
manuscript submitted to Geophysical Research Letters 

 

How Topographic Slopes Control Gravity-spreading in Salt-bearing 1 

Passive Margins 2 

Zhiyuan Ge1,2,3, Matthias Rosenau4 and Michael Warsitzka5  3 

1 State Key Laboratory of Petroleum Resources and Prospecting, China University of 4 

Petroleum (Beijing), Beijing, 102249, China. 5 

2 College of Geosciences, China University of Petroleum (Beijing), Beijing, 102249, 6 

China. 7 

3 Department of Earth Science, University of Bergen, Allégaten 41, 5007 Bergen, 8 

Norway. 9 

4 Helmholtz Centre Potsdam – GFZ German Research Centre for Geosciences, 14473 10 

Potsdam, Germany. 11 

5 Institute of Geophysics of the Czech Academy of Sciences, Boční II/1401, 141 31 12 

Prague 4, Czech Republic. 13 

Corresponding author: Zhiyuan Ge (gezhiyuan@cup.edu.cn)  14 

  15 

Key Points: 16 

• We highlight how geometric variations within the sediment wedge can control 17 

gravity-spreading in salt-bearing passive margins. 18 

• We test two wedges constrained by sedimentary systems and critical taper 19 

theory and demonstrate their influences on viscous salt flow. 20 

• The two wedge geometries represent two endmembers with diagnostic 21 

structural and kinematic characteristics that can be identified in nature. 22 

  23 

mailto:gezhiyuan@cup.edu.cn)


manuscript submitted to Geophysical Research Letters 

 

Abstract 24 

Sediment spreading is a key process during gravity-driven deformation in salt-bearing 25 

passive margins. Whether and how progradational sedimentary wedges control gravity-26 

spreading is still under debate. We use analogue modelling to compare two endmember 27 

configurations constrained by critical wedge theory, where the initial depositional 28 

slopes are: a 5°critical (stable) slope and a 27° unstable slope. In both configurations, 29 

differential loading initiates spreading characterized by a basinward migrating system 30 

of proximal extension and distal contraction. With a critical frontal slope, the 31 

translational domain expands as the contractional domain migrates forward with 32 

viscous flow evenly distributed. With a steep frontal slope, both extensional and 33 

contractional domains migrate due to more localized viscous flow under the wedge toe 34 

producing diagnostic structures of late extension overprinting early contraction. In both 35 

cases, salt flow is dominated by Poiseuille flow. Our study highlights that geometric 36 

variations of sedimentary wedges result in variable responses in gravity-spreading 37 

systems. 38 

Plain Language Summary 39 

In areas such as Gulf of Mexico, the seafloor topography is largely controlled by 40 

subsurface salt-related deformation, which is in turn important for habitat and 41 

ecosystem studies as well as sedimentary systems within. Studies have debated whether 42 

such deformation can be driven purely by sediment deposition. We use laboratory 43 

models consisting of sand and silicone to study the influence of sediment loading on 44 

salt-involved deformation. We find that the frontal slope gradient of the sediment 45 

wedge has significant influences on the deformation. Therefore, the depositional system 46 

itself becomes critically important for understanding the evolution of the seafloor 47 

topography. 48 

1 Introduction 49 

Gravity-driven tectonic deformation has been widely observed in salt-bearing 50 

passive margins (e.g. Brun & Fort, 2011; Rowan et al., 2004) (Fig. 1a). As the sediment 51 

progrades and deforms under its own weight above a basal evaporite layer, a typical 52 

linked system occurs with a zone of proximal extension and a corresponding zone of 53 

distal contraction (e.g. Fort et al., 2004; Rowan et al., 2004). Two basic modes have 54 

been proposed to describe such gravity-driven deformation: 1. gravity-gliding 55 

controlled by the basal slope of the detachment layer; 2. gravity-spreading associated 56 

with the collapse of a progradational sediment wedge due to differential loading (e.g. 57 

Brun & Fort, 2011; Raillard et al., 1997; Rowan et al., 2004). However, whether or how 58 

gravity spreading dynamics can influence or even dominate a gravity-driven salt 59 

tectonic system is a matter of controversial debate (e.g. Brun & Fort, 2011; Rowan et 60 

al., 2012). 61 

One of the problems prohibiting our understanding of gravity spreading is that 62 

sediment progradation is often oversimplified in modelling studies focusing on salt 63 

tectonics. Sediment progradation is generally simulated as a wedge-shaped sediment 64 

cover (e.g. Cohen & Hardy, 1996; Ge et al., 1997; Krézsek et al., 2007; McClay et al., 65 
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1998), with loosely defined sedimentological meanings. For example, the 66 

progradational rate and thickness of a sedimentary wedge are based on the interpolation 67 

of overall sediment cover thickness from a few sites in the basin (e.g. Adam et al., 2012; 68 

McClay et al., 1998). Even when specified with some sedimentological implications, 69 

the geometric variations of the progradational wedges are rarely explored (e.g. Ge et 70 

al., 1997; Gemmer et al., 2005; Gradmann et al., 2009).  71 

In this study, using analogue modelling, we investigate the structural and 72 

kinematic evolution of a passive margin salt tectonic system driven solely by 73 

progradation of sedimentary wedges. We use sedimentological constrains and critical 74 

taper theory to select two wedge geometries, one with a critically stable and the other 75 

with an extensionally unstable frontal slope. Our models demonstrate how geometric 76 

variation of the progradational wedge alone is able to control the dynamics of a thin-77 

skinned gravity-spreading system. These results thus resolve some controversies of salt 78 

tectonics in passive margins and provides additional application of critical taper theory 79 

and salt flow analysis to salt tectonics in general. 80 

2 Materials and Methods 81 

2.1 Geometry of sedimentary wedges 82 

Progradational systems have been modelled as a sedimentary wedge thinning 83 

from proximal to distal (e.g. Brun & Fort, 2011; Ge et al., 1997; Gemmer et al., 2005; 84 

Gradmann et al., 2009; McClay et al., 1998; Vendeville, 2005). At natural scales, the 85 

sedimentary wedges in such models typically have thicknesses of a few 100s to 1000s 86 

of metres (e.g. Adam & Krezsek, 2012; Patruno & Helland-Hansen, 2018), and are 87 

consistent with typical natural depositional slopes of <5° (e.g. Carvajal et al., 2009; 88 

Prather et al., 2017). However, in some cases, depositional slopes can be much steeper 89 

and close to the local angle of repose. For instance, sea level changes, tectonics, and 90 

carbonate deposition can cause local slopes up to 30° (e.g. Prather et al., 2017; Ross et 91 

al., 1994; Schlager & Camber, 1986). In the North Gulf of Mexico, for instance, some 92 

of the seafloor profiles crossing the salt-related structures show slopes up to 20° (Lugo-93 

Fernández & Morin, 2004; Roberts et al., 1999). At a smaller scale, Gilbert-type deltas 94 

usually have subaqueous slopes between 20–27° (Nemec, 1990). 95 

2.2 Constraints from Critical Wedge theory (CWT) 96 

We hypothesize that a geometric variation in the frontal slope impose an 97 

important boundary condition and has an effect on the force balance and thus the 98 

spreading dynamics of progradational wedges similar to accretionary wedges often 99 

analysed in the framework of the critical coulomb wedge (or taper) theory (e.g. Dahlen, 100 

1990). According to CWT, a stability criterion can be defined for a brittle wedge, which 101 

is a function of its surface and basal slopes ( and  respectively), the (effective) basal 102 

and internal strength as well as the densities of the solid and pore fluid phases (e.g. 103 

Dahlen, 1990). Plotting the stability criterion into a  vs.  diagram results in a stability 104 

field or failure envelope, which represents the critical state geometry (Figs 1b, S1 and 105 

Text S1). Geometries (tapers) plotting above the envelope are extensionally unstable 106 
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while geometries below are contractionally unstable. Both wedges tend to deform until 107 

the critical geometry in force balance is reached. From a static point of view, any wedge 108 

slope above a viscous layer tends to relax to a very low taper (<1°) due to the low long 109 

term strength of the underlying viscous layer (Davis & Engelder, 1985). In a dynamic 110 

system, such as realized in the presented study, the deformation is continuously driven 111 

by sediment progradation. Hence, the geometric evolution is disturbed continuously. 112 

Applying CWT suggests that gentle slopes of sedimentary wedge (~5°) are just at or 113 

slightly beyond the verge of failure (i.e. the critical state) whereas steep slopes (20–114 

30°) are deeply in the extensionally unstable regime (Fig. 1b). Since the distance to the 115 

stability envelope is proportional to the force imbalance, we hypothesize that the two 116 

scenarios represent endmembers of close to stable (or critical) and highly unstable 117 

wedges, the spreading dynamics of which should vary dramatically.  118 

2.3 Experimental setup 119 

To test the effect of wedge stability on spreading dynamics, we use an analogue 120 

modelling approach that simulates complex salt tectonic evolution similar to previous 121 

studies (e.g. Brun & Fort, 2011; Ge et al., 2019a; Ge et al., 2019b; McClay et al., 1998; 122 

Vendeville, 2005). The general approach and materials used are described in detail by 123 

Ge et al. (2019a). We use a geometric scaling ratio of 10-5 (i.e. 1 cm in the model ≈ 1 124 

km in nature) and a time scaling ratio of ~10-10 (i.e. 4 hours in the model ≈ 1 Ma in 125 

nature) based on standard scaling procedures (e.g. Adam & Krezsek, 2012) (Table S1). 126 

A basal sand body on top of a rigid basal plate forms the mould of two identical silicone 127 

basins (Fig. 1c). After sieving a pre-kinematic granular layer over the silicone layer, the 128 

simulation starts with the emplacement of two sand wedges. 129 

Compared to a setup with an even thickness silicone, the double-wedge shape 130 

of the silicone base is a more realistic representation of a passive margin salt basins 131 

(Brun & Fort, 2011). We note that the variation in silicone thickness may lead to spatial 132 

strength variations within the viscous silicone. However, stability analysis shows that 133 

a spatial (or temporal) variation of even one order of magnitude in basal strength has 134 

little impact upon the stability fields (Fig. 1b).  135 

We test two syn-kinematic sedimentary wedges. Initially, the first mode has a 136 

critical slope (5°, Model 1) and the second model has a steep, unstable slope (27°, 137 

Model 2). Both wedges prograde basinward at the same rate of 10 cm day-1 (~10 km in 138 

6 Ma) with an aggradational rate of 2 mm day-1 (~200 m in 6 Ma) (Fig. 1c), falling into 139 

the slower end of natural progradational systems (e.g. Carvajal et al., 2009). The frontal 140 

slope decreases to 2.6° in Model 1 and increases to 34.2° in Model 2 towards the end 141 

of the experiment (Fig. 1c). Thus, the stability analysis is still valid for both wedges 142 

during the experiment, although the actual frontal slope may vary slightly due to sieving 143 

more sand in topographically low areas (Fig. 1b). The different geometries of the two 144 

wedges reflect the variable amounts of sediment input (Fig. 1c). Both models start with 145 

a 25 mm thick cover onto which a maximum of 4 mm (Model 1) and 25 mm (Model 2) 146 

are added by sieving every 12 hours over a duration of 5 days (Fig. 2a). For simplicity, 147 

no lateral variations of sedimentation are considered. 148 
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During the experiment, we monitor the model surface with a stereoscopic pair 149 

of cameras and apply digital image correlation (LaVision Davis 8, see details in Ge et 150 

al., 2020). The result is the 3D topography and incremental displacement (or velocity) 151 

field of the model surface at high spatial and temporal resolution (e.g. Adam et al., 152 

2005), which allows further quantification of strain. From the surface deformation we 153 

derive a calculated flow field in the silicone layer. Flow field analysis involves 154 

Poiseuille and Couette type flow mechanisms. More specifically, it takes into account 155 

the pressure gradient in the viscous layer due to differential loading, which results in a 156 

Poiseuille channel flow (Warsitzka et al., 2018), while the lateral movement of the 157 

overburden induces shear stresses driving Couette shear flow in the viscous layer (see 158 

Text S2 and Figure S2 for details). After the experiment, the models are wetted, 159 

sequentially sliced, and photographed to provide cross-sectional views. 160 

3 Experimental observations 161 

3.1 Model 1: Progradation With Critical Depositional Slope 162 

In Model 1 (5° critical slope), the sand cover wedge immediately triggers 163 

extension (Fig. 2a) occupying ∼10% of the basin length (% b.l.) and contraction 164 

affecting ~20 % b.l. with a translational domain of ∼20 % b.l. in between (Figs 2b & 165 

3a). The extensional domain is characterised by two grabens (G1 and G2) while the 166 

contractional domain is composed of numerous small-wavelength (1–2 cm) folds and 167 

thrusts (F1) (Figs 2b & 3a). After 24 hours, as the sand wedge progrades basinward, an 168 

additional graben G3 occurs at 5 cm offset from G2, and an additional fold set (F2) 169 

nucleates 5 cm away from F1 (Fig 3a). Simultaneously, the translational domain (TD) 170 

increases to ∼30 % b.l. as a part of the contractional domain gets buried and becomes 171 

deactivated (Fig. 3a). The translational domain continues to expand reaching >50 % b.l. 172 

by the end of the experiment (Fig. 2b). As the translational domain expands, the 173 

extensional domain increases to >20 % b.l. until G1 deactivates after 72 hours (Fig. 3a). 174 

In contrast, the contractional domain decreases to ∼10 % b.l. after 64 hours until a new 175 

fold and thrust set F3 nucleates 10 cm offset from F2 (Fig. 3a). Contemporaneously 176 

with the occurrence of F3, a distal contractional structure F5 localizes (Fig. 3a). A final 177 

migration of the contraction occurs at 84 hours as the fold and thrust set F4 develops c. 178 

8 cm next to F3 (Fig. 3a). 179 

3.2 Model 1: Progradation With Unstable Depositional Slope 180 

In Model 2 (27° unstable slope), the sand wedge initiates three extensional 181 

grabens (G1–G3) and a small-wavelength fold and thrust set (F1) covering ∼10 % b.l. 182 

and ∼15 % b.l., respectively, with a translational domain (TD1) in between occupying 183 

<5 % b.l. (Fig. 3b). In contrast to Model 1, no deformation occurs in the most landward 184 

area as spreading is localized at the wedge front (Figs 3a & b). After 24 hours, a new 185 

extensional graben occurs between the initial translational domain (TD1) and the 186 

contractional domain, increasing the extensional domain to ∼15 % b.l. (Fig. 3b). 187 

Another fold and thrust set F2 forms in the basinward side of F1, followed by F3–F5 188 

between 24–36 hours, increasing the contractional domain to ∼40 % b.l. (Fig. 3b). 189 
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During the basinward migration of both domains, the early translational domain (TD1) 190 

is overprinted by the extensional domain, while the fold and thrust set (F1) becomes 191 

part of the new translational domain (TD2) (Fig. 3b). At 36 hours, contractional 192 

structures (F7) localize in the basinward basin edge (Fig. 3b). Around the 60-hour mark, 193 

an extensional graben (G5) occurs at the location of F2 while a distal contractional 194 

structure F6 also emerges (Fig. 3b). As a result of such markedly synchronous migration 195 

of the extensional and contractional domains, the translational domain (TD3) shifts 196 

again to the area between F3 and F4 (Fig. 3b). In the landward area, the extensional 197 

structures G1–G4 gradually deactivate and only G5 remains active at the end of the 198 

experiment (Fig. 3b). A final shift of the translational domain occurs at around 108 199 

hours as F4 starts to extend and the area between F4 and F5 becomes part of the 200 

translational domain (TD4) (Fig. 3b). Throughout the experiment, the successive, short 201 

lived translational domains of Model 2 occupy a relatively small and constant area (<5 202 

% b.l.), compared to the long lived, expanding translational domain in Model 1 (>50 % 203 

b.l.). 204 

4 Discussion 205 

4.1 Wedge dynamics 206 

Our experiments highlight how the spreading dynamics of critical vs. unstable 207 

progradational wedges control the structural style and kinematic evolution of gravity-208 

driven deformation in salt basins. The main controversy regarding the role of gravity-209 

spreading in salt tectonics is rooted in the question of whether it is alone a sufficient 210 

driver for thin-skinned deformation (e.g. Brun & Fort, 2011; Rowan et al., 2012). 211 

Consequently, identifying gravity spreading in nature becomes a key issue in the debate 212 

(e.g. Brun & Fort, 2011; Rowan et al., 2012). One of the main diagnostic features of 213 

gravity spreading is the development of late extension over early contraction, as both 214 

domains migrate basinward along with the progradational wedge (e.g. Brun & Fort, 215 

2011; McClay et al., 1998; Vendeville, 2005). Our Model 2, with a steep, unstable 216 

depositional slope exemplifies such archetypical synchronicity (Fig. 3b). In contrast, 217 

with a gentle depositional slope, the gravity spreading system in Model 1 is more 218 

decoupled and characterized by long lived, expanding extensional and translational 219 

domains and a migrating contractional domain. 220 

The kinematic evolution of Model 1 is notably similar to gravity-gliding 221 

systems driven by progressive margin tilting (Ge et al., 2019b; their fig. 4). However, 222 

flow field analysis shows that the flow mechanism is different from gravity-gliding 223 

controlled ones. In both our models, the viscous flow is dominated by Poiseuille flow 224 

(Fig. 4a). In contrast, classical gravity-gliding systems are generally dominated by 225 

Couette flow (Brun & Fort, 2011). Cross sectional views of the flow field reveal that 226 

the viscous flow is widely distributed in Model 1 while localized under the frontal slope 227 

in Model 2 (Fig. 4b). Furthermore, the flow velocity in Model 2 is significantly higher 228 

resulting in a faster evacuation of the silicone beneath the frontal slope. Consequently, 229 

the overburden wedge welds quickly on the base of the silicone locking upslope parts 230 

of the wedge and forcing the extensional and contractional domains to migrate 231 
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downslope. In contrast, the slow expulsion of silicone in Model 1 causes long-lasting 232 

deformation throughout the wedge and a relatively slow basinward migration of the 233 

extensional domain (Fig. 3a). Consequently, the translational domain expands 234 

continuously as the sand wedge propagates, resulting in a basin-wide deformation 235 

system (Fig. 3a).  236 

4.2 Comparison with nature 237 

The two models presented here represent two endmembers of sediment-driven 238 

gravity-spreading systems, which can be compared to natural prototypes. The Levant 239 

Basin in the eastern Mediterranean show typical features of a low-angle wedge 240 

propagating over the Messinian salt layer (Cartwright & Jackson, 2008). The 241 

restoration demonstrates that the sedimentary wedge had a front slope between 2.3-2.5° 242 

from late Pliocene to present day (Fig. 4c). A relatively long (c. 20 km) translational 243 

domain developed between the proximal extension and the distal contraction 244 

(Cartwright & Jackson, 2008; their figure 9). Such a structural evolution is resembled 245 

by the one observed in our Model 1 (Fig. 4c). However, the Levant margin also went 246 

through a mild titling of 0.5°. Thus, the gravity-spreading system might have been 247 

slightly overprinted by gravity gliding and the salt flow may also vary through time 248 

(Evans & Jackson, 2020). 249 

As a contrasting example, in the northern Santos Basin (Brazil), the strata in the 250 

“Albian Gap” (the Cabo Frio Fault) is characterised by basinward migrating extension, 251 

with early extensional raft being tens of kilometers away from the late extension (Fig. 252 

4d) (Pichel & Jackson, 2020). Such kinematic evolution is similar to the migration of 253 

extension from G4 to G5 in Model 2 (Fig. 3b), suggesting a high frontal slope scenario. 254 

Basin physiographic analysis show that the slope of the sedimentary wedges is up to 255 

10° in the Cabo Frio area (Berton & Vesely, 2016), much steeper than the surrounding 256 

area where the current slope is generally < 1° (Henriksen et al., 2011).  257 

In most cases, sedimentary progradational systems comprise various 258 

depositional slopes and sediment supply varies through space and time (e.g. Carvajal et 259 

al., 2009). Consequently, these progradational systems tend to have characteristics of 260 

both endmembers during their evolution. Moreover, although the two natural cases 261 

presented above show typical features of gravity-spreading, other factors, such as 262 

margin tilting, basin geometry, and base-salt relief may still contribute locally or 263 

temporarily during their evolution (Dooley et al., 2020; Pichel & Jackson, 2020). Even 264 

when dominated by gravity-spreading, spatial and temporal variations other than wedge 265 

geometry may also play important roles in controlling the deformation. For example, 266 

as the direction of sediment progradation comes obliquely to the (basinward) salt flow 267 

direction, the extension and contraction driven by sediment wedge may superimpose 268 

on the deformation parallel to the salt flow direction, forming complex salt-related 269 

structures (Guerra & Underhill, 2012) or basin-scale transfer zones (Brun & Fort, 2018).   270 



manuscript submitted to Geophysical Research Letters 

 

5 Conclusions 271 

We use an analogue modelling approach to provide an assessment of the role of 272 

spreading controlled by variably steep progradational wedges in gravity-driven salt 273 

tectonic systems. Our experimental results suggest that a spreading system with a gentle 274 

frontal slope is characterized by an expanding extensional domain, an increasing 275 

translational domain, and basinward migration of the contractional domain 276 

complimented with a more evenly distributed salt flow across the basin. Such a basin 277 

evolution shares kinematic similarities with gravity-gliding systems that are driven by 278 

progressive margin tilting. In contrast, a spreading system with a steep, unstable frontal 279 

slope induces migrating extensional and contractional domains with a succession of 280 

translational domains resulting in a diagnostic structural pattern. The salt flow is more 281 

localized beneath the frontal slope of the wedge resulting rapid salt welding and locking 282 

of the upslope parts of the wedge. In both cases, salt flow is dominated by Poiseuille 283 

flow with only a subordinate contribution from Couette flow thus in contrast to classical 284 

gravity-gliding systems dominated by Couette flow. The two models presented in this 285 

study are endmembers of gravity-spreading systems. Natural cases may show hybrid 286 

characters depending on the wedge stability. Other factors, such as margin tilting, salt 287 

thickness and base-salt relief may further complicate the deformation. Our study has 288 

important implications in interpreting thin-skinned salt tectonic deformation, such as 289 

the Albian Gap in the Santos Basin. 290 
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Figure caption 426 

 427 

Figure 1. (a) Gravity-gliding vs. gravity-spreading systems (modified after Allen et 428 

al., 2016). (b) Wedge stability analysis using Critical Wedge Theory (CWT). The two 429 

wedge geometries are plotted together with the CWT predicted stability fields (see 430 

Text S1 and Figure S1 for details). The two curves correspond to viscous strength 431 

equivalent basal friction angles of 0.1° and 1° representing the expected range of 432 

basal strength. (c) Cross-sectional view of the model design. Note the different 433 

geometries of two progradational wedges. 434 
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 436 

Figure 2. (a) Surface velocity vs. time for models 1 and 2. Note the higher rates in 437 

Model 2 relative to Model 1. Input of sediment triggers transient increase in velocity. 438 

(b–c) Map views of incremental longitudinal surface strain (εxx) in Model 1 (b) and 2 439 

(c) at early (9–10 h), mid (49–50 h) and late (89–90 h) stages during the experiment. 440 
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 442 

Figure 3. (a) Cross sections and longitudinal surface strain rate map of Model 1. Note 443 

the expansion of extensional and translational domains as well as the basinward 444 

migration of the contractional domain. (b) Cross section and longitudinal surface 445 

strain rate map of Model 2. Note the synchronized basinward migration of both 446 

extension and contraction and the shifts of the translational domain (TD). Strain rate 447 

maps are constructed by plotting strain rate (1 h increments) along a central profile (x 448 

axis) over time (y axis). 449 
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 451 

Figure 4.  (a) Silicone flow analysis based on velocity profile (Text S2 and Figure 452 

S2). In both models, Poiseuille flow dominates over Couette flow. (b) Representative 453 

velocity profiles from early (13–24 h), mid (49–60h) and late (85–96h) stages during 454 

model evolution. Note the more evenly distributed viscous flow in Model 1 and more 455 

localized viscous flow in Model 2. (c) Cross section along the Levant margin in the 456 

eastern Mediterranean. Note the translational domain in the mid slope and its overall 457 

similarity to Model 1 (modified from Fig. 9 in Cartwright & Jackson, 2008). (d) 458 

South-central section of the Albian Gap (the Cabo Frio Fault). Note the early and late 459 

(migrated) extension and possible early contraction underneath (modified from Fig. 7 460 

in Pichel & Jackson, 2020).  461 


