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Abstract 8 

The Upper Ediacaran to Lower Cambrian of the Sichuan Basin in South China has long been 9 

considered to be dominated by shallow-water deposition. Hydrocarbon exploration, however, has 10 

revealed that a NW-SE trending intraplatform trough formed in the basin during the same period. 11 

Although different models have been proposed, the formation and evolution of the trough are still not 12 

fully understood. In this study, we investigate both the origin of the intraplatform trough and the 13 

formation of the Sichuan Basin by integrating seismic interpretation, well correlation, and tectonic 14 

subsidence analysis. The seismic and well data clearly show three stages of development of the 15 

trough. The first stage, in the early Late Ediacaran, is characterized by considerable thinning of the 16 

lower two members of the Upper Ediacaran from the platform margins to the trough. In the second 17 

stage, in the late Late Ediacaran, the platform margins backstepped and the extent of the trough 18 

expanded significantly to a width of ~400 km. The third stage, in the early Early Cambrian, was 19 

dominated by gradual filling of the trough and onlapping of the platform margins. Backstripped 20 

tectonic subsidence curves show one, or two closely spaced episodes of linear subsidence starting 21 

at ~550 Ma and then decreasing exponentially until ~450 Ma. The shape of the subsidence curves 22 

is consistent with formation of the Sichuan Basin by low, and slow amounts of lithospheric stretching 23 

of thickened cratonic lithosphere. The tectonic subsidence increases from the centre to the NW of 24 

the basin. Interestingly the margins of the trough do not correlate with contoured values of increased 25 

tectonic subsidence and we infer that the trough was a palaeogeographic embayment in a large 26 

carbonate platform that developed in a broad, ramp-like area of slow and low subsidence tilting down 27 

to the proto-Tethyan ocean located to the NW of the basin.  28 
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1 INTRODUCTION 34 

The Sichuan Basin located on the northwest South China craton in central China is a long-lived basin 35 

with a very thick sedimentary infill (>10 km) that extends from Neoproterozoic (Ediacaran) to 36 
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Quaternary in age (Figure 1). Today it is surrounded by mountain belts on all sides, and it has had a 37 

multiphase history. Its early fill, from Ediacaran to Middle Triassic times is dominated by mainly 38 

shallow marine carbonate deposition (e.g. Cao et al., 1979; Zhang et al., 1979; Huang, 1985; Korsch, 39 

Mai, Sun, & Gorter, 1991; Guo et al., 1996). Thereafter it developed as a foreland basin to orogenic 40 

belts forming to the west, north and east, and was infilled by terrestrial sediments (Figures 1b, c; 41 

Chen, Wilson, Luo, & Deng, 1994; Meng, Zhang, Yu, & Mei, 1996; Yong, Allen, Densmore, & Qiang, 42 

2003). However, the late Neoproterozoic to early Palaeozoic development of the Sichuan Basin 43 

remains poorly understood. Mechanisms such as formation on a platform margin adjacent to an 44 

ocean (Bally et al., 1986); a rift evolving to a passive margin (Wang & Li, 2003) or formation as an 45 

intracratonic basin (Korsch, Mai, Sun, & Gorter, 1991) have all been proposed. In this paper we aim 46 

to investigate the mechanisms by which the Sichuan Basin formed in Ediacaran to Cambrian times, 47 

by integrating the analysis of new seismic reflection and well datasets with tectonic subsidence 48 

modelling.  49 

 50 

It is generally accepted that passive margins form by lithospheric extension followed by thermal 51 

cooling, whereby an original continental rift, with continued lithospheric stretching evolves into an 52 

oceanic basin (e.g. McKenzie, 1978; Watts & Steckler, 1979; Le Pichon & Sibuet, 1981; Stecker & 53 

Watts, 1981; Beaumont, Keen, & Boutilier, 1982). Consequently, the passive margin generally 54 

records the history of continental rifting, and the subsequent thermal subsidence on the continental 55 

margin. Passive margins are underlain by older rift systems, with normal-fault associated syn-rift 56 

sedimentary sequences that are normally continental in origin. During the thermal cooling phase, in 57 

what is often referred to as the ‘drift’ phase, seaward thickening prisms of marine sedimentary rocks 58 

are deposited on the passive margin (Steckler ＆ Watts, 1981). The syn-rift phase is often separated 59 

from the drift phase by a ‘break-up’ unconformity. 60 

 61 

Cratonic basins  are an associated, but less well understood basin type, with regional tectonic 62 

subsidence curves that show initially fast subsidence which then decreases in rate indicative of 63 

thermal cooling (Nunn & Sleep, 1984; Xie & Heller, 2009), however they tend to lack evidence of 64 

normal faulting typical of lithospheric extension. These basins are generally located on stable thick 65 

cratons, are very long lived (100s of millions of years) and have near layer-cake stratigraphy (Sloss, 66 

1963; Sloss & Speed, 1974; Quinlan, 1987). Examples include the Michigan, Williston and Illinois 67 

Basins in North America; West Siberian Basin, Congo Basin in Africa and the Parnaíba Basin in 68 

Brazil (Bond & Kominz, 1984; Hartley & Allen, 1994; Tozer, Watts, & Daly, 2017; Vyssotski, Vyssotski, 69 

& Nezhdanov, 2006; Watts, Tozer, Daly & Smith, 2018). Although the majority of intracratonic basins 70 

are located away from plate margins there are some which are connected by a rift or failed rift zone 71 

to the ocean, as in the Lower Palaeozoic Illinois Basin of USA (Braile, Hinze, Keller, Lidiak, & Sexton, 72 

1986) and the West Siberian Basin (Vyssotski, Vyssotski, & Nezhdanov, 2006). 73 
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 74 

Armitage and Allen (2010) and Allen and Armitage (2012) suggest that cratonic basins can be 75 

explained by very low values of stretching with low strain rate extension accompanied and followed 76 

by cooling of the underlying lithosphere generating subsidence. However, many other geodynamic 77 

mechanisms have also been proposed to play some role, including dynamic topography originating 78 

from large-scale mantle flow (Liu, 1979; Hartley & Allen, 1994; Burgess, Gurnis, & Moresi, 1997; 79 

Farrington, Stegman, Moresi, Sandiford, & May, 2010); small-scale convection or draining of ponded 80 

plume material (Sleep, 2009; 2018); densification of underlying mantle imposing a subcrustal load 81 

(e.g. Fowler & Nisbet, 1985; Downey & Gurnis, 2009) and rapid removal of thickened crust by erosion 82 

over tens of Myrs where thickening increases the temperature of the lithosphere. The subsequent 83 

rapid erosion causes cooling and subsidence (McKenzie & Priestley, 2016; McKenzie & Rodríguez 84 

Tribaldos, 2018). 85 

 86 

The late Ediacaran to Middle Triassic infill, with a cumulative thickness of 6000-7000 m (Zhu, Wang, 87 

Xie, Xie, & Liu, 2015) of the Sichuan Basin consists of several sedimentary mega-sequences 88 

separated by regional unconformities, dominated by shallow marine to marginal marine carbonate 89 

palaeoenvironments, but curiously with no evidence of any major extensional faults that might 90 

indicate formation by lithospheric extension. In this sense there are elements of the Late 91 

Neoproterozoic to Palaeozoic history of the Sichuan Basin that might suggest that it formed as a 92 

cratonic basin. Korsch et al. (1991) interpreted the basin as a large intracratonic basin that started 93 

to form in the Late Proterozoic (Sinian). They present tectonic subsidence curves that indicate that 94 

in its early phases the basin formed as a complicated extensional basin. Bally et al. (1986) who 95 

mainly concentrated on the Late Palaeozoic and Mesozoic history of the basin, recognised that the 96 

Upper Ediacaran to Permian history was dominated by platform sequences, potentially on a passive 97 

margin, and Wang and Li (2003) relate the formation of the Sichuan Basin to the wider break-up of 98 

the Neoproterozoic Rodinia supercontinent. They identify two rift basins (Kangdian and Nanhua) that 99 

formed before ~750 Ma from outcrops in areas currently to the southwest and east of the Sichuan 100 

Basin. They propose that rifting ended by ~690 Ma and that the late Ediacaran-Cambrian platform 101 

carbonate areas of the Sichuan Basin formed a sag phase to the earlier rifting events. 102 

 103 

The post-Permian evolution of the Sichuan Basin is well documented where seismic data, thickness 104 

maps, and subsidence modelling show that since the late Triassic, the Sichuan Basin has been a 105 

foreland basin where the subsidence can be attributed to the flexural loading of mountain belts 106 

forming on the west (Longmenshan-Indosinian orogeny and closure of Songpan-Ganzi ocean; 107 

Burchfiel, Chen, Liu, & Royden, 1995; Richardson et al., 2008; Yan et al., 2018), north  (Dabashan 108 

and Micangshan part of the Central China orogenic belt formed due to the collision of North and 109 

South China cratons; Dong et al., 2015 ) and east (East Sichuan-Xuefengshan fold belt) sides of the 110 

basin (Yong, Allen, Densmore, & Qiang, 2003; Wang, Zhang, Fan, & Peng, 2005; Gu et al., 2020).  111 
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A present-day simplified regional cross-section, oriented SE to NW across the basin from the east 112 

Sichuan fold and thrust belt to the Longmenshan (Figure 1c) shows a ‘classic’ foreland basin 113 

geometry within the upper Triassic to Quaternary where the clastic sedimentary infill thickens into 114 

the Longmenshan fold and thrust belt. 115 

 116 

The formation mechanism of the early Sichuan Basin remains enigmatic, but due to the intense 117 

hydrocarbon exploration of the last two decades (e.g. Zou et al., 2014; Zhu, Wang, Xie, Xie, & Liu, 118 

2015; Fu et al., 2020) targeting the Ediacaran and Cambrian there are now extensive new datasets 119 

that allow us to address this problem. Here we integrate a large seismic and well dataset (including 120 

core and well logs), from the centre and west of the basin with tectonic subsidence analyses to 121 

present a new interpretation of the formation of the Sichuan Basin in the late Neoproterozoic 122 

(Ediacaran) to Cambrian.  123 

 124 

Recent work based on oil company data (e.g. Zou et al., 2014; Liu et al., 2015; Gu et al., 2016; Liu 125 

et al., 2017; Zhou et al., 2017) has further revealed that though, in general, the late Ediacaran to 126 

early Cambrian succession is dominated by platform and lagoon carbonates in the Sichuan Basin, 127 

there is a broadly linear area ～100 km wide widening to the NW- that trends NW-SE, in the west-128 

central part of the basin, where deeper water facies have been drilled, and very clear platform 129 

margins with microbial build ups can be observed on seismic data surrounding this ‘trough’ (Figure 130 

2). The facies are confirmed from numerous well penetrations (Zou et al., 2014; Gu et al., 2016; 131 

Zhou et al., 2017). We refer to this feature as an ‘intraplatform trough’ in this paper, in a descriptive 132 

sense with no genetic implication. 133 

 134 

Several hypotheses have been proposed to explain the existence of such a trough in an area 135 

dominated by shallow water carbonate deposition. These fall broadly into two types -one set of 136 

authors have proposed that the trough is an erosional feature where there was localised uplift in the 137 

area (due to Ediacaran Tongwan tectonic events), followed by erosion that removed the upper part 138 

of the Ediacaran in the trough and subsequent subsidence (Wang et al., 2014; Liu et al., 2017; Zhou 139 

et al., 2017). This model requires that the crust first uplifts along a narrow belt with a width of ～50-140 

200 km at the end of the Late Ediacaran, and then quickly subsides in the same area during the 141 

earliest Cambrian.  Uplift might be expected to tilt strata, and any subsequent erosion would form 142 

angular unconformities, yet there are no angular unconformities visible in the seismic data across 143 

the trough. A second group of authors propose that the trough is a small rift basin formed due to 144 

lithospheric extension (Gu & Wang, 2014; Liu, Ning, & Xie, 2015; Wei et al., 2015; Du et al., 2016). 145 

However, there is no evidence on seismic data for any significant extensional faults, with growth 146 

strata. So not only is the formation of the Ediacaran to Cambrian Sichuan Basin poorly understood 147 

it also contains an enigmatic ‘trough’ with deeper water facies which has hitherto proved difficult to 148 
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explain. 149 

 150 

The aim of this paper is to shed light on the formation mechanisms of both the Sichuan Basin and 151 

the trough based on an integrated analysis of seismic data, well correlation, and tectonic subsidence. 152 

More than 1,000 2-D seismic reflection lines and 10,000 km2 of 3-D seismic reflection data from the 153 

western and central Sichuan Basin have been used to map the trough. Over 100 wells, with core 154 

and wireline logs have been used to reconstruct the sedimentary facies and palaeogeography for 155 

key stratigraphic intervals within the upper Ediacaran in the trough and surrounding areas of the 156 

basins.  157 

2 GEOLOGICAL SETTING 158 

2.1 Geological history of the South China craton 159 

The Lower Neoproterozoic to Lower Paleozoic records a significant reorganization of the continental 160 

blocks that formed the Rodinia supercontinent at ~900 Ma to their dispersal and reassembly into the 161 

Gondwana supercontinent by 450-500 Ma (Cocks & Torsvik, 2013; Torsvik & Cocks, 2017; Cawood 162 

et al., 2018). The South China craton consists of the Yangtze and Cathaysian blocks that were 163 

assembled during the Jiangnan orogeny between ca. 980-810 Ma, as part of Rodinia (Zhao ＆ 164 

Cawood, 2012; Charvet, 2013; Cawood et al., 2018; Chen et al., 2018; Zhao, Li, Liu, & Wang, 2018). 165 

Palaeomagnetic data, the study of sedimentary successions and provenance analyses, show that 166 

during the break-up of Rodinia the South China craton moved southward from a northern polar 167 

latitude to low-latitudes during the Late Tonian to Cryogenian, (~850 - 635 Ma) arriving at an 168 

equatorial position during the Ediacaran to Early Cambrian, although its position within the Rodinia 169 

supercontinent is much debated (Zhang et al., 2013, 2015; Cawood, Wang, Xu, ＆ Zhao, 2013; 170 

Merdith et al., 2017; Torsvik ＆ Cocks, 2017; Cawood et al., 2018; Wang et al., 2021). Part of this 171 

debate concerns the origin of Neoproterozoic magmatic rocks on the western margin of the Sichuan 172 

Basin (known as the Panxi-Hannan magmatic belt). They have been attributed to either a volcanic 173 

arc in a subduction setting between ca. 960-720 Ma (Chen, Sun, Long, Zhao, ＆ Yuan, 2016; Chen et 174 

al., 2018; Li, Wang, ＆ Gu, 2018; Zhao, Li, Liu, ＆ Wang, 2018), or to an intracontinental rift setting 175 

related to mantle plume activity (Li et al., 1999, 2003, 2008; Zhao & Cawood, 2012). Despite the 176 

disagreements around the position of South China in Rodinia the majority of recent plate 177 

reconstructions suggest that major oceans that had formed during, and after, the break-up of Rodinia 178 

lay to the north and west of the Sichuan Basin (Xu et al., 2013; Zhang et al., 2015; Torsvik & Cocks, 179 

2017; Cawood et al., 2018). Accordingly, by the Ediacaran and continuing into the Cambrian, the 180 

western margin of the Sichuan Basin, within the South China craton lay adjacent to the Proto-Tethys 181 

ocean, and would appear therefore to have been located in a passive margin setting.  182 
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2.2 Ediacaran and Cambrian Stratigraphy 183 

The earliest sedimentary cover above seismic acoustic basement in the west and central Sichuan 184 

Basin (Figures 1, 3) is the Ediacaran System as revealed by wells within the basin and outcrops in 185 

the Longmenshan fold-thrust belt. The Ediacaran rocks are further subdivided into two formations, 186 

the Doushantuo Formation of the Lower Ediacaran and Dengying Formation of the Upper Ediacaran 187 

(Lambert, Walter, Zang, Lu, ＆ Ma, 1987). Three wells penetrating the acoustic basement beneath 188 

the Doushantuo Formation, encountered granites dated to ca. 800 Ma by U-Pb zircon dating (Gu, 189 

Zhang, ＆ Yuan, 2014). The stratigraphy and palaeogeography of the Doushantuo Formation is 190 

extensively reviewed by Jiang et al (2011) and the majority of the unit is interpreted to be deposited 191 

on a rimmed carbonate shelf on the Yangtze shelf. It contains exceptionally well-preserved fossils of 192 

multicellular eukaryotes. It is found over extensive areas of the Yangtze block extending significantly 193 

to the east of the present-day Sichuan Basin, but there are uncertainties in the paleogeographic 194 

reconstruction of some of the sections due to poor exposure and the tectonic complexity of South 195 

China. The classic outcrop sections where it has been intensively studied are the Yangtze gorges 196 

area (and specifically the section at Wuhe-Gaojiaxi), to the east of the Sichuan Basin and then along 197 

a W-E transect through mountainous areas to the SE of the main Sichuan Basin (Jiang, Shi, Zhang, 198 

Wang, ＆ Xiao, 2011). Its age is fairly well constrained in comparison to similar age successions 199 

elsewhere in the world by U-Pb zircon dates in underlying basement and from ash beds in clastic 200 

strata of the Liantuo Formation and Banxi Group which underlie the Doushantuo Formation in 201 

outcrops to the east of the Sichuan Basin. Its basal age is 635±0.6 Ma (see references in Jiang, Shi, 202 

Zhang, Wang, ＆ Xiao, 2011) and its top is constrained to 551±0.7 Ma from an ash bed near the 203 

Doushantuo/Dengying boundary (Condon et al., 2005; Zhang et al., 2005).  204 

 205 

In the classic Yangtze gorge area the Doushantuo Formation is about 100 m thick, and is comprised 206 

of four members, that include shallow water carbonates, black shales and muddy dolomites. A thin 207 

ash layer with U-Pb age of 635.2±0.6 Ma occurs within the lower member (Condon et al., 2005) and 208 

is used to date the base of the Formation. Where drilled in the central Sichuan Basin, the Doushantuo 209 

Formation in the varies from a few to twenty meters in thickness and is mainly composed of siltstones 210 

and sandstones equivalent to the top member in the Yangtze Gorge area. Based on a distinctive 211 

negative δ13C excursion which occurred at ca. 580 Ma between the third and fourth members of the 212 

Doushantuo Formation, an age of ca. 580 Ma is used for the base of the Doushantuo Formation in 213 

the central Sichuan Basin (Zhu, Zhang, & Yang, 2007; Liu et al., 2014; Zhou, Yuan, Xiao, Chen, & 214 

Hua, 2019). 215 

 216 

The Dengying Formation, which conformably overlies the Doushantuo Formation, was also mainly 217 

deposited on a shallow-water carbonate platform.  It too contains abundant fossils, which include 218 

Ediacaran-type soft-bodied fossils, trace fossils and macro-algae (Chen et al., 2013, 2014; Yang, Li, 219 
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Zhu, & Condon, 2017, and references therein). Ash beds in the eastern Yunnan province have 220 

yielded a U-Pb zircon age of 546±3 Ma for Member 3 within the Dengying Formation (Yang, Li, Zhu, 221 

& Condon, 2017). Using δ13C isotope correlations, Yang et al. (2017) propose that the top of the 222 

Dengying Formation could be c. 541 Ma. The Dengying Formation is characterised by  thick microbial 223 

dolomites, and is divided into 4 members  (Zhu, Zhang, ＆ Yang, 2007; Duda, Zhu, ＆ Reitner, 2016; 224 

Zhou, Wang, Yin, Yuan, & Zeng, 2016; Lin, Peng, Du, Yan, ＆ Hou, 2017). Within the Sichuan Basin 225 

its lithology is well characterised because it forms the reservoir for important gas discoveries in the 226 

central Sichuan Basin including the Weiyan and Anyue fields (e.g. Du et al., 2014; Zhu, Wang, Xie, 227 

Xie, & Liu, 2015; Song et al., 2018; Zhai et al., 2020) and has been cored as well as extensively 228 

drilled. Member 1 (Z2dn1), is 10-50 m thick, and is mainly composed of argillaceous dolomites. 229 

Member 2 (Z2dn2), which varies between 20 and 1000-m-thick, is characterized by the occurrence 230 

of microbial botryoidal dolomite, consisting of laminated dolomite, thrombolite, stromatolite, oncolite 231 

and bindstone. The top of Member 2, is defined by a karstified unconformity (Li et al., 2013; Zhou, 232 

Wang, Yin, Yuan, & Zeng, 2016; Luo, et al., 2018), but seismic and well data do not suggest that 233 

this event was an angular unconformity and most likely represents local variation in sea-level with 234 

erosion and the development of a karstified surface. Member 3 (Z2dn3), varies from a few centimetres 235 

to more than 100 m in thickness, and consists of a varied stratigraphy including interbedded 236 

siliciclastic, carbonate rocks and siliceous rocks with volcanic ash interpreted as a mixed shelf 237 

sedimentary environment (Deng et al., 2020). Member 4 (Z2dn4), which varies from 0-400 m thick, 238 

consists of medium-to-thick laminated dolomite, thrombolite, stromatolite, oncolite and bindstone (Li 239 

et al., 2013; Duda, Zhu, ＆ Reitner, 2016; Zhou, Wang, Yin, Yuan, & Zeng, 2016; Luo et al., 2018). 240 

In the platform areas its top is defined by a flat karstified unconformity, although within the trough 241 

there is continuous deposition.  The Dengying Formation spans ca. 551-541 Ma, with an age of 546 242 

Ma recorded for Member 3 in equivalent South China outcrops (Condon et al., 2005; Yang, Li, Zhu, 243 

＆ Condon, 2017). The duration of the two unconformities is assumed to be on the order of ~1 Myr 244 

(Figure 3). 245 

 246 

Until recently it was assumed that platform and lagoon facies dominated throughout the Sichuan 247 

Basin (e.g. Yang, Li, Zhu, ＆ Condon, 2017), however on a smaller scale within the Sichuan Basin, 248 

significant variations in the Dengying Formation facies has also been noted in the well data drilled 249 

during hydrocarbon exploration and production (e.g. Zou et al., 2014; Gu et al., 2016; Zhou et al., 250 

2017) and in particular within the trough where the Dengying Formation is much reduced in thickness 251 

and consists of mudstones interbedded with cherts and dolomites deposited in a slope environment 252 

(Figure 3). At least 10 wells confirm the presence of slope facies in the Dengying Formation within 253 

the trough (Zhou et al., 2017). 254 

  255 

The Maidiping, Qiongzhusi, Canglangpu, and Longwangmiao Formations make up the Lower 256 
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Cambrian in the Sichuan Basin (Li, Yu, ＆ Deng, 2012; Zhou et al., 2017) (Figure 3). The occurrence 257 

of marine fossils within the Lower Cambrian strata has allowed the stratigraphy to be dated by more 258 

standard biostratigraphic methods and the ages shown on Figure 3 are those used in the Cambrian 259 

chapter of ‘The Geologic Time Scale’ (Peng, Babcock, & Cooper, 2012) based on the classic 260 

Cambrian sections mainly in Hunan Province. The oldest Cambrian Formation, the Maidiping 261 

Formation (ca. 541-521 Ma) contains grey carbonates and black shales, with siliceous, 262 

phosphoritized dolomite and phosphoritizied micritic limestones, indicating that at least some of its 263 

deposition was in an anoxic setting. Small shelly fossils also appear for the first time within the 264 

Maidiping Formation. The Maidiping Formation does not have an even thickness or facies distribution 265 

across the Sichuan Basin; it is thin in many areas outside the trough and reaches maximum 266 

thicknesses of up to ~500 m within the trough (Zhu et al., 2003; Zhou et al., 2017).  267 

 268 

The Qiongzhusi Formation (ca. 521-517 Ma), which ranges in thickness from 10s to hundreds of 269 

meters, is defined by the first occurrence of trilobites, and mainly consists of organic-rich, black shale 270 

and gradually coarsening upward into muddy siltstones and siltstones (Zhu et al., 2003; Li, Yu, ＆ 271 

Deng, 2012; Zhou et al., 2017). It is considered to be an important source rock for Upper Ediacaran 272 

to Cambrian hydrocarbon reservoirs of the Sichuan Basin. It too reaches its maximum thickness in 273 

the trough and is interpreted to be deposited in a deeper water slope to basin environment. Above 274 

the Qiongzhusi Formation the Canglangpu Formation (ca. 517-511 Ma), is relatively thin, and is ～275 

200 m in thickness. It consists of medium thick marine sandstones and siltstones. There is a ～30 276 

m thick limestone unit in the middle of the formation which forms a regional correlation event that 277 

can be identified on seismic data  (Li, Yu, ＆ Deng, 2012; Shen, Hu, Pan, & She, 2017; Figure 4). It 278 

marks a return to a more open, shallow-marine depositional environment (Zhou et al., 2017).  279 

 280 

The overlying Longwangmiao Formation (ca. 511-509 Ma), which reaches a maximum thickness of 281 

150 m, consists mainly of dolomitised limestone, with lesser amounts of argillaceous and sandy 282 

dolomites and a thin interval of siliciclastic rocks in the middle of the succession. These lithofacies 283 

are consistent with renewed shallow water deposition on a carbonate platform, with shoals and local 284 

development of lagoons (Gu et al., 2016; Ren et al., 2017; Shen, Hu, Pan, & She, 2017). By 285 

Longwangmiao times there is no evidence for deeper depositional environments within the trough. 286 

Above the Longwangmiao Fomation, the Middle Cambrian Douposi Formation ranges from 10s to 287 

200 metres in thickness and consists of mixed clastic rocks, carbonates and evaporites, deposited 288 

in shallow water environments. Due to later tectonic uplift between the Late Ordovician and 289 

Devonian, the Douposi Formation and Upper Cambrian has been eroded in the centre and south 290 

west of the Sichuan Basin. 291 
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3 DATA AND METHODOLOGY 292 

3.1 Seismic Data	293 

A very large dataset of 3.78×104 km of regional 2-D seismic reflection lines, and ～3×104 km2 3-D 294 

seismic reflection volumes of varying vintages and resolution were used for the study. For the key 295 

intervals pertinent to the study the frequency content of the seismic data gives a vertical resolution 296 

of 58 m for the Dengying Formation, 44 m for the Lower Cambrian and 48 m for the Middle Cambrian 297 

to Ordovician. The data are positive polarity, where a black event is a positive amplitude in seismic 298 

sections (Figures 4-7).  299 

 300 

The isochron maps were converted to thickness, or isopach, maps using seismic velocities of 301 

6500m/s for the Dengying Formation and 5500 m/s for the Lower Cambrian Formations. An 302 

extensive well data base, including core and wireline logs were used for lithology interpretation and 303 

the construction of the palaeogeography maps. Twelve of these wells located on the margins, and 304 

within the trough as well as more widely distributed within the Sichuan Basin were used for the 305 

subsidence analysis. We also used a further 6 locations within the basin where stratigraphic columns 306 

(‘pseudo’ wells) were constructed from seismic data combined with well data. These are labelled 307 

PS1-6 (Figure 2). Our intention was to capture any signal of the trough within the subsidence 308 

analyses and to be able to compare the trough subsidence with the subsidence patterns more 309 

regionally within the basin. To convert the seismic travel times to depth for the pseudo-wells velocities 310 

of 3500-4500 m/s were used for surface to Upper Triassic; 5000-5500 m/s for Middle Triassic to 311 

Permian carbonates and for the Cambrian 5500 m/s. 312 

3.2 Subsidence analysis 313 

The well, and pseudo-well, data were backstripped using the standard approach of Steckler and 314 

Watts (1978) and Sclater and Christie (1980). It is a technique well established in basin analysis and 315 

further details on the method can be found in text books such as Allen and Allen (2013). The 316 

sedimentary column is first decompacted which requires knowledge of porosity variation as a 317 

function of depth. The decompacted sedimentary column is then converted from a sediment to a 318 

water load (Steckler & Watts, 1978); this two-stage approach provides water-loaded basement 319 

subsidence through time. At each time‐step, the depth of the basement (or total subsidence, S) is 320 

calculated by summing the decompacted thicknesses of the deposited units with corrections for 321 

palaeowater depths. We assumed Airy isostasy for our work, as has been done by many previous 322 

authors (e.g. Barton & Wood, 1984; Xie & Heller, 2009; Berra & Carminati, 2010, amongst many 323 

others)  and given the large uncertainties in current knowledge of lithosphere properties beneath the 324 

South China craton in the late Neoproterozoic and Cambrian this seems a justifiable approach.  325 

 326 
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For backstripping, data is required on the ages, lithologies and palaoewater depths of the 327 

sedimentary units in the stratigraphic column. Different rock types compact at different rates and 328 

have different densities which also varies as a function of porosity; thus appropriate parameters have 329 

to be assigned to the lithologies to allow for accurate decompaction and loading calculations. 330 

Although there are more sophisticated approaches for estimating the reduction in porosity with depth 331 

through a sedimentary section, by including sediment compressibility and permeability variations 332 

through time as proposed by Audet and McConnell (1992) for example, for most backstripping 333 

studies the modelling of decompaction using an exponential porosity-depth relationship had been 334 

found to suffice, because it is the large-scale porosity reduction trends in the subsurface that we 335 

seek to model (Bond & Kominz, 1984; Berra & Carminati, 2010). We use the following equation 336 

(Athy, 1930) 337 

  ∅ ൌ ∅଴݁ି௖௭  338 

where  is the porosity at depth z, o is the porosity of sediments at the surface and c is an empirically 339 

derived compaction coefficient that varies with lithology.  Decompaction parameters and rock grain 340 

densities in the literature usually refer to single lithologies and those we have chosen to use are 341 

shown in Table 1. Ideally one would fit a trend to porosity data collected from wireline logs within a 342 

basin to calculate a basin-specific compaction trends. We were unable to do this for our study, so 343 

used ‘standard’ parameters of Sclater and Christie (1980) for clastic rocks. For carbonate lithologies 344 

we chose to use the parameters published by Schmoker and Halley (1982). These authors compared 345 

a large dataset of both near surface Holocene, and older, denser Mesozoic carbonates in Florida to 346 

construct porosity reduction trends for limestones and dolomites. Subsequently Bond and Kominz 347 

(1984) who reconstructed the tectonic subsidence in the Canadian Rocky mountains for early 348 

Palaeozoic rocks containing substantial thicknesses of carbonate rocks found that their curves gave 349 

similar results to those proposed by Schmoker and Halley (1982). To further assess the robustness 350 

of using the Schmoker and Halley (1982) parameters we compared them with the compilation of 351 

compaction trends made by Giles (1997). Giles (1997) summarises a range of published compaction 352 

datasets and limestones in particular demonstrate a large variation with depth where the initial 353 

porosity can vary from 20 to 80% decreasing to values of between 0 and 10% at 6 km depth. The 354 

Schmoker and Halley (1982) curve plots midway within the distribution of Giles (1997) and hence 355 

we consider it to be adequate for our purposes. For formations or units with mixed lithologies the 356 

decompaction parameters and grain densities are calculated by arithmetically averaging, according 357 

to the proportion of each lithology, the parameters for the single lithologies given in Table 1. 358 

 359 

Palaeowater depth estimates are an important source of potential error in subsidence analysis (e.g. 360 

Bertram & Milton, 1989) and we have assigned minimum and maximum water depths based on the 361 

facies and palaeogeographic analyses. For the shallow water platform carbonates that dominated 362 

the Upper Ediacaran and Cambrian and the shallow water sandstones of the Doushantuo and 363 

Canglangpu Formations water depths of less than 30m are appropriate and we used 25±25m for the 364 
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modelling. Estimating a palaeowater depth for rocks deposited within the trough is more problematic 365 

and we discuss this further below.  366 

 367 

Another important potential error to consider are the ages assigned to the lithostratigraphic units, as 368 

the age points control the slope of the backstripped subsidence curve. As discussed above assigning 369 

absolute ages to the Ediacaran and Cambrian for the Sichuan Basin is challenging. The Ediacaran 370 

is constrained by some radiometric ages but the Cambrian is largely dated by long-distance 371 

lithostratigraphic correlations to classic sections further east on the craton. For the Doushantuo and 372 

Dengying Formations we have attempted to use the best documented geochronological ages that 373 

we could find in the published literature. In Figure 3, inferred ages, as used in the regional and local 374 

Chinese literature are shown preceded by ‘~’. The Cambrian Formations in the Sichuan Basin are 375 

more reliably dated with lithostratigraphic correlations to classic sections in Hunan Province (e.g. 376 

Zhu et al., 2003; Li, Yu, & Deng, 2012) using the ages of Peng et al. (2012). We used the new 377 

International Chronostratigraphic Chart from ICS (Cohen, Harper, ＆ Gibbard, 2018) to assign ages 378 

to Cambrian divisions. For the backstripping we divided the Ediacaran to Lower Cambrian 379 

succession into nine units based on the age control available, the lithologies and unconformities and 380 

significant variations in paleobathymetry, as discussed above. From bottom to top, the nine 381 

stratigraphic units are the Doushantuo Formation, Z2dn1-2, Z2dn3, Z2dn4, Maidiping, Qiongzhusi, 382 

Canglangpu, Longwangmiao, and Douposi Formations. The unconformities identified (Figure 3) are 383 

considered to be of short duration and as there does not appear to be any significant erosion at 384 

these intervals at a scale that will affect the tectonic subsidence, they have not been modelled. The 385 

unconformities are identified in the platform and shallow water areas and cannot be traced into the 386 

trough where the sedimentation is thought to be continuous.   387 

 388 

Given the uncertainties in the long-term global eustatic curves, and particularly in Neoproterozoic 389 

and Cambrian terms we have made no eustatic sea level corrections (Watts, 1982). This approach 390 

is consistent with that of other backstripping studies (e.g. Barton & Woods, 1984; Xie & Heller, 2009; 391 

Berra & Carminati, 2009). Any errors from omitting modelling of any potential sea level variations are 392 

likely to be less than other possible errors as discussed above. We used BasinVis 1.0 (Lee et al., 393 

2016) for calculating the water-loaded tectonic subsidence, which uses the Steckler and Watts 394 

(1978) equations. 395 

 396 

TABLE 1 Porosity parameters and grain densities used in this study 397 

Lithology 
Porosity at the 

surface (o) 

Compaction 
coefficient, c,  

(km-1) 

Grain density
(kg/m3) References 

Sandstone 0.49 0.27 2650 Sclater and Christie (1980) 

Shale 0.63 0.51 2675 Sclater and Christie (1980) 
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Limestone 0.513 0.518 2710 Schmoker and Halley (1982)

Dolomite 0.303 0.216 2870 Schmoker and Halley (1982)

4 RESULTS  398 

4.1 Seismic interpretation 399 

4.1.1 Intraplatform trough geometry 400 

We use several key pieces of evidence to map the geometry and document the palaeogeographic 401 

significance of the Upper Ediacaran to Lower Cambrian SE-NW oriented trough in the Sichuan 402 

Basin. Firstly, the trough margins are well-imaged on seismic data, despite being currently located 403 

at depths of more than 8 km within the basin (Figures 4-7). Secondly with detailed, new, regional 404 

mapping of the Dengying Formation members, and the Lower Cambrian Formations on seismic data, 405 

where the seismic markers have been tied accurately to well data, the shape of the trough and 406 

location of the platform margins can be seen on thickness maps (Figure 8). The trough extends from 407 

NW to SE, with a width of 50 km in the SE and expanding to the NW and reaching a width of ~200 408 

km before being buried or deformed within the Longmenshan (Figures 2 and 8). We have chosen 5 409 

seismic sections from 3-D surveys, A-E on Figure 2, perpendicular to the trough margins with which 410 

to illustrate the margin and fill geometries (Figures 4-7). Sections A to D are from the eastern margin 411 

of the trough; and E is located on the western margin. 412 

 413 

The second piece of evidence is the isopach maps (Figure 8) which document significant thickness 414 

changes in the Upper Ediacaran and Lower Cambrian Formations. The isopach maps illustrate that 415 

the trough margins are not only sharp, but also that the platform margin location changes through 416 

time, backstepping as it becomes younger (Figures 4-7 and 8c). 417 

 418 

Section A, across the northern part of the trough, shows the stratigraphic succession from the 419 

basement to Permian (Figure 4). Two shelf margins are imaged, the most westerly of which lies 420 

beneath the frontal fold and thrust belt of the Longmenshan deformed post-Middle Triassic times. 421 

Although there is no well drilled into the basement in this area, it is inferred to lie below the lowest 422 

strong impedance reflection at ~ 3750 ms Twtt on the NW side of the section. The Doushantuo 423 

Formation is interpreted to lie between the two strong impedance reflections between ~3650 and 424 

~3750 ms TWtt on the NW of the section. Within the overlying Dengying Formation there are 425 

considerable thickness changes due to the development of the trough. The early Late Ediacaran 426 

strata of the lower two members of Dengying Formation (Z2dn1-2), are characterized by the sharp 427 

thinning (less than 50m-thick) in the trough and thickening to over 1000 m on the SE side of the 428 

section. Another sharp edge with thickness changes in the upper two members of Dengying 429 

Formation can be seen some 40 km further to the SE. The maximum thickness reached by Members 430 
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3 and 4 in the trough is ~50m, were as on the platform the thickness reaches 350-400m (Figure 8c).  431 

The unconformity defining the top of the youngest Denying Formation member (Z2dn4t) has a strong 432 

impedance contrast with the overlying, lower velocity, Cambrian shales. The seismic data show that 433 

the lowermost 200ms twt (~550m) of Cambrian strata only (the Maidiping and Qiongzhusi 434 

Formations) are deposited in the trough and are missing on the platform. Onlap within the Maidiping 435 

and Qiongzhusi Formations is observed in front of the older platform margin, and after burial of the 436 

first platform edge more onlap can be seen in front of the younger back-stepped platform margin. By 437 

Canglangpu Formation times the trough was completely filled (Figures 4, 6 and 7). A single isopach 438 

map has been produced for the Lower Cambrian to the marker limestone within the Canglangpu 439 

Formation (Figure 8d). Within the trough the Lower Cambrian varies from ~600m thickness in its the 440 

narrower southernmost parts to between 1500 and 2000 m in thickness in the west and north west. 441 

On the platform, the Lower Cambrian in general does not reach more than ~100m in thickness. The 442 

remaining Lower Cambrian to the Middle Cambrian is largely isopachous within the study area 443 

(Figures 4, 6, 7). 444 

 445 

Aside from faults associated with the Longmenshan folds in the northwest of the section that detach 446 

within the Cambrian, and hence do not deform the Upper Ediacaran and Lower Cambrian of our 447 

study, there are no obvious faults seen from section A (Figure 4). There is however a zone of 448 

apparent seismic discontinuity at the position of the younger Dengying Formation platform margin. 449 

Because the data are displayed with a large vertical exaggeration the image is misleading and when 450 

the seismic data are displayed at true scale (Figure 5b) there are no faults located at, or below the 451 

platform margin. 452 

 453 

On sections B, C and D (Figure 6) located at the narrowest part of the trough the younger platform 454 

margin is well-imaged, and has a similar height (~90 ms Twtt) to that seen on Section A. The older 455 

platform edge can also be identified on the seismic data; on section B it is ~6 km outboard of the 456 

younger margin; in section C, it is located ~4 km inboard of the younger margin, and in section D a 457 

similar distance outboard. In general, the thickness changes from the platform to the slope for the 458 

older margin over a distance of 10 km are more gradual for Members 1 and 2 of the Dengying 459 

Formation, than for the younger Member 4 (see also the isopach map in Figure 8c). However, the 460 

isopach maps show that when integrating all the seismic data, both platform margins can be mapped 461 

continuously on the eastern side of the trough and that at this seismic resolution the younger platform 462 

has a steeper gradient (Figures 8b, c). Some faults offset the Dengying Formation in sections B and 463 

C; these are part of a regional fault system that develops in Permian times and appear not to be 464 

related to the development of the trough. We show one seismic section, E, that images the lower 465 

platform margin on the western margin of the trough. In places the margin edge is not as sharp a 466 

feature as in some locations on the eastern margin; For example, in section E (Figure 7) a gradual 467 

thickening of Members 1 and 2, from 24 km to 14 km towards the platform occurs over a distance of 468 
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~10 km.  We use the limit of onlap of the Lower Cambrian strata to the SW onto the relict margin 469 

palaeobathymetry, to define the most landward position of the platform edge (arrowed in Figure 7). 470 

In other datasets the margin is more pronounced and again when all the data are collated on an 471 

isopach map a platform margin can be identified fringing the entire trough. 472 

 473 

Integrating well and outcrop data with regional mapping suggests that the younger platform margin 474 

has back-stepped significantly in the south of basin; we find evidence of platform facies, with 475 

microbalities in both Members 2 and 4 of the Dengying Formation in well LL1 (Figure 9) and hence 476 

infer that the platform margin lies somewhere to the west of well W117 which only encountered one 477 

cycle of platform carbonate. The position of the younger margin does not show up in the Member 4 478 

isopach map because there is only 2-D seismic data coverage in the SW of the basin, and the quality 479 

does not allow for accurate mapping of the margin, hence we depict with a dashed line on relevant 480 

maps.  481 

4.1.2 Platform margin geometry 482 

Figure 5 illustrates the two platform margins of section A at near 1:1 scale. The older of the two 483 

margins (Figure 5a) has many features of a carbonate, reef-fringed platform margin; it has a slope 484 

dip of ~20-30° shallowing basinward and appears to consist of at least two vertically stacked mounds 485 

separated by a unit of disrupted amplitudes that we interpret as talus deposits. The width of the 486 

margin from the mounded top to distal end of the talus deposit is ~4 km and the vertical relief on the 487 

uppermost platform edge is ~250 ±58 m. The mounded top visible on the lower platform edge 488 

suggest that it may have been a rimmed shelf. Well data along the margin confirm that the margin 489 

mounds are composed of microbial mounds with carbonate shoals (Figures 9, 10). The second 490 

platform margin (Figure 5b) is also defined by a well-developed mound, with a strong amplitude 491 

reflection defining a flat base, overlain by a 1.5 km wide lens of lower amplitudes enclosing a dipping 492 

surface (clinoform?). Landward (eastwards) the lens passes laterally into parallel amplitudes of 493 

gypsum-bearing dolomites deposited in a lagoon (Figure 10). The vertical relief on this platform is 494 

~200 ±58 m. The top of the mounded is defined by a strong amplitude event which is the karstified 495 

top of the Dengying Formation. On section C, the youngest platform margin appears to build 496 

basinward with the development of a lensoid unit with clinoforms in its lower part (see arrow on 497 

Figure 6b). The height of the front of the lens is ~300 ±58 m.  Likewise, on section D a low amplitude 498 

thin lens can be observed at the younger margin (Figure 6d); The lens is of a similar height to that 499 

imaged on section C with a width of ~ 3 km.   500 

 501 

In summary, the seismic data allow us to interpret sharp platform margins associated with lensoid, 502 

clinoform and mounded geometries, with heights that range from 150 to 300±58 m, which appear to 503 

be best developed for the youngest platform margin. On at least one of the sections talus shed from 504 



 

15 

the margin is visible. The well data (Figure 9) confirm that the margins are made up of microbial 505 

mounds, with fringing shoals outboard of dolomitic lagoons. Given the vertical limit of the seismic 506 

resolution the heights calculated for the platform margins may well be an upper bound, and we 507 

cannot discount that the margins were actually shallower features that grew predominantly by 508 

vertically stacking. Assessing the height of the platform edge is an important constraint for estimating 509 

the palaeowater depth for the ramp and slope facies in the trough.  Values for heights of platform 510 

margins of around 200-300 ± 50m are the same order of magnitude as those documented for other 511 

Ediacaran platforms in Namibia, Oman and on the eastern edge of the Yangtze platform in China 512 

(Adams, Schroder, Grotzinger, & McCormick, 2004; Verhnet & Reijmer, 2010; Grotzinger, & Al-513 

Rawahi, 2016). The dominance of algal/microbial mound builders on Ediacaran platforms, would 514 

have promoted stabilisation of the platform allowing thick platforms with steep margins to form. 515 

Hence, we use a water depth range of 150-350 m for the Dengying Formation for the subsidence 516 

analysis for locations within the trough. 517 

4.2 Well correlation and palaeogeography 518 

4.2.1 Well correlation 519 

A SW-NE trending well correlation panel perpendicular to the trough has been constructed through 520 

wells LL1 - W117 - Z4 - ZY1 - MX9 - MX11 - MX39 which illustrates the lithology and facies changes 521 

within the Dengying and lower Cambrian Formations (Figure 9). The correlation panel shows 522 

considerable thickness and lithology variations from the trough to the platform margins in the upper 523 

Ediacaran and Lower Cambrian rocks, and provides valuable further information about the facies 524 

that developed during these times. 525 

 526 

Members 1 and 2 of the Dengying Formation (Z2dn1-2) thin from more than 500 m in the platform to 527 

less than 50 m in the trough. In wells LL1 and W117, Z2dn1-2 is about 600 m thick, and consists of 528 

botryoidal laminated dolostone of intraplatform microbial reef and mound facies, calcareous micritic 529 

dolostone and argillaceous gypsum of evaporite tidal flat facies. The Z4 well, which lies in the 530 

western margin of the trough during Members 1 and 2 times, encountered various microbialite 531 

dolostones in the upper part of the Z2dn1-2. In contrast well ZY1 consists of c. 50m of interbedded 532 

microbialite dolostone and micritic limestone consistent with a slope environment. Wells MX9 and 533 

MX11 on the eastern platform encountered various microbialite dolostones of intraplatform buildups 534 

and micritic dolostone but did not reach the bottom of Z2dn. 535 

 536 

Member 3 of the Dengying Formation is generally much thinner than Member 2 and is dominated by 537 

mixed carbonate and siliciclastic rocks both in the trough and on the platform. In wells LL1, W117 538 

and Z4 on the western platform, Z2dn3 is less than 2 m thick and the lithology is mainly blue gray 539 

mudstone. On the eastern platform wells MX9 and MX11 encountered a thicker section of Member 540 
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3, composed of interbedded sandstone, mudstone and carbonate rocks. The two trough wells, Z4 541 

and ZY1 consist of thin sections (<25 m) of mudstones and argillaceous dolomite.   542 

 543 

Within the trough Member 4 (Z2dn4) consists of ~20-50 m of interbedded argillaceous dolomites, 544 

indicating deeper water deposition (wells Z4 and ZY1). However, on the platforms the thickness of 545 

Member 4 increases dramatically. In wells MX9, MX11 and MX39 on the eastern platform, Z2dn4 is ～546 

300-400 m and is dominated by microbial dolostones similar to the Member 2 facies.  Similarly, on 547 

the western margin, the thickness increased from several meters of dolostone in well W117 to more 548 

than 200 m of dolostone and microbialites in well LL1.  549 

 550 

The Lower Cambrian Maidiping and Qiongzhusi Formations filled the trough and onlapped the 551 

platform margins (Figure 9). The thickness decreased from more than 600 m in the trough as shown 552 

in ZY1 to 100~200 m on the platform as shown in wells LL1 and MX9, MX11 and MX39.The 553 

Maidiping Formation mainly consists of dolomites some of which is phosphoritic in the shelfal wells, 554 

and argillaceous carbonates, cherts and shales in the deeper trough. Black shales, siltstones and 555 

sandy mudstones form the Qiongzhusi Formation in the trough, likewise deposited in a deeper water 556 

environment. 557 

 558 

Two unconformities can be recognized in the platform wells, the older of which occurs at the top of 559 

the Member 2 of the Dengying Formation and the younger at the top of Member 4 of the Dengying 560 

Formation. The unconformities are not traceable in the trough. The unconformities are karstified and 561 

represent two periods of emergence of the platform. We have no estimates of the amounts of 562 

potential erosion at these unconformities. 563 

 564 

From the well correlation, three conclusions can be drawn: (1) deposition within the trough was 565 

continuous from the Late Ediacaran to Early Cambrian; (2) Considerable backstepping of the 566 

platform occurred during Member 4 of the Dengying Formation, particularly on the western side of 567 

the trough; and (3) there are two karstified unconformites at the top of each platform interval which 568 

indicates emergence. 569 

4.2.2 Palaeogeography 570 

Based on the integrated analyses of the seismic interpretation, well correlation and outcrop data, 571 

two palaeogeography maps for Members 2 and 4 of the Dengying Formation, at platform margins 572 

times, have been constructed. Given the extensive well database, and the identification of the 573 

platform margin location from the seismic data, we can derive a detailed understanding of the 574 

palaeogeography in late Ediacaran times.  Microbial reef-mounds with carbonate shoals formed both 575 

on the platform margin and on open platform regions; lagoons with gypsum bearing dolomites or 576 
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anhydrites and inter-mound/bank facies are identified and mapped (Figures 10a, b). The platform 577 

passes laterally into an open water slope and eventually basin facies in the west. Photographs of 578 

both outcrop and core of these facies are illustrated in Zhou et al. (2017) and Zhu et al. (2015). 579 

 580 

During the early Late Ediacaran (Member 2 of the Dengying Formation) the NW-SE trending trough 581 

is fringed by microbial reefs and shoals forming long, narrow belts (Figure 10a). Specific reefal 582 

lithofacies drilled in 5 wells through the platform margin facies include microbial framestone with 583 

thrombolite, spherulite, spongiostrome, stromatolites and laminate structures. Dolostones consisting 584 

of oncolite, ooids, and gravels make up the shoal facies. The Ediacaran reefs fringe a platform 585 

dominated by open marine conditions with smaller isolated microbial mounds and shoals. Directly 586 

inboard of the platform margin reefs, more restricted lagoonal conditions existed where playa-style 587 

deposits formed. In Member 2 times the embayment, defined by the fringing microbial reefs, is 588 

narrow in the south widening to the NW and we interpret that slope facies developed in the 589 

embayment, passing into deeper water in the region of the present-day Longmenshan. 590 

 591 

In Member 4 times very similar facies were developed, and on the eastern side of the open sea the 592 

platform margin is again well-developed as a narrow, N-S striking continuous belt of microbial reefs 593 

and beach shoals; it has back-stepped with respect to its location in earlier Member 2 times, and 594 

has changed orientation, from a NE-SW strike in Member 2 times to N-S. The wells drilled through 595 

this unit encountered very similar microbial framestones to Member 2, but without botryoidal 596 

lamination. Wells in the northern and central Sichuan Basin encountered lagoonal facies behind the 597 

platform margin characterized by black-gray gypsiferous micritic dolomite, dolomites and evaporites 598 

(Figure 10b). However, the main difference at Member 4 times is that the platform margin on the 599 

west of the trough has back-stepped significantly, by up 100 km southwards in some areas (compare 600 

facies at well W117 in Figure 10a and b). For example, at Member 2 times, a platform margin existed 601 

underneath Chengdu, but by Member 4 times Chengdu would have been located in deep water. Well 602 

data, outcrop and seismic data were used to support the proposed location of the platform at Member 603 

4 times in the SW of the study area as shown on Figures 8c and 10b. We think that a narrow 604 

embayment occurred along the platform margin, but further south with respect to its location at 605 

Member 2 times. We interpret the presence of karstified surfaces at the top of Members 2 and 4 606 

platforms to indicate that there were periods of sea-level fall and emergence of the platform.  607 

 608 

We note that these new palaeogeography maps differ from those published by Zhou et al. (2017). 609 

The principal reason is that these authors did not recognize the presence of the Member 2 platform 610 

margin and only identified an N-S trending trough that developed in Member 4 times. They consider 611 

that the karstic surfaces that developed at the top of Members 2 and 4 were associated with uplift 612 

events in the hinterland to the Sichuan Basin and that erosion associated with these events led to 613 

‘downcutting’ and formation of the trough.  614 
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5 TECTONIC SUBSIDENCE 615 

We have backstripped the entire sedimentary fill of the basin for Well GS1 located in the centre of 616 

the basin to illustrate how the main tectonic events known to have affected the Sichuan Basin can 617 

be identified by subsidence analysis (Figure 11). The decompacted basement burial curve is shown 618 

in blue and the water-loaded, backstripped, subsidence is shown in red, with pale blue error bars for 619 

the range in estimated palaeowater depth. The curve shows an initial rapid increase in subsidence 620 

in Ediacaran times, and two further larger magnitude subsidence events in the Permian and upper 621 

Triassic to Tertiary. From the curve four tectonic periods can be identified: Firstly, rapid linear 622 

subsidence of < 0.5 km in Ediacaran time, decaying to a slower rate of subsidence through to middle 623 

Ordovician time, which exhibits the typical shape of subsidence due to lithospheric extension. 624 

Secondly, the late Ordovician to Carboniferous is a time of uplift and erosion known as the 625 

Caledonian or Guangxi event. The evidence for this is a regional, low-angle erosional unconformity 626 

mappable in the centre and west of the Sichuan Basin that eroded Middle Cambrian to Ordovician 627 

strata. However, we do not include estimates of the missing sections that have been eroded in the 628 

modelling, as this was beyond the scope of the study. A second period of rapid subsidence of ~500 629 

m occurred from Permian to Middle Triassic which is a response to regional extension with the 630 

Sichuan Basin. The Sichuan Basin was located in a passive margin position on the edge of a 631 

Palaeoasian ocean (e.g. Torsvik & Cocks, 2017) and a hot spot that produced the Emeishan flood 632 

basalts is located to the south of the Sichuan Basin at this time; 100-200 m of basalts have been 633 

drilled in wells in the SW Sichuan Basin. Fourthly the collision of the North and South China cratons, 634 

with closure of oceans to west and north of the Sichuan Basin led to formation of the fringing 635 

mountain belts and the associated foreland basin cycle within the Sichuan Basin. This is expressed 636 

by 2-4 km of tectonic subsidence from late Triassic to ~40 Ma. We use the data in Richardson et al. 637 

(2008) to extrapolate a semi-quantitative estimate of what the maximum foreland basin subsidence 638 

might have been assuming 4 km of erosion of late Jurassic to Tertiary sediments in the last 40 Ma.  639 

 640 

A further 18 backstripped subsidence curves for the Ediacaran to middle Ordovician stratigraphy of 641 

the Sichuan Basin are shown in Figure 12. Twelve are calculated from well data and the remaining 642 

6 for ‘pseudo-well’ locations based on wells and interpreted seismic data to extend the stratigraphy 643 

beneath the wells (Figure 8). As discussed in previous sections the Ediacaran water depths are well-644 

constrained for platform regions, and we have used the depth-converted heights of the platform 645 

margin measured from seismic data to give a palaeowater depth range for the trough wells for the 646 

Ediacaran and lower Cambrian strata. The average palaeowater depth is shown by the filled pale-647 

blue curve on the graphs, and error bars for the water-loaded backstripped tectonic subsidence, due 648 

to the range given for the palaeowater depths are in green on the red tectonic subsidence curve. For 649 

11 of the 18 curves there is little to no subsidence recorded from ~510 Ma (Middle Cambrian) to 444 650 

Ma (Ordovician) because of the regional erosion in the centre and south west of the basin as 651 
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described above. In the majority of locations, and particularly in shelfal locations, two linear increases 652 

in subsidence rate are seen, the first at ~551-541 Ma coinciding with the deposition of the Dengying 653 

Formation and the second in the early Cambrian starting with the onset of deposition within the 654 

Qiongzhusi Formation (~521 Ma). Between these two events there is a period of ~ 20 Ma when the 655 

subsidence decreased or halted which coincides with the unconformity at the top of the Dengying 656 

Formation and the duration of the Maidiping Formation. This hiatus is most pronounced in the shelfal 657 

wells where the thickness of the Maidiping Formation is at most 10s of metres (Figure 9) but is 658 

missing in the trough wells where thicknesses of the Maidiping Formation reach a few 100 metres. 659 

The first of these episodes records a modest amount of tectonic subsidence varying from less than 660 

300 m (e.g. wells HT1 and ZS1) to over 600 m in the wells in the NW (e.g. LT1, PS2, PS5 and PS6). 661 

The 7 wells that have stratigraphy continuing throughout the Cambrian are particularly important 662 

because they give an insight into the Cambrian subsidence episode. They show that the early 663 

Cambrian period of increased linear subsidence then declines slowly over ~70 Ma, with a shape 664 

typical of basin formed by lithospheric extension followed by thermal cooling. Well GS1 (platform 665 

margin well) has a total amount of ~200 m of tectonic subsidence in the Cambrian and this increases 666 

to 700-800 m for wells such at HT1 and ZS1. It is clear that if the wells in the west such as PS5 and 667 

PS6 were to follow the same trend they would have more subsidence than the ~500 m currently 668 

recorded for the early Cambrian up until ~510 Ma. 669 

 670 

We have contoured the tectonic subsidence for the 12 wells and 6 pseudo-wells in order to 671 

investigate the spatial variation in the water-loaded subsidence and present the results for 4 672 

intervals, which are the Doushantuo Formation (earliest deposition on basement), Members 1 and 673 

2 of the Dengying Formation, Member 4 of Dengying Formation and the early Cambrian Maidiping 674 

and Qiongzhushi Formations (Figure 13). Each map illustrates the cumulative total subsidence up 675 

to that time. The subsidence at Doushantuo times is very low and varies between 50 and 200 m. 676 

The largest increases occur in Dengying times (Figures 13b, c), with a modest increase varying from 677 

100 to 500 m in the Early Cambrian (Figure 13d). Although this last map only represents the initial 678 

phases of the Cambrian subsidence, it at least gives an idea of how the Cambrian episode starts. 679 

All four maps show that the tectonic subsidence increases to the west and north towards the 680 

Longmenshan and the Micangshan fold and thrust belts. There are some local variations, most 681 

notable in Cambrian times where there is a deflection of the contours towards the south in the apex 682 

of the final position of the back-stepped platform margin. However, the most striking conclusion from 683 

the contoured tectonic subsidence is that any increase in subsidence does not coincide with the 684 

location of the deeper water sedimentary environments, and therefore strongly suggests that the 685 

palaeogeograhy of the Ediacaran carbonate platform, with the embayment (the trough) along the 686 

margin is not tectonically controlled. This is consistent with the lack of any underlying or 687 

contemporaneous faults at the platform margin noted from the comprehensive analysis of the 688 

seismic data. There is of course, always the possibility that there are normal faults that are not 689 
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imaged because they are beneath the seismic resolution. These would have to be very small faults 690 

of throws between 100-150m given that the vertical resolution of the 3-D data is ~58m.  691 

 692 

We have constructed a 2-D cross-section from the contoured tectonic subsidence in the northern 693 

part of the study area from ESE to WNW that crosses the location of both platform margins (Figure 694 

14). The subsidence for each time interval is plotted and illustrates how the subsidence has varied 695 

smoothly from the basin interior to the west with a broad, gentle deflection of the basement (shown 696 

by red line on Figures 14b, c). Viewing the subsidence results in this way also makes it clear that 697 

there is no increase in tectonic subsidence associated with the position of the platform margin. This 698 

backstripped section is consistent with the thickness maps of the Dengying Formation (Figures 8b, 699 

and c) where total thicknesses of up to 1500 m of carbonates accumulated on the Upper Ediacaran 700 

platform decreased to values of ~200 m in the west. We would expect that the accommodation space 701 

required for 1500 m of carbonates would be the largest signal in the backstripped subsidence, and 702 

that filling the trough with up to 400 m of water with very little deposition of Dengying Formation does 703 

not compensate for this. The increase in sediment thickness (500-1550 m of mostly shales) 704 

deposited in the Lower Cambrian does reflect an increase in tectonic subsidence rate as seen from 705 

the individual tectonic subsidence graphs, but because the Lower Cambrian is also deposited 706 

outside the trough the change in gradient in the tectonic subsidence is also gentle and likewise does 707 

not coincide with the carbonate platform margin. The onset of change in gradient of Cambrian 708 

subsidence has moved further west by ~50 km compared to Ediacaran times (see arrow on Figure 709 

14d).  710 

6 DISCUSSION  711 

6.1 Tectonic subsidence -implications for the origin of the Sichuan Basin 712 

In general, the shape of the backstripped subsidence curves would appear to most closely resemble 713 

those generated by models of lithospheric extension with two episodes of more rapid extension 714 

followed by slower, longer-lived thermal cooling as evident in the wells not affected by the Late 715 

Ordovician uplift and erosion. Wells in the northwest of the area (PS6, PS5) and GS17 in the trough 716 

record one main subsidence event. To investigate whether the backstripped tectonic subsidence 717 

curves from the Sichuan Basin can be interpreted in the context of theoretical models of lithospheric 718 

extension (e.g. McKenzie, 1978) or variants with slow strain rates which may be more appropriate 719 

for cratonic basins (e.g. Armitage & Allen, 2010) we compare a selection of the backstripped wells 720 

with theoretical models (Figure 15). We select 4 curves with the longest history and two wells from 721 

the NW of the area where the total subsidence is highest and overlay them on two theoretical models 722 

from Armitage and Allen (2010) which use a 200 km thick lithosphere, a crustal thickness of 40 km, 723 

with a basal temperature of 1330°C and thermal relaxation of more than 250 Ma. The thickness of 724 

the lithosphere in these models makes them appropriate for the location of the Sichuan Basin on the 725 
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South China craton, where the lithosphere is estimated to be ~200 km thick (Priestley & McKenzie, 726 

2013). The first model is for instantaneous extension (grey lines in Figure 15) and the second is for 727 

finite extension at low strain rates of 10-15 s-1 (black dashed lines, Figure 15).  Because models of 728 

instantaneous extension are only appropriate for extension at strain rates greater than 10-15 s-1 729 

(Jarvis & McKenzie, 1980) the second model at low strain rates is to test the possibility that the 730 

Sichuan Basin may have formed as a cratonic basin. The theoretical models do not fit the two 731 

episodes of increased subsidence in the shelfal wells, as is to be expected because the models were 732 

not run with two closely spaced episodes of short-duration extension. However, the subsidence 733 

history of the two wells in the basinal setting, PS6 and GS17, where there is a single episode of 734 

more rapid subsidence, can be explained by the theoretical curves. GS17 can be explained by 735 

instantaneous extension with a stretching factor of 1.2, and PS6, lies between the theoretical curves 736 

for instantaneous extension with a stretching factor of 1.4, and slow strain rate extension with a 737 

stretching factor of 1.3. The thermal cooling part of the other wells lie closest to an instantaneous 738 

model with stretching factors of 1.2. These results suggest that in broad terms the backstripped, 739 

water-loaded, subsidence for wells in the Sichuan Basin is consistent with formation by lithospheric 740 

extension and subsequent cooling of cratonic lithosphere starting at ~550 Ma and lasting through 741 

the Cambrian until 450 Ma. The amount of lithospheric extension was low with a stretching factor of 742 

~1.2 but increases in the NW part of the study area where it reaches 1.3-1.4 (wells LT1 and PS6). 743 

Despite extensive mapping of the Ediacaran and Cambrian strata on an extensive suite of 2-D and 744 

3-D seismic data, there is no evidence for major normal faults and syn-rift depocentres, which would 745 

be expected in basins that form by lithospheric extension; this remains a puzzle. A lack of normal 746 

faults and associated syn-rift stratigraphy is not restricted to the Sichuan Basin, but is a feature of 747 

some other basins such as the Michigan and Williston cratonic basins. Armitage and Allen (2010) 748 

show that slow extension of relatively thick continental lithosphere is a mechanism for generating 749 

permanent, long-lived thermal subsidence in cratonic basins and to explain the lack of faulting they 750 

suggest that at low strain rates the deformation might not localize on large faults. It may be that such 751 

as mechanism is also applicable to the Sichuan Basin.  752 

 753 

There are other models that might generate similar tectonic subsidence curves, and that do so 754 

without the need for the thinning of crust through stretching and the formation of normal faults. One 755 

such model is that proposed by Tozer et al. (2017) for the Parnaíba basin and then extended by 756 

Watts et al. (2018) to the Congo and Michigan basins. These authors propose that a large area of 757 

lower crust that has been intruded by a mafic magmatic body could provide a buried sub-surface 758 

load which causes a surface flexure in which sediment accumulates. For the Parnaíba basin, a mid-759 

crustal reflector that extends for ~250 km is visible on a seismic reflection profile that extends across 760 

the basin provides observational evidence for such a body. Gravity modelling of the positive, long-761 

wavelength, Bouguer gravity anomaly across the basin is also consistent with such a high density 762 

body. We are aware of one published deep seismic reflection line extending from NW to SE across 763 
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the centre of the Sichuan Basin (Gao et al., 2016). This line images the sedimentary layers of the 764 

basin extending to a maximum of 15 km in front of the Longmenshan, the Moho at a depth of 40-45 765 

km, and a SE dipping event that extends beneath the Moho, which the authors propose is the 766 

remnant of SE-directed Neoproterozoic subduction. The reflectors that extend beneath the Moho 767 

are offset by ~100 km to the east from where we document the largest amount of Ediacaran to 768 

Cambrian subsidence, and so we think it unlikely that a relict subduction zone provided a buried load 769 

and that any associated related dynamic topography contributed to the formation of the early phases 770 

of the Sichuan Basin. However, given the uncertainties in plate tectonic reconstructions for the 771 

Neoproterozoic South China area, including where any arcs might be located (e.g. Zhao & Cawood; 772 

2012; Cawood et al., 2018) we consider that it is beyond the scope of this paper to speculate further.  773 

Returning to the existence of a potential sub-surface load within the lower crust, there are no seismic 774 

events that might indicate a mafic body in the lower crust, though the imaging is poor particularly 775 

under the thickest parts of the basin. On balance, with current data available, we have no reason to 776 

propose that lower crustal mafic material might have contributed to the subsidence observed in the 777 

early phase of basin formation.   778 

 779 

A second model that warrants consideration is that of McKenzie and Priestley (2016). These authors 780 

have proposed that if the crust is thickened by about 35-40 km and is followed by rapid surface 781 

erosion of a similar thickness of upper crust over 10s of Myrs, then the decay of the resultant thermal 782 

anomaly will lead to subsidence forming a basin underlain by thick lithosphere. McKenzie and 783 

Tribaldos (2018) show how such a model could fit the subsidence curves for the Parnaíba basin. 784 

However, in the South China craton there is no evidence in support of an orogenic event that could 785 

have thickened the crust and upper mantle in South China in the 125 Ma prior to the formation of 786 

the Sichuan Basin. The growing consensus is that in that particular time interval (~820-700 Ma) 787 

South China was affected by extension and magmatism associated with the break-up of Rodinia 788 

(e,g. Wang & Li,2003; Wang et al., 2021). Most authors favour the cessation of subduction and 789 

accretion by 820 Ma (Cawood, Wang, Xu, ＆ Zhao, 2013).  790 

 791 

The occurrence of magmatism some 125 Ma prior to the onset of subsidence in the Sichuan Basin 792 

suggests that the potential role of thermal models related to mantle plumes should also be 793 

considered. The emerging consensus is that between ~800-700 Ma South China lay in a marginal 794 

position on the Rodinia supercontinent, close to NW India, and thus would have been a long way 795 

from the Rodinia mantle plume (Wang et al., 2021). Nevertheless the Neoproterozoic bimodal 796 

magmatism within the Panxi-Hannan Belt to the west of the Sichuan Basin, the occurrence of similar 797 

aged igneous rocks beneath the Sichuan Basin and with the formation of two failed rifts (the Nanhua 798 

basin to the SE of the Sichuan Basin and Kangdian basin to the west) dated between 820-760 Ma 799 

(Wang & Li, 2003) suggest that heating of the lithosphere occurred some ~125 Ma before the earliest 800 
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Ediacaran sediments were deposited in the basin. Were the source of this heat to be associated with 801 

ponding of buoyant plume material, beneath thinned lithosphere, such as proposed by the models 802 

of Sleep (2009, 2018) for the Michigan Basin then thermal cooling might be the cause of the 803 

subsidence seen in the early stages of the Sichuan Basin. The ponding of plume material would 804 

cause uplift followed by rapid subsidence. The draining away of plume material, or thermal 805 

equilibration by convection within the lowermost lithosphere, would then be followed by slow thermal 806 

subsidence. Significant km-scale uplift seems likely to have occurred in the ~125 Ma between 807 

cessation of igneous activity and deposition of the Ediacaran strata within the Sichuan Basin, 808 

because granites dated to ~800-760 Ma have been encountered in wells that have penetrated 809 

basement under the basin. However, the recent tectonic models that favour a position of South China 810 

away from the centre of Rodinia and a plume head means that there is significant uncertainty as to 811 

whether any plume material reached the Sichuan Basin area. Without further thermal modelling that 812 

might allow a prediction of the duration and amount of possible uplift with different plume scenarios 813 

it is difficult to assess whether a plume-related model might have contributed to the generation of 814 

the early subsidence in the Sichuan Basin. Such modelling is beyond the scope of the research 815 

reported here, but we suggest that it might be a fruitful avenue for further research. 816 

 817 

Another important factor to consider is the palaeogeographic location of the Sichuan Basin in 818 

Ediacaran to Cambrian times. The majority of authors place the South China craton along the 819 

northern margin of East Gondwana, with the west Yangtze block adjacent to the proto-Tethyan ocean 820 

(Cocks & Torsvik, 2013; Zhang et al., 2015; Merdith et al., 2017; Cawood et al., 2018; Li et al., 2018). 821 

The conjugate margin is unknown, and no volcanic rocks that might indicate plume activity in the 822 

opening of Proto-Tethys are recorded at this time. On balance, the location of the Sichuan Basin 823 

adjacent to an ocean basin with subsidence increasing to the NW, in the direction of the proto-824 

Tethyan ocean (Figure 8), does suggest that a modified lithospheric extension model, with a slow 825 

strain rate applied to thickened cratonic lithosphere, such as that proposed by Armitage and Allen 826 

(2010) might be the most applicable to explain the subsidence. Were the subsidence to be related 827 

to Rodinia plume events then we would not expect to see subsidence patterns increasing towards 828 

the location of the Ediacaran-Cambrian plate margin, but rather towards the interior of the South 829 

China craton/Yangtze block.  We therefore propose that the Sichuan Basin subsidence data reported 830 

here can be interpreted as recording small amounts of pulsed extension followed by thermal cooling 831 

over a period of ~100Ma on shelfal areas and one more continuous event in deeper water areas. In 832 

this model the early Sichuan Basin would have formed a broad, ramp-like area of slow and low 833 

subsidence tilting down to the proto-Tethyan ocean located to the NW but with no major faults 834 

localizing the deformation. Without further modelling it is not possible to distinguish whether a slow-835 

strain rate model or simpler models of instantaneous extension of 200 km thick lithosphere, may 836 

best describe the driving mechanism; or whether thermal subsidence associated with Rodinia plume 837 

activity that occurred at least 125 Myr earlier should also be considered.  838 
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 839 

6.2 Origin and evolution of the intraplatform trough 840 

Comparing the mapped locations of the two carbonate platform margins with the contoured 841 

subsidence data allowed us to conclude that the location of the main embayed trough is not 842 

tectonically controlled. This is consistent with the lack of any mappable faults on the seismic data 843 

imaging the platform. We therefore propose that the carbonate platforms describe a 844 

palaeogeographic embayment on the shelf, with local deepening of water but that the main passive 845 

margin lay some distance to the NW in the direction of the widening of the trough and that the 846 

connection to the proto-Tethyan ocean lay to the NW. There may have been some topographic 847 

irregularities or highs on the underlying basement that controlled the location of earliest platform 848 

margin, but the resolution of the seismic data does not allow us to test this idea.  849 

 850 

As described, the platform margins change through time, and when linked with well and core data 851 

describe a changing palaeogeography where the apex of the embayment extends southward and 852 

the entire western platform moves to the southwest at Dengying Formation Member 4 times (Figure 853 

10b). The associated platform margins back-step and most markedly on the western side of the 854 

basin where the margin has back-stepped by up to 100 km.  In the absence of a tectonic control the 855 

most likely explanation is that the movement was in response to a rise in sea level.  The presence 856 

of the two karstified unconformities at the top of Members 2 and 4 of the Dengying Formation 857 

supports the interpretation of sea level control on the development of the carbonate platform. The 858 

Member 2 unconformity on the platform has long been recognized in the area and is clearly observed 859 

in numerous outcrops around the basin and in over 100 wells. Previous workers have interpreted 860 

the unconformity as forming by a crustal uplifting event related to the Tongwan movement (Li et al., 861 

2015; Yang, Wen, Luo, Wang, & Shan, 2016; Liu et al., 2017; Zhou et al., 2017). However, the well 862 

correlations show no major erosion of Member 2, nor is there any tilting of strata or evidence of an 863 

erosional unconformity in the area as might be expected were there to have been a tectonic event 864 

affecting the area. The simplest interpretation is that a sea level fall at end Member 2 times was 865 

responsible for the emergence and karstification of the carbonate platform. Additionally, the 866 

presence of fine-grained clastic material interbedded with carbonates in thin Member 3 deposits on 867 

the platform and in the trough indicates that at times clastic material was reaching the basin, which 868 

would be consistent with rejuvenation of the hinterland, with an associated relative lowering of sea 869 

level and /or a change to a more humid climate and a switch off of carbonate production.   870 

7 CONCLUSIONS 871 

By Integrating seismic and well data in the central and western Sichuan Basin, we identify two 872 

phases of carbonate platform margin formation that fringed a NW-SE trending open water trough 873 
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infilled with slope facies that developed in the Sichuan Basin during the Ediacaran period. The older 874 

platform margin, formed of microbial reefal mounds with carbonate shoals which formed during 875 

Member 2 of the Dengying Formation, lay out board of an open water carbonate platform with 876 

isolated reefal mounds, shoals and lagoonal deposits. At its widest in the north west of the area the 877 

trough reached a width of almost 200 km, narrowing to ~40 km in the SE.  During Member 4 times 878 

a very similar paleoenvironment existed but the platform margin changed shape and back-stepped 879 

significantly, by up to 40 km on the eastern margin, and 100 km on the western margin, fringing a 880 

much wider slope area. The lack of any tectonic control on the location and shape of the platform 881 

margin, including the lack of any extensional faults visible in seismic data leads us to conclude that 882 

the Upper Ediacaran carbonate platforms describe palaeogeographic embayments on the shelf, with 883 

local deepening of water but that any deeper water basin area and ocean would have been located 884 

some distance to the NW in the direction of the widening of the trough. We propose that a rise in sea 885 

level at the end of Member 3 times  or a change to a more humid climate and a switch off of carbonate 886 

production led to the widespread backstepping of the platform margin. 887 

 888 

Contoured, backstripped, water-loaded tectonic subsidence calculated for 18 locations documents 889 

the total subsidence gradually increasing from ~400 m on the east and the southeast of the basin to 890 

over 1000 m in the NW from the Upper Ediacaran to the Lower Cambrian. Shape of subsidence 891 

curves for ~100 Ma time period from the Ediacaran to the end most closely follow theoretical 892 

subsidence curves for either instantaneous stretching or low finite strain rate (10-15 s-1) lithospheric 893 

stretching modelled for cratonic areas with thickened lithosphere and crust. However, without further 894 

modelling we cannot discount the possibility that earlier thermal affects related to igneous plume 895 

activity between 820-760 Ma, may have played some role. In detail, the majority of wells in shelfal 896 

locations have two closely spaced events of more rapid very short subsidence events separated by 897 

~20 Ma. The amount of lithospheric extension was low with a stretching factor of ~1.2 but increases 898 

in the NW part of the study area where it reaches 1.3-1.4. A trend of increasing subsidence to the 899 

West and North is consistent with large-scale plate reconstructions that propose that the proto-900 

Tethyan ocean lay to the NW of the South China craton in Upper Ediacaran-Cambrian times and 901 

that the shelfal embayment opened in this direction. 902 

 903 

We conclude that the Ediacaran carbonate platform with its NW-SW-trending trough was a 904 

palaeogeographic embayment in a large carbonate platform that covered the eastern and central 905 

parts of the present-day Sichuan Basin. The carbonate platform developed in a broad, ramp-like 906 

area of slow and low subsidence tilting down to the proto-Tethyan ocean located to the NW.  907 

 908 
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FIGURE CAPTIONS 1268 

FIGURE 1 (a) Topographic map of Sichuan Basin and surrounding areas illustrating the regional tectonic 1269 
setting. The Sichuan Basin is located within the South China Craton (inset map). (b) Simplified 1270 
stratigraphy of the Sichuan Basin, which consists of two sedimentary megasequences: a carbonate-1271 
dominated marine succession from Ediacaran to Middle Triassic and clastic, terrestrial rocks from the 1272 
Upper Triassic to Quaternary. (c) Simplified cross section across the Sichuan Basin from the 1273 
Longmenshan Fold-thrust Belt in the NW, to the eastern Sichuan Fold-thrust Belt in the SE. Section is 1274 
located by black line in (a). Modified from Gu et al. (2021). 1275 
 1276 
FIGURE 2 Geological map of the western and central Sichuan Basin and surrounding mountain belts; 1277 
modified from Yan et al. (2018). Black lines are the location of seismic sections A-E in Figures 4-7; circles 1278 
are location of wells used in the paper, including six pseudo wells, PS1-PS6. The solid blue lines are the 1279 
mapped locations of Upper Ediacaran platform margins interpreted from seismic and well data. The 1280 
dashed blue line is the back-stepped position of the youngest platform margin based on well 1281 
interpretation, and outcrop data.  1282 
 1283 
FIGURE 3 Stratigraphy of Ediacaran to Lower Cambrian rocks in the Sichuan Basin, illustrating variation 1284 
in thickness and lithology across the carbonate platforms and trough. The seismic expression of the 1285 
mapped stratigraphic events is shown in column on the right. The Ediacaran System (Sinian in Chinese 1286 
literature) consists of the Doushantuo Formation of the Lower Ediacaran and the Dengying Formation of 1287 
the Upper Ediacaran. The Dengying Formation comprises four members, Member 1 to Member 4 (Z2dn1-1288 
Z2dn4 in Chinese literature). The Lower Cambrian consists of the Maidiping, Qiongzhusi, Canglangpu, 1289 
and Longwangmiao Formations. The Dengying Formation thins from the platform margins to the trough, 1290 
while the Lower Cambrian thickens within the trough.  1291 
 1292 
FIGURE 4 Seismic section A across the northern part of the intraplatform trough (location shown on 1293 
Figure 2); uninterpreted (a) and interpreted (b). The sections show the thinning of the Dengying Formation 1294 
to the NW (blue Members 1-2 of Upper Ediacaran), the development of the two platform margins, the 1295 
filling of the trough and onlapping of the platform margin by the Lower Cambrian. Note the distance over 1296 
which the Member 4 platform margin has back-stepped. 1297 
 1298 
FIGURE 5 Seismic sections illustrating detail of the older (a) and younger (b) platform margins from 1299 
seismic line A; location shown in Figure 4a. Data are shown at approximately a 1:1 scale. Section (a) 1300 
images the first platform margin; the disrupted reflections are interpreted as talus deposits; onlap of the 1301 
Lower Cambrian is evident. Section (b) shows the second platform margin and onlap of the Lower 1302 
Cambrian in more detail. 1303 
 1304 
FIGURE 6 Seismic sections B, C, D, perpendicular to the trough margin in the centre of study area. 1305 
Sections are located on Figure 2. All three sections image both platform margins, and onlap of the Lower 1306 
Cambrian. Potential clinoforms associated with the younger platform margin are visible in Section C 1307 
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(arrowed). The fourth section is a detail of the youngest platform margin (arrowed). Note the lensoid body 1308 
associated with the platform build-up.  1309 
 1310 
FIGURE 7 Seismic section E from a 3-D dataset located on western margin of the trough, showing the 1311 
older platform margin, with Cambrian strata onlapping the relief associated with the platform edge. The 1312 
seismic line is located is on Figure 2. 1313 
 1314 
FIGURE 8 Isopach maps of the Upper Ediacaran to Lower Cambrian. (a) Isopach map of all members of 1315 
the Dengying Formation which shows a NW-SE oriented low widening to the N, with thick carbonate 1316 
platform margins on the E and W flanks of the trough. (b) Members 1 and 2 isopach map. The thickness 1317 
change from the platform margin to the trough allows the margins of the oldest platform to be clearly 1318 
located. (c) Member 4 isopach map shows the location of the younger platform margin on the E side of 1319 
the trough. (d) The isopach map of the Lower Cambrian shows the main Early Cambrian depocentre as 1320 
the sediments infilled the trough. Solid circles are sites of the wells used in the paper, including six pseudo 1321 
wells PS1-PS6. Black line in Figure 8(a) is the location of the well correlation shown in Figure 9. 1322 
 1323 
FIGURE 9 Well correlation for the Upper Ediacaran to Lower Cambrian units from SW (left) to NE (right) 1324 
across the intraplatform trough (see Figure 8 for location). Note the considerable thickness variations of 1325 
the Dengying Formation (Z2dn1-2, Z2dn4) and Lower Cambrian (Є1m- Є1q) across the trough and adjacent 1326 
platforms. 1327 
 1328 
FIGURE 10 (a) Palaeogeography of Member 2 of the Dengying Formation (Z2dn2) based on the 1329 
interpretation of seismic data, well logs and cores. Microbial mounds and shoals are abundant on the 1330 
platform margins forming long narrow belts. (b) Palaeogeography of Member 4 of the Dengying Formation 1331 
(Z2dn4) based on the interpretation of seismic data, well logs and cores. The black line is the locations of 1332 
the well correlation in Figure 9. 1333 
 1334 
FIGURE 11 Subsidence curves of well GS1 in the centre of the basin illustrating the main basin forming 1335 
events in the Sichuan Basin. Blue line is the decompacted subsidence; red line is the backstripped water-1336 
loaded subsidence. Data in Richardson et al. (2008) was used to give a semi quantitative estimate of 1337 
what the maximum foreland basin subsidence might have been assuming 4 km of erosion of late Jurassic 1338 
to Tertiary sediments in the last 40 Ma.  1339 
 1340 
FIGURE 12 Decompacted subsidence curves (blue lines) and backstripped water-loaded tectonic 1341 
subsidence curves (red lines) for 18 wells/pseudo wells in the basin; wells are located in Figure 2. The 1342 
subsidence curves in many of the wells are affected by later tectonic movement during the Late 1343 
Ordovician to Silurian causing considerable uplift and erosion, such as ZY1, Z4, HS1, LT1, and PS1 to 1344 
PS6; missing sections are shown by dashed lines.    1345 
 1346 
FIGURE 13 Contours of the cumulative tectonic subsidence in kilometers during the Ediacaran to Early 1347 
Cambrian. (a) Early Ediacaran (equivalent to the Doushantuo Formation); (b) early Late Ediacaran 1348 
(equivalent to Z2dn1-2); (c) late Late Ediacaran (equivalent to Z2dn4); (d) Early Cambrian (equivalent to 1349 
the Maidiping and Qiongzhushi Formations). The platform margins (in blue) are shown for reference. 1350 
Note in Early Cambrian times (d) the trough was being infilled and the carbonate platform was no longer 1351 
active. The solid line is the location of the cross section in Figure 14. 1352 
 1353 
FIGURE 14 2-D reconstruction of backstripped tectonic subsidence from the Ediacaran to Early Cambrian 1354 
calculated from subsidence contours (Section located in Figure 13). Note lack of correlation between 1355 
increased gradient in subsidence at Dengying Formation times (Between red lines) and location of the 1356 
platform margins. (a) Early Ediacaran (equivalent to the Doushantuo Formation); (b) early Late Ediacaran 1357 
(equivalent to Z2dn1-2); (3) late Late Ediacaran (equivalent to Z2dn4); (4) Early Cambrian (equivalent to 1358 
the Maidiping and Qiongzhushi Formations, Є1m- Є1q).  1359 
 1360 
FIGURE 15 Comparison of calculated water-loaded subsidence for six locations in the Sichuan Basin 1361 
(coloured lines) with theoretical models from Armitage and Allen (2010). The grey lines are for a model 1362 
of instantaneous extension; dashed lines for finite extension at a slow strain rate of 10-15s-1. The 1363 
theoretical models have a 200 km thick lithosphere, and a 40 km thick crust. The amount of lithospheric 1364 
extension for instantaneous extension was low with a stretching factor of ~1.2 (wells LL1, GS17, MS1, 1365 
and HT1), but increases in the NW part of the study area where it reaches 1.3-1.4 (wells LT1 and PS6). 1366 



 

FIGURE 1 (a) Topographic map of Sichuan Basin and surrounding areas illustrating the 

regional tectonic setting. The Sichuan Basin is located within the South China Craton 

(inset map). (b) Simplified stratigraphy of the Sichuan Basin, which consists of two 

sedimentary megasequences: a carbonate-dominated marine succession from Ediacaran 

to Middle Triassic and clastic, terrestrial rocks from the Upper Triassic to Quaternary. (c) 

Simplified cross section across the Sichuan Basin from the Longmenshan Fold-thrust Belt 

in the NW, to the eastern Sichuan Fold-thrust Belt in the SE. Section is located by black 

line in (a). Modified from Gu et al. (2021). 

 

 



 

FIGURE 2 Geological map of the western and central Sichuan Basin and surrounding 

mountain belts; modified from Yan et al. (2018). Black lines are the location of seismic 

sections A-E in Figures 4-7; circles are location of wells used in the paper, including six 

pseudo wells, PS1-PS6. The solid blue lines are the mapped locations of Upper 

Ediacaran platform margins interpreted from seismic and well data. The dashed blue line 

is the back-stepped position of the youngest platform margin based on well interpretation, 

and outcrop data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

FIGURE 3 Stratigraphy of Ediacaran to Lower Cambrian rocks in the Sichuan Basin, 

illustrating variation in thickness and lithology across the carbonate platforms and trough. 

The seismic expression of the mapped stratigraphic events is shown in column on the 

right. The Ediacaran System (Sinian in Chinese literature) consists of the Doushantuo 

Formation of the Lower Ediacaran and the Dengying Formation of the Upper Ediacaran. 

The Dengying Formation comprises four members, Member 1 to Member 4 (Z2dn1-Z2dn4 

in Chinese literature). The Lower Cambrian consists of the Maidiping, Qiongzhusi, 

Canglangpu, and Longwangmiao Formations. The Dengying Formation thins from the 

platform margins to the trough, while the Lower Cambrian thickens within the trough.  

 

 

 

 

 

 

 

 

 

 

 



 

FIGURE 4 Seismic section A across the northern part of the intraplatform trough (location 

shown on Figure 2); uninterpreted (a) and interpreted (b). The sections show the thinning 

of the Dengying Formation to the NW (blue Members 1-2 of Upper Ediacaran), the 

development of the two platform margins, the filling of the trough and onlapping of the 

platform margin by the Lower Cambrian. Note the distance over which the Member 4 

platform margin has back-stepped. 

 

 
FIGURE 5 Seismic sections illustrating detail of the older (a) and younger (b) platform 

margins from seismic line A; location shown in Figure 4a. Data are shown at 

approximately a 1:1 scale. Section (a) images the first platform margin; the disrupted 



reflections are interpreted as talus deposits; onlap of the Lower Cambrian is evident. 

Section (b) shows the second platform margin and onlap of the Lower Cambrian in more 

detail. 

 

 
FIGURE 6 Seismic sections B, C, D, perpendicular to the trough margin in the centre of 

study area. Sections are located on Figure 2. All three sections image both platform 

margins, and onlap of the Lower Cambrian. Potential clinoforms associated with the 

younger platform margin are visible in Section C (arrowed). The fourth section is a detail 

of the youngest platform margin (arrowed). Note the lensoid body associated with the 

platform build-up. 



 

FIGURE 7 Seismic section E from a 3-D dataset located on western margin of the trough, 

showing the older platform margin, with Cambrian strata onlapping the relief associated 

with the platform edge. The seismic line is located is on Figure 2. 

 

FIGURE 8 Isopach maps of the Upper Ediacaran to Lower Cambrian. (a) Isopach map of 

all members of the Dengying Formation which shows a NW-SE oriented low widening to 

the N, with thick carbonate platform margins on the E and W flanks of the trough. (b) 

Members 1 and 2 isopach map. The thickness change from the platform margin to the 

trough allows the margins of the oldest platform to be clearly located. (c) Member 4 

isopach map shows the location of the younger platform margin on the E side of the 

trough. (d) The isopach map of the Lower Cambrian shows the main Early Cambrian 

depocentre as the sediments infilled the trough. Solid circles are sites of the wells used in 

the paper, including six pseudo wells PS1-PS6. Black line in Figure 8(a) is the location of 

the well correlation shown in Figure 9. 



 
FIGURE 9 Well correlation for the Upper Ediacaran to Lower Cambrian units from SW (left) to NE (right) across the intraplatform trough (see Figure 8 

for location). Note the considerable thickness variations of the Dengying Formation (Z2dn1-2, Z2dn4) and Lower Cambrian (Є1m- Є1q) across the trough 

and adjacent platforms.   



 
FIGURE 10 (a) Palaeogeography of Member 2 of the Dengying Formation (Z2dn2) based 

on the interpretation of seismic data, well logs and cores. Microbial mounds and shoals 

are abundant on the platform margins forming long narrow belts. (b) Palaeogeography of 

Member 4 of the Dengying Formation (Z2dn4) based on the interpretation of seismic data, 

well logs and cores. The black line is the locations of the well correlation in Figure 9. 

 

 

 

 



 
FIGURE 11 Subsidence curves of well GS1 in the centre of the basin illustrating the main 

basin forming events in the Sichuan Basin. Blue line is the decompacted subsidence; red 

line is the backstripped water-loaded subsidence. Data in Richardson et al. (2008) was 

used to give a semi quantitative estimate of what the maximum foreland basin subsidence 

might have been assuming 4 km of erosion of late Jurassic to Tertiary sediments in the 

last 40 Ma. 

 

 

 

 

 

 

 

 

 



 



 

FIGURE 12 Decompacted subsidence curves (blue lines) and backstripped water-loaded 

tectonic subsidence curves (red lines) for 18 wells/pseudo wells in the basin; wells are 

located in Figure 2. The subsidence curves in many of the wells are affected by later 

tectonic movement during the Late Ordovician to Silurian causing considerable uplift and 

erosion, such as ZY1, Z4, HS1, LT1, and PS1 to PS6; missing sections are shown by 

dashed lines.   

 



 

FIGURE 13 Contours of the cumulative tectonic subsidence in kilometers during the 

Ediacaran to Early Cambrian. (a) Early Ediacaran (equivalent to the Doushantuo 

Formation); (b) early Late Ediacaran (equivalent to Z2dn1-2); (c) late Late Ediacaran 

(equivalent to Z2dn4); (d) Early Cambrian (equivalent to the Maidiping and Qiongzhushi 

Formations). The platform margins (in blue) are shown for reference. Note in Early 

Cambrian times (d) the trough was being infilled and the carbonate platform was no longer 

active. The solid line is the location of the cross section in Figure 14. 

 



 

FIGURE 14 2-D reconstruction of backstripped tectonic subsidence from the Ediacaran to 

Early Cambrian calculated from subsidence contours. (Section located in Figure 13). Note 

lack of correlation between increased gradient in subsidence at Dengying Formation times 

(Between red lines) and location of the platform margins. (a) Early Ediacaran (equivalent 

to the Doushantuo Formation); (b) early Late Ediacaran (equivalent to Z2dn1-2); (3) late 

Late Ediacaran (equivalent to Z2dn4); (4) Early Cambrian (equivalent to the Maidiping and 

Qiongzhushi Formations, Є1m- Є1q). 

 



 

FIGURE 15 Comparison of calculated water-loaded subsidence for six locations in the 

Sichuan Basin (coloured lines) with theoretical models from Armitage and Allen (2010). 

The grey lines are for a model of instantaneous extension; dashed lines for finite 

extension at a slow strain rate of 10-15 s-1. The theoretical models have a 200 km thick 

lithosphere, and a 40 km thick crust. The amount of lithospheric extension for 

instantaneous extension was low with a stretching factor of ~1.2 (wells LL1, GS17, MS1, 

and HT1), but increases in the NW part of the study area where it reaches 1.3-1.4 (wells 

LT1 and PS6). 




