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Carbonate platforms provide important sedimentary archives for paleoceanography and recording paleoenvironments. The aim of this study was to decipher the control of platform evolution and its constraint on the chemostratigraphic correlation in the Lower Cambrian at the eastern part of the Yangtze Platform. With the petrological observation, XRD, as well as C and O isotope analysis, two third-order sequences (SQ1 and SQ2) and six fourthorder sequences (PSQ1, PSQ2, PSQ3, PSQ4, PSQ5, and PSQ6) were recognized in the Longwangmiao Formation. Thirteen lithofacies (Lf-1–Lf-13) and three facies associations (shoreface, upper offshore, and lower offshore) were identified across the proximal to distal range of the platform. The correlation between logged outcrop sections suggested that the carbonate platform evolved from a homoclinal ramp in PSQ1 to a more distally deepened geometry in PSQ2, with this evolution driven by synsedimentary fault activity. From PSQ2 to PSQ3, the geometry evolved from a ramp to a rimmed platform associated with depleted d13C values and an increasing Chemical Index of Alteration (CIA) index. Such a transition of platform geometry may be attributed to the enhanced rate of carbonate production due to intense weathering and nutrient input. The final evolution of the Eastern Yangtze Platform (PSQ4) seemed to have been driven by falling relative sea levels and resulted in the formation of a flat-topped morphology, associated with subaerial exposure and depleted in d13C (LNE2). The two final sequences recognized in outcrops, PSQ5 and PSQ6, were only recognized in the distal reaches of the deposit and were interpreted to be “missed beats” in the sense that the sea level did not transgress the platform top. This study suggests the importance of carbonate production driven by chemical weathering on the control of platform geometry and sequence stratigraphy..
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1 Introduction

Carbonate platforms, as a main component of marine depositional systems, are fundamentally shaped by eustatic sea level fluctuations, carbonate production, and tectonic subsidence. The interaction of those factors can lead to a change in the types of carbonate platforms (ramp and rimmed platforms) (Read, 1985; Schröder et al., 2005; Tucker and Wright, 1990; Vail et al., 1977), and the resultant depositional records can reflect paleoceanographic chemistry, biotic communities, tectonic activity, and paleoclimatic perturbations (Chen et al., 2024; Kelley et al., 2017; Li et al., 2012). The Cambrian Period, marking the onset of widespread Phanerozoic carbonate platform development, witnessed platform evolution closely linked with global transgressive events, the Cambrian Explosion, and tectonic activities (Pfeil and Read, 1980; Saltzman, 1999). However, the impact of abundant terrigenous detritus derived from active tectonic settings on adjacent carbonate depositional systems remains a significant subject (Hallock and Schlager, 1986; Jin et al., 2018; Lokier et al., 2009; Mutti and Hallock, 2003). On the one hand, terrigenous influx may suppress platform development through multiple mechanisms: it can elevate nutrient concentrations that degrade water quality and reduce light penetration, thereby inhibiting the growth of carbonate-producing organisms (Hallock and Schlager, 1986; Mutti and Hallock, 2003), or directly cover the carbonate basement, limiting benthic attachment and carbonate precipitation as well as changing the concentration of water chemistry to inhibit the precipitation of carbonates (Kumpan et al., 2019; Lokier et al., 2009; Šimíček et al., 2020; Woolfe and Larcombe, 1999). On the other hand, moderate terrigenous input may sustain or even enhance platform accretion. Clay-grade particulates exhibit negligible interference with coral growth (Lokier et al., 2009), while coarser clastic grains (e.g., quartz and feldspar) can serve as cores for ooid development, facilitating carbonate shell formation. Notably, ooids demonstrate remarkable resilience to terrigenous influx, with documented occurrences even within dominantly terrigenous detritus depositional systems (Loreau and Purser, 1973). Therefore, it is still a challenge to decipher the control of carbonate production induced by chemical weathering on the evolution of carbonate platforms.

The large-scale carbonate sediments occur in the Longwangmiao Formation of the Lower Cambrian and thus offer an opportunity to decipher the geometry of carbonate platforms. Regarding the type of carbonate platform, previous studies have suggested that the Upper Yangtze Platform was in its initial growth stage and lacked reef builders, resulting in the formation of a characteristic carbonate ramp (Du et al., 2016; Jin et al., 2025; Liu et al., 2018; Mei et al., 2006; Zhang et al., 2019). In contrast, a rimmed platform was induced by a wide restricted platform with a visible platform margin and slope (Shen et al., 2018; Xie et al., 2024). Therefore, further research on the depositional model of the Cambrian Longwangmiao Formation in the Sichuan Basin, as well as the impact of terrestrial detritus on carbonate production, is necessary. Overall, the aims of this study were 1) to reconstruct the sequence stratigraphic framework of the Yangtze Platform, 2) to analyze the evolution from a ramp to a rimmed platform, and 3) to evaluate the influence of terrigenous detritus on carbonate production.




2 Geological setting

In the Early Cambrian, South China was an isolated craton located at approximately 20°N paleolatitude and situated to the north of Gondwana (Figure 1A). During the Longwangmiao Period, the Yangtze Platform dominated the craton, was situated in an extensional setting, and comprised thick carbonate sequences (Huang et al., 2011). Currently, the southern margin of the Yangtze Platform is adjacent to the Cathaysia Block, and the platform’s western margin abuts the Kangdian Old Land. The South Qinling, meanwhile, lies to the north of the platform (Zhou et al., 2014). As portrayed in Figure 1B, four broad facies belts developed on top of the craton, and each is associated with a different depositional environment. The first facies belt is dominated by carbonate sediments, and the second, which is restricted to the west of the Yangtze Platform, is rich in siliciclastics and associated with the Kangdian Old Land. The third belt comprises a slope facies that lies outboard of the northern and southern platform margins. Finally, the fourth facies belt was interpreted to be basinal in origin and best represented in the east to southeast of the platform. The study area considered in this paper extends over 70,000 km2 of the southeastern reaches of the Yangtze Platform.
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Figure 1 | Location map of the study area. (A) Paleogeographic reconstruction for Cambrian Stage 3 according to Torsvik and Cocks (2013). (B) Paleogeographic map of the Yangtze Platform during Cambrian Stages 4 to 5, emphasizing the broad distribution of facies belts (Ma et al., 2009). BDG, Bandenggou Section (Ren et al., 2017); DZ, Dingzhai Section (Lu et al., 2019); JS, Jianshan Section (Guo et al., 2010); ZJY, Zengjiayan Section (Sardar Abadi et al., 2017). (C) Geographic distribution of the 10 outcrops (red stars) and one well (red circle) utilized in this study and located within deposits of Cambrian to Jurassic age. BDG, Bandenggou Section; BC, Bancun Section; YD2, Well YD2; YJP, Yangjiaping Section; NSP, Nanshanping Section; GDM, Gaodongmiao Section; TH, Tuhe Section; YK, Yankong Section; SL, Songlin Section; MZW, Meiziwan Section; ZY, Zhenyuan Section.



The Longwangmiao Fm. (510–514 Ma), which corresponds to the Toyonian in Cambrian Stage 4, underlies the Gaotai Fm. and overlies the Canglangpu Fm. (Figure 2). The upper boundary of the Longwangmiao Fm., separating the Early Cambrian from the Middle Cambrian, occurs in the shallow-water deposits to the west of the study area where it is manifested as a regressive–transgressive sequence marked by a hiatus in the deposition of shallow-water carbonates. The transition between the Longwangmiao Fm. and the underlying Canglangpu Fm. is marked by a change from terrestrially derived siliciclastics to shallow-marine carbonate sediments, indicative of a transgressive surface (Mei et al., 2006; Ma et al., 2009). The Longwangmiao Fm. is divided into a pair of third-order sequences (SQ1–SQ2) and five fourth-order sequences (PSQ1–PSQ6). It should be noted, however, that PSQ5 and PSQ6 were only recognized in the deeper water setting to the east of the study area, as it is hiatal on the platform top, which lies to the west.
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Figure 2 | Lithostratigraphy of the study area. Modified from Li et al. (2007) and Mei et al. (2006).






3 Methods

In order to characterize the sedimentology, 10 outcrops and one core were logged (locations shown in Figure 1C). A total of 320 thin sections were cut from samples collected in the field and representing all aspects of the considered stratigraphy. Dominant rock texture was determined for each section using a polarizing microscope and following the classification scheme of Embry and Klovan (1971). Petrographic thin sections were observed using a Leica DM-4500 microscope, and cathodoluminescence analyses were performed using a RELIOTRON III (with an operating current of 10–12 kV) of the China University of Petroleum (Beijing, China).

A total of 180 samples of the sections and cores were collected. All samples were milled to powder (~200 mesh) using an agate mortar and prepared for stable carbon and oxygen analysis. Prior to testing, the Mn and Sr contents of the samples from previous studies (Lu et al., 2025) were determined, and Mn/Sr values were calculated to exclude the effect of diagenetic alterations. δ13C and δ18O data were obtained using a Finnigan MAT 253 mass spectrometer. CO2 extracted from each powered sample was digested by anhydrous phosphoric acid (100%) in sealed tubes on an auto sample-handling machine for 2 hours. An acid fractionation factor of 1.01024 (Friedman and O’Neil, 1977) for calcites was utilized to calculate isotopic values. All δ13C and δ18O values were reported in per mil (‰) relative to Vienna Peedee Belemnite (VPDB). The standard samples were from Chinese national standards of GBW04416 (δ13C = +1.61‰ ± 0.03‰, δ18O = −11.59‰ ± 0.11‰) and GBW04417 (δ13C = −6.06‰ ± 0.06‰, δ18O = −24.12‰ ± 0.19‰), as well as the international standards of NBS-18 (δ13C = −5.01‰ ± 0.06‰, δ18O = −23.00‰ ± 0.1‰) and NBS-19 (δ13C = +1.95‰, δ18O = −2.20‰), to calibrate the experimental results. The precision and accuracy of the isotopic measurements were estimated to be higher than 0.1‰.

Twenty-nine rock samples, mainly collected from PSQ2 and PSQ3, were analyzed for major elements using an automatic X-ray fluorescence spectrometer at the Key Laboratory of Tectonics and Petroleum Resources at the China University of Geosciences (Wuhan). For details on this spectroscopy, see Wang and Zhou, (2000). The Chemical Index of Alteration (CIA) values obtained using this analysis have the potential to record the intensity of chemical weathering and associated climate conditions. The technique capitalizes on the fact that major-element geochemistry and siliciclastic mineralogy are strongly affected by chemical weathering (Nesbitt and Young, 1982; Yang et al., 2016). The CIA can be calculated using the molar proportions of each elemental species according to Equation 1 (McLennan, 1993):



where CaO* represents only the CaO content in the silicate fraction. The samples were treated with HCl to dissolve the carbonate fraction of bulk samples. The residuals were dissolved in HNO3 to measure the major elements.




4 Results



4.1 Sedimentary facies

On the basis of examination of rock texture, grain type, fossils, and sedimentary structures, 13 lithofacies (Lf-1 through Lf-13) were identified and deemed to fall into three different depositional environments: 1) the shallowest depositional environment, shoreface, lies above the fair-weather wave base and is encompassed by Lf-1 through Lf-5; 2) upper offshore, the second depositional environment, lies below the fair-weather wave base but above the storm wave base and contains Lf-6 through Lf-10; and 3) lower offshore is situated beneath the storm wave base and includes Lf-11 and Lf-13. The characteristics of the 13 lithofacies are as follows and summarized in Table 1.


Table 1 | Lithofacies descriptions and depositional environments developed in this study.





4.1.1 Shoreface lithofacies (Lf-1 through Lf-5)

Lf-1 is a massive gypseous mudstone characterized by a dolomitized micritic matrix with common fenestrate structures created by the dissolution of gypsum (Figure 3A). A proportion of these fenestral structures have been subsequently filled with microspar calcite cement (Figure 3B). The fenestrate structure and occurrence of the gypsum are consistent with deposition in a shallow hypersaline setting and possibly indicative of a tidal flat setting (Brigaud et al., 2009; Di Lucia et al., 2017). Within the sequence stratigraphic framework of the study area, Lf-1 was seen to develop during the rise and fall of sea level (Di Lucia et al., 2017).
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Figure 3 | Characteristic shoreface lithofacies as resolved in outcrop and thin sections. (A, B) Lf-1. White arrows in panel A emphasize fenestrate structures, while panel B shows moldic porosity filled with microspar calcite cement (Gaodongmiao Section; plane-polarized light). (C) Lf-2, which is characterized by laminated quartz and mica (white arrow) in a sandy mudstone (Bancun Section; cross-polarized light). (D, E) Aspects of Lf-3, an ooid grainstone containing concentric ooids coated with fibrous cement (white arrow in panel D) (Yangjiaping Section; plane-polarized light) and herringbone cross-bedding (E). Lf-4 is a cross-bedded peloidal packstone to grainstone (Tuhe Section, F). Grains are rounded and medium- to well-sorted (G). (H) Lf-5, a stromatolitic mudstone.



Lf-2, a sandy mudstone, is a faintly laminated, well-sorted, and carbonate- to siliciclastic-rich (Figure 3C). This lithofacies, which is commonly associated with Lf-3 and Lf-4, coincides with transgressive episodes. Carbonate-rich intervals were deemed to be marine, whereas those dominated by siliciclastic grains were interpreted as having a terrigenous origin (likely associated with storm events, else riverine input, etc.; e.g., Andreucci et al., 2017; Sardar Abadi et al., 2017). The environment of deposition was assumed to be shallow-subtidal to lagoonal (Di Lucia et al., 2017; Sardar Abadi et al., 2017).

Lf-3 is composed of a medium- to well-sorted ooid grainstone displaying herringbone cross-bedding (Figure 3E), an indication of a high-energy shoal-water setting (Léonide et al., 2007). Bioturbation is rare, as is typical for such environments (Purkis et al., 2017). The ooids are coated with fibrous cement with local dissolution generating variable porosity (Figure 3D), likely induced by one or more episodes of subaerial exposure (Andreucci et al., 2017). Lf-3 is frequently found in association with Lf-, Lf-4, and Lf-5. This lithofacies was interpreted to indicate early transgressive successions and complete regressive successions.

As depicted in Figures 3F, G, Lf-4 represents a peloidal packstone to grainstone with frequently developed cross-beds having thicknesses in the range of 10–20 cm, diagnostic features for a high-energy shoal or intertidal setting (Bover-Arnal et al., 2009; Elrick, 1996; Fallatah and Kerans, 2018). The units of this lithofacies are associated with Lf-2, Lf-3, and Lf-5.

The final lithofacies type associated with the shoreface depositional environment is Lf-5, a stromatolitic mudstone (Figure 3H), which was found in association with Lf-2, Lf-3, and Lf-4. The depositional setting was deemed to be shallow subtidal and medium- to low-energy (Elrick, 1996) (Elrick, 1996). Lf-5 was considered to be associated with regressive successions.




4.1.2 Upper-offshore lithofacies (Lf-6 through Lf-10)

The first upper-offshore lithofacies, Lf-6, is a medium- to poorly sorted accumulation dominated by pisoids, ooids, and oncoids with grain to rudstone texture (Figure 4A). The pisoids are noteworthy for their broad range of diameters (0.5 to 4.0 cm). The interparticle porosity is filled with microspar calcite cement, with occasional infilling by mud and small clasts. Cross-bedding in this unit is hummocky (Figure 4B), which indicates deposition below the fair-weather wave base, but with episodic influence by storm-driven hydrodynamics (Carpentier et al., 2010). Lf-6 is commonly associated with Lf-3, Lf-4, and Lf-5, as well as Lf-8 and Lf-11.
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Figure 4 | Characteristic upper-shoreface lithofacies as resolved in outcrop and thin sections. (A, B) Lf-6. The core in (A) shows loosely stacked pisolites (white arrow) in Lf-6 (Well YD2, 1,208 m below ground level). Cross-bedding in Lf-6 is hummocky (B). (C) Calcareous algae (Epiphyton) appeared in Lf-7. Abundant pores and cavities are infilled with recrystallized fibrous (FI) and fine- to medium-crystal (FM) calcite cement (Tuhe Section, plane-polarized light). (D) Lf-7 shows the mound shape (Tuhe Section). (E) Lf-8 emphasizes the oncoids and thin mudstone interbeds (Songlin Section). (F) The two oncolites are coated with micritic cortices in the micritic matrix (Songlin Section, plane-polarized light). (G, H) Lf-9. (G) The intraclast and bioclast sediments cut and infill the micritic matrix. (H) An imbricated breccia (red dash line) floating in a micritic matrix as viewed in Lf-9 (Gaodongmiao Section). (I) Radial spheroids and trilobite clasts (white arrow) in Lf-10 (Bancun Section, cross-polarized light).



The algal boundstone (Lf-7) primarily consists of bulbous algae, as reported by Read and Pfeil (1983) and Kobluk (1986), in Laurentia during the Cambrian Period (Figures 4C, D). The skeletal algae are primarily composed of Epiphyton (Figure 4C), a protozoan that typically occupies low-to-moderate energy settings, as encountered between fair-weather and storm-weather wave bases (Della Porta et al., 2004). According to previous studies in the Cambrian Period (Barnaby and Read, 1990; Read and Pfeil, 1983), this facies has the potential to constitute a buildup/barrier with relatively high relief, as may typify the margin of a rimmed platform. Lf-7 mainly develops in regressive successions, but occasionally appears in transgressive successions. Lf-7 is associated with Lf-9 and Lf-11.

Occurring in massive beds with rudstone texture, Lf-8 is an oncolitic rudstone commonly associated with regressive, and occasionally transgressive, successions (Figure 4E). Individual oncoids range in size from 1 to 10 mm (Figure 4F). These units are interleaved with planar mudstone intervals with up to 20-cm thickness. Evidence for erosional surfaces appears within Lf-8 with mm- to cm-scale relief, indicating episodic storm-induced influence. Those associated with this lithofacies are Lf-4, Lf-8, and Lf-11. The rate of sedimentation in this lithofacies was presumed to be low on the basis of micritic cortices observed around the oncoids (Flügel, 2010). Furthermore, the frequent presence of intraclasts and micritized ooids (likely wash-over deposits) suggests that Lf-7 is situated in close proximity to an ooid-producing area.

The intraclast packstone/wackestone (Lf-9) commonly occurs as a packstone to wackestone fabric in the form of imbricated breccia, likely related to channel sediments, with poor-sorting and partially rounded intraclasts, set within a mud-rich micritic matrix (Figures 4G, H). The environment of deposition of Lf-9 was interpreted to be the most distal portion of the offshore sediments, although still influenced by river inputs (Andrieu et al., 2016). This lithofacies is associated with Lf-6 and Lf-8, and Lf-10 and Lf-11. Lf-9 was recognized in both regressive and transgressive sequences.

The radial spheroid packstone (Lf-10) is the marker horizon of the first transgression at the beginning of the Longwangmiao Fm (Tan et al., 2017). This lithofacies is characterized by abundant radial spheroids with little internal structure. These grains are well- to moderately rounded and moderately sorted. Their sizes range from 0.1 to 1.5 mm (Figure 4I). Some intraclasts, consisting of debris such as trilobite fragments and terrigenous quartz, were readily identified in a micritic matrix. The radial spheroids within Lf-10 are equivalent to those reported by Strasser (1986), which were presumed to have developed in a shallow microbial-rich environment with varying water energy and high oxygenation (e.g., Tan et al., 2017). This lithofacies is commonly associated with Lf-4, Lf-6, Lf-9, and Lf-11.




4.1.3 Lower-offshore lithofacies (Lf-11 through Lf-13)

Dominant grain types in the trilobite–sponge spicule wackestone (Lf-11) are, as the name suggests, sponge spicules and trilobite fragments (Figure 5A). This faunal assemblage was interpreted to be an open marine setting situated between fair- and storm-weather wave bases (Wyn and Hughes, 2004). An equivalent assemblage in the Lower Saxony Basin reported by Kästner et al. (2008) was interpreted to be a middle ramp setting. The presence of mud in this lithofacies suggests a low-energy depositional environment. This lithofacies is frequently associated with Lf-6, Lf-8, and Lf-9.
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Figure 5 | Characteristic lower-shoreface lithofacies as resolved in outcrop and thin sections. (A) Sponge spicules (white arrows) and trilobite fragments identified in Lf-11 (Nanshanping Section, plane-polarized light). (B) The thin marl mudstone layer interbeds within shales in the lower offshore environment (Nanshanping Section).



The marl mudstone (Lf-12) and shale mudstone (Lf-13) suggest an outer ramp environment, likely situated beneath the storm wave base. Lf-12 occurs as thin (5–15 cm thick) evenly bedded units that are devoid of any bioclastic materials or sedimentary structure, save for rare, fine parallel laminations (Figure 5B). Those lithofacies were observed in transgressive sequences and are associated with Lf-11 and Lf-8.




4.1.4 Sequence stratigraphic surface

Most of the sequence stratigraphic boundaries are composed of changes in lithological associations. The top surface of the Longwangmiao Formation is characterized by iron-rich oxides and eogenetic karst, which shows the dissolution of grain-packstone and directly overlies the mudstone of the Gaotai Formation (Figures 6A, B). The top boundary of SQ2 was also recognized in the Bancun Section and shows the subaerial exposure surface of the sandy mudstone. The transition of lithological facies from peloidal grainstone/packstone, associated with dissolved pore, to intraclast wackestone is a depositional hiatus and can be regarded as the boundary between SQ1 and SQ2 (Figure 6C).
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Figure 6 | Photos of stratigraphic interfaces. (A, D) Top surface of SQ2 in GDM and BC. (B, C) The interface of SQ1 and SQ2. GDM, Gaodongmiao Section; BC, Bancun Section.







4.2 Geochemistry



4.2.1 Stable carbon and oxygen isotopes

In the Bancun Section, the average values of δ13C and δ18O are −0.96‰ (SD = 1.26‰) and −8.95‰ (SD = 1.58), respectively. The vertical trend of δ13C values shows that two negative excursions correlate to the top surface of PSQ4 (LNE2) and the transition from PSQ2 to PSQ3 (LNE1) (Figure 7). Three positive fluctuations of δ18O values are identified, decoupling with the variation of δ13C values. The frequently varying trends of δ13C (mean value = −0.84‰, SD = 1.68‰) and δ18O values (mean value = −8.16‰, SD = 1.85) are displayed in the Gaodongmiao Section. The largest negative excursion of δ13C is located in the top part of PSQ4. Another excursion is located along the boundary between PSQ2 and PSQ3, which has a negative trend as was observed in the Bancun Section. In the Tuhe Section (Figure 8), the vertical variations of δ13C (mean value = −0.42‰, SD = 1.95‰) and δ18O values (mean value = −8.93‰, SD = 1.44) are similar to those in the Bancun Section with two negative excursions of δ13C at the top part of PSQ4 and the boundary between PSQ2 and PSQ3. In contrast, the largest negative excursion of δ13C is located during the transition from PSQ2 to PSQ3 in the Yankong Section. The covariation between δ13C and δ18O values is ambiguous (Figure 9A). The Mn/Sr ratios range from 0.23 to 5.60, and the correlation between Mn/Sr and δ18O values is also weak (Figure 9B).
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Figure 7 | The correlated sections of facies associations, interpreted sequence stratigraphic framework, and stable isotopes of δ13C and δ18O in the northern part of the study area. The green diamonds and yellow circles respectively represent the δ13C and δ18O values. The hollow diamond and circle indicate that the δ18O values are larger than −10‰. See Figure 1C for location of the section.
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Figure 8 | The correlated sections of facies associations, sequence stratigraphic framework, and stable isotopes of δ13C and δ18O in the southern part of the study area. The green diamonds and yellow circles respectively represent the δ13C and δ18O values. The hollow diamond and circle indicate that the δ18O values are larger than −10‰. See Figure 1C for location of the section.
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Figure 9 | Cross-plots of (A) between δ13C and δ18O values and (B) between Mn/Sr and δ18O values for dolomites from the Longwangmiao Formation (data from Lu et al., 2025).






4.2.2 Chemical Index of Alteration

The CIA was derived for three of the nine examined outcrops. The CIA values calculated using Equation 1 ranged from 62 to 100 (mean value = 80, and SD = 9) (Figure 10), indicating disparate degrees of weathering. In the Bancun Section, a positive shift in the CIA from 64 to 89 (mean value = 77 and SD = 6) was recognized during the transition from PSQ2 to PSQ3. A comparable shift was also seen in the Gaodongmiao and Yankong Sections at the same sequence boundaries, and their CIA values ranged from 62 to 100 and 64 to 91, respectively.
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Figure 10 | Comparison of C isotope, Sr isotope, CIA ratio, terrestrial influx, relative and global sea levels, and sequence stratigraphy of the Yangtze Block. The carbon isotope data are from shallow-water sections of Ma et al. (2015), Ren et al. (2017), Yang et al. (2017), Lu et al. (2018), and this study. The strontium isotope data are from Burke et al. (1982), Keto and Jacobsen (1987), Gao et al. (1991), Derry et al. (1994), and Huang et al. Locations are shown in Figures 1A, C. The regional sea-level and global sea-level curves are from Ren et al. (2017) and Haq and Schutter (2008). The terrestrial influx, including the contents of SiO2, Sc, and Th, are from Ren et al. (2019). CIA, Chemical Index of Alteration.








5 Discussion



5.1 Sequence stratigraphic framework and platform evolution

The transgressive–regressive sequence model was used to construct the sequence stratigraphic framework, bounded by subaerial exposure surfaces and subdivided into transgressive and regressive packages by the maximum flooding surface (Catuneanu, 2022; Embry, 1993). The changes in facies stacking and abrupt lithofacies shifts mark subordinate surfaces (Jiang et al., 2002; Lan et al., 2022). Two sequences were identified: the first sequence (SQ1) contains PSQ1 and PSQ2, while the second sequence (SQ2) contains PSQ3 through PSQ6 (Figure 6).

In PSQ1, the stratigraphic thickness and facies architecture show a pronounced variation between the northern and southern parts of the study area (Figures 7, 8). In the north, the thickness of the succession is characterized by a gently increasing trend from west to east, suggesting a low-angle ramp morphology (Figure 7). In contrast, the strata showed a dramatically decreasing thickness basinward in the southern part of the study area (Figure 8). Here, it should be noted that the Meiziwan Section is thinner than neighboring logged sections (e.g., Tuhe and Yankong) because the underlying Canglangpu Fm. is stratigraphically elevated in this area. During the transgression, the subtabular-to-undulate, bioclast-rich, radial spheroidal packstone (Lf-10) widely developed on the platform top, which represents a marker horizon (Tan et al., 2017). In the subsequent regressive system, ooid shoals (Lf-3) locally develop in the study area. Available evidence points to the fact that the platform adopted the morphology of a low-angle (homoclinal) ramp during PSQ1 (Figure 11A), although some localized topographic relief was present (as observed in the Meiziwan Section; Figure 8).
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Figure 11 | Schematic block diagrams reconstructing the evolution of the Yangtze Platform. (A) A homoclinal ramp in PSQ1 evolves to a distally steepened ramp in PSQ2 (B). Further platform development in PSQ3 delivers a rimmed platform (C) and, finally, a flat-topped platform by PSQ4 (D), which remains from PSQ5 and PSQ6.



In PSQ2, the Yangjiaping and Zhenyuan Sections demarking the transition from the upper to lower offshore display a dramatic thickening (Figures 7, 8). This increase in thickness is sufficiently large to suggest the presence of a fault, with both the Yangjiaping and Zhenyuan Sections situated on its footwall. Both sections display a wide variety of facies successions that correspond to lower offshore facies (Lf-11 and Lf-12) and upper offshore facies (Lf-6, Lf-9, and Lf-10). The adjacent Gaodongmiao and Meiziwan Sections, meanwhile, were interpreted to sit on the hanging wall of the fault, and the associated depositional relief resulted in the development of buildup and barrier successions (Lf-6 and Lf-7). The presence of the fault caused the platform morphology to evolve from a homocline in PSQ1 to a distally steepened ramp in PSQ2 (Figure 11B).

Whereas PSQ1 and PSQ2 display a diversity of deep- and shallow-water facies, PSQ3 by contrast is dominated by a platform-top depositional system. The facies associations are encompassed by Lf-2 through Lf-5, and the thickness of the sequence is thicker around the marginal platform (e.g., Yangjiaping Section). The logged sections indicate the widespread development of high-energy ooid shoals, particularly in the vicinity of the platform margin (Lf-3 and Lf-4), which is locally interbedded with sandy mudstone (Lf-2) and other low-energy facies (e.g., Lf-9 and Lf-10). Such interbedding suggests meaningful variation in water depth. Previous studies (e.g., Gao et al., 1991; Liu et al., 1987) have proposed that the existence of PSQ3 gravity deposits seaward of the platform margin developed in deep water on the foreslope. The presence of gravity deposits via mass wasting of the platform margin suggests that the shelf break has been relatively steep. All evidence considered, the platform seems to have evolved from a distally steepened ramp in PSQ2 to a rimmed platform with a defined shelf break in PSQ3 (Figure 11C).

Moving up-section, PSQ4 is also dominated by shallow-water deposits, save for its most distal reaches (i.e., the Nanshanping and Zhengyuan Sections), which preserve deep-water facies. Sections penetrating the shallow-water successions are dominated by grain-rich peritidal deposits (Lf-1 through Lf-5). PSQ4 is capped by a well-defined exposure surface in all sections, except Nanshanping and Zhengyuan, both of which are characterized by deep-water facies (Figures 7, 8). At the base of PSQ4, the topography of the platform clearly follows that inherited from the previous parasequence. However, at the top of PSQ4, the platform was interpreted to have further evolved to a flat-topped form (Figure 11D). The morphology is considered to be similar to that reported in Sequence III of the Lower Mississippian Madison Limestone of Wyoming (Smith et al., 2004).

Finally, PSQ5 and PSQ6 are not represented in the majority of logged sections, but only in those situated in the most distal locations—the Nanshanping and Zhengyuan Sections (Figures 7, 8). Here, PSQ5 is dominated by shoreface facies (Lf-2 through Lf-4), but in PSQ6, the logged facies are indicative of deep-water, low-energy upper and lower offshore facies (Lf-9 and Lf-11). The fact that PSQ5 and PSQ6 are absent in the more proximal sections (which in turn are capped by an exposure surface) suggests that the transgressions were of insufficient magnitude to flood the platform top.




5.2 Transition from ramp to rimmed platform

The stratigraphic reconstruction of the Yangtze Platform developed herein suggests evolution from a ramp to a rimmed platform during the transition from PSQ2 to PSQ3 (Figures 11B, C). This change in geometry is associated with depleted δ13C values in the associated sediments and a positive shift in the CIA (Figure 10). The CIA in the insoluble component of carbonate sediments can be applied to evaluate the weathering history of the deposit (Nesbitt, 1979; Nesbitt and Young, 1982). In general, intense chemical weathering corresponds to a high CIA ratio (Yang et al., 2016). Our interpretation of increased weathering across the PSQ2–3 boundary is corroborated by compiled Sr isotope data (Figure 10). Further evidence came from Ren et al. (2018), who reported an increase in terrestrial detritus on the Yangtze Platform in the same time period. The sea-level curve of Haq and Schutter (2008) suggested that the increase in chemical weathering is accompanied by a pronounced fall in sea level, likely resulting from forcing the change in geometry from a ramp to a rimmed platform (Pomar and Haq, 2016).

The transition across the PSQ2–PSQ3– boundary (LNE1) is marked by a pronounced negative 13C excursion (Figure 10). There are three plausible explanations for this trend: the first is that the poor circulation of water masses was accompanied by an effect of “seawater aging”, which is the epicontinental water masses and restricted circulation between epicontinental and oceanic environments, and seawater aging leads to a negative excursion in δ13C, mainly due to the decomposition of organic carbon in seawater over time, which produces CO2-enriched 12C, resulting in a decrease in the 13C/12C ratio in dissolved inorganic carbon (DIC) in seawater, which is ultimately manifested as a decrease in the δ13C value (e.g., Holmden et al., 1998). The second explanation is that riverine input, associated with the sea level drop, transported depleted 13C to the system (e.g., Immenhauser et al., 2003). Excess nutrients leading to biomass extinction is the third explanation for the negative 13C excursion. Under this scenario, primary production would drastically reduce, leading to a reduced burial rate for organic matter (e.g., Ren et al., 2017).

If the LNE1 negative 13C excursion is attributed to riverine influence, the lateral variation of δ13C values should display a decreasing gradient from the proximal platform to the distal platform. However, such a trend is not supported by the data (Figures 7, 8 and Supplementary Tables S1–S3). Furthermore, given that land plants have yet to evolve, Cambrian rivers may not be expected to be meaningfully depleted in 13C. Excess nutrients and biomass extinction are also insufficient to explain the LNE1 because, unlike the observations of Ren et al. (2017), trilobite fossils were recognized in the upper part of Stage 4 (the Longwangmiao Fm.) in different sections from the shallow to deep setting of the Yangtze Platform (Chang et al., 2017; Zhu et al., 2006; Zuo et al., 2018). By process of elimination, and the weak correlation between δ18O and δ13C, Mn/Sr, the most plausible explanation for the LNE1 excursion is that it was induced by water mass restriction associated with the transition in platform geometry. The term “seawater aging” indicates that the occurrence of more negative δ13C values was caused by the progressive oxidation of organic matter to CO2 during long platform-top residence times (Holmden et al., 1998; Immenhauser et al., 2003).





6 Conclusion

The Longwangmiao Fm. consists of 13 lithofacies encompassing three facies associations (shoreface, upper offshore, and lower offshore). Two third-order sequences (SQ1 and SQ2) and six fourth-order sequences (PSQ1–PSQ6) were interpreted in the study. Platform geometry was observed to evolve from a homoclinal ramp (PSQ1) to a distally steepened ramp (PSQ2), then to a rimmed platform (PSQ3), and finally to a flat-topped platform (PSQ4, PSQ5, and PSQ6). The transition from ramp to rimmed geometry occurs at the time of transition from PSQ2 to PSQ3. This change in geometry is accompanied by enhanced terrestrial influx and the depletion of δ13C (LNE1). Enhanced terrigenous detritus influx, coupled with the prolonged retention and oxidation of organic matter on platform tops generating CO2-induced “seawater aging”, manifested as δ13C depletion (LNE1), collectively driving carbonate platform evolution. The results provide an example of how the combined application of geochemical techniques within a sequence stratigraphic framework better constrains the evolution of carbonate platforms.
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