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Abstract

:

Detrital zircon U-Pb and muscovite 40Ar/39Ar dating are useful tools for investigating sediment provenance and regional tectonic histories. However, the two types of data from same sample do not necessarily give consistent results. Here, we compare published detrital muscovite 40Ar/39Ar and zircon U-Pb ages of modern sands from the Yangtze River to reveal potential factors controlling differences in their provenance age signals. Detrital muscovite 40Ar/39Ar ages of the major tributaries and main trunk suggest that the Dadu River is a dominant sediment contributor to the lower Yangtze. However, detrital zircon data suggest that the Yalong, Dadu, and Min rivers are the most important sediment suppliers. This difference could be caused by combined effects of lower reaches dilution, laser spot location on zircons and difference in closure temperature and durability between muscovite and zircon. The bias caused by sediment laser spot targeting a core or rim of zircon and zircon reworking should be considered in provenance studies.






Keywords:


zircon U-Pb ages; muscovite 40Ar/39Ar ages; sediment provenance; Yangtze River












1. Introduction


Detrital zircon U-Pb dating is a much used sediment provenance tool, which is commonly used to constrain maximum sediment depositional ages [1,2,3,4], erosion patterns of a river system [5,6,7], and orogen development of the catchment area [7,8,9]. Zircon is formed in magmatic (plutonic or volcanic) or high-temperature metamorphic rocks. The zircon U-Pb ages are generally crystallization or high-grade metamorphism ages, but age signals can be complicated by multiple age zoning [7,10,11]. Muscovite 40Ar/39Ar dating is also widely used for isotope provenance studies and is attractive because muscovite provenance data more-readily can be linked to the more recent processes in the hinterland due to its lower closure temperature and lower resistance to weathering. Muscovite is typically derived from low–medium-grade metamorphic rocks or S-type granites and commonly is present in muddy and sandy sediments. Muscovite 40Ar/39Ar ages are cooling ages that record cooling of muscovite grains below the closure temperature (350–425 °C [12]). Because zircon’s high closure temperature (>900 °C [13]) and resistance to physical and chemical weathering, it can survive multiple cycles of metamorphic overprinting, weathering, erosion and deposition. In contrast, muscovite is less likely to survive multiple orogenic events because of isotopic resetting or destruction. Detrital zircon ages record old magmatic or high-grade metamorphic events of source area and often fail to record the most recent metamorphic or magmatic event [10,14,15]. Detrital muscovite 40Ar/39Ar age distributions are commonly simpler and contain the records of the more-recent parts of the tectonic history of a source area. Detrital zircon and muscovite ages of the same sample always give significantly different age distributions and therefore complicate interpretations of sediment provenance [10,16]. The possible factors (difference in closure temperature and durability) have been assessed in previous studies [10,16], but do not fully explain observed differences in sediment provenance based on either of these methods.



The Yangtze River, as the longest river in Asia (Figure 1), is a suitable candidate for assessing factors that control the differences in sediment provenance age signals between zircon and muscovite. Its sediment provenances have been studied intensively by numerous methods, including zircon U-Pb, monazite U-Th-Pb, Pb isotopes of K-feldspar, Nd isotopes, clay mineral composition, and heavy minerals composition [17,18,19,20,21,22,23,24]. Further, previous studies have also reported a large amount of detrital zircon U-Pb and muscovite 40Ar/39Ar ages [16,21,24,25,26] from its trunk and major tributaries.



In this study, we combine previously reported detrital zircon U-Pb and muscovite 40Ar/39Ar data derived from equivalent sampling points along the Yangtze River with the objective to take interpretation beyond the outcome of the individual samples. The comparison of detrital ages from the Yangtze River between muscovite and zircon shows different aspects of the provenance information. We focus on assessing the factors that control differences between data types. These factors should be considered in future sediment provenance studies using the two provenance tools.




2. Geological Setting


The Yangtze River is primarily situated in the Yangtze Block, surrounded by the Yidun Arc to the southwest, the Songpan-Garze Block to the west, the Qinling-Dabie orogen to the northwest and north and the Cathaysia Block to the east (Figure 2). The catchment drains a variety of rocks, including Archean and Proterozoic metamorphic and igneous rocks, Paleozoic carbonate, Mesozoic-Cenozoic igneous and siliciclastic rocks, and Quaternary sediments [27].



The major tributaries of the Yangtze River are characterized by different tectonic settings and bedrocks in their respective hinterlands (Figure 2a). From upstream to downstream the main tributaries and their catchment areas include: (1) The Jinsha River basin, comprising Triassic low-grade metamorphic rocks, Paleozoic carbonate, and clastic and volcanic rocks [29,30]. (2) The Yalong, Min, and Dadu rivers draining the Songpan-Garze Block, which is composed of deformed and locally metamorphosed Triassic turbiditic sedimentary rocks [31,32]. (3) The upper Jialing River drainage area belongs to the South Qinling orogenic belt (Figure 2a), consisting of weakly metamorphosed Meso–Neoproterozoic basement. The central to southeastern Sichuan Basin is drained by the mid-lower Jialing River, where Jurassic-Cretaceous sandstone and mudstone is exposed. (4) The Han River basin in the Qinling orogenic belt is characterized by Neoproterozoic basement and Neoproterozoic—Devonian sediments, and early Paleozoic metamorphic rocks [33]. (5) The Xiang River belong to the Yangtze Block, containing mostly Proterozoic medium-low grade metamorphic and Cambrian and Ordovician carbonate rocks, and Jurassic—Quaternary terrestrial sediments [34]. (6) The Gan River is located in the Cathaysia Block, which is composed of Neoproterozoic conglomerate and sandstone, Jurassic granite, and Quaternary clastic sediments (Figure 2a).




3. Data Sets


We compiled and published data sets of zircon U-Pb ages from He et al. [21] and Yang et al. [26] and of muscovite 40Ar/39Ar ages from Sun et al. [16,24,35] and Hoang et al. [25]. Available data cover the main tributaries of the Yangtze River, including Yalong, Dadu, Min, Jialing, Xiang, Han, and Gan rivers (Figure 1). Six samples are from the trunk of the Yangtze River near Nanjing, Wuhan, Yibin, Panzhihua, and Shanghai cities. More than 91 zircon ages are available for each sample, ensuring with 95% certainty that no fraction greater than 6% was missed from the underlying detrital population [36]. For muscovite, 30–62 analyses per sample ensure a 95% certainty that no fraction greater than 15% was missed [36]. In total, 2557 zircon and 581 muscovite ages were compiled for discussion. All samples were collected from channel deposits. Samples are riverbed sand at least from two locations at each sample site to avoid bias on age distributions caused by hydraulic sorting [16,21,24]. Details of muscovite 40Ar/39Ar age determinations are given in Sun et al. [16,24,35] and Hoang et al. [25]. Details of zircon U-Pb age determinations are described in He et al. [21] and Yang et al. [26].




4. Results


4.1. Detrital Zircon


The detrital zircon U-Pb ages of 13 samples are presented in Figure 3b and Figure 4a. Detrital zircon ages define a wide spectrum ranging from ~30 to 3200 Ma. Samples (C1, C3, and C6) from the Jinsha River have five major age populations, i.e., 2.2–2.6 Ga, 1.5–2.0 Ga, 600–1000 Ma, 300–450 Ma, and 160–300 Ma (Figure 4a-1,-3,-4). For the major tributaries (Yalong, Dadu and Min) in the upper Yangtze River, two age peaks (100–300 Ma and 600–1000 Ma) are displayed (Figure 4a-2,-5,-6). Four major age peaks are present in the Jialing River (100-400 Ma, 700-1200 Ma, 1.5–2.0 Ga and 2.2–2.6 Ga) (Figure 4a-7). For the midstream segment, five age peaks are displayed in the mainstream (2.2–2.6 Ga, 1.5–2.0 Ga, 700–1000 Ma, 300–600 Ma, and 200–300 Ma), which is similar to ranges of ages seen in the upper Yangtze.




4.2. Detrital Muscovite


In the upper Yangtze, three samples from the Jinsha River show a dominant muscovite age peak at ~250 Ma (Figure 4b-1,-3,-4). Forty muscovite grains from the Yalong River show a dominant age peak at ~810 Ma and a minor peak at ~230 Ma (Figure 4b-2). All dated muscovite grains of the Dadu River are younger than 160 Ma, with a major muscovite age peak younger than 60 Ma (Figure 4b-5). Muscovite grains from the Min River are dominated by muscovite ages between 80–200 Ma, with a major peak around 180 Ma (Figure 4b-6). The muscovite grains from the Jialing River show a range from 190 to 300 Ma, with a prominent peak at ~208 Ma (Figure 4b-7). In the mid-lower Yangtze tributaries (Han, Xiang and Gan), most of muscovite ages fall into an age range of 100–300 Ma (Figure 4b-8,-9,-11). None of these grains are younger than 60 Ma. The three modern Yangtze trunk sediments (C10, C12, and C13) yield similar muscovite age distributions (Figure 4b-10,-12,-13). Most of the muscovite grains in samples C10, C12, and C13 are younger than 100 Ma, accounting for ~71%, ~67%, and ~53% of the total dated grains of each sample. These young muscovite ages overlap with the Dadu River provenance pattern (Figure 4b-5,-10,-12,-13).





5. Discussion


5.1. Comparison of Detrital Muscovite and Zircon Ages


5.1.1. Comparison of Pooled Age Distributions


In order to assess the general differences in age distribution between detrital muscovites and zircons of the Yangtze River, the muscovite and zircon ages of modern Yangtze sands are pooled and presented in Figure 3. The major five zircon age peaks (2.2–2.6 Ga, 1.6–2.0 Ga, 600–1000 Ma, 300–450 Ma, and 160–300 Ma) correspond to major granitoid magmatic events within the Yangtze River basin [21]. The age distributions of muscovite and zircon are different in the following two aspects: (1) Muscovite grains are lacking in age populations at 1600–2000 Ma and 2200–2600 Ma recorded by detrital zircons. (2) The height of muscovite age peaks at 0–60 Ma, 160–300 Ma, and 600-1000 Ma are different from zircon age peaks in relative probability and number.




5.1.2. Comparison of Major Tributaries with Main Trunk of the Yangtze


The variation in muscovite and zircon age distributions from upstream to downstream in the Yangtze River systems allow us to better understand the major sediment contributors to the lower Yangtze. The comparison of age distributions between detrital muscovite and zircon grains (Figure 4) shows the following two differences: (1) The major zircon age peaks (2.2–2.6 Ga, 1.6–2.0 Ga, 600–1000 Ma, 300–450 Ma, and 160–300 Ma, Figure 3b and Figure 4a) can be observed in all trunk samples, but the three major muscovite age peaks (600–1000 Ma, 160–250 Ma, and 0–60 Ma, Figure 3a and Figure 4b) are not always identified in the trunk samples. (2) The concentration of Cenozoic muscovite grains (>40%) is pronouncedly increased for trunk samples in the mid-lower reaches (C10, C12, and C13), but the detrital zircon age distributions of trunk samples do not significantly change toward lower reaches.



Cenozoic muscovite grains in the mid-lower reaches (JC10, CJ12, and C13) probably were derived from the Dadu River in the upper reaches because Cenozoic muscovites are only present in the Dadu River among all sampled tributaries. This suggests that the Dadu River in the upper reaches is an important muscovite contributor to the sediment of the lower reaches. The reported Cenozoic muscovite 40Ar/39Ar ages in the Dadu River basin are from the Gongga shan (3.5–12.1 Ma, [37]) and Danba dome (35.1–104.3 Ma, [38]) (see Figure 1 for location). Therefore, most of the Cenozoic muscovite grains in the lower Yangtze were derived from only these two regions. In contrast, the zircon age distributions show a different picture. Using multiple detrital zircon U-Pb age distribution comparison techniques and a distribution-mixing model, Wissink et al. [6] suggest that the Yalong, Dadu, and Min rivers are the major sediment contributors to the lower Yangtze.



Main trunk samples (C10, CJ12, and C13) from the mid-lower reaches contain more than 40% Cenozoic muscovite grains which were derived from the Dadu River. It could be argued that the Dadu River cannot supply more than 40% muscovite grains to mid-lower Yangtze because this river is not a dominant water supplier to mid-lower Yangtze. However, the Dadu River drains the Xianshui He Fault area that has already been tectonically active since the Miocene (Figure 2b) [37]. This region experiences strong precipitation and is expected to facilitate more landslides and intense erosion (Figure 2b) and thus water and sediment budgets may be decoupled. Moreover, the exhumation rates of the Xianshui He Fault area inferred from the thermochronometry data are higher than other areas of the upper Yangtze River [39,40,41]. In addition, Cook et al. [42] report millennial erosion rates based on detrital 10Be data in the Gongga shan of >5 mm/year. Erosion rates increase from west to east more than one hundred-fold from 0.013–0.04 mm/year in the upper Jinsha River to >5 mm/year in the Dadu River basin [42,43].





5.2. Factors Related to the Difference in Zircon and Muscovite Signals


To correctly interpret provenance data, we need to understand, which geochronometer or provenance tools best reflects sediment provenance and under what circumstances (e.g., in complex orogens). We argue that the differences in provenance signal between muscovite and zircon could be caused by the following six factors: (1) lithological effect; (2) mineral abundance; (3) dilution of the mid-lower reaches; (4) differences in closure temperature; (5) differences in resistance to weathering; and (6) laser spot location on zircons.



	(1)

	
In Figure 4, in some rivers we note remarkable differences in age distributions: For example in the Dadu River we note high abundance of young muscovite ages without an equivalent population of young zircon ages, whereas, in the Jinsha River we see the reverse, young zircon ages that do not have a complement of young muscovite 40Ar/39Ar ages. Such discrepancies point to a lithological effect: Young volcanics and young I-type granites will add a zircon signal to the sediment [44], but because these rock types are generally free of white mica, an equivalent signal in the muscovite population is lacking. Conversely, when we see a young muscovite age signal in the sediment without an equivalent zircon age population, the source rock of the sediment is likely to be more consistent with low to medium grade metamorphic basement where muscovite is abundant, but as the metamorphic grade is too low for zircon crystallization an equivalent age signal in the zircon data will be lacking. This implies that the choice of used provenance tools should depend on the geological composition of the hinterland.




	(2)

	
To assess if mineral abundance in the major tributaries of the Yangtze River causes the dominance of the Dadu River muscovites in the lower Yangtze, we compiled mineral fertility data (mica and zircon) from Vezzoli et al. [45]. Figure 5 shows that the concentration of mica in modern sediment of the Dadu River is much lower than that of the Han River and higher than the Jialing and Jinsha rivers. However, comparison of muscovite age distribution between the Han River and delta (Figure 4b-9,-13) suggests that the Han River is not major muscovite supplier to the lower Yangtze. The zircon concentration of the Gan and Xiang rivers in the middle reaches are higher than other tributaries. These two rivers are not the major zircon contributors to the lower reaches. Therefore, we can rule out large concentration variation in mica in the sediment as being a major control on the dominance of the Dadu River muscovites in the lower reaches.




	(3)

	
The sediment from the upper Yangtze is potentially diluted by sediment from the tributaries in the mid-lower reaches. The effect of this dilution on differences between muscovite and zircon age distributions should be considered. The concentration of Cenozoic muscovite grains (>40%) in trunk samples pronouncedly increased in the mid-lower reaches (C10, C12, and C13), but the detrital zircon age distributions of trunk samples do not significantly change toward lower reaches. The detrital muscovite ages of the major tributaries in the mid-lower reaches fall into two age peaks at 100–160 Ma and 180–260 Ma. The two major age populations are minor in samples near Wuhan (C10), Nanjing (C12), and delta (C13). This suggests that the Cenozoic muscovite signals of the Dadu River, that is relatively far upstream (Figure 4c), is not significantly affected by the dilution of the mid-lower reaches (Han, Xiang, and Gan rivers). Moreover, the 1500–2000 Ma zircon age peak of the main trunk (samples C10, C12, and C13) in the mid-lower reaches is much higher than the tributaries (samples C8, C9, and C11) (Figure 4a-10,-12,-13), implying that the effect of dilution of zircons from the mid-lower reaches is also limited. We therefore suggest that the dilution of mid-lower reaches is limited in terms of the muscovite and zircon age signals.




	(4)

	
The closure temperature is the temperature at which muscovite 40Ar/39Ar or zircon U-Pb systems have cooled so that there is no longer any significant diffusion of the parent and daughter isotopes out of system. The closure temperature of muscovite (350–425 °C, [12,46]) is much lower than zircon (>900 °C, [13]). The zircon U-Pb age gives the crystallization or high-grade metamorphism and the muscovite 40Ar/39Ar age is age imparted as terrain cooled through closure temperature. Figure 3a shows that the detrital muscovite grains from the Yangtze are absent of older (>1000 Ma) age peaks, which could be caused by muscovite’s lower closure temperature. Potentially older (>1000 Ma) muscovite grains in the Yangtze River could have been reset by younger tectonic events.




	(5)

	
The absence of older (>1000 Ma) muscovite grains in the Yangtze River also could be caused by abrasion and chemical dissolution during weathering and transport in multiple phases of sediment recycling. Muscovites in the Triassic Songpan-Garze flysch deposits in the upper Yangtze River have experienced multiple recycling. Previous studies suggest that the detritus in these areas is derived from Paleozoic and pre-Cambrian crystalline and sedimentary rocks of the Qinling-Dabie orogen and South China Block [47,48,49,50]. Detrital zircon U-Pb and Hf isotopic data of the Mesozoic sediment in basins of the South China Block (Pingle, Jianghan, and Sichuan basins) also suggest derivation of sediments from the Cathaysia Block [51]. Therefore, current Yangtze sands have experienced complex multiple erosion, transport and deposition processes that may have led to a reduction in size and abundance of the older grains. Detrital muscovite grains from the Yangtze River only record age populations of 600–1000 Ma, 160–300 Ma, and 0–60 Ma and lack older populations (2000–2500 Ma and 1600–2000 Ma) (Figure 3a). The absence of the two older age components probably results from muscovite’s lower resistance to physical and chemical weathering when compared with zircon. The weathering has either completely destroyed the grain or reduced the grains size down to less than 200 µm, which are not selected for age analyses in this study.




	(6)

	
The differences in age distribution between zircon and muscovite also could be caused by laser spot location targeted for U-Pb analysis. Owing to the low solubility of zircon in hydrous granitoid melt, zircons can survive anatectic event [11]. Many zircon crystals are zoned with cores reflecting the ages of much older protoliths, which are universally referred to as the inherited component in the zircon population. However, 40Ar/39Ar in muscovite in general record only the later, post-peak cooling history. The apparent age of muscovite 40Ar/39Ar age system is generally younger than zircon U-Pb system for metamorphic or magmatic rocks. Muscovite detrital data of trunk samples from the mid-lower reaches suggest that the Gongga shan and Danba dome in the Dadu River basin are two important sediment suppliers to the mid-lower reaches. Unsurprisingly, zircons in the Gongga shan and Danba dome show complex core rim texture (Figure 6c,d). Figure 6c shows that almost all Cenozoic ages are recorded by rims of dated zircons from the Gongga shan. This suggests that the narrow rims grew around the older core during Cenozoic intrusion ((1), (2), and (3) in Figure 6a). The Cenozoic ages recorded by rims of zircons also recorded by the bedrock muscovite 40Ar/39Ar ages [37] (Figure 6a). The Danba dome has undergone Barrovian type metamorphism at 200–180 Ma. Zircon growth at low metamorphic grades is minimal ((4) in Figure 6a). In the kyanite and sillimanite zones, narrow zircon growth has been observed in the Danba dome [52]. Therefore, rims of zircons from the Danba dome and Gongga shan are unlikely to be detected in the detrital record, due to laser spot location targeting on core and also the high likelihood that abrasion during transport will remove thin rims. Figure 4a-5 shows that the Cenozoic ages are not detected by the detrital zircons from the Dadu River near the Gongga shan (sample C4). Figure 6b presents that the cores of detrital zircons from the modern Yangtze sands are always chosen as laser spot position instead of the narrow rims. Combination with dilution of sediment from the tributaries in the mid-lower reaches, the Cenozoic ages of the Gongga shan and Danba dome are not detected by detrital zircon in the mid-lower Yangtze River like muscovites.








5.3. Implications


The lithological effect on provenance study using detrital mineral ages (e.g., muscovite or zircon) could be reduced by the following two approaches: (1) Carrying out high-resolution petrographic and heavy-mineral analyses. Petrographic and mineralogical data of sediment could provide information for selecting provenance tool (e.g., fertility of target mineral). (2) Applying multi-proxy provenance approach. Multiple chemical and isotopic indicators of single mineral grains can extract more robust information about sediment provenance. Sediment signals missed in one mineral could be detected by other minerals. As we have shown in this study, the Cenozoic signal detected by muscovite grains is missing in zircon ages in the Dadu River. Similarly, the Cenozoic zircon ages in the Jinsha River is not detected by muscovite 40Ar/39Ar ages. By combining multiple-proxies approaches, an increased understanding can be obtained of sediment provenance.



The comparison of muscovite and zircon ages suggests that detrital zircons in the Yangtze sediment experienced multiple cycles of deposition and erosion due to its high closure temperature and resistance to weathering. Possibility of zircon reworking should be considered for provenance interpretation. The following four approaches have been used to identify zircon reworking: (1) Direct field observation (e.g., appearance of sandstone gravels) [35]. (2) Time-transgressive similarities in detrital zircon age distribution, especially in old age populations [54]. (3) Supplementary information from other detrital minerals (e.g., apatite fission track ages [55]). (4) He-Pb double dating of detrital zircons [56].



In the case of magmatic zircons in the Gongga shan, rim overgrowths are typically autocrysts linked to last-stage growth corresponding to crystallization from the final pulses of magma [53] (Figure 6a). U-Pb rim ages of detrital zircons record the last zircon-forming tectonothermal event in the original source rock, while core ages record inheritance from the local country rocks or co-genetic magmatic ages derived from earlier melt pulses in the magma plumbing system [57]. In the Yangtze River, detrital zircon U-Pb dating is widely used to reconstruct evolution of this river in the previous studies [17,18,58,59,60,61,62,63,64,65,66,67]. However, no consensus exists on when and how the present drainage pattern formed based on detrital zircon data from various basins. The laser spot positions on rims or cores of zircons are often randomly selected for U-Pb dating. The most important evidence for reconstruction the development of the Yangtze River is the presence of sediment signal from present upper Yangtze River in the ancient Yangtze sediment. Just like the case of modern Yangtze sands in this study, the characteristic Cenozoic signal of the upper Yangtze is difficult to be detected in the ancient sediment in the mid-lower Yangtze using the randomly selecting strategy. By increasing the number of analyses, the chance of detecting Cenozoic signal of the upper Yangtze could be increased. Alternatively, by increasing the number of laser spot on rims of detrital zircons, the characteristic Cenozoic signal of the upper Yangtze could be enhanced. Additionally, multiple isotopic indicators (e.g., detrital mineral 40Ar/39Ar dating and apatite and rutile U-Pb) of single mineral grains could provide complementary information.





6. Conclusions


In order to reveal factors controlling the difference in age distributions between muscovite and zircon of same sample, we compared published datasets of detrital muscovite 40Ar/39Ar and zircon U-Pb ages of modern sands from the Yangtze River. The comparison of pooled age distributions between muscovite and zircon presents that muscovite grains are absent of age populations of 2000–2500 Ma and 1600–2000 Ma, suggesting that zircons in the Yangtze River experienced multiple cycles of erosion and deposition. The detrital muscovite ages of each sample were also compared with corresponding detrital zircon ages. Detrital muscovite ages imply that the Dadu River in the upper Yangtze is an important sediment supplier to the lower Yangtze. However, detrital zircon data suggest that the Yalong, Dadu, and Min rivers are the major sediment contributors to the lower reaches. These differences could be caused by discrepancies in closure temperature and durability and potentially differences in source rock contributing to the sediment in each of these river branches. In order to reconstruct the development of the Yangtze using detrital U-Pb analysis, increasing the number of analyzed zircon rims is potentially a way to enhance the characteristic sediment signal of the upper Yangtze.
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Figure 1. A schematic map showing the drainage basin, sampling locations and main distributaries of the Yangtze River. Sample locations of major tributaries are shown as open circles. Samples from the main trunk are shown as filled blue circles. The yellow shadow areas represent the Danba dome (DD) and Gongga shan (GS). 
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Figure 2. Generalized geological map (a) (Modified from Saito et al. [28]) and the mean annual precipitation distribution of the Yangtze River (b). The mean annual precipitation distribution map modified from Sun et al. [24]. 






Figure 2. Generalized geological map (a) (Modified from Saito et al. [28]) and the mean annual precipitation distribution of the Yangtze River (b). The mean annual precipitation distribution map modified from Sun et al. [24].



[image: Minerals 10 00643 g002]







[image: Minerals 10 00643 g003 550] 





Figure 3. Probability density diagrams for pooled detrital muscovite 40Ar/39Ar (a) and zircon U-Pb (b) ages of the Yangtze River basin. Detrital zircon data from He et al. [21] and Yang et al. [26]. Detrital muscovite data from Sun et al. [16,24,35] and Hoang et al. [25]. 
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Figure 4. Comparison of age distributions between detrital zircons (a) and muscovites (b) of modern sands of the Yangtze. (c) Schematic river course of the Yangtze. Note the difference in age scale between muscovite (0–1000 Ma) and zircon (0–2800 Ma). The dashed vertical red and black lines mark 400 and 800 Ma, respectively. The histogram diagrams in blue and green are samples from the main stream and major tributaries, respectively. Detrital zircon data from He et al. [21] and Yang et al. [26]. Detrital muscovite data from Sun et al. [16,24] and Hoang et al. [25]. 
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Figure 5. Zircon and mica fertility of major tributaries. Concentration of zircon grains in the heavy mineral fraction. Mica and zircon data from Vezzoli et al. [45]. 
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Figure 6. A cartoon showing the possible reasons for lack Cenozoic zircon in the lower reaches of the Yangtze (a). (1) Indicates detrital zircons experienced two phases of overgrowth. (2) Indicates overgrowth of detrital zircons in the Cenozoic. Magmatic zircon overgrowth in the Cenozoic (3). (4) Indicates no wide overgrowth of detrital zircon in the low-degrade metamorphism. Note that muscovite Ar system cannot survive magmatic or metamorphic events. (b) Cathodoluminescence images of detrital zircons from the Yangtze River. Images are from He et al. [21]. (c,d) Cathodoluminescence images of dated zircons from the Gongga shan and Danba dome, respectively. Zircon images of the Gongga shan are from Robert et al. [53]. Zircon images of the Danba dome are from Jolivet et al. [52]. 
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