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Abstract

:

The Longshou Shan, located in western China, plays a crucial role in connecting the Tarim Continent with the North China Craton. It provides valuable insights into the Cenozoic intracontinental deformation, the complex dynamics of Eurasian tectonics, and the relationship between the pre-Cenozoic Tethys and Central Asian orogenic systems. Consequently, comprehending the evolution of the Phanerozoic era in this region holds immense significance. Zircon (U-Th)/He (ZHe) dating was conducted on three granite samples (n = 18) collected from the Longshou Shan. The ZHe dates of these granite rocks range from 7.2 to 517.7 Ma, showing a negative correlation with eU values. Furthermore, a limestone sample from the Longshou Shan yielded ZHe (n = 4) ages of 172.0–277.1 Ma and AHe (n = 4) ages of 17–111.9 Ma. The area has undergone complex tectonic processes involving multiple phases of uplift and burial. Using both forward and inverse modeling methods, we aim to establish plausible thermal histories. Our models reveal: (1) Late Paleozoic unroofing; (2) Early Mesozoic cooling and Late Mesozoic regional stabilization; and (3) Cenozoic reheating and subsequent cooling. By investigating the intricate thermal history of the Longshou Shan through multi-method modeling, we compare different approaches and assess the capabilities of single ZHe dating for understanding a thermal history. This research contributes to unraveling the region’s geological complexities and aids in evaluating various modeling methods.
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1. Introduction


The area north of the Tarim continent and North China Craton is called the Central Asian orogenic belt, which evolved from the Late Paleozoic to the Early Mesozoic during the existence of the Paleo-Asian Ocean [1,2,3,4]. While it is established that the configuration of Eurasia is intricately tied to the Phanerozoic tectonic evolution of the Tethys and Central Asian orogenic belts, the precise spatiotemporal correlation remains ambiguous [5,6,7,8]. Critical unknown factors regarding the assembly and genetic relationships among these regions encompass the timing and context of the metamorphism of Precambrian basement rocks, the method and timing of Phanerozoic deformation, and the attributes of their Cenozoic tectonic activity [9]. The Longshou Shan area, positioned between the Qilian Orogen and the Alxa block, stands as one of the most enigmatic zones concerning the Phanerozoic evolution of the Tethys orogen and the Central Asian Orogen [10] (Figure 1).



The Longshou Shan area functions as an exceptionally important geological laboratory due to its intricate structural faults, the strata of varying ages encompassing the Precambrian advanced metamorphic rock series and the Phanerozoic, as well as the presence of multiple unconformities [14]. These indicators suggest that the crystalline basement surface of the Longshou Shan forms a complex erosion surface, likely recording the uplift of basement rocks due to multi-stage tectonic movements during East Asia’s Phanerozoic era [15]. However, ongoing research into the age and mechanism of geological structures from the Late Paleozoic to the Cenozoic in the Longshou Shan area remains insufficient. These unknown factors primarily revolve around the rock thermal history of Precambrian metamorphic rocks and Paleozoic granites exposed in the Longshou Shan area. Despite the presence of geochemical and geochronological data for the region, much of this information lacks a clear structural and stratigraphic background, hindering the establishment of a comprehensive structural model [16,17]. To bridge the gap caused by long-term deformation in the region’s dataset and to fill the time-temperature void in thermochronological data, we employed an integrated geological research approach, combining field rock structure observations with low-temperature thermochronology.



We hereby introduce the Zircon Helium (ZHe) and Apatite Helium (AHe) dates from the Longshou Shan. ZHe dates for each sample exhibit significant intrasample variability, enabling us to generate a series of forward and inverse thermal history models [18]. Utilizing the radiation damage accumulation and annealing model, our innovative thermal history models capture various cooling and reheating events that correlate with known geological occurrences. These models establish a vital link between different higher-temperature 40Ar/39Ar cooling ages and lower-temperature apatite (U-Th)/He datasets, enhancing our broader comprehension of the late Paleozoic-Cenozoic tectonic evolution of East Asia [19]. This is pivotal for evaluating Eurasia’s evolution and unraveling the movement and extent of the Cenozoic strain. Finally, we compare the long-term temperature history of rocks in this location using both inverse and forward models, pinpointing an enhanced application of the ZHe thermochronology approach.




2. Geological Setting


The Longshou Shan area spans approximately 30 km in width and 300 km in length, forming an ancient uplift trending northwestward. Situated on the southwest perimeter of the Alxa block, it closely aligns with the NWW trend and runs parallel to the Qilian Shan and Hexi Corridor (Figure 1 and Figure 2a). The northern section of the Longshou Shan is demarcated from the Mesozoic strata of the Alxa block by the Longshou Shan North Fault, characterized by a network of multi-branched faults (Figure 2a,b).



2.1. Regional Stratigraphy


The Longshou Shan showcases a distinctive geological composition featuring Proterozoic crystalline basement rocks, such as carbonate rock, limestone, schist, marble, and various other advanced metamorphic rocks [21] (Figure 2). Within the Longshou Shan Phanerozoic strata, multiple unconformities are observed, with regional unconformities being the principal ones [22] (Figure 3).



The Cambrian stratum, predominantly observed in the southeast of the Longshou Shan, overlays the proterozoic layer. Its formation is attributed to littoral-shallow marine siliciclastics [21]. Prevalent lithologies include quartz sandstone, gravel-bearing sandstone, and metamorphic sandstone. In the late Paleozoic period, granitic magma and medium-acidic magma intruded into the Proterozoic metamorphic basement and Cambrian light metamorphic sedimentary rocks (Figure 3). Upper Silurian to Devonian layers comprise conglomerate and argillaceous quartz sandstone. Amygdala basalt and andesite tuff are found sporadically throughout [23,24].



The Lower Carboniferous layers are predominantly constituted by the Xiuniugou Formation and Yanghugou Formation, which encompass marine to continental rocks [20]. The Upper Carboniferous Taiyuan Formation includes coal-bearing strata, primarily sandy shale, carbonaceous shale, and quartz sandstone with thin coal seams [21]. The Permian’s Dahuanggou Group, primarily composed of continental clastic sediments, contains purple and gray fine-grained sandstone intercalated with quartz sandstone, along with a thin layer of gravelly sandstone at its base (Figure 3).



The Triassic period predominantly comprises lavender gravelly coarse sandstone interspersed with sandstone lenses. The occurrence of sand ball formations is a distinctive characteristic of the higher sandstone layers [21]. Representing the lower and middle series, the Qingtujing Group predominantly displays gray-white, variegated conglomerate, and siltstone, occasionally exhibiting thin coal seams. The Lower Cretaceous lithology primarily consists of sandstone, silty mudstone intercalated with gravelly sandstone, and dark purple-red, purple-brown conglomerate (Figure 3).



The Cenozoic strata in the area have undergone significant development. The lower and middle Cenozoic strata are primarily composed of alluvial fan facies deposits along with fluvial and lacustrine facies deposits [20]. The Neogene Shulehe formation is mainly composed of silty clay and gravelly fine sandstone, which are unconformably overlaid on late Paleozoic granite (Figure 4a). In contrast, the late Cenozoic strata consist predominantly of alluvial and alluvial coarse clastic sediments, alongside continental aeolian sediments. Notably, most of these strata exhibit either negligible or very minimal cementation (Figure 3).




2.2. Tectonic Evolution


After the breakup of the Proterozoic Rodinia supercontinent, the Paleo-Qilian Ocean developed between the Paleo-Qaidam Block and the North China Craton, and the Longshou Shan experienced tectonic events such as the expansion of the Paleo-Qilian Ocean and the formation of passive continental margin [14,22]. This led to the subduction of the Paleo-Qilian Ocean in the early Neoproterozoic, the collision between the North China Craton and the Qaidam-Middle Qilian microblock, the re-continental splitting and the formation of the North Qilian Ocean [22]. Subsequently, in the late Neoproterozoic to Cambrian period, the Longshou Shan, situated at the southern margin of the Alxa Block, transformed into the passive continental margin of the North Qilian Ocean [25]. The subduction and closure of the northern Qilian Ocean during the Ordovician and Silurian periods led to the development of a significant magmatic arc in the Longshou Shan [26]. The early Paleozoic Qilian orogeny induced regional uplift and terrestrial clastic sedimentation in the Longshou Shan during the Silurian–Devonian period [27]. By the early Carboniferous, the elevated terrain linked to the Qilian orogeny subsided, and carbonate rocks were extensively deposited throughout the region [14]. Until the Late Carboniferous, the subduction of the middle segment of the Paleo-Asian Ocean at the northern margin of Alxa caused the activities of the Alxa Block, and the stratigraphic unconformity of the lower Carboniferous and upper Carboniferous-lower Permian was formed in the northern and southern margin (Longshou Shan) of Alxa [14,28]. Since the Mesozoic era, the Longshou Shan has wholly entered the phase of intracontinental tectonic evolution, with its average elevation above sea level. During the Yanshan Period of the Jurassic-Cretaceous era, significant geological movements occurred. These movements involved the westward subduction of the entire East Asian region by the Paleo-Pacific Ocean, northward subduction by the Middle Tethys Ocean, and southward subduction by the Mongol-Okhotsk Ocean [29,30,31,32,33,34,35,36,37]. These complex tectonic activities contributed to the shaping and transformation of the geological landscape in that period. Multi-stage extrusion and extension deformation occurred in the Longshou Shan region, yet the specific deformation mechanism remains contentious.



In the Cenozoic era, intraplate deformation, induced by the India-Eurasia collision, extensively developed in the Longshou Shan [15,17]. The Longshou Shan has experienced deformations related to Neoproterozoic, early Paleozoic, Mesozoic, and Cenozoic events. Major collision and suture events occurred in the southern or northern regions, leading to the development of two thrust faults on the north and south sides of the region, respectively, forming a reconstituted-style fault system (Figure 2a).





3. Materials & Methods


3.1. (U-Th)/He Thermochronology


This study introduces a helium diffusion model that accounts for a correlation between zircon (U-Th)/He (ZHe) dates and the accumulation and annealing of radiation damage within zircon crystals [38]. This relationship is often demonstrated by ZHe dates within a single sample that occasionally span hundreds of millions of years. For grains subjected to similar thermal histories, disparities in ZHe dates arise from differences in the effective uranium content (eU = U + 0.235Th) [39]. These differences manifest as either positive or negative ZHe date-eU relationships. The variations in these relationships are determined by the capacity of each grain to retain helium, which is reliant on eU values. Positive and negative trends observed in ZHe date-eU correlations represent the collective influence of the overall thermal history and the impact of radiation damage on helium diffusion. These trends enable the reconstruction of continuous thermal histories. According to helium diffusion models in zircon, there exists a temperature sensitivity window spanning approximately 210 to 50 °C [40]. This window partially overlaps with temperature ranges observed in zircon fission-track and K-feldspar 40Ar/39Ar data at the higher end, and with apatite fission-track and (U-Th)/He techniques at the lower end. The broad temperature sensitivity window in ZHe analysis facilitates the constraint of more comprehensive and continuous thermal histories. This presents an opportunity to bridge the gap between methods operating at higher and lower temperatures.



Our research employed diverse modeling methodologies to simulate the response of age-eU relationships concerning distinct thermal histories in the context of radiation damage accumulation, annealing, and helium diffusion [38]. Focused on the granitic basement rocks of the Longshou Shan area, this study prioritized grains with analogous Phanerozoic low-temperature thermal histories, ensuring ample representation for the most realistic t-T paths. Within this chapter, we concurrently employed forward and inverse modeling approaches to authenticate thermal history.



The objectives of forward and inverse thermal history modeling encompassed two primary facets: (a) evaluating the extent to which radiation damage effects account for observed age variations, (b) investigating the primary cooling times, heating durations, and reheating peak temperatures influencing observed ZHe-eU data variations, and (c) assessing the reliability of using ZHe exclusively in the simulations. For the first objective, we scrutinized the fundamental correlation between ZHe ages and eU concentrations while acknowledging that not all dispersion could be explained solely by damage-diffusion relationships [38]. In essence, the dataset reveals deviations beyond the primary ZHe-eU trend, potentially attributed to U and Th zoning effects, lacking conventional quantification methods but indirectly measurable via grain size. Consequently, three independent ZHe-eU curves (mean grain size ± 2 standard deviations) were utilized in the final inverse model to establish a domain validating the model’s accuracy [41,42] Simultaneously, we juxtaposed the relationship between ZHe-eU model outputs across all conditions with observed data to discern if the damage-diffusion relationship elucidates all observed age dispersions or if other factors (such as U, Th zoning) play a role [43]. Considering the 400 Ma timescale under consideration and the relatively confined nature of our t-T space, our initial use of the ZRDAAM forward model aimed to explore the spectrum of feasible t-T paths, identifying the most sensitive portions of observed ZHe-eU correlations within specific thermal history scenarios for potential modification [35]. In this context, our objective is not to seek the optimum-fit t-T path. Instead, subsequent inverse modeling was conducted to test multiple pathways and identify the best-fit solution, guided by our initial forward approach.



Since all samples exhibit a range of ZHe ages and eU values, the forward modeling approach was initially employed to constrain long-term thermal histories post-crystallization [44]. These simulations enabled the calculation of thermal geochronological ages via He diffusion and annealing kinetics along specified time-temperature paths. For each path, we manipulated the highest or lowest temperatures during various stages of the sample’s thermal evolution. Utilizing Matlab scripts [45], ZHe-eU curves were derived from each t-T path, integrating Guenthner et al.’s Zircon Radiation Damage Accumulation and Annealing Model (ZRDAAM). Inputs encompassed specific time-temperature paths, zircon eU values, and zircon grain sizes. Subsequently, these ZHe-eU paths were compared with ZHe ages, and the model’s ZHe-eU path closest to observed data was considered the most probable thermal history. Incremental adjustments to the model ZHe-eU paths for each sample were made by refining different segments of the thermal history, culminating in best-fit models closely resembling observed data obtained through this methodology. This approach assumes that helium diffusion associated with crystal damage and annealing is the sole controlling factor for ZHe ages [46].



Furthermore, we employed inverse simulations to further refine potential thermal histories. While forward simulations assessed numerous potential paths, inverse simulation methods allowed the exploration of tens of thousands of potential paths within a defined margin of error to match observed He ages. Two distinct inverse simulation softwares were employed: HeFTy (version 1.9.3) and QTQt (version 5.8.0) [47,48]. HeFTy was utilized to evaluate the consistency between ZHe and other available thermal history constraints such as K-feldspar 40Ar/39Ar data, AHe data, and relative age constraints from Phanerozoic strata deposition [47]. Diverse assumed time-temperature paths were scrutinized based on known geological conditions, encompassing the formation of various unconformities, Paleozoic and Mesozoic sedimentation periods, and potential exhumation during deformation events on the northeastern margin of the Qinghai-Tibet Plateau. With limited geological constraints, QTQt was exclusively applied to utilize ZHe data (LSS-1/LSS-4/LSS-6) to explore critical t-T domains. QTQt computational simulation software provided ample flexibility to explore the most probable thermal history [48]. Moreover, we conducted QTQt inverse simulations utilizing ZHe and AHe data from LSN-10.




3.2. Sampling Strategy


We gathered three geochronological samples (LSS-1, LSS-4, LSS-6) from exposures of Paleozoic granite situated along the southern boundary of the Longshou Shan, with a minor altitude variation ranging from 2289 to 2543 m (Table 1) (Figure 4a–c). These samples are relatively close in horizontal distance, approximately 4 km apart, suggesting analogous thermal histories post-granite formation (Figure 5). Additionally, at the highest altitude within the eastern Longshou Shan section, we collected one Precambrian crystalline basement limestone sample (LSN-10). We applied apatite (U-Th)/He and zircon (U-Th)/He dating methods to the LSN-10 samples. However, exclusively zircon (U-Th)/He dating was conducted for the LSS-1, LSS-4, and LSS-6 samples. Nonetheless, a substantial number of grains underwent testing utilizing zircon’s radioactive damage and annealing accumulation models to evaluate the thermal history experienced by the granite along the Longshou Shan’s southern boundary. The sample collection sites were situated at least 1 km away from any Late Paleozoic intrusion and at least 500 m from any mapped dykes, to avoid heat resetting unrelated to burial and excavation processes.




3.3. Experimental Analysis Process


The National Institute for Natural Hazards Control’s U-Th/He laboratory performed the AHe and ZHe testing for this investigation. The heavy minerals were separated for the screening of the paramagnetic minerals apatite and zircon using conventional water level, magnetic, and density separation techniques. Apatite and Zircon grains with good crystallinity, no inclusions, no fissures, and grain lengths greater than 70 μm were first selected under a microscope, and then the size of each mineral grain was measured (Figure 6). The measured apatite and zircon grains were placed in Pt and Nb metal packages, respectively, and the samples were heated with a 970 nm laser to extract 4He. The 4He isotopes were determined via Alphachron quadrupole mass spectrometry, and the measured He samples were then used to determine the U and Th isotope contents using the 235U-230Th isotope dilution method on an Agilent 7900 ICP–MS [49,50].



Apatite and Zircon require different chemical processes for measuring their U and Th isotope contents. Apatite needs to be dissolved in a solution with diluent and 50% HNO3 for 12 h. Zircon, on the other hand, is more difficult to dissolve and requires that the zircon sample after 4He measurement be heated at 225 °C for 48 h in a high-pressure dissolution tank with diluent and HF solution, evaporated, and then heated for another 24 h at 200 °C with HCl solution to dissolve the fluoride. Finally, the solution is acid diluted to 10% for ICP–MS analysis.





4. Results


This chapter presents the ages of 18 ZHe grains extracted from the granite located at the southern boundary of the Longshou Shan (LSS-1/LSS-4/LSS-6) (Table 2). Figure 7a illustrates a graph depicting the ZHe ages of these grains plotted against effective uranium concentration (eU). The corrected age spectrum of these grains falls between 7.2 and 517.7 Ma, while the eU concentration spans from 77.62 to 1872.18 ppm. Notably, the dispersion observed in zircon helium data significantly surpasses the analytical precision and does not display a discernible correlation between age and eU. Given that variations in eU concentration in zircon crystals with identical time-temperature (t-T) histories correlate with discrepancies in radiation damage, leading to a spectrum of crystal-specific helium diffusion coefficients due to damage-diffusion coefficient relationships [38], the eU value can reflect the influence of radiation damage on Helium ages. However, solely correlating with eU concentration is occasionally inadequate in explaining the observed dispersion. Consequently, we segmented the samples into multiple groups to analyze the age-eU correlations for each group of grains.



At lower eU contents, approximately <200 ppm, ZHe ages correspondingly range from 7.2 to 70.8 Ma. Within the eU range of 200–1000 ppm, a notable negative correlation between ZHe ages and eU is apparent, spanning ages between 170.3 and 517.7 Ma. When eU concentrations exceed 1000 ppm, a declining trend in ages is observed, ranging from 35.7 Ma to 171.6 Ma. Most of the tested zircon grains fall within the grain size range of 35–60 μm, displaying no significant age trend concerning grain size (Figure 7b). Among the tested ZHe grains, maximum ages of 516.2 and 517.7 Ma were recorded, significantly surpassing the estimated age of the granite at 427.2 Ma.



The ZHe ages (172.0–277.1 Ma) of the limestone sample LSN-10 exhibit a negative correlation with eU (Figure 7a), indicating that this sample also underwent repeated reheating [38]. The “closure temperature” theory suggests that larger grain sizes tend to preserve older ages under situations of stagnation or repeated reheating [51]. Figure 7b confirms the historical evidence of reheating or stagnation for LSN-10, rather than merely quick monotone cooling, by showing a substantial positive correlation among the four grains of LSN-10. Additionally, the ages of five AHe grains in sample LSN-10 range between 17.0 and 111.9 Ma (Table 2).





 





Table 2. Dating results of AHe and ZHe grains in the Longshou Shan.






Table 2. Dating results of AHe and ZHe grains in the Longshou Shan.





	
Sample

	
Grain

	
U

	
Th

	
He

	
[eU]

	
Raw

	
Rs

	
FT

	
Corrected

	
Error




	
Age

	
Age




	
ID

	

	
ppm

	
ppm

	
ppm

	
ppm

	
Ma

	
μm

	

	
Ma

	
±1σ






	
LSS-1

	
LSS-1-1-1Z

	
1265.88

	
2579.98

	
3.12

	
1872.18

	
76.74

	
47.74

	
0.73

	
105.6

	
1.7




	
LSS-1-1-2Z

	
1062.81

	
2204.97

	
0.90

	
1580.98

	
26.39

	
50.48

	
0.74

	
35.7

	
0.5




	
LSS-1-1-3Z

	
47.61

	
127.70

	
0.01

	
77.62

	
5.21

	
47.59

	
0.72

	
7.2

	
0.1




	
LSS-1-1-4Z

	
164.17

	
297.42

	
1.23

	
234.06

	
238.97

	
49.73

	
0.74

	
324.0

	
9.0




	
LSS-1-1-5Z

	
818.09

	
1772.42

	
1.08

	
1234.61

	
40.48

	
50.61

	
0.74

	
54.7

	
0.8




	
LSS-1-1-6Z

	
579.85

	
764.83

	
2.07

	
759.58

	
124.96

	
48.48

	
0.73

	
170.3

	
2.6




	
LSS-1-1-7Z

	
143.69

	
247.72

	
0.23

	
201.90

	
53.34

	
53.02

	
0.75

	
70.8

	
1.0




	
LSS-1-1-8Z

	
356.33

	
304.49

	
2.26

	
427.88

	
239.97

	
46.14

	
0.72

	
331.1

	
5.0




	
LSS-1-1-9Z

	
316.23

	
229.03

	
3.02

	
370.1

	
367.1

	
43.58

	
0.71

	
516.2

	
18.3




	
LSS-1-1-10Z

	
589.11

	
469.31

	
5.80

	
699.4

	
372.8

	
45.23

	
0.72

	
517.7

	
20.5




	
LSS-4

	
LSS-4-1-1Z

	
300.75

	
718.75

	
1.85

	
469.65

	
179.77

	
56.83

	
0.77

	
234.5

	
3.5




	
LSS-4-1-2Z

	
644.89

	
1368.46

	
3.40

	
966.48

	
160.71

	
54.14

	
0.76

	
212.4

	
3.4




	
LSS-4-1-3Z

	
524.65

	
521.62

	
2.72

	
647.23

	
191.81

	
53.54

	
0.76

	
252.7

	
4.3




	
LSS-4-1-4Z

	
601.33

	
1109.00

	
2.84

	
861.95

	
150.77

	
50.76

	
0.74

	
203.1

	
3.2




	
LSS-6

	
LSS-6-1-1Z

	
530.56

	
215.07

	
2.58

	
581.10

	
202.56

	
41.67

	
0.70

	
287.8

	
6.6




	
LSS-6-1-2Z

	
302.50

	
116.01

	
1.34

	
329.76

	
185.63

	
42.00

	
0.71

	
262.8

	
6.0




	
LSS-6-1-3Z

	
740.40

	
576.62

	
3.21

	
875.91

	
167.65

	
37.47

	
0.67

	
251.0

	
5.3




	
LSS-6-1-4Z

	
1440.37

	
1147.39

	
4.41

	
1710.01

	
118.23

	
40.28

	
0.69

	
171.6

	
3.7




	
LSN-10

	
LSN-10-1-1A

	
0.28

	
2.14

	
0.00

	
0.78

	
21.71

	
56.07

	
0.65

	
33.3

	
4.1




	
LSN-10-1-3A

	
0.15

	
14.79

	
0.00

	
3.63

	
7.93

	
37.91

	
0.47

	
17.0

	
1.6




	
LSN-10-1-4A

	
1.35

	
8.35

	
0.00

	
3.32

	
65.63

	
46.88

	
0.59

	
111.9

	
7.5




	
LSN-10-1-5A

	
9.98

	
16.99

	
0.00

	
13.97

	
12.30

	
45.35

	
0.59

	
20.9

	
1.3




	
LSN-10-1-6A

	
12.49

	
24.57

	
0.01

	
18.26

	
26.92

	
35.47

	
0.47

	
57.0

	
3.7




	
LSN-10-1-1Z

	
321.14

	
768.56

	
1.22

	
501.75

	
111.37

	
36.31

	
0.65

	
172.0

	
2.5




	
LSN-10-1-2Z

	
350.97

	
794.55

	
1.54

	
537.69

	
131.58

	
38.82

	
0.67

	
196.8

	
2.9




	
LSN-10-1-3Z

	
150.21

	
257.11

	
0.89

	
210.63

	
192.61

	
46.94

	
0.72

	
266.2

	
4.1




	
LSN-10-1-4Z

	
67.00

	
91.53

	
0.36

	
88.51

	
185.79

	
38.50

	
0.67

	
277.1

	
5.0








The grains are numbered “A” for apatite and “Z” for zircon. The equivalent radius Rs is equal to the radius of a sphere with the same ratio of surface area to volume as that of a crystal cylinder [52]. FT is the α-ejection correction parameter [53]. Effective uranium content [eU] = [U] + 0.235 × [Th] [54].












5. Thermal History Modeling


5.1. Forward Modeling Approach


Constructing hypothetical time-temperature paths for the chronology samples within specific time periods serves two primary purposes. Firstly, employing forward simulations within a broader time-temperature range allows for the exclusion of thermal histories conflicting with observed ages (LSS-1/LSS-4/LSS-6) and initiates the refinement of potential thermal histories. Secondly, utilizing forward modeling aids in identifying the periods of burial or uplift within the path that exert the most significant influence on the final ZHe-eU model, distinguishing them from events with comparatively minor impact [38]. In essence, the setup of forward modeling investigates the sensitivity (or lack thereof) of the ZHe-eU correlation to various Phanerozoic thermal environments [44].



Key time-temperature constraints for specific tests encompass chronological evidence such as zircon U-Pb age (427 Ma, 750 °C) [55]; K-feldspar 40Ar/39Ar age (410 Ma, 250 °C) [20]; regional unconformities between Paleogene-Neogene strata and Paleozoic granite (65 Ma, 15 °C); heating subsequent to the deposition of Paleogene-Neogene strata (20 Ma, 160 °C) [17,56]; and the current surface temperature (15 °C). We have formulated seven sets of representative time-temperature paths for the Longshou Shan, each encapsulating a distinct piece of thermal history.



5.1.1. Model Design


The initial set of representative paths delves into the continuous cooling process endured by Paleozoic magmatic rocks since their formation, traversing from high temperatures (750 °C) to lower temperatures (15 °C) through individual and combined tests. This exploration indirectly evaluates the reliability of the cited zircon U-Pb age and K-feldspar 40Ar/39Ar age (Figure 8a). Undoubtedly, preserving a 400+ Ma span of temperature alteration represents an oversimplified model. However, this approach serves to effectively distinguish between various cooling scenarios, aiding in determining whether there exists a predominant period of early Paleozoic cooling that most aptly elucidates the data.



To examine the Paleozoic-Mesozoic cooling combination, we investigated a two-step monotonic cooling process. The second set of representative paths involves altering the erosion timing of the Paleozoic-Mesozoic rock mass before the Cenozoic deposits. This assessment evaluates whether a two-step monotonic temperature decline occurred since the known age of K-feldspar 40Ar/39Ar at 410 Ma and 250 °C (Figure 8b). Building upon the second set, the third group of representative paths aims to further refine the occurrence time of monotonic cooling in the second step (Figure 8c).



Given the regional stratigraphic deposition and angular unconformity observed in the Longshou Shan during the Late Paleozoic to Mesozoic, we investigate the plausibility of a sequence of events, such as reheating followed by subsequent cooling over a brief period after the granite sample experienced secondary monotonic cooling (Figure 3). The fourth set of representative paths examines the reheating of the formation of post-secondary monotonic cooling (Figure 8d). Meanwhile, the fifth set compares the cessation time of the formation reheating with the initiation of cooling (Figure 9a). Similarly, we explore the prospect of inter-Mesozoic reheating (Figure 9b), necessitating the establishment of an intermediate maximum heating temperature between 30 °C and 210 °C, with an increment of 45 °C per path. All of the aforementioned investigations (two-step cooling and reheating scenarios) are assumed for the Paleozoic-Mesozoic thermal history of the region.



In the Cenozoic phase of the t-T path, we simulated maximum reheating and cooling at 20 Ma to ascertain the highest heating temperature during the late Neogene (Figure 4a). Each path incrementally sets a temperature range between 70 °C and 220 °C, increasing by 30 °C per path (subsequent sections will discuss the consistency of these increments with previous estimates of maximum Neogene reheating) (Figure 9c). Our focus will center on the analysis and comparison of results derived from each test path in subsequent sections.




5.1.2. The Results of Forward Modeling


Figure 8a displays cooling trends ranging from high (750 °C) to low (15 °C) temperatures at three different periods, 427–406 Ma, 427–65 Ma, and 86–65 Ma (with identical Cenozoic history), aiming to assess the impact of initial cooling on the thermal history. Following varying ranges of thermal history input, it is evident that Paleozoic cooling paths exert primary effects on the resultant ZHe-eU curve.



The maximum age and slope of the ZHe-eU curve simulated with forward modeling exhibit fluctuations based on the timing of granite cooling: earlier cooling periods position the maximum ZHe age within the medium eU range (200–400 ppm). Conversely, later cooling of granite significantly reduces the maximum apparent age on the ZHe-eU model curve, resulting in lower eU concentrations (<500 ppm) showing the narrowest age range (<40 Ma). Notably, the most congruent with the observed data is the monotonic cooling of granite within the 427–406 Ma timeframe. While identifying the definitive best-fit curve remains inconclusive, the model results encompass observations for a majority of the samples. From these comprehensive analyses, several general conclusions regarding the Paleozoic cooling period within the dataset can be drawn: the magmatic rocks in the southern region of the Longshou Shan underwent a relatively rapid cooling and crystallization process when they intruded near the surface during the Paleozoic. This result aligns strongly with stratigraphic observation, zircon U-Pb age, and K-feldspar 40Ar/39Ar age.



The simplified two-stage cooling tests, spanning from the Paleozoic to the Mesozoic, utilized initial cooling from 427 Ma at 750 °C to 410 Ma at 250 °C, followed by uncertain secondary cooling periods of 410–406 Ma, 410–65 Ma, and 86–65 Ma (Figure 8b). The age of the second cooling period indeed influences the date corresponding to the oldest segment of the ZHe-eU curve. However, certain aspects such as the maximum age position of the curve, the segment displaying high eU concentrations with younger ages, and the general curve shape remain unaltered. In the zircon helium partial retention zone, an extended Paleozoic-Mesozoic duration has thermally reset the grains with the lowest eU concentration (thus possessing the lowest degree of damage). However, this duration is insufficient to anneal the zircon grains with high levels of radiation damage. Consequently, this disparity in annealing leads to changes in the morphology of the ZHe-eU curve. The resultant model output from the cooling event between 410 and 65 Ma encompasses nearly all of the observed relationships among the ZHe-eU grains in the southern region of the Longshou Shan (Figure 8b). This suggests the likelihood of a secondary Paleozoic-Mesozoic cooling phase in the area. To ascertain the specific timing of this cooling phase, secondary cooling was configured within periods of 321–310 Ma, 256–245 Ma, 166–155 Ma, and 126–115 Ma (Figure 8c), with the post-115 Ma segments of these paths remaining consistent. Among the four proposed cooling hypotheses, a majority of the ages predicted by rapid cooling from 321 to 310 Ma closely align with the observed ages. This outcome strongly supports the occurrence of a second rapid cooling phase around 321–310 Ma, succeeded by an extended period of surface stabilization.



Maximum heating time points of 250 Ma, 170 Ma, 110 Ma, and 70 Ma were established to explore late Paleozoic to Mesozoic sedimentary burial events. These paths, constrained by Paleozoic burial temperature limits of 200 °C, are depicted in Figure 8d. The resulting ZHe-eU curve exhibits variability within the eU range of 200–1000 ppm. However, interestingly, at eU concentrations < 200 ppm and >1600 ppm, the projected ages for all paths significantly coincide. Among these paths, the curves indicating no heating and the maximum heating at the 250 Ma time point more accurately represent the observed age data within the 200–1000 ppm eU range. Conversely, the ZHe-eU curve resulting from the maximum heating occurring after 250 Ma generates a relatively flat prediction curve. To further discern the possibility of a rapid initial-stage cooling subsequent to burial heating, cooling periods of 255–250 Ma, 170–165 Ma, and 110–105 Ma were considered. In determining the specific timing of these three cooling periods, the ZHe-eU curve simulated by the 255–250 Ma cooling, as depicted in Figure 9a, closely resembles the maximum heating curve produced at 250 Ma in Figure 8d. Notably, these curves do not exhibit significant deviations from the observed ZHe-eU relationship, implying that earlier burial and subsequent cooling phases align more closely with the observed data.



In the investigation of heating events ranging from 250 to 65 Ma at the Longshou Shan, we incorporated various thermal history curves from 140 Ma at temperatures between 30 °C and 200 °C. Figure 9b illustrates the comparison between the modeling output data and the measured data. Our exploration of Mesozoic reheating scenarios revealed minimal discrepancy in the ZHe-eU curves when compared to an extended residence in the upper crust. The simulated ZHe-eU curves, for the most part, exhibit a consistent shape, slope, and high eU age across the various paths, except for the path subjected to heating at 200 °C. In essence, these paths predominantly indicate redeposition or reheating to a maximum temperature of merely 140 °C. As a result, we deduce that the primary factor influencing the ZHe-eU curve is more closely associated with the Paleozoic tectonic history rather than the large-scale reheating events occurring in the Mesozoic. This conclusion will be further scrutinized and investigated through inversion simulations in subsequent analyses.



A forward model exploring the maximum temperature range during Cenozoic reheating (ranging from 220 °C to 70 °C over 20 Ma) exhibits the broadest distribution of ZHe-eU among all tested hypotheses (as depicted in Figure 9c). The modeling ZHe-eU curve, with each 30 °C increment in temperature, displays significantly distinct maximum ages and demonstrates a negative correlation concerning positions in the eU space. Decreasing the reheating temperature leads the produced ZHe-eU curve to shift towards higher eU values, subsequently increasing both the age of grains with large eU values and the maximum age within the curve. This variance arises because the most recent phase of heating tends to reset the age of the high eU grains, contingent upon the maximum temperature of heating during that period. While the observed data of high eU concentrations exhibit scattered patterns, no single curve can encompass all of the high eU data points. However, in terms of overall age performance, encompassing both low and high eU concentrations, the ZHe-eU curve is able to reproduce the observed data trends. These results indicate that the eU curve produced by reheating to 160 °C closely aligns with the observed data from the Longshou Shan (as depicted in Figure 9c). Conversely, reheating to temperatures above 190 °C yields a flat ZHe-eU curve that fails to capture these observed ages.



The preliminary forward modeling studies conducted above have yielded a singular t-T (time-temperature) path that roughly aligns with the observed ZHe-eU data. These outcomes strongly suggest that radiation-induced damage and annealing effects on helium diffusion through the lattice serve as the primary controlling factors influencing the observed age of ZHe. Other potential factors influencing ZHe age, such as crystal size, U and Th zonation within the zircon crystal, and helium intrusion into neighboring grains, appear to exert only a limited influence. The exploration through forward modeling of different time-temperature paths has revealed several key insights: (a) A two-stage cooling curve during the Paleozoic in the Longshou Shan exhibits greater consistency with the measured data compared to a single-stage cooling scenario. These model results support the interpretation that the basement rock samples underwent deposition, burial by late Paleozoic strata, and subsequent erosion. (b) The Late Paleozoic to Early Mesozoic likely experienced reheating and rapid cooling phases, indicating complex thermal events during this period. (c) The model results suggest that the maximum reheating temperature of the Longshou Shan samples during the Mesozoic reached only 140 °C. This finding implies that these samples might not have undergone burial and reheating processes significant enough to reset all grain ages at a later stage. This limitation in the models underscores the challenge in providing a comprehensive assessment of the specific temporal thermal evolution of the region. (d) Cenozoic reheating temperatures in the Longshou Shan, as per the model results, range from 130 °C to 190 °C, showcasing a varied thermal environment during this period. In summary, these forward modeling analyses provide valuable insights into the thermal history of the Longshou Shan region, emphasizing the complexities and intricacies of its geological evolution, especially concerning cooling, reheating, and the varying temperatures experienced throughout different geological epochs.





5.2. Inverse Models


The forward modeling method previously employed has successfully identified a potential t-T (time-temperature) path that aligns with the observed ZHe-eU curve. In this section, an inversion simulation method is adopted to further refine the thermal history of the region. The primary objectives of this thermal history inversion method encompass several key goals: (1) Refinement and Exploration: The continuation of refining the thermal history while exploring additional possible t-T paths that might not have been considered during the forward modeling analysis. (2) Consistency Testing: Testing the consistency of ZHe data with other dating methods such as U-Pb, 40Ar/39Ar, and AHe data to ensure congruence among multiple dating techniques. (3) The Assessment of ZHe Data’s Sole Ability: Evaluating the capability of ZHe data independently in exploring the time-temperature thermal history, employing various inversion simulation methods. To achieve these objectives, two distinct computer inversion simulation programs, namely HeFTy and QTQt, have been utilized [47,48,57]. These simulation programs serve as tools to explore, validate, and refine the proposed thermal history models, offering a comprehensive assessment of the geological evolution of the Longshou Shan.



5.2.1. HeFTy Inverse Models


The HeFTy program is employed for t-T (temperature-time) path inversion, requiring the specification of temperature-time parameters like start time, end time, and associated temperatures. Input data include the concentrations of U, Th, and Sm, grain radius, measurement age, and age uncertainty. HeFTy utilizes Monte Carlo simulations with an algorithm akin to ZRDAAM, employing the degree of fit (GOF) statistics to identify the most fitting path among 100,000 explored paths. An “acceptable” path is characterized by a degree of fit parameter of 0.05, while a “good” path possesses a degree of fit parameter exceeding 0.5.



The damage model within the HeFTy inversion method serves to assess the quantified dispersion of the damage-diffusion relationship. Prior research efforts simulated ZHe and AHe data using a synthetic grain method to account for second-order dispersion, categorizing age based on eU concentration and using an average of age (with a 15% error margin), eU concentration, and grain size [58]. Given the substantial age disparity between eU segments and the limited available data for input in HeFTy, all granite samples from the southern boundary of the Longshou Shan (specifically ZHe input from LSS-1/LSS-4/LSS-6, sharing similar thermal histories post-magmatic rock formation) were combined. These grains were categorized into three eU intervals: 0–500 ppm, 500–1000 ppm, and 1000–2000 ppm (Table 3). For AHe input, the simulation utilized a previously published sample, LS8, with a comparable elevation and matching lithology to the eastern sample, indicating an age of 7.0 ± 1.04 Ma [17].



In configuring HeFTy, further specification of constraint box s is necessary to simulate the t-T path randomly. Similar to the constraint box utilized in forward modeling applications, the absolute ages of the constraint box are derived from other studies on chronology. These constraint boxes are established based on various geological contexts: (1) zircon U-Pb (427 ± 10 Ma, 750 ± 50 °C) and K-feldspar 40Ar/39Ar (410 ± 10 Ma, 250 ± 100 °C) chronologies; (2) regional unconformities between the granites and Paleogene-Neogene strata indicating near-surface presence at the onset of the early Cenozoic, with constraint box at 65 ± 10 Ma, 40 ± 20 °C; (3) Post-Paleogene-Neogene stratigraphic deposition, burial, and subsequent heating intervals set at 42 ± 18 Ma, 135 ± 55 °C, and 16 ± 4 Ma, 135 ± 55 °C, respectively; and (4) stratigraphic unconformities observed in the Longshou Shan spanning between 400 and 80 Ma (Figure 10a). The setting of constraint boxes based on unconformities is speculative, considering these unconformities might be caused by deposition, heating, or cooling denudation from the formation. Hence, during the setting process, wide temperature intervals and minor temperature changes in adjacent constraint boxes were employed to enhance the tolerance of the constraint box placement. Moreover, during the inversion process calculation, the validity of the constraint box can automatically be verified. Properly set constraint boxes enhance the utility of measured He data, generating more plausible time-temperature paths (Figure 10a, 400–250 Ma). Conversely, if the constraint boxes are too unreasonable, their effects can be observed in the output. However, the relative placement of these temperature constraint boxes does not significantly impact the inversion output’s t-T path. Ultimately, the measured input age data and the actual thermal history experienced by the measured grains profoundly affect the output path, while the relative placement of these constraint boxes has minimal impact [40].



Figure 10b displays the outcomes of the HeFTy inversion modeling. Despite setting 15 constraint boxes and inputting 3 ZHe data and 1 AHe data, the modeling generated a substantial number of acceptable and good paths (1238 acceptable paths and 174 good paths) from 100,000 operational iterations. This signifies the generation of numerous paths despite the constraints applied during the inversion process. The forward modeling results of the best paths aligned well with both the input synthetic grains and the original grains, highlighting a high degree of consistency [41,42]. This further confirms the compatibility of the measured primary data results in this chapter with the defined constraint box. The good and best paths derived from the inversion modeling suggest a thermal history characterized by specific temperature changes at distinct time intervals: (1) Rapid cooling of the 427 Ma granite to the K-feldspar 40Ar/39Ar sealing temperature, then cooling to 100 °C by 400 Ma, weak heating to 140 °C at 400–330 Ma, and subsequent cooling to 40 °C at 300 Ma. (2) Significant temperature fluctuations observed at 260–240 Ma with initial cooling from 130 °C to 50 °C followed by rapid heating to 150 °C at 240 Ma. These substantial temperature changes in a short period may be attributed to local intrusions or hydrothermal activity rather than formation deposition. (3) A period from 240 to 80 Ma where the granite samples maintained an approximate temperature of around 130 °C without significant fluctuations despite multiple periods of assumed cooling during inversion. (4) A cooling from 120 °C to about 50 °C at 80–65 Ma. (5) The reheating of the Longshou Shan to 140 °C around 40–20 Ma, followed by rapid cooling to 20 °C at 7–5 Ma. These findings are consistent with previous AFT (apatite fission track) thermal history models [15].




5.2.2. QTQt Inverse Models


The HeFTy inversion modeling employed multiple constraint boxes to validate ZHe data against various geological and thermochronological constraints in the Longshou Shan, outlining the probable time-temperature path experienced. Conversely, our utilization of QTQt focused on examining the sensitivity of ZHe data and the corresponding time-temperature path, utilizing a single constraint box based on the U-Pb age of the granite substrate sample (427 ± 10 Ma, 750 ± 50 °C) (Figure 11). In this analysis, we solely incorporated individual grain data (LSS-1/LSS-4/LSS-6), inputting original grain age and error, U and Th content, and three-dimensional grain data (length, width, and thickness). Employing the He kinetic model, based on ZRDAAM model, generated a probabilistic time-temperature path [38]. Similarly, within this section, we conducted QTQt inversion for the Sinian advanced metamorphic rock LSN-10, establishing the constraint box as the initial depositional age of the original rock (700 ± 100 Ma, 20 ± 20 °C) (Figure 12). The data input consisted of individual ZHe and AHe data for each grain, involving original age and error, U and Th content, and three-dimensional grain size data (length, width, and thickness). To analyze apatite and zircon, distinct He kinetic models were applied—the RDAAM model for apatite and the ZRDAAM model for zircon [38,54]. This model underwent 800,000 iterations. Due to the absence of a comprehensive set of constraint boxes, it is anticipated that the t-T paths generated by QTQt might represent regions within t-T space that conflict with other geological or thermochronological constraints. Therefore, our primary objective is to assess QTQt results by evaluating the sensitivity of ZHe data to the most plausible thermal experiences. We aim to pinpoint the key t-T segments that exert the most influence on the ZHe-eU curve.



The QTQt modeling reveals the thermal history of the granite (LSS-1/LSS-4/LSS-6). It illustrates several significant periods within the t-T paths (Figure 11): (1) Approximately 427–300 Ma: The paths show a wide distribution and an extensive temperature range (800–200 °C). This suggests a lack of sensitivity in the ZHe data to distinguish high-temperature cooling processes in the granite during this period. (2) 300–200 Ma: The granite gradually cools, with temperatures gradually concentrating at 200–60 °C. Around 300 Ma, there is a convergence to an unroofing temperature consistent with 200 °C. (3) 180–170 Ma: Rapid cooling occurs during this period, within a temperature range of about 100 °C. (4) 170–60 Ma: Importantly, the t-T path refocuses to temperatures between 120 and 40 °C during this period, suggesting a constant temperature or mild heating phase. (5) 60–30 Ma: There is evidence of Cenozoic reheating to around 160 °C, consistent with burial conditions corresponding to the largest known Paleogene-Neogene strata. However, there is also rapid cooling observed at around 3–2 Ma. These findings highlight different phases of cooling and reheating within the granite’s history, revealing specific temperature ranges and key periods of thermal evolution over millions of years.



The thermal history simulation of the Sinian metamorphic rocks (LSN-10) using QTQt provides insights into its evolution over different timeframes (Figure 12): (1) 800–400 Ma: The paths show a broad distribution and a wide temperature range of about 170–20 °C, indicating a lack of convergence and temperature consistency during this period. (2) 600–330 Ma: A gradual heating process is observed, increasing from 40 °C to 200 °C. This suggests a potential metamorphic age for the Sinian Hanmushan Group rocks between 500 and 330 Ma. (3) 330–300 Ma: There is evidence of a first-stage cooling with temperatures decreasing from 120 to 40 °C. (4) 300–25 Ma: Reheating from 20 °C to about 160 °C occurs, with the main heating phase around <150 Ma. Additionally, at 25–20 Ma, the maximum reheating temperature matches the maximum burial temperature of the Paleogene-Neogene strata. (5) <23 Ma: The modeling reveals two phases of cooling: 23–17 Ma and <12 Ma. The former shows a temperature change from about 160 to 40 °C, while the latter indicates a change from 40 to 15 °C. These results illustrate the complex thermal history of the Sinian metamorphic rocks, indicating multiple heating and cooling phases over millions of years, providing insights into their evolution and environmental conditions during different geological periods.






6. Discussion


6.1. A Comparison of Thermal History Modeling Results


The comparison between the QTQt models for granites (LSS-1/LSS-4/LSS-6) and metamorphic rocks (LSN-10) highlights significant differences in their early thermal histories due to differing protoliths. (1) Early History (before 300 Ma): The granite underwent rapid cooling between 427 and 300 Ma, while the metamorphic rock experienced sedimentary metamorphism between 700 and 300 Ma. (2) Later Consistent History (after 300 Ma): Between 320 and 280 Ma, there was a short period of rapid cooling for both, reaching temperatures below 200 °C by around 300 Ma. Between 30 and 20 Ma, a period of reheating transpired, followed by a cooling phase post-20 Ma. Despite different constraint boxes used in the QTQt models, the convergence of thermal histories after 300 Ma between these two types of rocks underscores the reliability and confidence in the QTQt models. This similarity in thermal histories despite different lithologies further reinforces the robustness of the models.



The comparison between HeFTy and QTQt models in analyzing ZHe data highlights the necessity of combining multiple geological and thermochronological observations for a comprehensive understanding of thermal history. Here are the key points from the comparison. When additional geological constraints like U-Pb and 40Ar/39Ar analyses are considered, the data derived from HeFTy models show greater concentration and most of the resulting t-T paths are reasonable. The QTQt path in the range of 427~300 Ma has a certain range of variation for rapid cooling after granite formation. The outcomes derived from both models, as illustrated in Figure 10 and Figure 12, underscore the ZHe data’s sensitivity to diverse thermal events occurring during the initial phases. The trajectory of cooling revealed by ZHe data is influenced by the input used for analysis. HeFTy suggests a cooling path around 250 Ma, while QTQt indicates a rapid cooling period around 180 Ma. The difference in inferred cooling periods arises from the distribution of grains with eU concentrations (200–1000 ppm) and their apparent ages (170–330 Ma). HeFTy’s cooling to 250 Ma is due to the corrected age of 262.7 Ma derived from synthetic grains, while QTQt places greater emphasis on younger grains in its calculations, leading to the inference of cooling around 180 Ma [59]. HeFTy and QTQt models diverge in their predictions for later heating and cooling events.



It appears that both the forward modeling and inversion paths (HeFTy and QTQt) in the Longshou Shan demonstrate similarities despite the complexities considered in the sample’s thermal history. The modeling paths share common features: (1) Near Surface Conditions: Around 300 Ma, the samples were positioned close to the surface at temperatures below 200 °C. (2) Mesozoic Insensitivity and Stable Burial Temperature: From approximately 160 to 60 Ma, the samples remained at a stable burial temperature ranging between 20 °C and 140 °C. (3) Reheating and Rapid Cooling: Between 60 and 20 Ma, there was reheating to around 160 °C. Subsequently, between 20 and 10 Ma, there was a phase of rapid cooling. The Cenozoic phase in the forward models aligns with the inversion models, although the inversion models allow for more variation in the path. These shared characteristics across different modeling methods and inversion models indicate consistent trends in the thermal history of the samples from the Longshou Shan. This consistency reinforces the reliability and robustness of the models in capturing the key aspects of the region’s thermal evolution during specific time intervals.



The observed inconsistencies between the forward and inversion modeling paths highlight divergences in the reconstructed thermal history. These inconsistencies are as follows: (1) Divergent Interpretations in Cooling Events: HeFTy modeling suggests that the sample remained in the shallow crust around 400 Ma, followed by heating from 400 Ma to 330 Ma. In contrast, the most reliable range derived from QTQt models indicates slow cooling from 400 Ma to 300 Ma. Forward modeling reveals two distinct cooling periods (427–410 Ma and 321–300 Ma), which contradicts the predictions from the inversion models. (2) Reheating and Rapid Cooling Events Discrepancy: The HeFTy and granite samples QTQt inversion modeling path predict reheating and rapid cooling occurring at 250 Ma and 180 Ma, respectively. However, the forward models suggest a similar cooling event around 250 Ma. The forward path’s setting of 180–160 Ma for reheating and rapid cooling seems to mainly cover younger ages of eU concentrations (200–1000 ppm) (Figure 9a).



The discrepancies between the forward and inversion modeling might result from differences in their methodologies, such as how they interpret and weigh the input data and constraints. The forward models attempt to determine the most plausible time-temperature path by comparing predicted data with all measured data, potentially leading to the identification of a cooling event around 250 Ma within the broader 330–100 Ma timeframe (Figure 9a). Yet, the defined timeframe of 180–160 Ma in the forward modeling process for reheating and rapid cooling appears to predominantly encompass younger ages (Figure 9a). Rectifying these discrepancies may necessitate a deeper analysis using more grain ZHe data, coupled with a meticulous reevaluation of modeling algorithms or recalibration of input data interpretations.



Understanding the variations in data due to different modeling algorithms is essential in comprehensively interpreting the thermal histories derived from these models. While the forward models and the two inversion models exhibit similarities, it is crucial to acknowledge that relying on a single modeling approach might oversimplify the exploration of the complete spectrum of potential thermal histories. To address this, consolidating the common elements observed across all modeling results becomes pivotal in providing a more comprehensive and robust interpretation of the data. By focusing on these commonalities, the discussion can aim to enhance reliability and credibility by drawing insights from the intersection of various simulation outcomes. This inclusive approach allows for a more nuanced and holistic understanding of the thermal evolution of the studied area, considering the consensus points among diverse modeling techniques.



In summary, while ZHe data hold promise in uncovering thermal history, relying solely on it for rapid cooling events has limitations. Integrating this data with other geological and thermochronological observations, such as U-Pb and 40Ar/39Ar analyses, is crucial for a more accurate and comprehensive understanding of the region’s thermal evolution. Simultaneously, these findings suggest that, within this specific research area, the ZHe dataset does not manifest sensitivity towards the timing or magnitude of Mesozoic deformation. Instead, the ZHe-eU is predominantly influenced by the timing and magnitude of earlier and later events within the rocks’ thermal history. Considering this, the consequences of both ends of the temporal spectrum are scrutinized to delve into the evolutionary history of late Paleozoic intracontinental deformation in the Hexi Corridor-Alxa region, along with the distinctive characteristics of recent activities at the foremost boundary of the northeastern margin of the Tibetan Plateau.




6.2. Late Paleozoic Unroofing


The modeling outcomes imply that individual ZHe data exhibit a considerably high sensitivity primarily towards the early thermal events, particularly within the Paleozoic era. Following the deposition of foreland basin-type continental clastic deposits during the Silurian-Devonian period and the subsequent high topographic subsidence linked to Early Carboniferous carbonate, associated with the Qilian orogenic belt [14,21], the depth-time thermal history analysis of the Longshou Shan indicates a notable unroofing event that took place between 330 and 300 Ma. The first-order trend between the older age of these grains and the medium eU concentration (200 ppm–600 ppm) in the Longshou Shan enables modeling to predict the cooling phase of the late Carboniferous.



During the late Carboniferous period, the subduction of Paleo-Asian oceanic lithosphere instigated uplift, erosion, and the formation of an unconformity between the early Carboniferous and late Carboniferous–early Permian strata (Figure 3). The geochemistry and chronological evidence, in correspondence with model results, is consistent with findings from Wu et al. (2022) and Xue et al. (2017), which suggest regional formation in a tectonic setting associated with plate compression. Arc plutons dating to the late Carboniferous period (309–315 Ma) observed in the Longshou Shan region are construed to be associated with this subduction event [14]. Additionally, around 330 Ma, the Adakitic rocks found in the Longshou Shan area might have originated from melted oceanic lithosphere or deep-seated crustal rocks during the stages of subduction [60].



Certainly, the unroofing event during the Late Carboniferous seems to coincide with a more extensive regional uplift, suggesting a possible far-field effect related to the initial subduction in the middle Paleo-Asian Ocean along the Bei shan and the north edge of Alxa [61,62,63] (Figure 13a). The observed unroofing event during the Late Carboniferous era in the Longshou Shan implies that the rock mass in this area underwent substantial structural cooling, reaching near-surface temperatures of around 200 °C. The subsequent Meso-Cenozoic cooling phase, therefore, cannot be simply explained as cooling after Mesozoic magmatic activation but is more likely of tectonic origin. These findings provide empirical evidence for the structural understanding of the Longshou Shan’s geological history, setting the stage for further discussions on its structural aspects.




6.3. Early Cooling and Late Regional Stabilization in the Mesozoic


The integrated results from HeFTy and forward models indicate a cooling event around 255 Ma, while the QTQt models suggest a cooling around 180 Ma. This discrepancy stems from differences in the modeling mechanisms. However, it is important to note that the presence of a cooling phase cannot be disregarded in either inversion phase, thus warranting consideration of both phases in the subsequent discussion. During the middle to late Mesozoic period, the regional geological structure exhibited relative stability, and these findings underscore the ZHe method’s limited sensitivity to the structural history during this intermediate period.



Observations from stratigraphy reveal a transition from original Permian marine and continental sediments to Triassic intracontinental alluvial fan strata, with regional unconformities between the Permian-Triassic layers (Figure 3). This transition may be attributed to regional cooling triggered by right-lateral shear strike-slip stress associated with the Permian-Early Triassic south Longshou Shan fault situated at the southern boundary of the Longshou Shan [65,66]. This regional activity is probably related to the closing of the Middle Paleo-Asian Ocean and the subduction of the Eastern Paleo-Asian Ocean (Solonker Ocean) along the Beishan-Alxa-Solonker suture [1,63,67,68,69,70,71] (Figure 13b).



During the Middle Jurassic, approximately 180 Ma, there was a rapid erosion event in the Longshou Shan. Considering the global plate-scale influences, the zircon U-Pb age of the Paleo-Pacific subduction-accretion complex in the Nadanhada area is dated at 216 ± 5 Ma, indicating that the Paleo-Pacific subduction commenced during the Late Triassic, preceding the mid-Jurassic tectonic activity in the Longshou Shan region [33]. Additionally, the direction of the subduction of the Paleo-Pacific, which is west-northwest (WNW), stands perpendicular to the tectonic stress and deformation direction in the study area [37]. Consequently, the regional tectonic compressions can be likely linked to the northward movement of the Lhasa Plate and the far-field effect of the subduction of the Meso-Tethys Ocean [72,73,74] (Figure 13c).



The modeling outcomes indicate a relatively stable period from the middle to late Mesozoic era, with temperatures consistently ranging between 30 and 140 °C across the region. Within the Hexi Corridor-Alax area, there was substantial extension occurring from the Middle Jurassic to the Cretaceous period, leading to the formation of the Chaoshui Basin and Ejinaqi Basin. However, the specific tectonic mechanism driving this extension remains a subject of contention among researchers. Some scholars assert that it stems from the back-arc extension following the closure of the Paleo-Tethys Ocean [75,76], while others propose it is a result of the subduction and rollback of the Pacific plate [77]. Additionally, an alternative viewpoint suggests it might be attributed to the eastward stretching of the Mongol-North China orogenic belt [30,34].



These pieces of evidence collectively suggest that the intracontinental deformation observed in the Longshou Shan area of central East Asia was predominantly influenced by the Tethys Ocean within the framework of the Paleo-Asiatic tectonic domain during the Early and Middle Mesozoic eras.




6.4. The Reheating and Cooling of the Cenozoic


The study’s key methodological discovery is the high sensitivity of modeling to the early and later part of the thermal history, providing insights into various facets of Cenozoic evolution in the Longshou Shan. Through the joint inversion of Zircon Helium (ZHe) and Apatite Helium (AHe) data, the findings indicate a temperature peak of 160 °C preceding the last cooling phase, suggesting a cooling trend in the eastern Longshou Shan post-20 Ma. This thermal trend occurs within the 40–20 Ma timeframe. This outcome is a direct result of our zircon data, which include a set of relatively consistent dates between ~7 and ~100 Ma at high U concentrations (>1000 ppm). These highest eU concentration grains close at temperatures below ~50 °C and overlap in timing and temperature sensitivity with our apatite He results from this range [17,38,39]. The plausibility of 100 °C heating for the stratigraphic sediments is substantiated by several factors: (1) Sedimentary Thickness: The Palaeogene-Neogene strata in the Hexi Corridor adjacent to the Longshou Shan exhibit a thickness of 3 km. The regional unconformities between these strata and the granite in the study area suggest a potential material basis for sedimentary overlay on the granite (Figure 4a). (2) Palaeo-elevation: There is a minimal difference, only 300 m, between the average elevation of the granite in the study area and that of the Hexi Corridor. This indicates that during the deposition of Cenozoic strata in the Hexi Corridor, the Longshou Shan did experience sedimentary deposition due to its relatively low elevation. This provides environmental conditions conducive to sedimentary coverage over the granite. These results offer considerable support for the reliability of the modeling outcomes, particularly regarding the temperature reaching up to 160 °C around 20 Ma.



During the Cenozoic era, the collision between the India Plate and the Asian Plate instigated substantial uplift of the Qinghai-Tibet Plateau [78,79,80]. The Qilian orogenic belt, influenced by the NE-SW compression resulting from the Qinghai-Tibet Plateau, underwent significant and forceful uplift [80] (Figure 13d). The lithosphere underwent flexure due to an excessive load, leading to the overall subsidence of the Hexi Corridor basin, ultimately forming the Qilian Mountains foreland Basin [81]. Extensive deposits of Paleogene-Neogene strata were laid down within the corridor and the adjoining Longshou Shan area (Figure 3). By the Middle Miocene epoch, the significant uplift of the North Qilian Shan and the Longshou Shan prompted a countercurrent expansion, indicating the extension of the northeastern boundary of the Tibetan Plateau to the Alax Block [82,83,84].





7. Conclusions


Through various modeling methods, the study has aimed to elucidate the impact of radiation damage on observed ages, explore the primary cooling and heating events of the basement rocks in the Longshou Shan since the Phanerozoic, and assess the confidence of modeling outcomes when relying on ZHe data. Finally, the tectonic evolution history of the Phanerozoic in the Longshou Shan is deduced based on the aforementioned analysis.



	
The findings indicate that the utilization of ZHe data alone can effectively address multiple cooling and reheating cycles across geological timescales. However, combining ZHe data with multiple thermochronometers notably enhances modeling accuracy. Contrary to expectations, the ZHe-eU values seem to be primarily affected by the timing and scale of preceding and subsequent thermal events within the geological history of the rocks.



	
A significant unroofing is observed during the 330–300 Ma period, resulting in the cooling of granite and metamorphic rocks in the study area to temperatures below 200 °C, coinciding with the subduction of the Paleo-Asian Ocean.



	
The modeling results demonstrate short-term cooling events around the Early-Middle Mesozoic, with relative stability observed in the Longshou Shan between 160 and 60 Ma. This indicates that the intracontinental deformation witnessed in the Longshou Shan region was primarily impacted by the Tethys Ocean within the context of the Paleo-Asiatic tectonic domain during the Early and Middle Mesozoic periods.



	
At around 60–20 Ma, the Longshou Shan experienced reheating up to 160 °C, followed by subsequent 20–10 Ma rapid cooling. The observed event is attributed to the far-field effect resulting from the Indo-Asian collision.






The findings highlight the significance of employing chronology as a valuable method to unravel the intricate and enduring structural history. The study delineates the recurrent tectonic activity in the Longshou Shan, situated in central East Asia, spanning the Phanerozoic era. These episodes are discernible through the recurring patterns of cooling and subsequent burial of basement rocks. Such repetitive reactivation phases establish a pre-existing structural framework that shapes and impacts subsequent faulting and sedimentary activities.
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Figure 1. Phanerozoic dynamic systems of continental Asia (modified after [11,12,13]). This shows the main suture zones in continental Asia: IT, Indus-Yarlung Tsangpo Suture zone; BN, Bangong-Nujiang Suture zone; JS, Jinsha Suture zone; KS, Kunlun Suture zone; SBASS, South Tianshan-Beishan-Alax-Solonker Suture zone; and MOS, the Mongol-Okhotsk suture zone. 
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Figure 2. Distribution of stratigraphic units (a) (modified after [14,20]) and sample collection locations in the Longshou Shan (b) (modified after [20]). 
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Figure 3. The stratigraphic contact relationship of the Phanerozoic in the Longshou Shan area (modified after [14,20]). Ord: Ordovician, Sil: Silurian, Devo: Devonian, Carb: Carboniferous, Per: Permian, Jur: Jurassic, Cre: Cretaceous, Neo: Neogene, Q: Quaternary. 
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Figure 4. Field photographs of sample collection sites. (a) is the collection site of the LSS-1 sample, which also shows the stratigraphic unconformity between late Paleozoic granite and Neogene Shulehe formation. (b,c) are sample collection sites LSS-4 and LSS-6, respectively. 
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Figure 5. Digital elevation model of the study area, on which sampling sites are compiled. 
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Figure 6. Electron micrographs of some apatite and zircon minerals. “Z” for zircon and “A” for apatite. 
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Figure 7. ZHe date-eU (a) and ZHe date-radius (b) plots for samples collected from the Longshou Shan. 
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Figure 8. The left figure shows the thermal history path of the hypothetical region, i.e., the temperature (°C) and time (Ma) forward model. The figure on the right shows the age (Ma) of the individual zircon grains analyzed versus eU (ppm), and the superimposed color curve corresponds to the ZHe-eU trend predicted by the forward modeling thermal history. Different colored lines represent different thermal history path Settings (left) and corresponding forward modeling results (right). (a–d) represent different thermal history paths for exploration, respectively. The gray bands represent the zircon Helium partial retention zone (160–200 °C). 
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Figure 9. The left figure shows the thermal history path of the hypothetical region, i.e., the temperature (°C) and time (Ma) forward model. The figure on the right shows the age (Ma) of the individual zircon grains analyzed versus eU (ppm), and the superimposed color curve corresponds to the ZHe-eU trend predicted with the forward modeling thermal history. Different colored lines represent different thermal history path Settings (left) and corresponding forward modeling results (right). (a–c) represent different thermal history paths for exploration, respectively. The gray bands represent the zircon helium partial retention zone. 
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Figure 10. Inverse modeling results of the Longshou Shan samples using synthetic ZHe age. (a) Each black rectangle represents the set constraint box, the green thin line represents the acceptable path, the purple thin line represents the good path, and the best path is represented by the black thick line. The image on the right shows an enlarged view of 60–0 Ma, 200–0 °C. (b) The path with the best inversion output is presented and verified by comparing the forward model of the ZHe-eU curve with the measured value. The yellow dots and black error bars represent the input synthetic grain data, and the blue dots represent the data tested. The black line represents the ZHe-eU curve of the best path with an average grain size (48.03 μm), and the gray area represents the ZHe-eU range with an average grain size of ±2 standard deviations (15 μm). 
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Figure 11. QTQt inversion modeling results of the Longshou Shan data (LSS-1/LSS-4/LSS-6 all grains as input). Constraint box only set at 427 ± 10 Ma, 750 ± 50 °C. The different colored lines represent different representations of the results of the inversion simulation. The color of the path area represents the fit with the relative probability. 
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Figure 12. QTQt inversion modeling results of LSN-10 data of the Longshou Shan. A constraint box was only set at 700 ± 100 Ma, 20 ± 20 °C. The different colored lines represent different representations of the results of the inversion simulation. The color of the path area represents the fit with the relative probability. 
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Figure 13. (a–d) Stage tectonic evolution process and far-field effect mechanism (modified after [34,62,64]). PAO, Paleo-Asian Ocean; PTO, Paleo-Tethys Ocean; MTO, Meso-Tethys Ocean; AB, Amuria Block; NCC, North China Craton; QLOB, Qilian Orogenic Belt; KQB, Kunlun-Qaidam Block; QTB, Qiangtang Block; SGB, Songpan-Garze Block; LB, Lhasa Block; IC, Indian Craton. The red arrows represent the stress propagation direction of far-field effect corresponding to each stage. 
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Table 1. Information on sample collection sites in the Longshou Shan area.
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Sample

	
Lithology

	
Longitude

	
Latitude

	
Altitude




	
ID

	

	
°E

	
°N

	
m






	
LSS-1

	
granite

	
101.6137

	
38.6464

	
2289




	
LSS-4

	
granite

	
101.6991

	
38.6393

	
2397




	
LSS-6

	
granite

	
101.7275

	
38.6403

	
2543




	
LSN-10

	
limestone

	
101.7699

	
38.6713

	
2831











 





Table 3. HeFTy inversion input data.
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Data Type

	
Age

	
Error15%

	
eU

	
Rs

	
U

	
Th

	
eU Classification




	
(Ma)

	
(Ma)

	
ppm

	
μm

	
ppm

	
ppm

	
ppm






	
ZHe

	
164.6

	
24.69

	
322.7

	
49.05

	
241.01

	
347.83

	
0–500




	
195.9

	
29.39

	
770.2

	
47.33

	
601.54

	
717.84

	
500–1000




	
65.5

	
9.83

	
1599.4

	
47.28

	
1146.79

	
1926.19

	
1000–2000




	
AHe

	
7.0

	
1.04

	
6.6

	
40.23

	
5.20

	
6.13

	
-
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