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ABSTRACT 16 

Carbonate platforms grow through the precipitation, transport, and final deposition of carbonate sediment 17 

out of seawater. Quantifying the relative contributions of initial production versus subsequent transport in 18 

determining the growth rates and geometries of platforms remains a significant challenge. In this study, 19 

stratigraphic forward modeling is used to quantify the roles of sediment production, transport, and 20 

deposition during each growth stage of a Permian-Triassic carbonate platform with a complex growth 21 
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history. Parameter optimization and sensitivity analysis show that, within the range of reasonable tested 22 

values, the morphology of the platform is most sensitive to sediment transport, moderately sensitive to 23 

maximum carbonate production rate, and least sensitive to the productivity-depth curve. The ramp-to-high 24 

relief, steep-sloped platform transition during Early Triassic time can be explained by any factor that 25 

limits sediment transport from shallow water areas of high production to the slope and basin. Reefs may 26 

play a role in limiting sediment transport on many platforms but other processes, such as early marine 27 

cementation, or carbonate production along the slope, may be equally capable of yielding this shift in 28 

platform geometry. In this particular case, early lithification of ooid and skeletal shoals on the platform 29 

margin, perhaps facilitated by unusually high carbonate saturation state of seawater, may have inhibited 30 

sediment transport into the basin prior to the development of a reef on the platform margin. Later, Anisian 31 

progradation of the platform margin can be explained by the development of a slope factory rather than 32 

requiring increased sediment transport from the platform top. The development of an escarpment margin 33 

in the Ladinian is mainly influenced by accommodation in the slope profile created by antecedent 34 

topography. A general implication from the model results is that the growth of steep-sloped carbonate 35 

platforms lacking slope microbial factory may often be limited by transport of sediment from the platform 36 

top to accommodation on the slope rather than by the intrinsic production capacity of the platform top 37 

factory. 38 

Keywords: carbonate platform; geometry; sediment production; transport; carbonate saturation; 39 

carbonate factory 40 

1. INTRODUCTION 41 

Carbonate platform architecture is influenced by the interplay of physical, chemical, and 42 

biological factors that cause complex variations in platform morphology (e.g., ramp, steep-sloped 43 

platform, or bypass escarpment) and internal facies distribution (Bergmann et al., 2013; Halfar et al., 2004; 44 

Higgins et al., 2009; Lukasik and Simo, 2008; Verwer et al., 2013). One important approach to assessing 45 
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the influences of physical, chemical, and biological processes on carbonate platform development has 46 

been the analysis of modern and ancient systems through outcrop or subsurface stratigraphic methods and 47 

on-site oceanographic measurements (Harris et al., 2015; Lehrmann et al., 1998; Lukasik and Simo, 2008; 48 

Purkis et al., 2015; Reeder and Rankey, 2008; Reijmer et al., 2009; Swart et al., 2009; Verwer et al., 49 

2013). A complementary approach is the application of numerical stratigraphic forward modeling. To 50 

date, stratigraphic forward modeling has been applied to carbonate systems in order to (1) test component 51 

sedimentary patterns, such as sedimentary cyclicity (Spencer and Demicco, 1989) and the origin and 52 

distribution of hiatuses (Burgess and Wright, 2003); (2) create conceptual models of platform geometry 53 

and internal architecture (Bosence and Waltham, 1990; Busson et al., 2019; Williams et al., 2011); and (3) 54 

predict sediment distribution and reservoir architecture for hydrocarbon applications (Bassant and Harris, 55 

2008; Gervais et al., 2018; Liechoscki de Paula Faria et al., 2017; Warrlich et al., 2008). Most of the 56 

carbonate platforms that have been simulated by stratigraphic forward modeling display a single stacking 57 

pattern throughout their entire growth history [e.g., aggradation (Barrett and Webster, 2017), progradation 58 

(Berra et al., 2016; Castell et al., 2007; Saura et al., 2013), retrogradation and drowning (Seard et al., 59 

2013; Warrlich et al., 2002)] and one morphotype [e.g., ramp or steep-sloped platform (Berra et al., 2016; 60 

Busson et al., 2019; Castell et al., 2007; Kolodka et al., 2015; Liechoscki de Paula Faria et al., 2017; 61 

Richet et al., 2011; Warrlich et al., 2008)]. Previous studies have modeled the roles of various factors on 62 

carbonate platform evolution such as subsidence rates, sediment production rates, sea-level fluctuation, 63 

and sediment redistribution (Warrlich et al., 2002; Williams et al., 2011). However, a significant 64 

challenge remains to quantitatively assess which processes play dominant roles and interact to govern 65 

large changes in platform morphology through time. 66 

The Great Bank of Guizhou (GBG), an isolated carbonate platform of Permian-Triassic age in the 67 

Nanpanjiang Basin of south China (Figs. 1 and 2), is an ideal test case for assessing and quantifying 68 

causes of variation in platform morphology across time (Kelley et al., 2020; Li et al., 2012; Minzoni et al., 69 

2013). The stratigraphic architecture of the GBG, from its inception to its demise, is exceptionally well 70 
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exposed along intact platform-to-basin transects such as the Bianyang syncline (Fig. 3). In addition, its 71 

lithostratigraphy, biostratigraphy, and chemostratigraphy have been well established for correlation from 72 

platform to basin (Kelley et al., 2020; Lehrmann et al., 2015b, 1998; Meyer et al., 2011; Payne et al., 73 

2004). 74 

 75 

Figure 1. Tectonic map of south China block. (A) Location of the Nanpanjiang Basin and Precambrian massifs that 76 

border the basin and potentially provide terrigenous sediments into the Nanpanjiang Basin: Khamdian (KD), 77 

Jiangnan (JN), Yunkai (YK), and Cathaysian (CY). South China block comprises the Yangtze craton and south 78 

China fold belt. A red box denotes the area shown in Figure 2A. (B) Global plate reconstruction and locations of 79 

south China block (SC), north China block (NC), and IndoChina block (IC) in Early Triassic time. Modified after 80 

Minzoni et al. (2013). 81 

The GBG experienced substantial changes in morphology across its accumulation history. The 82 

platform initiated as a low-relief ramp during latest Permian time. It continued to accumulate as a ramp 83 

with ooid shoals during earliest Triassic time but then developed a steep-sloped platform morphology 84 

with significant relief above the adjacent basin during the Early Triassic (Kelley et al., 2020, 2017). The 85 
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platform evolved into a high-relief, prograding platform geometry with a reef on the margin and slope 86 

during Middle Triassic (Anisian) time before developing a bypass escarpment morphology in the northern 87 

margin and a collapsed escarpment in the southern margin later in the Middle Triassic (Ladinian) prior to 88 

drowning early in the Carnian (Fig. 3; Kelley et al., 2020; Lehrmann et al., 2020, 1998; Li et al., 2012). 89 

The transitions in platform geometry were accompanied by distinctive changes at the platform margin and 90 

along the slope from a tropical to a microbial factory. Consequently, the GBG offers an unusual 91 

opportunity to test if and how transitions in carbonate factory types contributed to coeval shifts in 92 

platform architecture (Pomar, 2001). 93 

In order to advance understanding of the dominant variables governing the evolution of platform 94 

morphology (ramp, steep-sloped platform, bypass escarpment, etc.), it is necessary to model facies 95 

architecture at the scale of exceptional outcrop or seismic-scale subsurface analogues rather than 96 

attempting to model the small-scale facies and microfacies distributions. By exploring the parameter 97 

combinations required to mimic the evolution of the platform morphology of the GBG along the 98 

platform-to-basin transect of the Bianyang syncline through stratigraphic forward modeling, the goals of 99 

this study are: (1) to quantify the factors that enabled the ramp to steep-sloped platform geometric 100 

transition in the Early Triassic in the absence of a microbial or metazoan reef framework at the platform 101 

margin and without synsedimentary tectonic modification of the margin; and (2) to assess sensitivity of 102 

overall platform morphology of the GBG to patterns of sediment production and transport that is 103 

generally most poorly constrained or non-explicitly introduced in previous modeling studies (e.g., 104 

Kolodka et al., 2015; Liechoscki de Paula Faria et al., 2017; Saura et al., 2013) within the constraints of 105 

local subsidence, global sea-level fluctuation, and geologic setting. 106 

2. GEOLOGIC SETTING 107 

The Nanpanjiang Basin formed an embayment to the south (current coordinates) of an attached 108 

carbonate platform, the Yangtze Platform (Fig. 1). During the latest Permian, a local marine transgression 109 
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forced the south-facing Changhsingian Yangtze Platform margin to backstep approximately 100 km, from 110 

near the present city of Luodian to the Guiyang area (Fig. 2). Antecedent topography inherited from a 111 

Late Permian shelf-margin reef complex along the former Changhsingian Yangtze Platform margin and a 112 

series of patch reefs in the former platform interior (Fig. 2B) served as nuclei for the growth of an isolated 113 

carbonate platform, the GBG (Fig. 3; Lehrmann et al., 1998; Li et al., 2012). 114 

The western sector of the GBG is dissected by the N-S-trending faulted Bianyang syncline (Fig. 115 

2C) that exposes a continuous 2-D platform-to-basin cross-section of the architecture and preserved 116 

bathymetric profile through the platform and its northern and southern flanks (Fig. 3). Strata of the cross-117 

section dip at approximately 65° to the southwest (Fig. 3A). Details of the facies composition, texture and 118 

sedimentary structures of the GBG are documented in detail in previous studies (Kelley et al., 2020; 119 

Lehrmann et al., 2007, 1998; Li et al., 2012; Minzoni et al., 2013). 120 

Here, the overall platform evolution of the GBG is summarized with a focus on the evolution of 121 

the platform morphology and facies architecture. Following initiation on antecedent topography inherited 122 

from the Late Permian (Figs. 2B and 3B), the GBG developed a ramp morphology with ooid shoals in the 123 

earliest of the Induan. The GBG evolved into a steep-sloped, high-relief platform with ooid shoals at the 124 

margin by the Olenekian of the Early Triassic (Figs. 3B and 4; Kelley et al., 2020). During the Anisian, 125 

the GBG developed a steep, prograding morphology with margin and slope composed of Tubiphytes 126 

boundstone (Kelley et al., 2020). In-situ Tubiphytes boundstone grew on the upper two-thirds of the slope. 127 

In the Ladinian the platform locked into an aggradational mode, developing a high-relief bypass 128 

escarpment morphology on the north flank, and a collapsed margin that includes a steep convex-bankward 129 

embayment on the south flank (Lehrmann et al., 2020). The GBG was drowned and buried with 130 

siliciclastic turbidites in the Carnian (Fig. 3; Lehrmann et al., 2007, 1998). 131 
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 132 

Figure 2. Detailed view of the Nanpanjiang Basin and the Great Bank Guizhou (GBG). (A) Position of the GBG is 133 

indicated by a red box. Cross section (1-1’) is shown in (B). (B) Schematic cross sections illustrating latest Permian 134 

drowning of the Yangtze Platform and initial accumulation of the GBG on antecedent topography inherited from the 135 

Late Permian (modified after Lehrmann et al., 1998). (C) Detailed view of the GBG with the Bianyang syncline 136 

(faulted syncline) that exposes a platform-to-basin transect which is enclosed in a red box. The red box in (C) 137 

denotes the studied transect of the GBG whose satellite image and stratigraphic architecture are shown in Figure 3. 138 

The earliest deposits of the GBG were composed of sponge-microbial boundstone and open-139 

marine skeletal packstone-grainstone composed of a high biodiversity, open-marine biota that nucleated 140 
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on top the antecedent topography inherited from the Upper Permian (Figs. 2B and 3B; Lehrmann et al., 141 

1998; Li et al., 2012). Upon initiation, the platform had some relief, likely a few hundred meters, above 142 

the pre-existing Nanpanjiang Basin to the south but quite limited relief, likely tens of meters, above the 143 

drowned Yangtze Platform to the north (Fig. 3B). 144 

In the beginning of the Induan, the GBG had a ramp profile with ooid shoals at the margin (the 145 

slope angle is ~1.5° in Fig. 3B; Lehrmann et al., 1998). The GBG developed an aggradational 146 

accretionary margin stabilized by early marine cements with progressively steepening slopes during the 147 

Induan (Kelley et al., 2020). By the end of the Induan, approximately 1.5 Myr after the Permian/Triassic 148 

transition, the GBG had evolved into a high-relief, steep-sloped (17° to 21°) platform where the northern 149 

margin stood approximately 300 m above the adjacent basin (Fig. 3; Kelley et al., 2020). Facies in the 150 

platform interior change upward from microbial boundstone to thin-bedded lime mudstone, to 151 

dolomitized oolite, and next to peritidal thrombolite-bearing cyclic limestone (Figs. 3 and 5), representing 152 

shallow subtidal to peritidal environments. A low diversity fauna dominated by gastropods and bivalves 153 

in the platform interior suggests a restricted environment, likely due to the presence of shoals at the 154 

margin. Marginal shoal facies, approximately 0.3 to 0.4 km wide, comprise oolitic grainstone with 155 

subordinate molluscan packstone (Lehrmann et al., 1998; Rongling section in Figs. 3B and 5). Coeval 156 

slope facies are composed of shale, punctuated by an upward-increasing occurrence of carbonate debris-157 

flow breccia, carbonate turbidites, and lime mudstone (Figs. 3B and 5). Carbonate debris flows and 158 

carbonate turbidites contain oolite clasts, ooids and bivalve fragments primarily sourced from oolitic 159 

shoals at the platform margin (Lehrmann et al., 1998; Fig. 5). Lime mudstone along the slope resulted 160 

from export of lime mud from the platform margin and interior to the slope as periplatform ooze. 161 

The aggradational accretionary margin was stabilized by early marine cement during the 162 

Olenekian, generating a high-relief (~900 m) carbonate platform with a steep slope (Kelley et al., 2020). 163 

Oolitic shoals continued to dominate at the platform margin (Rongling section in Figs. 3 and 5), whereas 164 

the platform interior consists of dolomitized peritidal facies (Figs. 3 and 5; Lehrmann et al., 1998; Kelley 165 
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et al., 2020). Steep slope facies (23° to 31°) continue to be composed of carbonate debris-flow breccia, 166 

carbonate turbidites containing oolite clasts, ooids and bivalve fragments and periplatform lime mudstone 167 

sourced from the margin and interior (Fig. 5; Kelley et al., 2020). 168 

The northern margin of the GBG at Bianyang developed a steep-sloped (23° to 27°) prograding 169 

morphology during Anisian time (Fig. 3B; Kelley et al., 2020). Slope deposits are mainly composed of 170 

Tubiphytes boundstone with abundant early marine cements, boundstone-derived breccia, and lime 171 

mudstone, packstone, and grainstone. Tubiphytes boundstone dominates the platform margin and upper 172 

two-thirds of the slope (Fig. 3B) whereas boundstone-derived debris-flow breccia, carbonate turbidite 173 

packstone-grainstone and peri-platform pelagic lime mudstone dominate in the lower slope and extend to 174 

the basin margin along with subordinate Tubiphytes boundstone (Lehrmann et al., 1998; Kelley et al., 175 

2020). The Anisian slope deposits of the GBG contain a large proportion (~60%) of in-situ Tubiphytes 176 

boundstone indicating that carbonate production on the slope promoted progradation of the platform, 177 

analogous to Middle Triassic slope facies in the Sella (Keim and Schlager, 2001) and Latemar (Marangon 178 

et al., 2011) carbonate platforms. As the northern margin of the GBG prograded, the interior deposited 179 

peritidal cyclic carbonate composed of meter-scale, shoaling upward cycles with burrowed, molluscan-180 

peloidal packstone at the base and fenestral laminate caps (Fig. 5). Tubiphytes boundstone also formed at 181 

the southern margin during this time; however, the architecture is unknown because of collapse and 182 

truncation of the margin during the Ladinian (Fig. 3B; Li et al., 2012; Lehrmann et al., 2020). 183 
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 184 

Figure 3. Satellite image and stratigraphic architecture of the GBG along the Bianyang syncline (A) Satellite image 185 

of the GBG. The GBG stands out in the satellite image because of the difference in topography of the karsted 186 

carbonates of the platform and the stream-eroded siliciclastics in the basin. Dashed white curve defines the outline 187 

of scalloped southern margin near Bangeng. Courtesy of GoogleEarth. (B) Platform architecture and principal 188 

lithofacies of the GBG through time. The architecture of the northern margin comes from Lehrmann et al. (1998) 189 

and Kelley et al. (2020). The architecture within the platform interior is from Lehrmann et al. (1998). The southern 190 

margin architecture originates from Lehrmann et al. (2020). Detailed facies features and description are reported in 191 

Lehrmann et al. (1998 and 2020) and Kelley et al. (2020). For interpretation of the references to color in this figure 192 

legend, the reader is referred to the web version of this article. 193 
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 194 

Figure 4. A polished slab of Lower Triassic oolite from Rongling section at the northern margin of the GBG. (A) 195 

The slab without annotation. (B) The same slab with annotation. Note several generations of radial carbonate fans 196 

stack upon each other. The radial carbonate fans possibly grew on the seafloor (Woods et al., 1999) or were likely 197 

preserved within sheet cracks in oolite. Coated composite grains that contain multiple ooids are pointed by white 198 

arrows. See Figures 3 and 5 for more details about Rongling section.199 
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During the Ladinian, the northern margin of the GBG developed a high-relief bypass escarpment 200 

morphology while the southern margin was truncated by catastrophic collapse (Fig. 3B; Lehrmann et al., 201 

1998 and 2020; Li et al., 2012; Minzoni et al., 2013). Facies along the northern escarpment margin mainly 202 

contain skeletal-peloidal packstone-grainstone shoals with local Tubiphytes-sponge-coral patch reefs 203 

(Lehrmann et al., 1998). Lehrmann et al. (1998) noted that breccia debris at the foot of the northern 204 

escarpment contains clasts composed of Tubiphytes-sponge-coral boundstone indicating erosion from the 205 

escarpment; however, the relatively small volume of the debris at the foot of the northern escarpment 206 

shows that the shedding was not extensive. In contrast, the southern margin at Bangeng shows a concave-207 

up geometry recognizable in satellite images (Fig. 3A) that is interpreted to result from margin failure and 208 

collapse (Lehrmann et al., 2020; Li et al., 2012). Collapse truncated the Lower Triassic through Ladinian 209 

facies along the escarpment, and slope breccia contains clasts eroded from the collapsed margin (Fig. 3; 210 

Li et al., 2012; Lehrmann et al., 2020). During the Ladinian, the platform interior developed an initial 211 

atoll-like morphology with subtidal molluscan-oncolitic packstone in the central lagoon grading laterally 212 

and seaward to peritidal limestone closer to the platform margins (Figs. 3B and 5; Lehrmann et al., 1998). 213 

Later in the Ladinian, peritidal limestone extended across the entire platform, yielding a flat-topped 214 

profile (Figs. 3B and 5; Lehrmann et al., 1998).  215 

Near the end of the Ladinian, a shift to subtidal facies indicates a deepening event in the platform 216 

interior (Lehrmann et al., 1998), followed by drowning of the platform in the beginning of the Late 217 

Triassic (Carnian) due to accelerated subsidence (Lehrmann et al., 2007, 1998). The drowning event is 218 

reflected by an upward shift to dark grey, nodular, argillaceous oncolitic wackestone containing deep-219 

marine Neogondolellid conodonts followed by burial of the platform by siliciclastic mudrock (Lehrmann 220 

et al., 1998 and 2007; Fig. 5). Subsequently, the GBG was buried by a thick succession of siliciclastic 221 

turbidites in the Carnian (Lehrmann et al., 2015a, 2007, 1998). 222 
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3. MODELING PROCESSES AND CONSTRAINTS 223 

The GBG was used as a reference platform for the construction of stratigraphic forward models 224 

exploring the combinations of parameter values compatible with the observed platform evolution. 225 

Numerical models were constructed using the DIONISOS software (Granjeon and Joseph, 1999) on an 80 226 

km-long by 2 km-wide transect, using an initial topography equivalent to that of the 2-D cross-section 227 

exposed along the Bianyang syncline (Figs. 2B and 3). Because (1) the GBG has a long growth history 228 

(252.2 – 237 Ma), (2) its area of simulation is 160 km2, and (3) this study mainly aims to investigate 229 

sensitivity of platform morphology, rather than detailed stratigraphic architecture and internal facies 230 

distribution, to different controls, the models were built at a spatial resolution of 0.5 km and temporal 231 

resolution of 25,000 yr with a reasonably acceptable computational duration of running models (~1.7 232 

hours per model), spanning from 252.2 to 237 Ma (ICS, 2013). In addition, the average duration of a 233 

single peritidal cycle on the platform interior of the GBG is less than 22,000 yr (Yang and Lehrmann, 234 

2003); therefore, the temporal resolution is not capable of reflecting such detail as peritidal cycles and 235 

their variations in space and time. 236 
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 237 

Figure 5. Correlation of measured stratigraphic sections across the platform-to-basin transition based on carbon 238 

isotope chemostratigraphy (red lines) modified from Lehrmann et al. (2015b) and Kelley et al. (2020). Ages are 239 

based on conodont biostratigraphy at Guandao section (Lehrmann et al., 2015b). See the locations of stratigraphic 240 

sections in Figure 3B. Abbreviation: sh = shale, M-W = mudstone and wackestone, P-G = packstone and grainstone, 241 

B = boundstone, Br = breccia. 242 
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3.1 Accommodation  243 

The initial topography (latest Permian) of the GBG was mainly controlled by the antecedent 244 

topography of the shelf-margin reef complex near the former Permian platform margin and associated 245 

patch reefs to the north (Figs. 2B and 3; Lehrmann et al., 1998; Li et al., 2012). In the model, the initial 246 

bathymetry of the platform interior was assumed as 10 meters below sea level based on the diverse biota 247 

including calcareous algae, fragmented fossils, and grainstone texture of the uppermost Permian rocks 248 

indicating an open-marine, shallow-subtidal, moderately agitated environment (Lehrmann et al., 1998). 249 

The initial topography for model runs was based on field constraints on the antecedent 250 

topography inherited from the Upper Permian where the margin reef complex and associated patch reefs 251 

generally confine the initial nucleation location of the GBG (Figs. 6 and 7A). In the south, the shelf-252 

margin reef complex faced the deeper waters of the central Nanpanjiang Basin (Figs. 2B and 7A). A 253 

water depth of 250 m and a clinoform slope angle of 35° were used to approximate the initial topography 254 

of the southern margin (Fig. 7A). Moving northward to the former Permian platform interior, the assumed 255 

water depth near the patch reefs increases from 2 m to 30 m below sea level across 2500 m laterally (Fig. 256 

7A). Perched above the Upper Permian margin, the GBG is inferred to have developed with 257 

approximately 10 m elevation above the substrate, with change across a lateral distance of 500 m on the 258 

south and north edges of the platform (Fig. 7A). 259 

In DIONISOS, simulation of accommodation during each time step includes the effects of 260 

sediment compaction/dissolution, eustatic sea level change, local subsidence, and sediment erosion (Fig. 6; 261 

Granjeon and Joseph, 1999). In the model runs, the thicknesses from measured stratigraphic sections were 262 

used without correction for differential compaction and dissolution as the data for comparison because 263 

existing data do not allow precise correction for these effects. Furthermore, early marine cementation 264 

filled a large portion of the depositional porosity, stabilizing the Early Triassic and Middle Triassic 265 

platform margin and limiting the effect of compaction on the overall platform architecture (Kelley et al., 266 

2020; Lehrmann et al., 2012; Payne et al., 2006). 267 
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 268 

Figure 6. Workflow used to build models and assess the relative contribution of sediment production and sediment 269 

transport on the platform morphology of the GBG. Sensitivity analysis was performed through changing the 270 

maximum production rate, productivity-depth curve, and transport coefficient of a carbonate lithofacies (gray arrows 271 

and shade). Simulations are compared to field data through geometric constraints. 272 
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 273 

Figure 7. Model input parameters. (A) Initial bathymetry, antecedent topography inherited from the latest Permian 274 

(also see Figure 2B). (B) Local subsidence rate during the simulation period (Minzoni et al., 2013). (C) 3rd-order of 275 

eustasy fluctuations during the simulation period (Haq et al., 1987). (D) Productivity-depth curve of different 276 

carbonate factories. Fair-weather wave base is set to be at 10 m. Note a turning point on the productivity-depth curve 277 

of peri/subtidal carbonates represent its own maximum productivity depth (MPD). Periplatform carbonate mud is 278 

parameterized to reflect density cascading described by (Wilson and Roberts, 1995, 1992). 279 

Local subsidence calculated from measured stratigraphic sections in the platform interior and at 280 

the margin (Minzoni et al., 2013; Fig. 5) was input as a constant value as shown in Figure 7B. Stratal 281 

thickness for each modeled stage was constrained using an established chemostratigraphic, 282 

biostratigraphic, chronostratigraphic, and lithostratigraphic framework (Kelley et al., 2020; Lehrmann et 283 

al., 2015b, 1998; Payne et al., 2004). 284 
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Model input used global 3rd-order sea level fluctuations following the curve of Haq et al. (1987; 285 

Fig. 7C) that is integrated into DIONISOS. High-frequency sea-level fluctuations affect facies 286 

distributions at the high-frequency cycle scale (e.g., Busson et al., 2019) but have little influence on 287 

platform morphology in large carbonate platforms (Bosence et al., 1994; Williams et al., 2011); thus, the 288 

use of the Haq et al. (1987) is sufficient for the purposes of this study. The rates of 3rd order eustatic 289 

fluctuations are one to two orders of magnitude lower (~2 m/Myr during the Induan; ~2.5 m/Myr during 290 

the Olenekian; ~1.5 m/Myr during the Anisian; ~3.2 m/Myr during the Ladinian) than the subsidence 291 

required for the sediment accumulation of each modeled stage (~330 m/Myr during the Induan; ~142.5 292 

m/Myr during the Olenekian; ~32.3 m/Myr during the Anisian; ~240 m/Myr during the Ladinian; 293 

Minzoni et al., 2013). In this context the role of 3rd-order sea level variation on gross trends in 294 

accommodation is much less important than that of local subsidence. 295 

Subaerial diagenetic features are present in the GBG (Lehrmann et al., 1998; Li et al., 2012). 296 

However, the lack of major biostratigraphic and chemostratigraphic gaps confirms that the GBG did not 297 

undergo subaerial erosion at a scale that would impact the broad objectives of this study (Lehrmann et al., 298 

2015b, 1998; Meyer et al., 2011; Payne et al., 2004). For this reason, sediment loss related to subaerial 299 

exposure was not incorporated into subsidence corrections. 300 

Aside from 25,000 yr, models of the Induan with longer (125,000 yr) and shorter (5,000 yr) 301 

temporal resolutions were also initially conducted and compared in order to find the one for satisfying the 302 

main purpose of this study with acceptable computational duration of running models. The main 303 

differences among the models relate to variations of slope thickness at a scale of tens of meters, implying 304 

that the modeled overall platform morphology is not sensitive to temporal resolutions in a significant 305 

manner. Therefore, 25,000 yr was selected due to its relevant duration of running a model (~1.7 hours) 306 

and properly mimicking the overall platform morphology. 307 
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3.2 Sediment production 308 

DIONISOS simulates carbonate sediment production by specifying a maximum production rate 309 

(MPR in m/Myr) for a given lithofacies type, and then multiplying this rate at each grid cell (m2) and time 310 

step (Myr) by coefficients (unitless) that depend on environmental parameters (water depth, wave energy) 311 

or geologic time (Granjeon and Joseph, 1999). Eventual sediment accumulation in situ is the result of 312 

sediment production deducting the amount of sediment transport (see Section 3.3). Based on Lehrmann et 313 

al.’s (1998) facies description and Payne et al.’s (2006) point counting results, we used five lithofacies 314 

types to model carbonate sediment production: (1) Oolite; (2) Peritidal-subtidal carbonates; (3) 315 

Periplatform carbonate mud; (4) Tubiphytes boundstone; and (5) Peloidal-skeletal packstone-grainstone 316 

(Fig. 7D; Table 1). 317 

The lower bound of MPR of each carbonate lithofacies is approximated by the measured 318 

thickness of a carbonate lithofacies divided by the duration of time over which it was deposited (long-319 

term accumulation rates; Schlager, 2003), neglecting correction for compaction and dissolution. A subset 320 

of carbonate lithofacies was included in the model for each stage based on the observed distribution of 321 

facies through the platform. For the Induan and Olenekian models, the lithofacies included are peritidal-322 

subtidal carbonates, oolite, and periplatform carbonate mud (Fig. 3B; Table 1). For the Anisian 323 

simulations, the carbonate lithofacies modeled on the platform margin and upper slope was the 324 

Tubiphytes boundstone, while peritidal-subtidal carbonates were kept on the platform interior (Fig. 3B; 325 

Table 1). During the Ladinian, peloidal-skeletal packstone-grainstone was the carbonate lithofacies at the 326 

platform margin (Fig. 3B; Table 1). The depositional characteristics and the tested parameter range of 327 

each carbonate lithofacies are summarized in Table 1. For the simulations presented herein, the depth 328 

dependence of sediment production in each lithofacies type was modeled by specifying a depth above 329 

which productivity is still at its highest value (Fig. 7D; e.g., Bosence et al., 1994; Bosence and Waltham, 330 

1990), herein termed maximum productivity depth (MPD). The productivity of a lithofacies, except for 331 

the periplatform carbonate mud, was assumed to remain at 100% from sea level to the MPD. Below this 332 
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depth, productivity for the factories was assumed to decline linearly to zero over an interval of 5 to 50 m 333 

depending on the type of carbonate lithofacies (Fig. 7D). Currently, no studies have established a widely 334 

accepted productivity-depth curve for microbial Tubiphytes boundstone and criteria to precisely 335 

determine the productivity at a given depth is lacking. The influence of the productivity-depth curve of 336 

Tubiphytes boundstone on model output was explored via sensitivity analysis. 337 

Because there is no field evidence showing abundant, in situ carbonate mud production on the 338 

slope during the Early Triassic, most of the fine-grained carbonate mud accumulated on slope and basin 339 

during the growth of the GBG is interpreted to have been sourced from the platform top and margin. 340 

Although periplatform mud may originate from the platform top, it is transported to the slope and basin 341 

through a vertical settling process in which mud is suspended across different water depths (c.f. density 342 

cascading in Wilson and Roberts, 1995, 1992). To reflect the vertical settling process and suspension of 343 

fine-grained sediments across different water depths, periplatform carbonate mud was parameterized 344 

differently, with a high rate of sediment production and accumulation in deeper water (up to hundreds of 345 

meters) depending on the coeval estimated maximum bathymetry in the deep basin (Bosence and 346 

Waltham, 1990; Fig. 7D). During sensitivity analyses, multiple MPD values were tested. No siliciclastic 347 

sediment supply was included in the model runs because siliciclastic turbidites did not reach the platform 348 

in the Bianyang syncline area until the Late Triassic (Lehrmann et al., 2015a). Lateral facies variation in 349 

the output was achieved through differences in percentage of simulated facies, water depth, 350 

hydrodynamic energy, and salinity (e.g., Kolodka et al., 2015). 351 

3.3 Sediment transport 352 

DIONISOS simulates transport and downslope re-deposition of platform-margin carbonates by a 353 

slope-driven transport equation that approximates advective transport of sediments as a function of the 354 

local slope angle, thickness of produced sediment (in meters; see Section 3.2 for sediment production), 355 

and a transport coefficient (m2/kyr) in each grid cell after each time step (Myr) for each carbonate 356 

lithofacies (Granjeon and Joseph, 1999). The transport coefficient controls the capacity of each carbonate 357 
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lithofacies to be transported for a given slope, integrating influences of sediment size, density, shape, and 358 

degree of syndepositional cementation to the substrate. Slope deposits of the GBG are primarily sourced 359 

from (1) the platform margin in the Induan, Olenekian, and Ladinian and (2) the platform margin and 360 

upper slope in the Anisian. Periplatform mud was assumed to be exported from the margins to the slope, 361 

and the volume shed from the interior to the slope was assumed to be negligible as the interior has a vast 362 

depositional area in comparison to the slope. In addition, the flat platform interior lacks any slope that 363 

would drive sediment transport basinward in DIONISOS. Therefore, peritidal carbonates in the platform 364 

interior were assumed to remain on the platform top without significant erosive transport to the basin 365 

(Table 1). A wide range of transport coefficient values was examined in model runs to assess the potential 366 

impact of sediment transport on platform geometry during different stages of platform accumulation 367 

(Table 1). 368 

3.4 Geometric constraints used to select best-fit models 369 

Sediment production of the shallow-water platform interior carbonate lithofacies for a given stage 370 

was set to be equal to or slightly greater (i.e., several hundred m/Myr more) than the coeval subsidence 371 

rate in order to avoid drowning within the model (Table 1). Sensitivity analysis was conducted by varying 372 

the MPR, MPD, and transport coefficient for the margin and slope factories. Simulation outcomes were 373 

compared to observed field data through geometric properties of the simulated carbonate platforms (see 374 

details below). 375 

Because (1) the Permian to Middle Triassic lower slope and basin facies to the south of the GBG 376 

at Bangeng is not exposed (Li et al., 2012; Lehrmann et al., 2020; Fig. 3) and (2) limited data is available 377 

about the stratigraphic thicknesses of different lithofacies prior to catastrophic margin collapse at the 378 

southern margin, model-data comparison was conducted using observations from the platform interior, 379 

northern margin, and northern slope. The geometric properties used to compare model output to field 380 

observation are: (1) difference in thickness between the models and field measurements at each of three 381 

stratigraphic sections (Figs. 3B and 5; true thickness difference for Dajiang section in the platform interior, 382 
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Rungbao section nearby the platform margin, and isochore difference for Guandao section at the slope) 383 

for each simulated time interval; (2) progradation distance of the platform margin relative to the Rungbao 384 

section (platform margin is defined as the point marked by abrupt decline from the platform top to the 385 

slope); (3) migration distance of the toe of slope relative to Guandao section (the toe of slope is defined as 386 

the point at which the slope angle drops below 1.4°
 (Heezen et al., 1959); and (4) maximum slope angle. 387 

Because simulated 3D morphologies of the GBG at different stages do not vary along the platform margin 388 

within the 2 km-wide model and because the geological exposure along the Bianyang syncline is 389 

effectively two-dimensional, 2D transects through the model output were used for model-data comparison 390 

and are displayed for simplicity.391 
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Table 1. Characteristics and tested value range of different carbonate lithofacies used to reconstruct the 392 

morphology of the GBG and conduct sensitivity analysis. 393 

Carbonate 
factory type 

Gross depositional 
environment 

Tested range 
of maximum 
production 

rate (m/Myr) 

Best-fit 
maximum 
production 

rate (m/Myr) 

Tested range of 
maximum 

productivity depth 
(m) 

Best-fit 
maximum 
productivit
y depth (m) 

Tested range of 
transport 
coefficient 
(km2/kyr) 

Best-fit transport 
coefficient 
(km2/kyr) 

Oolite High energy, shallow 
water, platform margin 

200 to 5000 
(Induan, Fig. 
9), 
100 to 4400 
(Olenekian, 
Fig. 12) 
(Harris, 
1979) 

500 (Induan), 
200 
(Olenekian) 

1 to 15 (Fig. 10, 
Induan), 
1 to 15 (Fig. 13, 
Olenekian; Harris et 
al., 2018; Harris, 
1979) 

10 (Induan 
and 

Olenekian) 

0.001 to 0.32 
(Induan, Fig. 
11), 0.001 to 
0.25 (Olenekian, 
Fig. 14) 

0.004 (Induan), 
0.001 (Olenekian) 

Peri/subtidal 
carbonates 

Low to moderate 
energy, platform 
interior, shallow water 

 Fixed: 
600 (Induan), 
200 
(Olenekian), 
300 (Anisian 
and Ladinian) 
 

 15 (fixed in 
all ages of 
the Early 
Triassic) 

0 0 

Periplatform 
carbonate 
mud 

Low energy, slope and 
basin margin, moderate 
to deep water 

 20 (from 
Induan to 
Ladinian) 

 400 0 0 

Tubiphytes 
boundstone 

Independent on light, 
low to high energy, 
shallow to deep water, 
platform margin and 
upper slope 

100 to 1800 
(Anisian, Fig. 
15; Enos, 
1991) 

300 10 to 1000 (Fig. 16; 
Marangon et al., 
2011; Preto et al., 
2017) 

350 0.0004 to 0.032 
(Fig. 17) 

0.0004 

Peloidal-
skeletal 
packstone 

High energy, shallow 
water, platform margin 

100 to 5000 
(Ladinian; 
Fig. 18) 

650 1 to 14 (Fig. 19) 10 0.0001 to 0.0032 
(Fig. 20) 

0.0001 
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4. RESULTS 394 

4.1 Maximum production rate of Induan oolite 395 

The modeled Induan platform morphology is very sensitive to the MPR of the oolite at the 396 

platform margin (Fig. 9). Increasing the MPR increases the amount of sediment accumulated on the slope 397 

and therefore increases the isochore thickness of the slope in model runs (Guandao section in Fig. 9A), 398 

which results in basinward movement of the toe of slope (Fig. 9B) and decrease of the maximum 399 

clinoform angle from 21.6° to 8.9° (Fig. 9C). Meanwhile, the sediment accumulation in the distal basin 400 

increases by tens of meters. 401 

All criteria used for model-data comparison display insensitivity of the platform morphology to 402 

two value ranges of MPR of oolite (600 to 1500 m/Myr and 2000 m/Myr onward; Fig. 9A to C) aside 403 

from increased sediment accumulation in the more distal basin at a scale of several meters. Values greater 404 

than 2000 m/Myr are at or beyond the greatest value reported from modern Bahamian oolite (2740 m/Myr 405 

from Harris, 1979), while the corresponding simulated margin and toe of slope positions are strikingly 406 

fixed (Fig. 8A and Fig., 9B, H, and I).407 
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 408 

Figure 8. Comparison between field data and best-fit models of different stages. (A) The Induan. (B) The Olenekian. 409 

(C). The Anisian. (D). The Ladinian. Abbreviation: DJ = Dajiang section thickness; RB = Rungbao section thickness; 410 

GD = Guandao section thickness; PM to RB = Distance from platform margin to Rungbao section; ToS to GD = 411 

Distance from toe of slope to Guandao section.412 
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 413 

Figure 9. Control of maximum production rate (MPR) of the Induan oolite on platform geometry. (A) Thickness 414 

difference of Dajiang, Rungbao, and Guandao sections between field measurement and models with increased MPR. 415 

Capital D to I in (A) through (C) corresponds to different MPR of oolite that are included from Figure 9D to I. (B) 416 

Platform margin progradation distance relative to Rungbao section (~1200 m from field observation, horizontal 417 

black dashed line) and toe of slope migration distance relative to Guandao section (~1150 m from field observation, 418 

horizontal red dashed line) as a response to the increased MPR. (C) Maximum clinoform slope angle with increased 419 

MPR of oolite. Note a gray horizontal bar (17° to 21°) is the range of maximum clinoform slope angle from field 420 

measurement. (D) to (I) Simulated platform morphology when the MPR is at 200, 500, 600, 1500, 2000, and 5000 421 

m/Myr. Stratigraphic section locations shown: DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows 422 

modeled sediment accumulation during model run and resulting platform morphology.  423 



27 

 

4.2 Maximum productivity depth of Induan oolite 424 

The Induan platform morphology is less sensitive to the MPD of oolite within the value range 425 

examined (Fig. 10). Shallower values of the MPD yield simulated slopes that accumulate less sediment 426 

than observed in the field; deeper values generate simulated slopes with sediment accumulation slightly 427 

higher than observed (Fig. 10A). The position of platform margin and toe of slope does not vary across 428 

this range of parameter values (Fig. 10B), and the maximum clinoform slope angle is relatively invariant, 429 

decreasing from 21.6° to 20° with increasing MPD, very close to the measured maximum clinoform slope 430 

angle of 17° to 21° (Fig. 10C). 431 
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 432 

Figure 10. Control of maximum productivity depth (MPD) of the Induan oolite on platform geometry. (A) 433 

Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and models with 434 

increased MPD. Capital D to I in (A) through (C) corresponds to different MPD of oolite that are included from 435 

Figure 10D to I. (B) Platform margin progradation distance relative to Rungbao section (~1200 m from field 436 

observation, horizontal black dashed line) and toe of slope migration distance relative to Guandao section (~1150 m 437 

from field observation, horizontal red dashed line) as a response to increased MPD. (C) Maximum clinoform slope 438 

angle with increased MPD of oolite. Note a gray horizontal bar (17° to 21°) is the range of maximum clinoform 439 

slope angle from field measurement. (D) to (I) Simulated platform morphology when the MPD is at 1, 3, 5, 7, 10, 440 

and 15 m. Stratigraphic section locations shown: DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows 441 

modeled sediment accumulation during model run and resulting platform morphology. 442 
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4.3 Transport coefficient of Induan oolite 443 

Sediment transport has a pronounced impact on the overall platform geometry (Fig. 11). The 444 

platform morphology shifts from a high-relief, steep-sloped platform to a more ramp-like bank when the 445 

transport coefficient increases from the lowest simulated value (0.001 km2/kyr) to the highest simulated 446 

value (0.32 km2/kyr) (Fig. 11C to I). With low but increasing transport coefficients, from 0.001 to 0.02 447 

km2/kyr, the platform margin retreats while the toe of slope moves towards the basin (Fig. 11B and D to 448 

G). In contrast, for transport coefficients greater than 0.02 km2/kyr, the simulated toe of slope and 449 

platform margin both step back because the retreat of the platform margin rapidly decreases the area of 450 

highest sediment production and thus the overall sediment production of the platform (Fig. 11B, H and I). 451 

Meanwhile, the sediment accumulation in the distal basin increases at a scale of tens of meters. 452 

The difference in thickness between simulated and observed slope sediment accumulation at the 453 

Guandao section increases from -75.7 m to 24.1 m when the transport coefficient increases by an order of 454 

magnitude, from 0.001 to 0.01 km2/kyr (Fig. 11A, D to F). When the modeled transport coefficient is 455 

increased by another order of magnitude, from 0.01 to 0.32 km2/kyr, the difference between modeled and 456 

observed slope sediment accumulation at the Guandao location decreases from 24.1 to -5.6 m to reflect 457 

the lower overall productivity on the platform due to retreat of the margin (Fig. 11A). The Induan 458 

platform morphology is more sensitive to changing the transport coefficients of ooids than to MPR or 459 

MPD over the range of values examined. 460 
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 461 

Figure 11. Control of transport coefficient of the Induan oolite on platform geometry. (A) Thickness difference of 462 

Dajiang, Rungbao, and Guandao sections between field measurement and models with increased transport 463 

coefficient. Capital D to I in (A) through (C) corresponds to different transport coefficient of oolite that are included 464 

from Figure 11D to I. (B) Platform margin progradation distance relative to Rungbao section (~1200 m from field 465 

observation, horizontal black dashed line) and toe of slope migration distance relative to Guandao section (~1150 m 466 

from field observation, horizontal red dashed line) as a response to increased transport coefficient. (C) Maximum 467 

clinoform slope angle with increased transport coefficient of oolite. Note a gray horizontal bar (17° to 21°) is the 468 

range of maximum clinoform slope angle from field measurement. (D) to (I) Simulated platform morphology when 469 

the transport coefficient is at 0.001, 0.004, 0.01, 0.02, 0.16, and 0.32 km2/kyr. Stratigraphic section locations shown: 470 

DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows modeled sediment accumulation during model run 471 

and resulting platform morphology. 472 
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4.4 Maximum production rate of Olenekian oolite 473 

The carbonate factory type at the platform margin does not change between the Induan and 474 

Olenekian. The response of Olenekian platform morphology to the MPR of the oolite at the platform 475 

margin is similar to that of the Induan. The Olenekian platform morphology is sensitive to the MPR of the 476 

oolite at the platform margin (Fig. 12). Increasing the MPR increases the amount of sediment 477 

accumulated on the slope and therefore increases the isochore thickness of the slope in model runs 478 

(Guandao section in Fig. 12A), which results in basinward movement of the toe of slope and platform 479 

margin (Fig. 12B) and decrease of the maximum clinoform angle from 26° to 17° (Fig. 12C). Meanwhile, 480 

sediment accumulation in the distal basin increases at a scale of tens of meters. 481 

Notably, all criteria used for comparing simulation results to observed field data display 482 

insensitivity of the platform morphology to maximum production rate for values ranging from 800 to 483 

4400 m/Myr (Fig. 12A to C), while the corresponding simulated margin and toe of slope positions 484 

together are nearly fixed (Fig. 12B). Coeval distal basinal sediment accumulation increases slightly. The 485 

mismatch of platform margin position between field data and best-fit models (Fig. 8B) is most likely 486 

caused by limitations of the model grid size, which prevents the model from effectively simulating the 487 

transport of ooids from the shoals or the movement of shoals over distances smaller than the grid scale. 488 
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 489 

Figure 12. Control of maximum production rate (MPR) of the Olenekian oolite on platform geometry. (A) 490 

Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and models with 491 

increased MPR. Capital D to I in (A) through (C) corresponds to different MPR of oolite that are included from 492 

Figure 12D to I. (B) Platform margin progradation distance relative to Rungbao section (~1200 m from field 493 

observation, horizontal black dashed line) and toe of slope migration distance relative to Guandao section (~2500 m 494 

from field observation, horizontal red dashed line) as a response to the increased MPR. (C) Maximum clinoform 495 

slope angle with increased MPR of oolite. Note a gray horizontal bar (23° to 31°) is the range of maximum 496 

clinoform slope angle from field measurement. (D) to (I) Simulated platform morphology when the MPR is at 100, 497 

200, 500, 800, 2600, and 4400 m/Myr. Stratigraphic section locations shown: DJ = Dajiang, RB = Rungbao, GD = 498 

Guandao. Gray area shows modeled sediment accumulation during model run and resulting platform morphology.  499 
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4.5 Maximum productivity depth of Olenekian oolite 500 

The Olenekian platform morphology is less sensitive to the MPD of oolite within the value range 501 

examined (Fig. 13). Shallower values of the MPD yield simulated slopes that accumulate less sediment 502 

than observed in the field; deeper values generate simulated slopes with sediment accumulation slightly 503 

greater than observed (Fig. 13A). The positions of the platform margin and toe of slope do not vary across 504 

this range of parameter values (Fig. 13B), and the maximum clinoform slope angle is relatively invariant, 505 

decreasing from 26° to 23° with increasing MPD (Fig. 13C). 506 
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 507 

Figure 13. Control of maximum productivity depth (MPD) of the Olenekian oolite on platform geometry. (A) 508 

Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and models with 509 

increased MPD. Capital D to I in (A) through (C) corresponds to different MPD of oolite that are included from 510 

Figure 13D to I. (B) Platform margin progradation distance relative to Rungbao section (~1200 m from field 511 

observation, horizontal black dashed line) and toe of slope migration distance relative to Guandao section (~2500 m 512 

from field observation, horizontal red dashed line) as a response to increased MPD. (C) Maximum clinoform slope 513 

angle with increased MPD of oolite. Note a gray horizontal bar (23° to 31°) is the range of maximum clinoform 514 

slope angle from field measurement. (D) to (I) Simulated platform morphology when the MPD is at 1, 4, 5, 8, 10, 515 

and 15 m. Stratigraphic section locations shown: DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows 516 

modeled sediment accumulation during model run and resulting platform morphology. 517 



35 

 

4.6 Transport coefficient of Olenekian oolite 518 

The Olenekian platform morphology is more sensitive to changing the transport coefficients of 519 

ooids than to MPR or MPD over the range of values examined (Fig. 14). The platform morphology shifts 520 

from a high-relief carbonate platform to a more ramp-like bank when the transport coefficient increases 521 

from the lowest simulated value (0.001 km2/kyr) to the highest simulated value (0.25km2/kyr) (Fig. 14C 522 

to I). Meanwhile, the sediment accumulation in the distal basin increases at a scale of tens of meters. With 523 

low but increasing transport coefficients, from 0.001 to 0.016 km2/kyr, the platform margin retreats while 524 

the toe of slope moves towards the basin (Fig. 14B and D to G). In contrast, for transport coefficients 525 

greater than 0.016 km2/kyr, both the toe of slope and platform margin step back (Fig. 14B, H and I). 526 

Meanwhile, as the platform margin retreats (Fig. 14B), the thickness difference of all three sections 527 

decreases as more sediments are transported to the distal basin (Fig. 14A). The maximum slope angle 528 

increases slightly when the transport coefficient exceeds 0.032 km2/kyr (Fig. 14C). This increase occurs 529 

because the simulated maximum slope angle in the Olenekian is inherited from the antecedent Induan 530 

shelf break as sediments bypass the steep shelf break and move towards the basin. 531 
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 532 

Figure 14. Control of transport coefficient of the Olenekian oolite on platform geometry. (A) Thickness difference 533 

of Dajiang, Rungbao, and Guandao sections between field measurement and models with increased transport 534 

coefficient. Capital D to I in (A) through (C) corresponds to different transport coefficient of oolite that are included 535 

from Figure 14D to I. (B) Platform margin progradation distance relative to Rungbao section (~1200 m from field 536 

observation, horizontal black dashed line) and toe of slope migration distance relative to Guandao section (~2500 m 537 

from field observation, horizontal red dashed line) as a response to increased transport coefficient. (C) Maximum 538 

clinoform slope angle with increased transport coefficient of oolite. Note a gray horizontal bar (23° to 31°) is the 539 

range of maximum clinoform slope angle from field measurement. (D) to (I) Simulated platform morphology when 540 

the transport coefficient is at 0.001, 0.004, 0.008, 0.016, 0.032, and 0.128 km2/kyr. Stratigraphic section locations 541 

shown: DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows modeled sediment accumulation during 542 

model run and resulting platform morphology. 543 
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4.7 Maximum production rate of Anisian Tubiphytes boundstone 544 

The Anisian platform morphology is very sensitive to the MPR of the Tubiphytes boundstone 545 

(Fig. 15). Increasing the MPR of Tubiphytes boundstone at the platform margin and upper slope from 100 546 

to 1800 m/Myr increases the difference between simulated and observed slope thickness from -99.6 to 547 

644.1 m (Fig. 15A) and increases the simulated maximum clinoform angle from 18.2° to 35° (Fig. 15C). 548 

The toe of slope and platform margin both move approximately linearly basinward with increasing MPR 549 

(Fig. 15B). Notably, the available vertical accommodation at the Guandao location is entirely filled when 550 

the maximum production rate exceeds 900 m/Myr; in other words, at production rates above 900 m/Myr 551 

the platform margin progrades beyond the position of the Guandao section (Fig. 15G to I). Meanwhile, 552 

the sediment accumulation in the distal basin increases at a scale of tens of meters.553 
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 554 

Figure 15. Control of maximum production rate (MPR) of the Anisian Tubiphytes boundstone on platform geometry. 555 

(A) Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and models with 556 

increased MPR. Capital D to I in (A) through (C) corresponds to different MPR of Tubiphytes boundstone that are 557 

included from Figure 15D to I. (B) Platform margin progradation distance relative to Rungbao section (~2500 m 558 

from field observation, horizontal black dashed line) and toe of slope migration distance relative to Guandao section 559 

(~2450 m from field observation, horizontal red dashed line) as a response to increased MPR. (C) Maximum 560 

clinoform slope angle with increased MPR of Tubiphytes boundstone. Note a gray horizontal bar (23° to 27°) is the 561 

range of maximum clinoform slope angle from field measurement. (D) to (I) Simulated platform morphology when 562 

the MPR is at 100, 300, 600, 900, 1200, and 1800 m/Myr. Stratigraphic section locations shown: DJ = Dajiang, RB 563 

= Rungbao, GD = Guandao. Gray area shows modeled sediment accumulation during model run and resulting 564 

platform morphology.  565 
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4.8 Maximum productivity depth of Anisian Tubiphytes boundstone 566 

The Anisian platform morphology is also very sensitive to the MPD of the Tubiphytes 567 

boundstone, which appears to have been active to several hundreds of meters of water depth (Fig. 16; 568 

Keim and Schlager, 2001; Kelley et al., 2020; Marangon et al., 2011; Preto et al., 2017). Therefore, the 569 

MPD of the Tubiphytes boundstone was varied from 50 to 1000 m in the simulations (Fig. 16). Both the 570 

platform margin and toe of slope migrate basinward under all values of the MPD (Fig. 16B). The 571 

difference in slope thickness between simulations and the measured section at the Guandao location at the 572 

slope shows a positive correlation with the MPD, ranging from -155 to 655.1 m (Fig. 16A). The 573 

maximum slope angle is less sensitive to the variations of the MPD, changing from 17.7° to 26.8° across 574 

the simulations (Fig. 16C). The northern margin area in the basin is entirely filled when the MPD is 575 

greater than 1000 m (Fig. 16I). 576 
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 577 

Figure 16. Control of maximum productivity depth (MPD) of the Anisian Tubiphytes boundstone on platform 578 

geometry. (A) Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and 579 

models with increased MPD. Capital D to I in (A) through (C) corresponds to different MPD of Tubiphytes 580 

boundstone that are included from Figure 16D to I. (B) Platform margin progradation distance relative to Rungbao 581 

section (~2500 m from field observation, horizontal black dashed line) and toe of slope migration distance relative 582 

to Guandao section (~2450 m from field observation, horizontal red dashed line) as a response to increased MPD. (C) 583 

Maximum clinoform slope angle with increased MPD of Tubiphytes boundstone. Note a gray horizontal bar (23° to 584 

27°) is the range of maximum clinoform slope angle from field measurement. (D) to (I) Simulated platform 585 

morphology when the MPD is at 10, 150, 350, 450, 700, and 1000 m. Stratigraphic section locations shown: DJ = 586 

Dajiang, RB = Rungbao, GD = Guandao. Gray area shows modeled sediment accumulation during model run and 587 

resulting platform morphology. 588 
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4.9 Transport coefficient of Anisian Tubiphytes boundstone 589 

The Anisian platform morphology is also sensitive to the transport coefficient assigned to the 590 

Tubiphytes boundstone (Fig. 17). As the transport coefficient of Tubiphytes boundstone increases from 591 

0.0004 to 0.002 km2/kyr, the modeled slope thickness increases, exceeding the measured isochore value at 592 

Guandao by 3.3 to 420.1 m (Fig. 17A). The location of the platform margin does not change appreciably 593 

across this range of transport coefficients, but the toe of slope migrates farther basinward at higher 594 

transport coefficients (Fig. 17B) while the maximum clinoform slope angle decreases from 26.6° to 12.9° 595 

(Fig. 17C). When the transport coefficient of Tubiphytes boundstone further increases from 0.002 to 0.032 596 

km2/kyr, the platform margin steps back conspicuously while the toe of slope moves several kilometers 597 

basinward (Fig. 17B) and the maximum slope angle decreases from 12.9° to 3.7° (Fig. 17C). Consistent 598 

with field evidence for mostly in situ sediment production, the best fit is obtained with the lowest 599 

transport coefficient (Fig. 17D). 600 
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 601 

Figure 17. Control of sediment transport coefficient of the Anisian Tubiphytes boundstone on platform geometry. 602 

(A) Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and models with 603 

increased transport coefficient. Capital D to I in (A) through (C) corresponds to different sediment transport 604 

coefficient of Tubiphytes boundstone that are included from Figure 17D to I. (B) Platform margin progradation 605 

distance relative to Rungbao section (~2500 m from field observation, horizontal black dashed line) and toe of slope 606 

migration distance relative to Guandao section (~2450 m from field observation, horizontal red dashed line) as a 607 

response to increased transport coefficient. (C) Maximum clinoform slope angle with increased transport coefficient 608 

of Tubiphytes boundstone. Note a gray horizontal bar (23° to 27°) is the range of maximum clinoform slope angle 609 

from field measurement. (D) to (I) Simulated platform morphology when the transport coefficient is at 0.0004, 610 

0.0005, 0.002, 0.004, 0.016, and 0.032 km2/kyr. Stratigraphic section locations shown: DJ = Dajiang, RB = Rungbao, 611 

GD = Guandao. Gray area shows modeled sediment accumulation during model run and resulting platform 612 

morphology.  613 
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4.10 Maximum production rate of Ladinian peloidal-skeletal packstone 614 

DIONISOS does not simulate an escarpment margin. The best-fit model in Sections 4.10 to 4.12 615 

show a high-relief carbonate platform with an accretionary margin. However, it reasonably resembles the 616 

features of the Ladinian escarpment from the aspects of thickness of platform-top and slope sediment 617 

accumulation as well as distance of platform margin to Rungbao section (Fig. 8D) while lacking a surface 618 

of non-deposition upon which slope strata onlap. 619 

The Ladinian platform morphology is sensitive to the MPR of the peloidal-skeletal packstone at 620 

the platform margin and the platform morphology transits from a pinnacle nucleating over the pre-621 

existing Anisian platform interior (Fig. 18C and D) as the MPR increases from 100 to 350 m/Myr (Fig. 622 

18E-H). The simulated platform morphology becomes essentially fixed when it exceeds 350 m/Myr (Fig. 623 

18A and B) and the overall morphology does not vary except for an increase of tens of meters in 624 

thickness of basinal accumulation in more distal areas. 625 
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 626 

Figure 18. Control of maximum production rate (MPR) of the Ladinian peloidal-skeletal packstone on platform 627 

geometry. (A) Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and 628 

models with increased MPR. Capital C to H in (A) and (B) corresponds to different MPR of peloidal-skeletal 629 

packstone that are included from Figure 18C to H. (B) Platform margin progradation distance relative to Rungbao 630 

section (~1700 m from field observation, horizontal black dashed line) as a response to the increased MPR. (C) to 631 

(H) Simulated platform morphology when the MPR is at 100, 200, 350, 650, 1850, and 5000 m/Myr. Stratigraphic 632 

section locations shown: DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows modeled sediment 633 

accumulation during model run and resulting platform morphology. 634 
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4.11 Maximum productivity depth of Ladinian peloidal-skeletal packstone 635 

The Ladinian platform morphology is less sensitive to the MPD of oolite within the value range 636 

examined (Fig. 19). All the models with different tested MPD shows slightly thicker slope accumulation 637 

(Fig. 19A). Shallower values of the MPD (less than 5 m) still can form a high-relief platform, but its 638 

platform margin retreats approximately 250 m more than observed in field data. The position of platform 639 

margin does not migrate when the MPD is greater than 5 m (Fig. 19B) and other geometric constraints are 640 

also fixed (Fig. 19A). Basinal sediment thickness increases slightly when the MPD is greater than 5 m. 641 
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 642 

Figure 19. Control of maximum productivity depth (MPD) of the Ladinian peloidal-skeletal packstone on platform 643 

geometry. (A) Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and 644 

models with increased MPD. Capital C to H in (A) and (B) corresponds to different MPD of peloidal-skeletal 645 

packstone that are included from Figure 19C to H. (B) Platform margin progradation distance relative to Rungbao 646 

section (~1700 m from field observation, horizontal black dashed line) as a response to the increased MPD. (C) to 647 

(H) Simulated platform morphology when the MPD is at 2, 4, 6, 10, 12, and 14 m. Stratigraphic section locations 648 

shown: DJ = Dajiang, RB = Rungbao, GD = Guandao. Gray area shows modeled sediment accumulation during 649 

model run and resulting platform morphology. 650 
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4.12 Transport coefficient of Ladinian peloidal-skeletal packstone 651 

Sediment transport has a pronounced impact on the overall platform geometry (Fig. 20). The 652 

platform morphology shifts from a high-relief carbonate platform (Fig. 20A) to a drowned platform (Fig. 653 

20H) when the transport coefficient increases from the lowest simulated value (0.0001 km2/kyr) to the 654 

highest simulated value (0.0032 km2/kyr) (Fig. 20C to H). With increasing transport coefficients, the 655 

platform margin retreats (Fig. 20B to H). The difference in thickness between simulated and observed 656 

slope sediment accumulation at the Guandao section decreases from 23 to -1000 m when the transport 657 

coefficient increases from 0.0001 to 0.0032 km2/kyr (Fig. 20A, D to F). 658 

 659 



48 

 

 660 

Figure 20. Control of sediment transport coefficient of the Ladinian peloidal-skeletal packstone on platform 661 

geometry. (A) Thickness difference of Dajiang, Rungbao, and Guandao sections between field measurement and 662 

models with increased transport coefficient. Capital C to H in (A) and (B) corresponds to different transport 663 

coefficient of peloidal-skeletal packstone that are included from Figure 20C to H. (B) Platform margin progradation 664 

distance relative to Rungbao section (~1700 m from field observation, horizontal black dashed line) as a response to 665 

the increased transport coefficient. (C) to (H) Simulated platform morphology when the transport coefficient is at 666 

0.0001, 0.0002, 0.0004, 0.0008, 0.0016, and 0.0032 km2/kyr. Stratigraphic section locations shown: DJ = Dajiang, 667 

RB = Rungbao, GD = Guandao. Gray area shows modeled sediment accumulation during model run and resulting 668 

platform morphology. 669 
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5. DISCUSSION 670 

5.1 Controls on Early Triassic ramp to high-relief, steep-sloped platform transition of the 671 

GBG 672 

The Lower Triassic morphology of the GBG is unusual in exhibiting a transition from a low-673 

relief ramp to a high-relief, steep-sloped platform (Kelley et al., 2020) as ooids continued to develop in 674 

high-energy hydrodynamic environments during the transition while lacking any evidence of a metazoan 675 

or microbial reef margin or modification of the margin by synsedimentary tectonics. Similar ramp-to-676 

shelf transitions in the rock record are typically associated with the development of a skeletal or microbial 677 

reef framework on the platform margin and/or slope [e.g., Cambrian Shady Dolomite carbonate platform 678 

in the US (Barnaby and Read, 1990); Permian Guadalupe Mountains in west Texas and New Mexico 679 

(Kerans et al., 2013; Tinker, 1998); Jurassic Djebel Bou Dahar platform in Morocco (Della Porta et al., 680 

2013; Merino-Tomé et al., 2012; Verwer et al., 2009); Miocene platform in the Balearic Islands of Spain 681 

(Pomar, 2001)], and reef development is often interpreted as playing a causal role in this transition 682 

(Barnaby and Read, 1990; Pomar, 2001; Merino-Tomé et al., 2012; Kerans et al., 2013). In contrast, the 683 

Early Triassic margin of the GBG is an accretionary, steepening margin primarily composed of oolite 684 

stabilized and lithified by early marine cements (Figs. 4 and 5; Kelley et al., 2020). 685 

To form a high-relief Early Triassic carbonate platform within the model, enough sediment must 686 

have been produced and stabilized on the platform top to compensate for the high rate of tectonic 687 

subsidence, while at the same time only a small amount of sediment produced on the platform top was 688 

transported to and accumulated on the slope. In the absence of a metazoan or microbial reef in the Early 689 

Triassic, enhanced early marine cementation causing partial lithification of grainy sediments can explain 690 

the limited transport of carbonate grains from the platform top to the slope. The high prevalence of 691 

precipitated primary fabrics in Lower Triassic carbonate accumulations, such as carbonate microbialites, 692 

ooids, and seafloor crystal fans (Fig. 4; Lehrmann, 1999; Li et al., 2019; Woods et al., 1999), points 693 
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toward unusually high levels of carbonate saturation that would also have promoted syndepositional 694 

lithification and stabilization of the margin and/or lower slope (Van Der Kooij et al., 2010). 695 

5.2 Implication of the Induan, Olenekian and Anisian geometry 696 

The types of carbonate factories at the platform margin and upper slope in the Early Triassic 697 

(Induan and Olenekian) and Anisian are different. The Early Triassic platform margin is predominantly 698 

composed of ooids, whereas the Anisian margin and upper slope comprise Tubiphytes boundstone. If the 699 

transport coefficient is small (Fig. 11D to F), ooids can initially develop within a ramp geometry but 700 

continue to form and accumulate on the platform margin while a transition from a ramp to a high-relief, 701 

steep-sloped platform occurs. Under this scenario, the overall platform growth rate does not scale linearly 702 

with sediment production potential (i.e., MPR). Instead, the platform growth rate asymptotes (Fig. 21; 703 

also see Figs. 9D to G, 12D to G, and 18C to F), because accommodation is filled in the area where the 704 

platform-top factory would otherwise be active (Fig. 21; also see Figs. 9H and I, 12G to I, and 18F to H 705 

where platform morphology does not change with increased MPR). Interestingly, for carbonate platforms 706 

whose sediments are mainly produced on the platform top, growth can also be limited by extremely 707 

efficient transport of sediments from the platform margin to the slope and basin. When such transport 708 

outpaces sediment production on the platform margin, it causes an ongoing reduction in the area of the 709 

platform-top carbonate factory, reducing the further production of sediment and leading to further retreat 710 

(Figs. 11, 14, and 20). The Anisian Tubiphytes boundstone on the slope does not experience similar 711 

growth limitation at low transport coefficient values because the lithofacies produces sediment directly 712 

into the basin along the slope and therefore does not become limited by accommodation at the site of 713 

sediment production (Della Porta et al., 2004; Keim and Schlager, 2001; Playton and Kerans, 2018; 714 

Verwer et al., 2009), consistent with the slope shedding model (Kenter et al., 2005). Low subsidence rates 715 

during the Anisian (Fig. 7B) would further favor progradation in response to any shedding of sediment 716 

from the platform top during this time. 717 
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 718 

Figure 21. Platform growth rate responds differently to the maximum production rate depending on the location of 719 

the carbonate factory contributing sediment to the slope and the transport coefficient for the platform margin factory. 720 

The Induan, Olenekian, and Ladinian platform growth becomes limited by the transport coefficient when the 721 

maximum production rate becomes much larger than subsidence, such that accommodation on the platform top is 722 

completely filled and further sediment production requires the transport of sediment from the platform margin to the 723 

slope and basin. Anisian platform geometry is mainly controlled by the maximum production rate (production-724 

limited regime; dashed blue line in the gray shade) because Tubiphytes boundstone grew into available 725 

accommodation directly on the slope and did not require any transport between the site of sediment production and 726 

the site of available accommodation. 727 

Limited transport of ooids after production due to early lithification by marine cementation can 728 

explain why the GBG was able to evolve from a low-relief ramp to a high-relief platform in the Early 729 

Triassic even in the absence of a metazoan or microbial reef at the platform margin and upper slope. This 730 

situation contrasts with the distribution of ooids and slope steepening of ancient and modern carbonate 731 

platforms. Ooids typically occur in either low-gradient carbonate ramp systems where ooids are 732 

dominantly developed near fair-weather wave base in inner/middle ramp area and muddy sediments 733 

become dominant distally (Gischler and Lomando, 2005; Marchionda et al., 2018; Pierre et al., 2010) or 734 

on steep-sided carbonate shelf systems where ooids develop at the platform margin but are perched on a 735 

pre-existing antecedent topography that was not dominantly constructed by oolite accumulation [e.g. 736 

Carboniferous Sierra del Cuera (Bahamonde et al., 2004; Della Porta et al., 2004), Jurassic Djebel Bou 737 

Dahar (Della Porta et al., 2013; Scheibner and Reijmer, 1999; Verwer et al., 2009), and Quaternary 738 

Bahamas (Harris et al., 2018; Rankey and Reeder, 2011). However, these classic depositional models are 739 
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only partly compatible with the GBG, where the ooid factory dominated the platform margin during the 740 

transition from a low-relief bank to a high-relief platform. Furthermore, there was no syndepositional 741 

tectonic modification of the northern margin while the GBG steepened in the Early Triassic (Kelley et al., 742 

2020; Lehrmann et al., 1998). 743 

The Lower Triassic example of the GBG offers an example of accretionary steepening margin, 744 

which is composed mainly of oolite, without the sediment-stabilizing influence of metazoan and 745 

microbial reef builders (Kelley et al., 2020). Sensitivity analysis of the simulated Induan and Olenekian 746 

morphology to transport coefficient demonstrates that although reefs may be important in causing 747 

transitions of carbonate systems from ramps to high-relief steep-sloped platforms, other mechanism, such 748 

as early marine cementation, can result in a similar transition and the impact of early marine cementation 749 

must have been, quantitatively, of a similar magnitude to that of a metazoan or microbial reef in reducing 750 

the transport coefficient. Using the same approach to model other platforms will enable quantitative 751 

comparison of the parameters that best fit the GBG with those that best fit platforms that developed from 752 

ramps to high-relief, steep-sloped platforms in the presence of a metazoan reef. 753 

5.3 Inevitability of the Ladinian high-relief margin 754 

The best-fit Ladinian model reasonably resembles the coeval escarpment observed in the field 755 

(Fig. 8D), even though DIONISOS cannot strictly simulate a surface of non-deposition upon which slope 756 

strata onlap (Fig. 18F). The Ladinian high-relief platform develops in the model largely independently of 757 

the chosen values for MPR and MPD. The high relief of the platform top above the basin floor during this 758 

stage of growth constrained the possibilities for further progradation of the margin. As the GBG accreted 759 

in the Induan and Olenekian, shallow-water sediment production and transport to the slope in the Anisian 760 

was sufficient to cause progradation because the length of the slope was more limited and lower slope 761 

angles reduced the transport of sediment (Fig. 3B). By the Ladinian, the slope height was 1000 m and 762 

sediment production from shallow water and redeposition on the steep slope were not sufficient to fill the 763 

much larger accommodation. Models for the Ladinian platform geometry with accretionary margin 764 
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indicate that when a carbonate platform continues to aggrade to form a high-relief topography, if 765 

carbonate sediment production is still dominantly sourced from shallow water and downslope transport is 766 

not enough to fill the slope profile, the carbonate platform would be highly prone to continue its high-767 

relief steep geometry. Model simulations for the Ladinian demonstrate that steep-sided, high-relief 768 

platforms lacking slope factories are unlikely to prograde substantially under any conditions due to the 769 

vast amount of sediment required to enable progradation (Figs. 18 and 19). 770 

Although numerical modeling results can generate the transition from a high-relief, steep-sloped 771 

platform back to a ramp by increasing the carbonate sediment transport rate while the platform does not 772 

drown (Fig. 17H and I), outcrop and subsurface analogs provide very few examples showing such a 773 

transition, and only in circumstances where basin sediment fills in the slope and basin environments, 774 

decreases slope height, and offers substrate for the adjacent platforms to prograde (Eberli et al., 2004; 775 

Enos et al., 1997; Lehrmann et al., 2015a) or where a younger ramp inherits and develops above the 776 

platform interior of an underlying steep-sloped carbonate platform (Phelps et al., 2015). Schlager (2005) 777 

implies that cold-water factories mostly produce loose sediment that can be relatively easily redistributed, 778 

but they have low sediment production rates. In contrast, tropical factories can have high sediment 779 

production rates, but they have more potential to be influenced by early marine cementation that would 780 

limit sediment transport. Therefore, in the geological record, very high sediment production and transport 781 

rates in carbonate depositional environments might be absent or rarely co-occur to form the transition 782 

from a high-relief, steep-sloped platform to a ramp. 783 

5.4 Production- versus transport-limitation in the growth of carbonate platforms 784 

Overall, modeling of the growth history of the GBG suggests that it grew under production-785 

limited and transport-limited regimes in different stages (Fig. 21). For the Induan, Olenekian, and 786 

Ladinian, sediments are mainly sourced from platform-top carbonate factories. Given the local subsidence 787 

(Fig. 7B), platform growth rate was initially limited by intrinsic production capacity (MPR) of the 788 

platform interior and platform margin factories. Increasing MPR can increase growth rate of platform 789 
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(dashed blue line and red line in the gray shade of Fig. 21) and cause variations of platform morphology 790 

(e.g. Figs. 9D to G, 12D to F, and 18C to E). However, increasing MPR does not continuously lead to 791 

coupled constant variations of platform growth rate if the coeval transport coefficient does not increase 792 

(Figs. 9H and I, 12G to I, and 18F to H; red line in the orange shade of Fig. 21). This change in behavior 793 

occurs because accommodation on the platform top becomes filled and transport of sediment into 794 

available accommodation in the adjacent basin becomes the factor limiting further sediment production 795 

and platform growth. The most likely explanation for this transport limitation in the Early Triassic is that 796 

early cementation limited the transport of sediments from the platform interior and platform margin and 797 

that by Ladinian time enormous slope height impeded any further progradation. By contrast, the platform 798 

growth during Anisian time is only related to a production-limited regime (blue dashed line in the gray 799 

shade of Fig. 21), when sediments are accumulated and cemented on slope and grew into available 800 

accommodation in the adjacent basin and the rate of platform growth was determined by the production 801 

capacity of the slope factory (e.g., Fig. 15). The preserved stratigraphic thickness of the platform interior 802 

section was used for model-data comparison without considering the effects of compaction and 803 

dissolution. The simplification indicates that the accommodation on platform-top in reality might be more 804 

quickly filled. Therefore, a transition from production-limited to transport-limited regime would be 805 

achieved more promptly. 806 

6. CONCLUSIONS 807 

The GBG displays variations of platform morphology, including ramp, steep-sloped platform, and 808 

bypass escarpment from the latest Permian to the Ladinian of the Middle Triassic. Because many 809 

potential controls on platform morphology are well-constrained from previous studies (e.g., local 810 

subsidence, global sea-level fluctuation, and geologic setting), the sensitivity of platform morphology to 811 

carbonate sediment production (sediment production rate and productivity-depth curve) and sediment 812 

transport can be investigated in detail through forward modeling. The Early Triassic transition from a 813 

ramp to a high-relief, steep-sloped platform occurred without the emplacement of a skeletal or microbial 814 
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reef framework and or modification by synsedimentary tectonics in the northern margin of the GBG. It 815 

has been interpreted to be caused by low sediment transport related to stabilization of the margin by early 816 

marine cementation through simulation. Modeling of other platforms using the same approach can 817 

provide an avenue for comparing the magnitudes of optimal values for the GBG versus platforms that 818 

developed from ramps to high-relief, steep-sloped platforms in the presence of a metazoan reef. 819 

Caution is therefore needed during seismic facies interpretation on high-relief geometries. 820 

Sensitivity analysis on the GBG suggests that the platform morphology is most sensitive to sediment 821 

transport, moderately sensitive to maximum production rate and least sensitive to maximum productivity 822 

depth for the same type of carbonate factory at the platform margin and/or on the slope. Models for the 823 

Ladinian platform geometry indicate that when a carbonate platform continues to aggrade to form a high-824 

relief topography, if carbonate sediment production is still dominantly sourced from shallow water and 825 

downslope transport is not enough to fill the slope profile, the carbonate platform would have to 826 

continually maintain its high-relief. For carbonate platforms whose sediments predominantly originate 827 

from carbonate factories on the platform top and platform-top sediment production can catch up or even 828 

exceed accommodation created by subsidence and sea level change (like the GBG), platform growth rate 829 

is initially limited by production-capacity and subsequently limited by transport-capacity with increased 830 

maximum production rate of sediment. In contrast, platform growth rate may be limited by the 831 

production-capacity when the majority of sediments is sourced from a carbonate factory that can extend 832 

its growth depth to deep slope facies. 833 
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Highlight: 

• High carbonate saturation can promote a ramp to steep-sloped platform transition 

• Carbonate platform growth is limited by production-capacity and transport-capacity 

• Carbonate platform geometry is more sensitive to transport than sediment production 
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