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Contrary to the commonly accepted notion that the lithosphere in NE China thinned from the Late Jurassic through to the Early Cretaceous period, we report the discovery of a thickening episode in the backdrop of this long-term thinning. A series of lamprophyre dikes have been recently discovered in the Tuquan Basin of the western Songliao Basin that have been dated to 156.0 ± 2.3 Ma, 132.9 ± 1.2 Ma, and 126.2 ± 2.5 Ma by using the zircon U–Pb technique. These lamprophyres are subdivided into biotite orthoclase lamprophyre (BOL) from the Late Jurassic and quartz magnetite lamprophyre (QML) from the Early Cretaceous. The BOL and QMLs are shoshonite and calc-alkaline in series, are characterized by large amounts of FeOT, TiO2, MgO, and Mg#, and are rich in LREEs and LILEs but poor in HREEs and HFSEs. They have high ratios of (La/Yb)N, La/Ta, La/Nb, Th/Y, Ba/Nb, Ba/Ta, and Ba/Th, and low ratios of Zr/Ba, La/Sm, and Nb/Zr. These features collectively point to the derivation of dike magmas from the partial melting of the enriched lithospheric mantle that had been previously metasomatized by subduction-related fluids. The BOL has high ratios of Rb/Sr (0.42) and K/Yb*1000 (28.3), and low ratios of Ba/Rb (13.5) and Dy/Yb (2.35), suggesting the derivation of magma from a high degree of partial melting of the phlogopite-bearing lherzolite mantle in the spinel–garnet transition zone at a depth of about 60 km. The QMLs have low ratios of Rb/Sr (0.02–0.06) and K/Yb*1000 (8.13–19.73), and high ratios of Ba/Rb (17.6–42.6) and Dy/Yb (3.48–4.09), indicating that the magmas were derived from a low degree of partial melting of the lherzolite mantle in the garnet zone at a depth of ca. 85 km. The younger QML (126.2 ± 2.5 Ma) has a lower Dy/Yb ratio (3.48–3.92) than the older QML (132.9 ± 1.2 Ma), with a Dy/Yb ratio of 4.09 implying that the younger magma was formed at a shallower depth of the mantle (<85 km) than the older one. These observations indicate that in 156–132 Ma, the lithosphere thickened by approximately 25 km at a rate of approximately 1.0 km/Myr. This is used to propose a model of geodynamic evolution in three stages.
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1 INTRODUCTION
Lamprophyres are alkaline/calc-alkaline, mafic, or ultramafic melanocratic hypabyssal igneous rocks characterized by porphyritic textures, with mafic phenocrysts (biotite and/or amphibole) and groundmass mainly consisting of alkali feldspar, plagioclase, feldspathoids, biotite, amphibole, clinopyroxene, and olivine (Rock, 1991). They often occur as dikes (Le Maitre, 2002). Based on the type and content of feldspar and predominant mafic minerals in them, lamprophyres can be categorized into minette, spessartite, and sannaite (Le Maitre, 2002). Distributed widely across the globe, lamprophyres were formed in the Archean (Wyman et al., 2006), the Paleozoic (Rocchi et al., 2009), the Mesozoic (Deng et al., 2017) and the Cenozoic (Li et al., 2002). Lamprophyric magmas are generally thought to have originated from the partial melting of an enriched continental lithospheric mantle (Rock, 1987; Gibson et al., 2006; Choi et al., 2020). Their capacity to record the material composition of the deep lithospheric mantle, mantle–crust interactions, and the process of enrichment of the lithospheric mantle makes lamprophyres an important means of studying the evolution of the continental lithosphere (Rock and Groves, 1988; Stille et al., 1989). Most lamprophyres were formed in extensional tectonic settings (Woolley et al., 1996; Secher et al., 2009) while some have also been identified in convergent settings (Owen, 2008; van der Meer et al., 2016). Lamprophyres are commonly found in collisional orogens, such as southern Tibet and the Sanjiang Belt (Chung et al., 2005; Ding et al., 2007). The mineral and geochemical features of lamprophyres are vital for investigating the properties of the continental lithospheric mantle (Foley et al., 1987; Soder and Romer, 2018) and dynamic processes in the deep Earth (Guo et al., 2004; Ma et al., 2014; Deng et al., 2017).
It is widely believed that the lithosphere in northeast (NE) China thinned significantly from the Late Jurassic through the Early Cretaceous period (Wang et al., 2006; Wu et al., 2011; Zhang et al., 2011). Delamination is the main mechanism of lithospheric thinning (Zhang et al., 2010). However, there are differences in the estimated periods of lithospheric thinning. The estimates include 160–120 Ma (Wang et al., 2006), 162–125 Ma (Zhang et al., 2020), 155–123 Ma (Tang et al., 2015), 136–109 Ma (Zhang et al., 2011), and 135–90 Ma (Ji et al., 2021). Whether thickening occurred during the long period of lithospheric thinning from 162 to 90 Ma, and what the rates of thinning and/or thickening are outstanding questions.
Geodynamic models of lithospheric thinning include the subduction and suture of the Mongol–Okhotsk Ocean from the west (Wang et al., 2006), and the subduction of the Paleo-Pacific Plate from the east (Zhang et al., 2010; Zhang et al., 2011). It is generally recognized that the Mongol–Okhotsk tectonic regime ranges from the Siberian craton in the northwest to the Erguna–Xing’an–Songliao Blocks in the southeast (Tang et al., 2015; Li et al., 2018; Zhang et al., 2020), whereas the Paleo-Pacific tectonic domain ranges from Jiamusi Block in the southeast to the Songliao Block (Zhang et al., 2010; Guo et al., 2015; Wang et al., 2019), and even to the Erguna Block (Ji et al., 2021) in the northwest. This means that the lithospheric thinning and/or thickening of the Songliao Basin and the Great Xing’an Range during 162–90 Ma may have been influenced by the two-sided geodynamics of both the Mongol–Okhotsk Ocean from the west and the Paleo-Pacific Plate from the east. This raises the challenge of identifying the dominant geodynamic factor in a given period in this region that led to the lithospheric changes.
We have discovered two types of lamprophyre intrusions—the biotite orthoclase lamprophyre (BOL) and the quartz magnetite lamprophyre (QML)—in the Tuquan Basin along the western margin of the Songliao Basin in northeast China. The BOL showed zircon U–Pb isotopic ages of 156.0 ± 2.3 Ma, whereas the QMLs showed zircon U–Pb isotopic ages of 132.9 ± 1.2 Ma and 126.2 ± 2.5 Ma. The petrologic and geochemical results presented in this paper indicate that the lamprophyres with these three ages recorded three different lithospheric thicknesses and corresponding geodynamic processes. They provide a reasonable constraint on the time limits of the Mongol–Okhotsk oceanic subduction, continental collision, and post-collisional extension, from the Siberian Craton via the Mongol–Okhotsk Suture Zone to the Songliao Block during the Late Jurassic through to the Early Cretaceous.
2 GEOLOGICAL SETTINGS AND DESCRIPTION OF SAMPLES
The tectonic components of NE China include the Erguna Block, the Xing’an Block, the Songliao Block, and the Jiamusi Block (from NW to SE). They are separated by suture zones of Xiguitu–Tayuan, Hegenshan–Heihe, and Jiayin–Mudanjiang, respectively (Figure 1A; Wu et al., 2011; Liu et al., 2017). The Tuquan Basin of the study area is along the western margin of the Songliao Basin (Figure 1A). The outcropping strata in the Tuquan Basin are composed primarily of Jurassic sedimentary rocks and volcanic rocks that were intruded by mafic and intermediate dikes of the Late Jurassic and the Early Cretaceous. The lamprophyre samples examined (M1, D3, DZ5, and DZ12) appeared as a series of small and densely spaced intrusions into the sedimentary sequences from the Middle Jurassic (Figure 1B). Appearing in the form of dikes with thicknesses of approximately 2–6 m, the lamprophyres are generally distributed northeast in terms of orientation, with clear contact boundaries with the surrounding Jurassic sandstones (Figures 2A,D) that had been baked and cleaved at the contact surface between the lamprophyres and the surrounding rocks (Figures 2E,F). All the studied samples, numbered M1, D3, DZ5, and DZ12, were categorized as minette, a type of lamprophyre abundant in biotite and orthoclase, as described in Table 2.9 by Le Maitre (2002). Table 1 summarizes their mineral composition and characteristics under a microscope, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | (A) Tectonic subdivisions of northeastern China and the location of the Tuquan Basin (modified after Wu et al., 2011). GGT indicates Global Geosciences Transect. (B) Simplified geological map of the Tuquan Basin showing sample locations modified after Inner Jilin Bureau of Geology and Mineral Resources (1977).
[image: Figure 2]FIGURE 2 | Lamprophyre dikes of the Late Jurassic and the Early Cretaceous intruded in the Middle Jurassic sedimentary sequences. (A,D) Photographs of the lamprophyre dikes intruded into the Jurassic sandstone; (B) Photograph of the lamprophyre specimen; (C) Micro photograph of the Jurassic lamprophyre with typical lamprophyric texture, mainly composed of biotite and orthoclase (named as BOL in this paper); (E) The contact between the lamprophyre and the surrounding rock; (F) Micro photograph of the Jurassic sandstone intruded by lamprophyres, mainly composed of quartz and feldspar; (G–I) Micro photographs of the Cretaceous lamprophyres with typical lamprophyric texture, mainly composed of biotite, orthoclase, magnetite, apatite, and tiny quartz crystals (named as QMLs in this paper). Bt, biotite; Or, orthoclase; Ap, apatite; Mag, magnetite; Pl, plagioclase; Qtz, quartz; Kfs, k-feldspar.
TABLE 1 | Mineral composition and characteristics of lamprophyres under microscope.
[image: Table 1]3 ANALYTICAL METHODS
3.1 Zircon U–Pb Dating
Zircon crystals were extracted from whole-rock samples by combining magnetic and heavy liquid separation, and then handpicking them under a binocular microscope at the Langfang Regional Geological Survey in Hebei Province of China. All zircons were examined under transmitted and reflected light micrographs with an optical microscope. To identify their internal structures, cathodoluminescence (CL) images were obtained using a JEOL scanning electron microscope. Grains of transparent, euhedral, unfractured, and inclusion-free zircons were chosen for isotopic analyses.
Zircon U–Pb analyses with a laser ablation–inductively coupled plasma mass spectrometer (LA–ICP–MS) were performed using an Agilent 7500a ICP–MS equipped with a 193-nm laser at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan. Zircon 91500 was used as an external standard for age calibration, and NIST SRM 610 silicate glass was applied for instrument optimization. The diameter of the crater was 32 μm during the analyses. The parameters of the instrument and detailed procedures of their use have been described by Yuan et al. (2004). ICPMSDataCal (Ver. 6.7; Liu et al., 2010) and Isoplot (Ver. 3.0; Ludwig, 2003) were used for data reduction. Corrections were made for common Pb following Andersen (2002). Errors in individual LA–ICP–MS analyses were quoted at the 1σ level while errors in the pooled ages were quoted at a 95% (2σ) confidence level.
3.2 Geochemistry of Major and Trace Elements
Samples for geochemical analysis were crushed in an agate mill to a ∼200 mesh after the removal of the altered surfaces. The major and trace element concentrations of the lamprophyre samples were determined at the Key Laboratory of Mineral Resources Evaluation in Northeast Asia (Ministry of National Resources of the People’s Republic of China, Jilin University, Changchun, China). The major elements were analyzed using X-ray fluorescence (XRF; Rigaku ZSX Primu II) and fused glass disks. We determined the FeO content and the loss on ignition (LOI) values by volumetric and gravimetric methods, respectively. The trace elements were analyzed by using an Agilent 7500a ICP–MS, once the sample powders had been dissolved at high pressure in Teflon bombs. The analytical precisions of identification of the major and trace elements were higher than 1% and 5%, respectively, as determined by repeated analyses according to the USGS BHVO-1, BCR-2, and AGV-1 standards (Rudnick et al., 2004).
4 RESULTS
4.1 Zircon Characteristics and U–Pb Geochronology
Three lamprophyre samples (i.e., M1, D3, and DZ5) were each subjected to a zircon U–Pb dating analysis by using LA–ICP–MS. Colorless and transparent zircon crystals were selected for analysis. Consisting primarily of long and short columnar grains with diameters of 87–142 µm and length/width ratios of 1: 1–3: 1, the zircons displayed a relatively intact morphology with discernible edges and corners, and contained clear oscillatory zones along the edges. With a Th/U ratio greater than 0.2, the zircons were magmatic in origin (Hoskin and Schaltegger, 2003). Samples M1, D3, and DZ5 with older zircons also contained oscillatory growth zoning that was visible in CL imaging, and had Th/U values of 0.20–1.43, indicating that these zircons also had magmatic origins. They were likely to be inherited zircons derived from the subducted crust in the mantle source (Tarney and Jones, 1994). The results of dating are presented in Table 2.
TABLE 2 | LA–ICP–MS U–Pb isotopic data for zircons from the lamprophyres in the Tuquan Basin.
[image: Table 2]A total of 25 zircons retrieved from sample M1 were dated using the U–Pb technique. The results (as shown in Figure 3A; Table 2) revealed relatively concordant 206Pb/238U and 207Pb/235U ratios, suggesting that the U–Pb system in the zircons had remained in a closed state and had not lost Pb after formation. Nine of the test points were concentrated near the age of 156 Ma. The 206Pb/238U–207Pb/235U concordia diagram yielded a concordant age of 156.0 ± 2.3 Ma (mean-squared weighted deviation (MSWD) = 2.1), representing the age of crystallization of the lamprophyre. In other words, the lamprophyre was formed in the Late Jurassic. The other 16 relatively old zircons were likely to have been inherited zircons within the sample.
[image: Figure 3]FIGURE 3 | LA–ICP–MS zircon U–Pb concordia diagrams for lamprophyres (A) M1, (B) D3, and (C) DZ5 in the Tuquan Basin. The insets show typical CL images of zircons with U–Pb ages.
A total of 27 zircons were tested for sample D3. The results (Figure 3B; Table 2) revealed relatively concordant 206Pb/238U and 207Pb/235U ratios, suggesting that the U–Pb system in the zircons had remained in a closed state and had not lost Pb after formation. Specifically, 13 test points were concentrated near 133 Ma. The 206Pb/238U–207Pb/235U concordia diagram yielded a concordant age of 132.9 ± 1.2 Ma (MSWD = 1.2), representing the age of crystallization of the lamprophyre and indicating that it had been formed in the Early Cretaceous. The other 14 relatively old zircons were likely to have been inherited zircons within the sample.
A total of 28 zircons were tested for sample DZ5. The results revealed relatively concordant 206Pb/238U and 207Pb/235U ratios, suggesting that the U–Pb system in the zircons had remained in a closed state and had not lost Pb after formation. The analysis of eight test points yielded a weighted mean age of 126.2 ± 2.5 Ma (MSWD = 1.6), representing the age of crystallization of the lamprophyre (Figure 3C; Table 2). The other 20, relatively old, zircons were likely to have been inherited zircons within the sample.
4.2 Major and Trace Element Contents
The results of the major and trace element analyses are listed in Table 3. The major element contents were normalized to 100% on an LOI-free basis before plotting them in diagrams. The petrography of these samples (as described above), combined with these geochemical data, enabled the division of the lamprophyre intrusions into two types. The Late Jurassic lamprophyre was found to consist primarily of biotite and orthoclase, and was thus referred to as the biotite orthoclase lamprophyre (BOL), while the Early Cretaceous lamprophyre was determined to predominantly comprise quartz and magnetite as accessory minerals, in addition to biotite and orthoclase, and was thus called the quartz magnetite lamprophyre (QML). For the BOL, three samples were collected from the dike with thicknesses of approximately 4–6 m (Figure 2A). All three samples were distributed northeast in terms of orientation, and had the same petrographic characteristics (Table 1). We selected M1 to represent the BOL for the major and trace element analyses.
TABLE 3 | Major (wt.%) and trace element (ppm) compositions of the lamprophyres.
[image: Table 3]4.2.1 Late Jurassic Lamprophyre (BOL)
The BOL (sample M1) had 56.06 wt.% of SiO2 and a high content of total alkalis (Na2O + K2O) of 7.89 wt.%. It was classified as trachyandesite (Middlemost, 1994) (Figure 4A). In addition, its K2O content was 5.54 wt.%, and it had a high K2O/Na2O ratio of 2.36. Because of this, it was plotted in the shoshonitic series (Figure 4B). The BOL had low contents of P2O5 (0.69 wt.%), CaO (1.78 wt.%), and F2O3 (1.72 wt.%), and high contents of MgO (4.81 wt.%), Na2O (2.35 wt.%), FeO (4.43 wt.%), FeOT (5.98 wt.%), Al2O3 (16.25 wt.%), and TiO2 (1.51 wt.%). It had a Ti/Y ratio of 488 and an Mg# value of 58.92.
[image: Figure 4]FIGURE 4 | (A) SiO2 vs. (Na2O + K2O) classification diagram (modified after Middlemost, 1994). (B) SiO2 vs. K2O Diagram (after Peccerillo and Taylor, 1976) of the lamprophyres in the Tuquan Basin.
In the chondrite-normalized rare Earth element (REE) pattern (Figure 5A), the BOL was rich in light rare Earth elements (LREEs) [(La/Yb)N = 11.1] relative to heavy rare Earth elements (HREEs). No Eu anomaly was noted (Eu/Eu∗ = 1.00), and the ∑REE content was 173 ppm. In the primitive mantle-normalized spider diagram (Figure 5B), the BOL was rich in large-ion lithophile elements (LILEs; e.g., Ba, K, and Pb) and depleted in elements with a high field strength (HFSEs; e.g., Nb, Ta, and Ti).
[image: Figure 5]FIGURE 5 | (A) chondrite-normalized REE pattern and (B) primitive mantle-normalized spider-diagram of the lamprophyres in the Tuquan Basin. Data sources: chondrite (Sun and McDonough, 1989), primitive mantle (Sun and McDonough, 1989), N-MORB, and OIB (Sun and McDonough, 1989).
4.2.2 Early Cretaceous Lamprophyres (QMLs)
The QML samples (D3, DZ5, and DZ12) had SiO2 contents of 57.13–62.57 wt.% and high total alkali (Na2O + K2O) contents of 7.10–8.48 wt.%. They were classified as ranging from trachyandesite to trachyte (Figure 4A). They had K2O contents of 1.93–4.88 wt.% and low K2O/Na2O ratios ranging from 0.37 to 1.60, which led to them being plotted in the shoshonitic to the high-K calc-alkaline and calc-alkaline series (Figure 4B). The QMLs had low contents of P2O5 (0.56–1.09 wt.%), CaO (0.49–2.38 wt.%), and FeO (0.92–1.15 wt.%), and high contents of MgO (1.50–4.23 wt.%), Na2O (3.05–5.17 wt.%), F2O3 (6.41–7.20 wt.%), FeOT (6.92–7.40 wt.%), TiO2 (1.34–1.53 wt.%), and Al2O3 (13.21–13.99 wt.%). They had a Ti/Y ratio of 203–349 and Mg# values of 27–52.
In the chondrite-normalized REE pattern (Figure 5A), the QML samples were rich in LREEs [(La/Yb)N = 34.4–39.0] relative to HREEs, featured Eu anomalies (Eu/Eu* = 0.88–0.93), and their ∑REE contents ranged from 361 to 694 ppm. In the primitive mantle-normalized spider diagram (Figure 5B), the QMLs were rich in LILEs (e.g., Ba, K, and Pb) and strongly depleted in HFSEs (e.g., Nb, Ta, and Ti).
5 DISCUSSION
5.1 Timing of Formation of the Lamprophyres
Zircons from the Late Jurassic lamprophyre (BOL) and Early Cretaceous lamprophyres (QMLs) exhibited striped absorption that was visible in the CL images, and is characteristic of zircons derived from mafic magmas. This magmatic origin is also supported by their relatively high Th/U ratios (0.2–1.43; Hoskin and Schaltegger, 2003). The U-Pb dating of these zircons should therefore yield the time of formation of the lamprophyres. The BOL (sample M1) yielded the youngest age of 156.0 ± 2.3 Ma, representing their time of formation. The QMLs (D3 and DZ5) yielded the youngest 206Pb/238U ages of 132.9 ± 1.2 and 126.2 ± 2.5 Ma, respectively, indicating the timing of formation of the lamprophyres. The Late Jurassic–Early Cretaceous ages were similar to those of the U-Pb dating (164–130 Ma) of high-K volcanic rocks in the Erguna–Xing’an–Songliao Blocks (Tang et al., 2015; Ji et al., 2021). They are also consistent with the results of U–Pb dating of Mesozoic intrusions and basalts in northeast China (Wang et al., 2006; Zhang et al., 2010; Wu et al., 2011; Zhang et al., 2011; Xu et al., 2013). The time of formation of the lamprophyres in the western Songliao Basin is therefore consistent with a widespread Late Jurassic–Early Cretaceous magmatic event that occurred in northeast China (Figure 6).
[image: Figure 6]FIGURE 6 | Histogram of the U–Pb ages of zircons from Mesozoic igneous rocks in the Erguna-Xing’an-Songliao Blocks. Age data sources: Wang et al., 2006; Zhang et al., 2010; Wu et al., 2011; Tang et al., 2015; Li et al., 2018; Ji et al., 2020, 2021 and this study.
5.2 Petrogenesis
5.2.1 Alteration Effects
Before any inference can be made regarding the characteristics of the parental magma source of the lamprophyres, it is necessary to assess the possible effects of alteration on the whole-rock geochemical composition. The lamprophyre samples were characterized by variably high LOI values (2.58–4.60 wt.%), which indicates that they might have undergone low-grade metamorphism or variable degrees of alteration.
Because Zr and Th are considered to be the most immobile elements during low-grade alteration and metamorphism, they are preferred as an alteration-independent index of geochemical variation in igneous rocks. We used this to evaluate the mobility of other elements during alteration. The contents of HFSEs (such as Nb and Ta), LILEs (e.g., K and Rb), LREEs (e.g., La, Ce, and Nd), HREEs (such as Yb), and U were strongly correlated with Zr and Th (Figure 7) in the lamprophyre samples, which indicates that these elements were also essentially immobile during post-magmatic processes. The lamprophyre samples were characterized by subparallel patterns of elemental concentrations on chondrite- and primitive mantle-normalized trace element diagrams (Figure 5), which demonstrates the relative immobility of most elements at a whole-rock scale. Moreover, fresh lamprophyres may also have high LOI values (Rock, 1991). We conclude that post-magmatic processes had only minor effects on the chemical compositions of the studied samples, and high LOI values were intrinsic to the lamprophyres.
[image: Figure 7]FIGURE 7 | Diagrams showing variations of selected elements (A) Nb, (B) Ta, (C) K, (D) Rb vs. Zr and (E) Yb, (F) U, (G) La, (H) Ce, (I) Nd vs. Th in the lamprophyre samples to check for element mobility during post-magmatic alteration.
5.2.2 Effect of Continental Crustal Contamination
Before trying to assess the characteristics of the mantle source of these mafic dikes, it is important to consider the effects of crustal contamination that is also common in the generation of mantle-derived rocks. Evidence suggests that crustal contamination did not play a significant role in the petrogenesis of the lamprophyres. Such evidence includes the following: 1) The lamprophyres occurred as dike swarms, suggesting a rapid ascent through the crust. 2) The minerals in the lamprophyres were euhedral crystals, such as biotite and orthoclase. 3) The lamprophyres had incompatible elemental concentrations—for instance those of Sr (173–1506 ppm), Ba (616–1787 ppm), K2O (1.93–5.54 wt.%), and Nd (30.2–137.4 ppm)—that were higher than those of the bulk continental crust (average abundances of Sr, Ba, K2O, and Nd in the crust were 320 ppm, 456 ppm, 1.81 wt.%, and 20 ppm, respectively; Rudnick and Gao, 2003). 4) The lamprophyres had Nb/Ta (12.8–27.4) and Zr/Hf (32.1–38.7) ratios similar to those of the primitive mantle (17.5 ± 0.2 and 36.27 ± 2.0, Taylor and McLennan, 1985), and much higher than those of the continental crust (11 and 33, Taylor and McLennan, 1985). 5) The Lu/Yb ratios are considered to be an indicator of crustal contamination. The continental crust was characterized by high Lu/Yb (0.16–0.18) ratios while mantle-derived magmas had low Lu/Yb (0.14–0.15) ratios (Sun and McDonough, 1989). The low Lu/Yb (0.14–0.15) ratios of the lamprophyres were similar to those of the mantle-derived magmas, thus ruling out the prospect of noticeable crustal contamination. 6) Fifty-four concordant analyses of the rocks of the walls, e.g., the Jurassic sedimentary rocks. yielded two age populations at 160.0–185.4 Ma (n = 47) and 222.1–274 Ma (n = 7) (unpublished LA–ICP–MS U-Pb data). Eighty concordant analyses of the lamprophyres yielded six age populations at 120.3–144.9 Ma (n = 23), 145.5–160.1 Ma (n = 10), 162.0–185.5 Ma (n = 9), 191.3–296.2 Ma (n = 23), 303.1–376.2 Ma (n = 8), and 432–1832.7 Ma (n = 7). The youngest analyses yielded ages of the lamprophyres lower than those of the Jurassic sedimentary rocks. In addition, nine analyses of the lamprophyres yielded ages of 162.0–185.5 Ma, much lower than those of the Jurassic sedimentary rocks, which yielded ages of 160.0–185.4 Ma over 47 analyses. These results suggests that the youngest ages of the lamprophyres can represent their age of formation, and crustal contamination did not play a major role in this process.
5.2.3 Magma Sources and the Nature of the Lamprophyre
Mafic rocks are generally considered to be mantle-derived melts. In particular, lamprophyres are considered to be the products of the partial, low-degree melting of the enriched subcontinental lithosphere mantle (Rock, 1987; Gibson et al., 2006; Choi et al., 2020). The lamprophyres in the Tuquan Basin are characterized by high contents of FeOT, MgO, and TiO2, high Mg# values, strong fractionation between LREEs and heavy (H) REEs, LILE enrichment, and HFSE depletion. These geochemical signatures are similar to those of contemporaneous arc-like mafic rocks for which the magmas were interpreted to have originated from the lithospheric mantle source (Tang et al., 2015; Zhang et al., 2020; Ji et al., 2021). Moreover, the Lu/Yb ratios of the BOL and QML samples, ranging from 0.14 to 0.15, were similar to the range for mantle magmas (0.14–0.15, Sun and McDonough, 1989) rather than the continental crust (0.16–0.18, Sun and McDonough, 1989). The BOL and QML samples exhibited low ratios of Zr/Ba (0.28–0.94), and high ratios of La/Ta and La/Nb (9.33–117.26 and 1.34–6.43, respectively), close to the ratios of the region of the lithospheric magma source (Thompson and Morrison, 1988; Menzies et al., 1991). The BOL and QML samples had high Sr contents (173–1506 ppm) and lacked significant Eu anomalies (Eu/Eu* = 0.88–1.00), indicating that they had originated from a mantle source (Rapp and Watson, 1995). In addition, the high LREE/HREE ratios of the lamprophyre samples are often assumed to be caused by the partial melting of a metasomatized lithospheric mantle (Guo et al., 2004). Furthermore, the trace element compositions of the lamprophyres were neither Mid-Ocean Ridge Basalt (MORB) like nor Ocean Island Basalt (OIB) like, indicating that the lamprophyres had not derived from MORB- or OIB-type sources within the asthenospheric mantle (Sun and McDonough, 1989).
In terms of the pattern of distribution of the trace elements, the BOL and QML samples were rich in LREEs and LILEs and depleted in HREEs and HFSEs (Nb, Ta, and Ti), suggesting that the magmas had derived from an enriched lithospheric mantle that had previously been modified by interaction with subducted slab material (Tarney and Jones, 1994). The BOL and QML samples exhibited relatively high ratios of Ba/Nb, Ba/Ta, and Ba/Th (26.93–90.43, 726.46–1398.27, and 29.84–84.97, respectively), and a low ratio of La/Sm (4.99–5.95), suggesting that a subduction-modified continental lithospheric mantle had been involved in the magma source for the lamprophyres (Fitton et al., 1988; Genç and Tüysüz, 2010).
The characteristics of the trace element of the samples in Figure 8 show that the sources of the lithospheric mantle of the BOL and QMLs were formed at an active continental margin, and had been previously metasomatized by subduction-related fluids. The Ba/Nb vs. La/Nb diagram in Figure 8A indicates that the lamprophyres showed lithologic affiliation to the volcanic arc. The Th/Yb vs. Ta/Yb diagram in Figure 8B shows the characteristics of the lamprophyres formed at an active continental margin. The Th/Y vs. Sm/Th diagram in Figure 8C shows that the BOL and QML lamprophyres originated from an enriched lithospheric mantle. Slab-released fluids or melts would have metasomatized the overlying lithospheric mantle and led to them being rich in LILE elements, such as K, Sr, and Pb. As shown in Figure 8D, the BOL and QML samples exhibited Nb/U ratios of 8.2 and 4.0–5.0, respectively. These values are significantly lower than those of the MORB (47 ± 10, Hofmann et al., 1986) and the OIB (47 ± 10, Hofmann et al., 1986). They are also lower than the values of the upper crust (9, Taylor and McLennan, 1985) and the lower crust (21, Taylor and McLennan, 1985). However, the Nb/U values of the lamprophyres were similar to those of the subduction zone-related hydrous fluids and the global average for subducted sediments (Nb/U = 5, Plank and Langmuir, 1998). These results suggest that the lamprophyres recorded the fluid-related metasomatism of the region of their lithospheric mantle source as a result of subduction (Hofmann, 1997). The Ba/Th vs. La/Sm diagram in Figure 8E shows that the mantle source was primarily influenced by slab dehydration (Genç and Tüysüz, 2010). Some HFSEs signatures can be used to distinguish between the roles of fluids and melts as metasomatizing agents (Polat and Hofmann, 2003). The BOL and QMLs had low ratios of Th/Zr (0.01–0.04) and Nb/Zr (0.03–0.04) (Figure 8F), indicating that the magma source had been affected by the metasomatism of the fluid.
[image: Figure 8]FIGURE 8 | Plot of (A) Ba/Nb vs. La/Nb (after Niu et al., 2017). (B) Th/Yb vs. Ta/Yb (after Pearce, 1983). (C) Th/Y vs. Sm/Th (after Su et al., 2012), the reference fields for primitive mantle (PM), OIB, and N-MORB are from Sun and McDonough (1989). (D) Nb/U vs. Nb diagram for the lamprophyres in the Tuquan Basin. Data sources: MORB and OIB (Hofmann et al., 1986), lower and upper crust (Taylor and McLennan, 1985), pelagic sediments (Plank and Langmuir, 1998). (E) Ba/Th vs. La/Sm (after Labanieh et al., 2012). (F) Nb/Zr vs. Th/Zr (after Kepezhinskas et al., 1997). Abbreviations are as follows: WPB, within-plate basalts; N-MORB, normal mid-ocean ridge basalts; OIB, ocean island basalts; MORB, mid-ocean ridge basalts; PM, primitive mantle; TH, tholeiitic; CA, calc-alkaline; SHO, shoshonitic.
5.2.4 Source Mineralogy and Depth
The Late Jurassic BOL and Early Cretaceous QML samples had high K2O contents and were rich in LILEs. The volatility-enriched minerals, such as amphiboles and phlogopites, were the primary host minerals for K and LILEs in the lithospheric mantle (Foley et al., 1996; Ionov et al., 1997). Melts in equilibrium with amphibole in the source were expected to have a significantly low Rb/Sr ratio (0.1) and a high Ba/Rb ratio (>20), whereas melts from a phlogopite-containing source region had a relatively high Rb/Sr ratio (>0.1) and a low Ba/Rb ratio (<20) (Furman and Graham, 1999; Ma et al., 2014). The BOL exhibited a high Rb/Sr ratio of 0.42 (>0.1) and a low Ba/Rb ratio of 13.5 (<20), indicating that it had involved a magma source of phlogopite-containing, enriched lithospheric mantle (Figure 9). The QML samples had a low Rb/Sr ratio of 0.02–0.06 (<0.1) and a high Ba/Rb ratio of 17.6–42.6 (on average, 33.8), indicating a magma source from an amphibole-containing and enriched lithospheric mantle (Figure 9).
[image: Figure 9]FIGURE 9 | Rb/Sr vs. Ba/Rb diagram (see e.g., Furman and Graham, 1999).
The K/Yb vs. Dy/Yb diagram can be used to constrain regions of the magma source and the degree of partial melting, and to distinguish between partial melting in the spinel and the garnet stability fields of a phlogopite- and/or amphibole-bearing lherzolite (Duggen et al., 2005). Melts formed from partial melting had relatively high and low Dy/Yb ratios (>2.5 and <1.5, respectively) in the stable areas for garnet and spinel, respectively (Duggen et al., 2005). The K/Yb ratio corresponds to the degree of partial melting. The BOL sample had a Dy/Yb ratio of 2.35 and a K/Yb*1000 ratio of 28.3. The projected point of the BOL sample fell between the curves of partial melting of garnet-facies phlogopite lherzolite and spinel-facies lherzolite, corresponding to a degree of melting of 10% (Figure 10A) and implying that the partial melting had likely occurred in the spinel–garnet transition zone. In the REE melting model for mantle peridotites (Figure 10B), the projected point of the BOL sample was found to fall on the curve of a mixture of garnet peridotite and spinel peridotite at a ratio of 7:3. The QML samples exhibited Dy/Yb ratios of 3.48–4.09 and K/Yb*1000 ratios of 8.13–19.63. Their projected points fell between curves of partial melting of garnet-facies lherzolite and garnet-facies amphibole lherzolite, corresponding to degrees of melting of 1%–3.5% (Figure 10A). In the REE melting model for mantle peridotites (Figure 10B), the projected points of the QML samples were found to fall on the curves for garnet peridotite and spinel peridotite mixed at different ratios (proportion of garnet >90%).
[image: Figure 10]FIGURE 10 | (A) Plot of K/Yb vs. Dy/Yb for lamprophyres in the Tuquan Basin. Melting curves for garnet lherzolite, spinel lherzolite, garnet-facies phlogopite lherzolite, garnet-facies amphibole lherzolite and spinel-facies amphibole lherzolite are taken from Duggen et al. (2005). (B) La/Yb vs. Dy/Yb in lherzolite REE melting model is from Thirlwall et al. (1994), partition coefficients are from McKenzie and O’Nions (1991).
What is the mechanism driving the melting of the mantle at different depths? The upwelling of the asthenosphere triggers the decompression-induced melting of the mantle (McKenzie and Bickle, 1988). Conditions for the contemporaneous partial melting of the mantle at different depths can be satisfied if the top of the asthenosphere window reaches a certain depth (Luo et al., 2006). The thickness of the lithosphere controls this depth, and thus limits the extent of decompression-induced melting and equilibrium pressure/depth of the melt extraction, i.e., the lid effect (Ellam, 1992; Niu, 2021). Experiments have shown that the minimum pressure at which garnet is stable on the anhydrous solidus of fertile peridotite is 2.8 GPa, corresponding to a depth of about 85 km (Robinson and Wood, 1998). The maximum depth of the spinel–garnet transition zone is 60–70 km (McKenzie and O’Nions, 1991; Klemme and O’Neill, 2000). The above analyses were used to plot the melting curves of the BOL and the QML samples for lherzolite (Figure 10B). They have relatively low and high garnet/spinel ratios (<2.3 and >9, respectively). We suggest that the BOL (156.0 ± 2.3 Ma) was likely derived from the high-degree partial melting of the phlogopite-bearing lherzolite mantle in the spinel–garnet transition zone at a depth of about 60 km. The older QML (132.9 ± 1.2 Ma) was likely derived from the low-degree partial melting of the lherzolite mantle in the garnet zone at a depth of ca. 85 km. The younger QML (126.2 ± 2.5 Ma) had lower Dy/Yb ratios (3.48–3.92) than the older QML (132.9 ± 1.2 Ma), with a Dy/Yb ratio of 4.09 implying that the younger magma had been produced at a shallower depth of the mantle (<85 km) than the older one. Thus, from 156 Ma to 132 Ma, the lithosphere in the study area thickened by approximately 25 km at a rate of approximately 1.0 km/Myr.
5.3 Geodynamics
5.3.1 Changes in the Thickness of the Lithosphere
The Manzhouli–Suifenhe geoscience transect in northeast China, which is part of the Global Geoscience Transect (GGT) Project, extends from Manzhouli in the west to Suifenhe in the east over a distance of 1300 km, and passes through the Great Xing’an Range and the Songliao Basin (see Figure 1).
Data on deep seismic reflections, and gravitational and magnetic data of the GGT (Yang et al., 1996) shows that the crust and lithosphere in NE China are 30–40 and 55–110 km thick at present, respectively. The thickness of the lithosphere in the Songliao Basin ranges from 55 km (in Daqing and Anda at the center of the basin) to 110 km (at the eastern margin of the basin in Shangzhi). The lithosphere in the Great Xing’an Range is 76–90 km thick, and is 80 km thick in the Tuquan Basin (Figure 11).
[image: Figure 11]FIGURE 11 | Underlying crust and lithospheric and asthenospheric mantle of the Songliao Basin along the GGT (according to Wang et al., 2016). Cities: M, Manzhouli; Y, Yakeshi; B, Boketu; Z, Zhalantun; TQ, Tuquan; G, Gannan; Q, Qiqihaer; D, Daqing; A, Anda; Ha, Harbin; Sh, Shangzhi; Mu, Mudanjiang; Ml, Muling; S, Suifenhe.
The depths at which the magmas of the BOL and QMLs originated in the Tuquan Basin, as calculated in this study, show that the lithospheric thickness in NE China thickened from 156.0 ± 2.3 Ma to 132.9 ± 1.2 Ma and then thinned from 132.9 ± 1.2 Ma to 126.2 ± 2.5 Ma (Figure 12). The thickness of the lithosphere in this period fluctuated within a range of magnitude that it has at present.
[image: Figure 12]FIGURE 12 | Variation in lithospheric thickness in Northeast China (200 Ma-0 Ma). 170 Ma from Lu et al. (1996) and Huang et al. (2021); 100 Ma from Xu et al. (1994); 88 Ma from Wang et al. (2009); 92 Ma, 31 Ma, and 15 Ma from Zhang et al. (2006); 45 Ma from Zhou (2006); 0 Ma from Wang et al. (2016).
5.3.2 Cause of the Thickening of the Lithosphere
During the Late Mesozoic, the tectonics of the study area were involved in both the subduction of the Paleo-Pacific plate beneath the Eurasian continental margin (Guo et al., 2015; Wang et al., 2019) and tectonic events related to the Mongol–Okhotsk Suture Zone (Tang et al., 2015; Liu et al., 2018).
In the Erguna and Xing’an Blocks volcanic rocks from the Early-to-Middle Jurassic (193–164 Ma) are thought to have been formed in an active continental margin setting related to the southward subduction of the Mongol–Okhotsk Oceanic plate (Xu et al., 2013; Wang et al., 2015). In the Jiamusi and Songliao Blocks, volcanic rocks from the Early-to-Middle Jurassic (194–174 Ma) have been thought to have formed in an intraplate extensional setting related to the westward subduction of the Paleo-Pacific plate (Guo et al., 2015; Huang et al., 2021). There was a remarkable reduction in magmatic activity during the Late Jurassic and the Early Cretaceous (173–133 Ma) in the Jiamusi and Songliao Blocks (Xu et al., 2013; Ji et al., 2019), suggesting that subduction-related igneous activities in the Paleo-Pacific plate were waning in this period. By contrast in the Erguna and Xing’an Blocks, volcanic rocks from the Late Jurassic and the Early Cretaceous (164–124 Ma) are widely distributed (Zhang et al., 2010; Ji et al., 2021). They are related to the combined effects of the Paleo-Pacific and Mongol–Okhotsk tectonic regimes (Ouyang et al., 2015; Li et al., 2018). The question is: which of them in this region was dominant in terms of geodynamics during the Late Jurassic and the Early Cretaceous?
Based on the results of this study, we propose that the Mongol–Okhotsk tectonic regime was most likely responsible for the generation of the lamprophyres, in that space and time were coupled between the formation of lamprophyre and the tectonic event of the Mongol–Okhotsk Suture Zone. The study area is located less than 500 km from the Mongol–Okhotsk Suture (Figure 1A), and the closure of the Mongol–Okhotsk Ocean occurred mainly during the Jurassic and ended during the Early Cretaceous (Cogné et al., 2005; Metelkin et al., 2010). The BOL from the Late Jurassic and the QMLs from the Early Cretaceous are shoshonite and calc-alkaline in series, and were formed in an active continental margin and derived from the partial melting of an enriched lithospheric mantle that had been previously metasomatized by subduction-related fluids. In addition, these lamprophyres were coeval with the Late Jurassic and the Early Cretaceous volcanic rocks in the Erguna and Xing’an Blocks, which are thought to be related to the Mongol–Okhotsk tectonic regime (Xu et al., 2013; Tang et al., 2015). The collision associated with the closure of the Mongol–Okhotsk Ocean could have caused lithospheric thickening between the Siberia and the Mongolia-China Blocks (Metelkin et al., 2010). The BOL (156.0 ± 2.3 Ma) recorded the lithospheric thickness at about 60 km and the QML (132.9 ± 1.2 Ma) recorded it at 85 km. Thus, in the period 156–132 Ma, the lithosphere in the study area thickened by approximately 25 km (Figure 12). It is widely believed that the delamination of a thickened lithosphere could have caused the lithosphere thinning in NE China (Wang et al., 2006; Zhang et al., 2010; Wu et al., 2011). The younger QML (126.2 ± 2.5 Ma) recorded a thinner lithosphere (< 85 km), suggesting that the lithosphere in NE China thinned from 132.9 ± 1.2 Ma to 126.2 ± 2.5 Ma.
We used the results of this study to create a three-stage model of geodynamic evolution in NE China from 156 Ma to 126 Ma, as shown in Figure 13. Stage A: This consisted of the southeastward subduction of the Mongol–Okhotsk oceanic crust under the counterpart continental crust, and suturing, between the Siberian craton in the northwest and the Erguna–Xing’an–Songliao Blocks in the southeast, in the Kimmeridgian and Tithonian. Stage B: This consisted of the closure of the Mongol–Okhotsk Ocean, eventually leading to continental collision between the Siberian craton and Erguna–Xing’an–Songliao Blocks. The collision caused lithospheric thickening in the Valanginian and the Hauterivian. Stage C: This consisted of the post-collisional delamination of the thickened lithosphere and extension, resulting in lithospheric thinning in the Barremian and Aptian.
[image: Figure 13]FIGURE 13 | The cartoon illustrations showing the Late Jurassic to the Early Cretaceous tectonic evolution of NE China. (A) the southeastward subduction of the Mongol–Okhotsk oceanic crust that resulted in the suture between the Siberian craton and the Erguna–Xing’an–Songliao Blocks in the Kimmeridgian and Tithonian; (B) continental collision of the related Blocks and the following lithospheric thickening near the suture zone in the Valanginian and the Hauterivian; (C) post-collisional delamination of the thickened lithosphere and its extension during the Barremian up to the Aptian.
6 CONCLUSION

(1) The lamprophyres found along the western margin of the Songliao Basin can be categorized into two types: namely, the biotite orthoclase lamprophyre (BOL) and the quartz magnetite lamprophyre (QML). Zircon U–Pb dating yielded an age of 156.0 ± 2.3 Ma for the BOL, and ages of 132.9 ± 1.2 and 126.2 ± 2.5 Ma for the QMLs, suggesting that they had been formed in the Late Jurassic and the Early Cretaceous, respectively.
(2) The lamprophyres originated from the partial melting of enriched lithospheric mantle that had been previously metasomatized by subduction-related fluids.
(3) The Late Jurassic lamprophyre BOL (156.0 ± 2.3 Ma) originated in the high-degree partial melting of the phlogopite-bearing lherzolite mantle in the spinel–garnet transition zone at a depth of about 60 km. One of the two Early Cretaceous QMLs (132.9 ± 1.2 Ma) was derived by the low-degree partial melting of garnet-facies lherzolite mantle at a depth of ca. 85 km. The other (126.2 ± 2.5 Ma) was produced from the low-degree partial melting of amphibole-bearing lherzolite mantle in the garnet zone at a shallower depth <85 km. Thus, from 156 to 132 Ma, the lithosphere in the study area thickened by approximately 25 km at a rate of approximately 1.0 km/Myr.
(4) The lithospheric scale of tectonic evolution, ranging from the Siberian craton via the Mongol–Okhotsk Suture Zone to the Songliao Block during the Kimmeridgian and the Aptian, involved three pulsed stages: the southeastward subduction of the Mongol–Okhotsk oceanic crust that resulted in the suture between the Siberian craton and the Erguna–Xing’an–Songliao Blocks in the Kimmeridgian and Tithonian, the continental collision and lithospheric thickening in the Valanginian and the Hauterivian, and the post-collisional delamination of the thickened lithosphere and its extension during the Barremian up to the Aptian.
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Minerals BOL (M1) QMLs (D3, D25, and DZ12)
Content (%) Grain size Characteristic Content (%) Grain size Characteristic
(mm) (mm)
Blotite 60 0.10-1.50 Lam; Aci 40-50 0.10-1.10 Lam; Cru
Orthoclase ) 006-0.12 Mer 25-35 001-063 Mer; Cor
Magnetite < 0.02-0.10 Mar 10-30 0.02-0.30 Mgr; DDS
Apatite <t 0.02-0.09 A 5 0.01-024 Ac Col
Quartz None None None <1 0.01-005 Cor; Mer
Zircon 24 grainkg 0.06-0.17 Mer; Col (84-40) graivkg 0.05-0.13 Mer; Col

Lam, lamelar; Aci, acicular; Col, columnar; Cer, cryptocrystalline; Mr, microcrystaline; Mgr, microgranular; Cru, crumpled; DDS, dense disseminated structure. Content (%) is area

percentage.
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Lithology BOL QMLs
Sample M1 D3 DZ5 Dz12
Major element (wt.%)
S0, 56,06 57.13 62.08 62.57
TiO, 151 1.34 1.53 1.62
A5 1625 13.99 13.21 1398
Fe,0s 1.72 6.41 7.20 6.63
FeO 443 1.15 092 1.08
FeO' 598 692 7.40 7.05
MnO 0.06 011 0.10 0.14
MgO 481 423 216 1.50
Ca0 1.78 238 147 049
Na0O 235 3.05 5.17 491
K0 554 488 1.93 357
P,0s 069 1.09 095 056
Lol 4.60 3.90 347 258
Total 99.81 99.66 99.60 99.53
Mg# 58.92 5213 34.23 27.51
K0 + Na;0 7.89 7.93 7.10 8.48
K;O/Na;0 236 1.60 037 073
Trace element (pprm)
La 26.4 127.1 977 769
Ce 65.9 280.3 2113 1323
Pr 76 347 255 189
Nd 302 137.4 983 705
sm 6.14 25.47 18.68 12.90
Eu 1.96 7.20 502 3.46
Gd 5.64 20.55 1511 9.84
™ 079 227 1.77 1.18
Dy 4.00 9.57 797 5.40
Ho 076 1.50 1.26 089
Er 1.98 345 297 208
™ 028 044 035 025
Yb 1.70 234 208 1.55
L 027 036 029 022
Rb 73.4 101.3 145 28.3
Ba 991 1787 616 1167
™ 7.55 21.03 2064 15.71
u 2.39 4.86 5.45 4.57
Nb 19.6 19.8 229 232
Ta 1.36 154 083 083
K 45.765 40313 15.943 29.491
Pb 1164 28.91 39.68 31.07
Sr 173 1506 501 599
P 3012 4757 4146 2444
7 455 503 580 593
Hf 14.18 14.07 1511 15.30
sc 10.88 15.27 14.29 12,62
v 160.0 162.7 1706 163.8
cr 166.5 126.1 312 238
Co 225 239 17.7 155
Ni 9.1 548 237 198
Ga 20.0 220 195 175
Y 19.6 419 382 25.4
Cs 1.00 359 220 341
SEu 1.00 093 088 090
(LarYbly 11.15 39.01 34.48 35.59
SREE 173.15 694.54 526,35 361.73
Ro/sr 042 0.06 002 004
Ba/Rb 135 176 426 412
Dyb 235 4.09 392 3.48
K/Yb*1000 283 179 813 19.63

Note: FeO” = Fe0+0.8998+Fe.O5. LOI, loss on ignition. Mg# = 100x molar Mg/(Mg +

Fe'). 8Eu = Eun/(Smnx Gdn)®>. REE, rare earth elements.





