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Abstract

The influence of inaccuracies in density scaling on the structural evolution of physical analogue experiments of salt systems has been debated, and is here investigated considering a gravity spreading example. Plane strain finite element numerical analysis was used to systematically evaluate the impact of changes in density scaling on buoyancy force, sediment strength, and pressure gradient.   A range of densities typical of natural systems (including compacting sediment) and physical analogue experiments was included.  A fundamental shift in the structure of the salt-sediment system, from diapir-minibasin pairs to expulsion rollover, was observed when sediment and salt densities were altered from values typical of physical experiments (1600 and 990 kg/m3) to those most often found in nature (1900-2300 and 2150 kg/m3).  Experiments equivalent to physical analogue models but with reduced sediment density showed diapir-minibasin pair geometry, persisting to sediment densities of ~1300 kg/m3. Salt burial by pre-kinematic sediments was found to suppress diapir formation for thicknesses greater than ~750 m (0.75 cm at the laboratory scale).  The relative importance of disproportionately high buoyancy force, low sediment strength, and pressure gradient in physical experiments was investigated by isolating each of these scaling errors in turn.  Buoyancy was found to be most influential in the development of diapir-minibasin pairs versus expulsion rollover geometry.  Finally, we demonstrate that dry physical analogue experiments with sediment density reduced to ~1140 kg/m3 (possibly through mixing with hollow glass beads) would provide a reasonable approximation of submarine salt systems in nature (including water load and hydrostatic pore fluid pressure).

1. Introduction

Physical analogue models have been used extensively to study the deformation of salt under various applied loads and deformation constraints [e.g., Costa and Vendeville, 2002; Del Ventisette et al., 2005, 2006; Bonini, 2003; Ge et al., 1997; Baikpour et al., 2010; Brun and Mauduit, 2009], and in particular as influenced by pressure gradients induced by sedimentation [e.g., Dooley et al., 2007; Rowan and Vendeville, 2006; Maillard et al., 2003; McClay et al., 2003; Vendeville and Cobbold, 1987].  These models have the distinct advantage that they can produce fully three-dimensional results.  The technique of physical analogue modeling has successfully recreated observed structures such as extensional faulting, diapirism, and fold-and-thrust belts [e.g., Costa and Vendeville, 2002; Del Vintisette et al., 2005; Bonini, 2003; Ge et al., 1997; Baikpour et al., 2010; McClay et al., 2003].  Combinations of physical and numerical models have also been used to investigate aspects of salt tectonics, e.g., Schultz-Ela et al., [1993], who studied the mechanics of active diapirism.   One limitation of the physical analogue models, however, lies in the availability of suitable materials with properties which can fulfill the requirements of dynamic scaling.  Factors that require further investigation include viscous non-linearity and temperature dependence of halite (or more generally evaporite) rheology, the effect of pore fluid pressures [Mourgues and Cobbold, 2006; Cobbold and Castro, 1999], isostasy, and the impact of basin evolution in a submarine versus subaerial setting [Gemmer et al., 2005].  In particular, this paper examines the importance of density scaling in gravity spreading experiments.

Analogue models commonly use viscous materials, such as silicone elastomer, to represent salt (rocksalt, halite), and sand or other granular materials, which have a frictional-plastic rheology, to represent siliciclastic sediments, such as shale and sandstones. It is argued that the elastomer is appropriate as an analogue to salt because, although intrinsically viscoelastic, it has a linear viscous behaviour at the strain rates normally encountered in the physical experiments. Silicone, polymethylsiloxane polymer PDMS (SGM-36), has also been commonly used to model ductile sequences in the upper crust. The polymer has a Newtonian linear viscous behaviour at low strain rates, a density of 970 kg/m3 [Kuo, 1999], (also quoted as varying from 950-990 kg/m3), [Ge et al., 1997; Krezsek et al., 2007] a yield strength of 4 Pa and a viscosity of 5x104 Pa s [Weijermars and Schmeling, 1986]. Although this polymer is commonly used to model salt, it is also considered an analogue material for overpressured shales from surface to ~6 km depth [Cohen and McClay, 1996].  The behaviour of sand has also been investigated and it has been shown to have properties that depend on packing, and to undergo limited strain hardening and softening [e.g., Lohrmann et al., 2003], which will affect localization of model faults. However, it can be argued that natural sediments have equivalent properties that also lead to faulting [Marone, 1998].  

If we accept that sand and silicone have appropriate rheological properties which can be scaled to natural conditions, one potential problem remains in that the densities of sifted silica sand and silicone do not have the required dynamical similarity to the natural prototype in sedimentary basins. The frictional strength of the sediment also depends on its density, placing an independent requirement on the scaled sediment density, not just the density difference between the sediment and the salt.  As recently as 2011, it has been argued that the density scaling in analogue models is acceptable [Brun and Fort, 2011; Warsitzka et al., 2011] but little has been done to test this assertion.  

Given the difficulty of finding analogue materials with the appropriate densities we use a series of numerical model experiments with simple geometries to examine the impact of the densities of salt and overburden in salt tectonics.  With this approach, it is possible to vary the density of salt and sedimentary rock to examine, for a given configuration, the resulting deformation styles for material properties consistent with both natural systems and physical analogue models. In recent years, there has been a tendency to consider differential pressure as the primary driving force behind continental margin salt tectonics [e.g., Dooley et al., 2007; Vendeville, 2005; McClay et al., 2003]; by comparison, the impact of buoyancy forces has been downgraded.  It has previously been demonstrated that both buoyancy and lateral pressure gradients influence the structural evolution of salt systems [Ings et al., 2005].  In addition to investigating the scaling of physical analogue salt models, the results we present build on this analysis, providing insight into the relative importance of lateral differential pressure and vertical buoyancy forces in driving salt tectonics.   Finally, consideration is given to the importance of water load and pore fluid pressure in the natural system equivalent experiments, for submarine systems, and the results are compared with a physical analogue equivalent experiment in which the sediment density has been reduced to provide a appropriately scaled density difference between sediment and salt.  

After a short discussion on scaling and an outline of the numerical method used, experiment design and results are presented for two areas of focus: the impact of varying densities from natural to physical analogue model equivalent values; and isolating the effects of buoyancy, pressure gradient, and sediment strength.  The discussion and conclusions sections encompass all aspects of this study.
2. Scaling of Physical Analogue Models of Salt Tectonics Systems to a Dry, Subaerial Natural System
The following is a description of typical scaling between a natural system and physical analogue experiments, including select natural and scaled parameters and calculated scaling ratios.  In the following, the superscripts ‘n’ and ‘m’ are used to denote measurements in nature and in physical analogue (‘model’) experiments, respectively.  Note that throughout g, the acceleration due to gravity, and (, the internal angle of friction for clastic sediments, are not scaled. The section concludes by highlighting three scaling inaccuracies which arise from the scaling errors introduced by densities of typical salt and sand analogue materials.

Length scaling was chosen such that 1 km in nature equates to 1 cm in physical analogue experiments, particularly when considering depths of sediment and salt.  The ratio of lengths in nature, Ln, to those in physical experiments, Lm, is thus:  
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Note that in the numerical analyses presented here, for simplicity, length dimensions were selected to match natural values for all experiments (Lm/Ln=1).

Time scaling can be determined as follows:
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where t is time, ( and (s are viscosity and density of the salt or salt analogue material (silicone), and g is the acceleration due to gravity.  This can be simplified as gravity is not scaled in the experiments, and assuming length is scaled correctly. 
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Velocity, v, scales according to:
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Note that in the numerical experiments presented here progradation velocity (the rate at which the prograding sediment profile was moved across the model domain, and the only imposed velocity) was selected to match nature in all cases.

Sediment yield strength, (Y, is proportional to the density of the sediment, (d, length (depth), the acceleration due to gravity, and the internal angle of friction of the sediment, (.
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The effect of cohesion will be addressed in future work, but is considered to be less significant than the factors addressed here.  Assuming g and ( are not scaled, sediment yield strength scales according to the length scaling and the density of the sediment. 
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The buoyancy force per unit area, (zz acting to displace salt vertically though an overlying layer of sediment is proportional to the difference in densities of the two materials.  
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Assuming g is not scaled:
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The horizontal pressure gradient experienced by salt under a layer of sediment of varying depth is given by:
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Assuming gravity is not scaled, the horizontal pressure gradient scales as the sediment density over length. 
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Table 1 summarizes the above analysis, highlighting the differences between scaling ratios calculated using correctly-scaled analogue densities and densities of common analogue materials.  Natural densities of 2300 kg/m3 and 2150 kg/m3 have been assumed for clastic sediments and salt.  It can be seen that densities of sediment and salt analogues often used in physical experiments of salt tectonics result in an underestimation of the sediment yield strength and cause the buoyancy and pressure gradient forces to be disproportionately large and small, respectively.  The magnitude of these inaccuracies will vary according to the properties (e.g. sediment density) of the natural prototype.  The values in Table 1 therefore represent examples, not the full range, of inaccuracies.
3. Numerical Methods

Evolution of the models was calculated using a 2D plane-strain finite element software, Sopale [Fullsack, 1995].  Only mechanical calculations were performed, as described below.  An Arbitrary Lagrangian Eulerian (ALE) method for creeping flows [Fullsack, 1995; Willett, 1999], in which the Eulerian grid stretched vertically to adapt to the changing material domain, was used to calculate the velocity field, stress, strain rate, and deformation resulting from the applied pressure gradient. A Lagrangian grid and passive tracking particles are advected according to the velocity field and used to re-grid the material properties.  The equilibrium force balance (Equation 9) was solved for incompressible (Equation 10), gravitationally-driven flow of frictional-plastic sediment overlying viscous salt. 
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where ((ij is the deviatoric stress tensor, xi are the spatial coordinates, P pressure (mean stress), vi a component of velocity and the strain rate tensor is:                  
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All models presented here have boundary conditions specifying zero horizontal velocities on the vertical model boundaries and at the base of the model.  Deformation is therefore driven solely by the gravitational force caused by the model geometry and the prograding sediments.  

In all models presented here, progradation of sediment is accomplished by filling all unoccupied space below a curve at each time step with new sediment.  The curve is defined by a half-Gaussian function, such that the model bathymetry, h(x) is given by:
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where h1 and h2 are the landward and seaward elevations, respectively, and W is the Gaussian width such that L=2W is the approximate width of the progradation profile.  The progradation profile is translated laterally at velocity vprograde.  Material is neither added nor removed where the current model surface is above the progradation profile. We use the terminology, bathymetry, and landward and seaward because these are appropriate terms for the natural system. However, it is important to remember that water loading, as in a submarine system, is seldom used in analogue experiments and is therefore omitted in our models, except for NPHW which is discussed later.

Water loading  in NPHW is represented as a boundary load applied normal to the upper surface of 
the model. The hydrostatic water pressure increases both the solid and fluid pressures in the finite element model.  
We accepted a prototype with linear viscous salt (halite), viscosity 1018 Pa s. This allowed us to focus on the mechanical scaling, without considering the associated thermal scaling, which is necessary for power-law creep, and which is normally ignored in laboratory analogue salt tectonic models. The choice of a linear flow law for the salt is also consistent with the linear flow law for silicone used in the laboratory experiments.  Sediments, other than salt, were modeled as frictional-plastic materials such that their yield, (Y, is pressure dependent and obeys the Drucker-Prager yield criterion:
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where 
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is the second invariant of the deviatoric stress, P is the  mean stress,  Pf is the  hydrostatic pore fluid pressure (if included), ( is the internal angle of friction, and ((ij is the deviatoric stress tensor. In this analysis ( = 30( in all the models (Table 1). 

When compacting prograding sediments were applied, these had a grain density, (g, of 2640 kg/m3, pore fluid density, (f, of 1000 kg/m3, surface porosity, no, of 0.52, and compaction coefficient, c, of 4.7x10-4 m-1.  These values have been shown to provide a good fit to average siliciclastic sediment properties in the northern Gulf of Mexico [Hudec et al., 2009]. For each time step the kinematic compaction model calculates the sediment density as a function of depth, z, according to Equation 14. The density increases as a function of depth by expulsion of pore fluid and the corresponding volume was reduced by vertical contraction equal to the incremental volume of the expelled pore fluid. This calculation is separate from the finite element solution which remains incompressible (Equation 10).  
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4. Results

4.1 Natural Versus Analogue Experiment Densities

All of the model experiments were performed at the scale of the natural prototype using prototype material properties except for the analogue model equivalents, which used sand and silicone densities. Following Krezsek et al. [2007], we used 990 kg/m3 for the silicone density. Using lower values, e.g., 970 kg/m3, would marginally increase the buoyancy forces. Models computed at the laboratory scale would give equivalent results, but scaled according to equations 1-7.  Initial model geometry and material properties are shown in Figure 1.  The sediment load is shown at an advanced progradation position, for clarity.  All models initially had a horizontal, rectangular cross-section 2 km thick salt basin constrained on either end by sedimentary rocks. A smooth prograding deltaic sedimentary wedge was simulated by moving a half-Gaussian curve seaward at a constant rate of 0.3 cm/yr, and filling all unoccupied space under the curve with sediment at each time step.  A time step of 104 yr was used for all model runs; this choice obeys the CFL condition for all models [Press et al., 1986, p.627].  The wedge height varies from 3 km above the initial salt/sediment surface in the shelf region, landward of the continental slope, to 200 m below this surface seaward of the slope.  The prograding sediment wedge was initially placed landward of the salt basin, so that progradation would reproduce progressive advance of a delta onto the salt.  This sedimentation model is not intended to correspond to the natural system in detail, but could be easily reproduced in a laboratory experiment.

In keeping with most analogue laboratory models isostatic compensation and thermal subsidence of the underlying lithosphere were not considered; the base of the model was treated as a rigid substratum.  These simplifications and those noted above produce 2D numerical experiments corresponding to the most basic physical analogue models in which sediment progrades at a uniform rate over a pre-existing uniform salt layer, and in which deformation does not vary in the along strike direction, perpendicular to the direction of progradation [e.g., Vendeville, 2005].

Five model experiments examining the impact of the sediment and salt densities are summarized here.  In Model AP (Analogue Properties) densities are those corresponding to the physical analogue models (salt, 990 kg/m3 and sediment 1600 kg/m3). Models NPL, NPH, NPN, (Natural Properties with Low, High, and Neutral density sediment) and NPC (Natural Properties with Compacting sediment) include material properties that are similar to natural systems.  In all four, salt has density 2150 kg/m3.  In NPL the sediment density is 1900 kg/m3, chosen to represent near surface, uncompacted sediment, whereas in NPH it is 2300 kg/m3, consistent with moderately compacted clastic sediment [Hudec et al., 2009; Velde, 1996; Baldwin and Butler, 1985; Sclater and Christie, 1980]. Model NPN has sediment density 2150 kg/m3, equal to that of salt, and was chosen to isolate the effects of differential pressure, by eliminating the buoyancy force between the salt and sediment.  In model NPC sediment compacted vertically according to a kinematically specified compaction curve (equation 14) of the Athy type [Athy, 1930] during the course of the model run. In addition, a sensitivity analysis was conducted considering separately the influence of density contrast between sediment and salt and initial depth of sediment cover on structural evolution. First, the original analogue system properties outlined above were used, and sediment density was reduced for successive runs. Second, a uniform layer of sediment was placed on top of the salt before progradation of sediments across the model; sediment thickness was increased for successive model runs.  Model parameters are summarized in Table 2.
Figures 2-6 show the evolution of each of the first five models, as a series of panels. Animations 1 and 2 show more detail for models NPC and AP-1. Salt is shown as four initially horizontal layers in different shades of magenta, which allows the internal deformation of the salt to be visualized. All of these layers have the same properties. Sediments bounding the salt basin are orange and prograding sediments are colour coded according to chronostratigraphic age, each shade corresponding to 1.0 Ma of evolution (colour changes represent 5.0 Ma). Corresponding animations of the complete models are given in the Supplement.  

4.1.1 Experiments with densities representative of natural systems

Each of the natural system properties experiments becomes gravitationally unstable during sediment progradation and develops a linked system in which extension below the continental slope is balanced by shortening at the base of the slope. Details of the evolving geometry vary among the experiments. In the most simple example, NPL, this linked system is expressed by the development of a listric normal fault and rollover structure against the boundary of the basin paired with a counter-regional expulsion rollover which develops as salt is expelled laterally from beneath the prograding sediments. In NPN there is subsidiary faulting within the rollover structure and in NPH several faults develop. In all cases shortening seaward of the progradation profile produces regional thickening of the salt body and subsequent development of a salt nappe over the distal bounding sediment block.  Folding can be seen within the salt nappe, most clearly between differently coloured salt layers.  In proximity to the expulsion rollover, the salt develops a rotational flow geometry, in response to lateral squeezing of salt from beneath the prograding sediment.  Overall, there is a simple and understandable progression of salt-tectonic styles in which deformation increases with the density of the prograding sediment.
4.1.1.1 Experiment NPN: Nature equivalent, with neutrally buoyant sediment

Experiment NPN, with sediment density constant and equal to that of salt (Figure 2), develops Poiseuille flow in the salt beneath the sediment during early progradation.  Lateral movement of the salt ahead of the prograding sediment is accommodated through a laterally decaying Couette flow of the salt (together with a thin carapace of sediment) which is responsible for thickening the salt.  By 10 Ma the paired rollovers that develop from listric normal faulting and lateral salt expulsion form a large sedimentary depocenter that has an anticlinal turtle-like structure with a trapped basal salt pillow. The basal salt near the proximal edge of the salt basin becomes very thin, however, it does not weld, as can be seen by the continued basal slip throughout the experiment.   From this point on salt both ahead of the prograding sediments and trapped beneath them exhibits Couette flow.  Between 10 and 30 Ma the system advances seaward by continued rollover on the normal fault, slip on the thin basal salt layer and salt expulsion from the footwall of the counter-regional rollover. This increases the size of the depocenter and the anticlinal structure, and extends the zone of apparent sediment welding seaward. From 20 Ma there is subsidiary normal sense deformation within the anticline above the salt pillow. Thickening of the salt body is evident as early as 2.5 Ma, and a nascent salt nappe develops by 10 Ma.  As expected, no buoyancy-driven diapirs develop and salt is only exposed at the surface adjacent to the base of the slope. Note that the salt has risen to the same level as sediment to the right, as expected given that they have the same densities. Internal rotational flow in the salt is clearly evident adjacent to the seaward expulsion rollover.

4.1.1.2 Experiment NPL: Nature equivalent, with low density sediment

In NPL (Figure 3), the sediment, density 1900 kg/m3, is less dense than the salt and represents a stable stratification with no upward salt buoyancy.  As in experiment NPN, early flow in the salt is characterized by Poiseuille flow beneath the prograding sediments and Couette flow seaward of the slope.  The velocities are, however, smaller than in NPN, owing to the lower sediment density.  Salt expulsion is less vigorous; the seaward expulsion rollover and extreme thinning of the basal salt begin to develop at 15 Ma and mature later, between 20 and 30 Ma. In other respects NPN and NPL are similar, except that NPL has no salt exposed at the surface and there is no faulting within the anticline.  

4.1.1.3 Model NPH: Nature equivalent, with high density sediment

The results of experiment NPH, with sediment density constant at 2300 kg/m3, more dense than salt, are shown in Figure 4.  Magnitudes of both Poiseuille and Couette flow in the salt are larger in this experiment, owing to the larger pressure gradient, and the whole system is more mobile than in all other experiments with natural system equivalent densities. Here extension involves the formation of several listric normal faults.  Formation of paired listric normal and expulsion rollovers between 10 and 30 km begins before 5 Ma.  Adjacent to the landward edge of the basin, beds rotate to dip landward in response to movement along the listric normal fault that forms at the basin edge.  Between 20 and 30 km, initially an expulsion rollover causes successive beds in this region to dip seaward, but subsequent movement along a normal fault bisects the anticlinal depocenter (at 15 Ma) and results in a landward dip of the beds between 30 and 50 km at this time. The salt pillow trapped beneath the associated anticlinal structure migrates seaward as the sediment detaches above the salt and translates seaward. By 20 Ma a counter-regional normal fault has formed at 40 km above the salt pillow and this structure and its landward counterpart become the main extensional structures. Thickening of the salt seaward of the progradation profile results in the formation of a salt nappe by 10 Ma.  As in NPN salt is exposed at the surface at base of the slope. 

4.1.1.4 Experiment NPC: Compacting sediment

Figure 5 shows the results of experiment NPC, with natural system equivalent densities and compacting prograding sediments.  This experiment evolved similarly to the others with natural system equivalent densities.  Early in the model evolution salt moved with a Poiseuille flow under the prograding sediments and a Couette flow ahead of them.  An expulsion rollover developed by 10 Ma. Between 15 and 30 Ma the expulsion rollover propagated seaward.  A salt nappe forms between 10 and 15 Ma. The overall evolution is intermediate to experiments NPL and NPN. 

4.1.2 Experiment AP-1: Analogue experiment equivalent densities

The results of experiment AP-1, with analogue experiment equivalent sediment and salt densities of 1600 kg/m3 and 990 kg/m3, the highest density contrast of all experiments presented, is shown in Figure 6. The evolution is distinctly different from the natural system equivalent experiments in that AP-1 develops a series of 2D minibasins and diapirs (strictly salt walls), instead of an expulsion rollover. By 0.5 Ma salt has locally pierced the overlying prograding sediments, and by 2.5 Ma three diapir-minibasin pairs have formed.  Nearly all salt in this region is expelled from beneath the sinking minibasins and into the emerging diapirs. The bases of the minibasins, although apparently welded against the bottom of the salt basin, continue to detach and translate the diapir-minibasin province seaward as the landward bounding rollover structure continues to develop.  Figure 7 highlights the development of diapir-minibasin pairs in this experiment.  In this figure the colour sequence showing the chronostratigraphy of prograding sediments has been altered to show structural features in more detail; all prograding sediment has the same material properties.  During minibasin formation sediment layers initial dip landward, but rotated to dip seaward as salt was expelled preferentially from beneath the distal region of the minibasin.  Lateral movement of salt ahead of the prograding sediments was dominated by Couette flow.  By 10 Ma squeezing of the diapirs causes salt to be conducted vertically and expelled at the surface as sheets that coalesce into a canopy. Diapir and minibasin formation continue until 15 Ma, at which point thickening of the salt body seaward of the progradation profile prevents further sedimentation at the toe of the slope. A salt nappe also forms at this time, over the distal syn-depositional sediment block.  Between 15 and 30 Ma continued squeezing of the diapirs evacuates nearly all salt to the surface, where it flows down slope and reintegrates with the autochthonous salt body.

 The influence of the large density difference between the overburden (sand) and salt (silicone) is clear in model AP-1. First, the silicone rises diapirically through the sand and forms diapirs with a large surface topographic expression (Figures 6 and 7). Their large topographic relief allows the silicone to spread laterally above the sand forming wide diapir tops that coalesce to form a canopy (Figure 6: 5,15 Ma). This is certainly assisted by squeezing of the diapirs. The canopy flows downslope assisted by loading by prograding sediments. Thin sediment seaward of the base of the slope is folded and disaggregated, and the disrupted regions become the focus of shortening. Even small pieces of this thin overburden sink rapidly to the base of the salt layer. None of this behaviour occurs in the models with natural equivalent properties.  

4.1.3 Influence of reduced density contrast and depth of initial cover

In addition to the experiments outlined above, two additional tests were performed to determine the sensitivity of structural style (diapir-minibasin pairs versus expulsion rollover) to variations in density contrast between the sediment and salt and initial depth of sediment cover.   These experiments used densities, geometry, and progradation rate as in AP-1, except as noted.  For a salt density of 990 kg/m3, it was found that diapirs and minibasins formed for sediment densities greater than 1300 kg/m3 (density contrasts of approximately 300 kg/m3 or greater), while at lower sediment densities an expulsion rollover formed.  
The addition of a layer of uniform-thickness sediment over the entire model domain, before the onset of progradation, served to reduce the tendency for diapirs and minibasins to form.  For sediment and salt densities of 1600 kg/m3 and 990 kg/m3, initial sediment cover depths of 750m or more suppressed diapir and minibasin formation.  This can be ascribed to the finite strength of the overburden which is larger than the buoyancy force that develops at the salt-sediment interface [Schultz-Ela et al., 1993]. 

4.2 Isolating the Impact of Buoyancy, Sediment Strength, and Pressure Gradient

The above experiments demonstrate the difference in structural evolution resulting from a change of sediment and salt densities from values typical of nature to those often used in physical analogue experiments, but do not isolate the separate effects on the buoyancy force and sediment strength. To isolate the impact of a disproportionately large buoyancy force, the experiment APS (representative of analogue experiments but with corrected sediment strength) set sediment density equal to 2150 kg/m3 (an intermediate value of the nature-equivalent range), and salt density equal to 1540 kg/m3.  This preserved the analogue experiment density difference between sediment and salt at 610 kg/m3, as in experiment AP-1, but corrected for the decreased sediment strength associated with typical analogue experiment sand density of 1600 kg/m3.  Conversely, to isolate the impact of decreased sediment strength, in experiment APB (representative of analogue experiments but with corrected buoyancy) the absolute density of sediment was held at the analogue equivalent value of 1600 kg/m3, and the salt density was increased to 1450 kg/m3, to give a density difference of 150 kg/m3, more representative of nature.  Table 3 outlines the four experiments considered in this aspect of the analysis.

The results of experiments APS and APB (Figures 8 and 9) are shown in the same manner as the previous models. Experiment APS, which isolates the effect of high buoyancy force in the analogue-equivalent experiments, develops a diapir-minibasin style geometry, though with fewer of these structures than were observed for the original analogue-equivalent experiment AP1.  In contrast, experiment APB, which isolated the impact of disproportionately low sediment strength and pressure gradient when using analogue-equivalent densities, developed the paired normal fault and expulsion rollover system similar to those seen in experiments NPN, NPL, NPH, and NPC, with nature-equivalent densities.  Successive sediment beds rotate to a relatively steeply-dipping final orientation, thereby forming the primary anticlinal structure, and by 30 Ma a normal fault develops within the anticline above the salt pillow (Figure 9). 
Overall, experiment APB is similar to NPH, which has the same salt-sediment density difference, 150 kg/m3. However, the sediment density is lower, 1600 versus 2300 kg/m3 and this likely accounts for differences in the evolution of the expulsion rollover. In the NP series of models, the relatively high density sediment develops a differential pressure that is sufficient to expel salt from beneath the expulsion rollover efficiently, so that little is trapped as diapirs or pillows. By contrast, experiment APB develops a series of asymmetric minibasins, starting at ~10 Ma,  near the seaward edge of the prograding sediment wedge, against the main body of the salt. We interpret this behaviour to reflect the lower pressure gradient and reduced expulsion rate, such that sediment progrades faster than salt expulsion and the prograding sediment sinks rapidly into the thick salt to form a minibasin before the salt can be expelled. This process occurs in incremental steps such that salt is episodically trapped as pillows between each of the minibasins. 

 
It appears that inaccuracies in the scaling of the buoyancy force are most influential in determining the style of structural evolution and, in particular, are responsible for the development of minibasin-diapir systems in APS and AP-1, whereas none develop in the models with natural scaling. However, the differential pressure is also important and low density sediment, as in APB, leads to less efficient salt  expulsion than in models with natural scaling. 

5. Discussion

5.1 Behavior of the Models 

In all experiments the prograding sedimentary wedge created a horizontal pressure gradient within the underlying salt. Failure and gravitational spreading were accommodated by a zone of extension at the landward edge of the slope and a zone of contraction seaward of the toe of the slope.  Extension was accommodated by the formation of normal faults in the sedimentary overburden.  Contraction created features included thickening of the distal salt body, formation of a salt nappe at the seaward edge of the salt basin, and squeezing of diapirs, where these had formed.  This general behaviour can be attributed to the horizontal differential pressure exerted by the prograding sediments. 

Buoyancy also influenced salt movement, particularly in cases where the prograding sediment was more dense than the underlying salt.  The magnitude of the density difference between salt and overlying sediment determined the rate at which sediment sank into the salt.  For the natural system equivalent experiments this was manifest as differences in the dip angle of sedimentary layers within an expulsion rollover (denser sediment produced more steeply-dipping beds).  In the analogue model equivalent experiments AP-1 and APS, the density contrast, 610 kg/m3, was sufficiently large to allow formation of rapidly-sinking minibasins and associated diapirs.  

Both Poiseuille and Couette flow were observed within the salt.  Stability of a frictional-plastic overburden overlying a viscous substratum, and the resultant flow regime within the viscous layer, has previously been analyzed [Lehner, 1977, 2000; Last, 1988; Vendeville and Jackson, 1992; Gemmer et al., 2004].  Poiseuille flow occurred when a horizontal pressure gradient was imposed by lateral variation in the thickness of the sedimentary overburden, and the overburden remained stable.  Couette, or shear, flow occurred either when sedimentary overburden was moving laterally above the salt, imposing a horizontal velocity at the salt surface, or when the horizontally flowing salt body had a free upper surface with no sedimentary cover.  Poiseuille flow is most easily observed beneath the prograding sediments in the early evolution (up to 10 Ma) of experiments NPL and NPN, since in these cases sinking of sediment into the salt and salt expulsion occurred relatively slowly.  Couette flow was observed seaward of the progradation profile in all experiments.  In this region, salt was bounded by a no-slip surface at the base of the model and a free surface at the top of the salt.  The magnitude of velocity vectors decreased towards the distal end of the salt basin, were lateral movement was impeded by the syn-depositional sedimentary buffer, resulting in thickening of the salt body.    

The four natural system equivalent experiments applied similar horizontal differential pressure to the salt (variations were due to differences in sediment density; geometry of the prograding sediment remained constant).  The effects of buoyancy, however, differed among these experiments, as the ratio of density of overburden to salt was varied.  All natural system equivalent experiments (NPN, NPL, NPH, and NPC) produced similar structural styles. Landward of the top of the slope, extension was accommodated by a series of regional and in some cases counter-regional normal faults.  An expulsion rollover formed beneath the slope, with bedding layers rotating downward as salt was expelled from beneath the deposited sediments, resulting in dip angles higher than those at the time of deposition.  Seaward of the toe of slope contraction was accommodated by thickening of the salt body.  In each case, when the top of salt elevation had increased by approximately 600 m a salt nappe formed over the distal syn-depositional sediment block.  The influence of differing sediment density was observed in the dip angle of successive beds within the expulsion rollover, with lower density sediments producing expulsion rollovers with lower dip angles, and vice versa.  Experiment NPC produced an expulsion rollover with dip angle between that of NPL and NPH. The relative instability of experiments NPH, NPN, and NPL, as demonstrated by magnitude of velocity within the salt under prograding sediment, was generally found to agree with predicted relative instability, mobility, calculated according to Gemmer et al. [2004].

5.2 Buoyancy

The effect of buoyancy forces was much more pronounced in the analogue model equivalent experiments, owing to the higher density difference between sedimentary overburden and salt, compared to the natural system equivalent experiments.  The analogue properties experiment AP-1, with high density difference between sediment and salt, produced a profoundly different style of salt and sediment deformation than did the experiments with natural system equivalent densities.  The high difference in density between sedimentary overburden and salt resulted in rapid sinking of the prograding sediments, and the production of minibasins and diapirs at the toe of the progradation profile. No diapirs formed in the dry natural system equivalent models because these models did not develop plastic Rayleigh-Taylor instabilities, the equivalent of viscous Rayleigh-Taylor instabilities, but in which one or more of the materials has a finite yield strength.  Experiment APS, with modified analogue equivalent densities which corrected the low sediment strength and pressure gradient, developed similarly to AP-1.  Experiment APB, with analogue equivalent densities modified to correct for the disproportionately high buoyancy force, developed an expulsion rollover, similarly to experiments NPH, NPL, NPN, and NPC. 

5.3 Differential Pressure and Sediment Strength

In addition to enhanced buoyancy forces in the analogue property models, all models with low density overburden, AP-1, APM, and APB, and NPHW exert lower absolute and horizontal differential pressures, and have reduced sediment strength by comparison with the natural property models. These factors reduced the efficiency of salt expulsion but the effect was less important than that of buoyancy.

            Density differences intermediate between nature and physical experiment typical values were also considered, as was as the impact of initial depth of sediment cover.  It was found that a change in the structural evolution of salt and overlying sediment, from diapir-minibasin pairs to an expulsion rollover, occurred when the salt-overburden density difference was reduced below 300 kg/m3.  At these lower density differences the growth of plastic Rayleigh-Taylor instabilities does not proceed quickly enough for diapirs and minibasins to form at a given location before the accumulated depth of sediment cover suppresses vertical movement of salt.  With sediment and salt densities of 1600 kg/m3 and 990 kg/m3, the same as for experiment AP-1, an initial sediment cover of depth 750 m or greater resulted in suppression of diapir and minibasin formation.  At depths greater than or equal to 750 m the buoyancy force induced by the density inversion does not become sufficient to overcome the strength of the frictional-plastic sediment overburden.  

5.4 Comparison with Physical Models

        The structural features produced in the analogue equivalent experiments presented here have certain similarities to previously published physical experiments.  Active development of diapiric ridges in response to horizontal differential pressure in gravity spreading experiments was observed by Vendeville [2005] and Rowan and Vendeville [2006].  Vendeville observed both active and reactive diapirism when successively longer tapered wedges of high density sediment were placed over an initially horizontal silicone substratum, simulating progradation.  In this analysis the silicone had a free surface ahead of the prograding sediment.  Thickening and formation of a nappe were observed in this region, as continued progradation progressively expelled silicone laterally from beneath the applied sand.  In this experiment prograding sediment was instantaneously placed over the silicone layer, resulting in faulting of the sediment and initially active diapir growth at several locations along the full length of the sediment wedge.  Rowan and Vendeville [2006] formed minibasins and induced passive diapirism by applying an uneven pre-kinematic sediment layer (0.0 to 0.3 cm thick), allowing the model to equilibrate, and then adding subsequent syn-kinematic layers to the height of the resultant silicone ridges.  Loncke et al. [2010] approximated two-dimensional plan form geometry in their gravity spreading experiment, by including a trough in the pre-kinematic salt basement geometry, oriented radially with respect to a lobate progradation front.  They observed the formation of roughly linear dipairic ridges, perpendicular to the direction of applied horizontal differential pressure.  

While active diapirsm was observed early in the evolution of all experiments presented here which simulated the buoyancy force typical of physical analogue experiments,  laboratory experiments that simulate gravity gliding and spreading often develop diapirs or diapiric ridges in response to faulting [e.g. McClay et al., 2003; Brun and Fort, 2004], and active diapirism is less common.  The way in which prograding sedimentation is simulated in physical experiments, typically through the application of distinct sand wedges, each of which is emplaced quickly, much faster than in nature, favours faulting and reactive diapirism.  The use of a slowly moving progradation profile in the numerical analyses presented here facilitates active diapirism, and more closely simulates continuous, progressive sedimentation,.  It should also be noted that the progradation profile we use does not limit the volume of sediment available to fill bathymetric lows at any given time step, further encouraging minibasin development.  Another factor which influences the development of diapir-minibasin pairs is the depth of pre-kinematic sediment cover over salt.  Our analyses show that at depths greater than ~ 750 m (0.75 cm at the laboratory scale) the finite frictional strength of the sediment cover is sufficient to suppress active diapir formation, even in models like AP-1.  Many physical experiments which produce only reactive diapirism, involve a pre-kinematic sand cover over silicone of depth greater than 0.75 cm [e.g., Del Ventisette et al., 2005; Brun and Fort, 2004].  Note that sediment was assigned zero cohesion in the numerical experiments presented here.  Lohrmann et al. [2003] reported that sands used for analogue experiments typically have an effective cohesion on the order of 50-100 Pa, equivalent to 5-10 MPa at the natural scale, which would provide an additional force to counter diapir formation.

       Recently, Brun and Fort [2011, Appendix 2] comment on the scaling used in analogue models, “The density contrast between silicone putty and sand (Δρ = 1.4) is slightly higher than might be expected between salt and sediments in nature (Δρ =1.05 to 1.18) according to Weijermars et al. [1993]. However, as pointed out by Weijermars et al. [1993] and Vendeville and Jackson [1992], this disparity is acceptable because the density contrast between salt and sediments is not the primary factor responsible for the rise of diapirs”. We suggest that there are circumstances where buoyancy has a strong effect on diapirism, as shown in the model experiments presented here. The view that buoyancy is not important may result from an over emphasis on horizontal differential pressure as the major driving force in salt tectonics. 
5.5 Consideration of sub-marine versus sub-aerial setting and pore fluid pressure: a possible remedy for scaling errors in physical analogue experiments

 5.5.1 Scaling to a submarine natural system

             The results presented above point to scaling discrepancies between analogue models and their natural prototypes (Table 1, column 3) and this has consequences, as shown by the results of the numerical models. In the absence of materials that scale correctly, we suggest an alternative approach that helps reconcile the analogue and natural systems, namely; that the dry analogue models be compared with truly submarine natural systems.  That is, we propose that dry analogue experiments, with reduced sediment density, can be scaled to represent natural submarine salt tectonics.  In a submarine setting the buoyancy force at the seabed, between the water and sediment is approximately proportional to 1300 kg/m3 (~ 2300 - 1000 kg/m3)  and that acting between sediment and the salt is 150 kg/m3 (~2300 - 2150 kg/m3), where we have assumed the sediment density is 2300 kg/m3 for illustrative purposes. We have also used a nominal density of water of 1000 kg/m3, but the calculations are easily done for sea water, density 1030 kg/m3; the points we make are valid for both cases.  The scaling of the buoyancy forces in analogue experiments can be made approximately correct by using dry (no water loading) analogue models with sediment density 1300 kg/m3 and silicone density 1150 kg/m3. These choices reproduce the natural submarine density differences. The equivalent conclusion is reached by assuming that in the natural submarine system the sediment and salt act with their reduced densities owing to the buoyancy of the water.
            Similarly, the horizontal differential pressure exerted by prograding sediment in a submarine setting is also approximately proportional to its reduced density, 1300 kg/m3 (~ 2300 - 1000  kg/m3), which likewise can be reproduced by sediment with density 1300 kg/m3. Moreover, flow of submarine salt occurs in proportion to its reduced density, 1150 kg/m3  (2150 - 1000 kg/m3), which would be equal to silicone of density 1150 kg/m3,  flowing subaerially.
         Finally, the strength of hydrostatically pressured sediment can be reproduced as follows. If hydrostatic pore fluid of pressure Pf is included in the model design, sediment yield strength, (Y is given by:  
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where P( is the effective pressure acting within the sediment and (w is the density of water and we have used the lithostatic pressure as an approximation of the mean stress. By inspection, the yield strength is equal to that of dry sediment with density 1300 kg/m3, so that if sediment with this density can be made, the dry analogue model will be approximately equivalent to the submarine natural system.
        Under these circumstances the dry analogue laboratory model would be correctly scaled to a simple submarine natural system in which other factors, like sediment compaction, are ignored. In practice, sediment densities equal to that of silicone have been achieved by mixing sand with hollow ceramic microspheres [Rossi and Storti, 2003; Dooley et al., 2007], so a density in the range 1000 - 1300 kg/m3 ) could easily be achieved.  Silicone with density of 1140 kg/m3 was used by Storti et al., 2007], while others have been achieved similar silicone densities by mixing lower densities silicones, such as PDMS (SGM-36), with inert higher-density particles [eg. Marues, 2008; Bialas et al., 2011].  The scaling (Equations 4-7) has been recalculated using the reduced, effective densities of the natural sediment and salt, 1300 and 1150 kg/m3 (Table 1, column 3). 
5.5.2 Tests of models scaled for submarine conditions
Two experiments were conducted to test the proposed scaling of dry analogue models for submarine salt tectonics (including both water load and hydrostatic pore fluid pressure).  First, experiment NPHW used salt and sediment densities of 2150 and 2300 kg/m3, the same as for experiment NPH, but added water (density 1000 kg/m3) to a depth greater than the prograding sediments, as well as hydrostatic pore fluid pressure in the sediment. It was assumed that the salt was impermeable and dry, except for fluid inclusions, and therefore there is no pore fluid effect in the salt. Thus NPHW is a submarine equivalent of NPH and has properties that correspond to simplified submarine natural systems.  The second experiment, APM, set sediment and salt densities to 1300 and 1150 kg/m3, with the density difference between sediment and salt corrected to a value more representative of nature by reducing sediment density and increasing salt density, with respect to the earlier AP models. This model corresponds quite well to an equivalent submarine experiment. Here, the effect of water loading and hydrostatic fluid pressure are not included (APM is a ‘dry’ model), and sediment and salt act with their densities reduced by an amount equal to the density of water.  NPHW and APM are respectively models corresponding to a simplified natural submarine prototype, and the ‘dry’ correctly density scaled analogue equivalent.  

The results (Figures 10 and 11 and Animations 3 and 4) show reasonable agreement between NPHW and APM.  In both cases, salt breached the sedimentary overburden at approximately 2.5 Ma.  For NPHW a single diapir-minibasin pair formed at this location between 2.5 and 7.5 Ma.  Subsequent vertical movement of salt within the diapir was limited, and a salt canopy over the adjoining minibasin formed much later (10-15 Ma) compared to experiment AP-1.  A salt nappe formed in both experiments, and traveled between 20 and 25 km beyond the distal edge of the original salt basin. For both NPHW and APM a series of late-stage minibasins formed near the front of the prograding sediment wedge, beginning at 10 Ma.  In the case of APM the minibasins formed against the main body of salt, whereas in NPHW minibasin formation occurred against the landward edge of the single diapir formed earlier in the experiment. These late-stage minibasins are similar to those in APB and evolve in the same way [Hudec et al., 2009]. They similarly occur in models with low differential pressure resulting from a low density of the overburden (1300 kg/m3 in APM) or a corresponding low density difference between the overburden and water (an effective density of 2300-1000 kg/m3 in NPHW). 
  
A third experiment was conducted, corresponding to the best approximation to the submarine natural prototype that can be achieved in dry analogue models without adjusting the density of the PDMS (SGM-36) silicone.  This experiment had sediment and salt densities of 1140 kgm3 and 990 kg/m3. Here the assumption is that the density of silicone cannot be increased and therefore the sediment density is chosen to preserve the natural difference between sediment and salt densities, 150 kg/m3.  This experiment developed similarly to APM.

5.6 Scaled Models for Submarine Salt Tectonics  

          A promising direction for improving the scaling of analogue models is to design them to reproduce submarine conditions. If the density of sand used in physical analogue experiments is reduced by mixing with hollow ceramic microspheres, a range of densities can be produced such that the density difference between sand and silicone approximates natural conditions.  The density difference between silicone and air, which influences the rate at which silicone with a free surface flows under the influence of gravity, like the distal salt nappe, is similar to that between salt and water, and can be adjusted by mixing the silicone with inert higher density particles. This is also true for the differential pressure, which for submarine conditions scales with the density difference between overburden and water. Lastly, the reduction in sediment strength resulting from the low density of sand compared to sedimentary rocks in nature (1300 kg/m3 versus ~2300 kg/m3) is equivalent to the strength reduction in the natural system associated with introducing hydrostatic pore fluid pressure throughout the sedimentary overburden. Under these conditions, scaled dry analogue models can reasonably reproduce their natural, hydrostatically pressured submarine equivalents. These conditions produce density scaling for submarine salt tectonic analogue experiments which is as accurate as possible within the limitations imposed by partial density stripping, that is, reducing the absolute densities of materials but preserving the density differences at interfaces between them. Comparison of models NPHW and APM provides one example of these limitations.  Of course, scaled density variations with compaction are more difficult to reproduce, as are pore-fluid overpressures [Mourgues and Cobbold, 2006].

6 Conclusions


1. Densities of sedimentary rock and salt analogue materials typically used in physical analogue experiments of salt tectonics systems result in three scaling inaccuracies, when compared with nature:

a. Buoyancy is overestimated owing to the excessively high ratio of density difference between sedimentary overburden and salt divided by the density of salt; 

b. Pressure gradient and sediment strength are underestimated, owing to the lower density of sand compared to sedimentary rock;

c. Time is underestimated (progresses more quickly) in the physical experiments compared to nature, owing  to the lower density of silicone compared to salt.

2. All else being held equal, a change in salt and sediment density from values typically encountered in nature to those often used in physical analogue experiments results in a fundamental shift in the structural evolution of a gravity spreading salt tectonics system, from expulsion rollover to diapir-minibasin pairs. 

3. The overestimated buoyancy force in physical analogue experiments has more impact on the overall style of system evolution than do the underestimated sediment strength and pressure gradient. Considering physical analogue equivalent experiments, the formation of diapir-minibasin pairs persists for sediment densities as low as ~1300 kg/m3 (~300 kg/m3 more dense than the salt analogue) and for initial sediment cover depths up to roughly 750 m (0.75 cm at the laboratory scale).  The later may explain in part why the extent of diapirism observed in our experiments is not often seen in physical analogue models, as initial cover depths > 1 cm are often applied.  

4. The way in which prograding sediments are applied is probably also partially responsible for the infrequency with which active diapirism is observed in physical analogue experiments, compared to the range of conditions under which it is observed in our numerical analysis.  It is common in physical experiments to apply prograding sediments rapidly in distinct wedges and not to subsequently ‘top up’ areas of subsidence; this pattern favours faulting and the formation of reactive diapirs.
5. If the density of sand is reduced to ~1300 kg/m3, for example by mixing with hollow ceramic microspheres, and the density of silicone is ~1150 kg/m3 (possibly increased by mixing with higher density inert particles), dry physical analogue experiments are a reasonable representation of submarine gravity-driven salt tectonics systems. 
6. We recommend that physical experiments that are directly comparable with these numerical analyses be undertaken.
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Figure captions

Figure 1: Model geometry and material properties.  Here ρd and ρs are sediment and salt density, ( is the internal angle of friction of the sediment, η is salt viscosity, and vprograde is the progradation rate.  The position of the sediment is shown as having prograded over the salt, for clarity.  In all experiments, the sedimentary wedge was initially placed to the left of the salt basin.  
Figure 2: Experiment NPN, representative of nature with neutrally buoyant sediment (ρd = ρs = 2150 kg/m3).  Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration.  Vertical exaggeration 8:1. Prograding sediments form an expulsion rollover; salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress. 

Figure 3: Experiment NPL, representative of nature with low density sediment (ρd = 1900 kg/m3; ρs = 2150 kg/m3). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Prograding sediments form an expulsion rollover with shallow dip angle. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress. 

Figure 4: Experiment NPH,  representative of nature with high density sediment (ρd = 2300 kg/m3; ρs = 2150 kg/m3). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Prograding sediments form an expulsion rollover with steep dip angle and experience both regional and counter-regional faulting. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress. 

Figure 5: Experiment NPC,  representative of nature with compacting sediment.  Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Prograding sediments form an expulsion rollover with moderate dip angle and experience both regional and counter-regional faulting. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress. 

 Figure 6: Experiment AP1,  representative of physical analogue experiments with densities (ρd = 1600 kg/m3; ρs = 990 kg/m3) which overestimate buoyancy and underestimate sediment strength and pressure gradient. Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Diapir minibasin pairs form in response to progradation and migrate seaward. Salt moves vertically through diapirs, coalesces into a canopy, and flows into the main salt body.  Salt thickening and nappe formation is also observed.

Figure 7: Detail of dipair and minibasin formation, for experiment AP1, with densities representative of physical analogue experiments (ρd = 1600 kg/m3; ρs = 990 kg/m3). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1.  

Figure 8: Experiment APS, with physical analogue experiment densities altered to correct low sediment strength and pressure gradient while maintaining disproportionately high buoyancy (ρd = 2150 kg/m3; ρs = 1540 kg/m3). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Diapir minibasin pairs (three, compared to four for experiment AP1) form in response to progradation and migrate seaward. Salt moves vertically through diapirs, coalesces into a canopy, and flows into the main salt body.  Salt thickening and nappe formation is also observed.

Figure 9: Experiment APB,  with physical analogue experiment densities altered to correct disproportionately high buoyancy while maintaining underestimated sediment strength and pressure gradient (ρd = 1600 kg/m3; ρs = 1450 kg/m3). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1.  Prograding sediments form an expulsion rollover with steep dip angle and undergo regional faulting. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress.

Figure 10: Experiment NPHW, representative of submarine natural system (ρd = 2300 kg/m3; ρs = 2150 kg/m3, with water load and hydrostatic pore fluid pressure). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1.  A single diapir minibasin pair forms.  Subsequent progradation results in an expulsion rollover with steep dip angle. Salt is expelled laterally and thickens; the salt nappe flows at a slower rate over the distance sediment buttress, compared to experiment NPH.
Figure 11: Experiment APM, representative of physical analogue experiments with reduced sediment density (ρd = 1300 kg/m3; ρs = 1150 kg/m3), considered to be analogous to a submarine natural system. Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1.  Prograding sediments form an expulsion rollover with steep dip angle. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress.

Dynamic Content Captions

Animation 1: Experiment NPC, natural densities with compacting sediment, and representative of the range of natural densities considered.  Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Prograding sediments form an expulsion rollover with moderate dip angle and experience both regional and counter-regional faulting. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress. 

Animation 2: Experiment AP-1, representative of physical analogue experiments with densities (ρd = 1600 kg/m3; ρs = 990 kg/m3) which overestimate buoyancy and underestimate sediment strength and pressure gradient. Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1. Diapir minibasin pairs form in response to progradation and migrate seaward. Salt moves vertically through diapirs, coalesces into a canopy, and flows into the main salt body.  Salt thickening and nappe formation is also observed.
Animation 3: Experiment NPHW, representative of submarine natural system (ρd = 2300 kg/m3; ρs = 2150 kg/m3, with water load and hydrostatic pore fluid pressure) . Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1.  A single diapir minibasin pair forms.  Subsequent progradation results in an expulsion rollover with steep dip angle. Salt is expelled laterally and thickens; the salt nappe flows at a slower rate over the distance sediment buttress, compared to experiment NPH.
Animation 4: Experiment APM, representative of physical analogue experiments with reduced sediment density (ρd = 1300 kg/m3; ρs = 1150 kg/m3). Salt is magenta, pre-kinematic sediment is orange, prograding sediment has graded colouration. Vertical exaggeration 8:1.  Prograding sediments form an expulsion rollover with steep dip angle. Salt is expelled laterally, thickens, and forms a nappe over the distal sediment buttress.

Tables

Table 1: Scaling Ratios Between Physical Models and Dry or Submarine Natural Systems
	Scaling
Parameter
	Scaling Ratios (model/nature)

	
	Compared to dry natural system
	Compared to submarine natural system

	
	With correctly-scaled analogue densities
	With currently-used analogue densities 
(ρd = 1600 kg/m3;
ρs = 990 kg/m3)
	With modified analogue densities
(ρd = 1300 kg/m3;
ρs = 1150 kg/m3)

	Length, L (10-5)
	1.0
	1.0
	1.0

	Time, t (10-9)
	1.0
	0.46
	0.46

	Velocity, v (10-14)
	1.0
	0.46
	0.46

	sediment strength, σy (10-5)
	1.0
	0.70
	1.0

	buoyancy, σz (10-5)
	1.0
	8.8
	1.0

	pressure gradient, ΔP (10-5)
	1.0
	0.70
	1.0


Table 2: Model Parameters
	Experiment identification
	NPN
	NPH
	NPL
	NPC
	AP-1
	APB
	APS
	NPHW
	APM

	Salt properties

    Density, (s (kg/m3)

    Viscosity,( (Pa*s)
	2150

1018
	2150

1018
	2150

1018
	2150

1018
	990

1018
	1450

1018
	1540

1018
	2150

1018
	1300

1018

	Sediment properties

    Density, (d(kg/m3)

    Grain density, (g (kg/m3)

    Surface porosity, no
    Pore fluid density, (f (kg/m3)

    Compaction coefficient, c

    Cohesion, C (MPa)

    Internal angle of friction, ( (o)
	2150
0

30
	2300

0

30
	1900

0

30
	2640

0.52

1000

4.7*10-4
0

30
	1600

0

30
	1600

0

30
	2150

0

30
	2300

0

30
	1150

0

30

	Progradation rate (cm/a)
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3

	Depth of pre-kinematic sediment cover (m)
	50
	50
	50
	50
	50
	50
	50
	50
	50


Table 3: Experimental Design Investigating Relative Importance of Buoyancy Force and Sediment Strength on Structural Evolution Resulting from Changes in Salt and Sediment Density
	
	Buoyancy Force Disproportionately Large
	  (

	Buoyancy Force Correction

	Sediment Strength Disproportionately Small
	Analogue Experiment Equivalent Values

AP-1

(s = 990  kg/m3
(d = 1600 kg/m3
	Isolated Impact of Sediment Strength

APB

(s = 1450  kg/m3
(d = 1600 kg/m3

	(
	
	

	Sediment Strength Correction
	Isolated Impact of Buoyancy

APS

(s = 1540  kg/m3
(d = 2150 kg/m3
	Nature-Equivalent Values

NPH

(s = 2150  kg/m3
(d = 2300 kg/m3


_1261510604.unknown

_1263103052.unknown

_1264174167.unknown

_1264174203.unknown

_1388493804.unknown

_1264174191.unknown

_1263916725.unknown

_1261510835.unknown

_1261511257.unknown

_1262284845.unknown

_1263103030.unknown

_1261511554.unknown

_1261510944.unknown

_1261510820.unknown

_1261510197.unknown

_1261510452.unknown

_1261025649.unknown

_1261069420.unknown

_1261507472.unknown

_1261025642.unknown

