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Abstract

As a rifted margin starts to tilt due to thermal subsidence, evaporitic bodies can become unstable,
initiating gravity-driven salt tectonics. Our understanding of such processes has greatly benefitted
from tectonic modelling efforts, yet a topic that has however gotten limited attention so far is the
influence of large-scale salt basin geometry on subsequent salt tectonics. The aim of this work is
therefore to systematically test how salt basin geometry (initial salt basin depocenter location, i.e.
where salt is thickest, as well as mean salt thickness) influence salt tectonic systems by means of
analogue experiments. These experiments were analyzed qualitatively using top view photography,
and quantitatively through Particle Image Velocimetry (PIV), and 3D photogrammetry (Structure-
from-Motion, SfM) to obtain their surface displacement and topographic evolution. The model results
show that the degree of (instantaneous) margin basin tilt, followed by the mean salt thickness are
dominant factors controlling deformation, as enhancing basin tilt and/or mean salt thickness
promotes deformation. Focusing on experiments with constant basin tilt and mean salt thickness to
filter out these dominant factors, we find that the initial salt depocenter location has various effects
on the distribution and expression of tectonic domains. Most importantly, a more upslope
depocenter leads to increased downslope displacement of material, and more subsidence (localized
accommodation space generation) in the upslope domain when compared to a setting involving a
depocenter situated farther downslope. A significant factor in these differences is the basal drag
associated with locally thinner salt layers. When comparing our results with natural examples, we
find a fair correlation expressed in the links between salt depocenter location and post-salt
depositional patterns: the subsidence distribution due to the specific salt depocenter location
creates accommodation space for subsequent sedimentation. These correlations are applicable
when interpreting the early stages of salt tectonics, when sedimentary loading has not become
dominant yet.
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1. Introduction

The deposition of extensive evaporite (salt) deposits is a common occurrence during and after
continental break-up and the associated marine transgressions. Examples of such evaporite
deposits are found at numerous passive margins around the world (e.g. Hudec & Jackson 2006,
2012; Brun & Fort 2011; Tari & Jabour 2013; Rowan 2014, 2018; Warren 2016, Jackson & Hudec
2017), whereas rift-related deposition of evaporites is on-going in the Afar rift in East Africa (Bonatti
et al. 1971). As the margin starts tilting due to thermal subsidence of the adjacent oceanic basin
(Fig. 1b), sufficiently large evaporitic bodies can become gravitationally unstable, initiating gravity
gliding-type salt tectonics in which post-salt sediments are detached from the pre-salt substratum
and transported downslope (e.g. at the Angolan and Brazilian margins of the South Atlantic, Marton
et al. 2000; Fort et al. 2004a; Quirk et al. 2012; Jackson et al. 2015). Typical of such salt tectonic
systems is the development of upslope extensional structures including rotated blocks and rollovers,
a mid-slope translational domain and a downslope compressional domain with diapirs, folding and
faulting (e.g. Demercian et al. 1993; Spathopolous 1996; Rowan et al. 2004; Brun & Fort 2011, Fig.
1c). In some cases, the evaporites can even pierce the sedimentary cover and extrude downslope
over the exposed seafloor (e.g. Rowan et al. 2004; Hudec & Jackson 2006; Tari & Jabour 2013).
Within this context, it must be stressed that next to margin tilt, sedimentary loading can have an
important influence on the development of salt tectonic systems and the relative significance of both
driving forces remains debated (e.g. Schultz-Ela 2001; Brun & Fort 2011; 2012; Rowan et al. 2012;
Goteti et al. 2013; Peel 2014; Warren 2016),

Evaporite units and associated salt tectonic structures are notoriously challenging to interpret and
reconstruct on seismic lines, and our understanding of salt tectonic processes has greatly benefitted
from analogue and numerical modelling efforts (e.g. Cobbold & Szatmari, 1991; Gaullier et al.,
1993; Vendeville et al. 1995; Mauduit & Brun 1998; Fort et al. 2004a, Gemmer et al. 2004; Ings et
al., 2004; Gaullier and Vendeville, 2005; Peel 2014; Brun & Fort 2004, 2011; Quirk et al. 2012;
Goteti et al. 2013; Allen & Baumont 2012, 2015; Ferrer et al. 2017; Ge et al. 2019a,b; Pichel et al.
2018; 2019). Such studies provided insights into the structural evolution of the various domains
within gravity gliding systems, for instance showing how deformation may migrate up- and
downslope over time (Fort et al. 2004a, Brun & Fort 2004, 2011; Quirk et al. 2012; Ge et al. 2019a,
b). Also the interaction between (syn-kinematic) sedimentation and salt tectonics has received much
attention. Fort et al. (2004b) for instance demonstrated how differential sedimentation along a
margin can cause downslope velocity differences resulting in block rotation about a vertical axis.
Recently, Goteti et al (2013) and Ge et al. (2019a) have experimented with varying sedimentation
patterns, finding that differential sedimentation may lead to the widespread formation of minibasins,
thus preventing the development of a well-defined translational domain. Next to the influence of
sedimentation, the effects of different margin inclination histories (i.e. instant, vs. progressive) have
been investigated as well, showing that faster margin tilting enhances (initial) downward
displacement (e.g. Goteti et al. 2013) and causes more distributed deformation (Ge et al., 2019b).

A factor that has however gotten only limited attention until recently is the effect of salt layer
thickness variations due to different basin geometries during initial salt deposition. Such variations
may be due to the characteristics of the margin; a wide rifted margin would allow for extensive salt
deposits, whereas a narrow margin provides only limited space. Also the thermal profile of the
lithosphere may influence salt deposition patterns, given that salt is often accumulated during the
later stages of continental break-up and the onset of thermal sag (e.g. Rowan 2018, and references
therein). Another process affecting these systems is pre-salt sedimentation, which may smoothen
the base of the salt basin by covering the otherwise rough bathymetry created by syn-rift faulting
(e.g. Strozyk et al. 2017, Fig 1d). However, when syn-rift salt deposition occurs, active faulting may
cause the development of smaller and isolated salt basins with limited potential for salt-tectonic
deformation (Brun & Fort 2008, 2011; Tari & Jabour 2013; Rowan 2014, Jackson & Hudec 2017).
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Salt basins can thus exhibit a high degree of geometric variability (e.g. Peel et al. 1995; Gamboa et
al. 2008; Marton et al. 2000, PFA 2011; Zalan et al. 2011; Davison et al. 2012; Guerra & Underhill
2012; Garcia et al. 2012; Tari & Jabour 2013; Strozyk et al. 2017, Fig. 1d and e), and such
variations, which can also occur along the length of an evolving rift system or passive margin (e.g.
McClay et al. 2002; Zwaan et al. 2016, Deptuck & Kendell 2017; Rowan 2018), have important
effects on subsequent salt tectonic deformation.

While earlier salt tectonic modelling studies have often involved a viscous layer with a constant
thickness (e.g. Cobbold et al. 1989; Mauduit et al. 1997; Mauduit & Brun 1998), more recent
modelling efforts have started to explore the effects of initial salt basin geometries on salt tectonics.
Fort et al. (2004a, b) pioneered the effects of more realistic salt basins with salt pinching out
towards both the upslope and downslope ends of the basin, whereas other researchers have
studied the effects base-salt relief at various wavelengths. For instance, Gaullier et al. (1993),
Maillard et al. (2003), Adam & Krezsek (2012), Dooley & Hudec (2017), Dooley et al. (2017, 2018),
Ferrer et al. (2017) and Pichel et al. (2018, 2019) describe the influence of single or multiple
(obligue) basement steps or sub-salt seamounts and ridges on salt tectonic systems. Depending
whether they represent a thinning or a thickening of the salt layer, such short wave length steps and
obstacles within a salt basins can either accelerate or decelerate salt flow through basal drag
(Dooley et al. 2017). If sufficiently reducing salt thicknesses, base-salt relief may divide the system
in different segments behaving as separate salt basins, with contractional structures upslope and
(enhanced) extensional structures downslope of the relief (e.g. Dooley et al. 2017; Ferrer et al.
2017; Jackson and Hudec 2017). The specific arrangement of such base-salt relief can lead to
highly complex deformation structures, with important variations both along and across a margin
(e.g. Dooley & Hudec 2017; Dooley et al. 2018).

Yet these modelling studies generally aim to simulate specific (features of) salt basins and the
resulting salt tectonic deformation, and although some studies have included various salt basin
shapes, these are somewhat limited in their scope since they either aim to mimic specific natural
examples (e.g. Adam & Krezsek 2012) or remain rather conceptual, involving artificial geometries
(e.g. Albertz & Beaumont 2010). We thus conclude that the effect of long wave length salt basin
geometry, specifically initial salt depocenter location, on salt tectonics remains to be explored more
systematically, providing an incentive for further research. In this paper we therefore build on
previous work exploring the effects of basin geometry on salt tectonics by systematically testing the
influence of (1) initial salt basin depocenter location and (2) mean salt thickness on salt tectonic
systems through simple brittle-viscous (and viscous-only) analogue experiments.
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Fig. 1. (a-c) Generalized tectonic evolution of a passive margin containing evaporite deposits
undergoing differential thermal subsidence and oceanward tilting. Image modified after Fort et al.
(2004a) and reproduced with permission from the AAPG. (d-g) Reconstructions of undeformed
evaporite basins in presently tilted passive margins within the Atlantic realm. (d) Lower Congo
Basin, offshore Angola, with an evaporite depocenter downslope (i.e. towards the ocean). Image
modified after Marton et al. (2000). (e) Section NS 2000 across the Scotian Margin, offshore eastern
Canada, with a main evaporite basin depocenter upslope. Image modified after PFA (2011). (f)



148  Locations of natural examples (d-g). LCB: Lower Congo Basin, MOHO: Mohorovici¢ discontinuity,
149 MOR: mid-oceanic ridge, SM: Scotian Margin.
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2. Experimental methods
2.1. Model Materials

Our analogue models involved a brittle-viscous model configuration, which is routinely used for salt
tectonic modelling studies (e.g. Cobbold & Szatmari, 1991; Gaullier et al , 1993; Mauduit & Brun
1998; Fort et al. 2004a, Brun & Fort 2011; Gaullier and Vendeville, 2005; Ge et al. 2019a, b). To
represent a basal salt layer in a salt tectonic system we applied a locally up to 10 mm thick body of
transparent silicone (polydimethylsiloxane or PDMS, type SGM-36 produced by Dow Corning with a
density (o) of ca. 965 kg/m? and viscosity (1) of ca. 3:10* Pa-s Weijermars 1986; Rudolf et al.
2016; Zwaan et al. 2018). This viscous material has a Newtonian rheology (n = ca. 1) under
standard experimental conditions, which makes it very suitable for modeling salt flow (e.g. Fort et al.
2004a, b). A 0.6 cm thick layer of fine-grained Fine (g = 200-300 um), homogeneous sorted and
well-rounded Fontainebleau quartz sand was used to represent brittle post-salt (suprasalt)
sedimentary cover. This sand has an internal friction coefficient of ca. 0.6 and negligible cohesion
(Vendeville et al. 1987; Fort et al. 2004a), making it a suitable analogue for modelling brittle
materials in nature. The sand is sieved onto the PDMS layer below in order to ensure a constant
density (o) of ca. 1400 kg/m3. Note that the resulting density contrast between salt and sediment
layers in the models is slightly exaggerated. Material characteristics are summarized in Table 1.

Table 1. Material properties

Granular material: Fontainebleau quartz sand?®

Grain size range 200-300 pm
Density (sieved) (p) 1400 kg/m?

Angle of internal friction (¢) 30-33°

Coefficient of internal friction (u) 0.58-0.65
Cohesion (C) negligible
Viscous material: SGM-36 PDMSP

Density (o) 965 kg/m?3
Viscosity® (1) ca. 2.8:10% Pa's
Rheology Newtonian (n ~ 1)¢

Quartz sand characteristics after Vendeville et al. (1987) and Fort et al. (2004a)

Pure PDMS rheology after Rudolf et al. (2016)

Viscosity value holds for model strain rates < 102 s

Power-law exponent n (dimensionless) represents sensitivity to strain rate and holds for model strain rates < 102 s*

o o T o
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2.2. Model set-up

For this study we tested a total of ten salt basin geometries (Fig. 2). These ten basin geometries can
be subdivided in two sets of five geometries each (Fig. 2). The first set (basin shapes 1-5) consisted
of salt basins with a single 10 mm deep depocenter (3 km in nature) that all have the same mean
salt basin depth (5 mm, i.e. 1.5 km in nature) (Fig. 2a). The use of this general single-depocenter
geometry for salt tectonic modelling was first introduced by Fort et al. (2004a, b) based on the initial
salt distribution in post-rift evaporite basins along the Angolan margin (e.g. the Lower Congo Basin,
Fig. 2d) and has been used routinely by other studies since (e.g. Ge et al. 2019a, b). We
systematically varied the location of the salt depocenter between the basins (defined by distance D,
measured from the upslope edge of the basin). From basin to basin, the salt depocenter location
was shifted upslope to simulate different basin shape (e.g. the Scotian Margin, Fig. 2f). As a result,
also the basin floor inclination and the change in salt thickness as a function of the distance from
the model salt depocenter on both sides varied from model to model. The first basin in this set
(basin shape 1) represented the extreme endmember of a halfgraben structure filled with syn-rift salt
and with the abrupt downslope buttress representing a steep boundary fault (Fig. 2a).

The second set of model salt basin geometries (basins shapes 6-10) involved basin geometries with
a central flat part of the basin floor (Fig. 2b). These were used to represent basins with varying
mean salt isopachs, either by varying the extent of the flat basin floor and/or reducing the maximum
thickness of the salt layer from the regular 10 mm to 5 mm (basin shapes 9 and 10, Fig. 2a, b). The
gentle basin floor would be typical of post-rift salt basins, but similar to basin shape 1, the steep
downslope end of basin shape 6 would imply syn-rift salt deposition in a halfgraben-like structure
with a boundary fault at the downslope basin end (Fig. 2b). Alternatively, the steep downdip salt
barrier could represent a volcanic high as observed in the Kwanza and Santos Basins on opposite
sides of the South Atlantic (Quirk et al. 2012).

All model salt basins were 60 cm long (x-axis) and 40 cm wide (y-axis), translating to 180 x 120 km
in nature. They were made out of parts of PVC (for the basin floor) and wood (for the vertical
upslope and side edges of the models) (Fig. 2¢). These parts were fully covered with regular duct
tape to seal any slits between them and to ensure homogeneous boundary conditions in all models.
The basins were filled with the PDMS silicone oil representing the model salt layer, on top of which
the 6 mm thick suprasalt cover of homogeneous Fontainebleau sand was added. This sand cover
which extended for ca. 10 cm beyond the salt basin’s downslope end (Fig. 2). After model
preparation, the models were instantaneously tilted by either 1 or 3 degrees, to simulate the
marginal inclination due to differential thermal subsidence (Fig. 1a-c). Following this initial tilting, the
models were left to evolve for two days (48h). No syn-tectonic sedimentation was applied.

We completed a total of 35 experiments, including reruns (Table 2) that are divided in three series.
The first series (Series 1) contains all experiments simulating a 1° margin tilt (Models A-J). The
second series (Series Il) contains experiments with a 3° margin tilt (Models K-W, where the Models
U-W were reruns of Models P-T, the results of which are provided in the supplementary material,
Zwaan et al. 2021). As a reference, we also completed a third series (Series Ill) involving models
without a sand cover in which we aimed to reproduce the response of a purely viscous system. The
total lack of a suprasalt sediment cover is likely unrealistic, hence the results of these models are
not part of the main text and are shown in the Appendix only.



a) basin geometries simulating a
single salt basin depocenter

b) basin geometries simulating a
partially flat salt basin floor

tilt direction tilt direction
1 [ 6 | 6 mm (quartz sand)
\__ 10 mm (silicone)
D=60cm 20 cm 40 cm
2 | ] 7 |
D=45cm 15 cm 15cm 30cm 15cm
3 1 ] 8 I ]
D=40cm 20 cm 20cm 20cm 20cm
4 | ] 9 I ] 3 6mm
; 5 mm
D=30cm 30cm 15 cm 30 cm 15 cm
5 | | 10 |
D=15cm 45 cm 20cm 20cm 20cm

c) 3D sketch of model run

228
229

230




231
232
233
234
235
236
237
238
239
240
241
242
243
244

245
246
247
248
249
250
251
252
253
254

Fig. 2. Model set-up. (a) Salt basin geometries 1-5 with a single depocenter, where the maximum
model salt thickness is 10 mm. Note that D is defined as the distance between the upslope edge of
the model salt basin and the basin depocenter. (b) Basin geometries involving a partially flat basin
floor 6-10, with a maximum model salt layer thickness of 5 mm for basin geometries 9 and 10,
instead of the standard 10 mm. (c) 3D Sketch of model run, during which the basin is tilted by either
1° or 3° (angle «) towards the positive x-direction. These sketches represent models from Series |
and Il (experiments with a brittle cover), but the same salt basin shapes without sand cover were
applied for Series Il (see Appendix Al for results from this model series). Model details are listed in

Table 2.

Table 2. Model details.

Series | Series I Series Il

(0.6 mm brittle (0.6 mm (no brittle

cover, 1° basin | brittle cover, cover, 3°

tilt) 3" basin tilt) | basin tilt)®

Basin Depocenter Mean silicone Model name Model name | Model name
Geometry* location (model salt)
(distance D) layer thickness

1 60 cm 5.0 mm A K z1t
2 45 cm 5.0 mm B L z2t
3 40 cm 5.0 mm C M Z3t
4 30cm 5.0 mm D N z4t
5 15cm 5.0 mm E 0] Z5t
6 - 8.3 mm F ] (PH Z6
7 - 7.5 mm G Y, (@9 z7
8 - 6.7 mm H w (R% Z8
9 - 3.8 mm I X (S% 29
10 - 3.3 mm J Y (T% Z10

*

H

see Fig. 2 for basin geometry description
test runs of models U-Y without stereographic photos, not discussed in this paper. For

results see the supplementary materials (Zwaan et al. 2021).

—+ &4

Series lll models are presented in Appendix Al only
model ran for 49 h instead of 48 h
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2.3. Analogue model scaling

Analogue models scale down from nature in terms of geometry, kinematics and dynamics (e.g.
Hubbert, 1937; Ramberg, 1981). Based on dimensionless numbers representing ratios of forces,
scaling factors for the basic dimensions of length, mass and time are derived. Here we use the ratio
between lithostatic pressure and viscous strength (the so-called Ramberg number R)

Rm = pgh?/nv (1)

where phere esents density, g the gravitational acceleration, h height, n dynamic viscosity and v
velocity, to scale the viscous regime (e.g. Ramberg 1981; Adam & Krezsek, 2012; Gemmer et al.,
2005). In the brittle regime, the friction coefficient y defining the depth dependency of frictional
strength, is used as a dimensionless parameter for cohesionless materials. By keeping y and Rm
similar in the model and in nature (ca. 0.6, Table 3) scaling factors for all relevant dimensions and
parameters can be derived. From equations (1), it follows that the time scale ratio (t*) depends
directly on the initial choice of length scale, density and viscosity for experiments conducted under
normal gravity (convention: p* = Pmodel /Prature):

t'=pgth* /" 2)

In this study, the geometric scaling or height ratio (h*) is 3.3-10° (1 cm in the model is 3 km in
nature). The time scaling (t*) is subsequently dictated by the effective density (i.e. reduced by the
water density for submarine systems by a factor of c. 1/2) and the ratio between the viscosity of
natural salt versus silicone oil at typical model strain rates, is in the order of 5-10"® (Table 3).
Therefore, 1 hour in the model translates to approximately 0.6 Myr in nature and the standard model
duration of 48 h represents 29 Myr of basin evolution. We note that while the friction coefficient of
our brittle cover analogue is similar to nature (ca. 0.6), the density ratio between the brittle viscous
materials in our models is somewhat higher than in nature (1.45 in our models vs. 1.05 in nature).
This results in buoyancy forces which are slightly exaggerated but considered not problematic in our
experiments.

Furthermore, the models should have similar proportions as their natural prototype. Salt basins in
nature are usually some hundreds of kilometres large (L) and a few kilometres deep (h), giving an
L/h ratio of 102-10° (e.g. Brun & Fort, 2011; Strozyk et al. 2017). The salt basin analogues in this
study are 60 cm long (measured across-margin) and the simulated salt layers are 0.5 to 1 cm deep
at the deepest point (translating to 180 km and 1.5-3 km, respectively). These dimensions yield an
L/h ratio ranging from 60 to the order of 10%, which we deem sufficiently close to the natural values
to state that our models are adequately scaled. An overview of scaling parameters is provided in
Table 3.

Table 3. Scaling parameters

General parameters Brittle sediments Ductile evaporites Dynamic scaling
Gravitational Height Density p Friction Density Viscosity | Velocity v | Ramberg
acceleration g | h (m) (kg/m?) coefficienty | o 7 (m/s) number Rm
(m/s?) 3 (Pa-s)*
(kg/m?)

Model 9.81 0.01 1400 0.6 965 2.8-10% 5.8-107 58

Nature 9.81 3000 2300 0.6 2200 5-10%° 7.9-1011 49

Ratios 1 3.3:10% | 0.61 1 0.44 5.6-10% | 7.3-10* 1.2

* Natural salt viscosities may vary significantly (between 10'* and 10%° Pa-s, Jackson and Talbot 1986, and references
therein).

10
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2.4. Analogue model analysis

All models were monitored by means of top view topography; digital images of the models were
taken every 15 min (12 minutes for some) for the duration of the model run using customer grade 10
megapixel cameras. A grid of equidistant dots with laterally reduced spacing (5 cm vs. 2.5 near the
long ends and downslope end of the model salt basins), made of black dyed sand, was applied on
the model surface which allows a visual appreciation of surface deformation.

Furthermore, by sieving fine coffee powder on top of the model surface we created a random pixel
pattern for digital image correlation (DIC) analysis. Particle Image Velocimetry methods (PIV, e.g.
Adam et al., 2005, Boutelier et al. 2019 and references therein) allowed for quantification of 2D
horizontal surface displacement monitoring at high precision (<0.1 pixel). We used commercial
LaVision Davis 8 software applying 2D-DIC processing through a least squares method with subset
and step sizes of 59 and 10 pixels, respectively. With an effective image resolution of ¢. 0.5 mm per
pixel, incremental displacements were derived with a precision of c. 50 microns. The resolution of
the displacement field (grid point spacing) defined by the step size is about 5 mm.

PIV analysis yields incremental downslope displacement (or velocity, Vx) and cumulative downslope
displacement (Dx) data accumulated over the duration of a model run. These data are documented
in maps of finite surface displacement showing total displacement accumulated over a model run,
as well as in profiles extracted along the central axis of each model over 6 intervals of 8 hours each
(Fig. 3). These profiles illustrate the evolution of surface displacement, where Dx-plots provide the
cumulative model development, while Vx-plots visualize displacement variations over time. Note
that in principle, Dx is the sum of Vx. The plots also provide the location and amount of maximum
incremental and cumulative displacements for each time interval (i.e. Vxmax measured at the
maximum velocity point [MVP] and Dxmax at the maximum displacement point [MDP], respectively),
Fig. 3). Besides the Vxmax and Dxmax Values that represent strictly point values, we also derived the
mean displacement over time (i.e. VXmean and DXmean, by taking the area below the relevant curve,
divided by the curve’s length) as a proxy for model wide deformation (Fig. 3b, c).

In addition, we also took photographs of our experiments from different perspectives at the start and
end of each model run. These images allow reconstruction of the model surface with the use of
photogrammetry software (Agisoft Photoscan), based on the Structure-from-Motion method (SfM),
and is used here to analyze the vertical component of model deformation not captured by 2D PIV
analysis. The digital elevation models (DEM) of the start and end of each model run were used to
create normalized topography maps with an error below = 0.5 mm. We also extracted normalized
final topographic profiles along about the same central axis of the model we used for the PIV
profiles, complementing the horizontal displacement results derived by PIV analysis (Fig. 3).

We subsequently analyzed a total of eight individual morphometric parameters on the normalized
final topographic profiles, of which the definitions are as follows. Total mass displacement is the
area of the subsided part of the profile that equals the uplifted part of the profile (shown in orange
and green in Fig. 3f, respectively). The maximum subsidence (s) is measured at the point of
maximum subsidence (PMS), i.e. the deepest part of the depression in the upslope extensional
domain. The location of the PMS is defined by distance S, calculated from the upslope salt basin
end. Vice versa, the maximum uplift (u) is measured at the point of maximum uplift (PMU), i.e. the
highest point in the downslope compressional domain, the location of which is defined as distance
U. Distance d1 is the distance between the point of (final) zero vertical motion (PZVM, i.e. where the
profile cuts the altitude [z] = O line) and the salt basin upslope end, whereas distance d2 is the
distance between the PZVM and the basin depocenter. Distance d3 is the distance between the
farthest downslope limit of deformation and the downslope edge of the salt basin.
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Fig. 3. Definitions used for PIV analysis and topography analysis (example: Model L with
depocenter location at distance D = 450 mm from the upslope salt basin end). (a) Final cumulative
displacement (Dx) presented in map view (t = 48 h). (b) Cumulative downslope displacement (Dx)
evolution plotted along a central profile indicated in (a). MDP: maximum displacement point, where
Dx is highest at specific moment in time: Dx(max). Dx(mean) is the mean cumulative displacement
over a specific time interval, calculated by dividing the surface below the Dy curve by its length. (c)
Incremental downslope displacement (i.e. displacement velocity, Vx) evolution along a central
profile indicated in (a). MVP: maximum velocity point, where Vx is highest for a specific time interval:
Vx(max). Vx(mean) is the mean displacement over a specific time interval, calculated by dividing the
surface below the Vy curve by its length. (d) Normalized final topography presented in map view. (e)
Normalized final topography presented along a profile indicated in (d). PMS: point of maximum
subsidence, PMU: point of maximum uplift, and PZVM: point of (final) zero vertical motion, i.e. the
intersection of the topography with zero altitude. (f) Topographic parameters. D: distance between
depocenter and upslope salt basin end, d1: distance between upslope end of basin and PZVM, d2:
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distance between depocenter and PZVM, d3: distance between downslope end of basin and point
of farthest downslope deformation, S/s: location and amount of maximum vertical subsidence in the
upslope extensional domain, U/u: location and amount maximum uplift in the downslope
contractional domain. The colored surfaces below and above the topography curve (orange and
green, respectively) are of equal size, each indicating the displaced mass along the profile.

3. Results
3.1. Qualitative observations from plan view visual inspection

We present a snapshot of final model surface structures in Fig. 4, highlighting some of the general
characteristics of our experiments. Models with 1° basin tilt (Models A and F from series |, Fig. 4a,
b) generally showed, apart from a slight downslope displacement of the surface grid, almost no
visible deformation in the sand layer. Only some minor folding occurred at the downslope basin
edge in Model F (which had the highest mean salt thickness in Series |, see Table 1) accompanied
by slight extensional faulting at the upslope end.

By contrast, experiments with 3° basin tilt (Models K and U from series Il, Fig. 4c, d) developed clear
extensional structures in their upslope domain, as well as contractional structures at the downslope
margin of the model salt basin with a zone of translational displacement in between. The
contractional structures even migrated beyond the downslope end of the model salt basin, forming a
salt-cored overthrust. These structures are more pronounced in Model U, which has the highest
mean salt thickness. In these 3° basin tilt experiments we also observed a curving of structures
along the long edges of the model (concave downslope orientations for extensional features and
convex upslope curving folds and thrusts in the compressional domain) reflecting the effect of lateral
drag due to boundary friction there (e.g. Fort et al. 2004b, Ge et al. 2019a)
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Fig. 4. Overview of final surface structures (t = 48 h) of selected experiments with basin geometries
1 and 6 illustrating general model behaviour. (a-b) Models A and F from series |, tilted by 1°. (c-d)
Models K and U from series Il, tilted by 3°. Note that the initial distances between the surface
markers was not constant (see description in Section 2.4): the markers in (a) and (b) are almost in
situ.
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3.2. Quantitative results from Series | (1° basin tilt models)

From visual inspection on top view imagery (section 3.1), we identified that the degree of margin tilt
is an important factor in our models: the models with 1° basin tilt from Series | exhibit very limited
deformation. Accordingly, the DEM analysis generally did not show a significant enough topographic
signal in most models. By contrast, PIV analysis was sensitive enough to provide some useful
insights into the evolution and deformation of the 1° basin tilt models and its results are reported
here (Figs. 5 and 6).

Models A-E from Series | all (with constant mean model salt thickness) showed very similar
displacement patterns (Fig. 5). Deformation was registered above the whole extent of the model salt
basins and the displacement curves (both the Dx and Vx curves) generally formed a plateau
between an upslope increase in displacement and a downslope decrease in displacement. These
sections of the curves represent an upslope extensional domain, and a downslope compressional
domain with a translation-dominated domain in between. The plateau itself was often slightly tilted
towards the downslope end of the model, indicating a very minor (< 1%) distributed shortening
within the translation domain. Only Model A deviated from this pattern, as it developed bell-shaped
displacement curves with the top towards the upslope end of the profiles indicating a general
downslope decrease in displacement representing more distributed shortening (Fig. 5a-c). We
found that maximum final displacements (Dxmax) generally ranged between 5 and 7 mm, with a
maximum for Model C, in which Dxmax Was ca. 8 mm. Importantly, the Vx plots show that a major
part of this displacement occurred in the earliest phases of the model runs, after which downslope
displacement rates quickly decreased before stabilizing towards the end of the experimental run
(Fig. 5c¢, f, i, I, 0). Notably, the translation domain was established very early during the evolution in
most models (i.e. during the first 8 h increment) as manifested by a plateau in the first member of
the array of Vx curves. However, Vx values in the translation domain of each model slowly
decreased towards the downslope end of the model, as also indicated by the upslope location of the
MVP.

PIV analysis of Models F-J from Series | (with varying mean model salt volumes and maximum
basin depths) revealed displacement patterns with very similar styles to those observed in Models
A-E, i.e. plateau and bell-shaped displacement curves (Figs. 5 and 6). Models F-H, with thicker
mean model salt thicknesses) showed significantly higher overall displacements compared to
Models A-E (final Dxmax value between 15 and 20 mm versus 5-8 mm, Figs. 5, 6a-g). By contrast,
the total displacement values in the shallow model salt basins of Models | and J were relatively low
(final Dxmax values of ca. 3.5 and 2, respectively). While similar to models A-E in that displacement
generally decelerated over the model runs, the translational domain seems to be established slightly
later, i.e. during the second increment of deformation (8-16 h), as indicated by the more bell-shaped
first member of the array of Vx curves (Fig. 5). Also in these models, the Vx values in the
translational domain gently decreased towards the downslope end of the model, and the MVP was
situated upslope.
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455

456  Fig. 5. PIV-derived surface displacements of models A-E from series | (1° basin tilt, basin shapes 1-
457 5, with constant mean model salt thickness), shown in both map view (Dx only) and plotted on
458 along-axis profiles (both Dx and Vx). MDP: maximum displacement point. MVP: maximum

459  displacement point. For more details on definitions, see Fig. 3.
460
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463  Fig. 6. PIV-derived surface displacements of models F-J from series | (1° basin tilt, basin shapes 6-
464 10, with constant mean model salt thickness), shown in both map view (Dx only) and plotted on
465 along-axis profiles (both Dx and Vx). MDP: maximum displacement point. MVP: maximum
466  displacement point. For more details on definitions, see Fig. 3.
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3.3. Quantitative results from Series Il (3° basin tilt models)

For this model series both topography (SfM) and displacement (PIV) analysis yielded good results.
We start each of the following sections accordingly with the results from topography analysis and
then show the results for displacement analysis.

3.3.1 Models K-O (with constant mean model salt thickness)

Based on visual inspection of map view imagery in section 3.1 we showed that the models with 3°
basin tilt developed distinct deformation features in the shape of extensional structures in the
upslope parts, and contractional structures downslope (Fig. 4c, d). These general features are also
clearly visible in the topography analysis results (map view and section view) from models A-E (Fig.
7), but we notably found some systematic topographic variations associated with the location of the
model salt basin depocenter.

In section view we observed a general increase in total mass displacement when the model salt
basin depocenter was situated higher upslope (form ca. 430 mm? to 690 mm? in section, Fig. 7).
This trend also correlates with an increase in maximum subsidence in the extensional domain at the
upslope end of the models if the model salt depocenter is positioned higher upslope (from ca. 2.9
mm to 5.5 mm), whereas the maximum uplift recorded in the downslope part was simultaneously
decreased (from ca. 8.4 to 6.5 mm) (Fig. 7). Yet within Models K-O, the loci of maximum vertical
displacement remained rather stable with changing depocenter locations (Fig. 7). Furthermore, we
found that the point of zero vertical motion (PZVM) was found higher upslope in models with a
higher upslope model salt depocenter (Fig. 7). Here it is worth noting that the PZVM was situated
upslope of the model salt depocenter in Models K-M (Fig. 7a-c), but in Models N and O, the PZVM
was higher upslope than the model salt basin depocenter (Fig. 7d-e) so that the PZVM “overtook”
the upward model salt depocenter shift from Model K to Model O. Finally, models with a downslope
depocenter allowed material to move farther downslope, out of the basin (e.g. Model K, Fig. 7a).

Using the topographic parameters allows a detailed quantification of deformation in these models,
yet these parameters do not fully capture specific aspects. For instance, the surface of the
translational domain in Models K-O, is clearly tilted due to upslope subsidence and downslope uplift
(Fig. 7). In some cases the translational domain also showed the development of a “slope break” as
the downslope part of the translational domain is titled to a higher degree with respect to the
upslope part (Models L-N, Fig. 7b-d). It should also be noted that the topographic parameters in
Model C (basin shape 3) are systematically slightly more pronounced than in the other models (Fig.
7c).
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In general, 3° basin tilt models accumulated higher displacements compared to the 1° basin tilt
models. While the 1° tilt models with constant mean model salt thickness (Models A-E from Series 1)
registered final cumulative downslope displacements (Dxmax) Of 5-8 mm (section 3.2, Fig. 4), the
equivalent 3° basin tilt Models K-O from series Il accumulated up to ca. 50 mm downslope
displacement (Fig. 8). Another contrast with the 1° models is that the final cumulative displacement
(Dxmax) profiles of Models K-O are distinctly plateau-shaped, indicating the occurrence of three salt
tectonic domains (upslope extension, mid-slope translation and downslope contraction). Only a hint
of the bell-shaped displacement curves observed in Models A-E can be seen in the initial phases as
recorded by the Vx plots (Fig. 8c, f, g, | and 0), hinting that the development of the salt tectonic
domains was not instantaneous.

Similar to the topographic analysis, detailed PIV analysis of Models K-O reveals clear correlations
between model salt basin depocenter location and displacements. We found that models with a
more downslope depocenter produced less displacement than those with a more upslope
depocenter: Model K registered a Dxmax-value of 45 mm, whereas Model O registered a DXmax-value
of ca. 55 mm (Fig. 8i). An exception in this trend is Model M with a Dxmax-value of 70 mm (Fig. 8i-g)
and it may be noted that this particular model salt basin geometry also registered anomalously high
displacements in Model C with 1° basin tilt (Fig. 5g-i). All of Models K-O showed an upslope
migration of the MDP over time (Fig. 8b, e, h, k, n).

As observed in the models from Series | downslope displacement was highest during the early
model stages before it gradually waned towards the end of the model run (Figs. 9 ¢, f, g, |, o, 8c, f,
g, |, 0). Similar to the Dxmax Values, the Vmax values also increased when the model salt basin
depocenter was situated higher upslope (from ca. 11 mm in Model K to ca. 20 mm in Model O, Figs.
8c and o, respectively). Furthermore, with the exception of Model O, the MVP systematically
showed an upslope migration during early model evolution, often followed by a reverse, downslope
path during later stages (Figs. 8¢, f, g, |, 0).
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Fig. 8. PIV-derived surface displacements of models K-O from series Il (3° basin tilt, basin shapes

1-5, with constant mean salt thickness), shown in both map view (Dx only) and plotted on along-axis
profiles (both Dx and Vx). MDP: maximum displacement point. MVP: maximum displacement point.

For more details on definitions, see Fig. 3.
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3.3.2. Models U-Y (with varying mean model salt thickness)

As illustrated in sections 3.1 and 3.2, a higher mean model salt thickness caused increased
deformation in our models. This effect was well captured by the final topography of models U-Y from
Series Il (Fig. 9). Map and profile views of the final normalized topography of these models with 3°
basin tilt and varying mean model salt thickness show that Model U (with the highest mean model
salt thickness) developed the most pronounced relief (with uplifts up to ca. 12 mm, Fig. 9a).
Subsequent Models V and W with gradually decreasing mean model salt thickness also developed
gradually less relief (uplifts of ca. 9 mm and 7 mm, respectively, Fig. 9b and c). Furthermore, the
very low mean model salt thickness in Models X and Y resulted in very limited relief (Fig. 9d, e).
This trend is also captured by the total mass displacement analysis, which consistently drops with
decreasing model salt thickness, and ranges from ca. 1000 mm? in model U to 250 mm in Model Y

(Fig. 9).

Due to the dominance of the mean model salt thickness in Models U-Y, we did not systematically
analyze the various topographic parameters. Yet we identified some potential indications of basin
shape influence on final topography. In Models U-W we observed an upslope shift of the PVMZ as
the downslope basin floor inclination decreases, analogue to the effect of the model salt basin
depocenter location seen in Models K-O (Fig. 7).

PIV analysis of Models U-Y (Fig. 10) revealed similar trends to those observed in their 1° basin tilt
equivalents Models F-J (Fig. 6): higher mean model salt thicknesses cause increased displacement.
Similar to the total mass displacement analysis from the topography analysis (Fig. 9), the Dx and
Vx-values from Models U-Y show a very clear correlation (decreasing from ca. 90 to 35 mm and 28
to 10 mm, respectively, Fig. 10). A contrast between Models U-Y and Models K-O is that the MDP
and MVP remain rather stable in the former (Fig. 10). Yet the initial displacement curves (Vx) did
show similar bell-shapes to those in models K-O, which later on developed into plateau-shaped
curves with a slight decrease in displacement values towards the downslope end of the model salt
basins (Figs. 8 and 10).
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Fig. 10. PIV-derived surface displacements of models U-Y from series Il (3° basin tilt, basin shapes

6-10 with varying mean model salt thickness), shown in both map view (Dx only) and plotted on
along-axis profiles (both Dx and Vx). MDP: maximum displacement point. MVP: maximum
displacement point. For more details on definitions, see Fig. 3.
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3.4 Synthesis of key model results
3.4.1. Topography (Models K-O and U-Y)

In Fig. 11 we provide a systematic overview of the cross-correlation of key parameters from the
topographic analysis with the geometric parameters of our models. We found a very clear
correlation between mean model salt thickness and mass displacement (Fig. 11a). Note that due to
the very limited topographic development in the 1° models from series Il (see section 3.2), these are
not included in this overview, but this alone also indicates the strong effect of basin tilt on model salt
tectonic deformation. When isolating the models with a constant mean thickness and a 3° tilt
(Models K-O), we can extract the effect of basin shape (i.e. model salt basin depocenter) on salt
tectonic deformation.

Within this context, a downslope model salt basin depocenter caused a decrease in mass
displacement (Fig. 11b). This was associated with an increase in maximum uplift, as well as a
decrease in maximum subsidence (Fig. 11c). Yet the locations of maximum uplift and subsidence
remained fairly constant (Fig. 11d). We also found that the PZVM was situated higher upslope as
the model salt depocenter was located higher upslope as well, but the PZVM “overtook” the upward
shift of the depocenter from Model K to model O, so the PZVM became situated higher upslope
than the model salt basin depocenter (Fig. 11e). We also observed that a downslope model salt
depocenter more readily allows material to move out of the basin (Fig. 11f).

3.4.2. Surface displacement (Series | and II)

Similar to the results from the topography analysis, the PIV-derived maximum and mean cumulative
displacement data (DXmax and DXmean) from Series | and Il clearly show the dominant influence of
firstly basin tilt and secondly mean model salt thickness on the degree of deformation in our models
(Fig. 12a and b). It may be noted that these trends are very similar when considering both
measures, showing that DXmax iS @ good proxy for DXmean in these models.

When only considering Models K-O with constant mean model salt thickness and 3° basin tilt to filter
out the effects of basin tilt and model salt thickness, we found that final cumulative displacement is
higher when the model salt basin depocenter is situated higher upslope (Fig. 12c), a result that is
very similar to the mass displacement from topographic analysis (Fig. 12b). The same trend
emerged from the Vx data, although the correlation between depocenter became less strong
towards the end of the model runs, as general displacement rates dwindled (Fig. 12d). In general
the decay of the maximum displacement rate over time for both the Series | and Series Il models is
guasi exponential, not reaching a steady state rate at the end of the experimental run (Fig. 12e).
Furthermore, the location of the MDP in Models K-O was correlated to the model salt basin
depocenter as the MDP was found higher upslope when the depocenter was situated higher
upslope (Fig. 12f). A similar trend was also found in models U-W (Section 3.3.2, Fig. 9a-c).

Finally, the evolution of the MVP as summarized in Fig. 12g, firstly showing that the initial
displacement rates were higher for models with the model salt basin depocenter higher upslope.
Subsequently displacement rates decrease over time, while the MVP generally migrates upslope.
This upslope migration of the MVP, which in some cases is reversed in the later stages of the model
run (Fig. 12g).
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Fig. 11. Overview of results of topography analysis in experiments from Series Il with 3° basin tilt
(see Fig. 3f for definitions of the various topographic parameters). (a) Total mass displacement
against mean model salt thickness in all Series Il models. (b-f) Detailed analysis of models K-O with
constant mean layer thickness but different model salt basin depocenter locations, where the model
salt basin depocenter location is defined by distance D. (b) Total mass displacement against model
salt basin depocenter location (distance D). (c) Maximum uplift (u) and subsidence (s) against
model salt basin depocenter location. (d) Location of maximum uplift (U) and subsidence (S) against
model salt basin depocenter location (e) Location of the point of zero vertical motion (PZVM),
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Fig. 12. Overview of PIV-derived surface displacement analysis on experiments from Series | and Il
(For details on the various definitions, see Fig. 3.) (a-b) Relations between and PDMS volume and
maximum cumulative displacement (Dxmax) and total cumulative displacement (DXmean), (C-Q)
Overview of surface displacement results from Models K-O from Series Il (3° basin tilt, constant
mean model salt thickness) as a function of model salt basin depocenter location (defined by
distance D, see Fig. 3f). (¢) Final maximum and mean cumulative displacement values (DXmax and
Dxmean) against model salt basin depocenter location. (d) Evolution of maximum and mean
incremental displacement values (VXmax and VXxmean) against model salt basin depocenter location.
(e) Comparison (normalized) of maximum incremental displacement (VXmax) evolution in Models A-E
and K-O. (f) Relation between the location of the maximum displacement point (MDP) and basin
depocenter location. (g) Evolution of the maximum velocity point or MVP (location and associated
Vymax) over time for Models K-O. The arrows indicate the direction of evolution. O*: Note that the
continuous line for Model O shows the real data that may contain a slight error, where the dotted
line indicates a path that would be more in line with the other experiments. The capital letters in the
plots indicate what model the data are from. For more details on definitions, see Fig. 3.
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4. Discussion
4.1. Effects of margin tilt and mean salt thickness

Our model results illustrate a very strong correlation between the amount of accumulated horizontal
displacement or total mass displacement and the tilt angle of the basin: a higher degree of tilting
induces more deformation, whereas little deformation is observed with a low degree of tilt (Figs.
1la, 12a and b). This is clearly caused by the forces acting on the models in combination with
rheology, in particular that of the model salt, becoming less stable due to larger gravitational forces
acting along steeper slopes and is thus more likely to start moving downslope (e.g. Brun & Fort
2011; Peel 2014). Yet this effect diminished over time in the experiments, as material moved
downslope so that the system ran out of potential energy (i.e. loss of gravitational head) and started
to stabilize (yet not fully settled, and will probably never do so due to basal drag, Fig. 12e), as is
consistent with the instant titling boundary condition (Ge et al., 2019b).

The second important factor in our experiments is mean salt thickness, which itself is a general
constraint based on the basin’s geometry (i.e. the general salt basin depth) and the available
volume of salt in a system. The thicker the overall salt layer, the less stable the system is when it
starts to tilt due to reduced shear strength and consequent reduced coupling with the base of the
basin (e.g. Brun & Fort 2011). Because the viscous nature of the model salt (i.e. the PDMS
silicone), its strength is directly related to forces driving its deformation and the resulting shear rate.
Thicker salt layers under constant gravitational forces are therefore weaker because shear is more
distributed and shear rates consequently lower.

4.2. Influence of salt basin depocenter location

Although basin tilt and mean salt thickness dominate our model results, the experiments with a
constant mean salt thickness and 3° basin tilt (Models K-O) allow us to assess the secondary effects
of basin shape (i.e. depocenter location) on salt tectonics (summarized in Fig. 13).

On a large scale, we found a decrease in total mass displacement when the salt basin depocenter
is shifted downslope (Figs. 7 and 11b). The same correlation exists between total cumulative
displacement and salt basin depocenter location, supporting this observation (Figs. 8 and 12c, d).
The fact that cumulative displacement decreased when the salt basin depocenter was situated more
downslope was likely linked to the associated distribution of potential energy in the system; the
higher upslope the depocenter is situated, the more (instable viscous) material is available upslope,
the pressure of which more readily overcomes basal drag, causing enhanced downslope
displacement and subsidence in the upslope parts (Figs. 7, 8, 11b and 12c, d).

A more upslope salt basin depocenter location is also strongly associated with the PZVM and MDP
sitting higher upslope (Figs. 11e, 12f, 13). This trend is accompanied by an increase in maximum
subsidence in the upslope extension domain, made possible by the increased thickness of the salt
basin there, which can be readily evacuated to leave more space for subsequent subsidence (e.g.
Dooley et al. 2017, Pichel et al. 2018, Fig. 11c). We simultaneously found less localized uplift (lower
maximum uplift values) in the downslope domain (Fig. 11c), but the increased mass displacement
caused a wider, more general uplift there (Figs. 7, 13). This is because when the depocenter is
higher upslope, the downslope part of the basin becomes relatively shallow. As a result, the thinner
salt analogue does not allow deformation in the brittle layer due to increased brittle-viscous coupling
and basal drag, causing a wider thickening and uplift (similar to the models by Dooley et al. 2017
and Pichel et al. 2018).
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Basal drag may be causing the PZVM shift in models U-W as well (Figs. 9a-c, 10a-i), even though
these models also have varying mean salt thicknesses. The braking effect of basal drag is also
clearly seen in experiments with a maximum 5 mm basin depth (Figs. 9d, e, 10j-0), and is the
reason for the decreased propagation of deformation out of the basin in Models K-O when the
depocenter is situated higher upslope, since material is less effective in moving over the thinner
viscous layer downslope (e.g. Dooley et al. 2017, 2018, Fig. 13).

A further insight from the topography analysis is that the translational domain, which moves without
significant internal horizontal deformation, does actually tilt due to upslope subsidence and
downslope uplift (Figs. 7). This contrast can be so significant that the sand cover in the translational
domain “buckles” as observed in Models L-N (Fig. 7b-d). Both horizontal and vertical translational
motions are thus clearly accommodated by the deforming viscous layer below. The exact
expression of this “bucking” or “contractional hinge” (Hudec & Jackson 2017) seems to be a factor
of salt basin depocenter location as thinner downslope salt thicknesses leads to increased basal
drag and wider uplift zones (Fig. 13).

Also, the location of maximum uplift and subsidence remains rather stable (Figs. 11d, 13). The point
of maximum uplift is always situated near the downslope end of the salt basin, downslope of which
deformation is almost impossible. Downslope migration of the maximum subsidence point is
probably prohibited by the relatively stable translational domain, as the downslope motion of this
domain is controlled by the contraction at the downslope edge of the basin. Yet these insights
represent the final model state and we may expect some slight variation over time, although the
general trend we observe most likely remains valid.

A final point of attention is that displacement was anomalously high in both Models C and M with
salt basin shape 3 (Figs. 5i-g, 7c, 8i-g, 11b-e, 12 c and d). The fact that this occurred in two models
might indicate that it was no strange discrepancy due to for instance model preparation. Perhaps
basin shape 3 is close to the optimal basin shape for accommodating gravity-gliding type salt
tectonics. The salt thickness on both sides of the salt basin depocenter is relatively high, but the
slight upslope depocenter location would then still allow for relatively high degrees of instability.
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4.3. Development of salt tectonic domains

Most of our models developed the distinct gravity-gliding domains typical for gravity-gliding systems
(i.e. upslope extension, mid-slope translation and downslope contraction, e.g. Demercian et al.
1993; Spathopolous 1996; Rowan et al. 2004; Brun & Fort 2011; Dooley et al. 2017). Yet these
domains are generally not established during the initial phases of our models, as expressed by the
initial bell-shape of the Vy-profiles, and in some of the 1°basin tilt models from Series I, they did not
develop at all (Figs. 5, 6, 8, 10).

We propose that the brittle sand layer covering the salt basin stabilizes the system as it forms a
brittle seal with finite yield strength that prevents immediate deformation due to salt instability as the
basin is (slightly) tilted (Ritter et al., 2018, compare to the Series Il models without sand cover in the
Appendix). In our 1° margin tilt experiments this stabilizing effect seems to largely balanced the
gravitational forces, allowing only limited deformation to occur (Figs. 4a, b, 5, 6). Yet in the 3° basin
tilt models, gravitational forces readily overcame the peak strength of the sand layer, enabling the
development of the typical salt-tectonic domains (Figs 4c, d, 7-10).

The Vx results reveal how this establishment of the salt tectonic system occurs in more detail (Fig.
14). Initially, the tilting of the basin causes displacement without a clear plateau and the highest
displacements situated upslope, where extensional faulting occurs. However, no sufficient force is
yet available to cause contractional deformation in the downslope part of the salt basin, hence the
decrease in displacement towards the downslope end of the salt basin (Fig 14b). As upslope
displacement continues, sufficient stress builds up to induce contraction in the downslope domain.
As a result, a translational domain with near-constant displacement can be established (Fig. 14c).
Subsequently, as material moves downslope, the parts of the upslope domain that were previously
supported by the now fully mobile sand cover of the translational domain become unstable as well,
causing an upslope shift in maximum displacement rates (i.e. the MVP migrates upslope, Figs. 12g,
14d). Next to this inferred support by the translational domain, basal drag at the upslope part of the
salt basin probably decelerates downslope salt flow there as well, contributing to the delayed
extension captures in our Vx plots (Dooley et al. 2017). Similar migration of displacement patterns
was also observed in models by Quirk et al. (2012) and Ge et al. (2019b).

Finally, in some models, we observed a late downslope migration of the MVP (Fig. 12g). This may

be due to the exhaustion of mobile model salt in the upslope domain, so that further deformation
could only occur farther downslope.
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4.4. Model limitations

Although our simple model set-up allows us to extract a number useful insights into the effects of
basin tilt and salt basin geometry (i.e. mean salt thickness and depocenter location), some
limitations exist that need to be taken into account.

Firstly, the basin tilt we applied in our models was instantaneous, whereas margin tilt due to
differential thermal subsidence along a passive margin is considered to be gradual. Although
instantaneous basin tilting has often been used in previous modelling studies (e.g. Brun & Fort
2004, Fort et al. 20044, b, Quirk et al. 2012; Dooley et al. 2018), the application of a gradual basin
tilt might have been more realistic (e.g. Ge et al. 2019a, b; Warsitzka et al. 2021). However, our
modelling results show that small degrees of tilting do only cause very limited deformation and most
deformation takes place when tilt angles are higher. Therefore the discrepancy between natural
examples and our models is probably less distinct than might appear. One could even use the 1°
basin tilt models from our Series | as an example of early state salt tectonic deformation along a
young passive margin, and the 3° basin tilt models to interpret structures in more mature systems.

Another limitation concerns the lack of syn-kinematic (or post-salt) sedimentation. Syn-kinematic
sedimentation is generally considered to accelerate or even dominate downslope displacements in
salt tectonic systems (e.g. Fort et al 2004b; Peel 2014), although in some cases it might have the
opposite effect and stabilize a salt tectonic system. Such stabilization may occur when
sedimentation is concentrated downslope of the salt basin in question (Warzitska et al. 2021), or
when such thick overburdens are accumulated sufficiently fast that the instability of the salt units is
not sufficient to cause deformation (Hudec & Jackson 2007). Either way, our models did contain no
syn-kinematic sedimentation and are thus not fully appropriate for interpreting (the more evolved
stages of) sediment-rich salt tectonic systems (Goteti et al. 2013)

A final limitation is linked to the length of salt basins; as pointed out by Brun & Fort (2008, 2011),
and Tari & Jabour (2013), the length of an evaporite basin has an important influence on its stability
as well. When increasing the width of a salt basin, the necessary degree of margin inclination (angle
a, Fig. 2c) strongly decreases (Brun & Fort 2011). Indeed, small isolated basins are known to only
allow moderate deformation (Tari & Jabour 2013), perhaps illustrated by our experiments as well,
since deformation only occurs above the viscous layer, limiting the system to the extent of salt
basin. Since our models have a constant length of 60 cm, the observed influence of different salt
thicknesses represents only part of the parameter space.

38



862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913

4.5. Comparison with natural examples

A direct comparison between our generic models and natural examples of salt tectonic systems is
challenging due to various factors. First, the exact initial geometry of salt basins is often debatable,
as the quality of structural reconstructions is affected by the ductile evaporite behavior and the
significant lateral displacements occurring in such systems (e.g. Marton et al. 2000). Furthermore,
salt basin geometries can vary greatly along passive margins (e.g. Marton et al. 2000; PFA 2011,
Guerra and Underhill 2012; Deptuck & Kendell 2017), and initial gravity-gliding structures may be
overprinted by large prograding sedimentary systems that dominate the margins in later stages (e.g.
Peel 2014). Nevertheless, we here present two end member examples that have reasonably well
constrained parameters, (Lower Congo Basin and Scotian Margin, Figs. 15 and 16), which we
compare to our experiments with constant mean salt thickness models and 3° basin tilt.

The Lower Congo Basis is situated on the Atlantic margin of Angola, which started separating from
its Brazilian conjugate in the Early Cretaceous (e.g. Fairhead & Wilson 2005; Heine et al. 2013, and
references therein). During the final stages of break-up in the Aptian, marine transgression led to
the formation of extensive evaporite deposits in sag basins on both margins (e.g. Davison 2007). In
the Lower Congo Basin, the depocenter of this sag basin was situated rather downslope (Marton et
al. 2000, Fig. 15a). As the margin tilted oceanward, the salt became unstable and formed the
classical salt tectonic domains that we also observe in our models (Spathopoulos 1996; Valle et al.
2001, Fig. 15b). Importantly however, is the fact that sedimentation in these early phases was
broadly distributed (Marton et al. 2000, Fig. 15b, c¢), which fits the observation that upslope
topography variations are rather gradual in our experiments with downslope depocenters (Fig.13).
Such a bathymetry allowed for widespread sedimentation in the natural example (Fig. 14b, c), until
the influx of large amounts of sediments from the Congo Fan prograded into the system (Fig. 14d)
making further comparisons impractical.

An example of a salt basin with upslope depocenter is found along the Scotian Margin, at section
NS 2000, offshore Canada (Fig. 16). Here, large Triassic salt units were deposited at the end of the
opening of the Central Atlantic and subsequently tilted (PFA 2011; Biari et al. 2017). As a result,
post-salt units started to move downslope, synchronously creating most accommodation space
higher upslope allowing for the deposition of thicker post-salt units (Fig. 16b), similar to our models.
Also in this case, large-scale sedimentation eventually caught up and started controlling the system
(PFA 2011; Fig. 16d). It may be noted that some authors propose sedimentation to be the main
driving force during the whole salt tectonic evolution of the margin (Albertz & Beaumont 2010;
Albertz et al. 2010), and that considerable variations in salt basin geometry occur along the Scotian
margin (e.g. PFA 2011; Deptuck & Kendell 2017).

Our results fit reasonably well with the presented natural examples; although syn-tectonic
sedimentation is not directly incorporated in our experiments (see section 4.4), we see a fair positive
correlation between post-salt accommodation space generation in model and nature as a function of
salt basin depocenter location (i.e. the loci of thickest, more mobile salt layers). Yet we must
perhaps stress that the dominant mechanism controlling salt tectonics on passive margins (i.e.
dominant spreading due to sedimentary loading vs. dominant gliding due to margin tilt) is still
debated (e.g. Schultz-Ela 2001; Brun & Fort 2011; 2012; Rowan et al. 2012; Goteti et al. 2013; Peel
2014; Warren 2016). However, even if gravity spreading could arguably be the dominant
mechanism in some cases (e.g. in the Santos Basin offshore Brazil, Jackson et al. 2015), we should
still expect a very similar relationship between evaporite depocenters and subsequent
sedimentation patterns; in both scenarios, the salt is evacuated and replaced by post-salt deposits.
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5. Conclusion

Our analogue modelling efforts to study the effects of evaporite (salt) basin geometry on gravity-
gliding style salt tectonics leads us to the following conclusions:

An assessment of the whole model population shows that first the degree of basin tilt,
followed by the mean salt thickness are dominant factors controlling deformation. The more
a basin is tilted and the thicker the salt layer, the more deformation occurs. The salt layer
thickness itself is partially a result of basin geometry (in combination with the available
volume of salt deposits in the system).

By focusing on a subpopulation of models with constant mean salt thickness and a 3° tilt, we
cancel out these effects to isolate the influences of basin geometry, i.e. depocenter location.
In these experiments, we find that the location of the salt basin depocenter has various
effects on the distribution and expression of tectonic domains in a salt tectonic system (Fig.
13).

When the depocenter is situated downslope, upslope subsidence is moderate, as the
downslope displacement of material is due to the relatively low gravitational potential in the
system. Yet the downslope presence of abundant viscous material allows significant
localized uplift. The main depocenter being situated farther upslope causes deformation to
occur higher upslope as well, concentrating upslope subsidence allowed by the thicker
model salt there, while distributing downslope uplift due to the thinner model salt and
increased basal drag prevented significant displacements. Also the increased instability due
to larger volumes of viscous material sitting higher upslope, means that there is an increase
in downslope displacement.

When comparing our model results with natural examples from Atlantic passive margins, we
find a fair correlation expressed in the links between salt depocenter location and
subsequent sedimentation patterns. When the salt depocenter is situated upslope, salt
evacuation will localize accommodation space generation and post-salt deposition in the
upslope part of the system. By contrast, a downslope salt depocenter allows the generation
of more distributed accommodation space and sedimentation. These insights should be
applied to interpret the early phases of salt tectonic deformation along passive margins, as
during later stages, sedimentary loading might become the dominant factor.
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Appendix A. Results from models without sand cover (series lll)

Next to the models of Series | and Il, which included a brittle sand cover to simulate post-salt
sediments, we also completed a third series of models without such a brittle cover. All ten of these
Series Ill models (Z1-Z10) involved a 3° basin tilt. Similar to the Series | and Il models, we found
that the mean model salt thickness has a strong influence on subsequent deformation. Hence we
include only the results of the topography and PIV analysis of Models Z1-Z5, highlighting the
influence of the model salt basin depocenter, as well as the other characteristics typical of a
hypothetical salt tectonic system without post-salt units. The results of the additional models Z6-Z10
can be found in the supplementary materials (Zwaan et al. 2021).

Al. Topographic analysis results of Models Z1-Z5

The final normalized topography of Models Z1-Z5 is presented in Fig. Al. In contrast to the typical
salt tectonic domains found in the Series Il models (Figs. 7, 9), Models Z1-Z5 forms a much more
gradual relief. This type of topography in the absence of a brittle cover is also reported in the
numerical models by Quirk et al. 2012 and Goteti et al. 2013. However, similar to their equivalents
Models K-O from Series Il, a downslope model salt basin depocenter leads to the PZVM being
situated higher upslope, as well as a decrease in maximum downslope uplift and an increase in
upslope subsidence (Figs. 7, Al). This is likely for the same reasons as in the Series Il models:
basal drag preventing downslope motion in basins with relative thin salt layers downslope and ready
evacuation of viscous material from upslope salt basin depocenters. A difference with the Series Il
models is that both the PMU and PMS followed the same trend as the PZVM in Models Z1-Z5, and
that the total mass displacement remains rather constant. This is likely because the absence of a
brittle layer allows the model salt maximum freedom to adjust to the tilted basin state.

A2. PIV analysis results of Models Z1-Z5

The PIV results of our 3° tilt models Z1-Z5 without sand cover are illustrated in Figs. A2 and A3.
Where the equivalent experiments with sand cover developed clear plateau-shaped displacement
curves representing the typical salt tectonic domains (Fig. 8), the PIV analysis produced much
smoother, almost bell-shaped displacement curves for Models Z1-Z5. These curves represent a
distributed extensional domain upslope merging with a distributed downslope compressional
domain, and the peak displacement being located in between (Fig. A2). Cumulative displacement
(Dxmax) values are slightly lower in equivalent Models K-O from Series Il, and increase as the
model salt basin depocenter is situated higher upslope (from 45 mm in Model Z1 to 58 mm in Model
Z5). This lower maximum cumulative displacement with respect to Models K-O is probably due to
the absence of mass in the form of a sand cover accelerating deformation. Another effect of the
model salt depocenter location is the evolution of the MVP (Fig. A3). As seen in the model with sand
cover in the main text, displacement rates were highest during the initial phases and decreased
towards the end of the model run, yet we also found that the MVP either migrated upslope or
downslope, depending on the location of the model salt basin depocenter. We speculate that this is
related to the bulge-shape of the surface deformation; the MVP might represent the crest of the
bulge, which may move downslope fast if material flows out of an upslope salt basin depocenter, or
which may be stalled in the opposite situation.
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Fig. Al. Final normalized topography of Models Z1-Z5 from Series Il (3° basin tilt, basin shapes 1-5
with constant mean salt thickness, but no sand cover) in map view and along a central section.
PZVM: point of zero vertical motion, PMS: point of maximum subsidence, PMU: point of maximum
uplift. For more details on definitions, see Fig. 3.
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Fig. A2. PIV-derived surface displacements of models Z1-Z5 from Series Il (3° basin tilt, basin
shapes 1-5, with constant mean salt thickness), shown in both map view (Dx only) and plotted on
along-axis profiles (both Dx and Vx). MDP: maximum displacement point. MVP: maximum
displacement point. For more details on definitions, see Fig. 3.
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Fig. A3. Evolution of the maximum velocity point or MVP (location and associated Vymax) over time
for Models Z1-Z5. The arrows indicate the direction of evolution.
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Highlights WAM modelling paper for MPG

(max 5 bullet points, max 2 lines per bullet point)

¢ We use analogue models to test the effects of salt basin geometry (salt basin depocenter
location and mean salt basin thickness) on gravity-style salt tectonics.

¢ Higher mean salt thickness in a salt basin, and higher degrees of margin tilt increase
instability in salt tectonic systems, promoting deformation by gravity gliding

e Salt depocenters situated higher upslope lead to increased subsidence in the upslope part of
the margin, faster downslope displacement of material, and a broader uplift zone downslope.

e The location of salt basin depocenters can strongly affect the distribution of newly generated
accommodation space available for the deposition of post-salt units

o Our gquantitative results may serve to interpret deformation during early-stage salt tectonics,
before the effects of synkinematic sedimentation can become dominant
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