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The proven gold deposits in the Jiaodong Peninsula, North China Craton, exceed 5,500 tons; these deposits are termed “Jiaodong type” or “Craton destruction type” owing to their unique geological features. Metallogenic chronology has dated the formation of these deposits at 120 ± 2 Ma. The development of such significant gold deposits in a relatively short period can be characterized as “explosive gold mineralization” and its driving factors are still under investigation. To clarify the geochemical characteristics, genesis and thermal history of a newly discovered quartz monzodiorite in the Tianqishan area, Shandong Province and their relationship with gold mineralization, the geochemistry of major and trace elements, zircon U–Pb isotope chronology, zircon Hf isotopes, and apatite fission track (AFT) thermochronology are analyzed. Our results show that the Tianqishan quartz monzodiorite, emplaced at ca. 119 Ma, is a metaluminous, high-K calc-alkaline rock, formed by mixing of mantle and crustal melts in a tectonic setting of North China Craton thinning. The AFT thermal history modeling results reveal four cooling events since the formation of the Tianqishan quartz monzodiorite and affirm two extensional stages in the Jiaodong Peninsula during the Early Cretaceous. The rapid exhumation of the crust of the Jiaodong Peninsula terminated at approximately ca. 120 ± 2 Ma, which may be due to the decoupling between crustal detachment and lithospheric mantle detachment in the Jiaodong Peninsula. Notably, the explosive mineralization of gold deposits aligns with the end of rapid exhumation in the Early Cretaceous, suggesting that decoupling between crustal and lithospheric mantle detachment is a plausible explanation for this phenomenon. This study provides critical new insights into the geodynamic processes governing Early Cretaceous lithospheric thinning and offers key constraints on the mechanisms driving explosive gold mineralization in the Jiaodong Peninsula.
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1 INTRODUCTION
The Jiaodong Peninsula is located in the southeastern margin of the North China Craton. The region underwent Triassic continental collision, followed by Early Jurassic subduction of the Paleo-Pacific Plate, making it an ideal location to study subduction–collision processes and craton destruction. Additionally, the proven gold deposits in the Jiaodong Peninsula amount to more than 5,500 tons, and some scientists refer to this area as the Jiaodong gold province (Deng et al., 2022; Qiu et al., 2024b). The Jiaodong gold province, formed in a cratonic destruction setting, is distinct from other significant giant gold provinces worldwide, such as Carlin in the United States, Muruntau in Uzbekistan, and Witwatersrand in South Africa. Consequently, it has been classified as “Jiaodong type” (Zhai et al., 2004; Deng et al., 2015) or “Decratonic gold deposits” (Zhu et al., 2015). Many researchers have made great achievements in tectonic setting (Zhu et al., 2015; Zhu and Sun, 2021; Deng et al., 2022; Qiu et al., 2023a; Song et al., 2023; Yang et al., 2024; Wang et al., 2025a; Yao et al., 2025), metallogenic epoch (Ma et al., 2017; Li et al., 2018a; Yang et al., 2018; Deng et al., 2020; Li et al., 2025), ore-forming material source (He et al., 2024; Qiu et al., 2024a; Wang et al., 2025a; Zhang et al., 2024), migration precipitation of ore-forming fluid (Chai et al., 2017; Chai et al., 2019c; Chai et al., 2019b; Chai et al., 2019a; Kuang et al., 2025; Wang et al., 2025b), gold precipitation (Fan et al., 2003; Goldfarb and Santosh, 2014; Wang et al., 2015; Wen et al., 2015; Du et al., 2025) and exhumation of mineral bodies after mineralization (Li et al., 2018b; Wu et al., 2018; Yang et al., 2020; Zhang et al., 2022; Qiu et al., 2023b). With the application of increasingly precise geochronological methods, researchers have established that the mineralization age of the gold deposits in the Jiaodong Peninsula is concentrated in 120 ± 2 Ma (Deng et al., 2020). The development of such significant gold deposits in a relatively short period can be characterized as “explosive gold mineralization.” However, the controlling factors of “explosive gold mineralization” are still controversial. Although it is widely recognized that the gold deposits in the Jiaodong Peninsula are related to the subduction of the subduction of the Palaeo-Pacific plate, and the destruction of the North China Craton (Zhu et al., 2015; Zhu and Xu, 2019; Deng et al., 2022), how to regulate the contradiction between the long-term enrichment of mineralizing elements and the concentrated release in a short period of time still requires further research (Deng et al., 2020).
In recent years, lots of thermochronological studies have been conducted in the Jiaodong Peninsula (Liu et al., 2017; Gao and Li, 2020; Sun et al., 2022; Zhang et al., 2022; Qiu et al., 2023b), which provide thermal history constraints for the genesis of gold deposits in the Jiaodong Peninsula. However, the ore-forming temperature for the Jiaodong gold deposits is about 220°C–304°C (Fan et al., 2003; Goldfarb and Santosh, 2014; Wang et al., 2015; Wen et al., 2015), which overlaps with the closure temperature determined via the zircon fission track (ZFT) (240°C ± 50°C) method and are higher than the closure temperature range determined via the apatite fission track (AFT) method (60°C–120°C) (Reiners and Brandon, 2006). It is speculated that rocks affected by gold mineralization hydrothermal activities may undergo annealing or partial annealing. This leads to the fact that numerous low-temperature thermochronology findings can effectively constrain the post-gold-mineralization thermal history of the Jiaodong Peninsula, while insufficiently constrain the thermal history of the mineralization period.
The gold mineralization on the Jiaodong Peninsula is closely related to Mesozoic granites. The Late Jurassic Linglong and Guojialing granites are the major ore-hosted rocks of the Jiaodong gold deposits (Feng et al., 2022). However, the Early Cretaceous Weideshan granites, which have emplacement ages that overlap with the time of gold mineralization, do not contain mineralized gold. Consequently, the Weideshan suite is ideal for studying the regional cooling history during the Jiaodong Peninsula’s gold mineralization period. Meanwhile, the contrasting mineralisation mechanisms between the ore-hosted granites and the Weideshan suite may also provide a basis for exploring the “explosive gold mineralization” in the Jiaodong Peninsula.
In this study, we investigated geochemistry, zircon U–Pb isotope chronology and AFT thermochronology of a newly discovered quartz monzodiorite from the Tianqishan area, which lacks gold mineralization. The aim was to elucidate the geochemical characteristics, and genesis of the intrusion, and simulate its thermal history. These findings provide new insights into and constraints on Early Cretaceous “explosive gold mineralization” on the Jiaodong Peninsula.
2 GEOLOGICAL SETTING
The Jiaodong Peninsula is situated at the southeastern margin of the North China Craton and is bounded by the Tan-Lu Fault to the west (Qiu et al., 2023a). It is divided by the Wulian–Yantai Fault into the Sulu Orogenic Belt to the southeast and the Jiaobei Terrane to the northwest (Figure 1a). The Sulu Orogenic Belt originated during the Middle to Late Triassic and consists of metamorphic rocks that underwent high-pressure and ultrahigh-pressure metamorphism, along with Mesozoic intrusive rocks (Long et al., 2025b). The Jiaobei Terrane is composed mainly of Precambrian metamorphic basement and Late Mesozoic intrusions (Hacker et al., 2009; Xu et al., 2009; Chai et al., 2020a; Chai et al., 2020b; Chen et al., 2025; Fang et al., 2025; Wang et al., 2025c; Liu et al., 2025; Wang et al., 2025a; Yao et al., 2025). The southwestern part of the Jiaodong Peninsula is covered by the Jiaolai Basin, which consists of Cretaceous volcanic and terrigenous clastic rocks [the Laiyang Formation (K1l, 131–123 Ma), the Qingshan Formation (K1q, 122–100 Ma), and the Wangshi Formation (K2w, 85–65 Ma)] (Zhang et al., 2003; Ni et al., 2016; Cui et al., 2025). The Jiaolai Basin is also a detachment basin for the Linglong (Charles et al., 2011; Charles et al., 2013; Wu et al., 2020), Queshan (Xia et al., 2016), and Wulian (Ni et al., 2013; Ni et al., 2016) metamorphic core complexes (MCCs). The rapid uplift of these three MCCs indicates a strong extensional tectonic setting in the Jiaodong Peninsula during the Late Mesozoic.
[image: Figure 1]FIGURE 1 | (a) Tectonic schematic of East China, showing the location of the Jiaodong Peninsula; (b) geological map of the Jiaodong Peninsula, with the study sites marked, showing major structures and lithological units, modified after Song et al. (2018) and Qiu et al. (2024a).
The Jiaodong Peninsula experienced significant magmatism during the Late Mesozoic, resulting in the formation of four main types of intrusive rocks: the Late Jurassic Linglong granites (164 ± 2 to 140 ± 4 Ma), the Early Cretaceous Guojialing granites (130 ± 3 to 125.4 ± 2.2 Ma), the Early Cretaceous Weideshan granites (126 ± 3 to 108 ± 2 Ma), the Laoshan granites (120 ± 2 to 107.0 ± 2.1 Ma), and the Early Cretaceous basic dykes and veins (121.6 ± 1.7 to 114 ± 2 Ma) (Sai and Qiu, 2020; Song et al., 2020b; Song et al., 2022). These magmatic rocks are related to the subduction of the Paleo−Pacific plate and the destruction of the North China Craton. The Late Jurassic Linglong granites are distributed mainly in the northern part of the Jiaobei Terrane and the northern part of the Sulu Orogenic Belt. The Early Cretaceous magmatic rocks are distributed throughout the Jiaodong Peninsula, among which the Early Cretaceous Guojialing granites are distributed mainly in the Jiaobei Terrane, and the Early Cretaceous Weideshan granites have a wider range of distribution, and can be found in Weideshan, Sanfoshan, Haiyang, Yashan, Nanshu, and Laoshan (Figure 1b). From the Jurassic to the Early Cretaceous, the changes in the geochemical compositions of these three stages of granites indicate that the mantle switched from enriched to depleted (Liu et al., 2004; Yan et al., 2005; Yang et al., 2012; Song et al., 2017; Wang et al., 2021; Wang et al., 2022).
The Tianqishan quartz monzodiorite is located in the core of the Linglong MCC and intrudes into the Linglong granite as a stock (Figures 1b, 3a). Due to quarrying activities, it is exposed with an area of less than 1 km2. There are also stocks of diorites in the east and northeast of the Tianqishan quartz monzodiorite (Figure 2). Some studies collectively refer to them as Zhouguan diorites, with an emplacement age of approximately 118 Ma ±119 Ma (Wang et al., 2024a). Judging from their occurrence and emplacement age, the Tianqishan quartz monzodiorite and the Zhouguan diorite should be the products of homologous magma emplacement. These intrusive rocks, in conjunction with the Nansu pluton to the south and the Aishan pluton to the north (Figure 1b), are all categorised as part of the Weideshan Suite (Wang et al., 2024b).
[image: Figure 2]FIGURE 2 | Geological map of the Tianqishan area and the locations of the samples.
3 SAMPLES AND METHODS
We collected fresh, unaltered rock samples and from the locations shown in Figure 2. Mafic microgranular enclaves (MMEs) can be observed in the rocks (Figure 3b) and there are potassic alterations and metallic sulfide minerals (pyrite) along joints and fractures (Figure 3c). However, there is no evidence of gold mineralization. Major and trace element analyses were performed on both samples. Additionally, zircon U–Pb isotopes, Hf isotopes and AFT analyses were conducted on sample SQ01.
[image: Figure 3]FIGURE 3 | (a) Photograph taken in the field, showing the relationship between the Tianqishan quartz monzodiorite and Linglong granites; (b) pyrite and potassic alteration in the Tianqishan quartz monzodiorite; (c) MMEs in the Tianqishan quartz monzodiorite; (d,e) photomicrograph of the Tianqishan quartz monzodiorite under cross-polarized light (XPL); (f) photomicrograph of the Tianqishan quartz monzodiorite under plane-polarized light (PPL), corresponding to (e). Bt: biotite; Hbl: hornblende; Kfs: K-feldspar; Pl: plagioclase; and Qtz: quartz.
With medium-to fine-grained textures and massive structures, the dark gray samples we collected are composed mainly of plagioclase (55–60 vol%), K-feldspar (10–15 vol%), quartz (10–15 vol%), hornblende (10–15 vol%) and biotite (3–5 vol%). In addition, the accessory minerals are mainly zircon, magnetite and apatite. Plagioclase, with particle sizes of 2–4 mm, has a hypidiomorphic platy shape, surficial sericitization, polysynthetic twins, and a zonal texture. K-feldspars have xenomorphic platy shapes with particle sizes of 2–3 mm. The green-colored hornblende has an allotriomorphic columnar shape with particle sizes of 0.5–2.2 mm, and pleochroism can be observed. With particle sizes of 0.5–2.2 mm, the ochre-colored biotite exhibits a flaky shape, and some are distributed inside the feldspar crystals. The quartz has an allotriomorphic granular shape, with particle sizes of 2–4 mm (Figure 3d). According to the characteristics observed under a microscope, the intrusive rock should have been quartz monzodiorite.
3.1 Major and trace elements
The geochemical analysis of the samples was completed at the Hebei Provincial Regional Geological Survey Research Institute. Major element analysis was conducted via X-ray fluorescence (XRF) spectrometry on an Axiosmax X-ray fluorescence spectrometer. Rare earth elements and trace elements were determined via inductively coupled plasma‒mass spectrometry (ICP–MS; X-Series 2). The laboratory conditions for the experiment were a temperature of 20°C and a humidity of 30%. The results of the major and trace element analyses can be found in Supplementary Table S1.
3.2 LA–ICP–MS zircon U–Pb isotopes and in situ Hf isotopes
Zircon selection was completed in the Hebei Provincial Regional Geological Survey Research Institute laboratory. After routine screening, zircons with a purity of more than 99% were manually picked under a binocular microscope. The selected zircons were intact and highly transparent.
The picked zircons were then pasted onto an epoxy resin surface, ground, and polished to expose the zircon surface, creating a target sample. Transmission, reflected light, and cathodoluminescence (CL) images of the zircons were obtained at the Beijing Zircon Navigation Technology Co., Ltd., laboratory, via a JSM6510 scanning electron microscope (JEOL, Inc.).
Zircon U–Pb isotopes and in situ Hf isotopes analyses were completed in the laboratory of Tianjin Geological Survey Center of China Geological Survey. A Neptune instrument (Thermo Fisher Scientific, Inc.) was used. The specific instrument configuration and experimental process are described in the literature refer to Li et al. (2009) and Geng et al. (2011). U–Pb isotopes and Hf isotopes data were processed via the ICPMS DataCal program (Liu et al., 2009a; Liu et al., 2010; Hu et al., 2012).
3.3 AFT
AFT ages were obtained via the LA‒ICP‒MS method (Hasebe et al., 2004) and calculated via the zeta calibration method (Pang et al., 2017) at the Institute of Geology, China Earthquake Administration. The age calibration standard was Durango apatite (31.4 ± 0.5 Ma). The National Bureau of Standards trace element glass NIST612 was used as an external standard to measure the signal intensity during testing. Uranium measurements were carried out with LA–ICPMS equipment. Spontaneous fission tracks in apatite were etched in 5.5 M HNO3 at 21°C for 20 s. Fission tracks and track length measurements were performed on a Zeiss Axioplan2 microscope using a dry objective with a magnification of 1,000×. All AFT analyses were performed by J. Z. Pang, whose laboratory had a weighted mean zeta of Apatite-Zeta NIST612 = 1940 ± 50, while the above methods and standards were used.
4 RESULTS
4.1 Major and trace elements
According to the SiO2 contents (57.47 wt%–57.97 wt%) of the rocks, the rocks should be classified as intermediate rocks. The rocks have Al2O3 contents ranging from 16.08 wt% to 16.57 wt%, and the total alkali contents (Na2O + K2O) range from 6.27 wt% to 6.37 wt%. The ratios of Na2O to K2O are between 1.28 and 1.43. The TFe2O3 contents range from 5.38 wt% to 5.87 wt%. The MgO contents are between 4.44 wt% and 4.89 wt% and the Mg# values range from 59.42–59.69; thus, the Tianqishan quartz monzodiorite is high-Mg diorite (Chen et al., 2013) On the basis of the SiO2‒K2O diagram, the samples are classified as belonging to the high-potassium calc-alkaline series (Figure 4). In the A/CNK–A/NK diagram, the samples are located within the metaluminous field (Figure 5). The Rittmann index σ43 values are between 2.71 and 2.72, indicating that the rock is calc-alkaline. The major element oxides (SiO2, MgO, TFe2O3, CaO, TiO2, and P2O5) are clearly negatively correlated with the SiO2 content (Figure 6), suggesting significant fractional crystallization of minerals, such as feldspar, pyroxene, amphibole, apatite, and ilmenite.
[image: Figure 4]FIGURE 4 | K2O versus SiO2 diagram showing the subdivisions of Le Maitre (1989) (dashed lines and black text) and Rickwood (1989) (blue text). The published data mentioned here and below were obtained from Song et al. (2020b), Wang et al. (2024a), Li et al. (2012) and Wang et al. (2023).
[image: Figure 5]FIGURE 5 | A/NK [molar ratio Al2O3/(Na2O + K2O)] vs. A/CNK [molar ratio Al2O3/(CaO + Na2O + K2O)] plot of the Tianqishan quartz monzodiorite and Weideshan granites, showing the subdivisions of Maniar and Piccoli (1989).
[image: Figure 6]FIGURE 6 | Major element Harker diagrams of the Tianqishan quartz monzodiorite and Weideshan granites.
The Tianqishan quartz monzodiorite has total rare earth element (REE) contents ranging from 189.9 × 10−6 to 239.4 × 10−6. Light rare earth elements (LREEs) are dominant, with contents varying from 179.14 × 10−6 to 225.74 × 10−6, whereas heavy rare earth elements (HREEs) are less abundant, ranging from 11.02 × 10−6 to 13.88 × 10−6. The ratios of LREEs to HREEs (LREEs/HREEs) are consistently between 16.256 and 16.264, and the (La/Yb)N ratios fluctuate between 24.54 and 26.32, indicating pronounced fractionation between light and heavy rare earth elements (Figure 7a). The REE patterns of the Tianqishan quartz monzodiorite are characterized by an enrichment in LREEs and a depletion in HREEs, manifesting as a right-leaning pattern (Figure 7a). The REE distribution pattern shows a gradual decrease in the content of LREEs and an almost horizontal trend for the content of HREEs. The europium anomaly values, represented by δEu values, range from 0.97 to 1.12, suggesting the absence of a Eu anomaly or a slight positive anomaly.
[image: Figure 7]FIGURE 7 | (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized trace element spidergrams for the later Early Cretaceous granites in the Jiaodong Peninsula. The chondrite REE and primitive mantle values were normalized after Sun and McDonough (1989).
In the primitive mantle-normalized trace element spider diagram, the overall curve exhibits a right-leaning characteristic, reflecting a gradual decrease in the degree of enrichment of the rock with increasing incompatibility of the elements. The trace element signature of the quartz monzodiorite reveals enrichment in large ion lithophile elements, such as strontium (Sr), a weak positive anomaly for barium (Ba), and significant depletion of high field strength elements, such as niobium (Nb) (Figure 7b).
4.2 Zircon U–Pb isotopes
In the present study, zircons from the Tianqishan quartz monzodiorite exhibit pronounced oscillatory zoning, which is characteristic of magmatic zircons (Figure 8a). Seventeen zircon grains from sample SQ01 were subjected to laser ablation–inductively coupled plasma‒mass spectrometry (LA‒ICP‒MS) analysis. The Th/U ratios of these zircons range from 1.24 to 1.84, which is also indicative of a magmatic origin.
[image: Figure 8]FIGURE 8 | (a) Representative CL images of internal grains, (b) concordia diagrams and (c) 206Pb/238U weighted mean ages of zircons in the Tianqishan quartz monzodiorite analyzed via LA‒ICP‒MS.
The results, as detailed in Supplementary Table S2, show that the 206Pb/238U ages of the 17 analyzed spots are clustered between 116 ± 3 Ma (1σ) and 120 ± 4 Ma (1σ). On the 206Pb/238U concordia plot, all the spots are projected either on or close to the concordia curve, reflecting their high concordance (Figure 8b). The weighted mean 206Pb/238U age is calculated to be 119 ± 1 Ma (1σ) (Figure 8c). No ancient inherited zircons were observed in the sample.
4.3 Zircon in situ Hf isotopes
The results from in situ Hf isotopes analyses of zircons are listed in Supplementary Table S3 and shown in Figure 9. The 176Lu/177Hf ratios of all the tested zircon points range from 0.000545 to 0.001551, which are all less than 0.002, indicating that the degree of accumulation of radiogenic Hf in zirzon is low after its formation; thus the Hf isotopic composition of zircon can be used to explore rock genesis.
[image: Figure 9]FIGURE 9 | Plots of the zircon εHf(t) values vs ages of the Tianqishan quartz monzodiorite rocks. The data for Aishan granites and Gushan granites were obtained from Li et al. (2022) and Li et al. (2012). CHUR, chondrite uniform reservoir.
Seventeen zircons from sample SQ01 have initial 176Hf/177Hf values between 0.282125 and 0.282235, with an average value of 0.282178. The εHf(t) values range from −20.3 to −16.3, with an average value of −18.4. The TDM2 ages range from 2,200 to 2,443 Ma, with an average value of 2,325 Ma.
4.4 Apatite fission tracks
In this study, AFT analysis was conducted on one sample (SQ01) from the Tianqishan quartz monzodiorite, which yields 31 single-grain AFT ages and 64 confined track lengths. The results can be found in Supplementary Table S4, Figures 10a,b. Sample SQ01 passes the P (χ2) test, with a value of 60%, indicating that the single-grain AFT ages in this analysis originated from the same age population. The pooled age of the sample is 112.6 ± 6.0 Ma (1σ), and the central age is 118.1 ± 5 Ma (1σ) (Figure 10a). The mean confined track length is 13.46 ± 1.86 μm (1σ), with diameter parameter (Dpar) values ranging from 1.83 to 2.93 and an average of 2.23. The track length distribution is unimodal and negatively skewed, suggesting that the pluton experienced a single cooling history. Notably, some track lengths are relatively short, implying that the sample resided in the partial annealing zone (PAZ) for an extended period (Figure 10b).
[image: Figure 10]FIGURE 10 | (a) Radial plots for AFT ages. Dpar: diameter parameter; P (χ2): chi-square Test; σ/t: relative error of the data; t/σ: the accuracy of the data; (b) histograms of the AFT length distributions (the green line represents the modeled distributions mentioned below).
4.5 Thermal modeling
Using Hefty software (version 1.9.3), we applied the polythermal annealing kinetics model of Ketcham (2005) and the Monte Carlo approximation technique to simulate the thermal history of the AFT. The initial fission track length was set at 16.3 μm, with a surface temperature of 20°C ± 5°C and an elevation at 194 m.
Two time‒temperature boundary conditions were established. First, the zircon U‒Pb age of the sample (119 ± 1 Ma) overlaps with the AFT pooled age (112.6 ± 6.0 Ma) within the error range. Considering that the cooling of a small volume of intrusive magma to the solidus line may take only a few thousand years (Annen, 2011; Ma and Li, 2017), the fission track results for this sample may indicate both the cooling of the magma and the exhumation process (Cao et al., 2019). Therefore, the first time‒temperature constraint was set at 150°C ± 10°C and 124–113 Ma, where the former delimits the thermal equilibrium process, and the latter represents the extreme values within the error range of the single-grain zircon age, together constraining the postemplacement cooling process of the magma. The second constraint was set at 90°C ± 30°C and 112.6 ± 6.0 Ma, which was based on the temperature range of the partial annealing zone of apatite and the pooled age, respectively.
The simulation was terminated after 500 “good” results were achieved to ensure statistical significance. The simulated ages and fission track lengths closely matched the actual measurements, with goodness-of-fit (GOF) values of 0.97 and 0.93, respectively, indicating a high degree of reliability in the simulation outcomes (Figure 11a).
[image: Figure 11]FIGURE 11 | (a) Simulated thermal history of the Tianqishan quartz monzodiorite. MTL is the mean track length; σ is the standard deviation; GOF is the goodness of fit (statistical comparison of the measured input data and modeled output data, where a “good” result corresponds to a value of 0.5 or greater and “the best” result corresponds to a value of 1); a “good” result corresponds to a value of 0.50 or greater, which is the expected value if the time‒temperature path and kinetic model are correct. An “acceptable” result corresponds to a value of 0.05 or higher; these values indicate that the model has not failed the null hypothesis test that forms the basis of these statistics. The dark gray area represents rapid exhumation with thermal reequilibration, and the light gray area represents rapid exhumation. (b) Cooling histories of different geological bodies in Jiaodong Peninsula since the Early Cretaceous. c1 and c2: Linglong pluton and Guojialing pluton, respectively in Xiadian gold deposit (Yang et al., 2023), c3, c4 and c5: Queshan pluton around Queshan metamorphic core complex (QSMCC), ductile shear zone of QSMCC and Yuangezhuang pluton around QSMCC, respectively (Ni et al., 2025), c6: Wulian metamorphic core complex (Ni et al., 2016), c7: Jiaojia gold deposit (Sun et al., 2022), c8: Guojialing pluton in Xincheng gold deposit (Zhang et al., 2019), c9: Guojialing pluton in Xinli gold deposit (Zhang et al., 2017), c10: Tianqishan quartz monzodiorite, this study. c11 and c12: Yuangezhuang and Yashan pluton, Respectively around QSMCC (Wu et al., 2018).
The simulation results indicate that the Tianqishan quartz monzodiorite experienced four stages of cooling (Figure 11a):
1. An extremely rapid cooling period occurred from 124 Ma to approximately 120 Ma. It may indicate crustal uplift and cooling processed, as well as thermal equilibrium with the magma and country rocks. From 123 to 120 Ma, the cooling rate gradually decreased.
2. A relatively slow cooling period occurred from 120 Ma to 108 Ma. During this time, the temperature decreased by 18°C, with a cooling rate of approximately 1.5°C/Ma. According to the geothermal gradient of 44°C/km during the Early Cretaceous (Tang, 1998), the uplift was approximately 400 m.
3. A tectonic tranquility period ranged from 108 Ma to 65 Ma. During this time, the exposure of the Tianqishan quartz monzodiorite almost ceased.
4. A rapid cooling period occurred from 65 Ma to 58 Ma. During this time, the temperature of the Tianqishan quartz monzodiorite decreased by approximately 49°C, with a cooling rate of approximately 7°C/Ma. In this stage, it was uplifted over 1,100 m to a position near the Earth’s surface.
5 DISCUSSIONS
5.1 Geochronology, magmatic source and petrogenesis of the Tianqishan quartz monzodiorite
In this study, the newly discovered Tianqishan quartz monzodiorite was selected for zircon U–Pb isotope dating, which yields an age of 119 ± 1 Ma with good concordance. This age is younger than that of the surrounding Linglong granites (164 Ma–140 Ma) and slightly younger than the Guojialing granites (135 Ma–125 Ma) (Song et al., 2022). It emplaced almost simultaneously with the Zhouguan (118 Ma–119 Ma) (Wang et al., 2024b), Nansu (121 Ma) (Hu, 2019), Gushan (120 Ma) (Li et al., 2012), Yuangezhuang (120 Ma) (Ni et al., 2025), and Liulinzhuang (122 Ma – 118 Ma) (Song et al., 2020a) plutons. Meanwhile, it is slightly older than the Aishan (115 Ma – 116 Ma) (Hu, 2019; Li et al., 2022; Liu et al., 2025) plutons. Therefore, the Tianqishan quartz monzodiorite is the representative of the early stage of Weideshan suite (Wang et al., 2024a).
According to the characteristics of high MgO concentration (4.44 wt%−4.89 wt%) and high Mg# values (59.42–59.69), the Tianqishan quartz monzodiorite could be defined as high-Mg diorite (Chen et al., 2013). At the same time, the Tianqishan quartz monzodiorite has high Sr concentration (1,164 × 10−6–1,232 × 10−6) and low Y concentration (12.5 × 10−6–15.3 × 10−6). Its (La/Yb)N and Sr/Y ratios are (23.07–24.74 and 80.52–93.12, respectively) (Figures 12a,b). Therefore, the Tianqishan quartz monzodiorite has similar geochemical characteristics to high-Mg adakite (Martin et al., 2005; Moyen, 2009) and these two share a comparable origin (Kamei et al., 2004; Yin et al., 2010; Song et al., 2020a), indicating that its primary magma is ralated to mantle (Xu et al., 2002; Gao et al., 2004; Martin et al., 2005; Chen et al., 2013). This is also evidenced by the relatively high Cr (77.8 × 10−6−78.1 × 10−6), Ni (21 × 10−6−22.8 × 10−6), Co. (15.4 × 10−6−16.5 × 10−6) and Sc (11.7 × 10−6−17.9 × 10−6) concentrations and the obvious depletion of Zr concentration (54 × 10−6 -144 × 10−6) of the Tianqishan quartz monzodiorite (Rapp and Watson, 1995). In the Na2O vs K2O diagram, the samples plot in the I-type granite area (Figure 12c), suggesting that the Tianqishan quartz monzodiorite is the product of the mixing of crust-derived magma and mantle-derived magma. In the Yb + Ta vs. Rb diagram, the samples all plot in the volcanic arc granite (VAG) category (Figure 12d).
[image: Figure 12]FIGURE 12 | Diagrams of (a) YbN vs. (La/Yb)N, (b) Y vs. Sr/Y, (c) K2O vs. Na2O and (d) Y + Nb vs. Rb for Tianqishan quartz monzodiorite in the Jiaodong Peninsula (Base map according to Martin (1986); Defant and Drummond (1990); Collins et al. (1982); Pearce et al. (1984), respectively; VAG, volcanic arc granite; Syn-COLG, syncollisional granite; WPG, within-plate granite; ORG, ocean ridge granite.).
Moreover, the zircon εHf(t) values range from −20.3 to −16.3, with an average value of −18.4. In the εHf(t) vs age diagram, the Tianqishan quartz monzodiorite is located between the crustal evolution lines at 2,000 Ma and 2,500 Ma, which is consistent with other Weideshan suites (Li et al., 2012; Li et al., 2022). The TDM2 ages, with an average value of 2,325 Ma, are consistent with the age of the Precambrian metamorphic basement of the Jiaobei Terrane, indicating that the Precambrian metamorphic basement was the main magma source.
Therefore, based on the comprehensive analysis of geochemical characteristics and zircon Lu-Hf isotopes signatures, the Tianqishan quartz monzodiorite is interpreted as having a mixed mantle and crustal origin, with its magma sourced primarily from the remelting of ancient crustal materials, that is consistent with the Zhouguan diorite and other Weideshan suites which have similar geochemical characteristics and emplacement ages (Song et al., 2020b; Wang et al., 2024b). The crystallisation ages and geochemical data jointly constrain that the Tianqishan quartz monzodiorite formed in an extensional setting induced by Paleo−Pacific plate subduction retreat and the thinning of the North China lithosphere.
5.2 The relationships between the Tianqishan quartz monzodiorite and gold mineralization
The emplacement age (119 ± 1 Ma) is remarkable consistent with that of the Zhouguan high-Mg diorites. Significantly, it represents the closest temporal association with gold mineralization events among all the intrusive rocks in the region, second only to the mafic dikes in the northwestern Jiaobei Terrane (Deng et al., 2020; Wang et al., 2024a). These chronological relationships strongly suggest that both the Tianqishan quartz monzodiorite and the Zhouguan high-Mg diorites were emplaced during the critical metallogenic epoch, potentially representing synmineralization magmatic products associated with gold-forming processes. Nevertheless, to date, no gold mineralization clues related to the intrusive rocks formed during this period have been identified in their vicinity.
The Weideshan suites intruded at shallow crustal levels (≤5 km) (Dou et al., 2015), whereas Jiaodong gold deposits developed at greater depths of 5–10 km (Song et al., 2022). This may be the reason why no gold ores are found in the Weideshan suites. The deep-seated portions of the Weideshan-type granite may represent favorable environments for mineralization.
5.3 Thermal history of the Jiaodong Peninsula since the early cretaceous
During the Early Cretaceous, the Jiaodong Peninsula experienced intense extension driven by rollback of the Paleo-Pacific Plate, leading to the formation of a series of extensional structures represented by MCCs such as Linglong (Wu and Zhu, 2024), Queshan (Ni et al., 2025), and Wulian (Ni et al., 2013; Ni et al., 2016). Numerous studies have proposed that the large-scale gold mineralization in this region is genetically linked to this extensional regime (Song et al., 2018; Wang et al., 2023). The Tianqishan quartz monzodiorite, intruded into the core of the Linglong MCC, reveals that its emplacement timing closely coincides with the Yashan and Yanggezhuang plutons (Ni et al., 2025) adjacent to the Queshan MCC, while the Guojialing pluton (Yang et al., 2023) shows slightly earlier emplacement. These plutons share remarkably similar post-emplacement cooling histories (Figure 11b), characterized by steep time-temperature curves that significantly exceed the contemporaneous cooling rates of both the Jiaodong MCCs and earlier emplaced plutons (e.g., Linglong and Queshan granitoids) (Yang et al., 2023; Ni et al., 2025). Considering the probable syn-emplacement uplift of the Tianqishan quartz monzodiorite and other coeval plutons, coupled with the abrupt onset of rapid cooling immediately following their emplacement, we propose that their anomalously fast cooling rates resulted from the combined effect of regional uplift and thermal equilibration between the plutons and their country rocks. Therefore, we suggest that the moderate cooling rates (17.5°C–18.5°C/Ma) (Ni et al., 2025) recorded by large-scale extensional structures and earlier emplaced plutons (e.g., Queshan granitoid) more accurately represent the regional cooling signature of the Jiaodong Peninsula during the Early Cretaceous.
A pronounced decline in cooling rate around 120 Ma observed in the Tianqishan quartz monzodiorite (Figure 11A) shows temporal consistency with cooling histories of major gold deposits (Jiaojia, Xiadian, Xincheng, and Xinli) (Zhang et al., 2017; Zhang et al., 2019; Sun et al., 2022; Yang et al., 2023) adjacent to the Linglong MCC (Figure 11b), indicating termination of rapid exhumation of the Linglong MCC by this time. Regional correlation reveals synchronous cessation of rapid exhumation in the Queshan and Wulian MCCes (Ni et al., 2016; Ni et al., 2025), collectively suggesting substantial weakening of the extensional regime across the Jiaodong Peninsula post 120 Ma, with subsequent uplift rates decreasing to 1.5°C–3.5°C/Ma. This aligns well with the Cretaceous two-stage extensional tectonic proposed for the eastern Eurasian continent by Lin and Li (2021).
It was noted that the Liaonan MCC in the Liaodong Peninsula and the Wulian MCC in the Jiaodong Peninsula underwent two distinct stages of tectonic-thermal evolution during the Early Cretaceous. The exhumation of the Liaonan MCC began slowly and then accelerated, whereas the Wulian MCC was initially exhumed rapidly and then decelerated (Liu et al., 2022). The Parallel Extensional Tectonics (PET) model is proposed to explain this divergence (Liu et al., 2009b; Liu et al., 2020; Liu et al., 2022). Our findings indicate that the uplift rate variations of the Linglong, Queshan, and Wulian MCCs are consistent. This consistency reflects the uniform changes in extension intensity across the entire Jiaodong Peninsula during the Early Cretaceous, suggesting the PET model’s applicability to the entire region. According to the model, crustal detachment and lithospheric mantle detachment can be either coupled or decoupled. Liu et al. (2022) concluded that the significant influence of the Triassic subduction and collision between the Yangtze and North China cratons resulted in considerable lithospheric thickening, lower geothermal gradient and higher lithospheric mantle strength in the Jiaodong Peninsula compared to the Liaodong Peninsula. The lithosphere of the Jiaodong Peninsula is characterized by a strong upper crust combined with a strong lithospheric mantle, in contrast with the Liaodong Peninsula, which features a strong upper crust with a weaker lithospheric mantle. These differences in lithospheric rheological stratification led to the decoupling of the crust and mantle detachment in the Jiaodong Peninsula and coupling detachment in the Liaodong Peninsula (Liu et al., 2022). However, considering that the pre-existing structures formed in the continental collision reduced the crustal strength of the Jiaodong Peninsula, which make it more susceptible to reactivation under subsequent extensional stress fields (Tong and Yin, 2011; Tong et al., 2014b; Tong et al., 2014a; Gao et al., 2019), we argue for low crustal strength in the Jiaodong Peninsula, which contradicts Liu et al. (2022), who reported high crustal strength in the same region.
Controlled by the subduction and rollback of the ancient Pacific plate, the regional extensional tectonics of the Jiaodong Peninsula can be traced back as early as 135 million years. During this period, the relatively weak crust of the Jiaodong Peninsula underwent extensive thinning, leading to rapid exhumation of MCCs, such as the Linglong MCC and the Wulian MCC. In contrast, relatively strong lithospheric mantle has experienced only limited, localized detachment faults (Liu et al., 2022). Geochemical evidence indicates that approximately 121–122 million years ago, the juvenile subcontinental lithospheric mantle (SCLM) of the North China Craton (NCC) may have replaced the ancient SCLM, coinciding with the collapse of the lithospheric mantle and the upwelling of the asthenosphere (Dai et al., 2016; Zheng et al., 2018). The lithospheric mantle of the Jiaodong Peninsula completed its decratonization, and as regional extension continued, the destabilized lithospheric mantle began extensive thinning. Concurrently, crustal-scale extension weakened.
Different from the early Cretaceous in Jiaodong Peninsula, the thermal history of the late Cretaceous showed obvious heterogeneity, with two remarkable characteristics. Firstly, the cooling histories of different crustal domains began to diverge significantly, as evidenced by widely scattered apatite fission track (AFT) and (U-Th)/He (AHe) ages (Yang et al., 2016; Liu et al., 2017; Sun et al., 2017; Zhang et al., 2017; Li et al., 2018b; Wu et al., 2018; Zhao et al., 2018; Zhang et al., 2019; Yang et al., 2020; Zhang et al., 2020; Sun et al., 2022; Zhang et al., 2022; Qiu et al., 2023b; Yang et al., 2023; Ni et al., 2025). This observation indicates that, unlike the Early Cretaceous period dominated by the unified paleostress field associated with Paleo-Pacific Plate subduction and rollback, the Late Cretaceous tectonic regime was likely characterized by localized stress regimes controlling differential crustal behavior. Secondly, although multiple studies have documented localized episodes of relatively rapid uplift in sub-regions post-Early Cretaceous, most uplift rates remained low (<10°C/Ma), pales in comparison to the prominent Early Cretaceous rapid exhumation events. Based on these lines of evidence, we propose that the Jiaodong Peninsula transitioned into a phase of regional extension coupled with differential uplift during the Late Cretaceous.
5.4 Implications for explosive gold mineralization
The latest U–Pb dating of monazite indicates that the formation of Jiaodong Peninsula gold deposits was limited to a very narrow time range of ca. 120 ± 2 Ma (Ma et al., 2017; Li et al., 2018a; Yang et al., 2018; Deng et al., 2020), this suggests that there must have been a specific geological process, or “episodic” event, during this time that led to the explosive mineralization of gold. The subduction of the Paleo−Pacific plate plays a significant role in the tension and destruction of the North China Craton and is the primary external driving force that led to the large-scale mineralization of gold in Jiaodong (Xu, 2001; Zhang et al., 2009; Zheng and Wu, 2009; Zhu and Zheng, 2009; Wu et al., 2014; Deng et al., 2022; Song et al., 2022; Long et al., 2025a). However, it remains unclear which specific process and mechanism during subduction led to the explosive gold mineralization.
Some researchers have suggested that large-scale gold mineralization in the Jiaodong Peninsula occurred in an environment characterized by intense crustal extension and rapid uplift, which is associated with the peak destruction of the North China Craton (Song et al., 2018; Wang et al., 2023). However, the cessation of rapid crustal uplift in the region suggests that gold mineralization may have been driven by deeper geodynamic processes.
The subduction direction of the Paleo−Pacific plate changed at ca. 122 Ma (Ni et al., 2024), while a high rate of retreat of ∼8.8 cm/a occurred from 130 to 120 Ma (Zhu et al., 2015). The change in the subduction direction and rate of retreat of the Paleo−Pacific plate may have led to a temporary ocean‒continent collision and was associated with a temporary extrusion event on the Jiaodong Peninsula during the late Early Cretaceous, which caused an angular unconformity between the Laiyang Formation (approximately 135–125 Ma) and the Qingshan Formation (120–105 Ma) (Zhang et al., 2008; Ni et al., 2013). In addition to the eruption of the East Java plate at ca. 125 Ma (Sun and Li, 2023), the alteration of mantle convection due to the delamination of the lithospheric mantle in the Jiaodong Peninsula may have contributed to the change in the subduction direction of the Paleo−Pacific plate. Some studies believe that the change in the subduction direction of the Paleo−Pacific plate induced explosive gold mineralization in the Jiaodong Peninsula (Ni et al., 2024; Ni et al., 2025), however, further refinement is needed to fully address the mechanisms controlling the focused release of auriferous fluids.
The East Asian big mantle wedge (BMW) (Zhao, 2004; Eiji and Zhao, 2009) began to form between 145 and 140 Ma and was fully developed at approximately 120 Ma (Ma and Xu, 2021), it is closely related to the destabilization and destruction of the North China Craton (Zhu and Xu, 2019). Zhu and Sun (2021) investigated the link between the Big Mantle Wedge (BMW) and large-scale gold mineralization in the Jiaodong Peninsula, proposing that the ore-forming fluids may be derived from the stagnation of the subducting slab in the mantle transition zone. A flat-lying subducting slab within this zone can release substantial amounts of water, which facilitates the dissolution of sulfides and the extraction of gold, thereby generating gold-rich fluids. These fluids ascend through the cratonic lithospheric mantle and undergo metasomatic interaction with the surrounding mantle material (Zhu and Sun, 2021). This interaction resulted in the formation of a hydrated and gold-enriched weakened layer within the cratonic lithospheric mantle, which is necessary for explosive gold mineralization (He et al., 2024; Qiu et al., 2024a). This hypothesis has been corroborated by the latest isotope geochemical results (Wang et al., 2024b; Zhang et al., 2024). Deng et al. (2020) argued that with the continuous rollback of the ancient Pacific plate, slab-derived fluid would have been lost in the developing mantle wedge significantly prior to mineralization, and that in the Jiaodong Peninsula was attributed to the postsubduction opening of a slab gap at ca. 120 Ma; however, this speculation is difficult to prove.
In general, changes in the subduction direction and rate of retreat of the Pacific plate, final formation of the BMW, changes in the nature of the lithospheric mantle, and the gold mineralization in the Jiaodong Peninsula all occurred at ca. 120 ± 2 Ma. In fact, this period also marks the cessation of rapid crustal exhumation in the region. The temporal coincidence of these events implies a potential intrinsic linkage among them. The PET model reasonably explains the genesis of the Early Cretaceous two-stage extensional tectonics in the Jiaodong Peninsula. On this basis, we propose a model of explosive gold mineralization in the Jiaodong Peninsula based on the PET model (Figure 13).
1. During the period of ∼130–120 Ma, the subduction angle of the Paleo-Pacific Plate increased significantly, reaching peak rollback velocities. This phase coincided with the progressive development of a big mantle wedge, where dehydration of the subducting slab generated unstable mantle flows that facilitated metasomatic enrichment of gold within the lithospheric mantle. Due to the strength contrast between crust and mantle, decoupling occurred during lithospheric extension: the crust developed intense detachment accompanied by rapid exhumation, while the stronger lithospheric mantle localized detachment faulting only in discrete zones. This decoupling effectively preserved gold reservoirs within the mantle lithosphere, establishing the essential endowment for subsequent explosive gold mineralization.
2. At approximately 120 ± 2 Ma, the lithospheric mantle beneath the Jiaodong Peninsula underwent complete decratonization. This process resulted in the loss of mechanical strength in the previously rigid cratonic lithospheric mantle, triggering large-scale extensional detachment that was accompanied by lithospheric root collapse and asthenospheric upwelling. Gold pre-enriched within the destabilized lithospheric mantle was channelized through these detachment zones and massively released into the crust, where pre-existing crustal extensional structures served as efficient fluid pathways and mineralization traps, facilitating ore precipitation. Concurrent deceleration of crustal uplift rates during this period likely enhanced gold deposition by prolonging fluid-rock interaction stability. Furthermore, minimal post-mineralization erosion ensured exceptional preservation of the ore systems.
[image: Figure 13]FIGURE 13 | Cartoon model of the explosive gold metallogenic process at ca. 120 ± 2 Ma on the Jiaodong Peninsula. The major geological events mentioned in the cartoon can be found in the following references: (a) Ma and Xu (2021), (b) Zhu and Sun (2021), (c) Zhu and Xu (2019), (d) Ni et al. (2024), (e) Dai et al. (2016) and Zheng et al. (2018), (f) Qiu et al. (2024a), Wang X. et al. (2024b) and Zhang et al. (2024), (g) Liu et al. (2020).
6 CONCLUSION

1. The Tianqishan quartz monzodiorite was formed at 119 Ma, which is consistent with the large-scale gold mineralization time in the Jiaodong Peninsula. It is a metaluminous high-potassium calc-alkaline rock with geochemical characteristics of high-magnesium adakitic rock. It is a product of the partial melting of the enriched mantle and mixing with the crust in the process of magma ascent in a tectonic setting resulting from the subduction and rollback of the Paleo−Pacific Plate and the thinning of the crust of the North China Craton.
2. The AFT thermal history modeling results reveal that the rapid exhumation of the crust of the Jiaodong Peninsula terminated at approximately 120 ± 2 Ma. This may be due to the decoupling between crustal detachment and lithospheric mantle detachment in the Jiaodong Peninsula.
3. The large-scale detachment in the “decratonized” lithospheric mantle may have been the direct factor controlling the “explosive gold mineralization” in the Jiaodong Peninsula.
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