controlled the eastward migration of the magmatism. However, whether or not formation of the basins in NE Chia migrated eastwards has been little studied. The Songliao basin, being the largest Late Mesozoic terrestrial sedimentary basin in NE China, is located in the west of the Great Sanjiang Basin Group (Figure 1b). Recent studies have established a detailed age frame for the basin formation by means of radiometric dating on volcanic, tephra, and clastic rocks both from drill cores and field outcrops, mostly based on zircon U-Pb dating methods. The volcanic rocks of the Huoshiling Formation formed between 131 Ma and 125 Ma [171,172,173] and the Shahezi Formation was deposited from 118 Ma to 114 Ma, based on the dating results of tephra [174,175]. In addition, a floating astronomical time scale (floating ATS) was established, and a duration of 11.14 Ma was proposed for the Shahezi Formation [176], suggesting that the deposition could extend to ~125 Ma, which is consistent with the youngest volcanic rocks of the Huoshiling Formation. Volcanic rocks of the Yingcheng Formation erupted at 114–112 Ma [48,171,172,177], and the zircon U-Pb ages of volcanic rocks from the upper sequence constrained the end time of the Yingcheng Formation to ~103 Ma [177]. These results demonstrated that the Songliao Basin and the Great Sanjiang Basin Group had similar tectonic evolution processes during the syn-rift period, but initial depositions of the sedimentary sequences in the Great Sanjiang Basin Group started later than those in the Songliao Basin. For instance, in the early syn-rift stage, magmatism and sedimentation developed in 131–125 Ma (Huoshiling Formation) and 118–116 Ma (Didao Formation); in the middle syn-rift stage, sedimentation accompanied with tephra interlayers formed in 125–114 Ma (Shahezi Formation) and 116–109 Ma (Chengzihe and Muling formations); in the late syn-rift stage, volcanic rocks with minor sedimentation developed in 114–103 Ma (Yingcheng Formation) and 109–104 Ma (Dongshan Formation).



In summary, during the syn-rift stage, the Great Sanjiang Basin Group underwent similar processes to the Songliao Basin, but not synchronously. This phenomenon is likely a result of the rolling back of the western Paleo-Pacific slab during this period (Figure 9a–c). The rolling back triggered the eastward lateral flow of the asthenosphere, which in turn heated the lower lithosphere beneath the Songliao Basin and the Great Sanjiang Basin Group, resulting in the eastward migration of lithospheric extension, magmatism, basin formation, and crustal uplift.



Basin destruction: Detrital zircon ages of the Dongshan Formation in the Boli Basin suggest that the basement uplift of the Jiamusi Massif occurred during the deposition of this formation. The transgression intermittently extended through the Great Sanjiang Basin Group during the deposition of the Didao and Muling formations (118–109 Ma). It is noteworthy that this transgression was not hindered by the Mishan, Hengshan, and Huanan uplifts in the Great Sanjiang Basin Group, but no longer continued during the period of the Dongshan Formation (109–104 Ma) [63]. Seismic profiles have revealed that the Didao to Dongshan formations (118–104 Ma) formed in an extensional environment [55], which is consistent with the uplift time of the Zhangguangcai Range (118–102 Ma) obtained from the apatite fission track dating [28].



The rolling back of the subducted Paleo-Pacific slab may result in extensional destruction of the Great Sanjiang Basin Group and its late formation compared to the Songliao Basin. However, it is still unclear why the Songliao Basin and the Great Sanjiang Basin Group have different initiation times, but share consistent termination of the syn-rift stage at 104–103 Ma. Previous studies have revealed a dramatic tectonic inversion (compression) in the Great Sanjiang Basin Group after the syn-rift by combining seismic profiles and field observations, showing a much steeper dip in the sequences of the syn-rift than those of the post-rift [72,158]. Moreover, the entirety of NE China, including the Great Sanjiang Basin Group, Songliao basin, and the Western Basin Group, responded to this tectonic inversion, which was interpreted to be related to the docking of the Okhotomorsk block along the continental margin of East Asia (Figure 9e) [39,55,167,178]. From a broader geographical perspective, the NW-NE crustal shortening in the middle Cretaceous resulted in the formation of a large number of basin-range and rapid exhumation events in eastern China [179,180,181,182], and the formation of the eastern Coastal Ranges, as well [183,184,185]. These topographic variations also led to arid climate or deserts in eastern East Asia [14,186,187].



The docking time of the Okhotomorsk block along the eastern continental margin of Eurasia, however, remains controversial. In NE China, the compression event developed in 103–89 Ma based on studies of detrital zircon ages [48,55,71,167,178], while the peak period of 89–87 Ma was determined by apatite fission track dating in the Great Xing’an Range [181]. Studies of seismic profiles and field investigations have suggested that the compression event may have lasted until 79–65 Ma [188,189,190]. However, the time of the compressional events was constrained to 100–90 Ma based on studies on the basins in the North China Block [179,191,192]. It has been suggested that the Coastal Ranges were formed in 115–110 Ma in the South China Block, but in 100–89 Ma in NE China [184]. In general, the compression event in northern China was limited to 103–87 Ma. However, the accretion of the Okhotomorsk block to the eastern margin of the Siberian block was in 93–89 Ma [193], indicating that its collage with the southern micro-continents, e.g., NE China, should be earlier than 93 Ma. In addition, the termination of the syn-rift stage in the Great Sanjiang Basin Group and the Songliao Basin was ~104–103 Ma, constraining the tectonic inversion in NE China to mostly occur in 103–93 Ma. Furthermore, bimodal magmatism in the Great Sanjiang Basin Group was well developed in 100–95 Ma [76,77,78,79,80,156,159], revealing an intense extensional rather than compressional environment.



In conclusion, the initial destruction of the Great Sanjiang Basin Group occurred during the deposition of the Dongshan Formation (109–104 Ma), likely related to the persistent extension during the syn-rift stage (118–104 Ma) induced by the slab rolling back (Figure 9a–d). The tectonic inversion caused by the Okhotomorsk block collision was more likely in ~103–101 Ma, which was an extremely rapid but intense compressional event leading to the second destruction of the Great Sanjiang Basin Group.



Jumping of subduction zone in the post-rift stage: Studies on the detrital zircon ages of the Boli Basin revealed uplift of the eastern Coastal Ranges (Figure 8e and Figure 9e,f). The 95–80 Ma felsic magmatic rocks (granite, dacite, monzogranite, and rhyolite) of the Samarka, Zhuravlevka-Amur, and Taukha massifs in the Russia’s Primorskiy Kray area provide material supplied to the basin filling of the Great Sanjiang Basin Group [146,147,148,149]. In addition, numerous Cretaceous basins are located in the southern Korean Peninsula, for instance the Gyeongsang Basin, which is the largest one. The Yuncheon Group of this basin mainly consists of volcanic rocks (92–82 Ma) [194,195,196,197,198,199] and tephra (90–84 Ma) [198,200]. Moreover, previous studies have shown that this magmatism developed in a sinistral strike-slip environment accompanied by the formation of pull-apart basins and high volcanic platforms [200,201,202]. In summary, previous studies in Russia’s Primorskiy Kray and the southern Korean Peninsula suggest that in 95–80 Ma, volcanic-magmatism was developed and accompanied by the crustal uplift.



In comparison with the magmatism of the syn-rift stage (~120–100 Ma), which was mainly distributed in the interior of the Great Sanjiang Basin Group and its periphery, post-rift magmatism (~100–80 Ma) is characterized by oceanward migration. It is noteworthy that the Khanka Massif, located between the Great Sanjiang Basin Group and the eastern coastal magmatic belt (Figure 5), hardly developed coeval magmatism, suggesting oceanward receding magmatism in discrete jumps. It has been suggested that excessive accretionary prism growth can force a retreat of the arc-trench system, and that the arc formation follows the oceanward receding trench in discrete jumps, forming trenchward younging magmatism [54]. Considering that the amalgamation of the Okhotomorsk block along the eastern continental margin of Eurasia had a similar scene to the above-mentioned processes, we tentatively propose that a trench jump from the western edge of the Okhotomorsk block to the eastern side might have occurred, resulting in trenchward younging magmatism in discrete jumps (Figure 9e,f). The volcanic arc platform forming near the coast ensures debris to be transported to the Great Sanjiang Basin Group when the upper Houshigou Formation was deposited. Namely, the formation of the eastern Coastal Ranges revealed by the detrital zircons of the Boli Basin is closely related to the jumping of the subduction zone caused by the collision of the Okhotomorsk block [168].





6. Conclusions


On the basis of the detrital zircon age distribution patterns of the Late Mesozoic clastic rocks and previously reported results, the formation of the sedimentary sequences and multiple-stage evolution of the Boli Basin can be proposed as follows: the early syn-rift stage formed the Didao Formation (118–116 Ma), the middle syn-rift stage deposited the Chengzihe Formation (116–111 Ma) and the Muling Formation (111–109 Ma), and the late syn-rift stage formed the Dongshan Formation (109–104 Ma). After the tectonic inversion at ~103–101 Ma, the Houshigou Formation deposited during the post-rift stage (lower section of ~100–94 Ma, upper section of 93–81 Ma or later).



The Boli Basin and its periphery experienced four stages of crustal uplift, i.e., the eastward migration of the crustal uplift during the early and middle syn-rift stages (118–109 Ma); exhumation of the basement of the Jiamusi Massif and destruction of the Great Sanjiang Basin Group during the late syn-rift stage (109–104 Ma); uplift of the Zhangguangcai Range during the early post-rift stage (~100–94 Ma); and uplift of the eastern Coastal Ranges during the late post-rift stage (93 Ma to 81 Ma or later).



Tectonic evolution of the Great Sanjiang Basin Group in eastern NE China during the Late Mesozoic is jointly controlled by the Paleo-Pacific plate subduction and the Okhotomorsk block movement. The eastward migration crustal uplift during the early and middle syn-rift stages was closely related to the rolling back of the Paleo-Pacific slab. The first destruction of the basin under an extensional environment during the late syn-rift stage resulted from the persistent rolling back process. The second destruction of the basin under a compression environment was caused by the tectonic inversion related to the docking of the Okhotomorsk block along the East-Asia continental margin. The formation of the eastern Coastal Ranges was controlled by jumping of the subduction zone due to the collision of the Okhotomorsk block.



For the rift basins with abundant volcanic and plutonic rocks, synthesizing the age data of clastic rocks and igneous rocks is beneficial for dating sedimentary series. In combination with the probability density and kernel density estimations of detrital zircon U-Pb ages, the line charts of percentages of source contributions are more conducive to revealing the spatio-temporal differences in crustal uplift, especially for basins having complex tectonic or orogenic processes.
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Figure 1. Geological map of (a) eastern segment of the Central Asian Orogenic Belt; (b) basin groups in NE China; (c) Great Sanjiang Basin Group; (d,e) stratigraphy and geological map of the Boli Basin, showing distribution of Late Mesozoic clastic rocks and sample localities; (f) seismic profile in the Boli Basin (a,b,f modified after Zhang et al. (2017) [55]). ①: Xinlin-Xiguitu fault; ②: Hegenshan-Heihe fault; ③: Mudanjiang fault; ④: Yilan-Yitong fault; ⑤: Dunhua-Mishan fault; ⑥: Yuejinshan fault; EB-Erlian Basin, GB-Genhe Basin, SLB-Songliao Basin, HGB-Hegang Basin, SJB-Sanjiang Basin, JMSB-Jiamusi Basin, SYSB-Shuangyashan Basin, SHB-Shuanghua Basin, BLB-Boli Basin, JXB-Jixi Basin, HLB-Hulin Basin; HNU-Huanan uplift, MSU-Mishan uplift, HSU-Hengshan uplift, LXR-Lesser Xing’an Range, ZGCR-Zhuangguangcai Range. 
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Figure 2. Photographs of outcrops and micro-photos of Late Mesozoic clastic rocks of the Boli Basin: (a,b) sandstone from the Muling and Didao formations (K1m, JX12-11; K1d, JX12-10) in the southwestern basin; (c,d) sandstone with fossil from the Muling and Chengzihe formations (K1m, HL15; K1ch, HL11) in the middle basin; (e,f) pebbly sandstone and mudstone (K2h, JX12-7, -8, -4) from the Houshigou Formation. Abbreviation: Q-quartz; Pl-plagioclase; Bi-biotite. 
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Figure 3. Zircon U-Pb concordia diagrams of Late Mesozoic clastic rocks from the Boli Basin. 
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Figure 4. Zircon CL images and U-Pb probability density diagrams of clastic rocks from the Boli Basin. 
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Figure 5. Geological map showing distribution map of the potential provenances for the basin filling. Ⅰ-Hegang Basin, Ⅱ-Jiamusi Basin, III-Shuangyashan Basin, Ⅳ-Shuanghua Basin; ①: Xunke-tieli-shangzhi fault, ②: Jiayi fault, ③: Mudanjiang fault, ④: Xilamulunhe suture, ⑤: Dunmi fault, ⑥: Yuejinshan fault,⑦: Arsen’evsky fault, ⑧: Central Sikhote-Alin fault, ⑨: Fourmanovsky fault; LXR-Lesser Xing’an Range, ZGCR-Zhangguangcai Range, JMSM-Jiamusi massif. 
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Figure 6. Probability density diagrams of potential provenances for sedimentary strata of the Boli Basin. 
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Figure 7. Time frame of the Great Sanjiang Basin Group, constrained by the dating results of clastic and magmatic rocks. (a–e) time frame of Hegang, Sanjiang, Shuangyashan, Boli and Jixi basins, respectively. ①: clastic rocks from the Hegang Basin [71]; ②: clastic rocks from the Sanjiang Basin [72]; ③: clastic rocks of the Muling Formation (K1m) from the Jixi Basin [160]; ④: tuff sandstone and andesite of the Dongshan Formation (K1dn) from the Boli Basin [74]; ⑤: dacite and rhyolite of the Didao Formation (K1d) and Peide Formation from the Boli Basin [156]; ⑥: tephra of the Chengzihe (K1ch) and Muling (K1m) formations from the Jixi Basin [73]; *: authors’ unpublished data. 
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Figure 8. Line charts of contribution percentage of potential provenances to the Late Mesozoic clastic rocks in the Boli Basin. Variation in contribution percentage of potential provenances from (a) early to middle syn-rift stage, (b) middle syn-rift stage, (c) middle to late syn-rift stage, (d) late syn-rift stage to early post-rift stage and (e) early to late post-rift stage, respectively. 
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Figure 9. Sketch model of the crustal uplift and migration in the area of eastern NE China: (a) early syn-rift stage, Zhangguangcai Range uplift; (b,c) early to middle syn-rift stage, uplift areas migrated eastwards beginning from the region near the Mudanjiang fault to the Nadanhada massif; (d) late syn-rift stage, uplift of the Jiamusi massif; (e) early post-rift stage, uplift of the Zhangguangcai Range; (f) late post-rift stage, uplift of the eastern Coastal Ranges. 
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Table 1. Contribution percentage (%) of potential sources for the samples in the Boli basin.
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Sample

	
JX12-10

	
JX12-11

	
HL11

	
HL15

	
HL12

	
HL13

	
JX12-8

	
JX12-6

	
JX12-3

	
JX12-4




	
Source No.

	
K1d

	
K1m

	
K1ch

	
K1m

	
K1dn

	
K1dn

	
K2h1

	
K2h1

	
K2h2

	
K2h2






	
W-1

	
35.6

	
27.6

	
24.5

	
21.4

	
0.0

	
0.0

	
42.9

	
43.8

	
24.6

	
13.3




	
W-2

	
24.4

	
11.5

	
10.6

	
5.4

	
0.0

	
0.0

	
22.1

	
15.0

	
7.7

	
14.5




	
W-3

	
4.4

	
1.1

	
3.2

	
3.6

	
0.0

	
0.0

	
0.0

	
0.0

	
1.5

	
0.0




	
W-4

	
6.7

	
5.8

	
5.3

	
3.6

	
0.0

	
2.5

	
10.4

	
7.5

	
4.6

	
2.4




	
W-5

	
0.0

	
1.1

	
0.0

	
0.0

	
10.3

	
22.5

	
3.9

	
3.8

	
6.2

	
3.6




	
M-1

	
4.4

	
6.9

	
12.8

	
10.7

	
3.4

	
0.0

	
1.3

	
3.8

	
9.2

	
6.0




	
M-2

	
6.7

	
1.1

	
3.2

	
3.6

	
0.0

	
5.0

	
3.9

	
1.3

	
4.6

	
0.0




	
M-4

	
0.0

	
0.0

	
0.0

	
0.0

	
20.7

	
20.0

	
0.0

	
0.0

	
6.2

	
3.6




	
VM-1

	
0.0

	
13.8

	
12.8

	
10.7

	
31.0

	
12.5

	
0.0

	
1.3

	
0.0

	
0.0




	
VM-2

	
4.4

	
17.2

	
12.8

	
7.1

	
10.3

	
27.5

	
1.3

	
3.8

	
0.0

	
0.0




	
VM-3

	
0.0

	
2.3

	
1.1

	
1.8

	
3.4

	
5.0

	
1.3

	
1.3

	
9.2

	
12.0




	
VM-4

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
2.5

	
9.2

	
26.5




	
M-3

	
0.0

	
0.0

	
1.1

	
0.0

	
0.0

	
2.5

	
1.3

	
1.3

	
0.0

	
0.0




	
E-3

	
4.4

	
6.9

	
4.3

	
10.7

	
17.2

	
2.5

	
0.0

	
0.0

	
1.5

	
3.6




	
E-2

	
6.7

	
4.6

	
7.4

	
16.1

	
3.4

	
0.0

	
11.7

	
15.0

	
1.5

	
3.6




	
E-1

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
12.3

	
9.6








K1d: Didao Formation; K1ch: Chengzihe Formation; K1m: Muling Formation; K1dn: Dongshan Formation.K2h1: lower Houshigou Formation; K2h2: upper Houshigou Formation.
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