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Abstract 

 

Rift basin stratigraphy reflects a complex interplay between first-order tectonic, climate and base-

level controls. Forward stratigraphic modelling (FSM) provides a means of simulating and better 
understanding aspects of this interaction. The study reported in this thesis used Sedsim from 

Stratamod to investigate: (1) how drainage is steered into fault-controlled depocentres and the extent 
to which autogenic cycles can develop despite constant external forcing; (2) the impact of contrasting 

extensional fault growth mechanisms on how and where sediment is delivered from the footwall to 
hanging wall basins by antecedent drainage, and (3) drainage patterns and stratigraphy occurring 

during salt-influenced rifting when the geometry of fault-controlled accommodation can be 
extensively modified by subsurface salt migration. The workflow incorporated a first set of simulations 

replicating physical experiments that included a relay ramp and a fault-controlled depocentre.  Sedsim 
was configured to match the inputs and it faithfully reproduced drainage and depositional patterns 

down to episodic sediment storage and release that drove autogenic stratigraphic cycles in the 
hanging wall basin. Additional models were able to show the autogenic cycles persisted when the 

lateral tank walls were removed and when the simulation continued beyond the duration of the 
original physical experiments. FSM allowed upscaling of the physical model to natural rift basin 

dimensions and the inclusion of more realistic surface deformation around the faults; this confirmed 
the physical model reasonably represents reality, although varying the inputs showed autogenic cycles 

developed for only a subset of the possible combinations of input variables. 

Sedsim models were then produced for antecedent drainage interacting with a fault array 

developing according to either the Isolated or Constant Length fault growth models during rift 
initiation. Differences in the footprint and rate of hanging wall accommodation creation, the pattern 

of footwall uplift, and the relay ramp evolution explain significant contrasts in tectonstratigraphy 
between the two growth mechanisms. The drainage was less likely to be captured by the smaller initial 

depocentres in the Isolated fault growth examples, and when it was, sediment supply was able to 
balance space creation more effectively, with sediment delivered mainly via the developing relay 

ramps right through to breaching, and beyond relay breaching in cases where the discharge was high 
enough. Relay ramps were only utilised in the earliest stages of rifting associated with faults growing 

by the Constant Length model before drainage was diverted around the fault array tips to fill the 
interconnected hanging wall depocentres axially. Focussing of drainage around relays in the isolated 

growth model drove extensive footwall erosion close to the fault tips, whereas in the Constant Length 
case, where flow was sufficiently erosive, drainage could excavate valleys through the footwall at the 

point of maximum surface displacement. 

FSM was also used to address rift basin filling where subsurface salt migration initially compensates 

for sub-salt fault displacements before coupling of a fault across the salt layer creates reverse drag at 
the surface, but with accommodation still modified by upwelling salt. A conceptual model for salt-

influenced rifting, honouring the dimensions of the Irish offshore rifts and drawing on a range of basins 
and physical experiments, was implemented in Sedsim and various sensitivities explored. Rapid 

changes in accommodation creation reflecting linkage of subsurface fault segments, migration of the 
early depocentre towards the coupled fault, and salt migration impacted facies distribution and 

stratigraphic development and underpin a new model for salt-influenced tectonostratigraphy that 
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compliments the well-established half-graben models for rifting in the absence of subsurface salt-

layers. 
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Chapter 1 

 

1. Introduction and background  

 

1.1 Introduction 

Rift basin stratigraphy has long been investigated on account of its economic importance for 

hydrocarbon (Nelson et al., 1992; Ziegler, 1992; MacGregor, 1995; Lambiase and Bosworth, 1995; 

Morley et al., 1999; Lambiase and Morley, 1999; Isaksen et al., 2002) and mineral exploration 

(Worthington and Walsh, 2011; De Morton et al., 2015), and more recently for appraising sites for 

carbon storage (Zakharova et al., 2020; Privat et al., 2021) and geothermal energy (Busby, 2014; 

Davalos-Elizondo et al., 2021) . Sedimentation in rifts involves a complex interplay of tectonic, climate 

and base level variables and the resulting stratigraphy commonly reflects a combination of auto- and 

allogenic controls (Crossley, 1984; Johnson and Graham, 2004;Densmore et al., 2007; Arenas et al., 

2015; Belkhedim et al., 2019; Barrett et al., 2019). In terrestrial settings, the interaction of drainage 

with topography generated by rifting plays a key role in determining sediment dispersal, entry points 

for sediment and the facies distribution at graben and half-graben scale (Eliet and Gawthorpe, 1995; 

Gupta et al., 1998; Gawthorpe and Leeder, 2000; Densmore et al., 2003; Silva et al., 2013; Ford et al., 

2016; Hemelsdaël et al., 2017). The water balance is also key, as is whether the basin is hydraulically 

open or closed (Carrol and Bohacs, 1999). As rifting proceeds, early fault-controlled basins are 

commonly buried by later post-rift sediments so the record of fault-controlled deposition is often 

entirely preserved in the subsurface (e.g. Barrett et al., 2019). Whilst it may be possible to image and 

reconstruct the depositional architecture directly using 3D seismic datasets, in reality this is often 

hampered by poor imaging owing to the depth of burial and signal attenuation (Wade et al., 1995; 

Cullen et al., 2019). The issue is then how to best reconstruct and predict the lithology in these 

situations. In many cases fault systems that were active during early rifting are better imaged and 

better preserved compared to details of the rift infill and thus any links that can be established 

between fault-system evolution and sedimentation may help inform predictions about the latter. 

The current study was initiated on the back of several developments: 

(1) Increased exploration activity along the Irish Atlantic margin and Celtic Sea as a result of the 

successful 2015 Licencing Round. This generated significant interest in finding additional gas prospects 
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analogous to the Corrib Field to support the energy transition. Attention thus turned to remaining 

prospectivity in fault-controlled rift basins amongst other plays, and how best to characterise this. A 

subsequent moratorium on all hydrocarbon exploration in the Irish offshore has meant interest has 

now shifted to carbon storage and geothermal opportunities in the offshore basins. 

(2) The release of Geological Process Modelling (GPM) software by Schlumberger and the donation 

of licences and support to universities to apply forward stratigraphic modelling to investigate the 

interaction between tectonics and physical stratigraphy. This paralleled increasing use of forward 

stratigraphic modelling in addressing controls on deposition (Burgess, 2011; Ravestein et al., 2015; 

Carmona et al., 2010; 2016; Balazs et al., 2017; Burgess et al., 2019) and as part of exploration 

workflows more generally (e.g. Griffiths et al., 2012; Madhoo et al., 2016). 

(3) A concerted effort by the newly formed SFI and industry-funded Irish Centre for Research in 

Applied Geoscience (iCRAG) to integrate structural and stratigraphic understanding across the Irish 

offshore basins and ultimately to link onshore and offshore basin development. This brought a lot of 

previously propriety data into the public domain and drove new interpretations of the offshore basin 

structure (Delogkos et al., 2016; Gagnevin et al., 2017; Saqab et al., 2016; 2020; Conneally and Walsh, 

2017; Conneally et al., 2019; Whiting et al., 2020; O’ Sullivan et al., 2021). 

The project was designed to explore the use of forward stratigraphic modelling (initially GPM but 

latterly Sedsim) to investigate links between tectonic and halokinetic deformation and sedimentation 

in the context of rifting. 

Before the aims and scope of the study are explained, and the structure of the thesis set out, the 

following sections provide an overview of the current understanding of tectonics and sedimentation 

in fault-controlled rift basins, focussing on how accommodation for sediment is created and how 

sediment is routed to the associated depocentres. Other controls (climate, sediment flux, base level 

variations) impacting on syn-rift deposition are also briefly considered. A summary of previous physical 

and numerical modelling work addressing the interplay between tectonic and sedimentation in rift 

basins is then provided to give context to the current study. 

1.2 Rift basin structure and stratigraphy 

Links between tectonics and sedimentation in rift basins occur from the lithospheric and rift system 

scale down to the operation of the component fault-controlled graben and half-graben and their fills. 

Although the study reported in this thesis is mainly concerned with the latter, the large-scale rift 

architecture and its impact on drainage on accommodation are briefly described first. This is then 

followed by details of the geometry and evolution of normal fault systems. The focus here is mainly 
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on the associated surface displacement rates and patterns as these underpin how the effects of 

faulting are included in the forward stratigraphic models discussed later. Finally, this section also 

touches on the difference between rifts in which sediment accommodation is driven dominantly by 

fault displacements, and those in which buried salt layers also play an important role (an issue 

addressed in Chapter 5). 

1.2.1 Large-scale rift system architecture 

A rift basin is an area of localised crustal extension bounded on one or both sides by basement-

involved normal faults. They develop under progressive stretching and lithospheric extension 

(Kinsman, 1978; Veevers, 1991) and are part of a continuum ranging from continental sags, rifts, failed 

rifts, proto-oceanic troughs through to passive margins (Fig. 1.1). Where a particular basin sits on this 

spectrum reflects the duration of extension and the strain rate that together dictate the amount of 

stretching.  

 

Figure 1.1. Conceptual diagram of basins in the rift-drift suite, associated with continental extension, 
from Armitage et al. (2010). 

There have been a number of models suggested for continental extension at the scale of the 

lithosphere, the two fundamental ones being the pure-shear (McKenzie, 1978) and simple-shear 

models (Wernicke, 1981). 

The McKenzie model or ‘reference’ uniform stretching model and its derivatives (McKenzie, 1978) 

consider that the total tectonic component of subsidence in an extensional basin is composed of the 

initial fault-controlled subsidence, which is dependent on the initial thickness of the crust compared 

to the initial thickness of the lithosphere and the amount of stretching (β), and thermal subsidence 

that continues after the fault controlled stretching and reflects the relaxation of the lithospheric 
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isotherms to their pre-stretching position (Fig. 1.2). These phases are often referred to syn-rift and 

post rift. The beta factor (β) or measure of stretching is the difference between the original crustal 

thickness (t0) and the final crustal thickness (t1). 

! =
#!
#"

 

The reference model assumed that the initial extension is instantaneous (McKenzie, 1978). Later 

work has shown that errors due to this assumption are small as long as the rifting time does not exceed 

20 Ma (Einsele, 1992). The reference model was revised by Jarvis and McKenzie (1980) to allow for 

protracted periods of stretching. Stretching in this initial stage is known to be short lived in some 

examples, <10 Myr in the case of the Pannonian basin (Huismans et al., 2001), but many sedimentary 

basins appear to have undergone more protracted periods of rifting. The Early to Middle Jurassic 

rifting period in the Slyne Erris Basin offshore Ireland lasted over 33 million years (Dancer et al., 1999; 

O’ Sullivan et al., 2021) and the Paris basin formed in the Mid-Permian and fault-related  rifting lasted 

60 to 88 Myr (Brunet and LePichon, 1982). The Triassic continental red beds and evaporites of the 

Atlantic margin or northeastern USA and Canada were deposited in fault bounded rifts but seafloor 

spreading did not commence until the Bajocian, 30-42 Myr later (Allen and Allen, 2013). The Red Sea 

has been undergoing diffuse extension for 20 – 25 Myr and is still extending (Cochrane, 1983).  

 

Figure 1.2. Idealised geometry showing the phases of the pure shear model. The presumed 
instantaneous fault-related initial subsidence period followed by thermal subsidence. From White 
and McKenzie (1988) 

The model proposed by Wernicke (1981) was based on a simple shear regime in which lithospheric 

extension is facilitated by a major shallow dipping detachment that cuts completely through the crust 

resulting in asymmetric stretching. The plates above and below the detachment respond to extension 

in a different way. The upper hanging wall displays brittle deformation, creating horst and graben, 
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whereas the lower plate deforms by ductile deformation. In this model, the site of crustal extension 

is offset laterally from the area of asthenospheric upwelling.  

There are cases where elements of both pure and simple shear coexist such as in the flexural 

cantilever model (Kusznir et al., 1987). This model envisages simple shear in the crust and pure shear 

in the lithospheric mantle. This model has been used to successfully explain footwall uplift and erosion 

in the Jeanne d’Arc Basin and Viking Graben, North Sea (Marsden et al., 1990; Kusznir, 1990). 

Rift basins are characterised by negative Bouguer anomalies, high surface heat flow and common 

volcanic activity (Allen and Allen, 2013). They are associated with well-developed extensional faulting 

in which tensile deviatoric stresses are sufficient to overcome rock strength. Their location commonly 

reflects the presence of pre-existing structural heterogeneity (Deng et al., 2018), such as the NW shelf 

of Australia (Frankowicz and McClay,2010), Northern North Sea (e.g. Badley et al., 1988) and the East 

African Rift (Corti, 2009). Bulk strain and strain rate vary widely from narrow-slow, localised rifts, to 

wide-fast, diffuse extensional provinces and supra-detachment basins (Brunn, 1999). Rifting and 

thinning of the crust can continue until necking and hyperextension occurs involving increased 

rotation of fault blocks and shallow fault dips (Peron-Pinvidic and Manatschal, 2009; Tugend et al., 

2014; Whiting et al., 2020; Fig. 1.3), eventually causing rupture and the evolution of a passive margin 

where oceanic crust is created. Basins that evolve to rifting, necking and hyperextension but not to 

generation of ocean crust are referred to as failed rifts. 

 

Figure 1.3. Interpreted seismic from the Porcupine Basin, showing strain domains with progression to 
hyper extension in the rift-centre (Whiting et al., 2020). 

Rift basins have been classified into two end-members, active and passive rifting (Fig. 1.4), based 

on the mechanism driving lithospheric stretching. Active rifting involves deformation associated with 
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the impingement on the base of the lithosphere of a thermal plume or sheet. Thinning of the 

lithosphere is caused by conductive heating by the mantle plume, heat transfer as a result of magma 

generation or convective heating. Heat from the asthenosphere causes isostatic uplift of the 

continental lithosphere to create a dome, which then generates tensional stresses promoting rifting 

(Sengor and Burke, 1987). Passive rifting is caused by extensional forces in the lithosphere causing 

necking that then allows hot asthenosphere to well up beneath the rift. Rifting is therefore a passive 

response to a regional stress field and any associated uplift of the rift flanks follows initial extension. 

It is not always clear what mechanism has operated a given rift system, since for low mantle heat 

flows, the amount of uplift may be minimal. Active and passive models are also idealised abstractions 

and real world examples may exhibit elements of both mechanisms (Khain, 1992). The East African rift 

is a good candidate for active rifting (Morley et al., 1999) whereas the Red Sea is typical of passive 

rifting (Bosworth, 2015). 

 

Figure 1.4. Idealised diagrams demonstrating the active and passive initiation of continental rift, 
from Allen and Allen (2013). (a) Passive rifting driven by a distant tensile deviatoric stress 
(sxx)causing thinning of the lithosphere and passive upwelling of the asthenosphere. (b) Impingement 
on the base of the lithosphere of a mantle plume causing long-wavelength topographic doming and 
gravitationally driven extension of the lithosphere. 
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The rift initiation mechanism and the timing of faulting in relation to regional uplift are significant 

for the drainage operating at rift initiation. Where active rifting occurs, regional doming will deflect 

drainage away from the eventual site of the rift (Sleep, 1971). Hence early rift basins are more likely 

to be fed by consequent drainage dispersed from the rift shoulders. Active rifting proceeds at high 

elevation and hence it is only when the dome deflates that the sea can flood into the basin. In the case 

of passive rifting, initial sagging may attract regional drainage to the site of rifting before faults break 

the surface. Larger antecedent rivers are more likely to be already present. Rifting occurs at relatively 

low elevation close to sea level and hence the sea may flood into the rift at a relatively early stage and 

the rift shoulders may become elevated later in the extension history.  

Prior to faults developing or breaking the surface, a pre-rift section is sometimes preserved in 

response to initially low rates of extension that can form broad sags. For example, in the Eocene 

Tonasa carbonate platform, Indonesia, the late pre-rift was associated with shallow water 

foraminiferal shoals and intervening lower energy depositional environments that later became 

footwall highs and hanging wall depocentres respectively when faults displaced the surface (Wilson, 

1998). Pre-rift stratigraphic units in the Jurassic of the Porcupine Basin, offshore Ireland, have also 

been identified and are composed of fluvial, deltaic and lacustrine successions in the northern part of 

the basin (MacDonald et al., 1987; Whiting et al., 2021) with marine conditions present in the south 

of the basin (Croker and Shannon, 1995). 

1.2.2 Rift system faults 

Syn-rift uplift and subsidence are dominated by the initiation, growth and linkage of faults, 

ultimately to form major basin-bounding (rift boundary) structures. Extension is accommodated in the 

brittle upper crust by arrays of normal fault (Mckenzie, 1978; Jackson et al., 1988). These generally 

form orthogonal to the direction of extension, although a reorientation of the stress field or 

inheritance from pre-existing crustal structure may result in variable orientations and oblique rather 

than pure dip-slip movement (Giba et al. 2012). Rift basins are generally composed of numerous 

kinematically-linked graben and half graben, the latter expressed as asymmetric, tilted fault blocks 

bounded by major normal faults on one side and a flexural margin on the other. Areas of subsidence 

that form as the rift basin evolves provide accommodation space for sediment (Fig. 1.5). 
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Figure 1.5. Typical rift related structure: (a) Horst; (b) symmetric graben; and (c) a half graben. From 
Fossen (2010). 

1.2.3 Normal fault growth and linkage 

Rift basin formation generally begins with an array of normal faults (Cowie, 1998). The strain 

experienced in the area between overlapping faults is accommodated by ‘soft’ deformation and forms 

transfer zones (Gawthorpe and Hurst, 1993) as described in more detail below. These areas 

continually deform in response to increased extension on the overlapping fault segments until they 

breach and the fault segments are hard linked to form a single through-going structure (Walsh et al., 

2003). This period of rifting is termed the ‘rift initiation phase’ which includes fault initiation, and 

growth and linkage of the smaller faults (Jackson and Gawthorpe, 2006). Strain localises onto the 

larger linked faults that commonly become basin-bounding structures. Continued extension on 

connected long faults occurs during the ‘rift climax phase’ (Leppard and Gawthorpe, 2006). The 

increased availability of 3D seismic reflection datasets has allowed the analysis of normal fault growth 

using growth strata to chart the evolution of fault lengths and displacement during extension (Nicol 

et al., 2020). Studies of this type are possible where the understanding of growth comes from fault 

arrays in overfilled basins where the thickness of the stratigraphy faithfully records the displacement 

history, such as in the Jurassic Moray Firth basin (Walsh et al., 2003). 

Normal faults grow by two main mechanisms which are differentiated on the basis of the 

relationship between the displacement history and fault length. The Isolated fault growth model 

involves lengthening of the faults in conjunction with displacement accrual, whereas in the Constant 

Length fault growth model faults reach their near final lengths geologically instantaneously at the start 
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of faulting and then accrue displacement (Walsh et al., 2002). Another criteria that distinguishes how 

faults grow is whether they are coherent or non-coherent. Coherency determines whether the faults 

grow within a coherent structure or whether they form in mechanical and kinematic isolation (Childs 

et al., 2017).  

The Isolated fault growth model (Fig. 1.6; Walsh et al., 2003a; Ghalayini et al., 2016; Morley 2016) 

has also been termed the Conventional fault model (Walsh et al., 2002), the Increasing length model 

(Nicol et al., 2016), the Propagating fault model (Childs et al., 2017; Rotevatn et al., 2019) and the 

Isolated propagating fault model (Nicol et al., 2020). The Isolated fault growth model originally 

dominated thinking on evolution of normal fault arrays and associated depocentres (Cartwright et al., 

1995; Dawers and Anders, 1995; Dawers et al., 1993; Walsh and Watterson, 1988; Watterson, 1986). 

A distinction in this fault growth model is made between coherent or non-coherent versions (Fig. 

1.6D). This determines whether the initial faults formed as elements within a coherent structure or 

whether they formed in mechanical and kinematic isolation from one another (Childs et al., 2017) A 

characteristic feature of the non-coherent version is the irregularity of the profile of total, or 

aggregate, fault displacement, along the fault with local displacement highs and lows recording the 

earlier presence of separate, previously isolated, shorter faults (Fig. 1.6D; Childs et al., 2017). In the 

coherent version there is a simple triangular profile of aggregate displacement, which demonstrates 

that the segments are part of a larger structure (Walsh and Waterson, 1991; Childs et al., 2017) and 

would not give rise to topographic lows at fault overlap zones. 
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Figure 1.6. (A-C) Block diagram showing evolution of fault arrays by the Isolated fault growth model. 
From Nicol et al. (2020), modified from Cowie et al. (1998), and (D) displacement-length profiles 
showing growth histories for the non-coherent and coherent versions of the Isolated fault growth 
model. Note the difference in the shape of the aggregate profile highlighted by the dashed blue line. 

The alternative Constant Length model (Fig. 1.7) envisages only minor fault growth by an increase 

in fault length coupled with a gradual accrual of displacement (Walsh et al., 2002; Childs et al., 2003; 

Nicol et al., 2005; Jackson and Rotevatn., 2013; Rotevatn et al., 2019, Nicol et al., 2020). This model 

for fault growth has also been referred to as the Alternative model (Walsh et al., 2002). It often entails 

a coherent, kinematically-related set of fault segments in which there is no displacement deficit on a 

displacement-length profile (Fig. 1.7D; Walsh et al.,2003; Giba et al., 2012; Childs et al., 2017) although 

a non-coherent version is conceptually plausible but seldom considered. Again coherence of this 

system would have implications for topographic expression of the footwall uplift, with greater 

expression of topographic lows at fault overlap associated with a non-coherent version. Fault 
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interactions are generally inferred to prevent or retard fault propagation, with interaction between 

faults from an early age being a key element of this growth model (Fig. 1.7A-C; Nicol et al., 2020). Fault 

segment overlaps form at low strains early in fault growth history and are deformed gradually as the 

displacement increases on the neighbouring faults until breaching occurs and the fault forms a single 

through-going structure.  

 

Figure 1.7. (A-C) Block diagram showing evolution of fault arrays by the Constant Length fault growth 
model, from Nicol et al., 2020, and (D) most commonly considered coherent displacement length 
profile with aggregate displacement as blue dashed line. 

Originally the Constant Length model was recognised as being associated with reactivation of 

earlier underlying structures where the extension directions of the previous and current rifting are 

subparallel (Walsh et al., 2002). Faults generated in the overlying sequence achieved long traces with 

minimal displacement as the fault lengths were established in the pre-rift section during a previous 

tectonic phase.  

A 

B 

C 
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A variety of lines of evidence indicate that fault growth often more closely follows the Constant 

Length model. Most aggregate displacement profiles for segmented fault arrays are geometrically 

coherent. Kinematic constraints suggests that at the temporal scale of existing datasets, the lengths 

of individual faults are established geologically instantaneously and thereafter accumulate 

displacement with relatively limited lengthening, supported by the observation that fault localisation 

occurs at very low strains in the East African Rift, Inner Moray Firth, Timor Sea and Taranaki Basin 

(Morley, 1999; Walsh et al., 2002, 2003b; Giba et al., 2012). Merging of segments into a single fault is 

commonly seen when segmented fault arrays are mapped in 3D and many large segmented faults 

predominantly form by upward propagation from an underlying pre-existing fault (Nicol et al., 2020). 

Given the early interaction of fault segments and interaction of displacement fields, it would be 

difficult to discern whether coherence is automatically a part of the Constant Length fault model. Any 

evidence for non-coherence and irregularity in the displacement profile would exist only in the earliest 

stages of fault growth which is rarely preserved in the geological record (Childs et al., 2017). 

Increasingly, however, the two models for fault growth are seen as potential end members in a 

more complex history that may combine elements of both mechanisms - fault growth 

length/displacement raelationships and levels of coherency (Schlagenahuf et al., 2008; Kairanov et al., 

2019; Rotevatn et al., 2019; Nicol et al., 2020). In the Isolated model, initially isolated faults will 

eventually interact with one another as strain increases. Similarly, for the Constant Length model, 

there must be a period, be it short lived, during which faults propagate through the rock volume 

(Rotevatn, 2019; Nicol et al., 2020; Bamham et al.,2021). In a study of a fault system in the Barents 

Sea, Kairanov et al. (2019) used evidence of valleys incised at the overlap zone between laterally 

propagating fault segments to infer a period of fault growth by the Isolated model, in this case 

accounting for 37.5% of the overall fault growth history. Subsequently growth was dominantly by an 

increase in displacement with little fault tip propagation. Rotevatn et al. (2019) noted a two-phase 

growth history for normal faults, whereby the initial 20-30% of growth involves mainly an increase in 

length followed by 70-80% of the growth history being dominated by increasing displacement with 

minimal change in fault length (Fig. 1.8). This they took as evidence for early growth following the 

Isolated model and then growth according to the Constant Length model. The physical models of 

Schlagenhauf et al. (2008) also show bimodal pattern of fault growth; an initial phase dominated by 

rapid lengthening, followed by a subsequent phase involving mainly slip increase at roughly constant 

length. In this case, the initial phase lasted one third of fault growth history. Giba et al. (2012) in their 

analysis of re-activated faults in the Taranaki Basin, New Zealand, which grew by the Constant Length 

model, recognised that over short timescales and small displacements, fault array evolution on a single 

horizon may involve some significant degree of lateral propagation of segments towards each other, 



 
13 

but can be rapid and will be below the resolution of seismic datasets. The degree of coherence that 

occurs with this hybrid model has not been explored, with observations from clay models indicating 

the initial period of extension (10-25%) being dominated by isolated fault growth where fault tips 

propagate and grow towards one another, with all subsequent growth accommodated by an increased 

in displacement without further propagation (Whipp et al., 2016). From these observations it is 

possible that the initial period of fault lengthening may be accompanied by topographic lows on the 

footwall uplift associated with fault overlap zones, typical of non-coherence, whereas later growth 

with little fault lengthening and only displacement accrual, the uplift across the fault array would be 

expected to be uniform similar to what is observed in a coherent system. The location of erosional 

notches associated with earliest fault growth periods in the Barent Sea (Kairanov et al., 2019) may also 

attest to the early presence of local displacement lows, albeit shore lived, when growth is dominated 

by the Isolated fault growth mechanism. 

 

Figure 1.8. Schematic illustration modified from Rotevatn et al. (2019) showing the idealised growth 
trajectories of the Isolated growth model (green) and the Constant length growth model (blue) and a 
number of ‘hybrid’ type fault growth trajectories (black). 

The two fault growth models are distinguished by the mechanism by which faults and fault systems 

initiate and potentially their level of coherence. The growth models act similarly in other aspects of 

fault evolution, such as the hard linkage of segments bounding relays with increasing displacements, 

the instantaneous increase in fault length achieved by the coalescence and linkage of previously 
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isolated faults or the decrease in active fault lengths as deformation progresses and strain becomes 

localised onto fewer and larger faults (Nicol et al., 2020). 

1.2.4 Individual fault displacement gradients and displacement rates 

An idealised fault has a maximum displacement at the centre of the fault that decreases to zero at 

the edge or tip-line defining the displacement gradient on the fault. This tip-line is elliptical in shape, 

with the shorter axis of the ellipse parallel to the direction of dip. Contours of equal displacement form 

concentric ellipses around the point of maximum displacement (Fig. 1.9; Walsh and Watterson, 1988).  

 

Figure 1.9. Schematic diagram of elliptical fault surface bounded by a zero displacement contour, 
with maximum displacement (D) in the centre. Long axis radius (R) and width (W) of the fault surface 
area also shown. From Walsh and Watterson (1988). 

 

Figure 1.10. Displacement contour diagram for a fault from the U.K. North Sea (Nicol et al., 2020, 
modified from Barnett et all., 1987). MD denotes maximum displacement and small black dots 
denote locations of vertical displacement measured in two-way travel time (msec). 
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Natural fault displacement contours mapped from 3D seismic data resemble the ideal fault (Fig. 

1.10). The fault surface aspect ratios for a range of natural examples studied by Nicol et al. (1996) 

were found to be between 1 and 3.4 with a mean of 2.15 which is close to that reported by Walsh and 

Waterson (1989). 

Variations in the displacement gradient are also common as the process of extension and normal 

fault generation is complicated by many factors including variation in the extension magnitude along 

strike, the mechanical heterogeneity of the crust, pre-existing structures, varying displacement rates 

along a fault, and interaction with nearby faults (Walsh and Waterson, 1987; Giba et al., 2012; Jackson 

and Rotevatn, 2013; Ferrer et al., 2016 Ferril et al., 2016; Nicol et al., 2020). 

Displacement primarily accrues on tectonic faults during earthquakes at rates that vary through 

time (Mouslopoulou et al., 2009). Over short time periods (≤20 kyr) displacement rates span a greater 

range than is seen on larger faults, and over longer time spans (≥20 and <300) fault displacement rates 

stabilise (Mouslopoulou et al., 2009). Stabilisation of the fault displacement rate is due in part to the 

interaction and connection of fault segments (Mouslopoulou et al., 2009). Nicol et al. (1997) provided 

detailed estimates of longer-term normal fault displacement rates averaged over time intervals 

ranging from 1 to 40 Myr and found that these were markedly stable over these time periods. For and 

within a particular fault system, the rates are strongly dependant on the relative size of a fault. The 

inference was that faults become large relative to nearby faults by having higher displacement rates 

and also that high regional strain rates tend to be accommodated by high fault displacement rates 

rather than high fault densities. Rates of displacement on syn-rift normal faults averaged over time 

periods between 1 and 40 Myr are between 0.004 and 1 mm/yr (Nicol et al., 1997) which are similar 

to displacement rates averaged over shorter periods (20-200 kyr) which are between 0.01 and 1.61 

mm/yr (McCalpin, 1995). 

1.2.5 Fault related topography 

The evolution of surface topography surrounding a fault is fundamental to understanding how the 

displacement field impacts the sediment routing and the generation or removal of accommodation 

space. Hanging wall subsidence creates depocentres but footwall uplift is also important for drainage 

diversion and sediment supply via antecedent streams. A cross-section perpendicular to the strike of 

a fault reveals the juxtaposition of areas that have been uplifted with those which have subsided. Fault 

drag refers to the deflection of curved markers adjacent to a fault (Grasseman et al., 2005). Reverse 

drag refers to markers that are concave in the direction of slip and is recognised as a common feature 

associated with normal faults (Hamblin, 1965 Fig. 1.11). 
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Figure 1.11. Fault drag associated with normal faulting. From Grasseman et al. (2005). 

The term reverse drag was first coined by Hamblin (1965) and is a larger scale feature than normal 

drag defining the displacement field associated with a fault (Delogkos et al. 2016). Hamblin (1965) 

considered that reverse drag results from the same forces that form antithetic faults on account of 

the curvature of the fault plane at depth. A flexural model has more recently been invoked to explain 

footwall uplift, in which the upper crust is treated as an elastic layer overlying a fluid substratum 

(Gunn, 1943; e.g. Poulimenos and Doutsos, 1997). A fault cutting this layer gives rise to buoyancy 

forces that produce reverse drag in both the footwall and hanging wall. The relative amplitude of the 

footwall and hanging wall vertical motion is influenced by the nature of the fill in the hanging wall 

depocentre (as well as other factors, discussed below). Where sediment fills a hanging wall 

depocentre, loading depresses the whole structure, whereas if water filled, greater footwall uplift can 

occur (Yielding and Roberts, 1993). The dimensions of the fault displacement ellipse have also been 

related to the extent and rate of decay of uplift and subsidence on a plane normal to the fault (Walsh 

and Waterson, 1987). 

Geodetic data for single-slip earthquake events systematically demonstrate a difference between 

hanging wall subsidence and footwall uplift associated with dip-slip faults, (Fig. 1.12; Stein et al., 1988). 

Geodetic data showing the vertical movement associated with Borah Peak (1983) earthquake on the 

Lost River Fault, Idaho, highlight the strongly asymmetric displacement profile. 
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Figure 1.12. Geodetic data for a single slip event on the Lost River Fault, 1983. From Parfitt and 
Peacock, 2001. 

The magnitude of the uplift experienced by the footwall during normal faulting as a function of the 

amount of subsidence varies greatly and is believed to depend on a number of factors including: the 

axial ratio of the fault surface (the ratio of the long and the short ellipse axes); the ratio between the 

maximum displacement and the maximum dimension of the fault surface; and the displacement 

distribution on the fault surface from the point of maximum displacement to zero normal to the fault 

surface (the reverse drag displacement profile) (Gibson et al. 1989). Fault dip can also influence the 

relative amount of the footwall uplift: a vertical fault would result in equal uplift and subsidence, and 

as the fault angle decreases the level of asymmetry increases and the amount of uplift for a given 

hanging wall downthrow decreases (Gibson et al., 1989). Gibson et al. (1989) deduced from published 

fault data that the percentage contribution of hanging wall displacement (HW) to the total 

displacement on normal faults steeper than 30°, is approximately: 

$% = 110 − 2* 3,  

Where theta is the dip angle of the fault in degrees.  

Olive and Behn (2014) compiled a global range of active normal fault dips and found a range 

between 20° and 65°. A similar pattern of fault dips is seen at the scale of individual rift systems 

(Jackson and White, 1989). This would indicate the contribution of hanging wall displacement to the 

total displacement is between 97% and 66%. Natural examples of this asymmetry have been measured 

in some areas. In the Ptolemais Basin, hanging wall subsidence accounts for 67% of total displacement 

(Doutsos & Koukouvelas, 1998) and in the Suez rift correlation of Miocene marine rocks across the 

faults show that hanging wall subsidence accounts for 87.5% of the total displacement (Garfunkel, 

1988). 
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1.2.6 Fault transfer structures 

Rift basins are commonly composed of numerous kinematically-linked graben and half graben. The 

azimuth (or polarity) of the faults often switches along the length of a rift, as for example in the East 

African Rift system (Baker, 1986; Chorowicz, 2005; Corti et al., 2006) and the Slyne-Erris basin, offshore 

Ireland (Naylor and Shannon, 2005). The area separating faults having either the same (synthetic) or 

opposing (antithetic) azimuths are termed transfer zones (Gawthorpe and Hurst, 1993) or 

accommodation zones (Specht and Rosendahl, 1989), although the latter is potentially confusing as 

accommodation is also used in a stratigraphic sense to identify space for sediment to accumulate, 

something that is often lacking in structural accommodation zones as these can be elevated areas and 

locally associated with rift volcanism (Gawthorpe and Hurst, 1993; Maillard et al., 2020). Transfer 

zones form an important part of the extensional system, facilitating extension between individual fault 

and rift basin segments. They are classified as interbasin transfer zones where they separate different 

graben or half graben, and intrabasin transfers where they separate individual fault segments flanking 

a graben or half-graben (Gawthorpe and Hurst, 1993; Fig. 1.13). The main parameters used to describe 

transfer zones are the dip-sense of faults either side of the transfer zone, the amount of overstep or 

separation between the adjacent fault segments/basins and the degree of overlap between adjacent 

fault segments/basins (Gawthorpe and Hurst, 1993; Fig. 1.13 inset). 

 

Figure 1.13. Schematic block diagram from Gawthorpe and Hurst (1993) of an elongate rift zone 
illustrating half graben basin style and the distribution of transfer zones. Three half graben (HG1 – 3) 
are separated by interbasin transfer zones (I). There is an antithetic transfer zone between HG1 and 
HG2 and a synthetic transfer zone between HG2 and HG3. (i) denotes intrabasin zones between 
individual fault segments. Inset indicates terminology used to describe fault segment interaction 
include overstep or separation (Os) and overlap (Ov). 
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Interbasin transfer zones are expressed as ridges or interference zones, when faults are antithetic 

(dip in opposite directions) and these are common in elongated rift zones such as the Gulf of Suez and 

the East African rift (Figs. 1.14; 1.16), or as wide relay zones between synthetic border faults, dipping 

in the same direction. Major interbasin fault transfer zones are usually spaced on a scale of tens to 

hundreds of kilometres along the rift system (Fossen and Rosendahl, 2016). 

 

 

Figure 1.14. Diagrammatic representation of the main structural geometries observed at interbasin 
transfer zones for antithetic (a-c) or synthetic basin bounding faults (d) from Gawthorpe and Hurst 
(1993). 

Intrabasin transfer zones link one or more individual fault segments and may develop along border 

fault zones or within interbasin transfer zones and are commonly spaced on a kilometre to tens of 

kilometre scale. The structures form predominantly between en-echelon synthetic fault segments and 

result in relay ramps (Gawthorpe and Hurst, 1993; Figs. 1.15; 1.16) that soft link the displacement 

between fault segments (Walsh et al., 2003) or transfer faults, that hard link the segments. 
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Figure 1.15. Diagrammatic representation of the main types of intrabasin transfer zone. From 
Gawthorpe and Hurst, 1993. 
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Figure 1.16. Structural map of the Gulf of Suez indicating the distribution of transfer zones 
(accommodation zones) at a range of scales in an elongate rift. Inset shows cross sections show the 
change in polarity of the three main half-grabens of the Gulf of Suez, with intervening transfer or 
accommodation zones. ZAZ, Zaafarana accommodation one; MAF, Morgan accommodation zone. 
From Moustafa and Khalil, 2017. 

Relay structures were first described by Goguel (1952) but the geometrical and tectonic 

implications were neglected in the literature until 1988 when discussed by Larsen (1988). They were 

described as offset listric faults having the same sub-horizontal detachment at depth where the 

extension along one fault is transferred or relayed across a relay ramp defined by tip-lines of the offset 

faults (Larsen, 1988). Further description of relay ramps have recognised that faults are likely 

connected at depth and formed by fault bifurcation (splaying) towards the surface and are not 

necessarily listric (Walsh and Watterson; 1990; Walsh et al., 2003). Normal fault arrays display a 

partitioning of displacement onto interacting fault segments with relays occurring between segments 
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acting as displacement transfer structures and contributing to the aggregate displacement distribution 

on a segmented fault array, i.e. the segments are elements of a kinematically coherent array (Walsh 

and Watterson, 1999).  

The ramp is a result of the steep displacement gradients that develop in the fault overlap region 

(Peacock and Sanderson, 1991; Nicol et al., 1996). Relay ramps initiate as open structures with a 

continuous ramp linking the footwall to the hanging wall, soft linking the bounding fault segments 

(Peacock and Sanderson, 1994) . Soft linked faults are those between which mechanical and geometric 

continuity is achieved by ductile strain of the rock volume between (Trudgill and Cartwright, 1994).  

The retardation of fault tip advance and curving of the fault tips in the overlap zone can also result 

in the development of a complex zone of subsidiary structures including faults, fractures, deformation 

bands (Huggins et al., 1995; Imber et al., 2004; Childs et al., 2016; Fossen and Rotevatn, 2016). Relay 

ramps form in the overlap between synthetic fault segments regardless of the mode of fault growth. 

The major difference imposed by the mechanism of fault growth is whether the fault overlap and relay 

ramps form under low (Constant Length fault growth) or high strain (Isolated fault growth) (Ge et al., 

2018).  

As displacements on the bounding faults increase, the ramp continues to rotate, to accommodate 

shear strains, and linking faults grow. Finally, a through-going fault forms resulting in breaching of the 

ramp (Long and Imber, 2011) and hard linkage of the faults at the surface (Fig. 1.17). Typically, 

breaching faults propagate across either the top or bottom of the relay ramp (e.g. Peacock and 

Sanderson, 1991; 1994; Childs et al., 1995; Fig. 1.17A; B) though, in previously jointed rocks, breaching 

faults may reactivate pre-existing joint sets to cut across the centre of the relay zone (Peacock, 2001; 

Fig. 1.17D).  

The parameters used to describe areas between pairs of adjacent fault segments within normal 

fault arrays forming relay ramps are discussed by Childs et al. (2016; Fig. 1.18). Overlap is the distance 

that the fault tips have extended past each other, separation is the distance between fault segments 

measured perpendicular to the strike of the faults, shoulder length is the distance between the points 

at which the elevated displacement gradients associated with the transfer of displacement between 

the fault segments are first seen. The ratio of the overlap to the overstep is the aspect ratio. Aspect 

ratios observed in natural systems range from negative values for underlapping segments to high 

aspect ratios (>10), with average values of 4.2 (Long and Imber, 2011) and 4 (Childs et al., 2016; Fig. 

1.19) being reported. 
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Figure 1.17. Patterns of ramp breaching where the bounding faults become hard linked. (A) the intact 
relay ramp; (B) breaching across the top of the ramp; (C) breaching at the top and base of the relay 
ramp; and (D) breaching across the centre of the ramp. From Fossen and Rotevatn, (2016)). 

 

Figure 1.18. Terminology used to describe fault overlap geometry from Childs et al. (2016). (OL) is the 
overlap; (S) is the separation, and (SL) is the shoulder length. See text for explanation of terms. 
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Figure 1.19. Log–log plots of relay zone aspect ratios for selected seismic datasets from New Zealand, 
UK, Spain, USA, Greece and the North Sea. From Childs et al. (2016). 

1.2.7 Salt-influenced rifting 

Although many rift basins are dominated by arrays of normal faults, where buried salt layers are 

present, these can modify the structural development and the way in which accommodation for 

sediment is created. 

Evaporites have mechanical properties that differ from most clastic and carbonate rocks and under 

geological strain rates salt flows like a viscous fluid in the subsurface (Hudec and Jackson, 2017). A 

pre-rift salt layer, if sufficiently thick can act as a detachment surface and decouple basement faulting 

from deformation at the surface (Withjack and Callaway, 2000). The ability of salt to mechanically 

decouple results in the inhibition of the upward propagation of sub-salt faults but causes associated 

forced folds at the surface (Fig. 1.18; Duffy et al., 2013; Coleman et al., 2017). There is an increase in 

the complexity of structural style laterally and vertically associated with salt influenced rifting. 

Movement of salt triggered by basement faulting can result in the creation of accommodation laterally 

offset to that created in the immediate hanging wall of the underlying faults creating a monocline at 

the surface extending from the hanging wall to the footwall (Richardson, 2005; Hudec and Jackson, 

2017). The location of accommodation through time can also change in response to salt flow, 

depletion of salt and welding, and increased levels of fault coupling across the salt layer (Jackson et 

al., 1994; Richardson, 2005; Jackson and Lewis, 2016). The buoyancy of salt can also result in the 

creation of local highs including salt pillows and salt walls, which again can be transient structures in 

a salt-influenced rift (Withjack and Callaway, 2000; Lewis et al., 2013; Coleman et al., 2017). Stretching 
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of overlying stratigraphy can result in local depocentres that are bounded by faults that sole out in the 

salt layer as well as local faulting resulting from gravity-driven extension above the salt layer (Fig. 

1.20). The variable accommodation creation and removal caused by mobile salt during rifting thus has 

wide implications for drainage patterns, particularly around local salt-cored highs, as well as the 

location of depocentres for sediment accumulation that contrast those seen in a standard rift where 

no salt movement occurs. 

 

Figure 1.20. Comparison of surface deformation where (A) there is classic fault associated 
deformation; and (B) when a mobile salt layer (red) migrates in response to sub-salt tectonic activity. 
From Coleman et al. (2017). 
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1.3 Links between normal fault development, sediment routing and 

stratigraphy 

Hanging wall subsidence creates accommodation space for sediment with the geometry of the 

basin controlled by the extent of the fault and any interaction with deformation fields from nearby 

faults (Gibson, 1989). The depocentre is generally associated with the centre of the fault segment 

where the displacement is greatest (Berry et al., 2019). The growth pattern of faults will then 

determine the interconnectivity through time of separate depocentres, with a common pattern 

comprising initially isolated-fault controlled basins that provide limited accommodation space 

evolving to larger merged basins that form as the fault segments interact (Walsh & Watterson 1988; 

Jackson et al., 2017). The timing and precise way that the faults overlap, interact and link can be 

complicated by a number of factors including: (a) how the transfer of strain occurs across 

accommodation zones between fault segments; (b) whether synthetic or antithetic faults overlap; and 

(c) the fault growth mechanism that impacts the initial fault lengths, the timing of overlap and thus 

the formation of relay ramps. 

Surface deformation associated with development of the fault system also impacts how drainage 

is steered and local sources of sediment created (Gawthorpe and Hurst, 1993; Leeder et al., 1998; 

Gupta et al., 1998; Gawthorpe and Leeder, 2000; Cowie et al., 2006; Ford et al., 2016; Hemelsdaël et 

al., 2017). Existing drainage that subsequently interacts with a developing rift is termed antecedent 

drainage. This type of drainage is often considered modified by the growing fault network, and 

particularly directed down relay ramps (Leeder & Gawthorpe, 1987; Morley et al., 1990; Gawthorpe 

& Hurst, 1993; Childs et al., 1995; Lambiase & Bosworth, 1995; Gupta et al., 1999; Athmer et al., 2010; 

Athmer & Luthi, 2011; Hemelsdaël  & Ford, 2016), but antecedent rivers are also known to incise 

uplifting footwalls (Trudgill, 2002). Consequent drainage is drainage that occurs in response to the 

creation of local relief associated with the developing faults, and particularly drainage basins draining 

the uplifting footwall scarp (Gawthorpe and Leeder, 2000; Densmore et al., 2003) and feeding 

sediment transversely to the developing hanging wall depocentre (Allen and Densmore, 2000). 

Commonly consequent drainage has been emphasised as the primary source of sediment supplied to 

rift basins (Eliet & Gawthorpe, 1995; Lambiase & Bosworth, 1995; Schlische & Anders, 1996; Allen & 

Densmore, 2000; Densmore et al., 2003). 

Aspects of sediment supply that are addressed in the following sections are: (1) footwall drainage 

evolution and steering in response to rifting and associated sediment entry points and depositional 

patterns; (2) hanging wall drainage evolution in response to flexure on the basin margin distal to the 

fault; (3) axial drainage directed along the centre of the rift and its impact on stratigraphy. 
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1.3.1 Footwall derived sediment 

The fundamental tectonic control on the distribution of sedimentary environments and lithofacies 

in many extensional basins is the cross-rift structural asymmetry associated with half graben which 

causes contrasting transverse drainage catchments to develop on newly created footwall and hanging 

wall slopes (Leeder and Jackson, 1993). Thus consequent, small, high-gradient streams feed fans in 

the proximal hanging wall adjacent to the fault scarp. Footwall relief increases with each slip event on 

the fault and eventually reaches an equilibrium with respect to the rate of local denudation 

(Gawthorpe and Leeder, 2000). Gravity and stream flows generated in short, narrow and steep 

catchments located on the footwall deposit tallus cones, alluvial fans, fan deltas and submarine fans 

in the proximal fault-adjacent depocentres (Gawthorpe and Leeder, 2000). The fans scale with the size 

of the catchment area, and as consequent catchments degrading fault scarps tend to be small, the 

contribution of sediment from them is also limited (Allen and Densmore, 2000). The scale of the fans 

they feed also depends on the catchment lithology and rate of fault displacement with fans becoming 

larger as the local subsidence rate decreases (Eliet and Gawthorpe, 1995). 

Larger (10-300 km2) and lower gradient catchments on the footwall are also seen (Gawthorpe & 

Leeder, 2000; Eliet and Gawthorpe, 1995; Cowie et al., 2006; Fig. 1.21) and these can contribute 

greater volumes of sediment to the fill of the developing rift. In the Sperchios Basin, Greece, Eliet and 

Gawthorpe (1995) recognised a transfer-zone drainage domain in which larger catchments entered 

the basins at transfer zones. They inferred these low-relief catchments developed by headward 

erosion that was able to expand behind the footwall uplift. Alternatively, larger catchments entering 

the basin at transfer zones represent steering of regional antecedent drainage through what were 

topographic lows at relay ramps (Densmore et al., 2003). In this case, the structural development of 

the relays will impact on how the drainage is focussed and if and when it is reversed. In the Gulf of 

Suez the intrabasin transfer zones between fault segments (both hard and soft linked examples) 

exerted a fundamental control on the deposition of both syn- and post-tectonic deposition as they 

directed the drainage systems and determined where sediment entered the rift (Moustafa and Khalil, 

2017). However, large footwall catchments do not exclusively cross faults at the location of transfer 

zones. There are examples (see below) where transverse delivery from large footwall catchments 

cross the faults by incision of the uplifting footwall (Eliet and Gawthorpe, 1995; Trudgill, 2002; Ford et 

al., 2016; Hemelsdaël  et al., 2017). 
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Figure 1.21. Drainage basin development in the Sperchios Basin, from Eliet and Gawthorpe (1995). 
Larger catchments are seen related to transfer zones depositing larger and more extensive fans in 
the depocentre. 

Although drainage can enter rifts in positions other than via relay ramps, ramps are commonly 

invoked as important sediment entry points for larger hinterland drainage basins attached to 

expanded transfer fan systems, fan deltas or deep-sea fans where the relays are flooded (Crossley, 

1984; Leeder and Gawthorpe, 1987; Leeder and Jackson, 1993; Eliet and Gawthorpe, 1995; Gupta et 

al., 1999; Young et al., 2000; Leeder and Gawthorpe, 2000; Commins et al., 2005; Athmer and Luthi, 

2011; Hemelsdaël  and Ford, 2016). However, the extent to which relay ramps are utilised by drainage 

will depend on the interplay of various factors such as flow incision, sedimentation rate, tectonic 

activity, ramp geometry, and base level fluctuations. At rifting margins, relay ramps are found to act 

as local entry point and sediment pathways for subaerial flows (Athmer and Luthi, 2011). Trudgill 

(2002) documented the diversion of rivers by structurally-controlled topography in the Canyonlands 

Graben, SE Utah. During the growth of the fault array, footwall uplift gradually caused migration of 

established drainage around fault tips and via relay ramps which formed between overlapping faults. 

These features represented topographic lows along the graben margins and became preferred access 

points for flow. Figure 1.22 highlights an example in which a relay ramp affects the pathway of a 

stream. On the footwall to the east of the relay ramp the course of the stream is directed E-W, but 

the stream is diverted around the fault and down the NE-SW oriented relay ramp providing a pathway 

into the graben (Trudgill, 2002; Athmer and Luthi, 2011). During relay ramp breaching in this area 

streams continued to incise into the footwall bedrock and flow across the throughgoing fault where 

the relay was previously located. 
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Figure 1.22. Google Earth image from the Canyonlands grabens showing the dry stream bed 
indicating drainage redirections by a relay ramp. From Athmer and Luthi (2011) modified from 
Trudgill (2002). 

Where fluvio-deltaic systems are present in the rift, river-fed deltas can also be localised by relay 

ramps, such as in the El Qaa half-graben located in the Gulf of Suez Rift, Egypt. Here a large delta 

system was deposited at the base of a relay ramp (Gupta et al., 1999). Relay ramps on the western 

margin of Lake Malawi have sub-aqueous canyons cut parallel to the ramps that link to fan deltas at 

the base of the ramps where lake levels impinged on the ramp slopes (Scholz, 1995; Soreghan et al., 

1999). In this case, variable lake levels impacted on the routing of sediment by the ramps. At lowstands 

of lake level, channels and canyons cut back into the relay ramp slopes from the emergent outboard 

faut scarp with the largest canyons now perpendicular to the boundary fault, acting as a major bypass 

conduit for coarse-grained sediment (Soreghan et al., 1999; Fig. 1.23). 
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Fig. 1.23. A) Bathymetric map of the western margin of Lake Malawi with major faults on the relay 
ramp and in the lake. Channels and canyons are outlined in grey, and the contour interval is 20 m. B) 
Schematic sketch summarizing the tectonic controls on sedimentation along the relay ramp. Black 
arrows indicate the direction of major sediment transport during lake-level lowstands. From 
Soreghan et al., 1999. 

Although relay ramps have been identified as important entry points for sediment on the margins 

of many (but by no means all) rift basins, the role of different types of relay (for example those formed 

by different growth fault mechanisms) in influencing drainage remains poorly understood. Relay 

ramps are often envisaged as initially undeformed zones between underlapping fault segments that 

are progressively deformed as fault segments grow in length and overlap (Cowie et al., 2006; Athmer 

and Luthi, 2011; Carmona et al., 2016). But they form in other ways, for example by fault segments 

propagating from depth that already overlap early in the fault growth history (Walsh et al., 2002). The 

significance of different modes of relay evolution for drainage and sediment supply is something that 

is amenable to numerical simulation using forward stratigraphic models and is an aspect tackled later 

in this thesis. 

Another important issue is the extent to which drainage focussed via relay ramps persists once 

breaching occurs. In some examples the location of hard-linked transfer zones has been shown to have 

had greater influence on post-tectonic sediment delivery than during the syn-rift period (Trudgill, 

2002). Moustafa and Khalil (2017; Fig. 1.24) mapped wadis crossing the Esh El Mellaha fault in the SW 

Gulf of Suez rift where kinks in the fault represent breached transfer zones between fault segments 

and these wadis have fed large Quaternary alluvial fan deposits. The implication is that the role of 
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transfer zones must be considered not only during early rifting prior to breaching, but after this as 

well.  

 

Figure 1.24. Sediment entry point locations at fault kinks representing transfer zones between fault 
segments, SW Gulf of Suez rift from Moustafa and Khalil, 2017. 

Antecedent drainage developed on the pre-rift land surface will be common during early rifting 

before surface deformation is sufficient to trigger new consequent drainage (Ford, 2016; Ford and 

Hemelsdaël , 2016; Hemelsdaël  et al., 2017). Sediment delivery by antecedent drainage may be more 

common than previously thought and persist during rifting as the rivers incise rift-related topography 

(Hemelsdaël  et al., 2017). The alluvial Lower Group of the western Plio-Pleistocene Corinth rift is an 

example where antecedent drainage has led to overfilled basins during early rifting (Fig. 1.25). 

Deposits in this system evolve downstream from coarse alluvial conglomerates to fine-grained 

lacustrine deposits over multiple fault blocks. The presence of a major antecedent drainage system is 

supported by (i) evidence of a single major sediment entry point, (ii) persistence of a main channel 

belt axis, and (iii) downstream fining at the scale of the rift basin (Hemelsdaël et al., 2017). Individual 
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faults in this instance may have little impact on textural trends although they can influence 

accommodation and the stratigraphic architecture. 

 

Figure 1.25. Antecedent drainage crossing the linked Kalavryta fault and multiple fault blocks, 
Corinth Rift from Helsmdaël et al., (2017). 

Large antecedent drainage systems transverse to faults have also been identified in the Hammam 

Faraun Fault Block Suez Rift (Gawthorpe et al., 1990; McClay et al.. 1998; Leppard and Gawthorpe, 

2006). Here, river incision kept pace with footwall uplift and sediment delivery across the footwall was 

locked in place creating long-lived entry points to hanging wall depocentres (Leppard and Gawthorpe, 

2006). 

Although sediment supply from the footwall can include diverse catchments, there is a general 

trend in hanging wall depocentres whereby stratigraphy close to the fault is composed of 

aggradational sequence sets, which display limited progradation away from the footwall (Eliet and 

Gawthorpe, 1995) punctuated by larger prograding fans with a pronounced radial pattern that reflect 

greater sediment input associated with transfer zone or antecedent drainage (Kim et al., 2011). 

1.3.2 Hanging wall transverse drainage 

Catchments on the flexural hanging wall slope can have a diverse array of catchment area reflecting 

along strike variation in bedrock lithology, dip of the hanging wall and position of antithetic fault 

segments (Eliet and Gawthorpe, 1995). Hanging wall drainage basins are generally longer, have larger 

areas, gentler slopes, and supply larger volumes of sediment than consequent footwall catchments 

they face. The hanging wall rollover is an important location for rift rivers and accounts for up to 70% 

of the total catchment draining to half graben (Frostick and Reid, 1989). Progressive tilting of the 
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hanging wall slope towards fault zone causes channel and fan surface gradients to increase, resulting 

in fan surface incision and fan lobe offlap (Leeder and Gawthorpe, 1987). Organisation in terms of 

scale of the catchments has been identified in some systems for the hanging wall sourced fans, with 

larger catchments spaced regularly; in the Sperchios Basin, Greece, larger catchments occur 

approximately 12 km apart (Eliet and Gawthorpe, 1995). Reversal or diversion of this drainage can 

also happen in rift basins due to the synchronous activity of synthetic and antithetic faults within the 

basin forming intrabasinal highs. 

1.3.3 Axial drainage systems 

Axial (fault-parallel) drainage is also important in many syn-rift basins, particularly those in which 

drainage is deflected around fault tips to enter the basin axially, and where merging of adjacent half-

graben via localisation of extension on through going faults allows sediment to spill from one fault-

controlled basin to another along the length of the rift (Frostick and Reid, 1989; Gawthorpe and 

Leeder, 2000). Axial systems may feed deltas where water is impounded in the basin or it is flooded 

by the sea, or form alluvial channels or channel belts that enter and exit the basin axially, the position 

of which is controlled by the transverse systems extending from the footwall and hanging wall, and by 

lateral tilting on account of the reverse drag. The transverse systems often coalesce with and feed the 

axial rivers (Connell et al., 2012). The interaction of axial and transverse drainage systems with basin 

topography can control stratigraphy (Gawthorpe and Leeder, 2000; Leeder et al., 2003; Cullen et al., 

2020). In the half grabens of the Rio Grande rift, New Mexico, and the Carson Valley, Nevada axial 

channel belts are confined by fans sourced from the hanging wall and/or footwall (Kim et al., 2011). 

Interaction of the transverse and axial systems can also be used to infer elements of the basin 

evolution including tectonic activity and sediment supply changes. For example in the Upper Valdarno 

Basin, Italy, where deposits of the Montevarchi synthem and transitions in depositional environment 

can be related to movement on a basement bounding fault. During times of low or no movement on 

the fault, channels were more densely stacked reflecting less accommodation provided by fault 

movement, whereas movement on the fault and provision of greater accommodation resulted in 

lower channel stacking densities and greater preservation of the floodplain (Fidolini et al., 2013). The 

presence of asymmetric abandoned meander belt deposits in which lateral accretion surfaces dip 

towards the fault can record migration of active channels on account of tectonic tilting (Leeder and 

Alexander, 1987). Lateral migration of axial channels can erode previously deposited fan sediments 

(fan toe trimming of Leeder and Mack, 2001) and provide additional sediment to the axial system via 

reworking. Stratigraphically, migration of the boundaries separating axial and transverse depositional 

systems is preserved as major facies breaks separating deposits with differing palaeocurrents, 

sediment provenance and geometric characteristics (Kim et al., 2011).  



 
34 

The morphology and fault segment interaction developed during rifting can have a major influence 

on axial drainage development. During early stages of rifting, the East African Rift evolved as a series 

of linked sub-basins separated by structurally high transfer zones, some associated with volcanism. 

These prevented the integration of drainage along the rift axis (Frostick and Reid, 1995). Interbasinal 

highs that are common at points of fault polarity change effectively prevent axial drainage between 

adjacent basins. During later rifting, regional subsidence and coalescence of separate fault-controlled 

basins then promotes axial drainage (Frostick and Reid, 1995). Thus the axial component of drainage 

(at least in terms of linking different rift segments) is often less important during rift initiation. 

1.4 Additional controls on tectono-stratigraphic interactions 

There has been a tendency to view tectonics as the dominant control on rift basin evolution but 

these basins are also extremely sensitive to other controls relating to sediment supply, water balance, 

base level and climate. These additional variables are often interrelated and may be difficult to isolate. 

1.4.1 Climate and sediment flux 

Sediment flux is a key variable that affects the ability of depositional systems to fill accommodation 

provided by subsidence and base level changes (Boyd et al., 1992; Simms et al., 2006; Milliken et al., 

2017). The conventional scenario in a catchment is one in which erosional landscape evolution and 

sediment flux are driven by the incision of rivers into uplifting bedrock. The bedrock exposed in the 

interfluve is weathered by chemical and physical processes, modulated by climate and vegetation. 

Particulate weathering products may be removed depending on the transport capacity of the hillslope 

processes and/or river (Hovius and Leeder, 1998). Rock weathering and the ability of rivers to carry 

particles away are both greatly influenced by climate and hence climate-modulated transfer of 

sediment from the catchment to a rift basin is an important consideration. 

Climate drives the processes of denudation by controlling precipitation and temperature and 

influencing the vegetation cover and type. Running water is one of the main erosional agents 

operating in a drainage basin, and the level of precipitation in the catchment is commonly the 

dominant factor determining sediment yield. Levels of precipitation and temperature will determine 

the magnitude of physical and chemical erosion of the landscape, the sediment load and transport 

capacity of the rivers and the morphological expression of the land surface (Milliman and Farnsworth, 

2011).  

Studies of modern climatic variation have been tied to sediment load in rivers; increased levels of 

precipitation combined with increased temperature result in higher sediment loads (Inman and 

Jenkins, 1999; Zhu et al., 2007; Pruski and Nearing, 2002). On a relatively short, multidecadal 
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timescale, Inman and Jenkins (1999) identified variations in suspended sediment loads in North 

American rivers linked to the El Nino/Southern Oscillation-induced climate variability. Drier periods 

are characterised by consistently low annual river sediment flux with mean annual suspended 

sediment flux five times greater for wet periods. Zhu et al. (2007) similarly concluded that higher 

sediment flux is expected under wetter and warmer conditions, when higher transport capacity is 

accompanied by a higher erosion rate. Modelling results by Pruski and Nearing (2002) suggest that a 

1% change in precipitation could result in 2.4% change in soil loss and a 2.5% change in runoff in the 

drainage basin of the Yellow River, China. Under different climatic conditions, such as in arid/semi-

arid settings, with low precipitation and high temperature, the sediment loads delivered into the sea 

are reduced by 4-61% (Lu et al., 2013).  

Milliken et al. (2017) characterised the deposits of drainage basins in the Gulf of Mexico that have 

remained constant in area, relief and lithology during the Holocene but spanned humid to semi-arid 

climate zones. Their work found that high sediment yields in the mid-Holocene coincided with humid 

fluvial systems with lower sediment yields in semi-arid fluvial systems. Therefore changes in climate 

can set up cycles in sediment load released from a source catchment area. However, these climate 

driven signals are not recorded in all settings with evidence from experimental, numerical, and field 

studies showing that climate driven cycles can be delayed, modified, buffered, or even destroyed 

during transport from source to sink (Jerolmack and Paola, 2010; Armitage et al., 2013; Romans et al., 

2016; Tofelde et al., 2021). Such buffering or shredding should smooth out high frequency fluctuations 

in signals, such as long-term sediment discharge, during propagation from upstream sources through 

the alluvial system (Armitage et al., 213). Loss of climate-driven signals in some source to sink settings 

occurs as the timescale of sediment flux perturbation that may be recorded in the fluvial and deltaic 

segments is a function of the length of the sediment routing system (Castelltort and Van Den 

Dreissche, 2003). Given the proximity of consequent drainage basins to the sediment sink in an 

evolving normal fault array and also the importance of sediment supply as the main carrier of signals 

that originate in the erosion zone (Romans et al., 2016), climate-induced changes in sediment supply 

should be present in rift basins predominantly supplied by local catchments, but this may not be true 

when antecedent drainage is the dominant mode of sediment supply.  

The extent to which the change in sediment flux can leave a unique signature within the 

stratigraphic record is not clear (Burgess et al., 2006; Burgess and Prince, 2015). Periodic changes in 

relative sea level, for example, may be accompanied by climatic change of the same periodicity if both 

sea level and climate are forced by the same Milankovitch orbital cycles. Such regional and global 

climatic cycles have the effect of increasing or reducing surface run-off and sediment supply at the 

same time as changing sea level (Armitage et al., 2016). 
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Some studies have specifically addressed the topic of depositional architecture response to 

sediment flux in rift basins. Experimental studies by Connell et al., (2012) show that sediment flux 

from transverse input points can have a stronger control on the axial channel location in a half graben 

hanging wall depocentre than fault activity. Sediment discharges from footwall catchments if 

sufficiently high can force the axial river away from the subsidence maximum, which has implications 

for channel stacking density.  

Leeder et al. (1998) used field-based studies and numerical modelling to investigate the impact of 

glacial to interglacial climate-driven sediment flux changes on aspects of rift basin drainage and 

depositional processes. They related the sediment flux changes to episodes of channel aggradation 

and degradation in rift axial rivers. A plentiful supply of sediment from tributaries caused lateral fan 

growth that ‘choked’ the axial system which then responded by frequent avulsions and aggradation. 

Where increased water discharge from tributaries to the axial river was accompanied by reduced 

sediment input the result was incision and terrace formation. 

Armitage et al. (2013) investigated whether external Milankovitch orbital forcing can be recognised 

in complex sedimentary systems where time-averaged sediment discharges are affected by the 

transient response of depositional landscapes to climate perturbations. The authors recognised that 

these cyclic patterns are recognised in depositional settings but are attributable to climatic impacts 

on the nature of the depositional environment, such as organic productivity or chemical dissolution 

effects. Using a 1-D catchment-fan model to explore how a simplified sedimentary system would 

respond to an oscillating mean annual precipitation with Milankovitch periodicities (104 – 105 yr) they 

found that erosional dynamics of mountain catchments are likely to act as a low pass filter that 

significantly dampens the transfer of sediment discharge variations driven by high-frequency climate 

oscillations. They concluded that it is unlikely that orbital-paced sediment discharge variations will be 

clearly recorded within the stratigraphy associated with large terrestrial sediment routing systems, 

supporting the view that most sediment routing systems are temporally buffered (Castelltort and Van 

Den Dreissche, 2003). In contrast major step changes or single perturbations are much more likely to 

be recorded in the depositional architecture of alluvial fans, such as the Paleocene/Eocene boundary 

warming that involved a temperature increase of about 5 - 8°C (Armitage et al., 2013; McInerney and 

Wing, 2011). 

1.4.2 Climate and base level 

Climate is also closely connected to base level via the water balance in terrestrial basins, and high-

frequency sea level variations when marine water and a connection to the ocean is present. Lakes that 

develop in the hanging wall basins are particularly sensitive to climatic variations. Water level 



 
37 

fluctuations respond to variations in the precipitation-evaporation balance across the catchment and 

in terminal lakes. Lakes can be either hydrologically open and connected to a spill-point, or closed and 

internally drained. The latter can display particularly large variations in lake surface level over time 

(Carroll and Bohacs, 1999; Leeder et al., 1998). In the case of Lake Malawi, Lyons et al. (2011) showed 

that during three lake level cycles over the last 150 kyr, lake level drops of up to 550 m below present 

lake level occurred resulting in a 97% reduction of water volume and 89% reduction in water surface 

area relative to modern conditions. Carroll and Bohacs (1999) divided lake-basins into overfilled, 

balanced and underfilled with each characterised by a distinctive facies associations (Figure 1.26). 

They inferred that balanced and underfilled basins were most sensitive to water-balance changes as 

outflow is restricted. They also noted that vertical changes in facies associations imply lakes can 

change between overfilled, balanced and underfilled and proposed that this was most likely due to 

tectonics and that tectonics and climate are equally important in many lake basin fills.  

 

 

Figure 1.26. Types of lacustrine basin full and facies associations, from Carol and Bohacs (1999), 
modified by Haughton (2019) 

High frequency eustatic sea level changes are also commonly linked to climate variability in 

response to global temperature and ice and sea water volume changes (Myrow et al., 2018). The 

growth and decay of ice sheets during the Quaternary drove sea level fluctuations on the order of 10’s 
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to over 100 m on scales up to 10,000 years (Rohling et al., 2009). Sea level fluctuations control the 

sedimentation patterns in a basin, such as stratal geometries and associated stratal terminations 

(onlap, downlap and toplap). Any change in relative sea level will affect the accommodation space 

available for sediment deposition (Shafie and Madon, 2008). 

1.4.3 Autogenic processes 

It is important to consider the extent to which autogenic processes can also generate stratigraphic 

patterns alongside the allocyclic signals such as those discussed above. It is possible, for example, that 

changes in the sediment flux reflect internal organisation and not an external or allogenic control. 

Although autogenic dynamics has generally been considered of lesser importance, recent studies have 

shown it can contribute its own signal and in certain cases may ‘shred’ the allogenic signal (Tresch and 

Strasser, 2011; Hajek and Straub, 2017; Foreman and Straub, 2017). Insights from physical and 

numerical experiments have shown a range of mechanisms that can generate autogenic variability 

including temporary storage and release of sediment, and progradation or lateral migration of 

sedimentary bodies such as tidal flats, shoals, or delta lobes occurring independent of eustasy or 

subsidence (e.g. Muto & Steel 2004; Kleinhans 2005; Kim et al. 2006, 2014; Jerolmack & Paola 2007; 

Clarke et al. 2010; Reitz et al. 2010; Straub & Esposito 2013; Straub & Wang 2013; Karamitopoulos et 

al. 2014; Postma 2014; Li et al. 2016; Burgess et al., 2019; ). The significance of autogenic cycles have 

recently been tested in field settings (Hajek et al. 2010, 2012; Hofmann et al. 2011; Straub & Pyles 

2012; Flood & Hampson 2014; Reitz et al. 2015; Hampson 2016). Physical controls on autogenic 

dynamics in fluvio–deltaic systems have been particularly well studied such as temporary storage and 

release of sediment and compensational stratigraphy, and modelling and scaling approaches have 

helped overcome limitations associated with often poor absolute age dating in deep time examples 

(Kim et al., 2007; 2010; Wang et al. 2011, Straub and Wang 2013; Straub et al., 2015). 

1.5 Previous modelling studies of tectono-stratigraphic interactions in rift 

basins 

In order to unravel the controls on stratigraphy in sedimentary basins, many authors have turned 

to modelling, both physical (Paola et al., 2001; Sheets et al., 2007; Kim et al., 2007; 2010; Straub et al., 

2009; 2014; 2020; Armitage et al., 2016; Toby et al., 2019) and numerical (Densmore et al., 2003; 

Cowie et al., 2006; Hawie et al., 2019; Burgess et al., 2019; Gonzales de Linares et al., 2020). The 

examples detailed below summarise the main studies that have addressed the interplay between 

sediment dispersal and normal faulting in rift basins. 
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Densmore et al. (2003) used numerical modelling to investigate how the landscape evolves at 

extensional relay zones where local consequent footwall catchments feed sediment via relay ramps. 

The footwalls in the models evolved in hydrologic isolation, without input of water or sediment from 

external antecedent catchments. They found that a key factor in the geomorphic evolution of relay 

zones was the interplay between two different timescales, the time over which the fault array 

developed and the time over which the footwall catchment fan systems were established. The spatial 

pattern of footwall catchments and hanging wall fans will be dictated, in part, by whether or not the 

timescale of fault tip propagation and fault array linkage is shorter than, comparable to, or longer than 

the timescale over which the footwall catchment-fan systems develop. In their experiments, although 

the evolution of local catchments on the relay ramp varied based on the rapid lengthening 

(reminiscent of Constant Length fault growth) or slow fault tip propagation (similar to Isolated fault 

growth), there were no large scale consequent catchments developed on the footwall related to the 

relay zone. The authors add that development of large consequent catchments is likely to be retarded 

by space considerations and drainage area competition within the footwall. They also noted that 

basinward migration of fault activity in extensional settings such as Afar rift and Suez rift commonly 

displayed examples of large catchments tied to relay zones as a result of inherited catchments 

exploiting relay ramps as corridors for sediment dispersal, rather than relay catchments consequent 

on fault overlap. 

Physical models, such as that of Kim et al. (2010) investigated the effect of fluvial discharge 

variation on deposition in a rapidly subsiding hanging wall depocentre. The models show that the 

balance of autogenic forcing by channel migration and tectonic steering can be influenced by the 

water discharge in the fluvial channel. They concluded that the fundamental control on the 

effectiveness of tectonic channel steering is a ratio of the timescale needed for tectonic tilting to 

produce a slope comparable to the main fluvial slope and the timescale required for channels to visit 

a significant fraction of the basin area. Increased water discharge resulted in increased channel 

mobility and more rapid lateral migration. By minimizing channel mobility and maximizing tectonic 

tilting rates the channels in the physical model were steered toward the hanging wall depocentre by 

tectonic tilting. Further details of this study are provided in Chapter 3 where this experiment is used 

to test the ability of forward stratigraphic modelling to reproduce the stratigraphy created in a case 

where the inputs are well defined.  

Cowie et al. (2006) combined a numerical tectonic model with a landscape development model 

and simulated drainage around a developing fault array, starting from numerous small extensional 

faults and tracking consequent drainage development as the faults grew, linked and displacements 

localised on a single major through-going basin-bounding fault. Initially, rates of hanging wall 
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subsidence were relatively low and low gradient rivers were established and flowed via gaps between 

faults with sediment supply keeping pace with the slow rate of accommodation creation. As faults 

linked and subsidence accelerated, higher yield steeper drainage catchments formed on the footwall 

experiencing the most uplift but the larger catchments still operated on areas of lower fault throw and 

slip rate. Many of these rivers continued to drain across active fault scarps. During the rift climax when 

displacements were mainly on the large basin-bounding fault, the drainage pattern stabilised and a 

greater component of sediment was derived from rapid incision into the uplifting footwall. Their 

models also explored the ability of a river to continue incising across active fault scarps. As slip 

occurred on the modelled faults, growth of the fault scarp slope resulted in an abrupt increase in 

transport capacity for catchments draining across the fault. Footwall incision was then driven by the 

disequilibrium of the transport capacity of the flow and the flow volumetric sediment flux, with the 

flow being under capacity. The measure of the erodibility of the substrate then becomes an important 

factor. When the erodibility of the substrate is high, flow tends to be at capacity, but the local increase 

in transport capacity in the immediate footwall scarp can be instantaneously matched by incision and 

the flow can maintain a flow path across the footwall uplift. It is intuitive to think that a flow that is 

under capacity as more likely to maintain across fault flow but under capacity flow can be reflective 

of a resistant substrate. In these instances, the incision response to the same magnitude change in 

transport capacity will be negligible unless the change in transport capacity is very large. Thus the 

under capacity flow is likely to be reversed or diverted. 

To date, forward stratigraphic numerical modelling of relay ramps has been more commonly 

applied in deep-water settings and in particular to the investigation of the response of turbidity 

currents to encountering submerged relay ramps (Athmer et al., 2010; Carmona et al., 2016; Ge et al., 

2018). Athmer (2009) investigated the interaction of turbidity currents with relay ramps using both 

analogue and numerical modelling. The impact of the relay ramp varied depending on the level of 

channel confinement on the ramp. When flows were poorly channelized, most of the sediment 

reached the floor of the basin as flows spilt down the steep slopes associated with the fault scarps. 

When turbidity currents were channelized, flow was directed down the ramp initially but channel spill 

over and tilting of the ramp basinward caused much of the sediment to flow across the ramp and 

down the outboard fault slope (Fig. 1.27). With a landward tilt on the ramp much of the flow was 

directed down the ramp with sediment deposited at the foot of the ramp, but considerable spill across 

to the hanging wall again occurred (Athmer et al., 2009). The results suggested that a ramp may have 

little influence on the passage of an unconfined turbidity current because the density difference 

between the current and the ambient water is insufficient to re-route the current (Athmer et al., 2010) 
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Figure 1.27. Maps showing the flow thickness evolution (in sec) during one turbidity current event for 
a numerical experiment with a channel (indicated by dashed white lines) with superimposed flow 
velocity vectors (black arrows). The length and width of the flow velocity vectors are proportional to 
the flow velocity. The inflow point is marked with a white arrow, and dashed black lines represent the 
normal faults bordering the relay ramp. From Athmer et al. (2009). 

Carmona et al. (2016) also investigated steering of turbidity currents by a relay ramp using a 

numerical model. The modelling used a program that merged discrete element code for the tectonic 

deformation with a numerical model for sediment transport and deposition. Two overlapping normal 

faults linked by a relay ramp were modelled and sediment fed to the system from different positions 

up dip of the relay ramp. The impact of changing the displacement rate on the faults bounding the 

ramp was investigated. The models with varied displacement impacted the distribution of sediment 

deposition showing at highest rates of deformation the coarse sediment was focussed at the base of 

the relay ramps (Fig. 1.28C) reflecting greater accommodation creation and steering by the relay ramp. 
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The variation in sediment input location to the models was seen to have a dominant control on the 

grain size distribution in the hanging wall and on the relay, with steering on the relay ramp being sub-

ordinate, particularly when flow on the hanging wall was parallel to the faults. 

 

Figure 1.28. Sediment thickness (0-120 m) for coarse grained sediment throughout the numerical 
model for displacement rates (A) 2 cm/yr; (B) 5 cm/yr; and (C) 10 cm/yr. Relay ramp outlined with 
dashed white lines Modified from Carmona et al. (2016). 

1.6 Aims and objectives 

The study reported in this thesis uses forward stratigraphic modelling to investigate selected 

aspects of the tectonic controls on rift basin stratigraphy. The modelling uses existing process-based 

software (Shlumberger's GPM software, but mainly the full version of Sedsim by Stratamod; see 

Chapter 2) for the stratigraphic modelling combined with conceptual models for fault growth and for 

the evolution of basins in which salt also contributes to surface deformation. The conceptual models 
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are rooted in empirical observations and an important aspect of the study was assembling realistic 

inputs in terms of both spatial and temporal variation in tectonic deformation as well as appropriate 

sediment supply variables. In general, multiple model sets were generated to explore sensitivities to 

the input variables and to derive a fuller understanding of the range of interactions that can place. In 

addition, models were initially created for published physical experiments in tanks so as to verify that 

the software was able to faithfully replicate the interplay between rift tectonics and sedimentation. 

Aspects of the models were configured so as to honour relationships in Upper Jurassic rift basins in 

the Irish offshore, the Slyne Basin in particular. This was because the intention was to also explore 

whether forward stratigraphic modelling could aid sand prediction in the Irish Atlantic margin basins. 

Specific aims of the study were as follows: 

1. To test the approach by applying forward stratigraphic modelling to physical experiments 

where the inputs (surface displacements, sediment concentration and water discharge) and 

outputs (the stratigraphic architecture) were known. This part of the study used published 

results from the physical experiments of Kim et al. (2010) as these included a relay ramp and 

hence addressed a key aspect of sediment delivery to rifts. An advantage of running forward 

stratigraphic as opposed to physical experiments is that they can be run over longer timescales 

and the inputs (including the scale) are easily modified. The forward stratigraphic modelling 

was thus used to address the persistence and fidelity of autogenic cycles identified in the 

original experiments, and to explore what happens when the small scale physical experiment 

is upscaled to natural rift dimensions and timescales. 

2. To investigate the impact of different fault growth models for the steering of sediment into 

rift basins via developing relay ramps. This involved setting up surface displacement templates 

for the end-member growth models (Isolated and Constant Length) and exploring how 

drainage under different combinations of water and sediment discharge interacted with the 

structural topography during growth through to breaching of the relays. The emphasis was on 

antecedent drainage and the extent to which this is steered and locked into structural 

topography with the implications for the stratigraphy in hanging wall basins. This aspect of 

the study thus reconsiders the role of relay ramps as primary sediment input points to rift 

basins and identifies the conditions under which this may not be the case. 

3. To investigate the impact of a pre-rift salt layer on drainage and accommodation creation 

during rifting. The surface displacement and distribution of accommodation that can result 

from sub-surface salt migration in addition to faulting contrasts with that for a rift basin with 

no salt influence. A conceptual model for a salt-influenced rift was assembled from natural 

examples and used to build a series of forward stratigraphic models to explore how drainage, 
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facies and the resulting stratigraphy develop in response to the interplay between salt 

migration and fault displacements. 

1.7 Thesis overview and structure 

 

This thesis comprises 7 chapters. Chapter 1 has provided an overview of the tectono-stratigraphy 

of rift basins and discussed the interplay between tectonic deformation, sediment generation and 

transport, and climatic controls, providing context for the current study and culminating in the study 

aims. Chapter 2 next introduces the different types of forward stratigraphic model that are used and 

discusses and justifies the approach and software utilised to address the aims set out in Chapter 1. 

The main body of original research is presented in chapters 3, 4, and 5. Chapter 3 details a 

verification study that replicates a previous small-scale physical experiment (XES05 of Kim et al., 2010) 

that addressed the tectonic steering of drainage. This phase of work addressed the origin of autogenic 

cyclicity in the original experiment and the extent to which this and the overall stratigraphic 

architecture could be upscaled to natural rift basins. Being able to replicate the features seen in a 

physical experiment where the inputs and resulting stratigraphic evolution are known lends 

confidence to the modelling approach that is then then exploited in follow-on topics. 

The study described in Chapter 4 builds on the learnings described in Chapter 3 and presents a 

series of forward stratigraphic models designed to better understand the impact of contrasting normal 

fault growth mechanisms on drainage and early rift development. This part of the study uses 

conceptual models for fault growth and quantitative information from natural fault arrays and rift 

basin drainage systems to explore how sediment enters rifts with a focus on footwall supply and 

antecedent drainage. Particular focus is placed on the role of relay ramp evolution and the importance 

of ramps as sediment conduits to developing hanging wall depocentres.  

In Chapter 5, a conceptual model based on natural examples and physical experiments is justified 

for a salt-influenced rift and used to inform a set of numerical experiments designed to contrast the 

evolution of a half-graben formed in the absence of salt with one in which a thick subsurface salt layer 

modifies how accommodation space is made available. The chapter also explores how learnings from 

these models can be applied to under-explored rift basins such as the Slyne-Erris Basin, offshore 

Ireland. 

Chapter 6 briefly explores a number of generic themes arising from the more focussed work on 

particular topics. The main conclusions of the research are then summarised in Chapter 7 along with 

recommendations for further work. 
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Chapter 2 

 

2. Forward stratigraphic modelling 

 

2.1 Introduction 

Forward stratigraphic modelling is a numerical modelling technique used in reservoir 

characterisation, sequence stratigraphy and basin analysis to understand the lithology distribution 

and stratigraphic architecture in sedimentary basins (Shafie and Madon, 2008). The technique 

originated in the 1960s and has evolved to the extent that it is now implemented in a range of software 

applications allowing lithology and stratal patterns to be modelled across different structural settings 

including growth faulting and areas undergoing salt tectonics (Bowman et al. 2002). In addition, 

stratigraphic modelling has proved useful in geological prediction away from limited well data and in 

areas of poor seismic resolution, a shared challenge in the exploration, appraisal, and reservoir 

characterisation for hydrocarbons, geological sequestration of CO2, and geothermal resources (Corbel 

et al., 2011; 2012; Griffiths et al., 2012). 

Forward stratigraphic modelling involves the simulation of stratigraphic development across a 

range of scales using a set of specified input parameters such as the topography, subsidence patterns, 

transport efficiency, base-level changes and the sediment flux delivered to the basin. Although used 

in petroleum exploration to aid in prediction of source and reservoir rock distribution (Harris et al., 

2011; Falivine et al., 2014; Deveugle et al., 2014; Strand et al., 2017; Barabasch et al., 2019; Langhi et 

al., 2019; 2020), it is increasingly used to address fundamental issues such as the interplay between 

allogenic and autogenic forcing in setting up depositional architecture and stacking patterns 

(Nordlund, 1996; Burgess et al., 2008; Dalman and Weltje, 2012; Irvine et al., 2014; Balazs et al., 2017; 

Burgess et al., 2019). The technique is also used for validation purposes and the output is commonly 

compared to seismic interpretations and used to refine 3D geological models (Shafie and Madon, 

2008). The provision of input data for forward stratigraphic models is no more onerous than that 

required for conceptual geological models (Griffiths et al., 2012). The need for quantitative data, 

however, requires definition of a realistic range of quantified input parameters from natural settings. 

An advantage of numerical models over scaled physical models is that in a physical model the physical 

dimensions can be scaled down, but it is often difficult to scale down the fluid and sediment properties 



 
46 

satisfactorily. Fluid flow and sediment transport behave differently at much reduced scale. 

Mathematical simulations at natural scale do not suffer from such issues (Tetzlaff and Harbaugh, 1989) 

although they also have inherent limitations that need to be considered, as discussed below for 

different types of forward stratigraphic model. 

Contrasting approaches to forward stratigraphic modelling employ different techniques to produce 

2D and/or 3D simulations. The most widely used models (Huang et al., 2015) can be grouped into: (1) 

hydrodynamic models; (2) diffusion-based models; (3) geometrical models and (4) fuzzy logic models. 

These different approaches are discussed briefly in the following sections. It is important to bear in 

mind that the goal of quantitative modelling of stratigraphy is not to try to replicate every detail of a 

particular natural example, but instead to serve as a framework with which to view the real world 

(Angevine et al., 1990). As Paola (2000) noted, the goal of modelling in the Earth sciences is the same 

as that of all other aspects of science: to generate insights. Some modelling approaches are better at 

capturing detailed bed and reservoir scale relationships, others operate better at basin scale. Some 

isolate and focus on particular environments of deposition, others aim to link depositional systems 

across the full depositional profile.  

2.2 Forward stratigraphic modelling approaches 

2.2.1 Hydrodynamic models  

Hydrodynamic models are those that use fundamental laws describing fluid flow in three 

dimensions to model sediment erosion, transport, and deposition (Griffith, 2001). In these models, 

sediment is incorporated into moving fluid and is then transported and deposited as dictated by the 

underlying flow dynamics (Huang et al., 2015). 

Most hydrodynamic models are based on solutions to simplified versions of the Navier-Stokes 

equations describing fluid flow in three dimensions (Griffith, 2001). The Navier Stokes equations 

combine the continuity and the momentum equations to provide a mathematical description of flow 

for isotropic Newtonian fluids i.e. those whose properties are uniform in all directions and that follow 

Newton’s laws of motion (Tetzlaff and Harbaugh, 1989). Hydrodynamic models use an explicit 

transport capacity model with a mass balance function for flow. If the potential sediment transport 

rate arriving at a location in space is greater than that exiting it, then deposition occurs. If the potential 

transport rate exiting a given reach exceeds that entering it, then erosion will take place. The erosion 

rate may be limited by the ability of the flow to entrain material from the surface (detachment-limited) 

and/or by the transport capacity of the flow (transport-limited). The detachment rate will reflect the 

availability of, and/or ability to move, sediment of a certain grain size from the bed or bedrock 



 
47 

exposure. Although hydrodynamic modelling is relatively computationally intensive, it has the 

advantage of allowing flow to follow topography in a very natural way and to produce remarkably 

realistic patterns of erosion, flow and deposition (Paola, 2000). As a result, hydrodynamic modelling 

has been seen as a particularly useful approach to simulating dynamic siliciclastic processes at 

geologically useful spatial and temporal scales (Huang et al., 2015). Software packages that 

predominantly use a hydrodynamic modelling approach include Sedsim and Geological Process 

Modeller (GPM©, Schlumberger). Hydrodynamic modelling has been used in petroleum exploration 

to model sedimentary heterogeneities (Griffiths, 1995; Li et al., 2007; Salles et al., 2010; Huang et al., 

2012; 2014; Tetzlaff et al., 2014; Figs. 2.1), but has also been applied more widely, for example, to 

help understand and mitigate the effects of climate change on coastal regions (Li et al., 2006) and in 

carbon capture and storage studies (Griffiths et al., 2012; Stalker and Whittaker, 2017; Fig. 2.2).  

 

Figure 2.1. Recreation of the Brookian progradational sequence in the Early Cretaceous of the North 
Slope, Alaska, using GPM to predict stratigraphy. Initial palaeo-topography is shown in map in the 
top left and the final modelled topography in the top right. The cross section A-A’ shows the modelled 
stratal geometry and sediment texture (coarser sediment in red, finer in blue). From Tetzlaff et al. 
(2014). 
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Figure 2.2. East – West lithological sections across a forward stratigraphic model of the Olenekian to 
Pleinsbachian succession in the South Perth Basin, Australia, modelled here as a candidate for 
geological sequestration of carbon dioxide. From Griffiths et al. (2012). 

2.2.2 Diffusion models 

Diffusion, topography-controlled, or potential gradient models are those in which transport and 

deposition of sediment is modelled as a function of the potential surface gradient. Hillslopes involve 

downslope translation of material, either quasi-continuously or in discrete events. Over time most 

hillslopes take on a smooth convex-up profile, suggesting they can be modelled as a diffusive process 

(Allen, 2017). Diffusion models commonly use Fick’s laws of diffusion to simulate the outcome of 

sediment transport and deposition. Fick’s first law relates the mass flux to the concentration gradient 

under a steady state by assuming that the flux moving from regions of higher concentration to those 

of lower concentration is proportional to the concentration gradient (Huang et al., 2015). 

In one dimension the equation is given as: 

-# = −.
$!
$"

     (2.1) 

 

Jx = mass flux 

k = diffusion coefficient 
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c = concentration of material 

x = the coordinate direction parallel to flow and perpendicular to the 

reference surface 

 

Combining the continuity equation (sediment volume in minus sediment volume out equals 

volume of accumulated sediment) with Fick’s first law gives a modified version of Fick’s second law. 

For sediment, this states that the change in height (elevation) with time at any point in a section is a 

function of a constant times the change in slope at that point. In its finite difference form this equation 

simply states, after Harbaugh and Bonham-Carter (1970), that the change in height at any given 

location after a given time interval, is a function of the height (potential) difference between that 

location and another location a specific distance away at the previous moment in time (Griffiths, 

2001). The diffusion coefficient (k) is a measure of the mobility of a species (atom, molecule, ion or in 

this case a sediment particle), which depends on the frequency with which a species moves and the 

length of each movement. The magnitude of the diffusion coefficient is governed by the restricting 

forces of the medium in which diffusion takes place (Kruczek, 2015). The first study to couple diffusion 

and subsidence to generate stratigraphy was that of Flemings and Jordan (1989) and they produced 

what was the first fully dynamic basin-filling model for a foreland basin. Forward stratigraphic 

modelling software has since used diffusion equations to emulate transport of sediment on long time 

scales, linking sediment transport to surface slope (water energy), water flow (water transport 

capacity) and the diffusion coefficient (transport efficiency) (Burgess et al., 2006; Csato et al., 2014; 

Yin et al., 2015; Balázs et al., 2017; Fig. 2.3). 
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Figure 2.3. Results of forward stratigraphic modelling using DionisosFlow which aimed to simulate 
syn-rift sedimentation in the Pannonian Basin, Hungary, from Balazs et al. (2017). (A-D) Evolution of 
bathymetry for time steps that were modelled. The yellow triangles illustrate the influx of water and 
sediments in the model. (E-G) comparative cross sections for four half-grabens displayed at the same 
stratigraphic time. 

Different diffusion coefficients can be used to model different grain size classes and to model 

transport and deposition in different environments. The diffusion coefficients are commonly 

determined experimentally or by direct measurement in modern environments (Ullman, 1982; Ku 

Shafie and Maddon, 2008). The diffusion approach has been widely used, particularly at regional/basin 

scale, due to its simplicity and the ease with which it can be adapted to different depositional systems 

(Burgess et al., 2006; Csato et al., 2014; Yin et al., 2015). The appropriateness of the diffusion process 

to represent sediment transport has been questioned owing to its non-uniqueness and some inherent 

assumptions such as whether the flow can be represented at each downstream location by an average 
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depth, velocity, shear stress, etc. (Paola, 2000; Huang et al., 2015). The software DionisosFlow 

(Granjeon, 2014) uses diffusion equations to model stratigraphy and has been used, for example, to 

investigate tectonic and climatic controls on deposition in an asymmetric half graben (Balázs et al., 

2017). Burgess et al. (2006) used an earlier iteration of Dionisos to explore controls other than sea 

level change on the sequence stratigraphy of continental margins. They were able to show shelf-width 

and sediment transport efficiency are also important variables in accounting for the export of 

sediment to deep water outboard of the margin. 

2.2.3 Geometric models 

Geometric models are an example of rule-based modelling (Burgess, 2012). Rule-based methods 

are a general description of techniques that apply depositional process informed rules in a temporal 

sequence (a forward model) to place objects and surfaces and to constrain the object fills. The rules 

are applied to the current state of the model incrementally to constrain the subsequent evolution 

(Pyrcz et al., 2015). The technique has been used to build hierarchical reservoir models that 

incorporate established geological concepts (Pyrcz et al. 2015). Geometric models do not attempt to 

describe the process of deposition itself but rather the geometric results of that process, usually in 

terms of filling or partially filling accommodation space (Griffiths, 2001). These models have their 

origin in the conceptual work of Sloss (1962) who developed simplistic models for the relationship 

between the geometry of sedimentary bodies, the rate and nature of the sediment supply, and the 

rate of subsidence. Models were developed that demonstrated the role of supply changes in driving 

both regressive and transgressive stratigraphic patterns. The method was initially used by Sloss (1962) 

to simulate passive margin and foreland basin stratigraphy. Harbaugh and Bonham-Carter (1970) 

subsequently provided a mathematical treatment of Sloss’ conceptual model. The method has proved 

to be particularly useful for exploring the stacking of systems tracts and depositional sequences in 

response to accommodation and sediment supply changes in both clastic and carbonate deposits 

(Huang et al., 2015). It ensures mass conservation is preserved by accounting for all the sediment as 

it moves through the system. Although computationally simple, geometric models can reproduce 

much of the complex stratal geometry seen on continental margins, including unconformities and 

plausible time-space (Wheeler) diagrams (Fig. 2.4). 

SEDPAK (University of South Carolina) is an example of a simple 2D, geometric-based, forward 

stratigraphic modelling application. The SEDPAK program simulates the 2D geometry of stacked 

stratigraphic sequences for both clastic and carbonate depositional settings. It can be used to predict 

the sedimentary fill of a basin for different combinations of eustasy, tectonic displacements, sediment 

accumulation, and the initial and evolving basin geometry (Huang et al., 2015). SEDPAK distributes 

sediment column by column building up depositional slopes, the maximum angles of which are pre-
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determined for different lithologies and for sediment deposition above and below the water level 

(Huang et al, 2015). Sediment is deposited when the slope between adjacent columns is less than the 

pre-determined maximum stable slope. SEDPAK has been used to illustrate the impact of changing 

sea level as well as faulting on stratal geometries as a means of better interpreting seismic images 

(Kendall et al, 1991).  

 

Figure 2.4. SEDPAK final output from a deepwater basin setting. (A) Lithological ratio of sand and 
shale in basin fill sequences; numbers mark the age of deposition, and (B) chronostratigraphic chart 
with lithological characteristics. From Shafie and Madon, 2008. 

Rule-based modelling is also carried out in 3D and has been primarily applied to reservoir 

modelling. Conventional object-based reservoir modelling techniques often use random placement of 

depositional bodies which can result in unrealistic 3D architecture. With the introduction of rules, such 

as specifying deep-water lobes are compensationally stacked, the models better imitate patterns 

observed in nature (Pyrcz e al., 2015). Different types of depositional settings can be modelled using 

different sets of rules (McHargue et al., 2011; Fig. 2.5; Sylvester et al., 2011; Lopez Cabrera et al., 2019; 
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Jo and Pyrcz, 2019). Many of the applications of 3D rule-based modelling use bespoke software coded 

for the purpose. 

 

Figure 2.5. Example of hierarchical sand-shale lobe complex model created using rule-based 
modelling. From Lopez Cabrera et al. (2019). 

Geometric modelling has its limitations. In SEDPAK, the use of a constant slope for different parts 

of the depositional profile mean it is unable to represent the sediment distribution realistically (Huang 

et al., 2015). Some geometric models also do not represent heterogeneity and reservoir connectivity 

very well given the focus on deposits that result from processes but not the processes themselves 

(Christie, 2019), although rules can be added that, for example, define the likelihood of sand 

amalgamation (Manzocchi et al., 2007; Zhang et al., 2020). 3D rule-based modelling is suitable for 

those reservoirs whose inter-element stacking patterns and associated heterogeneities can be 

constrained by rules but in other settings rules may not be so easily defined, for example in a setting 

where fluvial channels are not located in the position of greatest accommodation as a result of 

competing controls on channel migration (Cazanacli et al., 2002). 

2.2.4 Fuzzy logic models 

In this modelling method fuzzy logic is used to create three-dimensional basin filling models. 

Fuzzy logic replaces what would in traditional logic be binary choices for continuous variables. Thus 

‘false’ (0) and ‘true’ (1) are replaced by a real number between 0 and 1 that expresses the degree of 

truth. In a basin model, this approach is implemented by defining state variables that are true in 

varying degrees, e.g. distance from source represented by a range of values (Paola, 2000). 

The boundary of a fuzzy set is defined by its membership function which appears like a bell curve 

with fewer objects placed at the peripheries of the set. The membership functions for a number of 

fuzzy sets are potentially useful for sedimentation modelling. Fuzzy sets can be combined using 
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conventional logic operators such as AND/OR and individual sets defined on domain values such as 

depth and distance (to source, or to shore), accommodation change or local morphology are useful as 

input to sedimentary models Another component of fuzzy systems is the fuzzy rule, which is a logical 

rule involving fuzzy sets rather than using conventional crisp sets in the premise and conclusion 

(Nordlund, 1999). The formulation of a fuzzy rule can be based on personal experience, empirical data 

or expert opinions (Nordlund, 1999). FUZZIM (Nordlund, 1999) is an example of a modelling package 

that makes use of fuzzy logic. FUZZIM has been used to model the growth of a Holocene coral reef at 

Mauritius Island and was able to replicate the modern morphology of the fringing reef system and the 

distribution of coral assemblages on it (Dalmasso et al., 2001). 

An advantage of forward models based on fuzzy logic is that they are more attuned to common 

sense and field geological experience as well as their computational efficiency particularly for 

simulating 3D ecological niches over time in carbonates and vegetation (source rocks). However, this 

type of modelling is not as predictive as hydraulic simulations in siliciclastic depositional environments 

(Huang et al., 2015).  

2.3. Current study 

The above categories are to some extent arbitrary, and a single modelling application can combine 

more that one of the approaches in for example modelling different parts of the depositional profile 

where very different processes may operate (Griffiths, 2001). Indeed Paola (2000) recognised the need 

for an integrated approach to quantitative stratigraphic modelling and the development of fully 

coupled dynamic models for entire sedimentary systems. The study reported in this thesis set out to 

apply existing forward stratigraphic modelling software. An early part of the workflow thus involved 

assessing which software would be most appropriate. Given the emphasis on drainage interaction 

with dynamic topography, software drawing mainly on hydrodynamic modelling was the preferred 

option with the two main candidates being Sedsim from Stratamod and GPM from Schlumberger. Both 

of these software packages are fundamentally hydraulic models, but they include elements of 

diffusion-based modelling, and also fuzzy logic in the case of parts of Sedsim as well.  

Any computer modelling technique is only as good as the validity of the input data and the 

algorithms used in the program (Griffiths et al., 2012). It is an important early step to therefore 

validate the ability of the modelling technique/software to replicate natural processes on geological 

timescales. Simple initial models were thus completed using both Sedsim and GPM as discussed below 

to assess their capability. 
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2.3.1 Sedsim 

Sedsim is a three-dimensional stratigraphic forward modelling program developed originally in 

Stanford University in the 1980s and then extensively modified in Australia since 1994 at the University 

of Adelaide, CSIRO, and more recently at Stratamod. Sedsim consists of a series of computer programs 

that can be linked together or run separately. The core Sedsim flow and sedimentation programs are 

based on the hydrodynamic modelling approach described above (Section 2.2.1) and these can be 

linked to modules incorporating elements of other modelling techniques. Sedsim mathematically 

describes surface processes, links the mathematical descriptions together in such a way that the 

continuity of mass is maintained, allows for input of variables prescribing sediment type, climate and 

tectonic setting, and predicts the resulting stratigraphic evolution (Pazzaglia, 2003).  

The basic physical principle underlying all multi-process models is the conservation of mass. Mass 

rates into and out of model cells are driven by the simulated geomorphic processes acting on the 

Earth’s surface. In Sedsim, these include fluvial processes, various flow densities (depending on friction 

coefficient for fluid elements), slope failures (modelled using a diffusive approach), carbonates and 

organic growth (incorporating fuzzy logic, Nordlund (1996)), aeolian transport, wave transport 

(normal incidence as well as refraction, Li et al. (2009)) and contour current transport (Salles et al., 

2010). Thus Sedsim is a powerful tool for testing the connection between surface processes, surface 

deformation and the generation of stratigraphy at geological timescales (Griffiths et al., 2001). 

Previous studies using Sedsim have shown the value of this approach (Griffiths et al., 2001; Griffiths 

and Dyt, 2001; Griffiths and Paraschivou, 1998; Koltermann and Gorelick, 1992; Martinez and 

Harbaugh, 1993; Huang et al., 2015; Liu et al., 2016; Wild et al., 2019). Validation of the modelling 

software has also been completed as part of the current project in order to explore further how 

Sedsim handles natural processes in fault-controlled basins (see Chapter 3). 

Hydrodynamics is at the core of the Sedsim program, utilising an approximation of the Navier-

Stokes equations for fluid flow in three dimensions. The full form of the equations are currently 

impossible to solve due to limitations in computer speed. Sedsim instead uses a langrangian approach 

to simplify the flow by solving the shallow-water equations, utilising isolated fluid elements to 

represent continuous flow (Tetzlaff and Harbaugh, 1989). Simplified Navier-Stokes equations can 

represent flow in channels whose cross sections are irregular and merge as tributaries or diverge as 

distributaries (Tetzlaff and Harbaugh, 1989). The Langrangian approach to hydrodynamics does not 

employ a fixed grid and therefore neither finite element or finite difference methods can be used; 

instead the flow parameters can be represented with respect to the fluid itself (Tetzlaff and Harbaugh, 

1989) which allows for a significant increase in speed of computation and simplification of the fluid 
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flow equations (CSIRO, 2003). A difficulty arises because numerical approximations of the flow 

equations requiring reference to points that move continuously with respect to each other and 

deformable fluids are not practical. This can be avoided by utilising many fluid elements whose 

position and velocities are recalculated at each time step (Tetzlaf and Harbaugh, 1989). The downside 

of this approach is that individual events such as rapid variation in fluid flows caused by flooding 

cannot be modelled. Simulations over geological periods therefore capture mean conditions and 

create a general pattern of sediment distribution, rather than capturing the exact timing of each 

individual flow pulse (CSIRO, 2003). 

To represent fluid movement over geological time, Sedsim uses the notion of fluid elements 

(Harlow, 1964). Fluid elements are points to which are assigned flow characteristics such as density, 

volume, height, sediment load, velocity and position. When exchanging sediment with the 

topography, it is assumed to affect the four grid points immediately surrounding it, proportionally 

with respect to its distance from them. In representing the flow of fluid, Lagrangian systems work by 

using many fluid elements to form a continuous surface and the flow characteristics are computed at 

the fluid element (Dyt, 2011). Modelling of the fluid flow is performed by allowing fluid elements to 

travel over a grid describing the topographical surface, reacting to the local topography and conditions 

such as the flow density and the density of the medium through which the element is passing such as 

air, sea water or fresh water (CSIRO, 2003). The fluid elements are treated as discrete points with a 

fixed volume, an approach known as marker-in-cell. Sedsim uses the marker-in-cell technique in two 

horizontal dimensions. Flow velocity and sediment load are represented as points that move with the 

fluid (Tetzlaff and Harbaugh, 1989). As the fluid elements move over the surface they can split and 

result in two new fluid elements and also merge, if the fluid element exceeds a maximum set in the 

Sedsim input the program will distribute the fluid volume among enough flows to reduce the flow 

heights to the maximums specified. A minimum fluid element velocity and ratio of sediment load in 

the fluid element to the average sediment load at source can also be set in order to specify the level 

at which fluid elements cease to impact the simulation and deposit their sediment load (C Griffiths, 

pers. comm., 2019). 

The most important simplification to the Navier-Stokes equations is the assumption that the 

velocity of flow does not vary with depth at a given moment (Tetzlaff and Harbaugh, 1989), and also 

that the friction experienced by the fluid element is controlled by the Manning coefficients. The 

constant velocity profile assumption implies there is no shear in any horizontal plane in the flow. Thus, 

horizontal friction in the flow is absent. However, friction must be introduced to ensure that the flow 

behaviour is realistic (Tetzlaff and Harbaugh, 1989). To do this, a semi-empirical formula is used to 

represent the drag a fluid element would feel. In an open channel, most of the drag comes from the 
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sides and bottom of the channel. In a hypopycnal flow it is due to the interaction with the water 

surface and surrounding fluid, whilst in a hyperpycnal flow it is an interaction with both the 

surrounding water and the sediment surface. In all cases, the drag is proportional to the square of the 

average flow velocity, and its effect decreases with the thickness of the fluid flow (Dyt, 2011). The net 

result of these simplifications is that the Navier-Stokes equations are reduced to ordinary differential 

equations solved using Runge Kutta scheme that ensures stable 4th order in time solutions (CSIRO, 

2003). 

There are two discretisations, spatial and temporal, that must be examined when it comes to the 

resolution of the simulation, which will have an influence on the results. The topographic grid 

determines the spatial resolution, and the fluid elements use the grid topography to determine their 

flow characteristics. Temporal aliasing comes in two forms: the display interval and the flow sampling 

interval. The display interval controls how often the data are output to the model, all sediment 

deposited during a time interval is included together, thus multiple events occurring within a display 

interval are seen as one (CSIRO, 2003). The flow sampling interval describes how often the fluid 

elements are to be released (Dyt, 2011). The release of fluid elements at the prescribed interval 

contains all the volume of fluid and sediment for that time period i.e. if the flow sampling interval is 

set as 1000 years a new fluid element is released every 1000 years containing the volume of water 

and sediment as if the original source had flowed for 1000 years. This breaks continuous flow into a 

series of discrete fluid elements and is generally on an equal or shorter timescale than the display 

interval.  

The time step controls how far the simulation advances in time at each iteration and is calculated 

automatically by Sedsim. It is chosen to be as large as possible while still ensuring that the simulation 

remains numerically stable (Griffiths, 2001). 

Run times and stability of the models is influenced by the flow sampling interval, the display time 

step, and the level of fluid elements introduced into the model. As the volume of water and sediment 

introduced to the models as fluid elements increases the flow sampling interval must decrease and be 

calculated more frequently, this ensures that Sedsim can correctly represent sediment transport 

across the model. The choice of flow sampling interval is influenced by this relationship. 

Sediment is transported or deposited according to the principles of conservation of mass (Dyt, 

2011). Thus for every time interval: 

Sediment Input + Sediment eroded =  

Sediment in the fluid + Sediment deposited + Sediment out 
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Changes in topography are related to changes in sediment content of the flow, erosion lowers the 

topography and adds sediment to the flow whereas deposition raises topography and removes 

sediment from the flow. During a timestep the amount eroded from the topography must equal the 

amount of sediment added to the flow (continuity equation 2.2). This material is not destroyed but 

conserved which is important for realistic results. This method must also ensure that material is 

sufficiently credited when entering the system and debited when exiting (Tetzlaff and Harbaugh, 

1978): 
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H = is the flow surface elevation. 

Z = is the topographic elevation with respect to sea level. 

∑= summation over the number of sediment types 

Cks= The volumetric sediment concentration of sediment type Ks 

t = is the time 

 

In Sedsim the sediment moves at exactly the same rate as a fluid element, because there is neither 

a velocity gradient nor any distinction between the rate of transport by the fluid element of the 

suspended and bed load. Bed load can be modelled separately but the approximation combining both 

has little effect on the end result due to the use of a flow sampling interval (Griffiths, 2001). The 

continuity equation ensures sediment is conserved but does not prescribe how flow conditions affect 

the amount of sediment that is transferred between the flow and the bed. Critical shear stress 

determines the boundary between erosion and deposition, calculated as a function of the particle 

diameter (Griffiths, 2001). It is assumed that particles of sediment will begin to move once the shear 

stress of the flow at the bed is greater than the critical shear stress.  

Once set in motion, Sedsim transports the sediment particles by representing the balance between 

the flows transport capacity and the effective sediment concentration. The transport capacity of the 

flow depends on flow conditions, water density, the velocity, and average fall velocity of the contained 

sediment and the buoyancy of the flow. The effective sediment concentration represents the ease 

with which the sediment is transported in the flow. If the effective sediment concentration is greater 

than the flows transport capacity for that sediment fraction, then deposition occurs, at a rate 



 
59 

proportional to the excess effective concentration (equation 2.3). If the transport capacity of the flow 

is greater than the effective sediment concentration erosion occurs if the critical shear stress is 

exceeded (Tetzlaff and Harbaugh, 1978; equation 2.4). 
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 = effective transport capacity 

@1 = sediment transportability 

@2 = erosion-deposition coefficient 

@3 = >2= threshold shear stress for sediment movement 

>! = bed shear stress 

 

@1, @2, @3 are dependent on sediment particle diameter, density and shape. 

 

The initial conditions for flow and sediment load must be prescribed, defining a function C0 that 

assigns an initial sediment concentration at every point where flow occurs. Sediment input at sources 

is represented by the sediment concentration of fluid elements where they enter the simulation area 

during each time increment (Tetzlaff and Harbaugh, 1978). The concentration of sediment 

subsequently in the moving volume of fluid is the initial concentration at time 0 plus the net gain or 

loss of sediment between each time increment. At each time increment the sediment concentration 
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of each fluid element is updated. The sediment transport equation thus prescribes how much 

sediment of a given texture can be transported by a flow of given hydraulic characteristics as well as 

the rate at which sediment is transferred between the flow and the underlying bed (Tetzlaff and 

Harbaugh, 1978). 

The program thus uses, in combination with the flow model, a sediment continuity equation and 

sediment transport equation, permitting the model to simulate transport, erosion and deposition of 

sediment. 

Sedsim permits the use of multiple grain sizes and as such this must be factored into the sediment 

transport equation. The flows capacity to transport each grain size will be affected by the presence of 

other particles and must reflect variations introduced by sediment that has been deposited. This 

requires that accurate accounts are kept. For the continuity equation for multiple grain sizes it is 

specified that the volume of material represented by net changes in topographic elevation is equal to 

the net change in the load of all sediment types. When erosion occurs only that material immediately 

adjacent to the water sediment interface is eroded and when deposition occurs the newly deposited 

sediment becomes the sediment type immediately below the sediment water interface (Tetzlaff and 

Harbaugh, 1978). 

For multiple grain sizes the effect of different sediment mixtures on a flows capacity to transport 

them requires definition of the effective sediment concentration for sediment mixtures (Λ13) – sum 

of values for Λ1 (equation 2.5). 

 
Λ13 =	D

C4&
@",4&4$

 
 

(2.5) 

 

Λ13 = Effective concentration of sediment mix 

C4& = sediment concentration of each type 

@",4& = transportability of each sediment type. 

 

When the effective load exceeds the transport capacity, deposition occurs and coarser grained 

sediment (i.e. the sediment fraction with highest the fall velocity) is deposited first. Erosion and 

deposition rates are proportional to the difference between effective load and transport capacity. 

Sediment concentrations for each grain size fraction must be specified as well as the mix of existing 

sediment present in every cell at the start of a simulation. 
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The maximum slope that can be realised in different settings is also specified in Sedsim, using the 

Slope Angles module. This defines the maximum slope for each grain size above and below sea level 

which represents the equilibrium slope the system will aim to achieve. Slope in Sedsim is 

dimensionless (EF EG, ). Sedsim employs default values unless otherwise specified and these are based 

on the observations of natural depositional slopes by Short (1979). For sub-aqueous settings, slopes 

of 0.05 to 0.003 are used with the variation reflecting the grain size variation which produces a 

sigmoidal curve typical of delta front deposits (Short, 1979; Griffiths, 1993; Adams et al., 2001). Default 

sub-aerial slopes are set as 0.001 in Sedsim for all grain sizes and is similar to natural fluvial settings 

(Leeder et al., 1996; Peakall, 1998). In the modelling described herein using Sedsim, the default values 

for equilibrium slopes are used unless otherwise specified. 

The ability to include surface displacements to simulate tectonic movements is critical to the 

forward models for tectono-stratigraphic interaction explored in the current study. In order to 

simulate subsidence and uplift a value, in metres, is assigned to each grid cell for each time interval. 

A negative number results in subsidence and a positive number uplift of the cell. There is no limit to 

the number of time steps for tectonic displacement that can be input and this allows for detailed uplift 

and subsidence trajectories and variable rates of deformation to be imposed during the simulations 

(to reflect strain localisation for example). 

An academic licence for the latest full version of Sedsim was secured from StrataMod during this 

project. This version is referred to elsewhere as SedsimX but throughout this project it is just referred 

to as Sedsim. The full licence allows the use of unlimited grid sizes in the simulations 

2.3.2 Geological Process Modeller (GPM)  

GPM is a plug in to Petrel from Schlumberger and is another software that can produce forward 

stratigraphic models. It works in a similar way to Sedsim as it is based on the original algorithms of 

Tetzlaff and Harbaugh (1989) for modification of the Navier Stokes equations, as detailed above. 

Steady and unsteady flow are modelled in GPM by the calculation of the transport capacity which 

determines when erosion, transport and deposition occurs. The algorithm uses the bottom shear 

stress to determine whether sediment is picked up, but also how much sediment can be carried 

(Schlumberger, 2017). Sediment sources are defined by their position on a grid, the sediment volume 

supplied at the source and the water discharge through time. 

Diffusion equations also feature in GPM. The diffusion simulates the dispersion of sediment by 

erosion and transportation processes driven by gravity. This process assumes that sediment moves 

down a slope proportional to the slope angle, and that fine sediment is easier to move than coarse 

sediment. In GPM it is controlled by a diffusion coefficient and a diffusion curve that acts as a unitless 
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multiplier (Schlumberger, 2017). The curve is input as diffusion does not occur equally everywhere 

and is often a function of elevation or depth below sea level (Tetzlaff et al., 2014). 

Tectonic deformation of the surface can be input to GPM, as a rate over time (mm/a) specified for 

individual grid cells. Curves can be generated for sea level variations and changes in sediment flux and 

applied during the simulation. Global sea level curves are incorporated in GPM e.g. the HAQ and Exxon 

sea level curves. 

 

Figure 2.6. Generalised workflow for forward stratigraphic modelling by GPM. Inputs required and 
the processes that GPM can replicate 

2.4 Evaluation of different software packages 

Both Sedsim from Stratamod and GPM from Schlumberger were considered for this study as they 

primarily use a hydrodynamic approach to forward stratigraphic modelling. Considering the main aims 

and objectives of this study involve an investigation of drainage patterns and their response to surface 

deformation it was felt that a hydrodynamic modelling approach was most suitable. Academic licences 

were provided for the full version of both software.  

Because the idea was to start with running forward models for tank experiments where the inputs 

were known and the resulting stratigraphy well characterised, the software had to be able to handle 

a wide range of scales.  Sedsim was found to perform well at the scale of a physical experiment 

(Chapter 3) with clear and identifiable rivers, which were easily tracked in the modelling. GPM 

however did not perform well at the small scale of a tank experiment. The model was consistently 
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unstable using the same parameters as were used for Sedsim to replicate the experiment. The 

instabilities manifested as unrealistic and incorrect creation of topography across the model, resulting 

in sediment spikes.  

Further to the scaled physical model reproduction, natural scale test models were also run. These 

models were simplistic representations of normal faults paired with a fluvial sediment source. The 

diffusion module in GPM was problematic at natural scale as it served to over smooth the topography 

and the sediment derived from down slope movement made discerning of channel bodies in the 

stratigraphy very difficult. Experimentation with the level of diffusion, using the diffusion coefficient 

and altering the diffusion curve, did little to solve this problem and the models displayed instabilities 

again if the diffusion module was not used. Spikes of sediment and wavy topography eventuated. In 

Sedsim the channels were well recorded at the surface as well as in the formation of channel and fill 

deposits in the stratigraphy. The identification of channel bodies in the stratigraphy is important for a 

number of the aims and objectives of this project: As evidence for sediment entry points at both small 

(Chapter 3) and natural scales (Chapters 4; 5); to identify migration of the subsidence maximum as 

channels avulse and migrate to these locations (Chapter 5); and in the identification of fluvial switching 

between channel incision and backfill that can create autogenic signals in hangingwall depocentres 

(Chapter 3). As a result of the needs required by the project aims and objectives and the ability of 

Sedsim to better display and record fluvial activity it was chosen as the software of choice over GPM. 

This decision was also influenced by a number of other factors that relate to the utility, ease of 

parametrisation and the support available including: 

• GPM was found to be a little less intuitive than Sedsim and harder to understand how the 

simulations were controlled by certain parameters such as the various multipliers for the 

diffusion coefficients and sediment transportability that can be used. Thus, Snieder et al. 

(2021) in favouring Sedsim over GPM in their study of distributive fluvial systems, highlighted 

that data from natural systems (e.g. from gauging stations) are more easily incorporated as 

input in Sedsim models.  

• Sedsim was a longer-established package that had already been extensively applied with many 

published examples of its use and parameterisation, whereas GPM was a relatively new 

software, aspects of which were still being developed at the time its use was considered for 

the current project. 

• Although GPM generated models for relatively simple scenarios, models that did not include 

diffusion, or more complex models (particularly those with higher sediment discharges), or 

those at relatively small scale akin to physical experimental tanks had a tendency to be 
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unstable with spiky output and inconsistent lateral trends. Sedsim showed greater stability 

across the range of parameters tested and any instability arising from high sediment discharge 

could be overcome by making the flow sampling interval shorter, resulting in more regular 

calculation of sediment movement. This workaround was not able to overcome the instability 

inherent in GPM. 

• GPM is a plugin to Petrel and this made viewing of the model results in this software very 

straightforward. However, the numerical output from Sedsim can easily be converted into a 

form for viewing in Petrel using Eclipse so this was not in itself a restriction  

• Adjunct Professor Cedric Griffiths, Managing Director of Stratamod who licence and develop 

Sedsim, became a co-Investigator on the project and was able to provide firsthand insight into 

how different aspects of the software work and to advise on the how best to set it up and use. 

2.5 Summary 

Numerical forward stratigraphic modelling is a tool that can be used to understand the interplay 

between the different factors (sea-level change, subsidence and uplift, and sediment supply) that 

control lithology distribution and stratigraphic geometry in rift basins. Sedsim, a deterministic 

hydrodynamic modelling software from Stratamod was chosen for the forward stratigraphic modelling 

discussed in the following chapters, starting with the use of this software to model the outcome of 

small-scale physical experiments described in Chapter 3.  
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Chapter 3 

 

3. Insights from forward stratigraphic modelling of scaled 

physical experiments 

 

3.1 Introduction 

It is important to assess and understand the extent to which forward stratigraphic models can 

faithfully replicate the behaviour of natural systems. This is particularly the case when seeking to 

address the competing controls on basin filling involving the complex interplay between tectonics, 

base level change and sediment supply. Such models are potentially helpful in devising criteria to 

distinguish auto from allogenic controls on stratigraphic architecture (Allen and Fielding, 2007; Tooth 

et al., 2013; Shiers et al., 2014; Mountney et al., 2016; Shiers et al, 2016). However, as stratigraphy 

takes time to build, the inputs controlling natural systems are rarely well constrained over sufficiently 

long timescales and consequently it is difficult to compare the model output to natural prototypes 

where the controls are known. An alternative approach is to test whether a numerical model can 

replicate natural processes and reproduce the stratigraphy created by scaled physical experiments 

where all the input parameters are known. As the intention here was to apply Sedsim to stratigraphy 

controlled by normal fault evolution, a work package was devoted to comparing Sedsim output with 

small-scale physical experiments that were originally designed to test the interaction between active 

faults, surface tilting and sediment dispersal. There are inherent limitations in all numerical modelling 

methods, including Sedsim, but by performing verification comparisons such as these it is possible to 

ascertain whether these limitations affect the ability of the software to generate useful results. 

Scaled physical or analogue experiments have long been used in the Earth sciences as a means to 

test hypotheses concerning clastic sedimentation under controlled and simplified conditions. These 

limitations include the long duration of many geological processes, and the large spatial scale and/or 

depth at which geodynamic processes operate (Schellart & Strak, 2016). When properly scaled, 

analogue model results can be directly applied to natural prototypes, providing additional insights into 

the natural system (Schellart & Strak, 2016).  
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Many of the experiments that have attempted to generate stratigraphy in subsiding tanks have 

focussed on changing base level combined with subsidence in the form of simple hinging, but Kim et 

al. (2007; 2010) and subsequently Straub et al. (2013) introduced a pair of faults separated by a relay 

zone and investigated the ability of local fault-related uplift and subsidence to steer channels and 

divert them into a rapidly subsiding hanging wall depocentre. 

The XES05 experiment of Kim et al. (2007; 2010) built on the results of the physical models of 

Hickson et al. (2005, XES99) in which the effects of temporally and laterally variable subsidence on 

mesoscale alluvial architecture were investigated. Hickson et al. (2005) were testing whether river 

channels are attracted to parts of the floodplain that are subsiding more rapidly, resulting in increased 

channel stacking densities as predicted by early models for fluvial channel stacking (Allen, 1978; Bridge 

and Leeder, 1979; Leeder, 1978; Alexander and Leeder, 1987; Leeder and Gawthorpe, 1987) and as 

demonstrated by other experiments (Ouchi, 1985; Hajek et al., 2010). However, the XES99 experiment 

showed no evidence of increased occupation by surface flows nor increased preservation of channel 

deposits over a subsidence maximum produced by cross-channel asymmetric subsidence (Hickson et 

al., 2005). This was explained in terms of the timescale associated with channel mobility in the XES99 

experiment which was much shorter than the time scale over which the lateral tilting developed. 

Increased channel densities over subsidence maxima can be expected where rates of lateral channel 

migration are low compared to the rate of lateral floodplain tilting. These two regimes have been 

termed sediment-dominated and tectonic dominated (Kim et al., 2010).The tectonic dominated 

regime is favoured by reducing the ratio of downstream slope to the tectonically induced cross-

channel slope. The timescale necessary to achieve this regime was termed the Tectonic timescale (Tt). 

In the sediment dominated regime, channel kinematics appear to ignore spatial change in subsidence 

rate and reflect the overall channel mobility compared with Tt. A channel timescale (Tc) was defined 

by Kim et al. (2010) as the minimum time it takes for channels to visit every point on the basin surface 

at least once. If channels comb over the depositional surface faster than it is tectonic tilted, then the 

system will be sediment dominated, if not then the system is tectonic dominated (Kim et al., 2010). 

The timescale ratio (T*) is the ratio of the tectonic timescale (Tt) to the channel timescale (Tc). 

The XES05 experiment employed a relay zone between fixed faults to induce lateral tilting and was 

designed to further explore the interplay between channel mobility and the rate of lateral tilting in 

steering channels towards a more rapidly subsiding depocentre. Replication of a tank experiment by 

forward stratigraphic modelling that includes faulting has not before been attempted. As tectonic 

activity is central to the modelling and aims of this thesis it is important to verify the ability of Sedsim 

to replicate interactions and impacts of tectonism on autogenic processes that occur in a fluvial 
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setting. The experiment was replicated using forward stratigraphic modelling and the tank 

dimensions, sediment characteristics and input values used in the original physical experiment.  

Limited examples exist of attempts to replicate and extend scaled physical experiments by forward 

stratigraphic modelling that do not include tectonic activity. 

Huang et al. (2012) replicated, using Sedsim, a flume tank experiment that investigated the 

generation of sand avalanches or fluxoturbidites down a delta slope (Li, 2005; Zhang et al., 2006), and 

the deposition of those avalanches at the base of the slope. In doing so the authors aimed to replicate 

the physical model and extend the range of the experiment, to investigate parameters that were not 

physically investigated due to lack of time or equipment. This experiment experienced no deformation 

by tectonic activity. A delta was built and supplied with constant sediment throughout the model run. 

The foreset angles and fluxoturbidite deposits in the prodelta were in accordance with the deposits 

observed in the physical experiment. The numerical model failed to reproduce some load structures 

however, the height of some of these structures in relation to flow depth and their area being less 

than the simulation grid size is understood as the causes of their absence (Huang et al., 2012).  

Gonzalez de Linares et al. (2020) modelled massive bedload deposition in a debris basin, comparing 

the physical and numerical model. The physical model represented one debris flow event and was run 

for 10 hours. Sediment was seen to spread form the inlet in an alluvial fan pattern. A steep front 

formed at the head of the deposit when entering the flooded basin area and delta prograded forming 

lobes in the flooded basin before rapid progradation occurred and filled the basin. The numerical 

model highlighted a similar deposit dynamic whereby bedload material spread at the basin inlet and 

prograded into the basin. The steep delta front was correctly computed in the numerical models also.  

In these limited examples there are no perturbations of the system by tectonic activity. There is 

evidence for autogenic behaviour, with switching of lobe deposits. There are no examples of 

recreation of physical models by forward stratigraphic modelling that investigate the coupling of 

autogenic processes with the added complexity of tectonism, such as that present in the physical 

models of Kim et al. (2010). Previous work has shown that the impact of tectonic activity can result in 

elongating autogenic cyclicity (Kim and Paola, 2006; Section 3.6), as a result this interaction can have 

a strong control on deposition and stratigraphy in the hangingwall depocentre. As such it is important 

to understand the ability of the numerical modelling to accurately reflect this interaction. In order to 

investigate this a number of specific aims of the study were to: 

1. Investigate whether Sedsim can replicate the interaction between drainage and the 

developing fault displacement field revealed by the small-scale physical model and examine 

the extent to which stratigraphic relationships in the hanging wall depocentre are reproduced. 
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2. Document departures from the physical model and develop a better understanding of how 

Sedsim simulates sediment transport across a deforming surface. 

3. Test whether the autogenic cyclicity identified in the physical model under constant forcing is 

also present in the Sedsim model, whether the drivers and stratigraphic expression of the 

cycles are the same, and if the autogenic signal persists for different water and sediment 

discharge inputs. 

4. Explore the consequences of up-scaling the system to natural dimensions, realistic sediment 

and flow properties, and fault displacement fields ahead of using Sedsim to investigate 

drainage response to contrasting models of fault growth (Chapter 4) and to syn-rift halokinesis 

(Chapter 5). 

The modelling strategy employed focussed first on trying to replicate as accurately as possible the 

tank geometry and input parameters used in the XES05 experiment of Kim et al. (2010). These are the 

Set 1 forward stratigraphic models. A second set of simulations then incorporated elements of the 

XES08 experiment described by Straub et al. (2013) to circumvent issues with the initial buildout phase 

encountered in the Set 1 Sedsim experiments. These drew on the starting conditions employed in the 

XES08 physical experiments and also incorporated a more realistic fault geometry and relaxed the 

boundary wall conditions. The purpose of these experiments was to bridge between the small-scale 

simulations and real scale, with the Set 2 geometry and input parameters then upscaled to natural rift 

scale in the Set 3 experiments so as to explore what elements of the small scale models (both physical 

and numerical) might be relevant to looking at sedimentation and tectonics in syn-rift basins. 

3.2 XES05 physical model 

3.2.1 Model setup. 

The XES05 experiment was performed in the Experimental EarthScape (XES) facility in St. Anthony 

Falls Laboratory, University of Minnesota. The XES basin allows the study of sedimentation associated 

with controlled variation in sediment supply, absolute base level, and the rate and pattern of 

subsidence (Kim and Paola, 2007). The experimental basin was 5.72 m long and 2.98 m wide (Fig. 3. 

1), with the lateral width expanding from approx. 0.6 m at the sediment input point to the full width 

1 m into the basin(Fig. 3. 2A). The tank is underlain by 108 independent subsidence cells which allow 

for spatial variation in tectonic subsidence (Kim et al., 2010; Fig. 3. 1). Subsidence is controlled by the 

gradual removal of well sorted, pea sized gravel from the bottom of each hexagonal cell (Kim et al. 

2010) and hence only subsidence can be generated by the basin. To incorporate uplift, relative 

subsidence is combined with a steady base-level fall (Straub et al., 2013). All length scales below 

describing the geometry of the basin setup refer to distance from the upstream end of the basin. 
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A shelf-slope break was introduced at 4.2 m into the basin, with a drop of 0.1 m delimiting a 

transition to deeper water (Fig. 3. 2). A relay ramp geometry was introduced involving an inboard 

(upstream) fault at 2.2 m and an outboard (downstream) fault at 4 m. The tips of the faults were fixed 

at one third and two-thirds of the basin width respectively, creating an overlap of one third of the 

total basin width. The inboard fault was represented by a vertical wooden wall, buried perpendicular 

to the mean flow direction inside the pea sized gravel layer and preventing horizontal gravel flow 

between the footwall and hanging wall (Kim et al., 2010). The outboard fault was seen as less critical 

to model design and as such had no buried wooden wall. As a result, the surface expression of this 

feature was symmetrical across the fault location forming a broad area of differential uplift (Fig. 3.1). 

A homogenous deposit, 0.1 m in thickness, was first used to construct the shelf-slope profile and 

comprised a mix of grain sizes (70% quartz sand 110 μm in diameter, and 30% coal sand in bimodal 

mix of 460 μm and 190 μm sized particles). The coal was used as a tracer and proxy for the finer 

grained load and as a marker for hydraulic fractionation. This was termed the initial deposit. The tank 

was then flooded and the water level was then maintained at 5 mm on the flat shelf throughout 

modelling. Water and sediment with the same texture and composition as the initial deposit were 

then fed into the basin from a single centrally located upstream point (Fig. 3. 1) at a constant rate for 

185 hours. Water discharge (Qw) was set as 0.35 m3/hr and sediment discharge (Qs) at 0.0035 m3/hr. 

This period saw the buildout of sediment to the shelf slope break at 4.2 m from the sediment input 

point and was termed Stage 0. This stage served to setup a natural background gradient as well as 

constraining the relationship between sediment surface slope and the sediment and water discharge 

ratio. It was also used to determine the channel timescale (Tc) under relatively stable conditions (Kim 

et al., 2010). 

Stage 1 succeeded the Stage 0 buildout and involved tectonic deformation of the surface. The 

tectonic setup of the model was initiated at 186 hours and was allowed to run for 100 hours to 285 

hours. The maximum rate of fault-related relative subsidence was -3.2 mm/h and footwall uplift was 

set to 25% of the maximum subsidence rate. The maximum uplift rate was therefore 0.8 mm/h. 

Footwall uplift was modelled on both the inboard and outboard faults; hanging wall subsidence was 

only modelled on the inboard fault. This simplified rendering of an extensional relay zone was 

designed to provide high levels of lateral variation in subsidence rate (i.e. strong lateral tilting). A 

background hinge type subsidence was also incorporated in the experiment, varying linearly from 0 

mm/h at the upstream end to 0.2 mm/h at the downstream end of the basin. An attempt to double 

the subsidence rate to increase the relative uplift rate was made after 286 hours, the end of Stage 1. 

This part of the modelling was termed Stage 2 (286 – 297 hrs) but was abandoned shortly after it 
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started following the failure of the basin subsidence mechanism. This stage was not incorporated in 

the forward stratigraphic models discussed below. 

Throughout the model run the fluvial topography was scanned every 2.5 hrs and the scans were 

used to constrain the fluvial slope, sedimentation rate and to reconstruct the stratigraphy (Kim et al., 

2010). Overhead digital images of the basin surface were taken every 10 s and were combined into a 

video (Tulane Sedimentary Dynamics Laboratory, 2014). Upon completion of the experiment the 

deposit was serially sliced in the downstream direction every 0.01 m and the vertical surfaces were 

scanned and stored as image files (Kim et al., 2010) a selection of which appear in the publications of 

Kim et al. (2010) and Straub et al. (2013). 

 

Figure 3.1. Physical model setup of experiment XES05 (Kim et al., 2010) showing position of faults, 
vertical displacement rates employed and the geometry of the relay zone. 
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Figure 3.2. 3-D surface elevation plots of the initial conditions for (a) non-tectonic stage (Stage 0) and 
(b) main tectonic stage (Stage 1), reproduced from Kim et al. (2010). Note the slope break at 4.2 
metres from the source location present prior to Stage 0. 

 

3.2.2 Physical model results 

The results of the initial and tectonic stages of the physical model (stages 0 and 1, respectively) are 

summarised here, with Figure 3.3 constructed from stills from the video taken of the model run 

(Tulane Sediment Dynamics Laboratory, 2014) and Figure 3.4 reproduced from Kim et al. (2010). 

Figures 3.3 and 3.4 show results from Stage 1. 

During Stage 0, the rate of sediment supply exceeded the space available on the shallow water 

shelf where there was just 5 mm of water and a subaerial wedge of sediment gradually extended down 

the tank, with the shoreline reaching the shelf-slope break at 4.2 m by the end of the stage.  Advance 

of this wedge was accompanied by autogenic switching in the character of the ‘rivers’ between times 

when flow was strongly channelized and sediment was largely bypassed to the shoreline, and other 
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times when channels broadened and became shallow and more sheet-like with aggradation of the 

fluvial surface and greater up-dip sediment storage occurred.  When the flow was more strongly 

channelised, channels were less mobile and this was monitored by measuring how the proportion of 

the dry fraction present across the sediment surface varied and the timescale for the channel to visit 

all parts of the model width. Stage 0 also allowed the measurement of the equilibrium fluvial slope in 

the latter part of Stage 0 and this was measured as 0.038 for the area where the relay would 

subsequently develop during Stage 1. 

Timings in relation to Stage 1 refer to hours since the onset of tectonic activity. Following tectonic 

initiation, multithread channels mainly occupied the river right side of the tank (i.e. when viewed in 

the direction of flow down the tank) and may have been held here by the onset of footwall uplift on 

the inboard fault. Otherwise there was little indication of a tectonic control on drainage until c.7-8 

hours when channels begin to bend anticlockwise around the inboard fault tip, suggesting the relay 

slope was beginning to increasingly steer drainage (Fig. 3.3A). As tectonic displacement on the fault 

increased, most of the sediment was then routed through the relay zone and transported axially into 

the inboard hanging wall depocentre, or bypassed to the shoreline close to the shelf-break. (Figs. 3.3B; 

3.4B). The diversion of flow around the rising footwall uplift allowed subsidence to outpace sediment 

supply and a topographic depression formed on the river-left side of the basin while at the same time 

base level flooded the hanging wall depocentre to create what was termed an ‘autogenic’ lake (Fig. 

3.3B; Kim and Paola, 2007). As the channels were steered toward the topographic low, some 

eventually found shorter paths across the footwall to the inboard fault (Figs. 3.4b; c; Kim et al., 2010). 

Flow across the footwall was aided by deposition along the flow path around the footwall uplift and 

by the development of a downward slope toward the fault location (Kim et al., 2010). Erosion and flow 

across the footwall uplift persisted for a considerable time (between 20 and 60 hours into Stage 1), 

incising deep valleys, which widened and provided enough sediment to build hanging wall fans and to 

fill the available space in the hanging wall depocentre (Figs. 3.3C; 3.4 C-F). Backfill of these incised 

channels eventually promoted the switching of channels away from the subsidence maximum (Figs. 

3.3F; G) as they were gradually diverted around the footwall uplift via the relay ramp again (60 – 70 

hrs), causing sediment transport over the river-right side of the basin. Sediment delivery to the 

depocentre decreased dramatically (Fig. 3.3D; 3.4G; H) as there was now significant bypass via the 

relay and across the outboard fault. This flow pattern, combined with subsidence, resulted in the 

creation of a second autogenic lake with underfilled conditions now at the subsidence maximum (Fig. 

3. 3E). The cycle observed earlier in the model was then seen to start again with flow gradually drawn 

to the subsidence maximum, across rather than around the fault tip, aided by deposition on the flow 

path around the footwall (70 – 100 hrs; Figs. 3.4 I-K). 
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Figure 3.3. Stage 1 drainage development from XES05 experiment. Time in hours after the onset of 
tectonic activity and images from video record (Tulane Sediment Dynamics Laboratory, 2014). 
Dashed red lines indicate the position of the faults. 
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Figure 3.4. Time integrated flow occupation for every 10 h of runtime in Stage 1 of the XES05 
experiment reproduced from Kim et al., (2010). Grey scale represent fraction of flow occupation 
during a given 10 h interval with white denoting continuous flow occupation and black no flow 
occupations. These maps were produced from time-lapse images taken every minute. 

An important outcome of the XES05 experiment was the demonstration that steering of channels 

away from the footwall uplift and around the inboard fault tip resulted in the appearance of autogenic 

lakes (0 – 10 and 60 – 70 hours; Figs. 3.3B; E). The lakes were then filled when channels subsequently 

flowed across the footwall and deposited fans in the hanging wall basin ( Fig. 3.3C; Kim et al., 2010). 

Autogenic cyclicity was thus produced under constant tectonic forcing and this was thought to likely 

persist had the experiment continued for longer. 
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Slicing of the experimental deposit showed that the stratigraphy in the hanging wall depocentre 

preserves evidence of this autogenic behaviour with a cyclic retreat and advance of the coarse – fine 

transition across the depocentre that coincided with the appearance and disappearance of the 

autogenic lakes. At times of lake presence only fine sediment (in this case fine coal particles) were 

deposited across the subsidence maximum representing prodelta facies distal to the input point at the 

inboard fault tip. Erosion and flow across the footwall uplift then restored the supply of coarse 

sediment to the subsidence maximum with the presence of a subaerial delta emerging transversely 

from and prograding away from the footwall at this location (Fig. 3.5). 

 

Figure 3.5. Cross sections through the inboard hanging wall depocentre for XES05 at the end of Stage 
1 with coarse material in lighter grey and coal in darker grey. Stratal geometry shown on the line 
sections were constructed from repeated surface topographic scans, corrected for tectonic 
movement. 

The pattern of drainage and sediment delivery to the developing hanging wall depocentre on the 

inboard faults was also evident in the stratal geometries created (Fig. 3.5). Downlapping parallel to 

the fault was produced following the period of reduced sediment input as the system advanced again 

into the depocentre. Onlaps are seen onto the hanging wall dip slope perpendicular to the fault when 

the depocentre was under filled. As the flow was drawn across the footwall, the depocentre became 

rapidly filled and then a convergent stratal geometry persisted on the footwall due to overfilling. 
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3.3 Sedsim Set 1 models 

The first set of forward stratigraphic models built using Sedsim (Chapter 2) aimed to match the 

dimensions, geometry, input parameters and tectonic evolution of the XES05 physical experiment as 

closely as possible using the published information (Kim et al., 2007; 2010; Straub et al., 2014) 

discussed in the previous section. The model run time in Sedsim when reproducing the physical 

experiments was 30 minutes. 

3.3.1 Model setup 

3.3.1.1 Basin geometry 

The numerical model basin was 6 metres by 3 metres, 0.02 m wider and 0.18 m longer than the 

physical model. The discrepancy is a result of the grid cell size (0.06 x 0.06 m) used to construct the 

model which was composed of 101 columns and 51 rows. The additional length of 0.18 does not 

impact model results as the physical model shelf-slope break is reproduced in the numerical model 

(Fig. 3.2). The numerical basin includes the lateral walls and truncated upstream tank corners in order 

to accurately represent the planform geometry of the XES basin (Fig. 3.2A). The initial deposit was 

manually added as a layer in Sedsim matching that in the physical model and comprised a homogenous 

deposit 0.1 m thick consisting of a mix of grain sizes (70% quartz sand 110 μm in diameter, and 30% 

coal sand in bimodal mix of 460 μm and 190 μm sized particles; initial deposit in Fig. 3.6A). Water level 

remained constant throughout the modelling at 5 mm depth above the initial shelf deposit. 

3.3.1.2 Water and sediment supply 

After the base topography and initial deposit were established, Stage 0 was then recreated. This 

period ran for 185 hours and built on the initial deposit. The water and sediment input parameters 

used in stages 0 and 1 of the physical model remained constant and are detailed in Table 3.1. 

It was important to try and capture the unusual densities and grain sizes of the particles used in 

the XES05 experiment. Grain density will have an effect on how the onset of sediment transport is 

modelled in Sedsim. For sediment grains coarser than 100 μm Sedsim uses the Shields criterion to 

calculate the initiation of motion of sediment by the flow, and the density of sediment particles (H&) 

is used in these calculations (Tetzlaff and Harbaugh, 1989). Once in motion, the density of the 

sediment particles is also important as sediment transport is simulated using the balance between the 

sediment transport capacity and the effective sediment concentration (Λ1) which is a product of the 

volumetric sediment concentration (Cs) divided by the sediment transportability (f1) (Tetzlaff and 

Harbaugh, 1989). Of importance in these calculations is also the erosion-deposition coefficient (f2) 

and threshold shear stress for sediment movement (f3) with f1, f2, and f3 being dependent on 
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sediment particle diameter, density and shape (Tetzlaff and Harbaugh, 1989). If transport capacity of 

the flow is less than the effective sediment concentration, the density and grain size of particles will 

also be important in determining the settling velocity of the particles in relation to one another. The 

density will also have an impact on the initial sediment concentration values required in Sedsim. The 

density of sediment used in the Experimental Earthscape facility was detailed in Zhang et al. (2005) 

with the quartz sand having a density of 2650 kg/m3 and the coal having a density of 1300 kg/m3.  

Table 3.1. Input parameters used in the physical model from Kim et al. (2010). 

Water Discharge (Qw) 0.35 m3/h 
 

Sediment Discharge 
(Qs) 0.0035 m3/h  

 

Sediment mixture 
  

Density (kg/m3) 

Quartz Sand 70% 110 μm 2650 

Coal Sand 15% 460 μm 1300 

Coal Sand 15% 190 μm 1300 

    

Max subsidence rate -3.2 mm/h 
 

Min subsidence rate 0.8 mm/h 
 

Hinge subsidence 0 to -0.2 mm/h 
 

 

The settling velocity of the different sediment particles were calculated using Stokes’ Law in order 

to understand the hydraulic equivalence. The larger coal particles with a diameter of 460 μm have a 

settling velocity of 0.035 m/s, the quartz grains a settling velocity of 0.01 m/s and the finer coal 

particles 0.0059 m/s. The larger coal particles tend to get lagged when the remainder of the sediment 

bypasses, and the finer coal particles act as a fine grained component settling out last. Sedsim allows 

the proportion of the different size fractions to be mapped and this is useful in documenting where 

partitioning of different grain populations is happening in the models.  

As some of the parameters in the physical model were in units that were not compatible with the 

inputs required for Sedsim they had to be converted. The key Sedsim inputs required are velocity at 

source (m/s), discharge rate (m3/s) and the sediment concentration (kg/m3).  

The total discharge (Qw) was first converted by dividing the provided sediment discharge (Qs) 

(m3/h) by 3600 in order to yield discharge in m3/s. 
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IJ	KL	M0/O = 	0.35M0/ℎ ÷ 	3600 = 9.72 × 1067M0/O 

 

The sediment concentration (Cs) which was composed of 70% quartz sand and 30% coal was then 

calculated as follows: 

The volumetric sediment concentration is = 
8$
8%

 = 0.01 

Weight of sediment (M) per m3 = 0.01	 ×	H& (sediment density) 

X	(IYZ[#F) = 0.01 × 	2650.\/M0 = 	26.5	.\/M0 

X	(]^ZC	OZLE) = 0.01 × 	1300.\/M0 = 	13.\/M0 

The proportion of the sediment mix is given as 70% quartz sand and 30% coal sand and this 

information was used to specify the sediment concentration (Cs) at the source for Sedsim: 

]O = (0.7	 × 	26.5) + (0.3	 × 	13) = 22.45.\/M0 

]O = OaEKMaL#	5^L5aL#[Z#K^L	KLbY#	@^[	cd4ceX 

Additional parameters required by Sedsim were not specified for the physical model. These 

included the source velocity and initial flow depth. An average flow depth (or height) for the physical 

model was reported as 0.01 m (Kim et al., 2010) and this was used for the initial flow depth. As 

discharge is a product of flow height (h), width (w) and average velocity (fg), the source velocity can 

be calculated using the average flow depth and the grid cell width (0.06 m) in lieu of the channel width. 

I# = ℎ	 × J	 ×	fg  

9.819 × 1067

0.01	 × 0.06
= 	fg = 0.163	M/O 

The width of the flow is not specified in the physical model and appears variable at the tank entry 

point based on the video, but is generally spread broadly across the entry location and then splits into 

a number of narrower channels (Tulane Sediment Dynamics Laboratory, 2014). To best reflect the 

wide source entry and more importantly to increase the stability of the Sedsim models, the source 

was split across multiple cells and placed 0.24 m outside the boundary of the model. This method 

maintained the total sediment flux by dividing the source across 10 adjacent grid cells. The parameters 

affected are the velocity of the source, as the source now has a width of 0.6 m (10 grid squares). The 

velocity of the source now becomes:  

IJ

ℎ	 × 	J
=
9.819 × 1067

0.01	 × 0.6
= 	fg = 0.0163	M/O 
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Velocity vectors must also be specified in Sedsim for the direction of flow, with values assigned for 

the X (vX) and Y (vY) directions in m/s. All velocity was initially set as parallel to the down dip direction 

(vY =0). This, however, resulted in the sources combining into a single erosive flow that incised and 

maintained a single immobile channel that dominated sediment dispersal. The velocity vectors were 

hence randomised around the original downslope direction, ensuring the flow did not coalesce into a 

single channel on entering the model but more closely resembled the XES drainage pattern with its 

multiple channels. Small values were assigned to the vY vector between 0.002 and 0.009 m/s, these 

low values maintain the dominantly downslope flow direction. 

The resulting parameters input into Sedsim are summarised in Table 3.2.  

Table 3.2. Input parameters in Sedsim compatible units 

Discharge (Qw) 9.82 × 1067	 
 

m3/s  

Sediment Concentration 22.45 
 

 

Kg/m3 

 

    Density 

Quartz Sand 70% 110 μm 2650 kg/m3 

Coal Sand 15% 460 μm 1300 kg/m3 

Coal Sand 15% 190 μm 1300 kg/m3 

    
 

Max subsidence rate -3.2  mm/h  

Min subsidence rate 0.8  mm/h  

Hinge subsidence 0 to -0.2  mm/h  

 

Water and sediment were fed to the model for 185 hours in order to recreate Stage 0. During the 

subsequent Stage 1, the water and sediment input values remained the same and surface 

displacements were introduced to simulate tectonic activity. 
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Figure 3.6. Setup of the numerical model prior to tectonic movement. (A) is the model view from 
Sedview at the end of Stage 0, showing buildout of the system to the shelf edge, similar to what is 
seen in the physical model. (A & B) Cross sections X-X’; Y-Y’, through the Initial and Stage 0 deposits, 
as displayed in Petrel, when exported as an Eclipse file and coloured by the fraction of quartz 
sediment. 
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3.3.1.3 Tectonic input. 

The tectonic input to the model during Stage 1 (186-285 hours) comprises two components: the 

surface deformation around the faults and a regional tilt. The fault-related surface deformation 

comprised a relay ramp between two overlapping normal faults that grow in displacement but not in 

length, and a regional hinge-type subsidence that increases linearly from the proximal to the distal 

end of the basin (Fig. 3.7). Note that in the physical model the tectonic period continued for a further 

12 hours beyond Stage 1 with an increase in deformation rate before the experiment failed. No 

attempt was made to replicate this latter part of the physical experiment (Stage 2). As the physical 

tank could only produce subsidence because vertical motions relied on extracting gravel, uplift had to 

be incorporated using differential subsidence combined with a steady base level fall (Kim et al., 2010). 

For consistency, this method of producing the vertical surface motions was also employed in the 

numerical model, although additional model runs including actual uplift and a constant base-level 

produce similar results. A wooden wall was inserted in the gravel to represent the inboard fault in the 

physical model.  This created a physical barrier, preventing the horizontal movement of the gravel 

beneath the initial deposit at the fault location (Kim et al., 2010). The outboard fault had no buried 

wooden wall and only experienced a broad area of relative footwall uplift sufficient to form and 

confine the relay ramp. The faults were inserted in the numerical models at the same locations as in 

the physical model (x=2.2 m and x = 4.0 m) and have the same length, separation and overlap. The 

maximum relative uplift (0.08 mm/h) and subsidence rates (-0.32 mm/h) for the inboard fault in the 

XES05 experiment were applied in the Sedsim model, and the geometry of the deformation field 

around both the inboard and outboard ‘faults’ extracted from published cross sections (at X values of 

2.5, 2.8, and 3.1, and Y values of 1.1, 1.9, and 2.7; Fig. 3.7) and mapped input surface displacements 

for the physical model (Fig. 3.1). The tectonic input was then implemented by assigning rates for each 

grid cell, a negative value for subsidence and a positive value for net uplift. The assigned rates resulted 

in steady vertical movement of each the grid cell over the 100 hour time period of Stage 1. As the 

deformation rates incorporated in the physical model were relative, the value for maximum footwall 

uplift (0.08 m) was subtracted from all of the grid cells and the base level underwent the same rate of 

fall in order to match the pattern of differential subsidence employed in the physical experiment and 

to hold the down-dip shoreline in approximately the same position for the duration of the Stage 1 

simulation. The regional hinge subsidence was then imposed, increasing linearly from 0 m at proximal 

end to 0.2 mm/hr at the distal end of the model. Sediment supply rate and the rate at which 

accommodation was created were balanced in the physical model. 
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Figure 3.7. Cross sections (A-G) for the XES05 physical model  that were used in conjunction with 
Figure 3.1 to create the tectonic input for the Sedsim model. The map (H) shows the relative 
deformation applied in Stage 1 of the Sedsim model emulating the movement experienced by the 
basal surface beneath the initial deposit (dark grey uniform layer 0.1 m thick shown in the cross 
sections). 

3.3.1.4 Other input parameters 

As well as the main input parameters described above, there are some additional inputs that 

dictate how Sedsim simulates sediment transport and deposition. In the numerical models recreating 

the physical model the flow sampling interval was set as 30 mins and the display interval was set as 1 

hour. In the physical model, the depositional surface developed during Stage 0 evolved to a steady 

state in balance with the boundary conditions. It is commonly accepted that the slope of a fluvial 

system is a function of the ratio of sediment discharge to water discharge (e.g. Parker et al., 

1998;Whipple et al., 1998; Kim & Muto, 2007). However, experimental slope data still show significant 

autogenic and other variability as surface processes, including channel scour and relict channel 

margins work to direct flow over relatively small length scales (Kim et al., 2010). The steady state or 

equilibrium slope of the fluvial system in the XES05 physical model over the area where the relay zone 
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would develop during Stage 1 was 0.038. This was measured at 175 and 185 hours during the later 

stages of Stage 0, when the shoreline had migrated out to be close to its expected position for Stage 

1 (x=4.2 m; Kim et al., 2010). Maximum slopes can be specified for both sub-aerial and sub-aqueous 

environments in Sedsim. The sub-aqueous default values were used but the sub-aerial slope was set 

to 0.038 in order to match the relatively steep slope of the physical model. The maximum slope 

specified allows a better simulation of processes operating at the experimental basin scale, as natural 

fluvial slopes can be two orders of magnitude less than that seen in the XES05 experiment and perfect 

downscaling of such factors is not possible because of scale distortion when downscaling natural 

conditions to the laboratory (Guerit et al., 2019). 

Boundary walls were also introduced into the Sedsim model and these served to prevent the loss 

of water and sediment at the edges of the simulation, mirroring how the physical model operated. 

Using the input parameters described above, the reference Set 1 model was run for Stages 0 and 

1, during which time the water and sediment input remained constant (0-285 hrs) and tectonic inputs 

were only applied during Stage 1 (186-285 hrs). The results are discussed below, focussing first on how 

Sedsim recreated Stage 0, followed by details of Stage 1. In the case of both stages, the Sedsim output 

is compared to that of the XES05 experiment. Other related Set 1 simulations explored what happens 

when the length of the tectonic period is extended and how the system responds to changing the 

starting conditions and some of the input parameters. The results of these sensitivity tests are also 

briefly discussed below. 

3.3.2 Numerical model results: 

In describing the numerical modelling results the timings cited in each section refer to time since 

the beginning of the Stage under discussion (1-185 for Stage 0; and 1-100 for Stage 1). The location of 

flow is described as river right or left, consistent with the use in Kim et al. (2010). This refers to the 

system viewed in the direction of flow; thus the inboard fault is located on the river left side of the 

model. 

3.3.2.1 Stage 0 

Stage 0 was run for 185 hours (Figs. 3.8; 3.9; 3.10). During this period sediment was seen to 

prograde to the slope break at x=4.2 m similar to the corresponding stage in the physical model. 

Initially, sediment supplied to the shallow shelf (water depth 5 mm) resulted in the extension of a low 

gradient rapidly advancing prism of sediment that extended to the shelf break within 70 hours and 

allowed some sediment to spill down slope at this point (Fig. 3.8a). This was accompanied by a growth 

of proximal steeper gradient cone that built to the maximum slope and as it grew abstracted increasing 

amounts of sediment into the proximal subaerial part of the depositional profile. The steeper slope 
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segment prograded over the initial sediment prism, reaching the shelf break by the end of Stage 0. 

The growth of this cone was accompanied by a strong autogenic cyclicity in the form of switching 

between channelised and sheet-like flow similar to the physical model (Kim et al., 2007). Periods of 

channel incision and backfill occurred between 70 and 92 hrs and 127 – 152 hrs (Figs. 3.8Ai; Ci) and 

the intervening times were dominated by shallow sheet-like flow (Figs. 3.8Bi; Di). During channelised 

flow channel mobility decreased, significant incision and bypass took place and cone growth was 

arrested, with sediment then partitioned onto the delta front and beyond the slope break (Fig. 3.9). 

When sheet-like flow dominated, the channel mobility increased, incision decreased and the surface 

flow pattern became one of a series of shallow braided channels. Deposition associated with the 

channels compensationally aggraded the cone surface to the equilibrium (maximum) slope. The cycles 

identified in the mid to later stages of Stage 0 of the numerical model were 50 and 59 hours in duration 

(Fig. 3.8). At the conclusion of Stage 0 (185 hrs) sheet-like flow was dominant, as was seen in the 

physical model. The Stage 0 deposit was also viewed by the fraction of each grain size within it (Fig. 

3.9). The coarser coal grains (0.046 mm; Fig. 3.9A) were mostly deposited within the sediment cone 

whereas the finer coal (0.019 mm; Fig. 3.9C) was largely absent from the sediment cone but 

concentrated in the thin clinoforms at the base of the deposit and transported to the deeper water 

over the shelf break. The quartz grains were present throughout most of the deposit (Fig. 3.9B). 
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Figure 3.8. Dip-oriented sections down the centre of the model during Stage 0, displaying fraction of 
quartz sediment and showing progradation of the proximal steeper gradient sediment cone between 
70 and 185 hours. Topographic surfaces accompany the section times are also displayed. This period 
was characterised by a cyclicity between channelised and sheet-like flow. Thin black lines on the cross 
sections indicate horizon boundaries at 1 hr intervals. Elevation is in relation to the base level at 0 m. 
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Figure 3.9. Highly vertically exaggerated longitudinal and transverse cross sections showing deposits 
at the end of Stage 0 (185 hrs). Thin black lines in the cross sections indicate horizon boundaries at 1 
hour intervals. The intervals between blue and purple coloured lines show times where 
channelisation and incision followed by channel backfilling were prevalent resulting in sediment 
delivery across the delta and over the slope break (A). Intervening periods were dominated by sheet-
like flow. Elevation is in relation to the base level at 0. 
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Figure 3.10. Longitudinal sections down the centre of the model, in the same location as those in 
Figure 3. 8, at the conclusion of Stage 0. Sections display the fraction of each grain size class present. 

3.3.2.2 Comparison of Stage 0 in Sedsim and XES05 

In the physical model, the sediment surface was seen to slope uniformly from the sediment source 

to the slope break (Fig. 3.2). The Sedsim model shows a similar general slope (Fig. 3.9A) but with a 

slightly more convex-up profile in transverse section, visible when highly vertically exaggerated (Fig. 

3.9B). The volume of sediment that passes over the slope break and into the deep water beyond 4.2 

m appears greater in the Sedsim model (Fig. 3.9) compared to the physical model (Fig. 3.2). The 

majority of this sediment bypassed during periods of channel incision (Fig. 3.9) in the Sedsim model, 

a process that obviously leads to more effective bypass than in the physical model. The duration of 

the autogenic flow cyclicity in the physical model was approx. 16 hrs whereas in the numerical model 

the cyclicity occurred on significantly longer timescale of approx. 50 hours. The extended period of 

incision, bypass and back fill in the Sedsim model resulting in longer periods of reduced channel 
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mobility. In both the numerical model and physical model, Stage 0 concludes with flow in sheet-like 

mode in the up-dip part of the modelled area with shallow braided channels present. 

3.3.2.3 Results of numerical model Stage 1. 

By 10 hours into tectonic evolution, incision was seen into the inboard footwall uplift, originating 

at the fault, and propagating upslope. Flow incision thus created blind channels that collected water 

from more sheet-like dispersal that continued on the proximal cone (Fig. 3.11A). The only sediment 

deposited in the hanging wall depocentre between 0 and 10 hrs was delivered via these blind channels 

(Fig. 3.13A). Sediment from a central channel mainly bypassed the hanging wall and supplied sediment 

to the shoreline (Fig. 3.11B). Proximal accretion of the cone by more sheet-like flow continued, 

particularly to the river right side of the model (Fig. 3.11B). 
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Figure 3.11. Isopach maps from the reference Set 1 Sedsim simulation showing thickness of sediment 
removed or added in one hour at ten hour intervals during Stage 1. Erosion is in red and deposition is 
in green. 

Between 10 and 20 hrs, increased amounts of sediment were deposited in the inboard hanging 

wall depocentre, coinciding with greater channelisation and steering of channels both across the 
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footwall uplift and around the inboard fault tip (Fig. 3.11C). However, not all flow was captured by the 

hanging wall depocentre with deposition also occurring against the footwall of the outboard fault (Fig. 

3.11C). The hanging wall depocentre remained underfilled and subsided below base level (Fig. 3.14), 

and downlapping strata were preserved in the subsidence maximum (Fig. 3.13B). The incision of a 

central channel trimmed the more slowly uplifting footwall close to the inboard fault tip, and delivered 

sediment both to the hanging wall depocentre and also transversely across the ramp slope to the 

down dip shoreline (Fig. 3.13B).  

Between 20 and 30 hrs the flow of channels into the subsiding hanging wall  became the dominant 

flow pattern (Fig. 3.11D) with incision of a number of channels and trenching across the footwall uplift 

evident (Fig. 3.12C). Proximal flow was dominantly along the bounding angled wall to the river left, 

and fed channels that incised across the footwall uplift (Fig. 3.11D). The increased sediment delivery 

to the depocentre filled available space, with transverse progradation of sediment away from the fault 

and up the hanging wall dip slope and axially from the fault tip towards the subsidence maximum (Fig. 

3.13C). Thinner, convergent stratigraphic packages were deposited sub-aerially on the ramp slope, 

filling available space as it was created by continuing subsidence (Figs. 3.13C; 14). 
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Figure 3.12. Topographic surfaces at ten hour intervals throughout Stage 1 of the Set 1 Sedsim 
reference model. 

Between 30 and 40 hrs, the subsidence in the hanging wall depocentre was mostly balanced by 

sediment supply, the latter sourced by flow both across the footwall uplift and around the fault tip 

(Figs. 3.11E; 14). As a result, relatively thin sedimentary packages were deposited in the now space-
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constrained hanging wall depocentre (Fig. 3.13D) with bypass of excess sediment (Fig. 3.11E). A period 

of backfill in the central channel system occurred in the Sedsim model at 40 hours, the back fill 

originated at the fault tip and migrated upslope (Fig. 3.12D). The result of the temporary back filling 

and sediment storage was submergence of the depocentre for a short time, which was then again 

rapidly filled when flow was restored across and around the fault, identified by the thickened 

sedimentary deposits present amongst the background of thinner packages between 40 and 50 hrs 

(Figs. 3.11E; 13E; 14). The thin packages filled space as it was created by subsidence and excess 

sediment bypassed again (Fig. 3.11F).  
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Figure 3.13. Cross sections through the numerical model Stage 1 at 10 hour intervals. Sediment 
distinguished by quartz fraction present. 

Sediment delivery to the hanging wall depocentre between 50 and 60 hrs was dominantly via a 

single incised channel trenching across the footwall uplift which fed a radial aggradational fan where 

sediment entered the hanging wall (Figs. 3.12F; 3.13F). The aggradational fan deposits transitioned 

into delta lobes towards the hanging wall slope and into the subsidence maximum (Fig. 3.13F). 

Sediment was also routed via a central channel and was deposited in the hanging wall depocentre, 

interfingering with the transverse fan on the ramp slope and also bypassed to the shoreline and onto 

the outboard footwall (Fig. 3.11G). From 60 to 84 hours there was a shift in flow regime driven by 

another phase of backfill in the central channel, increasing the amount of sheet-like flow, and 

triggering greater storage of sediment up-dip of the faults (Figs. 3.11H; I). Flow, although lessened, 

still occurred in the central channel and reduced amounts of sediment reached the hanging wall 

depocentre, where it was deposited on the margin of the depocentre before sediment bypassed to 

the shoreline (Fig. 3.11H). The subsidence maximum was starved of sediment during this time period 

and gradually deepened and a lake formed (Figs. 3.12G; H; 3.14). The sediment that was delivered 

axially downlapped onto the floor of the hanging wall depocentre and is seen to back step until 84 hrs 

(Fig. 3.13H).  
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After 84 hours the flow regime on the cone transitioned back to channelised flow and sediment 

delivery via the central channel and re-occupation of transverse incised channels occurred (Figs. 3.11 

I-K). Sediment prograded into the previously underfilled subsidence maximum with clinoforms 

advancing into the underfilled space and the hanging wall depocentre gradually started to shallow 

(Figs. 3.13I; J; 3.14).  

Relative abundances of the different grain sizes at the conclusion of Stage 1 are displayed in Figure 

3. 15. The deposition of the coarse coal was seen prominently close to sediment input points, and 

making up the majority of the sub-aerial deposits together with the quartz sediment (Figs. 3.15A; B). 

The fine coal fraction mainly accumulate close to the subsidence maximum. 

 

Figure 3.14. Cross sections at the end of the reference Set 1 Sedsim model for Stage 1 identifying 
whether deposition was subaqueous or subaerial, corresponding to times when the depocentre was 
balanced or underfilled. Horizons for each 10 hour period are shown between 20 and 90 hours. 
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Figure 3 15. Stratigraphy at the end of the model coloured by the proportion of the different 
sediment fractions: (A) Coarse coal; (B) Quartz; and (C) Fine coal, in cross sections parallel to the fault 
in the proximal hanging wall depocentre (Y-Y’) and normal to the fault (X-X’) corresponding to the 
locations shown in Figure 3.14. 

3.3.3 Comparison of Stage 1 in Sedsim and XES05 

The Sedsim model recreated many aspects of the physical model but there are also some 

interesting differences including the amount of incision, the channel mobility, the footwall expression 

and the extent of reworking and the amount of sediment exported into deep water beyond the shelf 

break. 

• Both Sedsim and XES05 commenced Stage 1 from a similar state, a product of Stage 0 deposition 

i.e. an un-incised subaerial fan or apron with shallow mobile channels, a gradient close to 0.038 

and the shoreline close to the shelf-slope break 4.2 m from the source. 

• During the first 6-7 hours of Stage 1, tectonic steering was unimportant in the XES05 experiment 

partly due to the active channels being mainly on the river right side of the tank. Initial uplift of 

the inboard footwall may have helped to keep them there so that the first indication of tectonic 

influence is an anticlockwise rotation of channels around the fault tip to run obliquely across 

the ramp slope from 7-8 hours into Stage 1 (Fig. 3.16Ai). Initial channels in the Sedsim model 

avulsed more widely across the width of the model but also rotated anticlockwise away from 

the regional slope and across the ramp slope around the fault tip by 10 hours into the run (Fig. 
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3.16 Bi). However, a more prominent topographic step at the inboard fault in the Sedsim model 

created knickpoints, up-dip migration of which forced incisions creating additional blind 

channels traversing the footwall at this stage. 

• Between 18-20 hours, channels began to traverse the footwall in the XES05 experiment and to 

preferentially occupy the river-left side of the tank. Sediment was fed dominantly transversely 

to the hanging wall depocentre as a result. A similar transverse supply exploited the growing 

blind channels in the Sedsim model, but a central channel also remained active reworking and 

feeding sediment to the relay ramp close to the fault tip (20-30 hrs; Fig. 3.16 Bii). Transverse 

flow rapidly filled the deepest part of the depocentre in both XES05 and the Sedsim model (Figs. 

3.16Aii; iii; Bii; iii; iv). Although the footwall uplift became an increasingly important relief 

element in the Sedsim model, this was not the case for XES05 where although deep incisions 

occurred in the footwall, these rapidly widened (Kim et al., 2010) and continually planned off 

the emerging footwall uplift. Channels traversing the inboard footwall in the XES05 experiment 

were thus more mobile and not locked in position the way they were in the Sedsim re-creation. 

There was as a result a greater contribution of reworked sediment transferred to the hanging 

wall in the physical experiment. 

• Subsidence of the hanging wall depocentre held channels on the river-left side of the tank in 

both XES05 and the Sedsim model until c.60 hours. Then back filling of the channels occurred 

and deposition became less localised (Figs. 3.16Aiv; Bv) before flow was steered away from the 

footwall uplift to the river-right. A drainage pattern with high channel mobility developed in the 

physical experiment between 60 and 70 hrs (Fig. 3.16Av). In the Sedsim model the filling of the 

up-dip channels (60 hours; Figs. 3.16Bv; Bvi; Bvii) drove increased channel mobility but the 

central channel persisted during this interval, directing a portion of drainage across the fault tip 

with deposition on the margin of the hanging wall depocentre as well as bypass to the shoreline 

(Figs. 3.16Bv; Bvi). Increased deposition in the up-dip part of the Sedsim model at this time also 

promoted temporary storage of sediment proximal to the sediment source (Fig. 316Bvii). This 

period in both models thus resulted in drowning of the hanging wall depocentre, more 

prominent in the XES05 experiment than the Sedsim model, with the formation of an ‘autogenic 

lake’ (Kim et al., 2010). 

• After 70 hours, continued subsidence again drew flow to a dominantly river-left position in the 

physical model with flow dominantly across the now deeply eroded footwall (Figs. 3.16Avi; Avii). 

A similar transition occurs in the Sedsim model, but from c.84 hours and with sediment supply 

dominantly from the fault tip on account of the high elevation of the footwall, although also via 
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valleys cutting the footwall uplift (Figs. 3.16Bviii; Bx). and began to fill the underfilled 

depocentre.  

An important outcome of the forward stratigraphic model was that it honoured the broad pattern 

of deposition seen in the physical experiment. This included the autogenic cyclicity under constant 

forcing identified by Kim et al (2010), although this was more subdued and expressed at slightly 

different timings – perhaps not surprising given the different way erosion operated in the two models. 

Footwall uplifts are continually reworked in the physical experiment, contributing additional sediment 

to the depocentres down dip, whereas the footwalls in the Sedsim model are only locally reworked 

where channels became locked in position. This is despite the sediment in the uplifted footwalls having 

similar textures and low cohesivity as in the physical model (the initial layer and Stage 0 deposits). An 

ensemble of additional Sedsim models were run with different initial flow depths, water discharge, 

initial velocity and footwall uplift rates but these all failed to replicate the extensive erosion of the 

uplifts seen in the physical experiment, indicating that Sedsim simulations struggle to match all aspects 

of the scaled down-down tank experiments. The drainage steering evident between the two 

approaches was consequently a little different. 

The physical model showed strong textural fractionation of the coal particles, particularly during 

times when the hanging wall depocentre was flooded to form an autogenic lake in which the coal 

preferentially accumulated (Kim et al., 2010). When the proportion of coarser and fine coal particles 

is extracted from the Sedsim models, these also showed a similar segregation (Fig. 3.15) implying that 

even at the relatively small scale of the model, Sedsim is able to produce a realistic fractionation of 

particles based on size and density. 
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Figure 3.16. (A) Sedimentation rate in the XES05 experiment for10 hour intervals with paler grey scale showing higher accumulation, and degradation 
represented by darker grey; and (B) sediment thickness maps, representing 1 hour of model run time at 10 hr intervals for the numerical model with 
deposition in green and erosion in red. 
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There are also parallels in the stratal geometries produced using the two approaches (Fig. 3.17). In 

both, strata in the initially underfilled hanging wall depocentre displays onlap onto the hanging wall 

slope and downlap into the subsidence maximum. The rapid filling of the depocentre as it attracts 

flow is revealed by the migration of onlapping geometries up the hanging wall slope in both the 

physical and forward stratigraphic models. In the Sedsim model, this period also produced clinoforms 

prograding transversely as well as axially reflecting the more important role for the central channel 

feature in delivering sediment to and around the fault tip. A period of dominantly convergent 

stratigraphy then dominated in both the physical and numerical models as a result of balanced 

sediment supply and accommodation created by subsidence. The reduction in sediment supply to the 

subsidence maximum and onset of underfilling then resulted in downlapping followed by 

retrogradation of shoreline deposits. Subsequent progradation in the physical model generated 

onlaps onto the hanging wall slope and evident progradation of the stratigraphy, whereas in the 

numerical model, there was a lack of onlapping stratal geometries onto the hanging wall slope and 

instead this period was dominated by axial progradation reflecting the dominance of axial supply via 

the central channel. 
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Figure 3.17. Stratal geometries generated in (A) the physical model and (B) in the Sedsim reference  

model. The stratal geometries generated in the physical model are generated from the topographic 

scans and corrected for tectonic movement and were output every 10 hours by compositing scans 

taken every 2.5 hrs (Kim et al., 2010). Those in the Sedsim model are based on the horizon boundaries 

that are output for every hour of model run time, corresponding to the display interval. 

3.3.4 Additional Set 1 models 

An advantage of forward stratigraphic modelling over physical experiments in large tanks is the 

ability to vary the duration and input parameters more easily to assess sensitivities. Additional Set 1 

models were therefore run to explore aspects of the reference model. These aimed to: (1) see whether 

there were input conditions in which the uplifted footwall could be completely planed off as in the 
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XES05 experiment; (2) test what happens when the duration of the experiment was increased in order 

to address the Kim et al. (2010) suggestion that the autogenic cyclicity they identified under constant 

tectonic forcing would continue if the physical experiment had run for longer; and (3) investigate the 

role of the starting condition on how the flows interact with the fault relay zone. Stage 1 in both the 

XES05 experiment and the reference Sedsim model commenced with shallow sheet-like flows rather 

than the incised channels they alternate with in the absence of faulting. As mentioned above, 

experiments employing different flow input conditions showed the elevated footwall was a robust 

feature of the Sedsim models so this issue will not be discussed further. Here the focus is on increasing 

the duration of the experiment (Model 1_1) and examining the impact of the flow conditions when 

tectonic displacements commenced (Model 1_2). 

3.3.4.1 Doubling the Stage 1 duration (Model 1_1) 

Model 1_1 was setup in the same way as the Set 1 reference model but the duration was extended. 

Stage 0 was again run for 185 hours but the tectonic evolution was then run for a further 200 hours, 

doubling the duration of Stage 1 in the reference model. The fault-related displacement rates and the 

hinge subsidence were the same as in the reference model and held constant for Stage 1. At the end 

of Stage 1 maximum relative tectonic uplift was 0.16 m (0.8mm/hr) and maximum relative subsidence 

was then 0.64 m (3.2 mm/hr). References to time below are since the start of Stage 1. 

At the end of the reference model and 100 hours into tectonic activity, strongly channelised flow 

was dominant and the hanging wall depocentre was underfilled. Model 1_1 continued on from this 

point. The channelised flow pattern persisted for a further 38 hours (Fig. 3.18A) during which time 

sediment delivery was dominantly via a central channel with minor across fault flow also contributing 

to the hanging wall depocentre fill. All tectonically created space was again filled to spill. This produced 

the previously seen axially prograding stratigraphy in the depocentre followed by convergent stratal 

packages (Fig. 3.19). Backfilling of the channels was then seen and the sheet-like flow up-dip of the 

fault array became prominent from 137 hours and remained until 155 hours (Fig. 3.18B). The hanging 

wall depocentre became underfilled and subsided below base level again while sediment was stored 

in the up-dip portion of the model as well as deposited onto the footwall slope of the outboard fault 

and bypassing the hanging wall depocentre to deposit at the shelf edge. Sediment was routed axially 

and down lap of sediment onto the depocentre floor was seen during the period of sheet-like flow 

(Fig. 3.19). Channelised flow once again returned from 155 hours (Fig. 3.18C), and incised into the up-

dip part of the model, again the majority of sediment was routed into the depocentre via the central 

channel and entered axially. Progradation of sediment was seen into the depocentre and onlapping 

of stratigraphy onto the hanging wall slope as the accommodation in the hanging wall depocentre 

filled (Fig. 3.19). The channelised flow regime persisted for the remainder of the model to 200 hours. 
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Convergent stratigraphy was seen prior to the end of the model as sediment delivery balanced 

accommodation creation. 

 

Figure 3.18. Topographic surfaces for Model 1_1 that extended the duration of Stage 1 displaying the 

transition from (A) channelised to (B) sheet-like and (C) a return channelised flow on the up-dip part 

of the model. 
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Figure 3.19. Cross sections for extended duration Model 1_1 parallel to the inboard fault in the 

proximal hanging wall (Y-Y’) and normal to the fault (X-X’) at the end of modelling (200 hrs). The 

location of the cross-sections are shown on the surface topography at the end of model run. Blue 

lines bracket periods of sheet-like flow on the up-dip subaerial surface. The red line represents the 

end of the Set 1 reference model (100 hrs) and the start of model 1_1. 

The extended duration model demonstrates that the autogenic cyclicity developed in Stage 1 of 

the reference model continued, as anticipated by Kim et al. (2010) for the physical model. Two long 

term cycles were developed, despite the constant forcing and sediment supply, with the second 

nearing completion at 200 hours as indicated by the transition to convergent stratigraphy close to the 

end of the run. The duration of the two cycles from onset of sheet-like flow through incision and then 

back fill of the channel was 77 and 63 hours, which compares well to the cycle duration from the 

physical model reported as 60 hours (Kim et al., 2010). 

3.3.4.2 Modifying the initial Stage 1 flow regime (Model 1_2) 

This model modified the starting point of Stage 1 in order to test the impact of the initial flow 

regime on the sediment routing and development of autogenic cycles. Previously all models (including 
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XES05) had started Stage 1 from a sheet-like flow regime without major channel incisions present. 

Consequently, Stage 0 was run for a longer period to 200 hours until incision and channelised flow on 

the alluvial cone were re-established (Fig. 3.20A). The tectonic period, Stage 1, was then run for 100 

hours (201-300 from the start of Stage 0) using the same conditions as the Set 1 reference model. All 

timings cited from here on relate to time since the start of Stage 1. 

The central incised channel present at 0 hrs debouched and became dispersive, depositing a small 

sub-aerial fan close to where the inboard fault tip would develop (Fig. 3.20A). As movement on the 

fault progressed, the shape of this fan became increasingly asymmetric, with sediment deposited 

increasingly on the river-right side of the fan followed by backfilling of the channel. As a result there 

was very little sediment delivery to the early hanging wall depocentre. The backfill of the channel was 

relatively soon after the onset of tectonics, within 10 hours. Sheet-like flow then occurred up-dip of 

the fault array, with blind channels forming on the footwall of the inboard fault (Fig. 3.20B). Sediment 

was mostly deposited on the up-dip part of the model with aggradational growth of the sediment cone 

and only minor volumes of sediment entering the depocentre via the blind channels and around the 

fault tip. Deposition and progradation toward the outboard footwall uplift also occurred (Fig. 3.20B). 

The hanging wall depocentre remained underfilled and became the site of a lake (Fig. 3.20B). Stratal 

onlap onto the hanging wall slope and downlap into the depocentre were seen during this underfilled 

stage (Figs. 3.17e; f). Between 20 and 27 hrs the incision across the footwall uplift closest to the fault 

tip migrated up-dip to the source location and channelised flow became re-established (Figs. 3.20B; 

C). Sediment delivery to the depocentre increased and clinoforms stepped towards the previously 

underfilled subsidence maximum (Fig. 3.20E). Sediment was continually fed from the central channel 

and intermittently via previously incised transverse channels (Fig. 3.20C) and the depocentre became 

overfilled, with minor internal variation caused by greater levels of bypass across the depocentre at 

times (Fig. 3.20E; F). Channelised flow remained until the end of the model (100 hrs). However, 

towards the end of the run, there are signs that a return to sheet -like flow may have been imminent 

as the central channel became shallower and channel mobility increased (Fig. 3.20D). 



 
105 

 

Figure 3.20. Output from Model 1_2 with an extended Stage 0 and tectonics commencing from 

channelised rather than shallow-sheet-like flow. A-D) Topographic surfaces for a series of timesteps; 

time in hours since the commencement of Stage 0. E & F) Cross sections through the proximal 

hanging wall depocentre and dip section. Stratal geometries are indicated on the cross sections that 

are otherwise coloured by quartz fraction. 

The modification of the starting point to channelised flow did not have a major impact on the 

drainage-fault relay interaction, with a stronger period of initial underfilling as the early channel was 

backfilled rapidly, but channelised flow was re-established at 27 hours. This is similar to the timing in 

Set 1 reference model for the establishment of a channelised flow regime crossing the inboard 

footwall. However, the duration of channelised flow extended for longer in this model (at least 74 hrs) 

compared the reference model (40 hrs). Stratal geometries in model 1_2 are also a little different from 

the Set 1 reference model. Channelised flow in the reference model produced gradually tapering 

convergent strata on the hanging wall whereas in the model 1_2 thicker packages in the deeper part 

of the depocentre record intermittent periods when more accommodation was available in the half 
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graben alternating with periods of overfilling and bypass during the extended period of channelised 

flow (Fig. 3.20E). Greater availability of accommodation may have inhibited backfilling of the up-dip 

channels delaying the switch to more sheet-like flow The main difference in how model 1_2 behaved 

relative to the Set 1 reference model is the nature of the feeding channels. Although a central incised 

channel feeding to the fault tip was present at the start of model 1_2, this was short-lived and was 

backfilled. A new channel was then initiated by propagation of a knickpoint from close to the inboard 

fault tip back to the source input, but this avoided and was offset from the position of the central 

channel. Tank experiments have shown that back filling of a channel can form a subtle topographic 

high (Sheets et al., 2007) which may explain why the new channel was offset slightly to the river-left 

side (Fig. 3.20C) of the initial channel (Fig. 3.20A). 

3.4 Set 2 Sedsim models 

3.4.1 Model rationale and setup 

Model set 2 modified the initial Stage 0 buildout to correct for excess sediment delivered beyond 

the shelf edge in the reference model, and the set up was changed to better reflect natural systems 

in preparation for upscaling. The very shallow shelf water depth (5 mm) in the Set 1 forward 

stratigraphic models meant that sediment initially extended more rapidly to the shelf edge during 

Stage 0 than was seen in the XES05 experiment. The transit time for the shoreline to cross the shelf 

was just 70 hrs and significant sediment delivery over the slope break then occurred after this time 

when subaerial flow up-dip became more strongly channelised. Export of sediment over the slope 

break did not occur during Stage 0 in the XES05 experiment (Fig. 3.2B). This prompted a second set of 

experiments employing a different starting configuration in order to retain more sediment in the 

proximal part of the model. A later physical experiment (XES08; Straub et al., 2013) performed in the 

same basin commenced with a buildout stage that aimed to reproduce the Stage 0 of XES05 but with 

different input parameters. The sediment and water discharge were greater but the ratio of the two 

was the same as inXES05 and hence the equilibrium slope was similar (e.g. Parker et al., 1998;Whipple 

et al., 1998; Kim & Muto, 2007). To control the rate of Stage 0 build out, the water depth on the shelf 

was increased, reducing the progradation rate. A similar strategy was adopted in the Set 2 Sedsim 

models – the water depth on the shelf was increased to 50 mm and this forced the shoreline to extend 

more slowly over higher clinoforms to the shelf break avoiding excessive bypass to deeper water in 

the later stages of Stage 0. In addition, the base level was allowed to rise, relative to the tectonic 

movement, at a slow (0.5mm/hr) and constant rate during Stage 1 when the tectonics were active so 

as to subdue loss of sediment to deeper water during this stage. 
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A major limitation in an experimental basin is the presence of bounding walls which were included 

in the Set 1 models. Steering of flows along the lateral walls was a feature of the physical model and 

also occurred in the Set 1 models. As one of the ultimate aims of the Set 2 models was to allow 

upscaling to natural rift system dimensions, the lateral walls were removed. In the absence of lateral 

walls, sediment and water can leave the model freely, but the volume of sediment leaving the system 

is accounted for in an output file. The sediment source was moved into the proximal part of the model 

so as to suppress flow exiting the model having been conducted along the diagonal proximal walls.  

The expression of normal faults included in the XES05 experiment was also simplified, particularly 

in relation to the geometry of the footwall uplifts and the expression of the outboard fault (Fig. 3.7). 

The surface displacement field associated with a normal fault decays normal to the fault in a 

predictable way dependant on the displacement on the fault (Chapter 1; Gibson et al., 1989). More 

realistic natural surface displacements were therefore included around the faults in the Set 2 models 

to test what impact these might have on drainage interaction with the developing structure. The 

geometry of the footwall uplift is potentially important in determining the ability of flows to enter the 

hanging wall basin transversely as opposed to being steered around the inboard fault tip to enter the 

depocentre down the relay ramp. The geometry of the outboard footwall (represented in XES05 as a 

broad anticline) is also important in determining the extent to which flow is steered into the inboard 

hanging wall depocentre or whether it can bypass to the shoreline at the shelf break.  

As with the Set 1 models, a Set 2 reference model was first established. This had the same 

dimensions, stage durations and input parameters as the Set 1 reference model with the exception 

of: 

• Water depth during Stage 0 was increased to 0.05 m and steady base level rise was employed 

in Stage 1, both aimed to retain sediment on the shelf.  

• The lateral walls were not included to remove steering of flow along the boundary walls.  

• The sediment sources were moved within the boundary of the model to reduce steering by 

the diagonal proximal walls that were still retained in the upper part of the model. 

• The surface displacements were amended to better reflect the geometry of interacting 

normal faults and their associated field of deformation. 

The inboard fault was altered to reflect decay of deformation away from the fault based on the 

displacement at the fault and this altered the morphology of both the footwall and hanging wall (Fig. 

3.21). As in the physical model, only footwall uplift was included for the outboard fault, but now with 

a more realistic decay of uplift away from the fault location. A regional hinge-type subsidence was 

included, as in the Set 1 models. The fault surface displacement gradients were not altered as these 
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were already close to that demonstrated for natural examples (Gibson et al., 1989; Nicol et al., 1996; 

Fossen; 2020). The lack of fault tip propagation was retained as faults that grow mainly by 

displacement accrual with little fault lengthening are common in natural settings (Walsh et al., 2002) 

but the impact of contrasting fault growth mechanisms is a topic addressed in Chapter 4. 

 

Figure 3.21. Fault-related surface displacement rates input to the Set 2 models that aimed to better 

represent natural faults and their surrounding fields of deformation. 

3.4.2 Results 

3.4.2.1 Stage 0 in the Set 2 reference model 

The rate of progradation of the shoreline and advance of the sediment wedge during Stage 0 was 

reduced compared to the Set 1 reference model, with the toe of the delta front clinoforms reaching 

the slope break by 185 hours (Fig. 3.22).The deeper water on the shelf effectively reduced the shelf 

transit time and now minimal sediment was delivered over the slope break at 4.2 m. The absence of 

lateral walls meant the subaerial cone had a stronger over all radial planform shape. The alternation 
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between sheet-like and channelised flow was present at a frequency of approximately 20 hours. 

Channel incision mainly took place axially on the developing sediment cone and as a result 

compensational stacking was less obvious and the cone developed a more prominent convex-up strike 

profile (Fig. 3.22). The intervening sheet-like flow occurred after backfill of the channels and deposited 

across the model width. The progradation of the fan was seen uniformly across the curved front during 

sheet like flow but during channelised flow reworking of sediment from the cone generated secondary 

lobes that locally advanced the shoreline with and a decrease in shoreline progradation rate elsewhere 

on the fan front. 

The stratigraphic architecture produced during Stage 0 resembles that produced in the XES08 

experiment (Straub et al. 2013). Obvious shelf clinoforms were generated, although these were not 

as high as in XES08 as deeper shelf water was employed to control the higher water discharge and 

sediment flux used in the XES08 experiment. The clinoforms were overlain by shallower dipping 

subaerial fluvial topset deposits (Fig. 3.22B) resembling those in XES08 (Fig. 3.22C), accommodation 

for which was controlled by the equilibrium slope. 
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Figure 3.22. Stage 0 of the Set 2 reference model. A) View at 185 hours from Sedview output. Note 

the curved shoreline reflecting the dominantly central channel location on the sediment cone and 

lack of lateral walls and convex up strike profile; B) Cross sections, highly vertically exaggerated, 

through Stage 0 deposits; and C) Cross section from XES08 experiment (Straub et al. 2013) with 

obvious clinoforms at the base created during the Stage 0 build-out. 

3.4.2.2 Stage 1 in the reference model 

Stage 1 started from an un-incised alluvial cone. Once tectonic displacement of the surface 

commenced, flow continued in an anastomosing pattern depositing sediment across the up-dip 

portion of the cone. However, a step at the inboard fault location developed and triggered a blind 

channel at 5 hrs and this was seen to cut back through the developing footwall uplift (Fig. 3.23A). The 
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hanging wall depocentre was initially underfilled and was flooded as it subsided below base level, with 

only minor amounts of sediment delivered both axially around the fault tip, and locally via the incision 

in the footwall uplift that fed sediment to the subsidence maximum (Fig. 3.23A). Two separate early 

areas of deposition thus developed in the hanging wall depocentre: (1) a fan deposited in the 

immediate hanging wall from the transverse supply which passed to delta lobes on the hanging wall 

slope (Fig. 3.23A), and (2) coarse delta lobes deposited further into the hanging wall away from the 

fault fed by axial supply (Figs. 3.23A; 25A Section Z-Z’). Stratigraphy in the underfilled hanging wall 

depocenter showed onlap onto the hanging wall slope and downlap of the transverse fan onto the 

depocentre floor (Fig. 3.25A).  
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Figure 3.23. Series of isopach maps for the Set 2 reference model showing thickness of sediment 

removed or added in a three hour period. Erosion is identified in red, and deposition, in green. 
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At 15 hours, the hanging wall depocentre remained underfilled and drew sediment to it via both 

the inboard fault tip but increasingly flow was seen across the footwall uplift in a number of points 

along its length, reoccupying previous flow locations as well as incising new channels (Figs. 3.23B; C). 

At 20 hours, focussed channelisation was seen on the up-dip part of the model, reducing channel 

mobility and the storage of sediment in this part of the system by altering the dominant flow pattern 

(Figs. 3.24 B-E; 25 C-E). Extensive erosion of the footwall uplift was seen during this time, including the 

incision of prominent valleys through the footwall uplift near the fault tip and close to the model 

boundary on the river-left side of the model (Figs. 3.23 B-D). By 50 hours, large volumes of sediment 

delivered via these input points had filled all available hanging wall accommodation (Figs. 3.24 C-E). 

Initial progradation from the transverse input points progressed to filling of all accommodation in the 

depocentre between 15 and 50 hours. Thicker lobe packages were present at the base of the ramp 

slope originating from flow crossing the fault tip and entering the depocentre axially along the fault 

(Figs. 3.26 B-F). This basin fill resulted in a progression from onlapping stratal geometries to broadly 

convergent packages when the basin was filled (Figs. 3.25 C-F) and the remainder of sediment 

bypassed downslope. The depocentre remained filled up to base level until 54 hours into tectonic 

activity.  
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Figure 3.24. Surface topographic maps for the Sedsim Set 2 reference model at 10 hour intervals 

throughout Stage 1 (time indicated is since the start of Stage 1). 

After 54 hours, increased deposition of sediment was seen in the feeder channels that traversed 

the footwall uplift (Fig. 3.27G), causing backfilling. The drainage pattern was seen to transition from 

an across-fault dominant regime to a more varied pattern, before dominantly flowing around the 

inboard fault depositing sediment onto the outboard fault footwall and on the relay ramp with also 

minor axial delivery of sediment into the inboard hanging wall depocentre (Fig. 3.23E; F). The near 

complete backfill of the deeply incised channel on the up-dip part of the model meant the subsequent 

flow was more mobile and sheet-like flow was mostly seen there (Figs. 3.23F; 27G; H). Intermittent 

channelised flow persisted across the footwall uplift at the fault tip (Fig. 3.23E). Continued subsidence 

with reduced sediment delivery to the hanging wall depocentre caused it to become submerged. 

Buildout and retreat of sediment, sourced axially, was seen in the depocentre, but the subsidence 
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maximum remained starved of sediment (Figs. 3.23F; 24 F-I; 25 G-I, 26). Stratigraphy onlapped the 

hanging wall slope and down lapped axially onto the depocentre floor (Figs. 3.25 G-I).  

The drainage pattern was then drawn back to the subsidence maximum, gradually from c.74 hrs, 

initially with greater volumes of sediment delivered axially with a minor supply from reoccupation and 

re-incision of the channels that cross the footwall uplift (Figs. 3.25I; J). However, the depocentre 

remained underfilled with sediment supply insufficient to completely fill available space with evidence 

for bypass of the depocentre and only minor lateral input of sediment, indicated by the presence of 

erosional channels in the basin fill at this time (Fig. 3.24H). Sediment delivery to the depocentre 

increased between 74 and 100 hours and the drainage was seen to step into the depocentre, 

prograding in a dominantly axial direction (Figs. 3.24J; 25). Delivery of sediment across the footwall 

uplift was not achieved by the end of the simulation and the depocentre remained underfilled, similar 

to the Set 1 reference model.  
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Figure 3.25. Cross sections through the Set 2 reference model in the proximal hanging wall parallel to 

(Y-Y’) and perpendicular to the inboard fault (X-X’) at 10 hour intervals throughout Stage 1. 

Stratigraphy is coloured by quartz sediment fraction and each sedimentary package bound by black 

lines represents 1 hour. 

 

Figure 3.26. Axial and transverse cross sections through the hanging wall depocentre in the Set 2 

reference model with subaerial and subaqueous facies distinguished 
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Figure 3.27.Evolving surface topography in the Set 2 reference model up-dip of the inboard fault 

every 10 hours from the start of Stage 1 showing times when the surface was incised alternating with 

times when incisions were backfilled. 

3.4.3 Comparison of reference Set 2 model and XES05 

The modified configuration of the Set 2 reference model succeeded in matching the Stage 0 

progradation of the physical experiment and eliminated the issue with excess sediment delivered 

across the shelf break. An alternation in the up-dip flow regime that drove temporary storage and 

release of sediment was again present and underpinned longer term autogenic cyclicity as in both 

XES05 and the Set 1 models. Times when deeply incised channels were present coincided with times 

of enhanced deposition and overfilling occurred in the hanging wall depocentre (Fig. 3.28). When the 

up-dip cone was smoother and flow shallower, this led to aggradation of the cone surface and reduced 

sediment supply to the half graben. Like the Set 1 models, incisions were deeper than in the physical 

model. Flooding of the hanging wall depocentre occurred as the sediment supply fell resulting in a 

prominent autogenic lake. Flooding of the hanging wall depocentre was enhanced in the Set 2 
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reference model (compare Figure 3.12 and 3.24) on account of the greater accommodation present 

up-dip of the outboard fault due to the more realistic footwall geometry, the more radial shoreline in 

the absence of the lateral walls, and the slow rise in base level. Uplift of the outboard footwall was 

balanced by sediment deposition up-dip of it and it never developed positive topographic relief (Fig. 

3.24). Consequently, drainage was less effectively deflected towards the inboard hanging wall 

depocentre when drainage occupied the river-right side of the model. As before, channels crossing 

the inboard footwall uplift were unable to plane off the growing topography, reducing the amount of 

recycling seen. 

 

Figure 3.28. Cross sections at the end of Stage 1 through (A) the up-dip part of the Set 2 reference 

model and (B) through the relay ramp and proximal hanging wall depocentre. Pairs of blue and pink 

lines bracket times during which incised channels were active up-dip. More sheet-like flow up-dip 

corresponds to reduced sediment supply and retrogradation of the shoreline.  
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Sediment accumulation and flow paths again showed a similar trend to the physical model with 

similar transitions between channelised and sheet-like flow that translated into the erosion or 

deposition of sediment in the up dip part of the model, respectively (Fig. 3.29). The pattern of flow 

also corresponded to different stratigraphic geometries in the hanging wall basin (Fig. 3.30) 

resembling those in both the XES05 experiment and the reference Set 1 model. Initial downlap of 

stratigraphy axially into the depocentre when underfilled was followed by progradation and onlap 

onto the hanging wall and then the development of convergent stratigraphy as the basin filled during 

channelised up-dip flow.  This was then followed by back stepping and down lapping stratigraphy as 

up-dip flow became more sheet like (Fig. 3.30). 
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Figure 3.29. Comparison of Set 2 reference model and XES05 Stage 1 evolution. (A) Sedimentation rate in the physical model over a 10 hour period as 
indicated by grey scale with greatest aggradation represented by brighter tone, and degradation darker grey; and (B) sediment thickness maps, representing 
3 hours of model run time in the Sedsim model with deposition in green and erosion in red. 
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Figure 3.30. Comparison of lithology and stratal geometries generated in (A) XES05 and (B) the Set 2 

reference model.  

3.4.4 Additional Set 2 models 

The Set 2 reference model was used as a starting point to explore the sensitivity to changing some 

of the input conditions. Periodic incision of the up-dip alluvial surface is more prominent in the Sedsim 

model than in the XES05 experiment and the issue was whether this reflects the compromises that 

have to be made in setting up the input flow depth and source geometry in Sedsim (see section 
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3.3.1.2). Deeper incision of the channels affects their mobility and hence how sediment is distributed 

across the model. Models were run changing the source flow depth (2_1a and 2_1b) and water 

discharge (2_2a and 2_2B) but otherwise retaining all the other Set 2 reference model inputs and the 

results are briefly described below. 

3.4.4.1 Models 2_1a & 2_1b 

The reference model used a source flow depth of 0.01 m as this was the average flow depth in the 

XES05 experiment (Kim et al., 2010). In model 2_1a the source flow depth was changed to 0.007 m 

(Fig. 3.31A) whereas a higher flow depth of 0.013 m (Fig. 3.31B) was specified in model 2_1b. 

Modifying the flow depth impacted the velocity of the source without affecting the width or water 

discharge. Model 2_1a, with a lower flow depth, resulted in a marked increase in the mobility of the 

channels with much less incision compared to the reference model (Fig. 3.31Ai). During Stage 0, 

shallow channels combed over a wide area of the model surface leaving a compensationally-stacked 

stratigraphy without obvious autogenic cycles. After the introduction of subsidence, channels became 

focussed in the central part of the model with deeper incision, but incision depths were reduced in 

comparison to the reference model (Fig. 3.31Ai). Sediment was mainly delivered to the inboard 

hanging wall depocentre axially with flow mainly around the fault tip (Fig. 3.31Aii). Although the 

decrease in the flow depth resulted in erosional removal of a greater proportion of the footwall uplift 

between the fault tip and the uplift maximum (Fig. 3.32A), the footwall still remained emergent, unlike 

the XES05 experiment. No autogenic signal in terms of sediment supply was evident in the deposits of 

the hanging wall depocentre, at least over the duration of Stage 1 which was 100 hours. This suggests 

the lower flow depth may suppress the transient bypass and storage of sediment in the up-dip part of 

the model facilitated by channel incision and back fill. 

With the higher initial flow depth (0.013 m) employed in model 2_1b, deep incision of channels 

occurred on the alluvial cone during both stages 0 and 1 (Fig. 3.31Bi). Although incised channels were 

widely distributed across the growing alluvial cone during Stage 0, they were restricted to the central 

part of the model during Stage 1, and this impacted the ability of the developing relay slope to steer 

flow into the hanging wall depocentre. The latter thus remained underfilled with significant loss of 

sediment from the system as well as bypass to the down-dip shoreline (Fig. 3.31Bii). However, 

autogenic cycles were present in the inboard hanging wall depocentre, but these were expressed on 

a shorter timescale than in the reference model, with three cycles identified during Stage 1. These 

cycles are represented by periods c.20-25 hours long when channels were incised and then backfilled, 

with sediment entering the underfilled hanging wall depocentre axially (Fig. 3.31Bii). Intervening 

periods of shallow sheet-like flow were very short lived, of 3-5 hours duration, during which time there 
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was very little sediment delivered to the depocentre. The shorter phases of sheet-like flow meant that 

aggradation proximal to the sediment source was reduced in this model (Fig. 3.32B). 

3.4.4.2 Models 2_2a & 2_2b 

The input water discharge was varied in these models to see what impact this might have on the 

up-dip flow regime, degree of channel incision and the channel mobility. As the sediment 

concentration remained the same the ratio of sediment discharge (Qs) to water discharge (Qw) 

remained constant but at different levels of Qw and Qs. Model 2_2a reduced the discharge by 10% 

below the reference model (Fig. 3.31C), and model 2_2b increased it by 10% (Fig. 3.31D). All other 

parameters were as specified for the Set 2 reference model, including the initial flow depth and width.  

The decreased discharge in model 2_2a (Fig. 3.31Ci) reduced the amount of up-dip channel incision 

and promoted proximal sediment deposition from shallow more sheet-like flow. The resulting 

abstraction of sediment in the proximal part of the model meant that at the end of Stage 0 the 

shoreline had not prograded to the slope break. The final channel seen in Stage 0 (Fig. 3.31Ci) was 

backfilled and stood proud of the surface so was not buried by sheet-like flow. The increased 

propensity for sheet-like flow continued into Stage 1, whereby up-dip channelisation was short lived, 

and back fill of the channels occurred rapidly. Initially sediment was delivered across the footwall, but 

all subsequent channelised flow occurred around the fault tip and delivered sediment axially to the 

hanging wall depocentre, which remained underfilled throughout. The residual topography from 

channel backfill in Stage 0 impacted the location of channel expression in the proximal part of the 

model in Stage 1, which was dominantly to the river right side of the basin. The stratigraphy in the 

depocentre recorded times of channelisation as periods of progradation and clinoform development 

followed by aggradation and backstepping of stratigraphy when sheet-like flow dominated (Fig. 

3.32Cii). The cyclicity in this model occurred on a shorter timescale as the backfill of channels occurred 

more efficiently. The autogenic lake was present throughout Stage 1 (Fig. 3.32B) on account of short-

lived channelised flow and enhanced by the residual topography from Stage 0 causing channelisation 

on the up-dip part of the model to be dominantly to the river right side of the basin.  

An increase in discharge in model 2_2b (Fig. 3.32d) resulted in more rapid progradation of the 

shoreline to the slope break during Stage 0, with a transit time of 156 hours. However, minimal 

sediment was delivered over the shelf break, as shallow sheet-like flow occurred for the remainder of 

Stage 0 (156 to 185 hours). Channelised flow was present throughout Stage 1. There were two 

channels incised and backfilled in the stratigraphy up dip of the faults, and a third incised prior to en 

of the model run (Fig. 3.32Di). There was no period of sheet-like flow between the incision of the 

channels which avulsed to new positions to the river right of their previous location. Around the time 
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of the avulsions, minor accommodation was created in the depocentre before the newly established 

channel drove rapid progradation axially into the depocentre. Sediment was therefore nearly 

constantly fed to the hanging wall depocentre and there was no expression of an autogenic lake or 

flow across the footwall uplift. Removal of the footwall uplift between the fault tip and the uplift 

maximum (Fig. 3.32D) occurred by the flow of the central channel, and this erosion provided 

significant volumes of recycled sediment to the depocentre. 

 

Figure 3.31. Cross sections through the up-dip portion of the model and the immediate hanging wall 

depocentre for models in which the input parameters were varied relative to model 2: (A) Model 

2_1a, lower input flow depth (0.007 m); (B) model 2_1b, increased flow depth (0.013 m); (C) model 

2_2a decreased water discharge by 10%; and (D) model 2_2b increased water discharge by 10%. 
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Figure 3.32. Topographic surface at the end of Stage 1 for the different combinations of initial flow 

depth and water discharge explored in the additional Set 2 model runs. Increased channel mobility in 

the low flow depth model (A) and reduced storage on the up-dip area (D) result in greater volumes of 

sediment delivery to down dip parts of the model. 

3.4.4.3 Implications of Set 2 models 

The Set 2 models are important in that they demonstrate that autogenic cyclicity is present in a 

system without the lateral walls of the XES05 physical experiment or the Set 1 Sedsim models. They 

also show that duration of the switching between channelled and more sheet-like flow depends on 

the input flow parameters, and that there are conditions where the up dip parts of the model are 

dominated by one or other flow regime, and the autogenic cyclicity is suppressed or expressed in 

much more subtle way. 
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The timescale of the Stage 0 autogenic cyclicity in the Set 2 reference model (c. 20 hrs) was closer 

to that of XES05 (16 hrs) than was seen in the Set 1 reference model (40 – 50 hrs). This suggests that 

the rapid progradation to the shelf break in Set 1 models had an impact on the up-dip flow 

organisation. The increase in water depth in Set 2 models effectively supressed this down dip control 

on the system flow dynamics during buildout. 

The initial flow depth had a major impact on the ability of the model to express autogenic cyclicity. 

A reduced flow depth relative to the Set 2 reference model supressed the transition between 

channelised and sheet-like flow states up dip during Stage 1. This in turn meant the autogenic cyclicity 

was not developed. Although channel mobility increased compared to the reference case, incision of 

the footwall uplift was only marginally increased, and flow avoided the river left side of the basin 

although a topographic low existed there (Fig. 3. 29A). 

At a higher initial flow depths, deep channels developed and there was more extensive reworking 

of sediment from the proximal cone. However, this did not all end up in the hanging wall depocentre 

as was seen in the reference case. As the Set 2 model did not have lateral walls, some of this sediment 

left the model and the drainage was also able to overcome steering by the developing relay slope and 

deliver sediment more effectively down dip to the shoreface. Channel mobility increased in that the 

incised channels were more broadly located across the model but avoided the footwall uplift during 

Stage 1 (Fig. 3. 29B).  

Changes in water discharge also modified the timescale of flow cyclicity and the delivery of 

sediment to the hanging wall depocentre. At a lower water discharge than the Set 2 reference model, 

the autogenic signals expressed in the depocentre were on a shorter timescale than seen in the 

reference model. The channels were not incised as deeply as in other models, likely due to the 

decreased sediment transport capacity of the system at lower water discharge (Bryant et al., 1995; 

Whipple et al., 1998). As in other experimental basin investigations (Powell et al., 2012), shallower 

channels resulted in less sediment delivery away from the proximal part of the cone. The underfilled 

nature of the depocentre throughout attests to the reduced sediment delivery from the sediment 

cone (Fig. 3. 29C) 

At higher water discharge relative to the Set 2 reference model during Stage 0 autogenic cyclicity 

exists on a longer timescale than seen in the reference case, increasing to 40 hour total cycles. With 

the onset of Stage 1 the flow remained highly channelised. The channels were deep and straight 

effectively removing sediment from the up-dip sediment cone and an efficient delivery of sediment to 

the depocentre emerged. Aggradation and sheet-like flow was supressed in the proximal part of the 

model. The increased transport capacity of the flow incised deeper channels. The clear delineation 
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that the transition between sheet-like and channelised flow produces was not present in the high 

discharge model, which resulted in stratigraphy that appeared to be channelised throughout, with 

avulsion periods only recorded as minor accommodation creation events that are not easily 

discernible in the stratigraphy. The timescale of autogenic signalling therefore may appear longer than 

the reference model, and made up from entirely channelised flow. When in reality there are three 

channelisation events separated by minor avulsion to the river right. Two complete cycles were seen 

lasting approx. 60 hours and a third had been incised with no backfill by the end of Stage 1. 

Interestingly the additional Set 2 models employed a constant ratio of Qs to Qw and yet they 

behaved quite differently. This indicates the impact of Qs and Qw variations are uncoupled, an 

observation in agreement with previous flume tank experiments in the absence of tectonic 

deformation (Powell et al., 2012). Experiments changing the ratio Qs:Qw were not carried out as part 

of this project but is an interesting area worthy of further research. 

3.5 Set 3 forward stratigraphic models 

The forward stratigraphic models discussed thus far have all dealt with replicating deposition in 

small (metre) scale basins. When fed with inputs used in the physical model, Sedsim is able to 

reproduce many aspects of these tank experiments, including the autogenic cyclicity that can arise 

when sediment is dispersed across a fault relay zone in which all the inputs remain constant. The issue 

that is addressed next is what happens when the system is scaled up to natural rift basin dimensions 

and this was tackled in the Set 3 experiments discussed below. The aim was to take the Set 2 reference 

model that has already been configured with upscaling in mind (e.g. removal of the side walls and 

incorporating more realistic surface displacements around the faults) and to change the basin 

geometry and flow input parameters to reflect natural systems. The way in which this was achieved is 

discussed first, before describing the results of the modelling. The prototype scenario reflects the 

configuration of the original XES05 experiment and is appropriate for early rift initiation where initial 

sagging of the surface and establishment of regional drainage precedes the onset of faulting.  

3.5.1 Model setup 

The up-scaled model has been setup slightly differently in that the level of discharge cannot be 

directly upscaled like other parameters such as basin geometry. The grain sizes and densities have also 

been altered to reflect those of natural systems. Otherwise the parameters can be modified using a 

scaling factor. 

Geometric similarity of the original and up-scaled model was achieved by scaling the dimensions 

by a factor of 4000. The simulated area for the up-scaled version of the model was then 24,000 m long 
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and 12,000 m wide. As well as the size of the basin, the up-scaling factor was also used to determine 

the location of faults, the topography of the initial sediment deposit, the rates of subsidence and uplift, 

the initial water level for Stage 0, and the minor rise water level rise in Stage 1 that was incorporated 

in the Set 2 experiments. 

The maximum subsidence realised in the physical model is 3.2 mm/hr, resulting in 0.32 m of 

displacement during the 100 hour duration of Stage 1. Using the scaling factor, this will correspond to 

a maximum subsidence of 1280 m. Using a representative displacement rate on large graben-

bounding normal faults in natural systems of 0.5 mm/yr (Nicol et al., 1997), the timing of tectonic 

activity becomes 2.56 Myr. Both footwall uplift and hanging wall subsidence were incorporated into 

the up-scaled model along with the regional hinging reflecting fault evolution superimposed on an 

already sagging regional surface. A prominent component of the physical model was the creation of 

accommodation up dip of the fault array and relatively low movement of sediment away from the 

source location. This was achieved in the upscaled model through a balance of regional subsidence 

and base level fall and imposing a maximum fluvial gradient of 0.01. In reality natural fluvial slopes are 

closer to 0.0001 (Leeder et al., 1996; default value in Sedsim) but other values are possible particularly 

when perturbation by tectonic activity is evident (Rohais et al, 2012; Guerit et al., 2019). 

Another important aspect of the small-scale models was the relatively high sediment concentration 

at 22.45 kg/m3 and the use of grains with different densities (2650 and 1300 kg/m3; Section 4 above). 

The upscaled grain sizes were of a single density (2650kg/m3) and the percentage mix of grain size 

categories used for the initial deposit as well as the sediment input to the model during the tectonic 

evolution were evenly distributed between coarse sand (0.5 mm), medium sand (0.25 mm), silt (0.062 

mm) and clay (0.005 mm) fractions. In order to maintain the Qw:Qs ratio of the earlier models, the 

sediment concentration for the upscaled model was set at 26.5 kg/m3. The flow sampling interval and 

display interval were both set at 40,000 yrs. 

Water discharge in the Set 3 reference model was set to 0.05 m3/s. Water discharge at this level is 

seen in natural systems at the lower end of the range in the Global River database based on long-term 

average discharge from a wide network of gauging stations (Milliman and Farnsworth, 2011).  

Stage 0 was run using the parameters set out in Table 3.3 The progradation of the sediment in the 

XES05 experiment extended three-quarters of the length of the basin. This took 1.4 Myr in the 

upscaled model with the parameter combination used (Fig. 3.33). The tectonic period, Stage 1, 

followed this and ran for a further 2.56 Myr, the time necessary for the upscaled subsidence to be 

realised with an average fault displacement rate. The total model run time was thus 3.96 Myr. The 

ratio of time in Stage 0 (185 hours) and Stage 1 (100 hrs) in the small-scale model is quite different to 



 131 

that of the up-scaled version. The deformation that occurs in the up-scaled version was governed by 

natural deformation rates and an average rate was used to determine the length of time it would take 

to achieve the maximum fault displacement. The length of Stage 0 was determined as the time for the 

shoreline to prograde to the prescribed distance (4.2 m) in the small-scale model. Times cited below 

relate to the time since the experiment started (beginning of Phase 0). 

Table 3.3. Input parameters for the upscaled numerical models. 

Discharge (Qw) 0.05 
 

m3/ s 

Sediment Concentration 26.5 
 

 

Kg/m3 

  
Grain 

Size  

Coarse 25 0.5 mm 

Medium 25 0.25 mm 

Fine 25 0.062 mm 

Very Fine 25 0.005 mm 

Max subsidence rate 0.5  mm/yr 

Max uplift rate 0.1  mm/yr 

Hinge subsidence 0 to 1.5!!"  mm/yr 

 

3.5.2. Set 3 reference model results 

Flow in the upscaled model during the buildout phase (Stage 0) displayed greater channel mobility 

than the Set 2 reference model with reduced channel incision (Fig. 3.33B section X). Aggradation of 

the proximal cone as well as progradation of the sediment fan were continuous during Stage 0 (Fig. 

3.33B section Y) on account of a prevalence of sheet-like flow. 
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Figure 3.33. Set 3 reference model at rift basin scale shown at the end of Stage 0 buildout at 1.4 Myr. 

Aggradation by compensational stacking of sediment proximal to the source is seen, with less incision 

and greater channel mobility compared to the Set 2 reference model and more closely resembling 

XES05. 

In the earliest part of Stage 1, accommodation space was created in the hanging wall depocentre 

which gradually drew drainage to an axial flow pattern along the fault, as well as across the fault (1.4-

2.28 Myr; Fig. 3.34B; C) with rivers incising across the footwall uplift but failing to remove all emergent 

parts of the scarp. The hanging wall depocentre was rapidly filled with onlap seen onto the hanging 

wall slope and bypass of excess sediment downstream (Fig. 3.34B; C). Channelised flow up dip of the 

inboard fault was seen during this period (Fig. 3.35B). These channels were then backfilled (Fig. 3.35C) 

and the drainage was seen to migrate away from the fault and occupied a dominantly river right 

location (2.28 – 3.32 Myr) which triggered reduced volumes of sediment supplied axially into the 

hanging wall depocentre around the fault tip. Supply to the hanging wall depocentre was not enough 
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to compete with accommodation creation and the subsidence maximum was gradually drowned, 

forming an ‘autogenic’ lake similar to that in the physical model and the Set 2 reference case (Fig. 

3.35D). This drowning was amplified by the slow rise in water level, which occurred due to an 

imbalance in the sediment supply, the hinge-type subsidence and the input water level rise.  

The underfed and submerged area increased in size as this flow pattern persisted until 3.32 Myr 

(Figs. 3.35D; E; F). From this point flow up dip of the faults became channelised again (Fig. 3.36) and 

was slowly drawn back to the subsidence maximum axially and across the fault proximal to the fault 

tip, with deposition in the subsidence maximum increasing with time (Figs. 3.35F; G). Where sediment 

entered the hanging wall depocentre transversely, the footwall uplift was further eroded (Figs. 3.34E; 

F) and the depocentre was gradually filled again.  

Stratal geometries generated throughout the Set 3 reference model initially showed the filling of 

early accommodation space in the depocentre concurrent with the onset of channelised flow up dip 

of the faults with onlap onto the hanging wall slope. During the subsequent period of sheet-like flow 

in the up-dip part of the model the stratigraphy remained uniform in the depocentre with a gradual 

fining of sediment reaching the subsidence maximum concurrent with a reduction in sediment supply 

and gradual drowning of this part of the depocentre and backstepping of the shoreline (Fig. 3.37). A 

return to channelised flow then resulted in filling of accommodation space proximal to the fault tip 

where the input points existed and sediment then stepped towards the subsidence maximum (Fig. 

3.37). In the subsidence maximum, thicker submarine fan units were deposited in an area of deeper 

water and greater accommodation, and these were also intermittently fed by flow trenching across 

the highest part of the footwall uplift (Figs. 3.34G; 38). Lobe switching was seen that onlapped onto 

the hanging wall slope and interfingering with the fault tip proximal deposits (Fig. 3.37). 
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Figure 3.34. Isopach maps depicting sediment deposition (green) and erosion (red) for the Set 3 

reference model. Each map represents 120,000 years (3 timesteps) preceding the time above each 

map. 
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Fig 3.35. Sequential topographic surfaces for the full-scale Set 3 reference model during Stage 1 

tectonism that commenced at 1.4 Myr. (A) Surface at onset of tectonics; (B-C) dominant flow over the 

fault; (D-E) drainage around the fault and deepening in the subsidence maximum; (F) transition back 

to across fault flow; and (G) across fault flow dominant.. 



 136 

 

Figure 3.36. Strike topographic profiles up-dip of the fault array for the full-scale Set 3 reference 

model during Stage 1 (1.4 – 3.96 Myr) showing transitions (highlighted by red dashed lines) between 

times when the alluvial cone was incised by channels and other times when the surface was 

smoother and characterised by shallower sheet-like flow. During the latter, sediment supply to the 

hanging wall depocentre fill. 
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Figure 3.37. Cross sections along and across the hanging wall depocentre for the full-scale Set 3 

reference model displaying stratigraphy and stratal geometries developed during Stage 1. Dashed 

red lines pick out transitions in up-dip flow style (see Fig. 3. 34. 

 

Figure 3.38. Cross sections along and across the hanging wall depocentre for the full-scale Set 3 

reference model displaying showing facies distribution output by Sedsim. Black lines indicate 

transitions between dominant drainage patterns as illustrated in Fig. 3. 34. 

3.5.3 Fidelity of upscaling 

The up-scaled model broadly reproduced the behaviour seen in the smaller models, producing 

similar transitions between channelised and more sheet like flow on the alluvial cone up-dip of the 

fault array despite the need to adjust some input parameters. In the upscaled model there was an 

early transition to channelised flow after the onset of tectonics (1.4 – 2.28 Myr) followed by a lengthy 
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period of sheet like flow (2.28 – 3.32 Myr) and then a return to channelised flow (3.32 Myr to the end 

of the model run; Fig. 3.37). One difference in the up-scaled model was the duration of the period of 

shallow sheet-like flow, which lasted a similar time to the initial channelised flow period, although 

sensitive to inputs like initial flow depth. In the small scale models, incised channels were present for 

longer than the sheet like flow periods. As before, changes in the pattern of flow can be linked to the 

stratigraphy and facies present in the hanging wall depocentre via changes in the accommodation-

supply balance linked to variable up-dip sediment storage and export. The slow rise in base level 

incorporated in the model had a more obvious impact at large scale, with a gradual flooding of the 

coastal systems that amplified the falling sediment supply and produced a steady retrogradation of 

the shoreline facies. The slow rise in base-level may also have contributed to the longer duration of 

the phase of sheet-like flow up-dip. 

3.5.4 Additional Set 3 forward stratigraphic models 

A limited sensitivity analysis was performed using the full-scale model parameters and set-up in 

order to assess the persistence of the longer term autogenic cyclicity identified under different input 

conditions. These additional models addressed the impact of the equilibrium slope (which was 

relatively high in the reference model) and the sensitivity to altering the sediment supply rate. 

3.5.4.1 Model 3_1 

Natural fluvial slopes, unperturbed by external forcing such as tectonics, have equilibrium slopes 

that are usually close to 0.0001 (Leeder et al., 1996). This is the default maximum slope in Sedsim. 

Higher values commonly occur when perturbed by tectonic activity (Rohais et al, 2012; Guerit et al., 

2019). Model 3_1 was run to test the impact on the autogenic cyclicity of repeating the reference 

model with a lower maximum fluvial slope of 0.0001 (Fig. 3.39). The lower maximum slope reduced 

the accommodation potential on the up-dip part of the cone and as a result efficacy of sediment 

transport away from the source was greatly enhanced in this model and the up-dip topographic 

surfaces show no evidence for periods of incision (Fig. 3.39A). The lower slope evidently supresses 

temporary storage and release of sediment from up-dip of the fault array. With reduced 

accommodation available up-dip of the inboard fault, flows were unable to aggrade up and overcome 

footwall uplift, and hence were entirely diverted around the inboard fault, depositing sediment as an 

axial delta in the hanging wall depocentre (Fig. 3.39B). This, and the absence of up-dip storage and 

release, mean that the longer term autogenic cyclicity is supressed (shorter term autogenic delta 

switching is present in the hanging wall basin) and the depocentre stratigraphy is strongly 

aggradational without the backstepping and re-advance seen in the other models.  
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Figure 3.39. Results from Set 3 model 3_1 which had a lower maximum equilibrium slope of 0.0001. 

(A) Cross section through the up-dip part of the model indicating no transitions from sheet-like to 

incised flow that could drive local storage and release of sediment; (B) cross section in the immediate 

hanging wall showing proportion of coarser sediment fraction, axial sediment supply down the ramp 

and no across fault sediment delivery during Stage 1. 

3.5.4.2 Model 3_2 

In this model, the sediment supply was increased in order to explore the implications for flow 

steering down the relay slope. The Kim et al. (2010) physical experiment was designed to favour a 

tectonic regime (see Section 3.1) whereby tilting would steer channels towards the depocentre. A 

higher discharge should increase the channel mobility and drive the system towards a sediment 

dominated regime similar to the XES99 experiment (Sheets et al., 2002) where channels redistributed 
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sediment faster than tectonic tilting could induce lateral slopes large enough to deflect the flow. The 

idea was to see if this behaviour could be replicated in the Sedsim model. 

In model 3_2 the water discharge was increased from 0.05 m3/s to 0.15 m3/s and, as a result, the 

volume of sediment entering the system was also significantly increased. Sediment supply and 

distribution blanketed the system with sediment throughout the simulation and overcame 

topographic expression of the faults for the majority of the model run. Aggradation dominated on the 

sediment cone throughout, expressed as weakly incising channels that extended across the width of 

the cone, closely resembling sheet-like flow in previous models. For brief times, the channelised flow 

showed concentrated sediment delivery to the shoreline together with a lower rate of aggradation. 

This allowed for a brief expression of uplift on the footwall and accommodation creation in the 

depocentre. The incisional channels through which sediment was carried to the shoreline can be 

identified in the stratigraphy in the central part of the model above the relay ramp (Fig. 3.40B). This 

was followed by rapid fill of short-lived accommodation space and a return to sheet-like flow. These 

periods of brief accommodation creation and fill lasted for approx. three to five timesteps (120 Kyr to 

200 Kyr) and created minor stratigraphic variation in the numerical model expressed as thicker 

sediment packages. At the conclusion of the model the channels present were bypassing the fault and 

aggradational growth was not sufficient to overcome topographic expression of the footwall uplift and 

hanging wall subsidence (Fig. 3.41).  

This model, with enhanced water and sediment input demonstrated a system in which channel 

dynamics dominated the style of sediment dispersal and deposition, and overcame the tectonic 

forcing. With the high sediment supply, any accommodation creation on the fault was rapidly filled, 

and long term steering by the tectonics was unimportant. The period in XES05 when tectonically 

created accommodation was filled was termed in quasi-equilibrium, but was short lived as it was a 

tectonically dominated system in which sediment delivery could not keep up with tectonic created 

accommodation. 
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Figure 3.40. Results from upscaled numerical model with a higher discharge. (A) Cross section 

through the up-dip section of the model displaying only depositional package boundaries indicating 

the dominance of channel like flow; (B) cross section in the immediate hanging wall displaying 

package boundaries and coarse fraction of sediment which shows filling of all space with minimal 

variation in stratal geometry. 
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Figure 3.41. Topographic surface at the conclusion of model 3_2. The topographic expression of the 

fault is evident accompanied short term, weakly incising channels acting as conduits for sediment 

down dip of the faults. 

3.6 Discussion 

The three sets of forward stratigraphic models discussed in this chapter demonstrate the potential 

of the modelling software Sedsim to capture many aspects of drainage-fault interaction in rift basins, 

both at reduced ‘tank’ scale and for natural prototypes. The models have thus successfully recreated 

longer- term autogenic cycles tied to changes in up-dip storage and release of sediment and have 

shown how these can be linked to the stratigraphic patterns in hanging wall depocentres. The 

modelling suggests that these cycles can indeed persist beyond the limited duration of the physical 

experiments, but they can also be suppressed in cases where the equilibrium slope is low and the 

potential for transient up-dip sediment storage is reduced. Some aspects of the small-scale physical 

models proved difficult to replicate, including complete erosion of the uplifted footwalls seen in the 

XES experiments that include faults. Drainage traversing across the footwall uplifts does so via discrete 

incisions in the Sedsim models, with little lateral expansion comparable to the physical experiments. 

Whilst this is a significant departure from the tank experiments, it is perhaps closer to natural rift 

basins where the rift flanks are generally elevated and may be incised by antecedent drainage. The 

Sedsim models also produced fault scarps that were not immediately reworked (visible scarps are rare 

in the XES experiments) and these formed knickpoints that migrated upslope, creating blind channels 

that then collected water and sediment from up-dip sheet-like flows when these were operating. 

Incision of the alluvial cones tended to be deeper in the Sedsim model that in the physical 

experiments, but sensitivity tests indicate that this was strongly controlled by the input flow 
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parameters (initial flow depth, water discharge and flow vector). If the flow vector was too low, flow 

tended to focus in a single deep channel centrally on the cone, rather than being distributing as 

separate shallower channels more widely across the cone. Correctly specifying the precise Sedsim 

inputs to match experimental or natural systems remains a challenge, particularly when compromises 

have to be made in terms of numerical stability by spreading the input across multiple cells. 

In the XES05 experiment, the landscape prior to the introduction of fault activity was deemed to 

be in a steady state governed by the boundary conditions. The steady state slope of the fluvial system 

in the physical model was 0.038 (Kim et al., 2010). Changes in the boundary conditions, i.e. the 

initiation of movement on the fault, perturbed this equilibrium which the system strived to return to 

during a transient state (Allen, 2017). When incision of the footwall uplift occurred and accumulation 

was seen in the hanging wall depocenter, a ‘quasi-equilibrium’ topography was achieved and initiated 

the autogenic channel avulsion mechanism which caused flow to then migrate away from the footwall 

(Kim et al., 2010). As such, the equilibrium slope that the system tends towards underpinned the cyclic 

self-regulation seen in the system. Specifying a maximum slope of 0.038 in Sedsim resulted in 

behaviour close to that seen in the physical model. The default value in Sedsim for subaerial slope is 

0.0001 and many natural rivers exhibit slopes of this order in their lower reaches (Leeder et al., 1996; 

Peakall, 1996; Abatan and Weislogel, 2020). Use of this slope in the upscaled physical model 3_1 

impacted negatively up-dip deposition and resulted in more efficient transport of sediment away from 

source compared to the physical model. This phenomenon has been observed in other attempts to 

replicate physical models using numerical methods (Gonzales de Linares et al., 2020). 

The establishment of an equilibrium slope under constant tectonic perturbation in a developing 

rift is perhaps improbable as a “dynamic” equilibrium maintained by the self-regulating interplay of 

the forces that act upon it is more likely (Allen, 2017). The self-regulation results from negative 

feedbacks between process components or process rates that compensate one another. In response 

to any change in energy inputs to the system, such as the tectonic forcing and relative subsidence 

experienced in the XES05 experiment and the Sedsim models discussed above, the negative feedbacks 

will cause the processes within the system to adjust to a new equilibrium (Ahnert, 1994). The 

landscape in a dynamic equilibrium state can be quite different from that predicted by topographic 

equilibrium as the system responds to a perturbation, such as fault growth and interaction of faults 

causing a change in base level resulting accelerated erosion (Boluda and Whittaker, 2016). The 

equilibrium slope used for the natural scale numerical model was set as 0.01 in Sedsim. This slope 

represented the dynamic equilibrium slope and is within ranges of natural fan slopes in dynamic 

equilibrium, for example those in the Gulf of Suez (Rohais et al, 2012; Guerit et al., 2019).Levels of 
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deposition up dip of the fault array and transport of sediment away the source were seen in the up-

scaled numerical model comparable to the small scale model. 

As well as the equilibrium slope of the fluvial system, the autogenic cyclicity seen in the physical 

and Sedsim models was influenced by accommodation creation in the up-dip part of the model, the 

gradual tilting of the system downstream during tectonism, the accommodation available in the 

depocentre, the water and sediment discharge, and the base level.  

The upslope accommodation was created in the physical model by the presence of the equilibrium 

slope, which the system aggraded to in Stage 0, and additionally the fault and hinged subsidence 

during Stage 1. The presence of accommodation in the upslope region is critical to the generation of 

the autogenic cycles driven by intermittent storage and release of sediment in this part of the model 

(Kim and Paola, 2007). The appearance of erosional channels in the up-dip portion of the numerical 

models and their subsequent backfill and switch to sheet-like flow is evidence for the periodic release 

and storage of sediment in the modelled system (Kim and Jerolmack, 2008; Powell et al., 2012; Figs. 

3.9; 3.19). The duration of these cycles was controlled by factors that promote autogenic migration of 

the channel, such as water discharge and regional tilt (hinge subsidence) and factors that promote 

lateral tilting such as tectonic activity (Kim et al., 2010). With the introduction of system perturbations 

(lateral tilting and presence of accommodation in the hanging wall depocentre), resulted in a large 

increase in cycle duration in the XES05 model (Kim et al., 2010). This was also seen in the Set 2 models 

whereby the total cycle times (inclusive of a period of channelised and sheet-like flow) increased from 

20 hours to 50 – 60 hours. The rapid transit time of the Set 1 reference model to reach the shelf break 

influenced the duration of cycle times which did not increase significantly between Stage 0 and Stage 

1. Additional models that reduced the creation of up-dip accommodation and/or enhanced the 

efficacy of sediment transport away the source suppressed the autogenic signalling (e.g. models 2_2b 

and 3_1).  

The creation of up-dip accommodation and the limited spreading of sediment promoted by the 

dynamic equilibrium slop, such as in a tectonically active setting, are also important to the 

development of compensational stacking. Compensational stacking describes the tendency of 

deposits to preferentially fill topographic lows, smoothing out topographic relief ‘‘compensating’’ for 

the localization of deposition by discrete depositional elements (Straub et al., 2009). This tendency is 

thought to result from either a continuous or a periodic reorganization of the sediment transport field 

to minimize potential energy associated with elevation gradients (Mutti and Normark, 1987; Stow and 

Johansson, 2000). This type of flow was prevalent in the numerical models during sheet-like flow that 

promoted aggradation to the maximum slope with enhanced storage of sediment on the up-dip part 

of the model. Sheet-like flow and therefore compensational stacking in the numerical models were 
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sensitive to flow height, water discharge and the equilibrium slope. Increased flow height (model 

2_1b), increased water discharge (model 2_2b) and a low equilibrium slope (model 3_1) inhibited the 

expression of compensational stacking with minimal aggradation seen up-slope of the faults. 

The variable duration and expression of autogenic cyclicity under constant forcing highlighted by 

the Sedsim models is a response to different drivers. Powell et al. (2012) investigated the progradation 

of a delta into a tank under steady state conditions under a variety of water and sediment discharge 

values and made observations on the autogenic timescales and rate of progradation and how it 

changed with different inputs. They drew attention to the sediment envelope, the space between the 

maximum and minimum topset slopes. The temporary storage of sediment caused aggradation to the 

level of the maximum topset and subsequent release events brought the topographic surface back 

down to the minimum level. The size of the fluvial envelope and the available sediment supply to fill 

this space determined the autogenic timescale (Powell et al., 2012). Differing responses to changing 

the sediment (Qs) and the water discharge (Qw) were identified. Qs primarily impacted the rate of filling 

of the fluvial envelope and secondarily influenced the size of the envelope created during autogenic 

release events, whereas Qw affected the overall organisation of the fluvial system. One of their 

experiments described as high water, low sediment (HwLs) had a water to sediment discharge ratio of 

0.015, which most closely resembles that used in the Sedsim models. This experiment produced an 

equilibrium slope similar to that described in XES05 and used in the small-scale numerical models. The 

delta progradation in their experiment displayed a rugose shoreline, with delta lobe development at 

the centre of the basin during channelised flow and a change to a smoother shoreline outline during 

sheet-like flow when more sediment was stored up dip (Powell et al., 2012; Fig. 3. 42A). As Stage 0 in 

the Sedsim models was run with no tectonic input and otherwise steady conditions, it is comparable 

to the HwLs experiment of Powell et al. (2012). This is particularly the case for the Set 2 models where 

there was no bypass of sediment beyond the slope break. During Stage 0, a comparable transition 

between delta lobe progradation and a shoreline with local promontories during channelised flow and 

a switch to a smoother delta front at times of sheet-like flow occurred (Figs. 3.42Bi; Bii). Powell et al. 

(2010) also noted a highly organised fluvial system during sediment release events in their HwLs 

model, with a pronounced deep and straight central channel. This was also the case for the majority 

of the Sedsim models where a central channel was prominent but this was not a feature of the XES05 

experiment. 
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Figure 3.42. Comparison of shoreline roughness from (A) the physical model of Powell et al. (2012) 

and (B) Stage 0 of the numerical models. The progradation of delta lobs and increase in shoreline 

roughness with times of channelised flow noted in (A) is reflected in (Bii) whereas a reduction in 

shoreline roughness accompanies sheet-like flow (Bi). 

The stratigraphic output from the set 2 and 3 models demonstrate the system is highly sensitive to 

the input flow parameters, and in particular to the water discharge (e.g. model 2_2). Although the 

ratio of water (Qw) to sediment discharge (Qs) remained constant at 0.01, different values of Qw and 

Qs were used. At a low discharge rate (model 2_1), the autogenic cyclicity is seen to occur on a shorter 

timescale than the Set 2 reference model. The fluvial envelope was smaller as the erosive power of 

the source was reduced, and the volume that required to be backfilled was therefore smaller. At the 

higher discharge rate (model 2_2), periods of sheet-like flow were suppressed or occurred at a high 

frequency below the resolution of the model, whereas the channels were well expressed and incised, 
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backfilled and avulsed to a new location. Water discharge variation had a more significant impact than 

the sediment discharge at the higher discharge. The sediment discharge was sufficient to cause backfill 

but the water discharge promoted the development of the central channel system. Powell et al. (2012) 

also demonstrated the variation that can occur with models that have the same Qs:Qw but different 

values of Qs and Qw. They noted particularly that divergence increased as the Qs:Qw decreased, and 

greatest divergence occurred in their experiments at the lowest ratio of 0.015. Therefore at the even 

lower ratio of Qs to Qw used in XES05 and the numerical models (0.01), enhanced divergence would 

be expected in model result as the Qs and Qw are varied individually even at a constant Qs:Qw. 

3.7 Conclusions 

The modelling attempting to replicate the results of the XES05 experiment using Sedsim provides 

an opportunity to test how the software handles tectonic-sedimentary interactions in rift basins in a 

case where the inputs are known and the output stratigraphy well characterised. This particular 

experiment was targeted because it included a nominal relay ramp between faults and a developing 

half graben. The key conclusions and implications of this work are as follows: 

1. Sedsim is shown to reproduce many aspects of the small-scale physical experiment including 

autogenic cycles both prior to, and subsequent to, the onset of tectonic forcing. As had 

previously been demonstrated for the physical experiment, tectonics in the Sedsim model set 

2 increased the duration of autogenic storage and release cycles that are important in routing 

sediment to the fault-controlled depocentre.  

2. Sedsim was able to replicate the textural fractionation seen in the XES05 physical experiment, 

despite the unusual combination of normal density quartz grains and low-density coal 

fragments of different size, and the relatively small scale of the experimental tank that was 

modelled. 

3. Using the average XES05 flow depth as the initial ‘source’ depth and a similar sediment 

concentration and water discharge, and setting the maximum slope to be the same as the 

relatively steep equilibrium slope measured in the physical experiment, the Set 1 Sedsim 

model produced a similar autogenic cyclicity. Incised channels that reworked and bypassed 

sediment to the shoreline down-dip alternated with times of flow expansion when a network 

of shallow braiding channels and sheet-like flow added sediment to the more proximal part of 

the system. This occurred on a longer timescale than XES05; otherwise the geometry and 

internal stratigraphy of the pre-tectonic Stage 0 deposits closely matched the XES05 

experiment. 
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4. The larger channels forming in the Sedsim models did not comb across the full width of the 

depositional basin but tended to be focused centrally extending downslope away from the 

source. When these channels were present, they incised deeply and spilt thin sheet flows over 

the more proximal cone. When they backfill, smaller channels extend more widely across the 

cone.  

5. Removal in Sedsim of the basin walls and an increased initial water level (Set 2 reference 

model) resulted in no loss of sediment over the slope-break during Stage 0 and flow transition 

cycle times more similar to Stage 0 durations of cycles closer to Stage 0 of XES05. The convex 

up shape of the sediment cone and curved shoreline resulted from the removal of simulated 

boundary walls, which allowed sediment to exit the system. The subsequent slow rate of 

water level increase input for Stage 1, to reduce sediment transit off the slope-break, did not 

impact the timescale of flow cyclicity in the small scale models. The duration of the autogenic 

cyclicity increased from Stage 0 to Stage 1 in a similar pattern to that established in the XES05 

experiment. 

6. More limited channel mobility in the set 1 and 2 Sedsim models meant that it was difficult for 

channels crossing the footwall uplift to completely rework the growing topography. The uplift 

was continually shaved off by erosion in the physical model so that it never became emergent 

and the fault generally did not form a surficial step. This, and the tendency to develop a central 

channel, meant that flow around the footwall was important in the Sedsim model with the 

underfilled space in the half graben filled axially whereas transverse drainage was more 

important in the physical model. 

7. At the onset of Stage 1 tectonic forcing, in both Sets 1 and 2,the Sedsim models and the 

experiment show the developing hanging wall depocentre is initially underfilled but this is for 

different reasons. In the case of XES05, it is largely because of bypass via the relay before the 

lateral tectonic tilt was sufficient to steer channels into the depocentre. In the Sedsim model, 

tectonic forcing commenced during a phase when the up-dip cone was un-incised and sheet 

flows were adding to the proximal cone, reducing the amount of sediment finding its way 

down dip. Accumulative flow over the developing fault scarp forced incision and development 

of a blind channel across the footwall that subsequently became an important pathway for 

sediment entering the fault-controlled depocentre. 

8. Both the physical experiment and the Sedsim models from sets 1 and 2 record an important 

switch of drainage away from the hanging wall depocentre c.50 - 60 hours into the Stage 1 

run. This was preceded by backfilling of channels draining to the depocentre, and by either 
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avulsion to the river-right side of tank (XES05) or sheet overspill to the river-right from the 

central channel in the Sedsim models. The net result was the same reduction in the sediment 

supplied to the fault-controlled depocentre and the development of a condensed section that 

is downlapped once flow was captured by the depocentre again. The redirection of sediment 

away from the depocentre means that subsidence outpaces sediment supply and an 

autogenic lake formed in both the physical experiment and the Sedsim models. 

9. Continuation of the Set 1 reference model under constant forcing (model 1_1) established 

that the autogenic cyclicity persisted beyond the duration of the physical experiment and left 

a distinctive imprint in the stratigraphy of the hanging wall depocentre. Modelling established 

that the starting condition at the onset of tectonic activity (channelised or more sheet-like 

flow) did not significantly impact the model outcome.  Backfilled channels were shown to 

leave mounded topography that steered subsequent channel avulsions in cases where 

conditions meant periods of sheet-like flow were in-sufficient sheet-like flow to bury them. 

10. Although the experiment and Sedsim models match well in many respects, sensitivity tests 

show that the Sedsim output for the tank experiments is highly sensitive to the water and 

sediment discharge and the initial flow depth that is specified. Thus the autogenic cyclicity 

directing sediment to and away from the fault-controlled depocentre is identified in only a 

narrow subset of the possible models and the stratigraphy can vary significantly with small 

adjustments in the input. This is consistent with the physical experiments of Powell et al. 

(2012) whereby a systems with low Qs/Qw ratio show a greater sensitivity to changes in either 

Qw or Qs. It is therefore possible that the autogenic cycles of the type identified by the XES05 

experiment may not be that common in nature as they require a specific set of circumstances. 

11. The Sedsim reference model from Set 2 has been upscaled to see whether this effects how 

the model behaves at a scale appropriate for natural rift systems. Despite issues with setting 

for example an appropriate equilibrium slope and base level, the model was configured to 

replicate the Stage 0 buildout, albeit scaled up. Under tectonic forcing, this model produced 

a similar tectono-stratigraphic evolution to the tank-scale simulations – early underfilling, 

filling, a redirection of flow away from half graben resulting in deepening, and then a 

reconnection by both axial and transverse sediment supply to the hanging wall basin.  

 

12. The equilibrium slope is an important factor in determining the level of accommodation 

available proximal to the sediment source. In the absence of a sufficiently high slope, storage 
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and release of sediment and autogenic cyclicity were not generated. Storage and release of 

sediment could occur in a number of locations along the routing system in natural examples. 

13. In order to observe the cyclicity in the physical and numerical models in a natural setting under 

natural conditions, similar controlling factors must be in place in comparable proximity to the 

faults. Primarily of which is the creation of accommodation at the up-dip part of the system 

which is the basis for the creation of the autogenic signalling through flow organisation and 

storage and release of sediment. The conditions required include: (1) a regional tilt established 

prior to the onset of faulting causing subsidence of the whole system in relation to base level; 

(2) establishment of a dynamic equilibrium slope that enhances deposition closer to source 

reducing the spread of sediment; (3) a sediment input that balances the regional subsidence 

causing aggradation and persistence of sub-aerial conditions in the relay ramp zone, 

deposition of a wedge on the footwall slope to promote across fault flow and the underfilling 

of the hanging wall depocentre forming the autogenic lake. 

14. The relay ramp employed in the physical model was initially recreated in the Set 1 models, 

before being modified to more closely reflect a natural relay ramp in the set 2 and 3 models. 

Even then, the ramp geometry is static in the fault tips did not migrate or interact. The impact 

of fault growth and relay ramp evolution on sediment routing to hanging wall depocentres 

during early rifting is explored further in Chapter 4. 

Sedsim reproduced well the physical model, highlighting its ability to recreate natural processes at 

the range of scales investigated. Confidence was gained in the abilities of the software through this 

process of replication and insights were made into the important factors to consider when using 

Sedsim in further modelling attempts, including the consideration of the equilibrium slope and the 

extent to which autogenic components can be generated within the model area. This is of particular 

importance considering tectonic forcings are the prime area of investigation in this thesis and 

interaction with autogenic signals can overprint or obscure other signals. 
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Chapter 4 

 

4. Impact of fault growth mechanism on early syn-rift 

drainage patterns and basin stratigraphy  

 

4.1 Introduction 

Continental rift basin stratigraphy can archive information on fault system evolution, changes in 

water balance and sediment supply fluctuations (Jervey, 1988; Schlager, 1993; Posamentier and Allen, 

1999; Matenco et al., 2016). The challenge is to disentangle these different controls, a task made even 

more difficult by the common presence of internally generated autocyclicity in depositional systems 

(Kim et al., 2010; Straub et al., 2014; Hajek and Straub, 2019; Burgess et al., 2019). Current 

understanding of the interplay between climate, tectonics and sedimentation in rift basins has come 

from a combination of field observations (e.g. Gawthorpe et al., 1990; Gawthorpe & Hurst, 1993; 

Gupta et al., 1999;  Young et al., 2002; Jackson et al., 2005), subsurface characterisation (e.g. Davies 

et al., 2000; McLeod et al., 2000; Young et al., 2002), physical modelling (Kim & Paola, 2007; Kim et 

al., 2010; Straub et al, 2014) and numerical simulations (Hardy & Gawthorpe, 1998; Cowie et al., 2000, 

2006). The growth and linkage of the associated normal faults is thought to provide a first-order 

control on sediment routing and the resulting stratigraphic architecture (Elliot et al. 2017). Conceptual 

depositional models (e.g. Gawthorpe and Leeder, (2000) envisage early syn-rift deposition in small 

and isolated hanging wall depocentres controlled by an initially low rate of accommodation creation 

to rate of sediment supply (A:S ratio) (Alexander & Leeder, 1987; Leeder & Gawthorpe, 1987; Leeder 

et al., 1991; Leeder & Jackson, 1993; Gawthorpe & Leeder, 2000), with sediment originating 

predominantly from transverse consequent drainage as a result of footwall uplift (Blair & Bilodeau, 

1988; Schlische & Olsen, 1990; Schlische, 1991; Eliet & Gawthorpe, 1995; Lambiase & Bosworth, 1995; 

Schlische & Anders, 1996; Allen & Densmore, 2000). However, antecedent drainage networks can also 

play an important role in sediment supply and may dominate the fill where rift faults dissect sloping 

regional surfaces on which pre-rift drainage networks were already well established. These 

antecedent rivers are often depicted as modified by the developing fault network, being diverted 

around uplifting footwall blocks and driven to topographic lows between developing faults (Leeder & 
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Jackson, 1993; Davies et al., 2000; Crossley, 1984; Jackson et al., 2006). In this case tectonics can exert 

an important control on sediment entry points to the hanging wall depocentres. Alternatively, 

antecedent drainage can have sufficient erosive power for rivers to incise uplifting footwalls 

(Gawthorpe et al., 1990; McClay et al., 1998; Trudgill, 2002; Leppard and Gawthorpe, 2006; Ford et 

al., 2007a; Ford et al. 2007b; Ford et al., 2013; Hemelsdaël and Ford; 2016; Hemelsdaël  et al., 2017;). 

Where antecedent drainage is important, it may also cause a low A:S ratio due to increased levels of 

sediment supply possible via larger drainage basins (Hemelsdaël et al. 2017). In this case, textural 

trends and depositional facies may not be tied to the position of the rift faults. 

Two contrasting fault growth patterns have been recognised in normal fault arrays that can 

influence stratigraphic development (see Section 1.2.3); the Isolated model and the Constant Length 

model (Walsh, 2002; Walsh, 2003; Jackson 2013; Jackson and Rotevatn, 2017). In the Isolated fault 

growth model, extension is initially accommodated on numerous kinematically isolated short faults 

on which there is minor associated displacement and no-fault interaction through overlap (Walsh et 

al., 2003; Giba et al., 2012; Childs et al., 2017; Rotevatn et al., 2019; Nicol et al., 2020). The faults then 

progressively increase in length and displacement until their tips begin to interact, initially through 

soft linkage and the formation of relay ramps under high strain (Trudgill and Cartwright, 1994). Strain 

accumulation causes the progressive rotation of the ramp (Hemelsdaël and Ford, 2017) before 

breaching and hard linkage occur to form a through-going fault (Figure 4.1 A- D). The larger hard-

linked faults then continue to accumulate most of the strain and the remaining smaller faults in the 

array cease to be active. The result is strain localisation, and it is taken to mark the transition from rift 

initiation to rift climax (Gupta et al., 1998). The Isolated fault growth model has dominated thinking 

on the evolution of normal fault arrays and their associated depocentres (Watterson, 1986; Walsh and 

Watterson, 1988; Dawers et al., 1993; Cartwright et al., 1995; Dawers and Anders, 1995). 

However, not all normal fault arrays grow in this way. Many faults display only minor increases in 

length as extension proceeds (Figure 4. 1 E-H) suggesting they achieve their near-final length early in 

their history and further growth is predominantly by an increase in displacement (Figure 4. 2b) (Walsh 

et al., 2002; Childs et al., 2003; Nicol et al., 2005; Jackson and Rotevatn., 2013; Rotevatn et al., 2019, 

Nicol et al., 2020). This is commonly referred to as the Constant Length fault growth model (Walsh et 

al., 2002; Childs et al., 2003; Nicol et al., 2005; Curry et al., 2016; Nicol et al., 2016; Jackson et al., 

2017) and is associated with relay ramps that form under low strain and relatively early during rift 

development. The relay zones then evolve simply by rotating without lengthening before being 

breached (Hemelsdaël and Ford., 2017). Commonly this fault growth mechanism is characterised by 

kinematic coherency, with early interaction of fault displacement fields, it is not clear how the level of 

coherency will impact the earliest stage of growth during which time fault reach their near final length. 
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Once fault overlap has occurred coherency will have minimal impact as the overlapping fields of 

deformation result in a uniform displacement field across the fault segments. Once relay breaching 

and hard linkage occur, the two fault growth models converge, so they are distinguished by the 

mechanism by which faults and fault systems initiate. The growth models act similarly in other aspects 

of fault evolution, such as the hard linkage of segments bounding relays with increasing 

displacements, the rapid increase in fault length achieved by the coalescence and linkage of previously 

isolated faults and the decrease in active fault lengths as deformation progresses and strain becomes 

localised onto fewer and larger faults (Nicol et al., 2020).  
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Figure 4.1. Contrasting fault array evolution predicted by the Isolated Growth model (A-D) and the 

Constant Length Growth model (E-H). The displacement field associated with each segment is 

denoted by the blue (uplift) and orange (subsidence). (I-J) Idealised displacement vs. length profile 

associated with the contrasting fault growth models. 

Although numerous studies have addressed the structural aspects of the growth of basin bounding 

fault systems (Childs et al., 2003; Schlagenhauf, 2008; Jackson and Rotevatn, 2013; Nicol et al., 2017; 

Jackson et al.,2017; Kairanov et al., 2019), less consideration has been given to the impact of the 

different fault growth models on sediment dispersal and deposition during rift initiation, beyond 

idealised hanging wall cross sections depicting the overall stratigraphic architecture (e.g. Morley, 

2000; Jackson et al.,2017). This is despite the widely accepted idea that growth patterns of normal 

faults and their zones of interaction and overlap are important in controlling sediment entry to 

developing hanging wall depocentres and thus to the tectonostratigraphic evolution of rift basins 

(Gawthorpe and Hurst, 1993; Athmer and Luthi, 2011; Childs et al 2017, Jackson et al, 2017). Being 

able to make lithological predictions in the early rift fill is important where the fault systems are well 

imaged using seismic data but where there is limited guidance on the depositional systems from 

seismic data. 

In this chapter, the impact of the contrasting fault growth mechanisms on early syn-rift stratigraphy 

is explored using forward stratigraphic modelling. The contrasting fault models utilised reflect: (1) An 

Isolated non-coherent fault growth mechanism, termed the Isolated Fault Growth mechanism here; 

and (2) a Constant Length mechanism that does not display coherence in the earliest, short-lived stage 

of fault propagation and growth, but subsequent displacement that is coherent dominates the 

majority of growth reflecting fault interaction and overlapped. This growth pattern is referred to from 
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here on as simply the Constant Length Fault Growth mechanism. The major implication of these fault 

setups is that the aggregate profile of displacement across the fault will be altered, with lows in the 

aggregate profile expected where non-coherence occurs (Childs et al., 2017). Forward stratigraphic 

models have been shown to faithfully replicate depositional patterns and stratigraphy seen in natural 

systems across a range of scales and previous studies have been detailed previously (see Section 1.5; 

Huang et al., 2014; Ravestein et al., 2015; Carmona et al. 2016; Madhoo et al., 2016; Yong et al., 2019; 

Gravito et al., 2020; Gold et al., 2020). Sedsim from Stratamod has been used in this study to create 

the stratigraphic forward models (Chapter 2). Validation of the modelling software was performed by 

replicating the behaviour of small-scale tank experiments as discussed in Chapter 3. 

The main aims of the study reported in this chapter are to:  

1. Test the impact of contrasting fault growth mechanisms on rift basin stratigraphy during 

the fault initiation and fault linkage stages leading up to the establishment of through-

going rift boundary faults;  

2. Address the response of antecedent footwall drainage systems to the evolving 

displacement field and accommodation creation around the evolving fault system, and 

3. Explore sensitivities in relation to the range of water and sediment fluxes typically seen in 

drainage systems feeding rift basins. Given that consequent drainage is not a major 

contributor of sediment until major footwall emergence occurs, the focus is on 

antecedent fluvial drainage systems interacting with a developing fault array. 

4.2 Methods and model conditioning 

To be realistic, forward stratigraphic models require appropriate inputs. These include the initial 

topography, the tectonic displacement field for the duration of the simulation, the discharge and 

sediment source characteristics, and the position of, and any changes in, base level. In addition, 

decisions need to be made regarding how the software runs the simulations including the increment 

over which sediment erosion, transport and deposition are calculated, and the time intervals at which 

the simulation displays the output. 

The tectonic input to the Sedsim model is achieved by assigning an absolute value to each grid cell 

to specify whether it is uplifted (positive number) or subsides (negative number). This can be done for 

as many timesteps as are necessary to accurately reflect the surface displacements associated with 

the contrasting fault growth scenarios introduced above. The sediment source characteristics include 

the volume of water and the sediment concentration released into the simulation. The velocity at the 
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source, flow depth and proportion of each grain size category in the flow must also be prescribed. 

These were constrained using natural ranges as discussed in more detail below. 

4.2.1 Experimental design  

4.2.1.1 Model geometry 

The modelled area was 60 km long and 34 km wide (Fig. 4.2). The cross-rift spacing between major 

basin bounding faults in a rift is typically between 10 and 30 km (Duffy et al., 2014; Yielding and 

Roberts, 1992), so a model length of 60 km was realistic for a single fault array and its associated half 

graben. Fault segments that link to form rift boundary faults are observed in natural system to be 10-

20 km in length at breaching, as discerned from splays and kinks that remain along the through-going 

fault (Cowie, 1998; Gupta et al., 1998; McLeod et al.,2000; Kairanov et al, 2019). The width of the 

modelled area allowed for three such fault segments to initiate, grow, interact and eventually breach 

forming a single larger fault. The base surface, prior to the experiment starting, had a slope of 0.2°. A 

1000 m thick erodible initial deposit was placed on the base surface. The surface prior to the model 

run therefore had a maximum elevation of 1200 m where the water and sediment were discharged, 

and 1000 m at the downstream end of the model. Sea level remained constant at 1195 m throughout 

the simulations. At the start of each simulation, the shoreline was close to the sediment source and 

the modelled area largely flooded. The maximum fluvial equilibrium slope, as discussed in Chapters 2 

and 3, was left at the Sedsim default value of 0.0001 for sub-aerial deposition, similar to values seen 

in natural fluvial systems (Leeder et al., 1996; Peakall, 1998). This slope promoted efficient sediment 

transfer away from the source and supressed the temporary storage and release of sediment within 

the up-dip part of the model thus damping autogenic cycles that could over print and complicate the 

stratigraphic signal generated by the tectonic forcing. The sub-aqueous default values in Sedsim were 

used as they correspond to the grain sizes used in these models. 

Sediment arriving in a half graben includes that derived from the immediate footwall scarp 

delivered by consequent drainage, and larger drainage basins either extending deeper into the 

hinterland behind the local footwall uplift and entering the half graben via transfer zones (Gawthorpe 

and Leeder, 2000), or superimposed across the fault system on account of antecedent drainage (Kim 

et al., 2011). Sediment derived from footwall scarp catchments is generally of small volume and 

represents a minor component of the half-graben fill and was not included in the numerical modelling. 

The modelling thus focussed on the larger catchments that enter depocenters across the footwall or 

around the fault tips (Leeder et al., 1991). These drainage basins are generally larger (10-300 km2) and 

of lower gradient than those draining the immediate footwall scarp (Eliet and Gawthorpe, 1995). They 
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were simulated in the model by allowing the drainage evolve from a single release point placed 

centrally at the edge of the model upslope of and c. 30 km away from the fault array. 

 

Figure 4.2. Initial model setup at tectonic initiation for the (A) the Isolated and B) the Constant 

Length fault growth models showing the terminology applied to the different fault segments, the 

fault array tips and the two relay zones (R1 & R2).  

4.2.1.2 Fault system parameterisation 

The geometry of the faults and the timings used in the numerical model are briefly introduced to 

provide an overview of their evolution before the rationale behind the choice of fault lengths, 

displacement rates, tip propagation rates and timing of breaching are explained in detail. 

Initial faults in the Isolated Growth model were 4.5 - 5 km long segments (Fig. 4.2A) and evolved to 

attain a length of 15 km over 3 -3.3 Myr. In the Constant Length model, faults attained their near final 

length of 13 km after 1 Myr (Fig. 4.2B) and show minor lateral tip propagation to a final length of 15 

km prior to breaching. The fault segments in both models reached a maximum overlap of 5 and 5.5 

km (R1 and R2 respectively) with a separation of 2 km. The modelled relay ramps had aspect ratios of 
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2.75 (R1) and 2.5 (R2), values falling within the range of natural examples (Long and Imber, 2011; 

Childs et al., 2016). Breaching of the relay ramps occurred at 3 million years (R1) and 3.3 million years 

(R2) from the start of rifting. Variation in the initial fault length and the overlap distance in relation to 

grid size and tip propagation rate resulted in the two modelled relay ramps having a slightly different 

geometry, leading to slightly different times of breaching. The total tectonic period for which the 

model was run was 5 Myr, with displacements continuing on the hard-linked faults following breaching 

(c. 3-5 Myr). 

The fault modelling employed established conceptual models for fault geometry in which 

displacement contours are approximately elliptical and decrease from a maximum close to the centre 

of the fault to zero displacement at the fault tips (Section 1.2.4). Elliptical displacement contours on 

the fault surface generally have a horizontal long axis and a vertical short axis (Gibson et al., 1989). 

The displacement gradients used here follow the relationship determined by Walsh et al., (2003). The 

displacement rate was programmed to increase on the modelled fault segments through time to 

reflect the strain localisation on larger faults seen in natural examples due to the cessation of activity 

of other unmodelled faults (Steckler et al., 1998; Gupta et al., 1998; Sharp et al., 2000). At the start of 

rifting, uptake of strain is typically across an array of faults (Walsh et al., 2003). Fault 1 initially had a 

displacement rate that was 33% and faults 2 and 3 50% of the maximum displacement rate. The 

displacement rate gradually increased reflecting the death of conceptual unmodelled faults and those 

theoretically outside the modelled area and strain localisation onto the modelled fault as it linked 

through breaching of relay ramps. The maximum displacement rate on the modelled faults was 

realised once breaching had occurred and the three segments became linked. The maximum 

displacement rate used (0.5 mm /yr) was an average of the long term normal fault displacements over 

time periods of 1 to 40 Myr (Nicol et al., 1997) and is within the long term displacement ranges for the 

Taupo rift, Taranaki rift, South Wanganui Basin, the Basin and Range, Corinth rift and the Apennines 

(Mouslopoulou et al., 2009). Natural displacement rates vary greatly through time, given that accrual 

is by earthquakes, but over periods of 20-300 kyr, displacement rates generally become constant 

(Mouslopoulou et al., 2009). It was therefore appropriate that displacement occurred by gradual slip 

over the model duration instead of numerous small events.  

A subset of models was also run reflecting the lower end of displacement rates encountered in 

continental rift and volcanic rift settings such as the Corinth rift, the Appenines, Taupo rift and Basin 

and Range (Mouslopoulou et al., 2009). The maximum displacement rate achieved in these models 

was 0.25 mm/yr. The tectonic period for these models increased to 10 Myr in duration. 

The fault tips in the Isolated fault growth models propagated at a rate of approx. 3 km/Myr, similar 

to that found for tectonically-driven faults (Childs et al., 2003). The displacements and propagation 
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rates accruing on the modelled faults meant that in both the Isolated and Constant length models the 

transition to the rift climax occurred at c. 3 Ma from the start of the simulated extension. Although 

variable, the duration of natural rift initiation phases are estimated to be 0.8-2 Myr (Ford et al., 2016); 

1.6 Myr (Allen. 2017); 5.5 (Sharp et al., 2000); 6-8 Myr (Gawthorpe et al., 2003); 10-14 Myr (McLeod. 

2000); and 15 Myr (Kairanov et al., 2019).  

The extent and magnitude of subsidence and uplift perpendicular to the fault surface determines 

the field of deformation surrounding a fault. It is a function of the amount of displacement on the fault 

and the length of the fault (Gibson et al., 1989; Fossen and Rotevatn, 2016) and is greatest at the fault 

centre (Barnett et al., 1987). The decay of deformation away from the fault determines the areal 

extent of uplift on the footwall and the limit of the depocentre on the hanging wall. The surface 

expression of the deformation field and how it changed through time was calculated using the 

empirical expression of Scholz et al. (1986) for the normalised reverse drag profile of the Imperial 

Valley earthquake (Gibson et al., 1989). 

" = !!#."% − 0.03( 

Where X is the normalised distance perpendicular to fault and Y is the normalised displacement. 

This expression provided the values for subsidence and uplift surrounding the fault and fault segments 

which were used to generate surface displacement in the numerical simulations. 

 

Figure 4.3. The field of deformation surrounding a fault (modified from Barnett et al., 1987) with 

orange denoting the field of deformation on the hanging wall and blue for the deformation field on 

the footwall. The green arrow indicates maximum displacement at the centre of the fault which 

decreases to 0 at the fault tips and the dashed red line denotes the extent of the field of deformation 

associated with the fault segment perpendicular to the fault trace. 
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The field of deformation around the individual fault segments will differ as a result of the variable 

fault length implicit in the Isolated and Constant Length fault growth mechanisms (Fig. 4.4). The fault 

lengths differ most at fault initiation (Figs. 4.4A; D) but converge as the faults in the Isolated model 

increase in length through time to become comparable to those in the Constant Length model just 

prior to breaching (Figs. 4.4C; F). For the Constant Length Growth mechanism the faults were 13 km 

long shortly after initiation resulting in a deformation field that is 10 km across, normal to the fault 

trace (Fig. 4.4d) extending far into the footwall and hanging wall. For the Isolated fault growth 

mechanism, the initial fault length was 4.5 – 5 km shortly after initiation, and the extent of 

deformation normal to the fault was approximately 3.4 – 4.1 km across (Fig. 4.4a) prior to fault 

interaction. 

The magnitude of the uplift experienced by the footwall during normal faulting as a function of the 

overall displacement varies greatly and is dependent on a number of rheological factors (Yielding and 

Roberts, 1992) and the dip of the fault (Gibson et al., 1989). In natural examples, values of 17% 

(Jackson and Leeder,2003), 41% (DeGelder et al,2019), 49% (Doutsos & Koukouvelas, 1998), 14% 

(Garfunkerl, 1988), 20% (Yielding and Roberts, 1992) and 10% (Vita-Finzi and King, 1985) have been 

reported. A mid-range footwall uplift of 20% of the total displacement was used in the simulations as 

this is broadly representative of natural systems. 

Relay ramp breaching is difficult to predict as it is thought to rely on a number of different factors 

including the mechanical properties of the material within the relay zone, the curvature or dip of layers 

and the local state of stress in the perturbed stress field between the overlapping fault tips (Fossen 

and Rotevatn, 2016). Giba et al. (2012) demonstrated that dip of the ramp increases with increased 

deformation and a critical amount of dip or curvature of the layers in the relay ramp may provide a 

way of predicting sub-seismic breaching of faults from seismic interpretation. From a limited number 

of relay ramp dip measurements, Giba et al. (2012) showed that a relay ramp that is on the verge of 

breaching has an average down-ramp dip of 12.6° ± 4.5°. Soliva and Benedicto (2004) also suggested 

a criterion for breaching (c*) based on the relay displacement (D) and the spacing between fault 

segment (S) of the form: 

) = *∗+ 

For relays that show evidence of impending breaching c* values between 0.27 and 1 are seen 

(Soliva and Benedicto, 2004). In the modelled relay ramps, labelled R1 and R2 in Figure 4.2, the onset 

of breaching satisfies the relationship of displacement on the fault segments to the separation 

between the fault segments (Solivo and Benedicto, 2004) and is consistent with the measurements of 

Giba et al. (2012).  
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In simulations with a maximum displacement rate of 0.5 mm/yr the tectonic activity lasted for a 

period of 5 Myr with fault array evolution following either the Isolated or Constant Length fault growth 

mechanisms. Three fault segments were active in the models, faults 1 to 3, as labelled in Figure 4.2.  

After breaching and until the end of the model run, the tectonic development was the same in both 

models, with strain localisation and further displacement on a single large fault. The models were run 

past breaching in order to assess the extent to which the history of early fault growth impacted on the 

post breaching evolution such as the potential persistence of sediment entry points eroded into the 

developing footwall. 

A regional tilt down in the form of a hinge-type subsidence was included that linearly increased 

from a hinge at the upstream end of the model to a subsidence rate of 0.001 m /yr at the down dip 

end for the duration of the tectonic period (0-5 Myr).  

As the values for tectonically-induced movement of the surface are assigned to grid cells during 

the simulation, the faults in Sedsim are implemented as vertical surfaces. 

 

Figure 4.4. Surface displacements associated with the Isolated (A-C) and the Constant Length fault 

growth models (D-F) at 1 Myr intervals until breaching. The fields of deformation around the fault 

segments and their interaction are shown. The displacement fields converge and are the same after 

breaching (G).  
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4.2.1.3 Sediment and water supply. 

Sediment and water are released into Sedsim models by defining a sediment source location, 

source velocity (m/s) and direction, water discharge (m3/s), sediment concentration (kg/m3), grain size 

mix and depth of flow. The values used in the suite of models for water discharge (Qw) and sediment 

concentration (Cs) have been constrained from a number of sources. The discharge values are from 

the Global Runoff Data Centre (GRDC) database using the long-term average discharge for a network 

of stations (Milliman and Farnsworth, 2011). The database was filtered to only include river drainage 

basins with areal extents between 10 and 300 km2 to coincide with the reported larger drainage basins 

feeding rift systems (Leeder and Jackson, 1993; Eliet and Gawthorpe, 1995; Duffy et al., 2015). The 

frequency of the water discharge values is shown in Figure 4.5 and from this a median value of 1.5 

m3/s together with a range of representative higher and lower values were chosen to explore 

sensitivity to changing inputs (Table 4.1).  

 

 

Figure 4.5. Frequency of average water discharge values for drainage basins with areas of 10-300 

km2 from the Global Runoff Data Centre (GRDC) database (Milliman and Farnsworth, 2011). 

Cumulative frequency is represented by the blue line and frequency as a histogram. The most 

common values of water discharge lie between 0.1 and 10 m3/s. The green square represents the 

median and red circles represent the range of other water discharge values used in the Sedsim 

models. 
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The concentration of sediment (Cs) at source must also be defined. Milliman and Farnsworth (2011) 

found a wide range of sediment concentrations spanning values between 0.001 and 45 kg/m3 with an 

average of 0.5 kg/m3 in a database of 760 rivers. The wide range makes definition of empirical 

relationships between sediment concentration in a river and catchment characteristics difficult 

(Milliman and Farnsworth, 2011). Nearly all values for reported sediment discharge in the database 

represent suspended load and do not include bedload (Milliman and Farnsworth, 2011). In most rivers 

bed load is assumed to represent a small portion of the total load, generally less than 10% of the 

suspended load (Milliman and Farnsworth, 1983; Powell et al., 1996; Alexandrov et al., 2009; Cantalice 

et al., 2013). For the purposes of the modelling, it is assumed that the suspended sediment 

concentration approximates total sediment load, given the generally low contribution of bedload to 

the total load. 

The cumulative frequency distribution of sediment concentrations in the database are plotted in 

Figure 4.6. From these data, the median value of 0.217 kg/m3 and a range of representative values 

were chosen to reflect the full range of values seen in natural systems. The velocity (v) and flow depth 

(d) of a river, vary based on the level of water discharge (Qw). Leopold et al. (1995) related these 

parameters using v=Qw
0.1 and d= Qw

 0.4, and these relationships were used to set the initial flow velocity 

and flow depth required by Sedsim. Grain size was evenly distributed between coarse sand (0.5 mm), 

medium sand (0.25 mm), silt (0.062 mm) and clay (0.0005 mm) fractions. The consequence of varying 

the texture and in particular including a greater proportion of the finer grain size fractions as 

documented for well-constrained older systems (e.g. Michael et al. 2014) has also been explored. 

Table 4.1 summarises the various parameter combinations used in the numerical model experiments. 
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Figure 4.6. Frequency distribution of suspended sediment concentration values from all rivers in the 

database of Milliman and Farnsworth (2011). Cumulative frequency is represented by the blue curve 

and the frequency by the histogram. The most common values of sediment concentration lie between 

0.1 and 10 kg/m3. The green square represents the median figure and red circles represent the range 

of other sediment concentration parameters used in the Sedsim modelling. 

The flow sampling interval defines the regularity at which the simulation calculates the movement 

of sediment in the system. The display interval determines the times at which Sedsim will output a 

simulation result for viewing. It is equal to or greater than the flow sampling interval. All the sediment 

that is eroded, transported, and deposited within one display timestep will be output as a single unit. 

Within a unit the textural trends are displayed but there is no detail of the stratigraphy at or less than 

the scale of the display units. A lower flow sampling interval increases the resolution and stability of 

the model. The resolution of the model is also determined by the display interval, with a display 

interval of 10,000 years, any response on shorter timescales than the display timestep will be masked. 

Short flow and display intervals can become very computationally expensive, and model run times can 

be very long. The choice of these intervals thus has implications for the output model and is a 

compromise between resolution required in the output model, computational efficiency, and the 

stability of models when running.  

4.2.1.4 Model organisation 

The models are labelled with a prefix to denote whether they developed following the Isolated 

(Iso) or Constant length (Cons) fault growth mechanism. A number was then assigned to each pair of 



 165 

models to highlight the particular combination of input values used, as summarised in Table 4.1. In 

addition, a suffix letter follows the model number to identify what has been altered in terms of 

additional input parameters and the flow sampling or display intervals used. For example, the model 

pairing that represents median water discharge and sediment concentration values and the two fault 

growth mechanisms are labelled models Iso_1a and Cons_1a, the a in this case indicating variation in 

display timestep (Table 4.1). 

Set 1 models (Models 1-8, purple boxes Table 4.1)) included the reference model using median 

values of water discharge and sediment concentration (Model 1; Figs. 4.5; 4.6), and additional models 

varying these inputs about the median and coupling increasing water discharge with higher sediment 

concentration (Models 2-8; Figs. 4.5; 4.6). As these models represent the most common combinations 

of parameters seen in natural systems, they were run with a display interval of 10,000 yrs and a flow 

sampling interval of 5,000 years in order to provide greater resolution. These models were denoted 

with the suffix (a) and detailed evaluation of these models is presented below.  

A second set of models, Set 2, explored the impact of water discharge independent of sediment 

concentration and included some models from Set 1 as well as those at extreme ends of the input 

parameter ranges for discharge and sediment concentrations (green boxes Table 4.1). This set of 

models included simulations that represented transport-limited flow and supply-limited scenarios 

(Friend, 1993) which might occur based on particular climatic conditions or geographical locations. 

Upland locations can result in highly sediment-limited flow (Simons and Simons, 1987) and humid 

climatic conditions can provide an excess of sediment and result in transport-limited flow (Jung et al., 

2020). These models are not presented in detail, but broad results and departures from the reference 

models are highlighted. 

The impact of changing additional variables was then explored in Set 3 models (Orange and yeallow 

boxes, Table 4.1). These were assigned suffix letters to highlight what was varied as follows: (b) models 

that were run with a reduced maximum fault displacement rate of 0.25 mm/yr over a tectonically 

active period of 10 Myr with a display timestep of 20,000 years; and (f) models in which the input 

sediment texture was changed to include a greater component of finer particles. Table 4.1 graphically 

summarises the model sets. 

The models in this investigation took up to 7 days to run. The level of sediment and water impacts 

run times, with greater volumes of sediment and water resulting in longer model run times. 
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Table 4.1. Summary of models used to address the interaction of drainage and faults growing by 

different mechanisms. All models were run at a flow sampling time step of 5,000 years and display 

intervals varying from 10,000 years for models that represent the most common values of water 

discharge and sediment concentration and the remainder of models that were run at a display time 

step of 100,000 years except those with a lower fault displacement rate (suffix _b). The suffixes 

denote: a) display timestep 10,000 yrs; b) Maximum fault displacement rate 0.25 mm /yr; and f) Fine-

dominated sediment input. 

 

4.2.2 Model setup 

The model base surface was composed of 500 x 500 m grid cells. As the base surface cannot 

contribute sediment to the flow when it is eroded, a uniform basal sediment layer was first placed in 

the model prior to starting the simulations. This initial deposit was 1 km thick and was made up of a 

mix of medium/coarse sand (0.5 mm), fine/medium sand (0.25 mm), silt/very fine sand (0.062 mm) 

and fine silt (0.005 mm) in equal parts (Fig. 4.7). 

A buildout stage was then run onto the initial deposit prior to any tectonic activity starting. It 

involved the release of water and sediment from the upstream input point at a constant rate until the 

shoreline prograded approximately 45 km down dip from the sediment source. The buildout phase 

was run for 3 Myr with a water discharge of 100 m3/s with a sediment concentration of 0.1 kg/m3. This 

buildout phase of the modelling created an advancing delta system with the shoreline prograding 

across the future fault locations and was designed to set a natural background gradient, in this case a 

near horizontal delta plain with the default fluvial slope of 0.0001 (Figure 4.7B). 

The sediment released into the system had the same texture as that used to establish the initial 

deposit. A further 0.5 Myr of flow was then simulated (3 – 3.5 Myr) with the water and sediment 
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source parameters adjusted to match those required for the ensuing period of fault-controlled rifting, 

drawn from the ranges provided in Table 4.1. This was done in order to avoid any change in hydraulic 

conditions coinciding with the onset of faulting. During this period the shoreline, in general, advanced 

only minimally, and sediment was deposited mainly on the delta top. This concluded the pre-rift phase 

of the simulation. 

Fault growth by either the Isolated or Constant Length mechanism then commenced and the 

models were run for a further 5 Ma in the case of models with maximum fault displacement rates of 

0.5 mm/yr. Models were generated for all combinations of the sediment concentration and water 

discharge parameters identified in Table 4.1 for the two fault growth mechanisms. Base level in the 

numerical models was held constant throughout the model runs. The water level in the underfilled 

hanging wall depocentres was the same as the base level and there was no independent control of 

water level in the hanging wall lakes that formed. 

 

 

Figure 4.7. A) Pre-rift model setup prior to tectonic activity; B) Cross sections through the buildout 

phase deposits only, with the base surface and initial deposit not shown. 
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4.2.3 Model outputs 

When a simulation is complete, Sedsim outputs a number of files which preserve the fluid element 

information, the record of deposition and erosion, and the sediment composition in terms of the mix 

of grain sizes averaged for each display time step. The outputs can be presented as an interactive 3D 

visualisation (SedView) of the depositional system evolution over time, as Eclipse input files (grdecl 

output format), as Petrel/RMS/GoCad input files, pseudo wells, and synthetic seismic volumes. The 

results of the simulations completed as part of this investigation have been inspected and visualised 

using SedView and Petrel. SedView can display the lithological distributions and provide facies 

information in terms of the water depth at deposition. The conversion of Sedsim output files into 

Eclipse input files allows for effective 3D visualisation of the resulting stratigraphy and textural trends. 

This involves the extraction of data for grain size from an output file. As Sedsim only outputs records 

for the grid cells that have been altered by sediment erosion or deposition for each display time step, 

the data must be converted into a form that has records for all grid cells, inclusive of those that have 

not been modified, before it can be visualised using Petrel. Formulae in Excel were used for this 

purpose and the manipulated data were then compiled to produce isopach maps showing patterns of 

net sedimentation and erosion. Net erosion is consistently highlighted in red and net deposition in 

green on these maps. Cross sections are used to present the results of the different models and these 

are provided for both the proximal hanging wall (labelled depocentre 1 to 3) and the footwall (footwall 

uplift 1 to 3) parallel to the fault segment in question as illustrated in Figure 4.8. All cross sections are 

presented facing the source and those produced using Petrel and displayed by the fraction of coarse 

sand. 

 

Figure 4.8. Key to cross sections used to illustrate the model output. Sections through the immediate 

footwall are denoted by dashed red lines and hanging wall sections though the three depocentres by 

the dashed black lines. 

Forward stratigraphic models for the Isolated and Constant Length fault growth mechanisms are 

discussed below starting with the Isolated reference case (Iso_1a). The focus is on footwall drainage 

systems crossing or deflected around the developing fault array, initially with median (mid-range) 
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values of discharge and concentration. Then the output of simulations with lower and higher discharge 

and sediment concentration values are considered to explore further the interaction between fault-

controlled topography and drainage basin characteristics. The timing referred to in discussing the 

interaction between the drainage and fault growth refers to the time since the onset of fault-

controlled deformation (i.e. ignoring the 3 Myr pre-rift buildout and 0.5 Myr flow preconditioning). 

References to specific fault segments, fault array tips, depocentres and the relay zones use the 

terminology set out in Figure 4.2 and 4.8. 

4.3 Isolated fault growth model results 

4.3.1 Set 1 models 

4.3.1.1 Reference model_1a 

The median values for water discharge and sediment supply (Qw – 1.5 m3/s; Cs - 0.217 kg/m3) 

were used as input parameters in reference model Iso_1a. Sediment supply for these inputs at these 

levels was seen to initially keep pace with the rate at which accommodation was created in the three 

fault-controlled depocentres. Prior to fault overlap, flow tended to exploit the wide gaps between the 

early short faults bypassing the depocentres completely at times. The relatively small early hanging 

wall depocentres were filled (0-1 Myr) mainly by the drainage exploiting the gaps between the faults. 

Excess sediment bypassed and forced local progradation of the shoreline down-dip (Figs. 4.9A; B; C). 

The early fill of the depocentres was terrestrial in the hanging walls of F1 and F2, with mainly coarse 

to medium-grained sediment deposited, with no expression of textural trends apart from in the 

submerged depocentre in the hanging wall to F3 which received sediment more intermittently (Figs. 

4.9 H; I; J). As the depocentres enlarged (1-2 Myr) and the fault tips propagated, the inboard 

depocentre 1, closest to the source, constantly received sediment (Fig. 4.9D; H), whereas depocentres 

2 and 3 received more intermittent supply and both became underfilled. Bypass was seen around the 

outer array tips during this time (Fig. 4.9D). From 1.5 to 2 Myr sediment entered depocentres 2 and 3, 

indicating focussed flow between these two fault segments, with coarse-grained sediment deposited 

close to where drainage entered the depocentres and finer sediment in at the subsidence maximum 

of both faults 2 and 3 (Figs. 4.9I; J). Lateral textural trends became more strongly expressed with higher 

sand fraction close to the transfer zones between the propagating fault segments and at the array tips 

and finer sediment in the centre of the half graben (Figs. 4.9H; I; J). As the faults began to overlap and 

accommodation in the depocentres increased further (2-3 Myr), the level of bypass decreased, and 

sediment entered depocentre 1 predominantly via relay ramp 1 with supply to depocentre 2 seen with 

the coalescing of depocentres after fault overlap (Figs. 4.9E; F; H; I). Depocentre 3 received minimal 

volumes of sediment after 2 Myr and was submerged (Fig. 4.9J). Diversion of flow away from relay 
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ramp 1 and around the inboard array tip was then seen at 2.5 Myr (Fig. 4.9G). This was driven by the 

filling of depocentre 1, backfill of the feeder channel, and the fault overlap that drove coalescence of 

the footwall uplift fields up-dip of the relay ramp. Incision was therefore unable to keep pace with the 

uplift occurring across the fault array and flow via the relay ramps was not seen after 2.5 Myr. 

Sediment then entered depocentre 1 from around the inboard array tip (Figs. 4.9G; H). A drainage 

pattern evolved by the time of breaching (c.3 Myr) that was around both outer array tips, with flow 

around the outboard array tip bypassing the fault array (Fig. 4.9G). 
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Figure 4.9. Model Iso_1a simulating Isolated fault growth with median discharge and sediment 

concentration values: A-G) Isopach maps each depicting a combination of 3 timesteps (i.e. 30,000 

years in total); H-J) Hanging wall cross sections parallel to the faults for the three depocentres at the 

end of rift initiation. H- Depocentre 1; I – Depocentre 2; and J – Depocentre 3 

Erosion of the emerging footwall uplift closer to the propagating fault tips was common in the 

reference Isolated fault growth model, leaving the elevation of the footwall at the fault centres close 

to the total amount of uplift (Fig. 4.10). The erosion of the fault tips occurred as flow traversed the 

model and sediment entry points switched between around the outer array tips and via the 
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undeformed area between underlapping fault segments (0-2 Myr). In the later stages of the model (2-

3 Myr) after the faults had overlapped, erosion occurred mainly on the fault tip at the footwall side of 

relay ramp 1 with no evidence of erosion across the ramp indicating flow was not traversing the ramp 

but was diverted down it (Fig. 4.9F). However, sediment did enter depocentre 2 as it spilt from 

depocentre 1 (Fig. 4.9F). The focus of erosion then changed to the inboard fault tip when the 

coalescing footwall uplift diverted flow away from relay ramp 1 (Fig. 4.10A). After breaching occurred 

in this model sediment delivery continued around the inboard array tip (until 3.4 Myr) depositing 

sediment into depocentre 1, before footwall uplift deflected drainage laterally out of the model area. 

 

Figure 4.10. Cross-sections parallel to faults through the footwall uplifts (FWU) showing pattern of 

erosion of pre-rift sediment at 3 Myr for model Iso_1a. Dashed line denotes the total uplift.  

4.3.1.2 Model Iso_2a 

At lower values of water discharge (1 m3/s) and sediment concentration (0.1 kg/m3) (Model Iso_2a; 

Fig. 4.11) very little sediment bypassed down dip of the fault array and it was either deposited on the 

footwall or in the developing depocentres which remained underfilled throughout (Fig. 4.12). 

Depocentres 1 and 2 preferentially captured flow and the most distal depocentre, depocentre 3, 

remained disconnected from sediment supply. Initially flow was predominantly between the 
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underlapping fault segments and then via the developing relay zones (Figs. 4.11 A-C) and supply 

switched between the early isolated and relatively small depocentres. Subordinate supply occurred 

around the inboard array tip, particularly later in the simulation. Coarse sediment was strongly 

partitioned to close to, but often not actually at fault tips in both the active depocentres, with finer 

grained sediment consistently in the deeper underfilled basin centres (Figs. 4.11D; E). Depocentre 2 

outboard of the developing relay 1 received less coarse sediment (Fig. 4.11E) than depocentre 1. After 

breaching occurred, sediment was deposited on the footwall and delivered around the inboard array 

tip until 3.4 Myr, depositing a deepwater fan as subsidence continued in the rift (Figure 4.13) After 

this, flow was diverted by the combined footwall uplift laterally out of the modelled area. 
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Figure 4.11. Model Iso_2a simulating Isolated fault growth with low water discharge (1 m3/s) and 
low sediment concentration (0.1 kg/m3) values: A-C) Isopach maps each depicting a combination of 3 

timesteps (i.e. 30,000 years); D-F) Hanging wall cross sections parallel to the faults for the three 

depocentres at the end of rift initiation. D - Depocentre 1; E – Depocentre 2; and F – Depocentre 3. 
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Figure 4.12. Cross sections parallel to the faults prior to breaching (3 Myr) showing facies classified 

by depth of deposition in model Iso_2a. 

 

 

Figure 4.13. Cross section through Depocentre 1 at 3.4 Myr, 400 kyr after breaching had occurred on 

relay ramp 1. Note the continued deposition of coarse sand fed around the inboard array tip after 

breaching. 

The focus of erosion in this model was associated with flow pathways entering the depocentres 

dominantly via relay ramps 1 and 2, and around the inboard array tip (Figs. 4.11 A-C). The erosion of 

the footwall uplift was more focussed and less widespread than was seen in Model Iso_1a as a result 

of a reduction in channel mobility and fixing of sediment input points, which stemmed from the 
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reduced water discharge and sediment supply and the underfilled nature of the depocentres. The 

location of footwall erosion migrated laterally mirroring the location of the propagating fault tip as 

seen on the inboard array tip in this model (Fig. 4.14A, pink dots). A stepped morphology remained 

on the inboard array tip of the footwall uplift after erosion and was seen to track the propagation of 

the fault tips and the lengthening of the fault segments. Flow was seen to avulse towards the tip but 

was intermittently fixed by incision. As the fault tips migrated, the location of channels eroding the 

fault tips also stepped laterally reflecting the continued diversion of drainage around the developing 

footwall uplift (Fig. 4.14A). 

 

Figure 4.14. Erosion of pre-rift sediment in the three footwall uplifts (FWU) at 3 Myr in model Iso_2a. 

Dashed line denotes the total footwall uplift. Note the erosional notches that migrate laterally as the 

faults segments grew in length. 

4.3.1.3 Model Iso_3a 

In Model Iso_3a, with higher levels of water discharge (10 m3/s) and sediment concentration (1 

kg/m3) than the reference model, sediment supply was sufficient to broadly keep pace with 

accommodation created in the three hanging wall depocentres (Figs. 4.15; 4.16). The small early 

hanging wall depocentres were completely filled initially (0-1 Myr), mainly by drainage exploiting the 
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undeformed area between fault segments and the excess sediment bypassed down dip (Fig. 4.15A). 

The early fill to the depocentres was sub-aerial with no clear textural trends expressed (Fig. 4.15 D-F). 

As the fault tips propagated and the depocentres enlarged (1-2 Myr), the two inboard depocentres (1 

and 2) were constantly fed with sediment whereas depocentre 3 received more discontinuous supply, 

which resulted in local flooding, as evidenced by the thicker sediment units during there (Fig. 4.15B; 

F). Lateral textural trends were well expressed at this time with the higher sand fraction close to the 

transfer zones between the propagating fault segments and finer sediment accumulating close to the 

loci of maximum subsidence, near the outboard fault tips and at tips of the fault array (Fig. 4.15D; E). 

As the faults overlapped and accommodation in the depocentres increased further (2-3 Myr), the level 

of bypass decreased and sediment entered hanging wall depocentre 1 predominantly via relay ramp 

1, and dispersal also developed across the ramp to supply depocentre 2 (Fig. 4.15 C-E). Flow around 

the outboard fault array tip filled available space in depocentre 3 (Fig. 4.15C; F). The filled depocentres 

(1 & 3) displayed the onlapping stratal geometry (Fig. 4.15 D-F) predicted by Morley (1999; 2002) for 

a fault system that grows by the Isolated growth mechanism, reflecting the lateral propagation of the 

fault tips. 
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Figure 4.15. Model Iso_3a simulating Isolated fault growth with higher water discharge (10 m3/s) 

and sediment concentration 1 kg/m3). A-C) Isopach maps each depicting a combination of 3 

timesteps (i.e. 30,000 years in total). D-F) Hanging wall cross sections parallel to the faults for the 

three depocentres at the end of rift initiation. D - Depocentre 1; E – Depocentre 2; and F – 

Depocentre 3. Note the generally thin increments reflecting overfilling (apart from the early fill of 

depocentre 3 where supply was more intermittent.  

Erosion of the immediate footwall in the models with high water discharge and sediment 

concentration was seen across all faults, but particularly in the vicinity of the relay ramps (Figs. 4.16A; 

B), where drainage persisted late into the model (Fig. 4.15B; C). As fault 2 is bounded by the relay 

ramps it was most deeply eroded reflecting the dominance of the overlap zones as preferred flow 

locations (Fig. 4.16B). The stepped morphology remained on the outer array tips of the footwall uplift 
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again reflecting the incision and fixing of flow before avulsion driven by fault propagation and forced 

the drainage to step towards the tip (Fig. 4.16A; C). 

After breaching of the ramp between faults 1 and 2 occurred, delivery across the relay ramp 

persisted until 3.2 Myr before the accelerated uplift on the footwall diverted flow around the outer 

array tips. Sediment continued to fill the accommodation created on the linked fault until 3.7 Myr, 

after which time flow was diverted away from the linked fault and left the modelled area laterally. 

 

Figure 4.16. Erosion of pre-rift sediment from the footwall uplifts (FWU) at 3 Myr for each fault in 

model Iso_3a. Dashed line denote the total footwall uplift. Note the downstepping erosional notches 

(pink circles) reflecting stepping of erosion towards the migrating fault tips. 

4.3.2 Set 2 models 

The sensitivity of the Isolated fault growth simulations to changing the water discharge at constant 

concentration, and sediment concentration independent of discharge were explored in the Set 2 

experiments. Output from these models is provided in Appendix A. Here only the main outcomes are 

itemised. 

With increasing water discharge at a constant sediment concentration (Models Iso_2, _4, _12, _21, 

_23, _28, _30, and _33): 

• The importance of relay ramps (and the gaps between the initial underlapping fault segments) 

in routing sediment persisted, but sediment delivery via relay ramp 2 became increasingly 

important. 
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• Once the faults overlapped, cross as opposed to down ramp flow increased in importance and 

delivered more sediment to the depocentre outboard of the relay ramp. At highest discharge 

levels, flows completely cross the relay ramps, with little diversion down the ramps to the 

inboard depocentres, ignoring any lateral slope produced by the relay ramp at times. 

• Intermittent fill to the depocentres became more prevalent resulting in submergence and 

filling cycles. This is thought to represent a balance between the draw of the hanging wall 

accommodation when a sufficient lateral slope exists and overfilling of the depocentre on 

account of increased water discharge triggering drainage to migrate away and access the 

depocentres from another entry point. This occurs more frequently as the discharge increases 

(Fig. 4.A1B). 

• Erosion of the footwall uplift increased (Fig. 4.A2). At highest levels of discharge there was 

near complete removal of the footwall scarp. At highest discharge values (Iso_5; Iso_8) 

erosion was most common after 2 Myr after fault overlap had occurred. As the flow avulsed 

to different locations, the scarp was continuously removed (Fig. 4.A2C) 

Models Iso_2, _5, _6, and _9 had a constant discharge but variable sediment concentration and 

were also completed as part of Set 2. These models show that as the sediment concentration 

increased: 

• Greater fill of the depocentres was seen (Fig. 4.A3). At low sediment concentrations, sediment 

was fed to the depocentre closest to the source (depocentre 1) under sub-aqueous conditions, 

with the other depocentres starved of sediment. As the sediment concentration increased, 

the depocentres became progressively filled under increasingly shallow subaqueous to 

subaerial conditions. At the highest sediment concentrations, the coarse fraction was 

preferentially abstracted in the depocentres and the fine fraction bypassed. 

• The amount of sediment deposited proximal to the source up-dip of the fault array increased 

(Fig. 4.A4). The dispersal system thus became transport limited as the water discharge 

remained the same, but sediment concentration increased. Greater volumes of sediment 

deposited up-dip increased the likelihood of temporary sediment storage and release cycles 

despite the model set up having been designed to avoid these.  

• Textural trends transition from being expressed at the scale of the depocentres to being 

expressed across the wider system. At low sediment concentrations, all sediment was 

captured in the hanging wall depocentres and the deposition into deep water resulted in well-

developed textural trends. At the highest sediment concentration, the hanging wall 

depocentres preferentially captured the coarse sediment and finer sediment bypassed down 

dip resulting in a textural variation on a larger scale across the system. 
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• Sediment input at the relay ramp persisted after breaching in the Set 2 models when both 

discharge and sediment concentration were both at high values (Iso_8a; Qw 10 m3/s and Cs of 

10 kg/m3; Fig. 4.A5). Erosion of the footwall uplift was seen to persist after breaching for 0.7 

Myr. 

4.3.3 Set 3 models 

Sensitivities in the modelling have thus far explored the impact of varying the water discharge and 

sediment concentration, assuming that these are either coupled (Set 1) or uncoupled (Set 2). The Set 

3 models used the reference model Iso_1a as a starting point and explored the impact of changing the 

deformation rate on the faults as well as the significance of changing the texture of the input sediment 

so as to include a greater proportion of fines. 

4.3.3.1 Variable deformation rate 

The long-term deformation rate in rift systems has the potential to impact drainage patterns, fault-

drainage interactions, and half-graben accommodation: supply (A:S) ratio. Thus far, the models have 

employed a maximum displacement rate of 0.5 mm/yr. However, lower values have been recorded 

for some rift settings (Sect. 4.2.1.2). A suite of models was thus run with a maximum fault 

displacement rate of 0.25 mm/yr representing the lower end of rates typically encountered in rift 

systems (Table 4.1, suffix b). These models all had the same inputs as those with a maximum 

displacement rate of 0.5 mm/yr, but the tectonic activity was simulated for 10 rather than 5 Myr. Fault 

initiation occurred at 0 Myr following a similar pre-rift set up as before, and breaching now occurred 

at 6 – 6.6 Myr. Rifting then continues on a single fault to 10 Myr. Given the longer tectonic period and 

in order to economise on computation time, a display interval of 20,000 yrs was used for these models. 

Model Iso_1b 

This model replicated the Iso_1a reference model but with a lower maximum displacement rate. 

The impact of slower accommodation creation was immediately apparent, with flow traversing across 

the full width of the model, filling all the available space in the isolated small depocentres and eroding 

the slowly rising footwall uplifts. Extensive bypass of sediment occurred at this stage (0-3 Myr; Figs. 

4.17A; B; F; G: H). The influence of tectonics in steering flow became apparent from 3 Myr with 

progradation and fining of sediment from input points located between fault segments and at both 

array tips before the faults had overlapped (Figs. 4.17C; F; G; H). As fault lengths increased and relays 

developed, the depocentres coalesced and sediment entry was dominantly from ramp 1 to 

depocentres 1 and 2, with minor delivery to depocentre 3 which also received sediment from around 

the outboard array tip (4-5 Myr; Figs. 4.17D; F; G; H). Sediment delivery persisted across relay ramp 1 

and the erosion of uplifting footwalls bounding this ramp was extensive (5-6 Myr; Figs. 4.17E; 4.18 F1; 
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F2). Flow across this relay ramp filled depocentre 1 and also traversed the ramp and fed sediment to 

depocentre 2 and spilt axially to depocentre 3 (Figs. 4.17 F-H). The coalescence of hanging wall 

depocentres from 5 Myr and the flow path connecting all three saw a reduction in the level of bypass 

in the model (Figs. 4.16E). Flow across relay ramp 1 persisted after it was breached, and sediment 

delivered via this flow path continued for 0.2 Myr after breaching. 

With the lower displacement rates and reduced rate of accommodation creation, model Iso_1b 

showed a greater level of fill in the depocentres than was evident from model Iso_1a where 

depocentre 3 was underfilled (Fig. 4.9J). The slower rate of deformation also reduced the rate of 

footwall uplift, and as a result incision across the fault at the relay ramp continued for longer (in this 

case persisting 0.2 Myr after breaching) than in the reference model (where the relay was abandoned 

0.5 Myr prior to breaching). Across ramp as opposed to down ramp flow after fault overlap was also 

enhanced in model Iso_1b (Fig. 4.17E). 
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Figure 4.17. Model Iso_1b, the reference model with reduced fault displacement rates. (A-E) Isopach 

maps each depicting a combination of 3 timesteps (i.e. 30,000 years in total); F-H) Hanging wall cross 

sections parallel to the faults for the three depocentres at the end of rift initiation. F - Depocentre 1; 

G – Depocentre 2; and H – Depocentre 3. 
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Figure 4.18. Cross sections parallel to faults illustrating the erosion of pre-rift sediment in the 

footwall uplifts (FWU) of model Iso_1b prior to breaching. Dashed line denotes the total uplift. Note 

extensive erosion of the footwall uplift of F1 and F2 that bounded relay ramp 1. 

4.3.3.2 Changing the sediment input texture 

Thus far, the models described incorporated an equal mix of four grain size classes. Model Iso_1f 

was designed to test the impact of including a more natural grain size distribution, skewed towards 

finer particle sizes but otherwise replicating the inputs for the Iso_1a reference model. The modified 

sediment grain size mix and inclusion of more fine grains could introduce changes on account of the 

modified erosion coefficient and critical shear stress associated with this component (Grissinger et al., 

1981; Nalluri & Alvarez 1992). These in turn can affect the ability of rivers to modify the morphological 

characteristics of their channels (Ribert, 2004) and the frequency of channel avulsions (Caldwell and 

Edmonds, 2014). The modified sediment texture had a grain size mix composed of: 10% coarse sand 

(0.5 mm); 20% medium sand (0.25 mm); 30% coarse silt (0.062 mm); and 40% clay (0.0005 mm) and 

were denoted with the suffix ‘f’ (Table 4.1). 

Model Iso_1f 

Flow paths and level of bypass were similar initially in this model to those seen in the reference 

model (Iso_1a). The flow paths were concentrated around the array tips and between fault 2 and 3, 
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where relay ramp 2 would later form and extensive sediment bypass down dip of the fault locations 

occurred (Figs. 4.19A). From 2-3 Myr there was a decrease in the entry point variation in comparison 

to the reference case, and flow was largely concentrated around the inboard fault tip, via relay ramp 

2 and only intermittently around the outer fault tip (Figs. 4.19 C-E). Flow via relay ramp 2 removed the 

footwall tip of both faults 2 and 3 (Figs. 4.20B; C), and deposition occurred in both depocentres 

associated with these faults as the flow was both steered down the ramp and traversed it, unlike the 

reference case where flow was just steered down the ramp. Flow via relay ramp 2 persisted in this 

model for longer than the reference case, as indicated by the greater volume of sediment delivered 

to depocentres 2 and 3 later in the model (Figs. 4.19E; F; 2-3 Myr). This is consistent with a reduction 

in channel mobility associated with the finer sediment load. There was also an increase in deposition 

up-dip of the fault array (Fig. 4.19C) that was not seen at this time in the reference model. Erosion of 

the footwall uplift had a similar distribution to the reference model but was less intense (Fig. 4.20). 
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Figure 4.19. Results from Isolated model 1f in which the sediment input was changed to include an 

increased fines fraction. (A-C) Sediment thickness maps representing 30,000 yrs in total (3 timesteps) 

and (D-F) cross sections through the immediate hanging wall. D - Depocentre 1; E – Depocentre 2; 

and F – Depocentre 3. 
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Figure 4.20. Erosion of pre-rift sediment in the footwall uplifts (FWU) at 3 Myr for each fault in model 

Iso_1f. Dashed lines denote the total uplift. 

4.3.4 Isolated fault growth models – summary 

Section 4.3 has detailed the response of drainage and resulting deposition and stratigraphy in the 

hanging wall of faults that grew by both fault tip propagation and displacement accrual. The important 

points are: 

• Drainage was dominantly between the isolated faults to begin with, and then via relay ramps 

once overlap of fault tips occurred, with deflection of drainage around the outer tips of the 

fault array close to breaching. 

• Bypass via the undeformed areas between the isolated faults was extensive until fault overlap 

occurred. 

• Textural trends with the hanging wall basins commonly involved coarser sediment deposited 

where sediment was input from the relay ramp, with fining towards the subsidence maximum 

in the fault centres.  

• As accommodation space was limited in the initially isolated depocentres, input point 

switching and coarse sediment deposition at the array tips was also seen.  

• Erosion of the footwall uplift migrated in response to the lateral propagation of the fault tips. 
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• Long term incision was mainly at the relay ramp locations for this growth model. Drainage 

occupation of the relays persisted for longer with increased water discharge and sediment 

concentration, a decreasing footwall uplift rate and when the sediment load was fines 

dominated. 

The next section will present the results of comparable models using the same range of parameters 

but with fault growth by the Constant Length mechanism. 

4.4 Constant Length fault growth 

Three sets of models using the same inputs discussed above for the Isolated fault growth 

mechanism were reproduced for a fault array accruing displacement by the Constant Length 

mechanism. At the outset, two aspects of the latter mechanism are deemed as likely important – the 

greater amount of early accommodation in the vicinity of the fault array, and the earlier interaction 

and growth of an integrated footwall uplift spanning the fault array. In these models relay ramps form 

early in fault development under low strains. 

4.4.1 Set 1 models 

4.4.1.1 Reference model Cons_1a  

With the reference median water discharge and sediment concentration values, sediment entered 

the fault-controlled depocentres initially via the low-strain relay zone 1 and around both outer fault 

tips (0- 0.7 Myr; Fig. 4.21A; B). Depocentre 1 was filled to capacity and excess sediment bypassed 

down dip, while depocentres 2 and 3 remained underfilled. Sediment entering depocentre 2 traversed 

relay ramp 1, eroding both the ramp-bounding fault tips with sediment delivered into deep water 

(<200 m) (Fig. 4.20B). Stratigraphic connection of sediment between adjacent depocentres took place 

even at this early stage (Fig. 4.21B). Flow around the outboard array tip mostly bypassed down dip 

with only minor volumes delivered to depocentre 3 as a deep-water fan (Fig. 4.21B). As fault evolution 

continued and uplift across the footwall occurred, flow was diverted dominantly around both outer 

array tips by 0.7 Myr and was fixed by incision at these locations (Figs. 4.21C). Bypass down-dip of the 

inboard array tip also occurred (Figs. 4.21C; D). Lateral textural trends were strongly expressed in the 

depocentres with deposition of coarser sediment proximal to the outer array tips passing to finer 

sediment in areas where the maximum subsidence occurred (Figs. 4.21H; J). Only a minor amount of 

sediment was deposited in depocentre 2 and that was dominantly distal fine-grained sediment 

supplied axially from the inboard array tip via depocentre 1 (Fig. 4.21I). Retrogradation of the system 

at the inboard array tip was seen from 2 Myr up until breaching and the end of rift initiation (2-3 Myr; 

Fig. 4.21 E-G) with intermittent delivery of sediment axially from depocentre 1 to the subsidence 
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maximum of depocentre 2 (Fig. 4.21F; G; I). Erosion of the footwall uplift was focussed at the inboard 

array tip at this time, with the extent of erosion linked to the position of the axial delta front (Fig. 

4.22); the distance the delta top extended axially into the depocentre correlated with the lateral 

extent of incision on the footwall uplift (Figs. 4.21 B-G; 4.22). As the axial delta backstepped so too did 

the location of the erosion on the footwall uplift. Sediment supply to depocenter 3 remained around 

the outboard array tip until approx. 2.7 Myr (Fig. 4.21F; J). After breaching, sediment delivery 

continued around the inboard array tip, delivering sediment axially to the fault array into increasingly 

deep water for a further 0.11 Myr before the drainage was diverted laterally out of the modelled area. 
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Figure 4.21. Model Cons_1a for the Constant Length fault growth mechanism using median values 

for water discharge and sediment concentration. A-G) Series of isopach maps showing the 

distribution of erosion (red) and deposition (green). Each map is an amalgam of 3 timesteps (i.e. 

30,000 years in total); H-J) Hanging wall cross sections parallel to the faults for the three depocentres 

at the end of rift initiation. H- depocentre 1; I – Depocentre 2; and J – Depocentre 3. 
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Figure 4.22. Cross sections parallel to Fault 1 through the immediate footwall and hanging wall of 

reference model Cons_1a. The sections show the evolution of this depocentre through time. The 

dashed lines in the footwall cross sections show the total uplift at each time step. Coloured circles 

mark limit of bevelled footwall at inboard fault array tip and corresponding location of axial delta 

front (B & C). 
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4.4.1.2 Model Cons_2a 

Model Cons_2a had a lower water discharge (1 m3/s) and lower sediment concentration (0.1 kg/m3) 

compared to the reference model. Prior to the onset of fault growth, a flow path was established that 

crossed the location that fault 1 would occupy. This flow path persisted after the onset of faulting and 

incised and removed the footwall uplift of Fault 1 that bounded relay ramp 1 (Fig. 4.23A). The incision 

locked the flow in this position between 0 and 1.5 Myr. This flow pathway delivered sediment 

transversely to depocentre 1 with minor axial delivery to depocentre 2 as the subsidence fields of the 

two fault segments coalesced early in the tectonic development (Figs. 4.23A; D; E). Minor volumes of 

bypass were seen down dip of the inboard array tip (Fig. 4.23A). At 1.5 Myr the uplift across the fault 

array proved too great for incision to continue and the flow transitioned to flow around the inboard 

array tip. Deposition of coarser sediment proximal to relay ramp 1 and lateral fining into the 

depocenter was seen prior to the switch (Fig. 4.23D). Flow from 1.5 to 3 Myr was then via the inboard 

array tip (Fig. 4.23C), with sediment only delivered to depocentre 1 (Fig. 4.23D). Depocentre 3 

remained starved of sediment throughout the simulation (Fig. 4.23F). Coarser sediment was deposited 

proximal to the entry points at the inboard array tip (1.3-3 Myr) with finer sediment deposited in the 

rapidly subsiding central part of depocenter 1. The persistence of sediment delivery to depocentre 1 

resulted in focussed erosion of the footwall at the sediment input points, initially across the footwall 

uplift at relay ramp 1, and subsequently at the inboard fault array tip (Fig. 4.24A). Short lived sediment 

delivery around the inboard array tip after breaching was seen (0.07 Myr) before sediment was 

dominantly deposited on the up-dip part of the model as well as being diverted laterally out of the 

modelled area. 
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Figure 4.23. Model Cons_2a simulating Constant Fault Growth with low water discharge and 

sediment concentration. A-C) Series of isopach maps representing 3 timesteps (30,000 yrs in total); D-

F) Hanging wall cross sections parallel to the faults for the three depocentres at the end of rift 

initiation. D- Depocentre 1; E – Depocentre 2; and F – Depocentre 3 
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Figure 4.24. Model Cons_2a. Cross sections of eroded pre-rift sediment in the uplifted footwall and 

syn-rift sediment in the immediate hanging wall of fault 1 at 3 Myr. Erosion was initially at relay 

ramp 1 (right) before switching to inboard array tip (left. 

4.4.1.3 Model Cons_3a 

With a higher water discharge (10 m3/s) and sediment concentration (1 kg/m3) than the reference 

model (Model Cons_3a), sediment initially entered the fault-controlled depocentres via a number of 

different pathways reflecting higher channel mobility on the footwall. These entry points included: (a) 

down the low-strain relay ramp 1, eroding the in-board fault tip bounding the relay; (b) incision across 

the marginally emergent footwall uplift of fault 2, and (c) around both outer fault tips (0- 0.7 Myr; Figs. 

4.25A; 4.26). All depocentres were filled and bypass of excess sediment down-dip occurred (Fig. 4.25 

D-F). Deposition from sheet-like flow was also evident at the earliest stages of fault development on 

the up-dip part of the model proximal to the sediment source, and down dip of the faults outside of 

the main erosional channels confirming higher channel mobility than models Cons_1a and Cons_2a 

(Fig. 4.25A). Channel mobility decreased and deposition of sheet-like deposits on the footwall ceased 

at 1 Myr. This occurred as the footwall relief became more pronounced (1-2 Myr) and flow was 

concentrated across the footwall of fault 1 as well as diverted around the outboard array tip (Figs. 

4.25B; 4.26A). Coarser sediment was deposited at both outer fault tips with fining towards the centre 

of depocentre 2 (Figs. 4.25 D-F). This flow pattern persisted until 2.35 Myr, with terrestrial conditions 

dominant in the hanging wall depocentres up to this time. At 2.35 Myr, the drainage that was entering 

around the outboard fault tip was diverted out of the modelled area and only intermittently 

contributed sediment to depocentre 3 until breaching occurred. When drainage returned to 

depocentre 3 it resulted in erosional channels filled with coarse sand in otherwise fine-grained 

background deposits. The fine sediment originated from the sediment entry point that persisted at 

the inboard array tip. Sediment traversed the three depocentres from this input point and the textural 
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trend fined from the inboard fault tip towards depocentre 3. After breaching occurred, flow around 

the inboard array tip continued to feed sediment axially into deepening water for 0.19 Myr (Fig. 4.27). 

As the depocentres were dominantly filled throughout the fault evolution they display the convergent 

stratal geometry (Figs. 4.25 D-F) predicted by Morley (1999; 2002) for a fault system that grows by the 

Constant Length growth mechanism reflecting the limited fault tip lateral migration. 
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Figure 4.25. Results from the model Cons_3a using high water discharge and sediment concentration 

values. A-C) Isopach maps each depicting a combination of 3 timesteps (i.e. 30,000 years in total); D-

F) Hanging wall cross sections parallel to the faults for the three depocentres at the end of rift 

initiation. D- Depocentre 1; E- Depocentre 2; F- Depocentre 3. 
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Figure 4.26. Erosion of pre-rift sediment uplifted in the footwall (FWU) of the three fault segments at 

3 Myr in model Cons_3a. Cross-sections are parallel to the fault segments. Dashed lines denote the 

total uplift 

 

Figure 4.27. Cross section through depocentre 1 at 3.19 Myr showing deposition persisted in this 

depocentre after breaching had occurred at 3 Myr but was more intermittent forcing a switch to 

compensational stacking. 
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4.4.2 Model set 2 

The response to independently varying the water discharge and the sediment concentrations was 

explored in the Set 2 experiments for this subset of the Constant Length models. Output from these 

models is provided in Appendix A. Here only the main features are documented. 

As the water discharge was increased (from 0.1 m3/s to 100 m3/s) at constant sediment 

concentration (0.1 kg/m3), the simulations show: 

• A transition from (1) sediment that prograded axially from persistent stable input points at 

the relay ramps and subsequently the outer array tips, with systematic textural trends 

expressed in one or across multiple depocentres; to (2) increased input point variation with a 

combination of around and across fault delivery and the emergence of deep incision at the 

point of maximum uplift on the faults, with textural trends becoming less well expressed as a 

result of the multiple input points; to (3) very intermittent fill, persistent bypass of all sediment 

around the fault array punctuated by rapid filling of the then underfilled depocentres from 

the outer array tips with intrabasinal transport towards depocentre 2. 

• Erosion of the footwall uplift increased as the water discharge increased. Initially the location 

of erosion was confined to the sediment input points (at relay ramp 1 and the inboard array 

tip) but with an increase in water discharge the magnitude of the erosion in these areas 

increased before, at the highest water discharge, erosion was no longer confined to these 

areas and was seen along the footwall of all three faults with a tendency for the deepest 

incision at the uplift maximum (Fig. 4.A7). 

• Systematic textural trends from sandier to finer grained were expressed within individual fault 

depocentres at lower discharge values. As the discharge increased there was increased spill 

axially across multiple depocentres, and textural trends began to be expressed at longer 

length scales spanning multiple connected depocentres, commonly with coarser sediment at 

the outer array tips and fining of sediment axially towards depocentre 2 (Fig. 4.A5). This was 

generally accompanied by a change in depositional setting which was more commonly shallow 

water or terrestrial proximal to the sediment input points and deeper water toward the centre 

of the array. 

With a constant water discharge and an increased sediment concentration, Set 2 models showed: 

• A change in the expression of textural trends from the scale of a single hanging wall 

depocentre, to spanning multiple hanging wall depocentres and finally at the highest 

sediment concentrations, coarse sediment was deposited across all the depocentres as finer 
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sediment bypass the fault array (Fig. 4.A8) and selective deposition occurred in the hanging 

wall basins. 

• The depocentres transitioned from under- to overfilled as the sediment concentration 

increased with increasingly shallow-water and then terrestrial deposition (Fig. 4.A8). When 

underfilled, space in the coalesced depocentres overwhelmed sediment supply. At greater 

sediment concentrations the sediment supply overcame accommodation and flow bypassed 

the depocentres as well as being diverted out of the model boundaries. 

• The flow paths up-dip of the fault array became more varied as sediment concentration 

increased, channel mobility increased, and there was greater deposition on up-dip parts of 

the model (Fig. 4.A9).  

• There was a minor increase in across fault flow with increasing sediment concentration. At 

the highest sediment concentration incision at the footwall uplift maximum occurred but did 

not persist. Increasing water discharge and sediment concentration were both seen to 

independently promote transverse flow paths at the point of uplift maximum. When both are 

high (e.g. Cons_8a; Qw 10 m3/s and Qs 10kg/m3) incisions at the uplift maximum were 

maintained for considerably longer periods including after breaching in some cases (Figs. 4.28; 

4.A10). 

 

Figure. 4.28. Cross sections through the footwall uplifts (FWU) associated with faults 1 and 2 in 

model Cons_8a. Focussed incisions into pre-rift deposits coincided with the uplift maximum at high 

water discharge and concentration values. 
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4.4.3 Set 3 models 

The reference case for the Constant Length model was again used as a basis to test other potential 

controls on the interaction between drainage and fault growth by the Constant Length mechanism. 

As before (Section 4.3.3), the duration and rates of fault displacement were modified, and the 

sediment texture was changed. 

4.4.3.1 Reduced deformation rate - Model Cons_1b 

Model Cons_1b used the same inputs as the reference model (Cons_1a) apart from the tectonic 

input that was adjusted to reduce the rate of deformation on the faults. The maximum displacement 

rate was lowered to 0.25 mm/yr and the tectonic period was extended to 10 Myr with the onset of 

breaching occurring at c. 6 Myr. 

Once the faults started moving, flow occupied the location of the early formed relay ramp 1. This 

supplied sediment to depocentre 1 and 2, with minor axial delivery to depocentre 3, which otherwise 

was fed from flow around the outboard array tip (Fig. 4.29A; 0-1 Myr). Extensive erosion associated 

with relay zone 1 was evident on the footwall of both faults 1 and 2 (Figs. 4.30A; B). All tectonically 

created accommodation space was filled in depocentres 1 and 2 as a result of this input point (0-3 

Myr) with bypass of sediment regularly seen down dip. At 3 Myr, sediment delivery via relay ramp 1 

decreased as other flow paths, including around the inboard and outboard array tips became more 

important. Depocentre 2 was underfilled for a period until 3.24 Myr before the flow via relay ramp 1 

dominated the sediment delivery again and axial progradation from the ramp across depocentre 2 

was seen (Fig. 3.29G). By 4.9 Myr flow via relay ramp 1 ceased following channel backfill, and all 

subsequent flow was around the outer array tips (Fig. 4.29E). Axial supply of sediment was seen from 

the inboard array tip prograding across depocentre 1 and 2 after 5 Myr (Figs. 4.29F; G). The main 

impact of a lower rate of deformation was the reduced rate of accommodation creation and footwall 

uplift. Incision at relay ramp 1 was maintained for longer as the rate of footwall uplift was unable to 

reverse the drainage at the early stage seen in the refence case (0.8 Myr). Greater fill of the 

depocentres and increased levels of bypass were seen as a result of the slower creation of 

accommodation. Depocentres 1 and 2 received most of the sediment and therefore were filled for 

longer periods of time (Fig. 4.29F; G). Depocentre 3, the most distal to the source, remained 

underfilled throughout (Fig. 4.29H). When depocentres were filled and deposition was sub-aerial 

channelised coarse sands can be seen surrounded by finer overbank facies. Lateral textural trends 

were expressed when accommodation overcame sediment supply and deposition was sub-aqueous. 

This happened only briefly at times in depocentres 1 and 2 and produced fining of sediment away 

from sediment entry points (Figs. 4.29F; 5-6 Myr; 4.29G; 3-4 Myr; 5-6 Myr; 4.29H). Erosion of the 
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footwall uplift increased with the decreased deformation rate. The location of erosion was still related 

to the location of dominant sediment input points i.e. around both array tips as well as associated 

with relay ramp 1 (Fig. 4.30). 
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Figure 4.29. Model Cons_1b in which the maximum fault displacement rate was halved and the 

duration of the model doubled compared to the reference model. (A-E) Isopach maps each depicting 

a combination of 3 time steps (i.e. 30,000 years in total); F-H) Hanging wall cross sections parallel to 

the faults for the three depocentres at the end of rift initiation. F – Depocentre 1; G- Depocentre 2; H- 

Depocentre 3. 
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Figure 4.30. Cross-sections parallel to the three faults in the footwall uplift (FWU) illustrating erosion 

of pre-rift sediments at 6 Myr, prior to breaching. Dashed lines denote the total uplift. Note degree of 

incision around persistent sediment input points at relay ramp 1 and subsequently the array tips. 

4.4.3.2 Modified input sediment texture – Model Cons_1f 

This model used all parameters from the reference model (Cons_1a) but with a fines-dominated 

sediment input composed of: 10% coarse sand (0.5 mm); 20% medium sand (0.25 mm); 30% coarse 

silt (0.062 mm); and 40% clay (0.0005 mm). The texture of the initial deposit remained the same as in 

the Set 1 models. 

The flow pattern and sediment entry points for a fines-dominated sediment load were similar to 

those of the reference model (Fig. 4.21). Early flow (0-1 Myr) was focussed between fault 1 and 2 

where the relay ramp had formed under low strain, and around both array tips (Fig. 4.31A) resulting 

in lateral textural variability expressed in all depocentres with finest material deposited at the 

subsidence maxima. However, flow via relay ramp 1 was seen to persist until 1.5 Myr (Fig. 4.31B), 

longer than was seen in the reference model and as a result a greater proportion of coarse sand 

traversed the ramp and was deposited in depocentre 2 compared to the reference model (Figs. 4.21I; 
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4.31E). Unsurprisingly, there was also a reduction in the overall sand proportion preserved in the 

depocentres (Fig. 4.31D). 
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Figure 4.31. Results from Constant length model Con_1f. (A-C) Sediment thickness maps representing 

30,000 yrs in total (3 timesteps) and (D-F) cross sections through the immediate hanging wall parallel 

to the faults. D- Depocentre 1; E- Depocentre 2; F- Depocentre 3.  

4.5 Interpretation 

The forward stratigraphic models demonstrate significant differences in the way antecedent 

drainage interacts with a fault array growing by the Isolated and Constant Length fault growth 

mechanisms. These differences include (1) how the drainage is diverted into and captured by the initial 

fault-related topography; (2) the variable importance of relay ramps in steering drainage as the faults 
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grow and link; (3) the syn-rift stratigraphy developed in the hanging wall depocentres and connectivity 

between these; (4) the extent, pattern and significance of footwall erosion and (5) the sediment 

trapping potential for through going drainage and the ramifications for deposition down-dip of the 

fault array. Each of these issues is now discussed in more detail. 

4.5.1 Fault initiation and propensity for drainage capture 

At fault initiation, the length of fault segments, their surrounding fields of deformation and areas 

of interaction under each growth mechanism differed markedly and this impacted on the early 

interaction between the faults and the antecedent drainage. 

The shorter, isolated faults of the Isolated growth mechanism have a much smaller footprint over 

which they induced surface deformation, the extent of the depocentre being determined by the fault 

lengths (Figs. 4.2; 4.4). As there was no early interaction between the isolated faults, the area between 

the underlapping fault segments remained undeformed (Fig. 4.4). The drainage exploited these 

undeformed areas, with preferential flow occupation here and complete bypass of the isolated and 

small depocentres at times, greatly reducing the trapping efficiency (Figs. 4.8 A-C; 4.10A; 4.14A; 4.16A; 

4.18A). When flow did interact with the depocentres during this early period, accommodation was 

rapidly filled and the remaining sediment bypassed down dip with repeated backfill and switching of 

the flow paths (Fig. 4.8 A-D). Thus 1 Myr into tectonic activity, the surface expression of the faults was 

still having minimal impact on drainage, only weakly and occasionally capturing flow. 

In contrast, fault growth by the Constant Length mechanism initiated with faults that were 

considerably longer than those of the Isolated growth mechanism. The extent of the field of 

deformation surrounding the faults was thus much greater, and with earlier fault overlap the 

interaction of the deformation fields associated with adjacent fault segments occurred from early in 

the syn-rift phase (Fig. 4.2; 4.4). The associated topography impacted the drainage system with flow 

directed around the outer array tips and via relay ramp 1 from early in the simulations (Figs. 4.20 A-C; 

4.22A; 4.24A). The greater footprint of the deformation field meant drainage could not bypass the 

array as easily. The longer initial faults also generated larger volumes of accommodation early in the 

growth history. After 1 million years of fault growth the available space in the hanging wall 

depocentres of the Constant Length mechanism was five times that of the Isolated growth equivalent. 

The early overlap between the fault segments allowed a connection between adjacent depocentres 

from early in the fault development history, contributing to a greater trapping efficiency and reduced 

bypass of sediment down dip of the fault array.  
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4.5.2 Importance of relay ramps to sediment supply? 

In the models that implemented the Isolated growth mechanism, relay ramps began to form from 

approx. 1.6 Myr into the tectonic history as the fault tips started to overlap and interaction of the 

deformation fields commenced. The established flow pathways routed through the previously 

undeformed areas between the underlapping faults remained active. Drainage via relay ramp 1 which 

was more proximal to the sediment source given the staggered geometry of the fault segments 

became the dominant entry point and remained so through to breaching in the majority of the models 

(Figs. 4.9H; 4.11D; 4.15D; 4.17F; 4.19D). In addition, relay ramp 2 was also commonly utilized by 

drainage, although more intermittently than relay ramp 1 (Figs. 4.9I; 4.11E; 4.15E; 4.17G; 4.19E). 

Diversion of flow down the relay ramp slope was commonly seen, particularly at lower discharge and 

sediment concentration levels and was associated with erosion of the inboard relay bounding fault tip 

(Figs. 4.9F; 4.11C). When the input parameters favoured greater erosion by the flow (increased water 

discharge, higher sediment concentration or reduced deformation rate), flows traversed the relay 

ramp, partially or completely, with erosion of both the ramp-bounding fault tips (Fig. 4.17E) and 

sediment supply to the outboard depocentre. The gradual overlap of fault segments acted to 

concentrate flow and incision at the relay ramp locations when faults grew by the Isolated fault growth 

mechanism. However, flow was also common around the outer array tips in these models, with 

drainage switching between different entry points increasing as sediment fill in the depocentres 

outpaced the accommodation created (Figs. 4.9D; G; H; I; J; 4.11D; 4.17C). 

Breaching of the fault array broadly coincided with the cessation of flow at the relay ramps in many 

of the Isolated fault growth models with diversion of drainage to flow around the outer array tips (Fig. 

4.9G). At the highest levels of water discharge and sediment concentration, the drainage developed 

prior to breaching maintained its position post-breaching owing to its ability to erode and offset the 

effects of the footwall uplift. Thus, persistent flow at breached relay ramps was seen in some of the 

models for the Isolated fault growth (e.g. Model Iso_8a; Fig. 4.A5). Flow at breached relays also 

occurred in models Iso_3a and Iso_1b, but only for short periods. 

Although the relay ramps also featured in models where the faults grew by the Constant Length 

mechanism, this was only in the earliest stages of fault growth where lows in the aggregate 

displacement profile exist reflecting the short-lived period of fault lengthening, diversion of flow away 

from relay locations to around both the outer array tips occurred well prior to breaching in many of 

the models (Figs. 4.21 C-G; 4.23C; 4.25B; C). In most cases the flow was diverted away from relay ramp 

1 between 0.8 and 1.5 Myr into tectonic activity. No flow occurred in any of the models via the more 

distal relay ramp 2. Persistence of flow at the relay ramp 1 location depended on the ability of flow to 

incise into the uplifting footwall across the fault array. Thus, models with inputs that promoted greater 
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incision saw the relay ramp flow period extended, particularly when the displacement rate on the 

faults was reduced (Fig. 4.29). Where longer-lived flow at relay ramp 1 occurred in model Cons_1b the 

flow was seen to flow both down as well as across the ramp eroding both the bounding fault tips (Figs. 

4.29C; D). However, in models with the highest discharge, relays were less likely to be utilised, as the 

drainage was able to trench across the growing footwall uplift and this tended to take place close to 

the uplift maximum on the faults (Fig. 4.28). Drainage switching, once drainage transitioned to around 

the outer array tip pattern, was not seen again as the connected field of footwall uplift across the fault 

array promoted the continued diversion of flow around both array tips. Traditionally growth by the 

achieving of near final lengths early in fault history is ascribed to coherent growth whereby no lows 

exist in an aggregate displacement profile, unlike the scenario employed in the earliest periods of fault 

growth in the numerical models. It is envisaged that the impact of including coherency from the 

initiation of faulting in the Constant Length numerical models would not have a large impact on model 

outcome as it would only serve to supress any flow via relay ramps in the earliest stages of faulting, 

and after fault overlap the evolution would be similar. 

Flow via underlapping zones and the relay ramps they develop into once the propagating fault tips 

overlap is thus much more important in the Isolated models and persists for longer, up to, and in some 

cases beyond, relay breaching. This is consistent with existing models that regard transfer zones and 

relay ramps as important sites of increased sediment delivery to developing hanging wall depocentres 

and a locus for the deposition of coarse-grained sediment (Leeder & Gawthorpe 1987; Gawthorpe & 

Colella 1990; Gawthorpe et al. 1990; Roberts & Jackson 1991; Gawthorpe & Hurst 1993; Gupta et al. 

1999; Khalil & McClay 2009; Athmer & Luthi 2011; Hemelsdaël  & Ford 2016). In rift settings such as 

the East Shetland Basin, where fault growth is inferred to have been by the isolated mechanism, both 

soft- and hard-linked transfer zones exerted the dominant control on drainage pathways, the locations 

of sediment entry points, and the deposition of syn-rift sediments (Williams et al., 2020). Syn-rift 

clastic reservoirs often show a close relationship to the transfer zone location and sediment entry 

points along the western margin of the East Shetland Basin (Williams et al., 2020). The forward 

stratigraphic models demonstrate the rapid coalescence of footwall uplift on adjacent fault segments 

can result in the early reversal and diversion of drainage away from the relay ramps in the Constant 

Length models (within c. 1 Myr of the start of rifting) with sediment entry points then fixed at the 

outer array tips unless flow was able to incise across the footwall uplift. Rifts in which the Constant 

Length growth mechanism dominated fault development will thus tend to have expanded distributive 

fluvial and axial delta systems developed from the outer array tips, and these may feed depositional 

systems spanning depocentres associated with adjacent fault segments. In these cases, syn-rift 

reservoir development adjacent to relays may be restricted to the earliest phase of rifting. A 
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predominance of axially sourced sediment during rifting has been identified in a number of basins 

including the Cenozoic Bohai Bay Basin, China, where axially depositional systems account for >85% 

of the fill. The faults developed during Cenozoic rifting in the Bohai Basin are interpreted to have been 

influenced by pre-Cenozoic basement faulting (Dongsheng et al., 2000) favouring growth by the 

Constant Length mechanism (Childs et al., 2003; Morley, 2016). Notwithstanding the subordinate role 

for sediment entry via relays in the Constant Length growth mechanism, relays may be more 

important in cases where the fault displacement rates are low, as revealed by model Cons_1b, or 

where easily eroded lithologies are uplifted in the footwall. In the Gulf of Suez, where fault growth is 

considered to have been by the Constant Length mechanism (Khalil and McCloud, 2018; Jackson and 

Rotevatn, 2019), drainage did enter the basin at breached relays (Moustafa and Khalil, 2016) but the 

pre-rift and early syn-rift succession is missing on the footwall uplift reflecting removal of these easily 

eroded materials (Khalil and McCloud, 2018). 

4.5.3 Impact on syn-rift stratigraphy 

The syn-rift stratigraphy produced by models following the two fault growth mechanisms diverged 

as a result of the variable entry points for sediment discussed above, contrasting patterns of uplift and 

subsidence, and the long-term accommodation: supply balance. 

At the broadest scale, the overall stratal geometry generated by the contrasting fault growth 

mechanisms should reflect the degree to which the fault tips propagate (Morley, 1999; 2002). Tip 

propagation should show onlapping stratal geometries reflecting the growth of the depocentre 

through time, whereas fault growth with minimal tip propagation will typically display convergent 

stratigraphy. The forward stratigraphic models confirm these patterns, but only for examples where 

sediment supply was sufficient to fill the depocentres as they formed (Figs. 4.15 D-F; 4.17F; 25 D-F; 

4.29 F-H). In many of the model runs, the depocentres remained or evolved to underfilling, and in 

these cases the stratal geometry is not a good guide to the underlying fault growth mechanism. 

Gradual tip propagation, fault overlap and progressive deformation of the area between faults in 

the Isolated fault growth mechanism produce local depocentres separated by anticlines trending 

perpendicular to the faults coinciding with segment boundaries (Jackson and Rotevatn, 2013). This 

can give rise to stratigraphy that onlaps intrabasinal highs. The Constant Length mechanism forms 

elongated depocentres that interact early during fault growth (<1 Myr in the numerical models) and 

this subdues the formation of intrabasinal highs and allows greater connectivity between deposits in 

the hanging walls of adjacent fault segments. These relationships are replicated in the forward 

stratigraphic models with depositional units and systematic textural trends expressed over multiple 

depocentres in models following growth by the Constant Length mechanism (Figs. 4.21A; B; 4.23A; 
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4.29C). Extensive connected coarse-grained units were developed when the sediment supply was high 

and selective deposition of coarse sediment filled accommodation across the depocentres with the 

finer fraction bypassed down-dip.  

Drainage entering the hanging wall basins via relays developing under the Isolated growth 

mechanism tended to do so low on the ramp rather around the fault tip. This was because lateral 

propagation of the fault tip extended across existing drainage and incision then locked the drainage 

in place before uplift subsequently forced a relocation. Similar drainage migration associated with 

propagating fault tips was noted by Trudgill (2002; Fig. 4.32) albeit without mention of the incisional 

period prior to channel relocation seen in the numerical models. As a result, the coarsest grained 

facies tend not to onlap the ramp directly and textural trends tend to fine towards the onlap, as well 

as into the depocentre away from the entry point.  

 

Figure 4.32. Schematic evolution of a relay ramp structure and an associated drainage path, from 

Trudgill (2002). (A) Relay develops between two overlapping normal faults and ramp provides and 

input point for drainage; (B) Propagation of the fault tip eventually forces the flow path to migrate to 

flow around the uplifted footwall. 

Sediment input points in the Isolated models were commonly between faults at relay locations as 

well as around the array tips (Figs. 4.9 H-J). However, in the Constant Length models the flow paths 

were dominantly around the fault array tips and there was much less variability in input location (Figs. 

4.21 H-J). The facies distribution in the hanging wall depocentres reflects these dominant entry points. 

Shallow water to fluvial conditions persisted in depocentre 1 next to relay ramp 1 in model Iso_1a (Fig. 

4.33A) and to lesser extent at both ends of depocentre 2, relay ramp 2 being more distal to source 

and delivering less sediment. In the equivalent Constant Length model (Cons_1a) shallow lacustrine 

and fluvial deltaic conditions dominantly occurred at the inboard array tip in depocentre 1, with 

relatively minor volumes of sediment entering via relay 1 early on and delivered to both depocentres 
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1 and 2 before deeper conditions in the vicinity of this relay ramp were established (Fig. 33B). 

Subordinate flow around the outboard array tip, and underfilled conditions in depocentre 3 resulted 

in intermittent deposition of a deep-water fan (Fig. 4.33B).  

 

 

Figure 4.33. Axial hanging wall cross-sections parallel to and close to the three faults contrasting the 

facies in models (A) Iso_1a and (B) Cons_1a. The colour scheme indicates whether the facies were 

subaerial or subaqueous, and the water depth at which sediment was deposited. The dashed black 

line is the boundary between the pre-rift and syn-rift successions.  

The different rates at which accommodation was created in the two fault growth models dictated 

the wider evolution and longer-term facies stacking patterns. Where the long-term sediment supply 

was insufficient to fill the tectonically created accommodation space, as in the reference models (Fig. 

4.33), lower rates of accommodation creation in the Isolated model meant depocenter 1 remained in 

relatively shallow water and only deepened gradually. Although depocenter 1 received most of the 

sediment during the reference Constant Length model, mostly from around the inboard array tip, 

higher rates of accommodation creation from early in the tectonic history forced a systematic 

backstepping of the axial delta system. The contrast between the two fault growth models is even 

more extreme for depocenter 2 where extended supply from both the relay ramps in the case of the 

Isolated model maintained the depocentre in shallower water. The equivalent Constant Length model 

saw a rapid deepening once supply migrated to the inboard array tip remote from the depocentre.  
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The greater tendency to underfilling in the Constant length models also impacted drainage mobility 

and the stability of sediment input points. Where drainage was able to fill the depocentres, the 

channels were then able to backfill up-dip of the fault array causing them to avulse and follow new 

pathways. This was commonly seen in the Isolated model (0-2 Myr) where extensive deposition of 

sediment in the feeder channels (green) and the erosion of new channels (red) on the footwall stand 

out on the isopach maps (e.g. Fig. 4.9 A-D). However, in the Constant Length models, backfilling of 

channels was less common and the up-dip channels did not avulse as frequently (Figs. 4.21 A-D). 

Consequently, this contributed to more stable entry points. The models that had a higher fine 

sediment component (models Iso_1f and Cons_1f) also showed more stable sediment input points. In 

Iso_1f, flow via relay ramp 2 occurred until 2.5 Myr whereas no flow via this relay occurred in the 

reference case, and in Cons_1f initial flow via relay ramp 1 persisted for 1.5 Myr, whereas it only lasted 

0.8 Myr in the reference case. A reduction in channel avulsion caused by cohesive interchannel 

sediment is known to increase channel stability (Tucker, 2009; Edmondson and Slingerland, 2009). 

4.5.4 Footwall erosion and transverse sediment supply 

The pattern of footwall incision differs depending on the fault growth mechanism. Persistent 

drainage entry at the relay ramps in the Isolated fault growth model (Figs. 4.9; 4.13; 4.17) reflects the 

lateral propagation of fault tips across the river courses making for extensive incision of the footwall 

in the vicinity of the relays.  

Erosion of the fault tips bounding relay ramps is also seen in the forward stratigraphic models with 

the Constant Length growth mechanism, but only in the earliest rift phase prior to drainage reversal. 

Incisions are seen initially at relay ramps, along the length of the scarp and at the outer array tips at 

low to moderate levels of sediment supply (Figs. 4.21A; B; 4.25A). At higher discharge rates, incision 

was focussed in areas of greatest footwall uplift and the associated subsidence maximum (Figs. 4.25A; 

B; 4.28). This occurred once erosive power was sufficient to keep pace with the maximum rate of 

footwall uplift. Incision at the displacement maximum on the fault suggests that once erosion occurs 

here, the incisions are deep enough to be self-sustaining. The drainage becomes locked in this position 

as the footwall rises and the topographic break and steeper gradients associated with the faulting 

helps keep the conduit open. Closer to the fault tips, reduced rates of uplift prevent the channels from 

becoming locked in position and they are able to migrate laterally more easily planing off or terracing 

the footwall. 

Patterns of footwall erosion have been imaged in 3D seismic surveys and can give insight into the 

original fault growth mechanism. For example, in the northern Polhem sub-platform in the SW Barents 

Sea, Kairanov et al. (2019) described palaeovalleys on the footwall to a half graben formed during a 
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period of Early Cretaceous extension. Faults established during the early rift development grew by the 

Isolated fault growth mechanism. Incised valleys developed during this early phase are located at kinks 

in the fault that correspond to original fault segment boundaries, and the position of relay ramps. 

Throw backstripping on the fault revealed that the faults were established before the incised valleys 

which were dated by their fill. This implied that the drainage system exploited topographically low 

areas that developed between fault segments during the early stages of fault growth. The valleys 

developed on account of fault segment interaction and linkage during which erosion and 

sedimentation kept pace with slip rate on the fault segments (Kairanov et al., 2019; Fig. 4.34A). The 

forward stratigraphic models for growth by the Isolated mechanism supports the inferences of 

Kairanov et al. (2019) in showing greater levels of incision focussed at relay zones late into fault system 

development (Fig. 4.34C) and even persisting after breaching of faults in some instances (Fig. 4.34D; 

Models Iso_3a; Iso1b; Iso_8a). 

 

Figure 4.34. (A&B) Structure map of the top Lower Cretaceous in the SW Barents Sea showing 

incisions tied to former fault segment boundaries used to infer growth by the Isolated mechanism 

(Kairanov et al., 2019); (C) Loci of erosion (red) at fault overlap locations on thickness map from 

Isolated fault growth model Iso_8a at 3 Myrs and (D) continued erosion at the breached relay 

location at 3.4 Myr. 

Transverse antecedent drainage localised at displacement maxima on rift faults has also been 

noted in natural systems in the Corinth rift (Ford et al., 2007a; Ford et al. 2007b; Ford et al., 2013; 

Hemelsdaël and Ford; 2016; Hemelsdaël  et al., 2017) and the Gulf of Suez (Gawthorpe et al., 1990; 

McClay et al., 1998; Leppard and Gawthorpe, 2006). In the Corinth rift, numerous large antecedent 
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rivers are inferred to have flowed across the developing faults feeding a series of large transverse 

deltas (Fig. 4.35A) with the location of the drainage entering the basin tied to displacement maxima 

and areas of greatest subsidence (Ford et al; 2016; Hemelsdaël  et al., 2017; Fig. 4.35A). The ability of 

antecedent drainage to maintain its course in developing rift systems has been related to the 

coarseness of the bedload in what are often gravel-bed rivers (Hemelsdaël et al., 2017), and/or the 

erodibility of the uplifting footwall (Zellilidis, 2000; Young et al., 2002). Whilst these factors are likely 

important, the Sedsim model results suggest that the fault growth pattern may also play a role. This 

flow path is highlighted in the models where fault growth follows the Constant Length mechanism 

which is associated with greater accommodation, with greatest space available at the subsidence 

maximum where flow trenching preferentially occurs. Examples of trenching of the flow at the uplift 

maximum is seen in a number of the Sedsim models (Figs. 4.28; 4.29A; B; 4.30A; B) following the 

Constant Length fault growth mechanism. Early underfilled depocentres on account of greater rates 

of accommodation creation may favour locking of incisions at the displacement maxima when faults 

grow by this mechanism. 
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Figure 4.35. (A) Antecedent drainage cutting across developing normal faults, including traversing a 

relay ramp (X), in the Gulf of Corinth, from Ford et al., (2016). (B) Isopach map from model Cons_8a 

at 0.5 Myr, highlighting channelised flow incised across fault segment close to the uplift maximum, 

as well as at a relay ramp; and (C) cross sections parallel to the faults through the proximal footwall 

of faults 1 and 3 from model Cons_8a. Blue arrows indicating location and duration of across fault 

flow via valleys incised at the uplift maximum. 
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4.5.5 Bypass and trapping efficiency 

Sediment that was not deposited in the fault-controlled depocentres bypassed and was 

transported down dip to the shoreline. The timing, location and volume of bypassed sediment were 

impacted by the fault growth mechanism. With moderate to high water discharge and sediment 

concentrations and the Isolated fault growth mechanism, sediment sourced from the footwall 

bypassed between the early faults and drove shoreline progradation down dip of these locations (Figs. 

4.8; 4.14; 4.16). As the drainage had not passed through an up-dip basin, there was limited selective 

removal of the coarser fraction and the texture of the sediment delivered was mainly controlled by 

longitudinal fractionation within the channel and its overbank. When fault growth occurred by the 

Constant Length mechanism, bypass of sediment was dominantly down dip of the outer fault array 

tips as drainage was intermittently deflected into the hanging wall basin axially and at other times 

continued on down the regional slope. The volume of sediment bypassed was significantly reduced 

given the enhanced accommodation and wider footprint of the subsidence that more efficiently 

captured drainage (Figs.4.21A; B; 4.23A; 31A; B). The greater accommodation potential associated 

with the Constant Length fault growth mechanism commonly abstracted all the sediment load at low 

and moderate sediment concentrations, and textural trends were expressed in one or across several 

coalesced depocentres with minimal bypass. At greater sediment concentrations, the depocentres 

selectively abstracted just the coarser sediment fraction and bypassed the finer fraction. 

In the Sedsim models, the bypassed sediment was deposited at the shoreline but in a rift setting 

there are often additional fault blocks down dip, particularly in the earlier stages of fault array 

evolution prior to localisation of extension on a few major structures (Fig. 4.34; Walsh et al., 2003). 

The sediment arriving in fault-controlled depocentres down-range of other fault arrays will be 

modulated by the interactions occurring up-dip (Fig. 4.36B). Fault growth mechanisms may be 

important here as these will control the volumes and texture of the sediment passed down dip. 

Hemelsdaël  et al. (2017) showed similar trends in sediment extraction in the Corinth rift to those in 

the numerical models for Constant Length growth with high sediment supply and identified the 

deposition of finer sediment fractions in fault blocks further down the transport system. Bypass of 

finer fractions buried the intrabasinal faults down dip in their example. Systematic textural trends thus 

extended across multiple titled fault blocks rather than being confined to a single half graben 

(Gawthorpe and Leeder, 2000; Fig. 4.36A).  
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Figure 4.36. Variation in evolution of textural trends across numerous fault blocks from (Ai) 

Gawthorpe and Leeder (2000) with dominant consequent drainage; and (Bi) Hemelsdaël  et al., 

(2017) where antecedent flow dominated. Ai) indicates deposition of the range of textures within the 

depocentre whereas (Bi) shows textural range expression across numerous fault block depocentres 

aligned down system. Models with high water discharge and sediment concentration for Constant 

Length (Cons_8a; Bii) models indicate greater coarse material abstraction in the hanging wall 

depocentres and bypass of finer sediment resulting in down system fining. 

4.6 Conclusions 

Forward stratigraphic modelling has been used to address the impact of different fault growth 

mechanisms on sediment dispersal and the stratigraphy of early syn-rift hanging wall depocentres that 

may not be well imaged beneath thick rift climax deposits in the subsurface. The study has focussed 

on antecedent drainage and how this interacts with a fault array growing by either the Isolated or 

Constant Length mechanisms, acknowledging that in reality elements of the two mechanisms may 

operate together (Sect. 1.2.3). Also, the models address a subset of the possible interactions in that 

they incorporate easily erodible pre-rift sediment that is uplifted in footwalls, a low gradient 

equilibrium slope in order to supress up-dip autogenic signals, a staggered fault array with the inboard 

fault being closer to the water and sediment source, a gradual increase in deformation rate reflecting 

strain localisation, and a constant base level. 

The key conclusions of the study are as follows: 

(1) The larger initial footprint of the Constant Length hanging wall subsidence meant that 

antecedent drainage encountered the rift depocentres more readily during rift initiation. 
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Antecedent drainage was able to completely bypass the initially small hanging wall 

depressions associated with the Isolated fault growth mechanism. 

(2) The transfer zone between propagating but underlapping normal faults, and the relay ramps 

they develop into, were important conduits for sediment in the Isolated fault growth model 

and remained so right through to breaching. Drainage also exploited relay ramps in the 

Constant Length model but could not compete for long with the rate of footwall uplift for low 

to mid-range water discharges and sediment concentrations and sediment was then routed 

around the fault array to dominantly fill the depocentres axially. 

(3) Fault lengthening across the drainage exploiting the gaps between underlapping faults in the 

Isolated growth model focussed incision close to the fault tips. Drainage emerged from the 

footwall lower on the relay ramp rather than being continually steered around the fault tip 

and down the ramp. Sediment thus may fine towards a pinch out onto the ramp as well as 

towards the centre of the hanging wall basin. Increasing displacement as the fault propagated 

forced drainage to repeatedly step towards the fault tip which created a stepped erosion 

surface on the footwall and if overfilled, erosional conduits extending across the basin stepped 

in the same direction. 

(4) Cross ramp supply to the outboard depocentre occurred early in the Constant Length model 

when displacement was low at all levels of water discharge and sediment concentration but 

was, in general, short lived. Cross ramp was not seen at equivalent times in the Isolated model 

as no fault overlap had occurred. Across ramp flow was not seen until later in the models 

when faults had overlapped (after 2 Myr), but factors promoting incision were required 

(increased water discharge and sediment concentration, or slower deformation rate), 

otherwise flow was diverted down the ramp  

(5) As water discharge and sediment supply increased, erosion could trench across the uplifting 

footwall associated with the Constant length model, particularly where easily erodible pre-rift 

sediment was present on the footwall, as in these simulations. Incision in this case took place 

close to fault centres rather than at the tips. This was because more rapid displacements here 

locked the drainage into incisions. Closer to the fault tips, drainage was more mobile and could 

plane off or terrace the footwall more evenly. 

(6) The extent to which drainage was locked by incision determined the longevity of sediment 

input points and overall stratigraphic heterogeneity. Stable input points occurred in the 

Isolated fault growth models for low sediment supply, where footwall uplift steered drainage 

between the fault segments and local incision locked drainage in position. The hinterland 
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drainage became fixed to the extent some depocentres received little sediment for significant 

periods of time whilst others were overfilled and bypassing sediment down dip. Adjacent early 

depocentres can thus have very different fills. Stable input occurred in the Constant Length 

fault growth at low to moderate levels of sediment supply when flow entered around the fault 

array tips. 

(7) Facies distribution and the large-scale facies stacking patterns reflect the accommodation 

variation between the fault growth models particularly at moderate sediment supply levels. 

In the Isolated fault growth models shallow water conditions are most common in depocentre 

1, with greater variation in stacking reflecting lower initial accommodation overcome by 

sediment supply promoting sediment entry switching. Deeper water conditions are commonly 

seen along strike and the facies are disconnected across initially isolated depocentres. Facies 

stacking variation is reduced in the Constant Length models, reflecting the increased 

accommodation created earlier in fault growth, and facies tracts are established across 

depocentres along strike, owing to the earlier coalescence in depocentres. There is a general 

pattern of deepening water conditions from source-proximal depocentre 1 to depocentre 3. 

(8) The location of the sediment source in relation to the fault array was important. Preferential 

flow via relay ramp 1 in the Isolated models (apart from Iso_1f), and the inboard array tip for 

the Constant Length models resulted in greatest sediment delivery to depocentre 1 which was 

most proximal to the source location. At low sediment supply levels, depocentres more distal 

to the source were underfilled or completely starved of sediment. 

(9)  Linking of fault growth mechanisms to stratigraphy in hanging wall depocentres in the 

numerical models can aid in the understanding of earliest basin fill history, particularly when 

growth is likely mixed mode and facets of both the Isolated and Constant Length Fault growth 

mechanisms are likely present. In the earliest period of growth by the Isolated mechanism 

greater levels of bypass and drainage via transfer zones and relay ramps can be expected and 

shallow water deposition potential in isolated depocentre. Later evolution by the Constant 

Length mechanism would likely be accompanied by drainage diversion away from ramp 

locations and a greater prominence of axial flow. 
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Chapter 5 

 

Drainage and sediment distribution in salt-influenced rift 

basins 

 

5.1 Introduction 

The previous chapter investigated the impact of fault-growth models on drainage and stratigraphy 

during the early stages of rifting. The focus now changes to using forward stratigraphic modelling to 

explore the longer-term evolution of fault-controlled rift basins in which buried salt layers also play a 

role in controlling topography and the pattern of stratigraphic accommodation. The presence of 

subsurface salt is known to have affected the evolution of many rift basins globally (Fig. 5.1), including 

those of the Irish offshore (Robinson et al., 1981; Van Hoorn, 1987; Crocker and Shannon, 1987; 

Shannon, 1991; Naylor et al., 1993; Dunford et al., 2001 O’Sullivan et al., 2021). Salt can impact basin 

evolution across a range of scales, from local salt-controlled topography and steering of sediment 

transport, all the way up to the large-scale rift basin architecture.  

The presence of pre-rift salt layers, when relatively thick, results in a structural style and evolution 

that differs markedly from rifts formed by brittle deformation of the upper crust alone (Stewart et al., 

1996; Stewart & Clark 1999; Corfield & Sharp, 2000; Ford et al., 2007; Stewart 2007; Marsh et al., 

2010; Duffy et al., 2013; Lewis et al., 2013; Wilson et al., 2013; Jackson and Lewis, 2016). The 

differences reflect the mechanical weakness of salt in the subsurface that allows it to deform 

viscoelastically during extension and basin fillling (Weijermars et al., 1993). Under typical geologic 

strain rates, salt flows like a fluid in the subsurface (Hudec and Jackson, 2017) and hence it can form 

interstratal detachments that can decouple rift-related basement (i.e. sub-salt) structures from those 

in the cover (supra-salt) (Mannie et al., 2016). The decoupling commonly results in fault-related 

folding of the cover in addition to salt-detached extension (e.g., Stewart et al., 1996; Stewart & Clark, 

1999; Corfield & Sharp, 2000; Ford et al., 2007; Stewart, 2007; Marsh et al., 2010; Duffy et al., 2013; 

Lewis et al., 2013; Wilson et al., 2013). During the early stages of basement-involved extension in salt-

influenced rifts, salt may inhibit the upward propagation of sub-salt faults, mechanically decoupling 

them from the overlying stratigraphy, and generating associated forced folds in the supra-salt strata 

(Mannie et al., 2016; Coleman et al., 2017). This typically leads to differing structural styles and a 
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geometric disparity, above and below the intra-stratal detachment (Jarrige, 1992). As displacement 

increases, the sub and supra-salt faults may become physically coupled and hard linked through the 

salt layer (Koyi and Petersen, 1993; Harvey and Stewart, 1998; Withjack and Callaway, 2000; 

Richardson et al., 2005; Kane et al., 2010). As well as viscoelastic deformation, salt has a density less 

than most carbonates (Hudec and Jackson, 2007). Salt buried deeply enough under denser overburden 

is therefore buoyant. 

Previous seismic studies have addressed how halokinesis can impact the evolution of the large-

scale stratigraphic architecture of rift basins, showing how the creation and loss of accommodation 

driven by the combined effects of tectonism and salt movement control sediment dispersal and the 

resulting stratal geometries (e.g. Richardson, 2005; Duffy et al., 2013). These studies lack in their ability 

to understand sediment routing to the basin, potential reservoir distribution, and how drainage is 

impacted by the deforming surface under the influence of salt movement. Similarly, there is little 

knowledge of facies development, distribution and stacking across the basin. Analogue modelling is 

most commonly utilised to recreate and understand stratigraphy in salt-influenced rift settings 

(Vendeville and Jackson, 1992; Dooley et al., 2005; Brun and Maduit, 2008; Ferrer et al., 2014; 

Moragas et al., 2017) but this method involves manual addition of sediment layers as the modelling 

progresses, with little understanding of sediment supply or routing patterns impacted by surface 

deformation. The advantage of applying forward stratigraphic modelling to a salt-influenced rift 

setting is the added benefit of insights into drainage diversion, sediment routing to the depocentres 

and facies stacking patterns that may arise.  

Other work has investigated how sediment transport processes can be modified by interaction with 

local salt-induced topography. Several studies have thus dealt with sediment gravity currents where 

local sea floor topography controlled by mobile salt has exerted a significant control on flow pathways 

and flow behaviour with implications for the location and character of deep-water channel, lobe and 

levee systems (Oluyboyo et al., 2014; Wang et al., 2016; Howlett et al., 2020; Cumberpatch et al., 

2020). Other studies have similarly addressed fluvial tectono-sedimentary interactions impacted by 

halokinesis, with a focus on salt walled mini basins (Banham and Mountney, 2013; Ribes et al., 2015; 

Rives et al., 2016; Pichel et al., 2019) and the implications for reservoir quality on account of salt-

related deformation (Stricker et al., 2018). The current study by contrast focusses on large scale rift 

basin architecture and facies stacking patterns of a salt-influenced rift basin as a whole. This largescale 

view and investigation using forward stratigraphic modelling has not been completed previously. 

Numerical fluid flow simulations have been used previously in conjunction with digitised analogue 

model outputs to investigate turbidite flow into a developing minibasin (Wang et al., 2016) this study 

investigated one small-scale, both spatial and temporal, part of a salt influence rift development. 
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Therefore, a need exists for a large-scale whole basin understanding of the interaction of drainage and 

surface deformation, subsequent sediment routing, depositional trends across a salt-influenced rift, 

and facies evolution and stacking patterns as the rift evolves. 

 

Figure 5.1. Equal-area Mollweide projections showing global distribution of basins containing salt 

structures (dark-gray areas). Basins containing only undeformed salt are omitted. From Hudec and 

Jackson (2007). 

The interplay between fault-controlled surface displacements and simultaneous uplift and 

subsidence created by salt withdrawal, flow, detachment, relaying of deformation, accumulation and 

buoyant rise makes for a potentially complex pattern of accommodation creation that will change as 

rifting proceeds. Surface displacements linked to sub-salt faulting will vary based on the salt thickness, 

overburden thickness, ductility of the overburden, displacement rate and viscosity of the salt layer 

(Withjack and Callaway, 2000). Surface deformation can also be relayed by deformation in the salt 

layer to locations remote from the active sub-salt faults (Withjack and Callaway, 2000).  

The complex and variable response pose challenges for any attempt to meaningful model these 

interactions using forward stratigraphic modelling in a way that leads to useful generic insights beyond 

the particular combination of inputs employed. The approach adopted here was guided by three 

objectives: (1) to build on the half-graben template explored in chapters 3 and 4 for rifting in the 

absence of salt; (2) to implement a typical salt-influenced rift pattern of combined fault and halokinetic 

surface displacements with sediment supply from antecedent drainage, both transverse and axial; and 

(3) to condition the model with attributes relevant to the Central Slyne Basin, offshore Ireland, in as 

far as was possible. An overarching goal was to assess the extent to which forward stratigraphic 

modelling could aid reservoir prediction in these underexplored basins. In the event, a moratorium 

(2019) on future oil and gas exploration in the Irish offshore overtook this ambition. Understanding 
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lithology distribution and stratigraphic patterns in salt-influenced rift basins remain significant 

challenges and lag behind that for rifts in which salt is absent. Such studies can still improve predictions 

of reservoir distribution and trap geometry style for future carbon storage (e.g. Maia da Costa et al., 

2018; Roelofse et al., 2019), geothermal energy projects (e.g. Harms, 2015; Daniilidis and Herber, 

2017; Andrews et al., 2020), and hydrocarbon exploration elsewhere (e.g. Hodgson et al., 1992; 

Jackson and Hudec, 2017; Pichel and Jackson, 2020). 

The forward stratigraphic modelling was again undertaken using Sedsim. As Sedim cannot model 

salt movement explicitly, the salt-induced component of uplift and subsidence is an input that needs 

to be combined with the fault-related displacements. However, the two are not independent, as for 

example, prior to coupling of faults across the salt layer, the salt can compensate for the displacement 

on the faults, modifying the fault-induced displacement field at the surface. Hence, prior to discussing 

the modelling itself and the philosophy behind it in more detail, the early part of this chapter reviews 

the evidence for combined fault and salt-induced surface displacements during rifting in order to 

justify the particular scenario that is then modelled. The design of the experiment is then considered 

in relation to the Central Slyne prototype, and the range of inputs that were employed. The results of 

the modelling are then discussed and the wider implications for salt-influenced basins addressed, 

including the Irish basins. As the combined fault and salt-driven surface deformation investigated here 

require a substantial earlier salt layer to be present in the subsurface, the models are appropriate to 

areas that have undergone polyphase rifting, or where separate yet superimposed rift phases succeed 

one another, both a common feature along the Atlantic margins (Shannon, 1991; Reemst & Cloetingh, 

2000; Whiting et al., 2020; O’Sullivan et al., 2021). As rifting often localises, fault-controlled syn-rift 

basins can overlie more extensive earlier aborted rift and pre-rift sags containing salt layers. An 

association with polyphase basins implies significant longevity to the overall rifting process, a 

challenge for the modelling that is considered later. 

Specific aims of the forward stratigraphic modelling work discussed in this chapter were thus to: 

1. Investigate how drainage, the accommodation:supply balance and the associated stratigraphy 

develop in a typical salt-influenced half-graben under the joint control of salt migration and 

rift faulting. 

2. Highlight key differences in terms of sand distribution and stratal geometries compared to 

classical half-graben fills developed in the absence of salt control such as those modelled in 

Chapter 4. 

3. Apply the learnings to the Irish offshore basins and specifically to the structural culminations 

in the immediate hanging walls of the main rift boundary faults that have been ascribed to 
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salt tectonics (Withjack and Callaway, 2000; Hudec and Jackson, 2007; Duffy et al., 2013; 

O’Sullivan et al., 2021). 

5.2 Character of salt-influenced rifting 

5.2.1 Phases in salt-influenced rifting 

Many studies have investigated the structural impact of salt on rifting using subsurface datasets 

(Richardson et al., 2005; Biteau et la., 2006; Hudec and Jackson, 2007; Ferrer et al., 2012; 2014; Duffy 

et al., 2013; Mannie et al., 2016; Jackson and Lewis, 2016; Coleman et al., 2017; Bouroullec et al., 

2018), physical modelling (Withjack et al., 1990; Richard, 1991; Vendeville et al., 1995; Withjack and 

Callaway, 2000; Dooley et al., 2003; Dooley and Hudec, 2020) and numerical modelling (Hudec and 

Jackson, 2011; Allen, 2016; Pichel et al., 2019). Although dependant on variables such as the thickness 

of the salt layer and the thickness of overburden, there are consistent patterns across many salt-

influenced rift basins such as the Central Slyne-Erris sub-basin in the Irish Offshore (O’Sullivan et al., 

2021); the Sele High Fault System, offshore Norway (Jackson and Lewis, 2016); South Viking Graben, 

offshore Norway (Kane et al., 2010); the Dutch Central Graben (Bouroullec et al., 2018); and the Danish 

Central Graben (Duffy et al., 2013). 

The results from both tectonic modelling and natural examples indicate the level of coupling 

between basement and overburden across the salt layer varies widely, ranging from connected and 

strongly coupled to completely uncoupled, with partially coupled systems being the most common in 

nature (Hudec and Jackson, 2017). Decoupling occurs because salt flows to heal the displacement on 

the basement fault (Hudec and Jackson, 2017). The low viscosity of salt means it cannot transmit the 

large differential stresses necessary for basement faults to propagate upwards as brittle faults or 

forced folds unless the salt layer is depleted. Thick salt diffuses sub-salt deformation in the basement 

by flowing away towards sinking basement blocks (Vendeville and Jackson, 2013). Decoupling is 

promoted by thick salt layers, small basement fault offsets, slow rates of basement deformation, and 

the presence of low-viscosity evaporites (Hudec and Jackson, 2017). The mobility of salt during rifting 

has implications for the creation of topographic relief and depocentre geometries in the hanging wall 

of normal faults, and these will contrast with those present when extension is accommodated entirely 

on faults in the absence of salt layers. 

What follows is a summary of the evolution of a partially coupled salt-influenced rift with a thick 

pre-rift salt deposit, drawn from published examples and used to inform the set up for the Sedsim 

experiments. The idealised rift history can be split into a number of overlapping phases, here referred 

to as Phases 1 to 4, between which the locus and rate subsidence and shape of the depocentre vary. 

As rifting commences (Phase 1), initially separate normal faults or fault segments form an array in the 
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sub-salt basement and these increase in length and displacement through time. The supra-salt cover 

is flexed and the salt migrates into the volume adjacent to displacement maximum on the faults. 

Depocentres are generated in the supra-salt cover above the sub-salt fault hanging walls, but because 

of the flexure of the cover, they are offset from the fault trace, and the sediments thicken away from 

the syn-rift fault structures rather than towards them. Sediment loading offset from the fault also 

drives continued evacuation of salt from this location (Fig. 5.2i; Withjack and Callaway, 2000). The 

transverse margins of these depocentres on the fault and hanging wall sides have relatively steep 

gradients (Kane et al., 2010; Jackson and Lewis, 2016) in contrast to basins lacking salt where the 

hanging wall depocentre generally has a steep fault-controlled margin facing a gentle flexural slope. 

The movement of the salt therefore acts to subdue the surface expression of the basement fault, 

initially forming isolated depocentres linked to the early fault segments and separated by intrabasinal 

highs perpendicular to the fault array and at the location of fault segment boundaries. This geometry 

is confirmed by other examples such as in the South Viking Graben and Slyne-Erris Basin (Kane et al., 

2010; Fig. 5.3; O’ Sullivan et al., 2018; Fig. 5.4). A monocline is commonly developed in partially 

coupled systems, draping the sub-salt faults. This is an extensional forced fold of the supra-salt pre-

rift strata (Hudec and Jackson, 2017). Pillowing of salt at the upper hinge of the monocline overlying 

the footwall of the sub-salt fault is commonly seen at the onset of halokinesis (VanWinden et al., 2018; 

Bouroullec et al., 2018). The associated uplift is offset further into the footwall than the maximum 

footwall uplift on the sub-salt fault. Upwelling of salt is enhanced at the location of the upper hinge of 

the monocline as the supra-salt, pre-rift strata in this location are stretched (Vendeville et al., 1995; 

Withjack and Callaway, 2000).  

As the basement faults grow, they begin to interact and eventually link to form a single through-

going structure (Phase 2) on which displacement accumulates further, increasing the amplitude of the 

cover fold. Salt moves from beneath the depocentres offset from the fault as well as along the fault 

towards the new displacement maximum on the longer linked structure. The offset depocentres 

eventually merge to form a single, large depocentre (Richardson, 2005; Fig. 5.2). In the Gluckstadt 

Graben, NW Germany, salt flow significantly influenced sediment distribution and overprinted 

regional subsidence patterns during Early Triassic to Middle Jurassic rifting (Warsitzka et al., 2016). 

During the earliest rifting, 15 km wide, bowl-shaped, synclinal depocentres developed under the 

influence of evacuating salt. An increase in subsidence rate and a transition to deposition in a much-

enlarged depocentre occurred later in rifting. The subsidence zone lengthened parallel to basement 

faults, blanketing the previous smaller sub-basins (Warsitzka et al., 2016). This is consistent with strain 

localisation as fault segments connect and salt withdrawal was spread over a larger area 

corresponding to the now expanded hanging wall (Fig. 5.2iii). Similar acceleration of subsidence 
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related to salt withdrawal is seen in other rift systems, adding additional accommodation space over 

that provided by fault movement (Biteau et al., 2006; van Winden et al., 2018). The inflation of salt on 

the footwall also responds to the increase in fault length and the presence of the monocline hinge 

along the length of the fault (Withjack and Callaway, 2000). The uplift is less than that seen on the 

basement fault and is at a maximum inboard of the subsidence maximum, decaying away to the sub-

salt fault tips (Hudec and Jackson, 2017). Diapirism of this salt at the uplift maximum is possible in 

natural systems (Withjack and Callaway. 2000; Granado et al., 2021). The relief associated with the 

monocline is less than the offset on the sub-salt fault due to movement of salt away from uplifting 

basement blocks (Vendeville and Jackson, 2013). The midpoint of the monocline slope usually 

coincides with the position of the underlying basement fault. For the monocline to form, the salt must 

be thick enough or the faulting slow enough that the salt flow adjusts to bending of the draped 

overburden (Hudec and Jackson, 2017). 

 

Figure. 5.2. Schematic diagram illustrating the evolution of salt-influenced fault systems and their 

associated sedimentary depocentres in a decoupled rift system. Salt withdrawal takes place distal to 

the fault trace, resulting in maximum subsidence in this part of the basin and thickest salt close to the 

fault decoupling sub-salt structures from those above the salt. Modified from Richardson (2005). 

The actual salt layer thickness changes experienced by salt migration driven by sub-salt 

deformation can be difficult to constrain given the inherent difficulty in imaging the sub-salt 

stratigraphy (Warsitzka et al., 2016). However, comparison of subsidence on the base of salt and the 
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base of supra-salt layers was possible for the Gluckstadt Graben, NW Germany (Fig. 5.5; Warsitzka et 

al., 2016). Here, the subsidence experienced by the syn-rift sediment (Fig. 5.5 dashed purple curve) 

was accelerated in comparison to the sub-salt layer (Fig. 5.5 dashed orange curve). The combined 

tectonic and salt evacuation driven subsidence in the supra-salt results in this accelerated subsidence 

rate and the curves converged following complete evacuation of the salt. Coleman and Jackson (2016) 

established that kinematic coherence above and below the salt should exist, and greater amounts of 

extension are accommodated by folding in the supra-salt layers. Subsidence must occur at greater 

rates in supra-salt locations than seen in the sub-salt, most likely distal to the fault given the ability of 

salt to diffuse extension over greater areas (Withjack and Callaway, 2000). Therefore, the subsidence 

in the vicinity of the fault would be expected to be greater in the sub-salt section (Fig. 5.5) which is 

compensated by greater subsidence distal to the fault in the supra-salt section. The slopes that bound 

the salt withdrawal basin commonly display a transverse asymmetry related to the combination of 

factors driving subsidence. On the basin margin that overlies the basement fault a homoclinal 

monocline exists which contrasts with a steeper margin related to salt withdrawal on the distal side 

of the basin above the hanging wall slope (e.g. Kane et al., 2010; Jackson and Lewis, 2016; Hudec and 

Jackson, 2017; Ge et al., 2021). 
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Figure. 5.3. (A) Time-structure map and (B) geological interpretation of the Top Bathonian horizon, 

along the eastern side of the South Viking Graben in the immediate hanging wall of the basin 

bounding fault system induced by salt withdrawal displaying the presence of isolated depocentres or 

sub-basins (SB 1-4) related to fault segment location and intervening intrabasinal highs (IBH A-C); 

(C&D) Seismic profile and interpretation along strike of the basin. From Kane et al. (2010). 
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Figure. 5.4. Time structure maps in the Slyne Basin, offshore Ireland for (A) the sub-salt, Base-

Permian Unconformity showing later deformation of this horizon with maximum subsidence at the 

fault; and (C) Supra-salt, Late Triassic Penarth Group showing maximum subsidence removed from 

the fault trace. (B) salt-bearing Late Permian Zechstein Group thickness map that lies between A and 

C. From O’ Sullivan et al, (2018). 
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Figure 5.5. Subsidence curves from the Glückstadt Graben (NW Germany) in the subsidence 

maximum, demonstrating how tectonic subsidence of the earliest syn-rift sediment (dashed purple 

line) occurs at a greater rate than fault-controlled subsidence on the sub-salt layer (dashed orange 

line) due to accelerated subsidence as salt is evacuated (blue line). The solid lines are total 

subsidence. 

As the throw on a basement fault increases, strain intensifies. Coupling of faults across the salt 

layer increases because the salt thins as it extends, becoming less able to compensate for the growing 

offset of the basement (Vendeville et al. 1995). Coupling generally occurs across the salt layer when 

the basement fault offset is equal that of the original salt layer thickness (Stewart et al., 1996). 

Extensional faults, initially detached, now link with the basement fault through the thinned salt 

(Withjack and Callaway 2000) and this marks the start of Phase 3. This phase involves the 

accommodation of extension on the now coupled rift boundary fault combined with continued salt 

migration in the hanging wall that modifies the amount of accommodation created. Salt rising along 

the coupled fault can drive formation of an anticline (Duffy et al., 2013). The expression of major salt 

structures, particularly salt walls, is known to result from linear boundary effects, such as the 

development of normal faults in the basement, and they commonly trend parallel to the faults in the 

immediate hanging wall (Jackson and Talbot, 1994). Further extension is accommodated on the 

master fault, with the influence of halokinesis on the hanging wall variable during this period of rifting, 

with diapirism in the immediate hanging wall, salt wall creation, but also collapse of salt-cored 

structures all possible (Duffy et al., 2013; Jackson and Lewis, 2016; O’ Sullivan et al 2021). Salt 

continues to flow toward the master fault, causing salt to thin beneath the depocentre, and eventually 

a weld occurs where the salt has been completely evacuated and the sub-salt and supra-salt 

successions come into contact (Duffy et al., 2013; O’ Sullivan, 2018). Depletion of salt hinders further 

salt evacuation, such that supply to any local upwelling close to the fault is reduced and collapse of 

salt-cored highs may occur (Duffy et al., 2013; O’ Sullivan et al., 2021). The coupled fault results in the 
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formation of a salt roller, an asymmetric salt diapir that can be trapped in the footwall (Brun and 

Maduit, 2009; Hudec and Jackson, 2017; Fig. 5.6). 

 

 

Figure 5.6. Salt roller develops in footwall of coupled fault. From Hudec and Jackson, 2017.  

Phase 4 involves continued extension that is dominantly accommodated on the coupled, basin 

bounding fault but now without significant salt influence. The locus of subsidence related to the fault 

shifts to the immediate hanging wall and the situation becomes more akin to a rifting in the absence 

of salt. Sediment thickens towards the fault location and continuing deposition now buries previous 

salt-cored or collapse structures in the hanging wall (Fig. 5.7). Uplift of the immediate hanging wall is 

seen where previously uplift was dominantly offset from the fault location. 

 

Figure 5.7. Conceptual model of Duffy et al. (2013) for deformation influenced by a thick, pre-rift salt 

deposit. 

The four phases described above for salt-influenced rifting incorporate substantial salt withdrawal 

and upwelling during rift development with implications for how long-term accommodation is created 

at half-graben scale. A wide variety of superimposed second-order structures can also be anticipated, 

including faults that accommodate bending of the overburden above hanging wall anticlines and the 



 233 

footwall monocline, antithetic detachment faults on hanging wall slopes, and local depocentres that 

form as a result of diapirism (Hudec and Jackson, 2017). However, these complications are not 

included in the forward stratigraphic study reported below as it confines itself to the broad first-order 

patterns as revealed by the recurring four phases outlined above. 

5.2.2 Central Slyne sub-basin prototype 

The Central Slyne sub-basin, a segment of the Slyne Basin, offshore west of Ireland, underwent 

salt-influenced rifting (O’ Sullivan et al., 2021). The modelling study aimed to use the sub-basin as a 

prototype given that it broadly displays the phases of tectonic evolution described above, and recent 

iCRAG and other studies (e.g. Merlin Energy Resources Consortium, 2020) have provided new 

constraints on the basin structure and evolution (O’ Sullivan et al., 2021). 

The Slyne Basin is a narrow, elongate basin, oriented NE-SW, that is one of an array of rift basins 

stretching along the European Atlantic margin from the Barents Sea offshore northern Norway to 

offshore Portugal (O’ Sullivan et al., 2021). The basin is divided into three asymmetric half graben (the 

Northern, Central and Southern Slyne sub-basins; Fig. 5.8), separated by a number of complex transfer 

zones characterised by poor seismic imaging and across which the polarity switches (Dancer et al., 

1997). The half graben contain a thick Permo-Triassic and Jurassic sedimentary fill unconformably 

overlain by a thin Cenozoic to Quaternary section (Dancer et al., 1997). Two salt-prone intervals have 

been proven; the Upper Permian Zechstein Group, present throughout the Slyne Basin, and the Upper 

Triassic Uillean Halite Member which is only developed in the Northern Slyne sub-basin. The Central 

Slyne sub-basin has been extensively affected by salt movement during rifting and this has significantly 

impacted the structural development (Dancer et al., 1997; O’ Sullivan 2021). With limited well control, 

wells that are widely spaced at the scale of the basin, and inconsistent seismic quality, the 

understanding of the associated stratigraphic development is less well constrained. This was identified 

as an issue that forward stratigraphic modelling could help constrain. 
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Figure. 5.8. Location of the Central Slyne sub-basin offshore Ireland, and tectonic evolution during 

rifting in the Jurassic impacted by mobile salt in the pre-rift strata modified from O’ Sullivan, 2018. 

In the Central Slyne sub-basin (Fig. 5.8), thick evaporite-dominated Zechstein Supergroup salt 

deposits developed during Permian rifting under arid conditions (Fig. 5.9; Stoker et al., 2017). This 

large and well-studied ‘salt-giant’ is present throughout northwestern Europe reaching thicknesses 

greater than 1 km (Stewart, 2007; Duffy et al., 2013; Jackson and Stewart, 2017). This phase of rifting 

ceased in the early Triassic and a thick overburden comprising fluvial and aeolian sandstones was 

deposited regionally followed by widespread deposition of playa-lake mudstones and siltstones and 

locally thick halite deposits during the Late Triassic (Stolfova and Shannon, 2009; Merlin Energy 

Resources Consortium, 2020). A marine transgression marks the end of the Triassic and the region 

experienced mild extension through this time with subtle syn-extensional thickening of the Early 

Jurassic section occurring in the hanging wall of active basin-bounding faults (Dancer et al., 1997). 

Intra-basinal listric faults formed throughout the basin above small salt rollers and salt pillows (O’ 

Sullivan et al., 2021). A period of uplift and erosion was experienced after the initial rift phase during 

the Middle Jurassic (O’ Sullivan et al., 2021) before the main phase of rifting occurred during the Late 

Jurassic (Irish Petroleum Infrastructure Programme, 2019; Fig. 5.8). During the rift climax, salt 

withdrawal on the hanging wall remote from the fault drove subsidence as the salt migrated to 

compensate for the displacement on the sub-salt fault. The salt upwelled to form a forced fold or 

monocline above the active fault (Fig. 5.8). Subsequent to this, evolution for the salt-influenced 

tectonism is less clear (Dancer et al., 1999; O’ Sullivan et al., 2021). Evidence from interpretation of 

the most recent 3-D seismic and well information (O’ Sullivan et al., 2021) suggests that the salt-cored 

anticlinal structures preserved in the basin (Fig. 5.10B) may have been pre-dated by earlier, lower 
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elevation salt-influenced folds (Early to Mid-Jurassic) that subsequently collapsed during the Late 

Jurassic, as indicated by erosion of the crest of these earlier structures. Dancer et al. (1999), using 

older seismic datasets, assessed a number of models to explain how the structure in the immediate 

hanging wall evolved prior to growth of the anticlines. They used forward structural modelling to 

assess the likelihood of salt diapirism, monocline breaching, contractional toe structures related to 

gravity-driven extensional faulting, oblique slip across the irregular footwall of the main basin fault, 

and differential sliding resistance on the main basin bounding fault. They were unable to conclude 

which was the most likely of these mechanisms as it was unclear if there was salt coring the structure. 

However, they did rule later contraction and inversion by restoration of the structure and the 

observation of onlapping and thinning of the Middle Jurassic stratigraphy onto precursor highs 

indicating that the structure persisted throughout extension. With the more recent better quality 

seismic, it is clear growth of the anticlinal structures overlapped with evacuation of salt from the 

hanging wall to migrate up the coupled basin-bounding fault during the Late Jurassic (Fig. 5.10).  

 

Figure 5.9. Chronostratigraphic chart for the Slyne Erris basins from O’ Sullivan et al., 2021. 

Nomenclature adapted from Merlin Energy Resources Consortium (2020). 
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Wells drilled in the Central Slyne sub-basin provide some information on the succession present 

in the syn-rift section both in the proximal hanging wall (well 27/4-1) close to the fault and high on 

the hanging wall slope (well27/5-1; Fig. 5.10B). Well 27/4-1 encountered Early Jurassic strata of the 

Lias Group, part of the Middle Jurassic Kite Group, and the Late Jurassic Minard Formation (Fig. 

5.10C). An unconformity exists at the base of Upper Jurassic section, the Middle Jurassic unconformity 

of Dancer et al., (1997), on which part of the Middle Jurassic is missing (Fig. 5.10C). This represents 

the period of uplift and erosion that preceded Late Jurassic rifting (O’ Sullivan et al., 2021). On the 

hanging wall slope, well 27/5-1 encountered an Early Jurassic succession up to the Pabay Shale 

Formation, but the remaining Early Jurassic Lias Group and Middle Jurassic has been removed (Fig. 

5.10C). The unconformity is again overlain by the Late Jurassic Minard Formation (Fig. 5.10C). The 

Early and Middle Jurassic represent the initial stretching phase in the Slyne-Erris whereby mild 

extension led to subtle thickening of the Early Jurassic section in the hanging wall of active basin 

bounding faults (Dancer et al., 1997). Intra-basinal listric faults formed throughout the basin above 

small salt rollers and salt pillows above which marine sediments were deposited in the Middle Jurassic 

(O’Sullivan et al., 2021). The Upper Jurassic Minard Formation onlaps the Middle Jurassic 

unconformity throughout the basin (Fig.5.10). It consists of interbedded non marine to marine strata 

interpreted to have been deposited in an inner shelf environment as well as non-marine continental 

to lacustrine claystones, fluvial sandstones, and coal horizons with marine incursions (Merlin Energy 

Consortium, 2020). A younger sandstone body within the Minard Formation encountered in well 

27/5-1 was termed the Avonmore Sandstone and contained oil shows (Merlin Energy Consortium, 

2020). 
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Figure 5.10. (A & B) Cross section from the salt-influenced Central Slyne sub-basin, offshore Ireland, 

showing a weld (black dots) and the salt induced anticline in the immediate hanging wall; and (C) 

well correlation across the Central Slyne sub-basin showing the removal of a greater proportion of 

the Early and Mid- Jurassic in the well 27/5-1. From O’Sullivan et al. (2021). 
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The Erris Basin lies along strike to the NE of the Slyne Basin. In moving from the Slyne to the Erris 

basins there is also a change in the distribution of Permian and Triassic salt. In the Northern Erris sub-

basin the presence of salt or evidence of salt-influenced rifting is minimal and the equivalent Permian 

and Triassic deposits are clastic dominated (Merlin Energy Resources Consortium, 2020). There is also 

little evidence on seismic sections to indicate the presence of significant thicknesses of salt in this part 

of the basin, with all clearly imaged faults hard-linked through the Zechstein Group (Fig. 5.11; O’ 

Sullivan et al., 2021).  

The Central Slyne and Northern Erris sub-basins highlight some of the contrasts between salt-

influenced and extensional basins where salt is absent (Figs. 5.10B; 5.11). The differences include: (1) 

the location of the subsidence maximum, which varies through time when salt evacuation operated 

alongside faulting whereas in rifting that lacks salt the subsidence maximum is consistently in the 

immediate hanging wall of the fault; and (2) the presence of a hanging wall anticline in the salt-

influenced rift parallel to the fault and a strongly synclinal as opposed to wedge-shaped basin in cross-

section (compare Figs 10B and 11). 

 

Figure 5.11. Cross section through the North Erris sub-basin, from O’ Sullivan et al. (2021), where 

rifting is interpreted to have been unaffected by halokinesis. Thickening of the stratigraphy towards 

the main faults and a subsidence maximum close to the fault are classic features of rifting by brittle 

deformation. 
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5.3 Approach and model conditioning 

The forward stratigraphic modelling aimed to investigate generic aspects of the interaction 

between antecedent drainage, surface deformation and the pattern of accommodation creation 

typical of salt-influenced rift basins. There are many variables potentially at play and hence a wide 

range of possible scenarios that could be modelled. The approach adopted was thus to focus on a salt-

influenced rift following the four-phase evolution evident in a number of well documented prototypes 

(Section 5.2.1). Sedsim cannot model subsurface flows of salt, so surface deformation is defined as an 

input and combines fault and salt-induced displacements guided by published examples as discussed 

in more detail below. 

In order to produce realistic models that are not too computationally heavy, some trade-offs are 

necessary. Flow sampling intervals impact the run time of Sedsim models as they determine how often 

the software computes the release of sediment from the source(s), sediment transport and the loci of 

erosion and deposition. The more often these calculations are carried out, the higher fidelity of the 

model, but selecting too short an interval results in an inordinately long runtime. This is a particular 

challenge in developing models for salt-influenced rifting in polyphase basins, as basin development 

may occur over long periods, in the range of 20 – 30 Myr in some cases (Dancer, 1999; Jackson and 

Lewis, 2016). The forward stratigraphic models discussed in this chapter therefore strive to find a 

balance between the level of output detail, the simulated timescale of the rifting, and the model 

runtime. Shorter flow sampling and display intervals were prioritised over the timescale of the model 

run time, given this would provide higher resolution detail on the facies distribution and stratigraphy 

generated. The details of inputs and timing used in the modelling are discussed further below. 

5.3.1 Experimental design 

The modelled area was 60 x 60 km and was split into 500 x 500 m grid cells. The area was thus 

similar in size to the Central Slyne sub-basin (Fig. 5.8). Sediment was fed into the developing basin 

from six point sources on the perimeter of the model, one axial source (A1) and five transverse sources 

(T1 - T5), three on the hanging wall side of the rift and two on the footwall (Fig. 5.12). Three fault 

segments were programmed to form initially on one side of the model and these were conditioned to 

increase in length and displacement to form a single large basin bounding fault. Base level remained 

constant throughout the modelling. 

The initial topographic surface employed is displayed in Figure 5.12. This was a weakly undulatory 

surface promoting drainage towards the area where faulting and subsidence subsequently occurs, as 

befits a sag following on from an earlier phase of rifting when a thick and now buried salt layer had 

formed. The slope from the extremity of the model to the lowest point at the drainage outlet was 
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approximately 0.2 degrees. An initial deposit of uniform thickness (500 m) was then placed on top of 

the base surface. This was composed of equal proportions of medium/coarse sand (0.5 mm), 

fine/medium sand (0.25 mm), silt/very fine sand (0.062 mm) and fine silt (0.005 mm). This was 

introduced to facilitate erosion and sediment reworking where parts of the surface were uplifted. 

From the outset the water level was set at 100 m above the lowest point on the initial deposit and 

remained constant throughout the modelling. Thus, the basin was water filled prior to the start of the 

numerical model (Fig. 5.12). 

The model was run initially for 0.5 Myr without tectonic movement in order to establish natural 

gradients on the base topography. The water discharge, sediment concentration and sediment mix 

delivered from the six source points during this initial period matched those used in the subsequent 

tectonic stage of the model. The terminology used to describe the sediment input points is shown in 

Figure 5.12. 

 

Figure 5.12. Basic setup of the numerical model showing the initial topography, the location of the 

fault segments, the elevation of the water level which remained constant throughout the modelling 

and the locations of sediment input, T1 and T2 on the footwall; T3, T4 and T5 on the hanging wall; 

and A1 supplying the sediment axially. Initial flooded area is represented by the shaded area. 



 241 

5.3.2 Tectonic setup 

Two types of models were implemented, one to explore the impact of salt-influenced rifting on 

drainage and stratigraphic evolution, and a second employing the same fault geometry and other 

inputs but without incorporating any salt influence (Fig. 5.13). The latter was thus a conventional half 

graben and served to help highlight distinctive features of the former models and salt-influenced rift 

basins more generally.  

Tectonic affects incorporated in the salt-influenced rift model were designed to simulate rifting in 

a partially coupled system such as those discussed above (Sect. 5.2). Only-first order affects were 

included so secondary features such as faulting above the monocline on the footwall, above the 

upwelling salt anticline in the immediate hanging wall, and antithetic detachment faults that can form 

where salt is evacuated from the hanging wall slope were all omitted lest they obscure the first order 

controls on accommodation creation and removal. Coupling of the mobile substrate and the 

sedimentary deposits was not incorporated into the tectonic setup in these models, the additional 

impact of loading by water and sediment can alter the rates at which the salt can move. Sedsim is 

unable to automatically handle this feedback but methods to incorporate this process using Sedsim 

and other processes are discussed later (Sect 7.2.3). 

The conceptual basement faulting originated as three established fault segments initially 15 km 

long (Figs. 5.14A; 5.15A). This corresponded to a scenario that was closer to the Constant Length fault 

growth mechanism (Walsh et al. 2003) than the Isolated fault growth model. Given the rheological 

properties of salt and the decoupling that can occur across thick buried salt layers, it is unlikely that 

there is any direct supra-salt surface expression of the earliest fault growth where minor displacement 

on an array of faults is expected (Marsh et al., 2010; Ge et al., 2017). Therefore, there has been no 

attempt to incorporate the early fault growth history and development of relay ramps as modelled in 

Chapter 4. The initial fault segments were placed simply in line along strike and accrued a maximum 

displacement at a constant rate of 0.5 mm/yr from the start of the tectonic stage at 0.5 Myr. The 

maximum displacement rate used was quite an extreme value but this reflected rates expected on 

large graben bounding faults, given that these have the largest displacement rates in a fault system 

(Nicol et al., 1997) and is consistent with long-term displacement ranges for the Taupo rift, Taranaki 

rift, South Wanganui Basin, Basin and Range, Corinth rift and the Apennines (Mouslopoulou et al., 

2009). The segments then became connected at 1.5 Myr (Fig. 5.13B; C; 1.5 – 5.5 Myr). All further 

basement extension was accommodated on this single large fault with the same maximum 

displacement rate (0.5 mm/yr). Displacement gradients on the faults and the associated uplift and 

subsidence perpendicular to them were determined using the geometric model (DEFORmator) 

implemented in Matlab by Roche and Aleksans (2019). This software replicates features observed in 
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seismic horizons deformed by normal faults and is based on an analytical solution for reverse drag 

folds following Barnett et al. (1987) and Gibson et al. (1989) (Fig. 5.13; Roche and Aleksans, 2019, pers. 

comm.). Footwall uplift was fixed at 20% of subsidence. 

 

 

Figure. 5.13. Input surface displacements (as determined using Fault Builder) for Sedsim half-graben 

models lacking salt influence. A) Pattern of uplift and subsidence associated with initially separate 15 

km long fault segments active between 0.5 and 1.5 Myr. B) Surface deformation associated with the 

large fault formed following linkage of the segments for subsequent 1 million year time steps 

between 1.5 and 5.5 Myr. C) Total surface deformation that occurred at the end of the model period 

(5.5 Myr). 

A 1500 m thick pre-rift salt layer was assumed and is reasonable given natural examples (e.g. 

Jackson and Vendeville, 1994; Warsitzka et al., 2016; Bouroullec et al., 2018; Strauss et al., 2020). At 

this thickness, decoupling is promoted during the initial stages of salt-influenced rifting (Hudec and 

Jackson, 2017). The thickness of salt layers also correlates with the spacing of salt structures such as 

diapirs, pillows and walls (Davison et al., 1996), with a wavelength of approx. 20-25 km expected 

between major structures for a salt thickness of 1500 m, increasing the likelihood of there being just 

a single large structure expressed in the modelled basin area. The spacing in natural systems also 

shows a positive correlation to the amplitude of salt structures, with amplitudes of 250 – 1400 m 

possible at a spacing of 20 km (Davison et al., 1996). 
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The timing of hard linkage of faults across the salt layer and creation of a coupled system is guided 

by the Displacement Ratio (Dr) which is the thickness of the viscous layer (salt) divided by the 

accumulated basement fault displacement (Stewart et al., 1996). At a value of 1, the magnitude of the 

basement fault displacement equals the thickness of the salt layer and a hard-linked fault would be 

established between basement and cover (sub- and supra-salt). With the displacement rate used on 

the sub-salt fault of 0.5 mm/yr a displacement of 1500 m is achieved at 3.5 Myr (3 Myr into tectonic 

activity) into the model runs at which time coupling across the salt layer is deemed to have occurred. 

The influence of a buried pre-rift mobile salt layer on surface topography during rifting is highly 

varied and reflects complex processes dictated by factors such as the thickness of salt, the thickness 

of overburden, the ductility of overburden, and the displacement rate (Withjack and Callaway, 2000). 

Under certain conditions, such as faults with high displacement rates or very thick salt layers, surface 

deformation can be relayed to sites remote from the location of the basement faulting (Withjack and 

Callaway, 2000; Hudec and Jackson, 2017). The modelling assumed this did not take place, as might 

be expected with moderate fault displacement rates, salt thicknesses, and thicknesses of the 

overburden (Withjack and Callaway, 2000). Under these conditions, neither salt mobility nor brittle 

deformation dominate, and surface deformation is controlled by the interaction of the two, a feature 

of partially coupled systems that the modelling herein seeks to investigate (Hudec and Jackson, 2017).  

Mechanical properties of evaporite deposits are highly variable. For example, evaporite viscosity 

in nature may vary by three orders of magnitude depending on crystal size, water content, and 

temperature (Vendeville and Jackson, 1995). The rates at which salt can flow vary over five orders of 

magnitude (Hudec and Jackson, 2017). For buried salt structures like sheets and diapirs that do not 

reach the surface, displacement rates range over three orders of magnitude and salt can move 

relatively rapidly at values up to 10 km/Myr (Hudec and Jackson, 2017). The accommodation of 

extension in the supra-salt stratigraphy is dominantly by folding and faulting whereas in the sub-salt 

it is by faulting (Coleman et al., 2017). Given typical syn-rift displacement rates and the rift duration 

used in the modelling, the movement of the salt required is consistent with the rates of salt migration 

established for natural examples. 

The conceptual model was constrained using descriptions of partially-coupled, salt-influenced rifts 

and physical models of salt-influenced rift tectonism (Withjack and Callaway, 2000; Richardson et al., 

2005; Hudec and Jackson, 2007; Kane et al., 2010; Duffy et al., 2013; Harding and Huuse, 2014; Mannie 

et al., 2016; Jackson and Lewis, 2016; Coleman et al., 2017; O’ Sullivan et al., 2018; 2021; Pichel et al., 

2019). The vertical movement of the surface is specified as an input for each grid cell and the 

deformation was programmed to replicate the four-phase evolution discussed for natural examples 

in Section 5.2. Salt in the subsurface can subdue and disperse the surface effects of local sub-salt 
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faulting (Hudec and Jackson, 2017). Thus, rates of surface subsidence and uplift where salt-influenced 

rifting is taking place will be less than on the underlying basement fault at depth, but they may be 

higher elsewhere (Warsitzka et al., 2016), such as in depocentres offset from the fault where 

subsidence is driven by both hanging wall flexure of the subsalt stratigraphy and salt withdrawal. 

Anomalously high subsidence rates related to salt withdrawal have been noted in a number of basins 

(Hodgson et al., 1992; Dupre et al., 2007; Hudec et al., 2009; Moragas et al., 2016; Moragas et al., 

2018; Strauss et al., 2020). For example, in the Jurassic Central High Atlas rift basin, Morocco, two 

contrasting regions of the rift basin, with and without mobile salt, were examined to assess the effect 

of salt tectonics on the subsidence history (Moragas et al., 2016). Episodes of rapid subsidence were 

identified which were related to salt withdrawal and diapirism. Where salt evacuation took place, 

subsidence rates fluctuated as a result and ranged between 0.17 mm/yr and 0.77 mm/yr, with a 

maximum of 0.98 mm/s noted in one area (Moragas et al., 2016). In contrast, areas of the rift 

unaffected by salt withdrawal displayed long term stable subsidence rates ranging from 0.03 mm/yr 

to 0.15 mm/yr (Moragas et al., 2016). Other studies of subsidence rate controlled by salt extraction 

have shown that subsidence rates greater than 1mm/yr can be sustained for several million years 

(Hudec et al., 2009; Strauss et al., 2020).  

The input surface displacements mirrored the four-phase evolution discussed above. The pattern 

and rates of subsidence and uplift switched between phases rather than gradually changing as they 

represent fault linkage, coupling and welding. The inputs were assigned as follows: 

During Phase 1 (0.5-1.5 Myr), rifting commenced with three basement fault segments, 

displacements on which were considered to have triggering halokinesis (Hudec and Jackson, 2017; Fig. 

5.14A; 5.15A). The input surface displacements during this phase were designed to mimic evacuation 

of salt from the hanging wall of each of the three fault segments, with maximum evacuation (and 

hence subsidence) spatially linked to the three fault displacement maxima (Richardson et al., 2005). 

Flow of salt towards the footwall uplift resulted in the development of a monocline, the midpoint of 

the limb of which was placed directly above the basement fault. Lateral displacement gradients on the 

fault segments would have meant reduced salt evacuation close to the segment tips and this would 

have amplified (compared to rifting in the absence of salt) highs perpendicular to the basement fault 

trend (Fig. 5.15Aii). Hanging wall subsidence was thus modelled as a series of three separate bowl-

shaped depocentres (Kane et al., 2010; Warzitzka et al., 2016) that subsided at rates faster than for 

normal fault-controlled subsidence during rift initiation. The centroids of these were placed 8 km from 

the basement fault on the hanging wall; in natural examples, depocentres caused by salt withdrawal 

are located distances of 5 km (Kane et al., 2010), 7 km (Jackson and Lewis, 2016), 8 km (O’ Sullivan et 

al., 2018) and 9 km (Duffy et al., 2013) from the sub-salt basement fault. A maximum subsidence rate 
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was set to 0.3 mm/yr. Normal fault-controlled subsidence at this point high on the hanging wall would 

have been c. 0.012 mm/yr. These values are similar to the lower initial rates related to salt evacuation 

seen in natural systems as discussed above. Inflation of the salt and formation of a high above the 

upper hinge of the monocline was also included. 

At the start of Phase 2, which extended from 1.5 and 3.5 Myr, the sub-salt faults were considered 

to have linked to form a single fault, with the maximum displacement now in the centre of this fault 

and driving greatest evacuation of the overlying salt from the local hanging wall (Figs. 5.14B; 5.15B). 

Consequently, the input surface displacements were modified to reflect a supra-salt subsidence 

maximum again offset from the active fault on the hanging wall (Richardson et al., 2005) but with the 

earlier depocentres now conjoined and forming one large depocentre (Warsitzka et al., 2016). This 

depocentre was flanked by a salt-controlled monocline draping the basement fault such that in cross-

section the basin tapered towards the location of the active fault (Jackson and Lewis, 2016). Greatest 

uplift on the monocline occurred close to the fault centre, but the axis of the uplift was offset from 

the sub-salt footwall uplift further into the footwall (Hudec and Jackson, 2017). Salt movement 

reduced the surface displacement above the maximum displacement on the sub-salt fault and 

increased the subsidence further into the hanging wall (now set to a maximum of 0.45 mm/yr), 

compared to the corresponding underlying fault-controlled subsidence rate (0.1 mm/yr). The 

maximum subsidence rate used was at the lower end of the range for natural examples, as higher 

values occur where salt has been extracted into diapirs. 
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Figure 5.14. Conceptual salt-influenced rift tectonic development implemented in the Sedsim models. 
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By the start of Phase 3 at 3.5 Myr, total accrued displacement on the fault reached 1500 m, and 

hence was the same as the assumed salt layer thickness. Physical connection and coupling of the fault 

across the salt layer occurred as the displacement ratio was 1 (Stewart et al., 1996). This fault then 

accommodated all the extension during Phase 3 (3.5 – 4.5 Myr; Fig. 5.14C; 5.15C). The movement of 

salt from the hanging wall to the footwall ceased, resulting in a salt roller in the footwall (Hudec and 

Jackson, 2017). Thus, even though extension was now on a coupled fault, accommodation space 

creation in the depocentre continued to be modified further by salt movement. The input surface 

deformation during Phase 3 was designed to reflect this by including the affect of a combination of 

continued evacuation of salt from the hanging wall and upwelling along the coupled fault. The rate of 

subsidence at the point of greatest salt withdrawal was reduced to 0.3 mm/yr, still higher than the 

sub-salt hanging wall (0.175 mm/yr) at this location. The locus of subsidence during Phase 3 also 

shifted slightly towards the fault (Figs. 5.15Ciii; 5.16; now 5 km away). Stepping of the subsidence 

maximum towards the fault location during this phase was hindered by the upwelling salt in the 

immediate hanging wall that drove formation of an anticline (Jackson and Lewis, 2016). The rate of 

uplift close to the fault centre was set to 0.225mm/yr, similar to the rise rates of natural buried salt 

diapirs, but slower than those expected for emergent diapirs (Hudec and Jackson, 2017). The uplift 

associated with the upwelling salt decreased towards the fault tips. 
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Figure 5.15. Surface displacements reflecting the combined influence of fault and salt movement 

input for each of the 4 phases in the conceptual model for salt-influenced rifting in a partly coupled 

system. Surface displacements for successive stages (Bi; Ci; Di) are accumulated as show in Bii, Cii 

and Dii. Conceptual cross sections (Aiii; Biii; Ciii; Diii) illustrate the combined influence of salt flow and 

fault displacements that have been implemented. See text for justification. 

Phase 4 (4.5 to 5.5 Myr) reflected a diminished role for salt migration as a weld was now deemed 

to be present between the sub and supra-salt stratigraphy preventing further upwelling (Figs. 5.14D; 

5.15D). Accommodation space was now primarily generated by displacements on the coupled fault 

and the salt-cored, hanging wall anticline became inactive or began to collapse (Duffy et al., 2013; 
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O’Sullivan et al., 2021), although the latter was not modelled. Input surface displacements during this 

phase were as for a rift setting lacking influence by salt, with maximum subsidence rate (0.5 mm/yr) 

at the fault centre and decay of subsidence along and normal to the fault governed by the geometric 

model DEFORmator (Roche and Aleksan, 2019, pers. comm.). 

 

 

Figure 5.16. Tectonic evolution influenced by mobile salt in the Sele High fault system, offshore 

Norway, highlighting the evacuation of salt and the migration of the depocentre through time from 

Jackson and Lewis (2016), compared to vertical displacements incorporated in the Sedsim model (for 

one-million-year time interval) between 1.5 and 3.5 (Phase 2) and 3.5 and 4.5 Myr (Phase 3). 

It is useful to compare how the temporal variation in the rate of accommodation creation varied 

between a conventional and salt-influenced rift as modelled. Accommodation was measured using 

the function in Petrel that provides a volume between two surfaces. A base-level surface at 0 m was 

used in combination with the surfaces created by the fault and salt-induced (where present) 

displacements for 0.5 Myr time steps. The cumulative accommodation volumes are compared for the 

5 Myr of tectonic activity in Figure 5.17 and highlight greater accommodation available during the 

early evolution on account of the more rapid subsidence extending further into the hanging wall when 

salt withdrawal was taking place.  
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Figure 5.17. Volume of accommodation created in the salt-influenced and normal (non-salt) tectonic 

models throughout the model run. Stage 1 occurs between 0.5-1.5 Myr, Phase 2 between 1.5 and 3.5 

Myr, Stage 3 between 3.5 and 4.5 and Stage 4 4.5-5.5. 

5.3.3 Sediment and water supply 

Five transverse sediment delivery points and one axial supply point for water and sediment were 

included on the periphery of the model (Fig. 5.12). There was no attempt to include the contribution 

of minor consequent drainage from the immediate footwall and hanging wall slopes as the focus was 

on larger antecedent catchments consistent with the polyphase rift setting. The source layout was 

guided by the presence of a similar array of sources in the Late Jurassic of the Central Slyne sub-basin 

as discerned from RMS amplitude maps (Fig. 5.18; O’ Sullivan et al., 2018). 
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Figure 5.18. RMS Amplitude map of the Upper Jurassic Minard Formation in the Central Slyne sub-

basin from O’Sullivan et al. (2018) indicating the prevalence of both transverse sources from the 

footwall and hanging wall and axial supply. 

The transverse drainage systems all had the same water discharge and sediment concentration. 

Leeder and Jackson (1993) showed that catchments on the distal hanging wall ramp of a half graben 

tend to be larger than their footwall counterparts, but this was for consequent drainage basins. 

Regular spacing of drainage outlets from linear fault blocks has been shown (Talling et al., 1997) with 

examples outlets ranging from 1-5 km apart, again for consequent drainage. As larger antecedent 

drainage systems were envisaged in the conceptual model, the spacing of transverse input points was 

set at 10 km on the hanging wall and 15 km on the footwall. Axial drainage can link adjacent basins 

and have a large drainage area and higher sediment flux (Leeder and Jackson, 1993). Studies of the NE 

Atlantic rift systems suggest that the basins in this region were fragmented and disconnected until the 

Jurassic (Stoker et al., 2016) but there is also evidence that these basins have been linked since the 

Permian (Stoker et al., 2016) and that the Slyne-Erris basin received sediment axially from a source 

near the Faroe-Shetland Basin or further afield through a series of linked rift basins during the Triassic 

(Franklin et al., 2019). 3D seismic imaging in the Slyne-Erris Basin has highlighted the presence of a 

large axial system in the Middle Jurassic (Fig. 5.18; O’Sullivan et al., 2018). Axial water discharge was 

thus set to double that of the transverse catchments in the numerical model and contributing twice 

the sediment load. The sediment concentration remained constant across all sources (Table 5.1). 

Sediment and water were released into the Sedsim model by defining a sediment source location, 

source velocity vector (m/s), water discharge (m3/s), sediment concentration (kg/m3), grain size mix 
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and depth of flow. The values used for water discharge (Qw) and sediment concentration (Cs) have 

been constrained from a number of sources as detailed in Chapter 4 (Sect. 4.2.1.3). A median value 

for the water discharge of 1.5 m3/s was used for the transverse catchments together with a range of 

representative higher and lower values chosen to explore the sensitivity to changing inputs (Table 

5.1). 

The concentration of sediment (Cs) at source follows the logic outlined in Chapter 4 drawing on the 

database for global rivers presented by Milliman and Farnsworth (2011). A median value of 0.217 

kg/m3 was used in the reference model, but representative higher and lower values for sediment 

concentration were also explored. The sediment concentrations in the database represent suspended 

sediment loads. In most rivers bed load is assumed to represent a small portion of the total load, 

generally less than 10% of the suspended load (Milliman and Farnsworth, 1983; Powell et al., 1996; 

Alexandrov et al., 2009; Cantalice et al., 2013). The relationship between water discharge and flow 

velocity and flow depth of Leopold and Maddock (1953) was again used to configure the Sedsim input 

values. The consequence of varying the texture and in particular including a greater proportion of finer 

silt and clay analogous to estimates of the total sediment budget in well-constrained older systems 

(e.g. Michael et al. 2014) was also explored. The parameter combinations used in the various 

experiments are detailed in the next section. 

 

5.4 Model setup 

The models are numbered consecutively and were completed in pairs capturing two tectonic 

scenarios, one with and one without the influence of salt, allowing comparison. Water and sediment 

input in each pair were the same and remained constant during the simulations. The models 

influenced by salt are prefixed ‘S’ and the control models without salt ‘N’. All models were run with a 

flow sampling interval of 5,000 years and initially a display interval of 50,000 years which was 

lowered to 10,000 years for a selection of the models representing the most common values of 

water discharge and sediment concentration for the scale of rivers typically seen in rift systems 

(Table 5.1). All models were run with a sediment mix made up of medium/coarse sand (0.5 mm), 

fine/medium sand (0.25 mm), silt/very fine sand (0.062 mm) and fine silt (0.005 mm) in equal parts. 

A number of the models were also run with a sediment mix that was dominated by silt in order to 

investigate the impact of a change in texture on model results. These models release sediment 

composed of 10% medium/coarse sand (0.5 mm), 20% fine/medium sand (0.25 mm), 30% silt/very 

fine sand (0.062 mm) and 40% fine silt (0.005 mm). 
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The models that have the median water discharge in the transverse sources (1.5 m3/s) and 

double that (3 m3/s) in the axial supply with a sediment concentration in both of 0.217 kg/m3 are 

termed the reference models and are referred to as ‘S_1a’ and ‘N_1a’.  

The models in this investigation had run times up to 2 weeks. The longest run times were associated 

with the greatest levels of water and sediment input, and the models with more frequent display 

timestep. 

Table 5.1. Parameter combinations and associated model numbers used in the Sedsim modelling. 

The salt-influenced versions of these models were prefixed (S_) and the models without salt (N_). 

 

5.5 Model results 

This section describes the model results from a series of simulations that span the most common 

input parameter ranges for natural rift systems with a focus on the results of models for salt-

influenced rift evolution. These are compared with models for rifting in the absence of the salt in 

Section 5.6. Outputs from the simulations are presented as cross sections through the models showing 

the lithology indicated by the fraction of coarse sand, facies classified according to the water depth at 

deposition, and the stratigraphic architecture. Maps for prescribed time periods are used to highlight 

the location of sediment erosion and deposition and the evolution of the topography. The entry points 

from which water and sediment were released are referred to as labelled in Figure 5.12. 

5.5.1 Model S_1a 

The reference salt-influenced rift model (S_1a) employed the median values of river discharge and 

sediment concentration for drainage basins of the scale that typify rift systems as discussed in Chapter 

4. The axial sediment source had a water discharge of 3 m3/s and the transverse sources were set at 
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1.5 m3/s. In the pre-rift phase (0-0.5 Myr) drainage from all six input points fed shoal-water deltas that 

prograded into the basin. The basin remained underfilled at the start of the tectonic period. During 

Phase 1 (0.5-1.5 Myr), continued progradation of the coastline formed a rim around the basin (Figs. 

5.19A; B), with little surface expression of the early isolated depocentres. The depocentre closest to 

the axial source location was filled with sediment from a combination of sources A1, T1 and T3, and 

fluvial to shallow water conditions prevailed (Figs. 5.23A; D). The basin deepened along strike away 

from the axial input point (Figs. 5.23D; 5.24A). The transverse sources T1 and T2, draining the footwall, 

exploited the lows between the forced folds linked to the active fault segments (Figs. 5.19A; B; 5.22A; 

5.22D) and built fans into the basin (Fig. 5.24). Sediment from T2 deposited a smaller fan as it built 

and fed coarse sediment into deeper water (Figs. 5.20A; B; 5.22C; 5.23). The transition to movement 

on the large, connected fault (Phase 2; 1.5 Myr) resulted in accommodation creation outpacing 

sediment supply and the basin was drowned (Figs. 5.23; 5.24B; C). Across fault flow from T1 and T2 

continued to supply coarse sediment into deepening water by incision into the fold on the footwall 

(Figs. 5.20 C-F; 5.21). The hanging wall sources initially deposited coarser sediment on the shallow 

slope (Fig. 5.20C) but once progradation to the slope break had occurred, sediment bypassed the 

shallow slope and was delivered to the subsidence maximum (Figs. 5.19 D-F; 5.21A; C). A rim of coarser 

sediment was seen in the deepest depocentre fed from all sources (Figs. 5.20E; F). Deposition was 

predominantly fine grained in the deep axis of the basin (Figs. 5.22; 5.23). Phase 3 coupling of the fault 

across the salt layer at 3.5 Myr and the simulated growth of the salt-cored anticline in the immediate 

hanging wall had minimal impact on the established drainage pattern (Fig. 5.19G). However, the 

subsidence maximum had shifted closer to the site of the anticline, to reflect the balance between salt 

evacuation, displacement on the fault and salt upwelling to form the hanging wall anticline. The 

sediment thickened away from both the anticline and the distal hanging wall slope (Fig. 5.22). Space 

was also created between the anticline and the fault, which was fed locally with coarse sediment from 

the footwall, with bypass of excess sediment across the anticline where it was deposited in the main 

depocentre (Figs. 5.20H; 5.21A; C). The hanging wall sources continued to traverse the distal hanging 

wall slope supplying sediment to the delta top with bypass to the submarine fans in deep water at the 

base of the hanging wall slope base and these coalesced with sediment delivered via the axial supply 

(Figs. 5.19G; H; 5.20H; 5.21A; C; D). During Phase 4 (from 4.5 Myr) all movement was accommodated 

on the master fault with the subsidence now in the proximal hanging wall (Figs. 5.16; 5.24E). Locations 

of major sediment input remained the same, with the footwall drainage able to incise into the uplifting 

footwall (Figs. 5.20I; J). The Phase 4 stratigraphy thickened against the salt-cored anticline (Figs. 5.22B) 

and drainage locally eroded the previously deposited sediment as indicated by stratigraphic 

truncations (Fig. 5.22). 
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Figure 5.19. Isopach maps from salt influenced model S_1a showing thickness of all sediment 

deposited (green) and eroded (red) in the basin. Thicknesses represent the sum of 2 display timesteps 

(i.e. 20,000 years) and are shown every 0.5 Myr throughout the tectonic evolution (0.5 – 5.5 Myr). (A-

B) Phase 1; (C-F) Phase 2; (G-H) Phase 3; (I-J) Phase 4. 
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Figure 5.20. Isopach maps from salt influenced model S_1a showing thickness of just the coarse 

fraction (0.5 mm) of sediment deposited (green) and eroded (red) in the basin. Thicknesses represent 

the sum of 2 display time steps (i.e.20,000 years) and are shown every 0.5 Myr throughout the 

tectonic evolution (0.5 – 5.5 Myr). (A-B) Phase 1; (C-F) Phase 2; (G-H) Phase 3; (I-J) Phase 4. 
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Figure 5.21. Cross sections throughout the model S_1a at 5.5 Myr, displaying the proportion of the 

coarse sediment fraction in each of the model cells. The coloured lines identify timelines every 1 Myr 

from 0.5 to 5.5 Myr. 
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Figure 5.22. Stratigraphic architecture generated in numerical model S_1a displayed on a series of 

cross sections perpendicular to the fault. 
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Figure 5.23. Cross sections through model S_1a at the locations shown in Figure 5.21 distinguishing 

facies by the water depth at deposition. 
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Figure 5.24. Topographic surfaces throughout the tectonic evolution of model S_1a. Shaded blue 

areas are below sea level. 

Model S_1a was repeated using a fine-dominated sediment input (see Section 5.4) to assess the 

impact of sediment texture on the stratigraphy generated. Model S_1f behaved similarly to the 

reference model in terms of the broad depositional evolution. However, two main differences were 

apparent. The first relates to the volumes and distribution of coarser sand delivered to deep water. 

While lower volumes of coarse sediment were present in the flow it was concentrated into sub-

aqueous fans, with greater net sand but a coarse fan that extended over a smaller area than that seen 

in the reference model (Fig. 5.25C; D), suggesting more efficient fractionation, with minimal coarse 

sediment supplied to the deeper basin from the hanging wall slope. The second was a change in the 

morphology of the hanging wall delta fronts which maintained stability at a greater slope angle than 

was seen in reference model (Fig. 5.26). The storage of sediment on the shallow-part of the hanging 

wall thus increased with more of the coarse fraction stored on the shallow part of the slope profile 

explaining the reduced export into deep water. The potential for slope failure and mass transport from 

the hanging wall slope to the depocentre may therefore be reduced with a finer input sediment mix. 
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Figure 5.25. Cross sections through the model S_1f at 5.5 Myr displaying the proportion of the coarse 

sediment fraction in each of the model cells. The coloured lines identify timelines every 1 Myr from 

0.5 to 5.5 Myr. Note the efficient fractionation of coarse sediment from footwall transvers drainage 

in by sections A and D. 
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Figure 5.26. Cross sections showing the lithology indicated by coarse grain fraction from model S_1a 

and coloured lines identifying timelines throughout the model. The black and grey lines represent the 

surfaces generated in model S_1f. The separation on the hanging wall slope demarcates the 

additional slope storage potential in the fine-grained model while in the subsidence maximum there 

is additional sediment in the coarser grain mix model reflecting the reduced storage on the slope. 

5.5.2 Model S_4a 

The reference model just described (S_1a) evolved to a strongly underfilled condition as the input 

sediment was unable to keep up with subsidence. Salt-influenced rift model 4 (S_4a) thus increased 

the input sediment concentrations to 1 kg/m3 with a reduced water discharge of 1 m3/s for the 

transverse drainage and 2 m3/s for the axial input. This resulted in the filling of the 3 early depocentres 
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during Phase 1 (0.5-1.5 Myr; Figs. 5.27A; B) with sediment was supplied by both the axial source as 

well as the footwall transverse drainage. The latter eroded into the pre-rift sediment between the 

footwall folds. The lower discharge meant the Phase 1 depocentres did not capture the hanging wall 

drainage systems as these rotated to follow the regional gradient adopting an axial orientation before 

they could encounter the salt-withdrawal basins (Fig. 5.27A; B). Excess sediment was thus bypassed 

out of the model during this stage. Phase 2 expansion of the main depocentre between 1.5-3.5 Myr 

(Figs. 5.32B; C) then captured the hanging wall drainage, initially tapping flow from T3 (Fig. 5.27C) 

followed by T4 (Figs. 5.27D). Despite this, the rate of subsidence was sufficient to drive underfilling in 

the distal part of the enlarged basin. The input of sediment across the hanging wall initially produced 

a prograding shoreline with deltas advancing into the basin until approx. 2.5 Myr (Fig. 5.28D) when 

subsidence and creation of the steep hanging wall slope forced a transgression and backstepping of 

the shoreline (Fig. 5.30B; C). The footwall drainage continued to incise into the amplified footwall 

uplift at locations where it was previously locked by incision (Figs. 5.27 C- F). Drainage emanating from 

T1 deposited sediment in a fluvial-deltaic environment (Fig. 5.29A; 5.31A) whilst T2 initially fed a fluvial 

delta before being submerged by flooding and a submarine fan formed at its terminus (Fig. 5.29C; 

5.31C). Submergence of the basin occurred early during Phase 2 and submarine conditions remained 

in the distal part of the basin throughout (1.5 – 3.5 Myr; Fig. 5.32). The axial source coalesced with 

sediment initially supplied from source T1 (Figs. 5.27C; D) and later T3 (Figs. 5.27E; F) and a large 

aggradational axial delta system developed (Figs. 5.29D; 5.31D) lateral to mainly fine-grained deposits 

in the distal deep-water part of the depocentre (Figs. 5.27 C- F; 5.32C). During Phase 3 (between 3.5 

and 4.5 Myr) when coupling of the fault across the salt layer, was invoked, renewed progradation 

across the depocentre drove a major regression (Figs. 5.29D; 5.31D; 5.32D). Footwall drainage was 

forced to flow around the emergent anticline in the hanging wall and drainage from source T1 eroded 

the emergent structure (Figs. 5.28G; H; 5.30A) and merged with the axial drainage along with input 

from the hanging wall catchments (Fig. 5.28H).  
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Figure 5.27. Isopach maps from salt influenced model S_4a showing thickness of all sediment 

deposited (green) and eroded (red) in the basin. The thicknesses the represent sum of 2 display 

timesteps (i.e. 20,000 years) and are shown every 0.5 Myr throughout the tectonic evolution (0.5 – 

5.5 Myr). (A-B) Phase 1; (C-F) Phase 2; (G-H) Phase 3; (I-J) Phase 4. 
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The depocentre was filled by 4.26 Myr on account of the advance of the axial system that 

ultimately incorporating most of the transverse drainage and bypassed much of the combined 

sediment load out of the system (Fig. 5.27H). During Phase 4 (4.5 – 5.5 Myr), the stratigraphy 

thickened towards the fault and the hanging wall anticline was buried (Figs 5.30). The footwall 

drainage again eroded into the anticline before it was blanketed with sediment (Fig. 5.27I). 

Deposition at this stage occurred in a fluvial setting throughout the basin with shallow water at the 

subsidence maximum in the centre of the fault at times (Figs. 5.31). Coarser sediment was mainly 

preserved in channels at this time (Fig. 5.28H; I) with slightly greater channel fill densities proximal 

to sediment input points and also at the distal basin lip where less accommodation was available 

(Fig. 28J). Fluvial and coastal plain environments with minor lacustrine interludes persisted until the 

end of the model run (Fig. 5.31). 
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Figure 5.28. Isopach maps from salt influenced model S_1a showing thickness of just the coarse 

fraction of sediment deposited (green) and eroded (red) in the basin. Thickness represents sum of 2 

display timesteps (20,000 years) and are shown every 0.5 Myr throughout the tectonic evolution (0.5 

– 5.5 Myr). (A-B) Phase 1; (C-F) Phase 2; (G-H) Phase 3; (I-J) Phase 4. 
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Figure 5.29. Transverse and axial cross sections through model S_4a at 5.5 Myr, displaying the 

proportion of the coarse sediment fraction in each of the model cells. The coloured lines identify time 

lines every 1 Myr from 0.5 to 5.5 Myr. 
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Figure 5.30. Stratigraphic architecture generated in numerical model S_4a displayed on a series of 

cross sections perpendicular to the fault and illustrating the lithology in terms of the proportion of 

coarse sediment fraction in each cell. 
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Figure 5.31. Cross sections through model S_4a at the locations shown in Figure 5.29 distinguished the 

water depth at deposition. 
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Figure 5.32. Contoured topographic surfaces for a series of time steps during the tectonic evolution of 

model S_4a. Blue shaded areas are below sea level. 

5.5.3 Sensitivity to changing input variables 

A wider range of input variables were explored alongside the models described in more detail 

above (Table. 5.1). Some of these models were run at a lower display interval of 50,000 yrs but the 

flow sampling interval was consistent across all the models (5000 yrs). Transverse and axial cross-

sections through a number of models with constant sediment concentration and varying water 

discharge (Fig. 5.33), and constant water discharge but variable sediment concentration (Fig. 5.35) 

serve to illustrate the impact on the stratigraphic development. All the simulations used the same 

tectonic inputs as the reference model. The key observations are as follows: 

• Phase 1 deposits are deepwater at low water discharge and low sediment concentration, fed 

from the axial and footwall sources. The central depocentre of the three receives less 

sediment as overspill from the other depocentres, and fine sediment is deposited at its 

subsidence maximum. At increasing water discharge values and a constant sediment 

concentration the depocentres transition to shallower deposits and a range of textures are 

captured by the accommodation created (Fig. 5.33). As the sediment concentration increases 

and the water discharge remains constant (Fig. 5.35) the phase 1 deposits become dominantly 
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fluvial and coarse sediment is deposited as the sediment supply overcomes accommodation, 

and bypass of finer fractions occurs. 

• Footwall sources persistently delivered to the depocentres with constant water discharge and 

increasing sediment concentration and only minor deflection of flow occurred in response to 

the hangingwall anticline expression. The persistence of transverse flow from the footwall 

displayed greater sensitivity to an increasing water discharge, however. While fixed by incision 

at low levels, as the water discharge increases the flow is seen to initially feed the depocentres 

and plane off a part of the uplift but was diverted to an axial orientation on the footwall, 

reversed by uplift at the start of Phase 2. At greatest levels of discharge transverse flow is re-

established by incision. 

• Sediment delivery from the hanging wall sources at low water discharge did not contribute 

much sediment to the depocentre as the load was deposited onto the hanging wall slope. As 

the water discharge increased so too did the volume of sediment contributed, from the 

hanging wall sources, which became dominant and the primary sediment supply when 

footwall drainage was reversed (Fig. 5.34). This resulted in deposition onto the monocline and 

subsequently overtop of the anticline that was predominantly fine, pro-delta facies. 

• As the sediment concentration increased and the level of fill in the depocentre increased, the 

denudation of the anticline and the reworking of sediment increases. Greater fill results in 

uplift and exposure of the syn-rift sediment previously deposited on the monocline. 

Denudation of the anticline is closely linked to interaction with the footwall transverse flow, 

as a result intermittent or reversed footwall flow as water discharge increased, resulted in 

reduced denudation of the anticline. 
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Figure 5.33. Cross sections from models spanning an increase in water discharge at a constant sediment concentration at the conclusion of modelling (5.5 
Myr). Sections are coloured by lithology indicated by fraction of coarse sediment and coloured lines show timescales 
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Figure 5.34. Cross sections from model S_14 demonstrating the large-scale facies distribution. Cross 
sections display (A) lithology and (B) depth of deposition. Maps in (C) shows the depth at deposition 
at 1 million year time steps through the model run. 
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Figure 5.35. Cross-sections from models spanning an increase in sediment concentration at a constant water discharge (1 m3/s in the transverse drainage, 
double that in the axial drainage) at the conclusion of the model runs (5.5 Myr). Sections are coloured by lithology indicated by fraction of coarse sediment 
and coloured lines are timelines at 1 Myr intervals. 
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5.6 Implications for salt-influenced rift models 

The forward stratigraphic models were designed to replicate how sediment accommodation is 

created during a typical salt-influenced rift (Fig. 5.15) in which sediment was supplied dominantly by 

antecedent catchments. The models address the transition from rift initiation through to rift climax 

where surface displacements are driven by a combination of salt migration and normal faulting. A 

buried salt layer initially decouples sub and supra-deformation, but faults then propagate to the 

surface and dominate later displacements. Natural examples show that salt-related deformation can 

persist into the post-rift evolution with the salt continuing to rise as diapirs and salt walls in several 

examples driving rim synclines (Alves et al. 2003; Saura et al., 2013; Ferrer et al., 2012; 2014; Moragas 

et al., 2017; 2018). However, this study is restricted to syn-rift evolution and to more modest salt re-

distribution and rates of salt-induced subsidence. This was because the focus was on systems in which 

welding eventually inhibits salt migration allowing salt highs to be buried during the late syn-rift, as 

seen in a number of basins, including the Central Slyne sub-basin. 

Where the sediment supply is sufficient to fill the basin, the models generate stratigraphic 

architecture that resembles the first-order structure of natural salt-influenced rift systems (Fig. 5.36), 

even though the latter can evolve over longer timescales than it was possible to model given the 

polyphase nature of many salt-influenced basins. The stratal similarity imparts confidence in the use 

of the models to evaluate other aspects of the basin fill that are not so easily imaged in natural 

examples. In particular, the models provide insight into: (1) how facies and lithology are distributed 

across salt-influenced rifts and how these vary given changes in how the accommodation is distributed; 

(2) the impact of the early monocline and later salt upwelling in the immediate hanging wall on 

drainage and sediment distribution, and (3) the nature of what is uplifted in, and what onlaps onto, 

the hanging wall highs associated with the salt-cored anticlines as these can be challenging to image 

in the subsurface (Hudec and Jackson, 2017; Bouroullec et al., 2018), yet represent potential trapping 

structures and seals for fluids in these sorts of basin. 

As with all models, there are limitations imposed by both by the software and approach. The models 

are for rifts close to sea level (more consistent with passive than active rifting), for the lower end rates 

of salt-induced subsidence, and where subsidence related to salt withdrawal compensates for local 

sub-salt fault displacements. There are examples where salt-withdrawal basins are spatially unrelated 

to synchronous sub-salt faults (e.g. Callaway and Withjack, 2000; Lewis et al., 2013). The faults are 

assumed to grow by linkage of smaller segments (accounting for phases 1 and 2) but given the common 

association with polyphase rifting, it may be that the faults were reactivated from an earlier phase of 

rifting and they were already linked or even coupled across the salt later to start with. In addition, 
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consequent drainage from the monocline and fault scarp when it breaks the surface are ignored (likely 

to be relatively minor sediment sources), as are second-order structures (e.g. salt-detachment faulting, 

diapir collapse features). Also, there are no feedbacks between sediment loading and salt withdrawal 

as salt movement is not explicitly modelled. Ideally Sedsim simulations might be combined with a 

parallel numerical model for salt migration, but this was beyond the scope of this investigation. 

 

Figure 5.36. Stratigraphic geometry associated with an active fault in salt-influenced rift. (A) dark 
grey section from Kane et al. (2010) based on the Sleipner Basin, Viking Graben compared to (B; C) 
the stratal geometries generated by the Sedsim models. The stratal geometries produced in the 
numerical models closely follow the onlap, convergence and overstepping geometry summarised by 
Kane et al. (2010) in relation to salt cored structural highs in the immediate hanging wall. The Sedsim 
examples are from the experiment S_4a. 
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5.6.1 Facies distribution 

From a facies perspective, a key divergence between salt-influenced and conventional fault-

controlled half graben is the disparate pattern of accommodation creation. The models incorporated 

accelerated subsidence related to the combined effects of salt migration and fault displacements, with 

particularly rapid subsidence during Phase 2 when salt migrated from beneath sections of the hanging 

wall to compensate for movement on the linked basement fault that had yet to couple across the salt 

layer. The temporal and spatial pattern of subsidence is thus rather different to a half graben 

developed in the absence of salt (Figs. 5.14; 5.15). After coupling occurred at the start of Phase 3, salt 

continued to migrate, but now much of the additional accommodation proximal to the fault was offset 

by upwelling of salt and the result was a net reduction in the rate of accommodation creation. Finally, 

during Phase 4, all accommodation was driven by displacement on the fault similar to rifting without 

salt influence, with maximum accommodation creation now in the immediate hanging wall and no 

space redistribution by salt. 

The models show the relatively small Phase 1 depocentres tended to be associated with fluvial to 

coastal plain facies as space was limited and overfilled conditions predominated as sedimentation kept 

pace with early subsidence. The increase in salt withdrawal and acceleration of subsidence that 

characterised Phase 2 then triggered widespread deepening of the basin with evidence for a major 

transgression and the development of underfilled conditions. The volume of accommodation created 

occurred at a faster rate than in basins without salt (Fig. 5.17; 5.39) and the shorelines stepped back 

rapidly until balanced by the sediment supply with coarse-grained facies confined to a discontinuous 

rim around the margin of the depocentre and deep-water conditions across most of the basin (Fig. 

5.37; 5.39Ai). The variable connection of the transverse feeder systems with the depocentre also drove 

regressive-transgressive cycles on the distal hanging wall (Fig. 5.37) whilst the relatively low-angle 

monocline above the active fault allowed transverse fan deltas to initially advance from the transverse 

footwall catchments, before retreating throughout Phase 2 (Fig. 5.37C, 2.5 and 3.5 Myr). These fans 

are potentially important as they can be uplifted in subsequent salt-cored anticlines (see Section 5.6.3). 

The different geometry of the distal hanging wall and proximal monocline produced an asymmetry in 

terms of facies stacking; backstepping on the proximal monocline contrasting with more aggradational 

stacking on the distal footwall where there was less accommodation (Fig.5.39). With the onset of Phase 

3 and inferred coupling of the fault across the salt layer, the depocentre migrated closer to the fault 

but with the proximal accommodation impacted by salt upwelling now beneath part of the basin, net 

accommodation in the basin falls and this drove a major regression in cases where the sediment supply 

was high enough. Model S_4a thus shows a return to deposition in shallow water conditions as the 

shoreline stepped back across the basin (Fig. 5.37; 5.39). With the salt-uplift rates used in the model, 
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the anticline above the rising salt became emergent and impacted drainage locally preventing 

sediment accessing the basin across the ridge. Once welding occurred and salt migration ceased (Phase 

4), more accommodation was created in the proximal hanging wall and limited deepening next to the 

fault can occur as revealed by the facies (Figs. 5.37C; 5.39Ciii; 5.5 Myr). 

 

Figure 5.37. Axial cross section from model S_4a demonstrating the large-scale facies distribution. 
Cross sections display (A) lithology and (B) depth of deposition. Maps in (C) shows the depth at 
deposition at 1 million year time steps through the model run. 
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It is instructive to compare the evolution of half graben models with and without salt influence but 

otherwise with the same input conditions. Model N_4a (Fig. 5.38) is a conventional half-graben with 

the sediment input conditions as Model S_4a (Fig. 5.37). Although N_4a also shows an upward change 

from coastal plain/shoreline to deeper water facies at 1.5 Myr as the fault segments link and 

depocentres merge, the facies transition and backstepping are less pronounced and the basin 

remained in shallower water overall at the subsidence maximum (Fig. 5.38). There was no major 

regression later in the rift evolution as the rate of accommodation creation remained constant as 

displacements accrued on the linked fault and the main facies variability is instead related to 

transverse drainage reorganisation on the footwall with sediment initially delivered across the fault 

but as the footwall was uplifted, later drainage diverted around the fault tips (Fig. 5.38). High rates of 

accommodation prevented the footwall catchments from extending into the basin. 
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Figure 5.38. Cross sections from model N_4a demonstrating the facies belts that arises from constant 
accommodation creation under normal rifting conditions. Cross sections display (A) the lithology and 
(B) the depth at time of deposition. (C) shows the depth of deposition at 1 million year intervals 
throughout modelling. 
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Figure 5.39. Transverse cross sections contrasting forward stratigraphic models for salt-influenced (A) 
and conventional fault-controlled (B) half graben. Sections in (A) Model S_4A and in (B) from N_4A at 
(i) 3.5 Myr; (ii) 4.5 Myr; and (iii) 5.5 Myr. Colours distinguish the water depth at deposition. 

When sediment input was very low, such as in model S_16, facies variation were largely muted as 

determined by the dominance of accommodation creation over sediment supply throughout (Fig. 

5.40). The facies distribution that results from both S_16 and the equivalent model with no salt-

influence (N_16) are more similar than seen in models with greater volumes of sediment input. The 

earliest depocentres were filled with fluvial to shallow marine sediment before underfilled conditions 

persisted throughout the remainder of modelling in both S_16 and N_16. Although the large-scale 

facies distributions are similar differences in the facies transitions exist on the basin margins. On the 

monocline developed in model S_16 the facies transition from shallow to deep along the monocline is 

more gradual during Phase 2. In model N_16 the facies transition is abrupt at the fault, where there 

was a steep drop down to the deep part of the basin. Conversely on the distal hanging wall of model 

S_16 the facies transition is more abrupt than seen on the gradually flexed hanging wall slope of mode 

N_16. These and other impacts of the basin margin slopes are discussed in the next section. 
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Figure 5.40. Transverse and axial cross sections, and surfaces throughout modelling from models S_16 (left panel) and N_16 (right panel), displaying facies 
as denoted by water depth at time of sediment deposition. Note the similarity in large scale facies distribution when A>>S and the facies transitions on basin 
margins highlighted by the surfaces.
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5.6.2 Impact of imposed surface gradients 

Including subsidence consistent with salt-induced surface deformation introduces gradients that 

depart from those in half graben with no salt influence. The antecedent catchments draining across 

the footwall initially delivered sediment to a monocline that increased in gradient as rifting proceeded 

during phases 1 and 2 as salt is envisaged to have diffused fault-induced vertical displacement at the 

surface. The models also incorporated a subdued footwall uplift at this stage to reflect limited inflation 

of salt above the buried footwall. This was sufficient under most input conditions to promote incision 

and fixing of the input points such that fans extended into the basin on the monocline slope. However, 

the rate of accommodation creation associated with rotation of the monocline was generally sufficient 

to outpace supply and the fans backstepped continuously up the monocline during Phase 2 (Fig. 5.29C). 

Areas between the two fans were starved of sediment and finer grained (Figs. 5.41; 5.42). 

 

Figure 5.41. Oblique perspective view of topography for surface of model S_4a at the conclusion of 
Phase 2 (3.5 Myr) distinguishing lithology. Note fans developed on the monocline fed by catchments 
trenched across a high produced by salt inflation. Vertical exaggeration x 20. 
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Figure 5.42. Serial sections throughout the model S_4a at the conclusion of Phase 2 (3.5 Myr) 
distinguishing the depth of sediment deposition. Note the narrow facies transitions lateral to the 
sediment entry points. Vertical exaggeration x 20. 

Where sediment supply was high, fan deltas extended onto the monocline and set the depositional 

slope with sand mainly accumulating at the shoreline (Fig. 5.41). The axial delta system also merged 

with the transverse delta fed by source T1. Where the sediment input was reduced (e.g. model S_1A), 

the developing monocline set the slope and sand was exported to deeper water and onlapped onto 

the monocline at depth (Fig. 5.21; 5.43; 5.44), with smaller volume delta systems in shallower water. 

There was also no coalescence between footwall transverse and axial delta systems in this case (Fig. 

5.42). 
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Figure 5.43. Oblique perspective view of surface topography for model S_1A with lithology 
distinguished at the conclusion of Phase 2 (3.5 Myr). Note small fans on monocline and detachment 
of coarse sediment at the base of the monocline. 

 

Figure 5.44. Serial sections throughout the model S_1a distinguishing depth of sediment deposition at 
the conclusion of Phase 2 (3.5 Myr). Note the limited slope accommodation on the monocline in this 
model. Vertical exaggeration x 20. 

On the distal hanging wall slope facing the monocline, drainage systems were not incised and hence 

were free to migrate laterally, in some cases rotating to following the regional slope before they could 

interact with the early salt-controlled depocentre, although with subsequent river capture eventually 
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directing flow to the basin(Figs. 5.27 C-F). Coalescence of drainage locally drove normal regressions 

and the stratigraphy as result is more complex without the systematic Phase 2 backstepping seen on 

the monocline slope. 

The distal hanging wall slope in a fault-controlled half graben is characterised as an area with low 

subsidence rates and limited accommodation with reduced preservation potential (Gawthorpe et al., 

1994) that gradually steepens towards the fault on account of reverse drag. However, in salt-

influenced rifting, the edge of the area of salt withdrawal can locally have topography steeper than 

that on the sub-salt surface (Figs. 5.7; 5.45). Commonly this is associated with antithetic faulting in 

natural examples but there still tends to be steeper gradients, particularly in instances where there are 

thicker salt layers (Duffy et al., 2013). When these steeper gradients are incorporated in the forward 

stratigraphic models they impact the sediment distribution when the basin is underfilled (Fig. 5.45A). 

In the absence of salt, the stratigraphy converges onto the hanging wall slope and thickens towards 

the fault (Fig. 5.45B). When filled, the stratigraphy converges onto the hanging wall in both the salt-

influenced and normal models (Figs. 5.45C; D). The steeper slope induced by salt withdrawal promotes 

greater sediment delivery to deeper parts of the depocentre on account of increased bypass and the 

location of the depocentre which sits further outboard of the fault and closer to hanging wall sediment 

sources. The more gradual reverse drag profile of the hanging wall in the absence of salt influence 

increases the area in which sediment can be stored on the shallow water part of the profile. The 

volume of sediment deposited on the hanging wall slope updip of a slope break in model N_1a is 3.63 

x 10
10

 m
3
, whereas in the equivalent salt-influenced model (S_1a) it is only 2.06 x 10

10
 m

3
. Progradation 

of deltas to a slope break promotes instability and commonly gravity induced failure (Porebski and 

Steel, 2003) resulting in greater export of sediment to deeper water. Base of slope deposits in the 

underfilled salt-influenced models are detached from the shallow-water deltas higher on the hanging 

wall (Figs. 5.25). When the influence of salt mobility decreases, and subsidence is driven mainly by the 

fault, the delta front is seen to step back on the hanging wall in the salt-influenced models as greater 

accommodation is then created on the shallow-water part of the profile (3.5 – 5.5 Myr). 

The combined influence of the monocline and salt-modified hanging wall slopes means that delta 

top channels extending from the axial source were preferentially located above the Phase 2 subsidence 

maximum and offset from the underlying fault location (Fig. 5.46). Where the sediment supply is 

relatively high, the reduced rate of accommodation creation at the start of Phase 3 allowed the axial 

system to advance and coalesce with drainage emanating from the transverse input points T1 and T3 

driving a major shallowing upwards cycle. The location of the channels responded to the 

accommodation reconfiguration driven by the salt movement and the now coupled fault (Fig. 5.46). 

Upwelling salt prevented channels occupying the immediate hanging wall like they would where the 
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floodplain is tilted towards the active fault (Leeder and Alexander, 1987). However reduced rates of 

salt evacuation result in increased channel connectivity due to increased confinement and a decrease 

in the rate of subsidence in this part of the basin. During Phase 4 when all movement is on the fault 

and sediment is able to overtop the salt high, channel density is greater in the proximal hanging wall 

next to the fault (Fig. 5.46B). The channels were less well concentrated and were separated by finer 

sediment. Channel location when the basin remained overfilled throughout modelling was not 

influenced by accommodation creation and inherent imposed gradients, however, such as occurred 

with high sediment concentration levels (S_5; Fig. 5.47). The channels predominantly responded to the 

regional slope and were not located above the subsidence maximum. Greatest steering occurred by 

the expression of the anticline which resulted in location of flow immediately basinward of the 

anticline during Phase 3 (3.5 – 4.5 Myr). 
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Figure 5.45. The impact of salt-influenced rifting on the hanging wall slope gradient and how this affects deposition and stratigraphy at variable levels of 
Accommodation: Sediment supply (A:S). A) model S_1a displaying onlap of stratigraphy onto the steep hanging wall slope and an unstable delta front on the 
upper slope; B) the non-salt tectonic version of A (N_1a) with gentler slop gradient and convergent stratigraphy that thickens towards the fault; C) Salt-
influenced hanging wall slope of model S_4a displaying thicker and steeper foresets and less onlap onto the slope; and D) the normal tectonic version of C 
(N_4a) with convergent stratigraphy dominating on the gradually tilted hanging wall slope. 
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Figure 5.46. Cross sections from Model S_4A at (A) 3.5 Myr, and (B) at 5.5 Myr. The sand fraction 
picks out the location of channel axes which appear as bright blue packages in dark blue/purple finer 
overbank facies. During Phase 2 (A) the channel stacking density can be seen centralised over the 
subsidence maximum removed from the fault, whereas in (B) the channels become more mobile 
unconfined by the salt withdrawal basin and most commonly located at the fault, stacking density 
decrease as a result. Surface for section location is at 4.5 Myr of model development – note the 
diversion of flow by the anticline. 
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Figure 5.47. Cross sections from model S_5 at 5.5 Myr which was greatly overfilled throughout. 
Fraction of coarse sand is highlighted which picks out the location of channel axes which appear as 
warmer colours (yellow and red). Note the axial cannel was only minorly deflected during Phase 2 
(1.5 – 3.5 Myr) and is not located above the subsidence maximum and was not deflected at all during 
Phase 3 (3.5 – 4.5 yr) and 4 (4.5 – 5.5 Myr). Axial flow originating from the footwall was diverted 
around the anticline during Phase 3 (3.5 – 4.5 Myr) and greatest channel staking density was pushed 
basinward during this period. 
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5.6.3 Salt-cored highs 

Structural highs related to upwelling salt have been identified in the hanging wall to the main faults 

in several salt-influenced basins where they tend to flank prominent synclinal basin fills. The issue is 

what impact they have on basin evolution. The closures associated with them have been targeted by 

drilling in the past with variable success. Hence the response to growth of a high was incorporated in 

the forward model input during Phase 3 and draping of the then inactive high during Phase 4. Local 

uplift deformed the stratigraphy previously deposited on the monocline during phases 1 and 2 (prior 

to 3.5 Myr; Fig. 5.39) so the sediment incorporated in the highs reflects this earlier evolution. Where 

the sediment supply was relatively high and an expanded fan was deposited in shallower water on the 

monocline (model S_4a), the culmination could enclose significant sandy facies. Where sediment 

supply was lower and sediment including sand bypassed the steeper monocline slope, the potential 

for sand uplifted in the culmination is less (Fig. 5.22; model S_1a), although the deposits of smaller 

scale fan deltas may be present. However, detached sand that bypassed to the base of slope to deeper 

water and onlapped onto the monocline can be tilted by the growing high. Where drainage inputs 

were fixed by incision (as in many of the models), significant along strike variability can be anticipated 

– culminations remote from these entry points are likely to contain muddy facies. Where axial 

drainage enters the basin and mixes with transverse input above the sub-salt fault location, sandy 

axial facies may be uplifted in the culminations.  

The uplifting highs also served to divert footwall drainage during Phase 3 deposition. Thus, the 

footwall drainage in Model S_4a continued to flow across the fault during Phase 3 but was locally 

diverted around the tips of the emergent anticline. Drainage from source T1 eroded the anticline, and 

maintained its position, whereas that from T2 was diverted parallel to the anticline and entered the 

depocentre along strike (Figs. 5.27 G; H). Local incision of the highs meant there was intrabasinal 

reworking of the sediment deposited on the monocline during an earlier phase of basin evolution. 

Drainage diversion did not feature in Model S_1A as the uplifting anticline sat topographically lower 

than the footwall as little sediment had been deposited on the monocline prior to fold growth. Thus, 

the history of earlier deposition on the monocline influenced the elevation of the growth fold and the 

likelihood of drainage diversion. 

Sediment deposited between 3.5 and 4.5 Myr in Model S_4A overstepped the anticline with thin 

syn-kinematic sediments deposited over it. Erosion of the anticline crest occurred locally during this 

period, particularly where drainage emanating from source T1 entered the basin (Fig. 5.30A). The 

nature of the sediment deposited adjacent to the high varied according to proximity to the sediment 

input points and the depositional environment. Fluvial channel sands and finer overbank facies 

dominated in terrestrial environments (Fig. 5.30A; B) with deep-water fine-grained sediment 
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deposited distal to sediment input points and coarse sediment deposited proximally. Sediment in 

Model S_1a was seen to fill the accommodation created between the anticline and the fault scarp, 

depositing coarse sediment subaqueously, with excess sediment spilling into the deeper basin (Fig. 

5.22). 

Between 4.5 Myr and 5.5 Myr, the salt-cored anticline subsided as movement was entirely on the 

coupled fault. Sediment onlapped the high and where supply was high enough to bury the high, the 

sediments thickened into the fault. As in previous phases, the nature of the sediment reflects the 

sediment supply. Deep-water sediments onlap the anticline in the underfilled depocentres and these 

are coarse grained where sediment entered transversely from the footwall (Figs. 5.21A; C; 5.30A; C) 

with finer grained sediment distal to these input points (Figs. 5.21B). Underfilled conditions also 

promote the deposition of sediment between the anticline and the fault, capturing sediment in a 

perched basin style setting (Figs. 5.22A; C). 

5.7 Comparisons with natural salt-influenced basins 

Some of the facets discussed in Section 5.6.1 can be seen in natural examples of salt influenced 

rifts.  

Alves et al. (2003) highlighted the differences in Jurassic syn-rift stratigraphy between what they 

termed diapir and fault bounded sub-basins of the Central Lusitanian Basin on the Iberian margin. 

While dominated by carbonate production at times and lacking antecedent drainage, there are 

parallels with the output from the numerical simulations and the diapir bounded sub-basins of Alves 

et al., (2003). The salt-influenced basin physiography impacted the stratigraphic evolution, with 

thickness of units greatest in the subsidence maxima that were offset from the fault by 10 km. The 

bowl shaped depocentres were flanked by salt structures which impeded surface propagation of 

basement faults. Late Jurassic syn-rift seismic units show a lenticular geometry in salt affected areas 

of the basin whereas where salt was absent, fault-bounded areas present wedge-shaped seismic units 

that thicken towards the main basin-margin faults. Locally-sourced transverse drainage was impacted 

by salt-cored highs in the immediate hanging wall, feeding fluvial and alluvial systems. The transverse 

rivers were diverted by diapirs and directed via lows between growing salt-pillows. In the axis of the 

basin the ‘salt-controlled’ rivers and deltas conjoined with distinct axial drainage systems which were 

confined by the basin margin salt-structures. The salt-influenced numerical models displayed a similar 

confinement of the axial system under most conditions of sediment supply (Fig. 5.46), as well as the 

diversion of drainage by the salt-cored anticline in the immediate hanging wall. The facies 

development in the axis of the salt affected portion of the Central Lusitanian Basin was also seen to 

progress from overfilled, fluvial conditions to deep marine during rift initiation, before a large-scale 
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progradation and shallowing of the basin was seen driven from the axial input point. Alves et al.(2003) 

assign the reduction in subsidence and subsequent progradation to the latest rift climax and earliest 

post rift, coupled with a high sediment yield. The possibility of the salt causing a reorganisation of the 

accommodation was not considered but would be consistent with output from the Sedsim models 

discussed in this chapter. 

The Parentis Basin, a sub-basin of the Aquitane Basin in SE France, underwent salt-influenced 

rifting in the Upper Aptian and Albian. Using well and seismic data, rapid subsidence across the basin 

in response to salt evacuation was identified (Biteau et al., 2006; Ferrer et al., 2012). Depositional 

environment maps highlight a narrow lozenge shaped basin initially fed with sediment from a fluvial 

deltaic system followed by a transition to bathyal deposition under deep-water conditions. Albian 

reefs developed around the outer rim of the basin mark the top of steeper slopes descending into 

deep water. The onset of transpression then occurred so there is no further evidence for the impact 

of salt influence on accommodation and depositional trends. The evidence for rapid transgression of 

the early depocentres in the Sedsim models resembles the Upper Aptian succession seen in the 

Parentis Basin. The reef locations mark the transition from a shallow water basin edge to the elongate 

bowl-shaped deep depocentre driven by salt evacuation.  

Bouroullec et al. (2018) described a salt-influenced rift margin from the Middle Jurassic-Lower 

Cretaceous of the Dutch Central Graben. Salt withdrawal from beneath the basin axis was deemed 

the primary control on generation of high accommodation during the Callovian – Early Kimmeridgian 

interval. Incised valleys developed on the platforms providing transverse sediment input that built 

fluvio-deltaic depositional systems on the steep, salt-modified, hanging wall slope. Channels seen in 

seismic show rapid changes in confinement interpreted as evidence for rapid changes in 

accommodation between the basin axis and its margins driven by salt evacuation. Fluvial systems 

emerging laterally from the basin margin fed deltas (Fig. 5.48A; B) that resulted in a sandy marginal 

fringe resembling the fan deltas formed in the Sedsim models at the slope breaks created by salt 

withdrawal. Two horizons extracted from the seismic show the deltaic deposits sit above a 

pronounced fluvial channel (Fig. 5.48C), indicating a retrogradation of the system on the basin margin 

slope, as in many of the numerical models. 
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Figure 5.48. (A) Example of a colour-blended spectral decomposition map and (B) line drawing of the 
main channels and delta edges recognized from the Upper Graben Formation in the Dutch Central 
Graben, and (C) RMS (root mean square) seismic attribute map of a stratal slice in the 
stratigraphically lower Middle Graben Formation, highlighting a fluvial channel at the same location. 
From Boroullec et al. (2018). 

More recent work on salt-influenced rifts has also highlighted several of the features incorporated 

in, and output from, the Sedsim models. Elliott et al. (2021) in their study of the Halten Terrace, 

offshore Norway, described the contrasts between portions of the basin margin that have been 

affected by pre-rift salt (Bremstein Fault Complex) and those that were not (Vingleia Fault Complex) 

during Middle to Late Jurassic rifting. In the salt affected part of the rift they noted the presence of a 

monocline, greatly reduced levels of footwall uplift, and a range of topographic highs and lows not 

seen in salt-free areas. The latter were related to salt-detached gravity gliding and acted to trap 
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sediment that otherwise might have been transported into the deeper part of the basin. The subdued 

expression of the footwall meant that in this case this area remained submerged during rifting. 

The numerical models were partly devised to help interpret tectono-stratigraphy in salt-influenced 

portions of the Slyne-Erris and related basins, offshore Ireland, and specifically the Central Slyne sub-

basin (see Section 5.2.2). Model S_4a for a basin with a relatively high sediment supply is particularly 

relevant in this case. Model output and interpreted seismic sections across the Central Slyne sub-

basin are compared in Fig. 5.49. During salt withdrawal and subsidence distal to the underlying 

basement fault in the Central Slyne sub-basin, onlap of the stratigraphy is seen onto the basin margin 

above the basement fault similar to that in the numerical model (Fig. 5.49). Later sediment 

overtopped the anticline as a result of on-going boundary fault movement and the migration of the 

subsidence maximum to the immediate hanging wall. The anticline incorporated previously deposited 

Early to Mid-Jurassic sediment representing fluvial to shallow marine deposits, similar to those 

incorporated into the anticline in the numerical model.  

 

Figure 5.49. Comparison of the seismic stratigraphic geometries from Slyne-Erris sub-basin (O’ 
Sullivan et al., 2021) to those generated in the numerical model S_4A. 
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Note the position of the two wells in Figure. 5.49 that can be used to compare the facies developed 

in the Central Slyne with that predicted by the Sedsim models. Well 27/4-1 was drilled in the 

immediate hanging wall to the main fault on the northwestern side of the half-graben targeting an 

anticline, and 27/5-1 is on the distal hanging wall slope c. 20 km from the boundary fault. The Upper 

Jurassic syn-rift section encountered by both wells is detailed in Section 5.2.2. Both wells encountered 

the Minard Formation which accumulated during the main phase of rifting when growth folding and 

faulting driven by subsurface salt migration is interpreted to have been active. A well log and partial 

core coverage from the syn-rift Minard Formation in well 27/5-1 (Fig. 5.50) revealed a relatively sandy 

basal section that is interpreted as a coastal plain with tidally-influenced fluvial channels (Merlin 

Energy Consortium, 2020). Above this, there is a change to a less sandy silt and clay-dominated 

succession with evidence for marine conditions suggesting marine flooding. The succession is capped 

by a return to sandier facies, the Avonmore Sandstone, a well sorted sandstone with rounded grains 

interpreted to have been deposited in a fluvial environment (Merlin Energy Consortium, 2020). The 

broad pattern of early low accommodation, followed by an increase in accommodation and marine 

flooding, culminating in a return to low accommodation and fluvial conditions is consistent with the 

depositional evolution predicted for the distal hanging wall in the Sedsim model for salt-influenced 

rifting. Early deposition in tidally-influenced fluvial conditions with finer sediment and coal horizons 

representing energy, swampy and lacustrine environments equates to coastal plain deposition on the 

distal hanging wall slope at the onset of rifting in which space was limited (Fig. 5.51A; green dots). 

Accelerated subsidence due to salt evacuation (and attendant antithetic detachment faults) could 

then have promoted flooding and a transgression (Figs. 5.51B; F green dots). The Avonmore 

Sandstone (Figs. 5.51C; G) could then record a reduction in subsidence reflecting advance of fluvial 

systems as the basin transition to overfilling as the rate of salt migration and salt-related deformation 

declined with subsidence driven by fault-induced deformation relatively distal to the well site.  



 
297 

 

Figure 5.50. Core photographs and well log from Well 27/5-1 drilled on the hanging wall slope of the 
Central Slyne sub-basin. 

Significantly, well 27/4-1 encountered minimal reservoir presence in the Late Jurassic syn-rift 

strata, which would be consistent with a location in the numerical model that is distal to any footwall 

sediment input points (Figs. 5.51A; B; E; F; red dots). As the well is located in the immediate hanging 

wall of the Central Slyne sub-basin, during salt evacuation the location of the subsidence maximum 

would have been displaced from the fault and the basin underfilled so axial flow is also unlikely in the 

well location. The late Jurassic sediments in Well 27/4-1 do not record a shallowing event, as there is 

an erosional unconformity this material may have been removed or could be located in a part of the 

basin distal to axial input and thus remained under deeper-water conditions for longer (Fig. 5.51C; 

G). 

The location of Well 27/4-1 in the numerical models would suggest the potential for higher net 

sand is greater along the fault, in locations closer to sediment input point and closer to the axial input 

point. The coarse sandy fans in the numerical models are deposited very close to the sediment input 

points in the immediate hanging wall, creating relatively localised deposits (Fig. 5.30; 5.51F; G). 
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Figure 5.51. Maps for key 
time steps in model S_4a (A-
D) distinguishing 
environments by the water 
depth in which the sediment 
accumulated and (E-H) 
mapped lithology as 
revealed by the proportion 
of the coarse grain fraction 
(>0.75) present. Red dots 
indicate nominal locations 
where well 27/4-1 could sit 
and the green dots, well 
27/5-1. 
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5.8 Conclusions 

The main aim of the forward stratigraphic modelling study described in this chapter was to explore 

tectono-sedimentary interactions in salt-influenced rift basins in which relatively thick buried salt 

layers modify fault-related deformation and the pattern of surface displacements. Of necessity, the 

modelling had to confine itself to a subset of the possible range of interactions seen in nature and the 

focus is on modest rates of salt migration and systems where welding eventually halts the rise of salt 

in the proximal footwall. This was because a key focus was on trying to better understand the lithology 

in, and onlapping onto, highs in a proximal footwall position. Such culminations are present in several 

of the Irish offshore basins but there are limited constraints on their make-up and evolution. The main 

conclusions of the work are as follows: 

1. Changes in accommodation implicit in the pattern of salt-influenced rifting have a significant 

impact on the facies distribution and stratal architecture at half graben scale. The models were 

designed to reproduce the characteristic synclinal fill (as opposed to wedging geometry) 

associated with salt-influenced half-graben, as well as growth folding in the proximal footwall. 

As salt migration cannot be modelled explicitly in Sedsim, surface displacements were input 

according to a conceptual 4-phase model for the evolution of a salt-influenced rift rooted in 

natural examples and using typical subsidence rates for salt withdrawal and upwelling. 

2. The early depocentres offset from the basement (sub-salt) fault were generally overfilled and 

remained in shallow water or fluvial conditions, reflecting initial low A:S. They contained 

relatively sandy successions as a result, particularly when also connected to axial supply. 

Sediment delivery from the footwall was directed between developing salt pillows. Drainage 

from the hanging wall did not always connect with these early depocentres. 

3. Linkage of fault segments to create an enlarged basin flanked by a monocline above the still 

sub-salt fault drove an increase in the rate of accommodation creation and triggered flooding 

and deepening. The result was backstepping of the depositional systems and this was 

particularly obvious on the monocline that rotated as subsidence accelerated and up which 

the stratigraphy was stacked retrogradationally. 

4. Sediment supplied by drainage on the footwall to the monocline built local sediment 

accumulations. Where the sediment supply was reduced and the enlarged basin was more 

strongly undersupplied, sand tended to bypass the monocline slope and was banked against 

the base of slope. With higher sediment supply, the delta systems entering the basin were 

able to construct a more stable depositional slope on the monocline and most of the sand was 

retained in shallower water. These delta bodies locally merged with the axial supply system. 
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Lithologies exhibit strong lateral gradients along the monocline with fine grained drapes on 

the monocline away from sediment entry points. Rapid basin expansion and underfilling could 

also promote water stratification and enhanced organic matter preservation on the floor of 

the basin at this time.  

5. Supply to the monocline was delivered via drainage exploiting lows between the early salt 

pillows that persisted once the sub-salt faults linked and drove a broader area of uplift above 

the footwall that forced incision. At higher water and sediment discharges, flow transiting the 

uplift was more intermittent as it was locally redirected by topography associated with the 

monocline before it could enter the basin. There are natural examples where the area above 

the footwall to the buried sub-salt fault remains topographically low and, in these cases, it 

may be flooded and little sediment enter the basin via this margin (e.g. Elliott et al. 2021). 

6. Migration of salt from beneath the distal hanging wall slope creates steeper gradients than 

expected in half-graben without salt influence. The forward stratigraphic modelling showed 

that the steeper slope impacted shallow water sediment storage and slope bypass with 

enhanced delivery of sediment to deeper parts of the basin and increased potential for 

detachment and stratigraphic traps compare to basins lacking salt influence. Shallow water 

storage on the hanging wall was also influenced by the grain size. Increased proportions of 

fine grains led to greater stability and increased storage on the shallow water part of the 

profile, reducing export to deeper water. 

7. Once the fault coupled through the salt layer, salt upwelling guided by the fault can offset 

much of the additional space created by reverse drag as the salt is no longer compensating 

for the sub-salt fault offset. Consequently, the rate of sediment accommodation creation 

drops. The Sedsim models show the response to this change in A:S with the onset of coastal 

progradation with merging of drainage systems and where the sediment supply was 

sufficiently high, evolution from under to overfilling and development of widespread 

terrestrial facies. Analogous basins lacking salt remained underfilled. Fluvial channels 

preferentially occupied an area some distance into the hanging wall on account of 

bidirectional tilting due to the combination of reverse drag and salt upwelling near the fault.  

8. Upwelling of salt at the coupled fault can drive the formation of a salt-cored anticline in the 

proximal hanging wall which incorporates stratigraphy deposited on the earlier monocline 

slope or draped against it where bypass was more important. Where the basin is oversupplied, 

rise of the anticline can impact transverse drainage emanating from the footwall with 

drainage locally diverted axially around the high, and eroding and breaching the tips of the 
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emergent structure.  Such erosion may impact the trapping potential of the anticlinal closure. 

When underfilled, the rest of the anticline crest remains topographically lower than the 

footwall and coarse sediment can fill the space between the anticline and the fault, onlapping 

onto the structure rather than eroding and burying it. Lithology within the anticline is strongly 

dependent on the location of the early sediment entry points. 
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Chapter 6 

 

6. Discussion  

 
The study reported in this thesis set out to use forward stratigraphic modelling to investigate 

tectono-stratigraphic interactions in rift basins, with a focus on the interplay between antecedent 

drainage and different models for fault growth, and the implications of aspects of salt-influenced 

rifting on facies and basin evolution. The value of such modelling is that it can allow the competing 

controls of tectonics, sediment flux and base level changes to be evaluated, with the emphasis here 

on tectonics and drainage development with less attention to base level changes. An advantage is the 

possibility of rapidly assessing multiple scenarios by adjusting the inputs; something that is much 

harder to do with physical experiments. The models provide insight into the facies distribution and 

lateral and stratigraphic trends in the developing hanging wall basins. They serve to complement other 

data bearing on the rift basin fills, including physical modelling, field and subsurface studies. Links 

between the different approaches were explored by producing forward stratigraphic models for small 

scale physical experiments and by comparing model outputs with natural prototypes, the numerical 

modelling undertaken to replicate a system that produces autogenic processes as well as tectonic 

activity has not been carried out previously. The forward stratigraphic modelling done using Sedsim 

displayed the ability to replicate cyclicity produced by autogenic behaviour as well as the increased 

timescale of these cycles once the system was perturbed by tectonism.  

In this chapter, the wider implications of the study are discussed, starting with a review of the 

performance of the chosen software (Sedsim) and how it is best used to investigate aspects of rift 

basin evolution, including some of the limitations. An important issue generally in rift basins is the 

origin of the common stratigraphic cycles that can develop and how autogenic behaviour can be 

distinguished from allogenic controls. This topic is then discussed before a wider analysis of the entry 

points for sediment to rift basins and their stability are considered. The chapter concludes with a 

review of what additional insights stratigraphic forward modelling can offer in terms of subsurface 

characterisation when faced with limited data. 
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6.1 Performance and limitations of software 

The forward stratigraphic modelling undertaken using Sedsim proved that the software was able 

to replicate sediment transport at the scale of the physical experiment XES05. Of note here was the 

ability of the software to honour textural trends and fractionation for what was a complex sediment 

mixture used in the XES05 physical experiment. Thus, coarser and finer, low-density coal fractions 

were effectively fractionated from quartz sand on dm scale in the order that would be predicted by 

their hydraulic equivalence. At both small and larger scale, systematic textural fractionation was seen 

on prograding clinoforms. In addition, the maximum equilibrium slopes that can be specified were 

seen to control the availability of accommodation and scope for temporary storage and bypass. The 

pre-tectonic Stage 0 in the models replicating the XES05 experiment were instructive in that Sedsim 

broadly replicated the buildout in the physical model, but initially advanced as a thin sheet into 

shallow water arriving at the shelf break before the physical experiment and followed by the slower 

build out of a higher angle cone. Use of a deeper shelf water forced the development of higher 

clinoforms that advanced in a more realistic way. Sedsim models that included lateral walls like the 

XES experiments showed flow could be conducted along the walls in a very similar flow pattern. An 

advantage of this approach was that it was possible to remove the lateral walls in a subset of the 

Sedsim experiments to check that they were not inordinately influencing the stratigraphic response. 

This proved the autogenic cycles identified in the physical experiment with walls are also present in 

the experiment without walls despite some sediment leaving the model via the boundaries. A useful 

feature of Sedsim is that the volume of this lost sediment can be monitored.  

Sedsim also involves a number of limitations and assumptions as detailed below. These include 

how the normal faults are implemented, the need to balance the resolution and detail of the models 

with computational and time constraints, and the assumptions used to simplify the flow equations 

and reduce run times.  

The expression of faults in Sedsim results in a fault plane that is near vertical. As this was also how 

the faults were represented in the physical model it was not an issue in this case, but actual normal 

faults have a range of dips. To recreate faults that dip would require a very fine grid over the faulted 

area. This would result in a large increase in model run time and was not attempted as part of the 

current study. Integration of a dedicated fault simulation technique with Sedsim is also useful for 

generating realistic fault related topographies which can be used as inputs. This would still require the 

fine grid however. 

Sedsim involves a trade-off and a balancing of the detail required in the numerical models and the 

computational outlay. At higher frequency flow sampling and display intervals the temporal resolution 
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increases and additional features can be preserved in the model output, whereas a lower frequency 

results in loss of detail through averaging across the display interval. High-frequency models are also 

computationally more demanding and require considerably longer run times, whereas efficiency can 

be prioritised with lower frequency interval models. At times the implementation of parameters can 

be restricted by the capability of the software. When using low-frequency intervals there is a greater 

likelihood of the flow becoming unstable as large volumes of sediment or water enter the system at 

once. In order to combat this, the frequency of the sampling and display intervals can be increased or 

the sediment source can be split into a number of sources, both of which can increase model stability 

but in the latter case without compromising model run time. This method was only implemented in 

the Chapter 3 models, for the reasons discussed therein. 

The simplification of the flow equations reduce the computation time but impose limitations. The 

vertical and horizontal resolution of the model are controlled by grid cell size and the length of the 

time step between successive model output. Due to the assumption of a constant vertical velocity 

profile, the model is unable to simulate small scale bedforms that result from vertical movement 

within the flow. Thus, the minimum cell size and minimum layer thicknesses (time steps) must be large 

enough to encompass several of these bedforms. Consequently, model estimates of grain-size 

distributions represent large scale spatial averages (Tetzlaff and Harbaugh, 1989). The scale of the 

features modelled in the experiments described herein are such that this limitation did not have an 

effect. The discretization of models by representing time in steps and area or space with cellular grids 

are also simplifications, but any impact can be minimised by using smaller grid cells and shorter 

timesteps, but as noted above this will increase model run times (Tetzlaff and Harbaugh, 1989). 

Sedsim represents a distinct advantage in tectono-stratigraphic investigations over analogue 

modelling in the form of scaled physical experiments. The benefits include the detail that can be 

extracted from a numerical model as well as the ease with which input parameters can be varied in 

order to test sensitivities, as evidenced by sections on sensitivities presented in chapters 3, 4, and 5. 

Huang et al., (2012) used Sedsim to recreate sand avalanches on a delta front from a flume tank 

experiment. The authors were able to recreate the experimental model and also continue the 

experiment past the original end point to further investigate controlling parameters. In a similar vein 

Sedsim has been used in this study to recreate the experimental model of Kim et al., (2010) and 

continue from the original end point, gaining further insights previously impossible from the tank 

experiment. A novel approach here however was also to alter the model from a common point 

allowing detailed comparison and analysis of a range of potential outcomes (Sect. 3.4.4; 3.5.4).  

Relatively rapid execution of numerical experiments is possible and the outcomes can be compared 

to a reference model. Visibly homogenous deposits in the physical models of Kim et al. (2010; Chapter 
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3) display no internal stratigraphy or recognisable depositional architecture, even when they tie back 

to multiple across-fault input points (Fig. 3.11Aii). The ability to view the horizon boundaries at each 

display timestep is another advantage of the numerical modelling in that it can reveal the internal 

detail of sedimentary units that might otherwise appear homogeneous. Numerical models can also 

output extensive data on the sediment grain size distributions and continuous thickness patterns. This 

information can be viewed as a 3D graphical representation and viewed as cross sections throughout 

the model as well as providing the raw data that then can be used for analysis in other programs such 

as the Eclipse plugin to Petrel.  

6.2 Auto versus allogenic cycles in rift basins 

A critical aspect of interpreting the sedimentary record is disentangling autogenic and allogenic 

controls on deposition (Hajek and Straub, 2019). This is important in inferring stacking patterns, 

controls on sedimentation, correlation strategies and the scope for high-resolution cyclostratigraphy 

(Yang et al., 1998). Rift basins are prone to both autogenic and allocyclic controls and are particularly 

susceptible to the latter. Allocyclic forcing by climate oscillations, sea and water level fluctuations and 

tectonic activity are all commonly invoked (Berger et al., 1992, Hilgen et al., 2015; Hinnov, 2013; 

McNeill et al., 2019). These can induce cycles that vary widely in periodicity with astrophysical climate 

cycle durations ranging from 19 kyr to 405 kyr and up to as long as 2.4 Myr, (Hinnov and Ogg, 2007). 

Such cycles can be modified when combined with the structural development of a rift basin, as in the 

Corinth rift where eustatic sea level fluctuations with respect to structurally controlled sills resulted 

in 10s – 100s of kyr cyclic variations expressed in varying degrees of basin isolation and 

palaeoenvironments (McNeill et al, 2019). Rift-basin lakes can respond to climate variations with 

extreme water level oscillations on the order of tens to hundreds of metres in amplitude in as little as 

20 kyr (Loaka et al., 2010). Climate changes can also modulate sediment supply via controlling the 

rates of hinterland denudation and sediment loads in rivers draining to rift depocentres. 

Tectonic movements can also drive cyclic sedimentation in rift basins (Folkestad and Satur, 2008; 

Sakai, 2013). Displacement on tectonic faults primarily accrue during earthquake slip events at rates 

that vary through time (Mouslopoulou et al., 2009). With each slip event, subsidence occurs with rapid 

creation of accommodation. Variable slip rates can introduce cyclicity in the stratigraphy on timescales 

similar to that of earthquake cycles (<100 kyr; Nicol et al., 2004). The stochastic elements of climate 

change and tectonic movement can cause significant regional variations in sediment supply, sediment 

transport energy, or the space available to preserve sediments (Ashton et al., 2001; Goldfinger et al., 

2012; Peters & Loss, 2012; Perron, 2017).  
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Allogenic forcing commonly operates alongside autogenic forcing. Autogenesis comprises patterns 

and dynamics that arise solely as a consequence of the interaction of the components within a system 

and these can result in self organisation (Hajek and Straub, 2016). Autogenic sediment-transport 

dynamics commonly result from intermittent sediment storage in transient landforms, which produce 

episodic, spatially discontinuous sedimentation across the basin (Hajek and Straub, 2016). This 

principle applies to large-scale autogenic dynamics, for example, the long-term slope adjustment of 

sediment-transport networks (Paola et al. 1992, Castelltort & van den Driessche 2003, Kim et al. 2006, 

Dalman & Weltje 2008, Kim & Jerolmack 2008, Hamilton et al 2013; Dalman et al. 2015), delta growth 

and shoreline progradation (Muto & Steel 2004, Leva Lopez et al. 2014), and the development of 

alluvial megafans (Hartley et al. 2010, Weissmann et al. 2010). In general, depositional systems with 

larger scale landforms will be associated with greater spatial variability in sediment-transport 

dynamics. However, the effective spatial and temporal variability manifest in the stratigraphic record 

will depend on the rates of autogenic processes relative to long-term sediment accumulation rates 

(Straub & Wang 2013). Overprinting or signal shredding can arise from the interaction of autogenic 

and allogenic signals in rift basins, as the former have been shown to occur on timescales and with 

periods similar to allogenic signals (Jerolmack and Straub, 2010; Wang et al., 2011, Straub and Wang, 

2013; Li et al., 2016; Edmonds et al., 2016; Trampush et al., 2017). 

Each of the forward stratigraphic models discussed earlier ran with constant inputs with respect to 

sediment and water discharge, although ensembles of models explored the impact of changing these 

inputs and these give some insight into how climate changes might force changes in system behaviour. 

For instance increased catchment denudation contributing to an increase in sediment concentration 

promotes greater sediment storage in the updip parts the model, as revealed by sensitivity analyses 

in chapter 4 despite the model design that aimed to supress up-dip authigenic behaviour so as to 

isolate tectonic controls. Tectonic inputs in terms of surface displacements were varied to reflect fault 

growth, strain localisation and coupling through buried salt layers, but there was no cyclical variation 

of displacement rates that might generate depositional cycles. Autogenesis in the models was 

restricted to component interactions that took place within the model area and therefore exclude 

potential storage and release that might occur further updip in natural systems. Autogenic expressions 

in the numerical models occurred at different scales within hanging wall depocentres, reflecting 

switching of axial delta systems at high frequency, but also longer term cycles reflecting the drainage 

interaction with fault-induced topography. These cycles reflect up-dip storage but also 

accommodation balance in depocenter triggering backfilling and relocation of entry points. 

Incorporating fault-related surface displacements in the models increased autogenic cycle times, 

by a factor of 5 in the physical models of Kim et al. (2007) and by a similar amount in the Set 2 Sedsim 
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models discussed in Chapter 3 that replicated the physical experimental set up. Analogous autogenic 

cycles occurred in natural scale models with the same geometry as the physical model with realistic 

fault displacement gradients and rates and lasted 1.92 Myr, longer than the duration of most 

autogenic processes in natural systems (generally <106 yrs; Kim et al., 2010). These models were 

instructive in demonstrating the importance of space for storage and release up-dip of the fault array, 

in this case provided by the relatively steep equilibrium slope used in the models. Demonstration of 

elongated autogenic cyclicity with the perturbation by allogenic forcings, in this case tectonics, is 

demonstrated by Sedsim. This is a novel outcome demonstrating the power of Sedsim and forward 

stratigraphic modelling in better understanding the interaction of auto- and allogenic forces which are 

commonly difficult to decipher from the stratigraphic record. 

An underlying assumption of cyclostratigraphic analyses is that autogenic variability is relatively 

small scale and uncorrelated (Hajek and Straub, 2016). The results of the numerical models presented 

in this study as well as the physical models (Kim et al., 2007; 2010) and those of previous work 

(Jerolmack and Paola, 2010; Wang et al., 2010; Straub et al., 2015; Li et al., 2016; Hajek et al., 2017) 

suggest that purely autogenic dynamics may be capable of generating signals at relatively long 

timescales when tectonic activity is also present, potentially complicating attempts to develop 

allogenic chronologies in sedimentary deposits (Hajek and Straub, 2016). The issue of signal 

overprinting has been recognised in some studies such as in the Western Interior foreland Basin, North 

America, where high-frequency tectonism may have influenced the basin at the same time as orbital 

forcing, and at times, both acted to overprint the longer-term effects of tectonism that were occurring 

on a ≥106 yr timescale (Miall, 2019). Miall (op cit.) notes the success of astrochronological time scales 

in deep marine and lacustrine successions where it could be expected that orbital control may act 

undisturbed over millions of years within environments where autogenic influences are weak and 

other allogenic controls are longer term and readily recognised. In fluvial to shallow marine rift 

settings, cyclic stratigraphy has been identified, such as in the Newark Basin, North America which 

rifted during the Triassic and Early Jurassic. Fluvial and shallow lacustrine conditions persisted for 24 

Myr and climate driven cycles have been identified from core with periodicities from 100 kyr to 1.9 

Myr (Olsen et al., 1996). The authors believe the basin fill records the interplay of climate and tectonic 

processes in a continental rift but given the fluvial to lacustrine conditions and the presence of normal 

faulting, there is potential for the presence of autogenically driven signals in this rift basin at similar 

timescales as those reported. This potential could effectively be investigated using forward 

stratigraphic modelling as demonstrated by the study conducted here using Sedsim and 

demonstrating its ability to produce autogenic responses as well as the impact of tectonic activity 

elongating cyclicity times. 



 
308 

6.3 Implications for rift-basin models 

Existing models for rift basin evolution and tectonostratigraphy were reviewed in Chapter 1. The 

forward stratigraphic modelling focussed on the early phases of rift basin filling and in particular the 

impact of the mechanism of fault growth. The attention was on antecedent drainage given that faults 

will displace a surface on which pre-rift drainage is often already established, or drainage established 

early in the rift system then interacts with faults on which deformation is progressively localised 

(Cowie et al. 2006). The models highlight that relay ramps are not always the dominant sediment entry 

points they are often assumed to be (Gawthorpe and Leeder, 2000). Thus, where faults grow 

dominantly by the Constant length model, although early drainage exploit relay zones (Fig. 6.1Bi), 

drainage was then diverted away from the site of the relay relatively quickly. As might be anticipated, 

the persistence of drainage at relays was influenced by the deformation rate, with more rapid rates 

favouring earlier diversion of drainage around the fault array (Fig. 6.1Bii). Modest increases in 

discharge and sediment concentration had relatively little effect but lower discharge and sediment 

concentrations and increasing the fines component of the sediment load allowed the drainage to 

remain at the relay for longer. Lower water and sediment discharge supressed channel migration up-

dip of the fault array and the increase in A:S helped promote the incisional fixing of the drainage at 

the relay. Ultimately drainage is diverted away from the relay significantly before breaching and hence 

if growth by the Constant Length model is suspected, sandier facies might be anticipated at relay 

locations only at the deepest stratigraphic level (Fig. 6.1Biii). Flows with the highest discharge and 

sediment concentrations were locked at the points of maximum displacement on the faults from an 

early stage (Fig. 6.1Biv), so where these conditions are met, sandier facies might be sought in the 

hanging wall close to fault segment centres.  

Relay ramps provided more important and longer-lived conduits for drainage where the isolated 

fault growth mechanism operates (FIG. 6.1Ai), with drainage via relay ramp locations persisting to and 

beyond breaching in some cases. Higher rates of fault tip migration forced incisions to step laterally in 

response to footwall uplift generating erosional notches (FIG. 6.1Aii) similar to those noted for streams 

in the Canyonlands graben, southeast Utah (Gawthorpe et al., 1997; Trudgill, 2002). This example also 

shows drainage continuing after breaching with incision into the footwall of the breached ramp 

(Trudgill, 2002). Many of the models showed reversal of flow relatively soon after breaching and 

similar reversals and replacement with consequent drainage have been recognised in natural 

examples (Trudgill, 2002; Li et al., 2021). Drainage remained at the relay sites when water discharge 

and sediment concentration were higher, and the rate of deformation lower. Once directed away from 

the relay locations, basin filling was dominantly by axial drainage supplied around the fault array tip. 
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The scope for significant sandy facies in the vicinity of relays and breached relays is higher than it is 

for the Constant Length growth model (Fig. 6.1Aiii).  

 

Figure 6.1. Schematic illustration of drainage patterns and stratigraphy for contrasting fault growth 
models. (A) Fault growth by the Isolated mechanism; and (B) fault growth by the Constant Length 
mechanism. The hanging wall depocentres for each fault segment show representative drainage and 
basin fill patterns for mid-range water discharge and sediment concentration (Fault 1); high water 
discharge and high sediment concentration (Fault 2); and moderate water discharge and high 
sediment concentration (Fault 3).( i) – (v) refer to features discussed in text. 
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Flow was also seen to traverse the relay ramps and to deliver sediment to the outboard 

depocentre. This was most common in the earliest stages of growth by the Constant Length 

mechanism, when displacement on the overlapping faults was minimal, and later into rifting when 

water discharge was high (Fig. 6.1Bv). However, after diversion of flow away from the relay ramp this 

was not seen again. At low to moderate levels of water discharge and sediment concentration, 

diversion of flow down the ramp is common with the Isolated fault growth mechanism.  At higher 

levels, traversing of the relay ramp was seen (Fig. 6.1Aiv). Under these conditions the continued 

incision at relay ramps continued after breaching. 

There is growing interest in how the evolution and fill to salt-influenced rifts depart from rift basins 

developed in the absence of salt (Fig. 6.2). The forward stratigraphic models developed in Chapter 5 

incorporate several important features of salt-influenced basins (Fig. 6.2A): (1) the presence of early 

isolated depocentres peripheral to the basement faults that then conjoin as sub-salt faults link; (2) the 

evolution of a drape monocline (as opposed to a fault breaking the surface) above the sub-salt fault, 

(3) a shift of the depocentre towards the fault as the fault couples through the salt layer, and (4) 

modification of the rate and pattern of accommodation creation by upwelling of salt in the proximal 

hanging wall.   

Depending on how the early basement fault is segmented (and it may not be), the early 

depocentres are likely to be peripheral, small and relatively shallow and if they can capture drainage, 

will evolve to be overfilled. Expansion of the depocentre and the relatively high subsidence rates 

accompanying salt expulsion can potentially drive an acceleration in the rate of accommodation 

creation (Warzitska et al., 2016) and the models show this can drive rapid flooding and retrogradation 

of paralic deposits.  However, there are likely to be important feedbacks here that have not been 

explicitly incorporated in the forward models representing a limitation to the modelling.  Thus, flow 

of salt towards the fault will partly be driven by sediment loading in the peripheral basins and this in 

turn will reflect the sediment supply. Changes in the accommodation: supply (A;S) ratio will therefore 

be coupled to changes in the rate of salt migration and hence to rate of subsidence.  Changes in 

accommodation, particularly higher on the hanging wall slope of half graben developed in the absence 

of salt are generally more gradual, reflecting the progressive development of reverse drag as the 

footprint of the half graben grows. Depending on how the salt is driven from beneath the early 

depocentres to compensate for the fault offset at the base of the salt layer, differential subsidence 

can create steeper gradients than expected on flexural hanging wall slopes in a fault-controlled half 

graben. The forward stratigraphic models incorporated these steeper slopes and show sediment can 

be partitioned between both shallow and deep-water depocentres on account of slope bypass when 
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the basin is underfilled.  Shallower flexural slopes on the hanging wall in fault-controlled half graben 

tend to be sites of terrestrial and shallow-water deposition (Fig. 6.2Ai).  

The drape monocline developed above the basement fault is an important component of salt-

influenced, partially coupled rifting. Salt flowing to the site of the fault on account of sediment loading 

can pillow above the fault location (Warsitzka et al. 2016) creating a high at the upper hinge of the 

monocline. The highs will be more subdued compared to fault-controlled footwall uplifts, and where 

pillows form above early fault segments, lows at fault segment boundaries may conduct footwall 

drainage to the monocline slope (Fig. 6.2Aii). This was the scenario incorporated in the Sedsim models. 

Where pillowing is less important, the elevation of the footwall above the buried fault may remain 

low and flooded, preventing access of sediment to the basin. The forward models indicate sediment 

supply in these transverse drainage systems can determine the nature of monocline deposition, 

providing novel insights into the potential deposits in these locations. Only a limited range of scenarios 

have been modelled. Where rotation of the monocline is rapid compared to the rate at which 

sediment is supplied, the monocline slope may encourage bypass and coarser sediment primarily 

accumulates at the base of slope.  Where the sediment supply is higher, deltas may locally advance 

across the proximal monocline to set a depositional gradient and coarser sediment may be 

sequestered here. Coarser sediment, either in base of slope onlaps or perched deltas at sediment 

entry points will backstep up the monocline as the basin expands and deepens (Bouroullec et al., 2018; 

Fig. 6.2Aiii). In the absence of salt influence, footwall transverse drainage can supply deep-water fans 

in the proximal hanging wall (Fig. 6.2Bi) and or delta systems at relay ramps, but in cases where faults 

grow by the Constant Length mechanism, these may be short-lived as a more prominent footwall 

uplift will tend to redirect drainage around the fault (Fig. 6.2Bii).  
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Figure 6.2. Contrasting drainage patterns and stratigraphy in (A) a salt-influenced rift and (B) a half-
graben lacking a buried salt layer as informed by the Sedsim modelling. See text for description of 
contrasting features (i-vii). 

Once the fault couples thorough the salt layer to directly control surface displacements, the locus 

of subsidence will move from the peripheral depocentres towards the fault, although salt upwelling 

in the proximal hanging wall reduces the available accommodation here and contributes to the 

distinctive synclinal as opposed to wedge-shaped fill of many salt-influenced basins. Warsitzka et al., 

(2015) similarly identified a ‘secondary peripheral sink’ that was associated with faulting of the 
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overburden. The redistribution and rise of salt to beneath the fault-proximal part of the basin as 

opposed to compensating for sub-salt fault offsets or contributing to uplift outside of the area of 

subsidence will force a change in A:S. In the Sedsim models, an imposed fall in the rate of 

accommodation creation at this time triggered a switch to basin wide regression. Again, there are 

likely important feedbacks here between sediment loading, on-going salt re-distribution and 

accommodation that need to be explored by more sophisticated modelling incorporating the salt 

kinematics as well as sediment transport. The Sedsim models with high supply showed that the axial 

channel locations migrated towards the fault (Fig. 6.2Aiv) but were influenced by growth of the salt-

cored anticline.  In the absence of salt, axial channels are commonly located at the subsidence 

maximum throughout rifting. The evolution of the salt-cored anticline in the immediate hanging wall 

is also seen to steer drainage, and erosion of the anticline is seen when it is emergent (Fig. 6.2Av); 

when submerged, coarse sediment can be trapped between the fault and the anticline. The growing 

anticline incorporates sediment previously deposited on the monocline (Fig. 6.2Avi) and the earlier 

evolution is thus important to the lithology subsequently incorporated in the anticlinal closures. 

Where drainage and sufficient sediment supply from the footwall persists though to the fault coupled 

phase, stratigraphy can onlap and bury the highs.  Titling towards the fault can result in axial channels 

located close to the fault but there is a reduction in stacking density as the channel belt is less confined 

(Fig. 6.2Avii). Stratigraphy in the immediate hanging wall of a standard rift generally thickens into the 

fault (Fig. 6.2Biii) whereas in a salt-influenced version there is initial thinning toward the fault location, 

followed by incorporation of sediment into the anticline and finally thickening towards the fault once 

coupling has occurred. 

6.4 Application of forward stratigraphic modelling to subsurface 

characterisation in rifts 

Forward stratigraphic modelling has the potential to provide additional constraints on facies 

distribution, stratigraphy, the duration and expression of internal cycles, and the potential reservoir 

distribution in rift basins.  Whilst Sedsim can handle sediment transport and deposition effectively, 

the resulting models very much depend on the inputs the software requires.  Although some of the 

inputs such as the dimension and shape of the basin, position of active faults and regional gradients 

may be relatively easy to constrain, others are more challenging.  One approach for helping to tie 

down some of the uncertainties is to couple stratigraphic modelling with output from models 

characterising other system components (Burgess et al., 2012). This was achieved for aspects of the 

fault modelling work undertaken in Chapter 5 with the use of a  fault characterisation program 

(DEFORmator, Roche and Aleksans, 2019) to specify the evolution of the surface deformation field 
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around the faults. DEFORmator output was used as input to constrain the vertical displacements of 

Sedsim cells. This both streamlined how deformation was specified and meant the surface 

deformation more accurately reflected natural subsidence and uplift patterns surrounding a normal 

fault. Other recent applications have also combined forward stratigraphic modelling with other model 

output. For example, Balazs et al. (2021) used lithospheric-scale numerical simulations of extension 

and topographic evolution together with stratigraphic forward modelling to address the evolution an 

asymmetric half graben. This helped constrain the impact of sedimentation on the thermal evolution 

and deformation, demonstrating that sedimentation in the hanging walls helps localise deformation 

and that sediment blanketing decreases the maximum heat flow and creates a wider transient thermal 

anomaly (Balazs et al., 2021).  

A driver of the current study was to explore how forward stratigraphic modelling might help 

characterise poorly imaged  and data poor frontier basins such as those on the Irish Atlantic margin. 

A process based approach is particularly helpful and advantageous over a data focussed approach 

when little or no hard data is available (Cantrell et al., 2014).  There are examples of the use of forward 

stratigraphic modelling in basins where minimal information is available or where details of sediment 

supply and stratigraphy are inferred from neighbouring locations or basins (Warrlic et al., 2008; Hawie 

et al., 2015). With limited availability of data, sensitivity studies become of increasing importance and 

integral to forward stratigraphic modelling experimental design. By running multiple simulations using 

variable parameter ranges it was possible to assess the sensitivity of sediment transport with regards 

to those variable parameters. This allows a better understanding of the range of lateral and vertical 

variations in stratigraphy as well as a tool to validate or refute hypothesis by multi-scenario 

simulations (Hawie et al., 2015). Sensitivity analysis carried out in this study were limited mostly to 

variations in sediment and water supply, sediment texture and rate of deformation. As well as these 

parameters it is possible to analyse a wide range of factors that impact basin fill, some of which were 

not varied in this study, such as base level, and others (e.g. carbonate growth) not included. 

Comparison of models incorporating different inputs was done qualitatively in this study, but recent 

work has explored how this comparison can be done in a more quantitative way. Thus Agrawal et al. 

(2015) produced multiple realisations of a carbonate reservoir using forward stratigraphic modelling 

and performed sensitivity analysis on the texture and thickness that were then compared to 

observations from drill core. This identified the most influential controls and a sensitivity map was 

used to predict aspects of the reservoir that were otherwise unknown. 
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Chapter 7 

 

7. Conclusions and Recommendations for further work 

 

This chapter summarises the main conclusions of the forward stratigraphic modelling reported in 

this thesis. It also makes recommendations for future work building on the insights that have been 

achieved.  

7.1 Main Conclusions 

The conclusions that follow are grouped into three sections reflecting the main issues that were 

addressed during the study: 1) model calibration by replicating physical experiments that addressed 

how drainage is steered into a fault-controlled depocentre via a relay ramp and the extent to which 

basin-wide autogenic cycles can develop under constant external forcing; (2) the impact of contrasting 

extensional fault growth mechanisms on how and where sediment is delivered from the footwall to 

hanging-wall basins by antecedent drainage, and (3) drainage patterns and stratigraphy occurring 

during salt-influenced rifting when the geometry of fault-controlled accommodation can be 

extensively modified by migration of subsurface salt. 

7.1.1 Fault relay modelling at experimental tank and natural scales 

• Sedsim was selected as the preferred software for the forward stratigraphic modelling guided 

in part by the fidelity with which it was able to reproduce processes and textural fractionation 

operating in small-scale physical experiments. Modelling initially focussed on replicating the 

XES05 physical experiment of Kim et al. (2010) that explored how drainage interacted with a 

developing fault relay zone. Simulation of an alluvial cone building into shallow water prior to 

initiating fault displacements produced autogenic switching between incised channels leading 

to bypass and times of flow expansion when a network of shallow braiding channels and more 

sheet-like flow added sediment to the proximal cone.  Similar cycles were developed in the 

XES05 experiment, as well as in other physical experiments addressing the origin of autogenic 

storage and release cycles in alluvial systems. 
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• Once fault displacements bounding the relay were imposed, both the Sedsim model and the 

physical experiment showed a similar evolution whereby the hanging-wall basin bound by the 

relay was initial undersupplied and deepened but then attracted drainage to it and evolved to 

overfilling, before drainage then switched away from the depocentre creating underfilling and 

growth of an ‘autogenic’ lake. Finally, drainage was drawn back to the depocenter once more.  

• This style of long term autogenic cyclicity developed in both the physical experiment and the 

forward stratigraphic model was shown to be present when the XES05 set up was modified in 

Sedsim to remove the lateral walls, and when it was then upscaled to natural dimensions with 

typical fault surface displacement patterns and rates. It was also possible to run the Sedsim 

model for longer than the physical experiment, and thus to confirm the formation of the 

autogenic lake reoccurred and that the cycles continued.  

• Like the physical experiment, the introduction of the fault array increased the period of the 

autogenic cycles that were present before the faults initiated. The flow state on the alluvial 

cone up dip of the faults (incised or sheet-like flow) immediately prior to fault initiation had 

no significant impact on the development of the cyclicity. 

• Sedsim allowed a wider range of flow input conditions to be explored. Changes in the water 

discharge and sediment concentration showed that the autogenic cycles were not present 

under all conditions. The equilibrium slope which was relatively high in the XES05 experiment 

and reproduced in the Sedsim simulations is important in determining the level of 

accommodation available proximal to the sediment source for sediment storage. In the 

absence of a sufficiently high slope, storage and release of sediment and autogenic cyclicity 

were supressed.   

• There were some differences between the physical modelling and Sedsim. Channels in the 

latter tended be less mobile and this meant channels crossing the footwall uplift were unable 

to completely rework the growing topography. The uplift was continually shaved off by 

erosion in the physical models meaning that it never becomes emergent and the fault scarp 

did not form a surficial step. This, and the tendency to develop a central channel, meant that 

flow around the footwall is more important in the Sedsim models with the underfilled space 

in the half graben commonly filled axially whereas transverse drainage was more important 

in the physical model. 
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7.1.2 Impact of contrasting fault growth models on sediment dispersal 

• Forward stratigraphic modelling was used to address the impact of contrasting fault 

growth mechanisms (Isolated and Constant Length end members) on sediment dispersal 

and the stratigraphy of the early syn-rift hanging-wall depocentres. The Sedsim models 

highlighted the impact of the different areal footprints of both subsidence and uplift and 

the contrasting relay ramp evolution implicit in the two growth mechanisms.  

• Sediment delivery via relay ramps persisted for longer when fault growth was by the 

Isolated growth mechanism, lasting until relay breaching, and even later where the 

discharge was high enough. Drainage via the undeformed areas between underlapping 

faults was captured by fault-tip extension, locking drainage into the relays as they 

developed. Incision at relays stepped towards the fault tips, with flow delivered onto the 

ramp via incisions rather than continually steered around the fault tip. Consequently, 

coarser sediment deposited on the ramp tended to fine towards the onlap onto the ramp. 

Stepping of channels eroded and bevelled the footwall uplift closer to the fault tips.  

•  Although drainage in models simulating Constant Length fault growth also took place 

initially via relay ramps, this was short-lived and flow became dominantly focussed around 

the outer array tips well before breaching occurred. When exploiting the relays, drainage 

could traverse the ramp to feed the outboard depocentre as well as that lateral to the 

ramp. Drainage remained via the relay ramps for longer when the deformation rate was 

lower, where the sediment load was dominantly fine grained, and when water discharge 

and sediment supply were high. Under high discharge conditions, drainage could also 

become locked in position in valleys cut close to the points of maximum displacement on 

the fault segments (the footwall uplifts in these models comprised easily erodible pre-rift 

strata).  

• Facies expression and textural trends reflected the fault growth mechanism. Coarser 

sediment in the vicinity of relay ramps occurred only during the early syn-rift in the 

Constant Length models before sediment entry around the fault array tip generated axial 

supply that dominated filling of the hanging-wall basins. Early coalescence of the 

depocentres associated with separate fault segments allowed sediment to spill axially 

from one depocenter to another. Greater early rates of accommodation creation due to 

the longer fault segments meant that for low to moderate rates of supply, the 

depocentres deepened more rapidly than in the models with Isolated fault growth, and 
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they trapped greater volumes of sediment that would otherwise have passed down dip to 

other depocentres. 

• The relay ramps represented sites for significant coarse sediment deposition in the 

Isolated fault growth models. Smaller initial depocentres in the hanging wall of the 

shorter faults led to more intermittent drainage capture during early rifting and more 

variable early syn-rift stratigraphy with greater potential for bypass down dip. For the 

same sediment supply conditions, the isolated fault growth had shallower water 

conditions on account of a lower A:S ratio. Switching between input points was more 

common in the isolated fault growth models and increased with increasing sediment 

supply as depocentres were more readily filled allowing backfilling and relocation of 

drainage up-dip. 

• The modelling used a staggered fault array; the array geometry relative to the water and 

sediment source position was important with relays and the fault array tip closer to the 

source preferentially attracting drainage.  

7.1.3 Tectonostratigraphy of salt-influenced rift basins 

• A series of forward stratigraphic models were used to explore drainage and the resulting 

sediment distribution in rift basins influenced by a buried pre-rift salt layer. The goal was 

to investigate how the modified pattern and rates of surface displacement in salt-

influenced rifts impact on basin filling and facies prediction and to highlight potential 

contrasts with conventional rifting in the absence of a buried salt layer.  

• A conceptual four-phase evolution and typical rates of surface displacement were culled 

from natural examples in the literature and used to inform the model set up as Sedsim 

cannot independently model salt migration. The models addressed the impact of the 

monocline that can develop above a sub-salt fault that has yet to couple through the salt 

layer, coalescence and expansion of early depocentres due to sub-salt fault linkage, and 

the offset of accommodation by salt highs developing in the proximal hanging wall to the 

fault post-coupling.  

• Where the sediment supply was sufficient to fill the basin, the models generated 

stratigraphic architecture that resemble the first-order structure of natural salt-

influenced rift systems, even though the latter can evolve over longer timescales than it 

was possible to model given the polyphase nature of many salt-influenced basins. The 
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broad synclinal fill (as opposed to wedge shaped geometry of fault-controlled half 

graben) thus resembles that seen in many natural examples. 

• The combination of fault- and salt-induced subsidence and uplift resulted in a pattern of 

accommodation creation that contrasts strongly to the standard wedge-shaped half 

graben. Subsidence initially was modelled in isolate depocentres displaced from the 

controlling sub-salt fault on account of a monocline that formed above the fault as salt 

diffuses fault displacements. Linkage of the sub-salt fault and salt withdrawal then drove 

relatively rapid subsidence and a switch from filled smaller depocentres to an enlarged 

underfilled one flanked by relatively high gradients.  

• Deposition on the monocline above the early sub-salt fault is important to the lithology 

of salt highs that can develop later in the evolution when rising salt deforms the proximal 

hanging wall following fault coupling across the salt layer. Where the sediment supply 

was low and the enlarged basin was more strongly undersupplied, sand tended to bypass 

the monocline slope and was banked against the base of slope. With a higher sediment 

supply, delta systems entering the basin were able to construct a more stable 

depositional slope on the monocline and most of the sand was retained in shallower 

water. As the rate of accommodation creation increased, sandy depositional systems 

backstepped up the monocline.  

• Withdrawal of salt from the hanging wall steepened the distal slopes and impacted 

shallow water sediment storage and slope bypass with enhanced delivery of sediment to 

deeper parts of the basin and increased potential for detachment and stratigraphic traps 

compare to basins lacking salt influence. In a conventional half graben, there is limited 

accommodation on the distal hanging wall slope and transverse sediment supply tends 

to feed shallow water depocentres (shorelines and shoal-water deltas). 

• Once the controlling fault coupled through the salt layer to break the surface, reverse 

drag drove surface subsidence that increased closer to the fault as in a conventional half 

graben. However, rise of salt beneath the proximal hanging wall offsets the more rapid 

subsidence here and reduces the total accommodation space available. The Sedsim 

models show this can lead to a major regression and transition to overfilled conditions. 

Rising salt deforms the earlier monocline and the sediment banked against it. Coarser 

sediment delivered to the monocline from the footwall to the earlier sub-salt fault tends 

to localised and little sand may be present within the structure away from entry points. 
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• Highs above salt pillows on the footwall and associated with growth of the salt-cored, 

hanging-wall anticline served to fix and steer drainage, respectively. Salt pillows above 

the footwall tended to fix transverse drainage above original fault segment boundaries, 

although, when channel migration on the footwall was promoted by high water 

discharge, intermittent transverse flow as well as reversal of flow occurred. Later growth 

of a hanging-wall anticline diverted flow around the anticline driving significant erosion 

of the fold tips. Displacements and surface tilting associated with the couped fault meant 

axial drainage was commonly located just basinward of the anticline. 

• The forward stratigraphic models help inform interpretations of the limited subsurface 

data from the Central Slyne sub-basin, offshore Ireland. Vertical changes in net-sand in 

the late Jurassic syn-rift fill in a well high on the hanging wall may reflect changes in 

accommodation linked to the interaction of faulting and salt migration as evident in the 

models. The absence of sand in a well drilled on the hanging-wall anticline suggests a 

position remote from transverse drainage entry points and or a role for the growing 

anticline in steering drainage away from this location.  

 

7.2 Recommendations for further work 

There are a number of areas for potential further work using forward stratigraphic modelling 

building on the themes explored in the present study. 

7.2.1 Fault relay modelling at experimental tank and natural scales 

Sensitivity analysis of the forward stratigraphic models replicating the XES05 experiment revealed 

that the autogenic steering of sediment occurred in only a sub-set of scenarios and was sensitive to 

the water (Qw) and sediment discharge (Qs) that was specified. The ratio of Qw to Qs remained 

constant in all the models at 0.01 and was similar to the lowest value used in the physical experiments 

of Powell et al. (2012). They noted that systems with low Qs:Qw show stronger autogenic cycles 

involving up-dip storage and release of sediment. This highlights the potential for further work using 

Sedsim to explore the impact of systematically increasing Qs:Qw to further investigate the conditions 

under which systems develop autogenic cycles and the way these interact with tectonic forcing. 

Powell et al. (2012) indicated that autogenic signals produced by sediment storage and release in a 

prograding delta can result in distinct signals rather than noise. Forward stratigraphic modelling may 

provide insights into how these signals can be impacted by tectonic activity and how to best recognise 
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them in the stratigraphy. There is also scope to combine up-dip autogenic signals with tectonic cycles; 

displacement rates remained constant in the Sedsim models reported in Chapter 3. 

7.2.2 Impact of fault growth models on sediment dispersal 

The Sedsim modelling reported in Chapter 4 employed the default low maximum fluvial slope up-

dip of the fault array in order to suppress autogenic signals and this meant little deposition took place 

inboard of the footwall uplift. There is scope to expand the modelling to include higher equilibrium 

slopes and force more deposition prior to the drainage interacting with the fault array. This could 

enhance the ability of drainage to cross the footwall uplift by allowing sediment to bank up against 

the uplift, reducing the tendency for flow reversal and deflection. Increased equilibrium slopes would 

also promote up-dip cycling between incision and aggradation, as seen in the models replicating the 

XES05 physical experiment. Episodes of up-dip incision and bypass could enhance the presence of 

trenching by the drainage across the footwall uplift at lower levels of sediment supply than seen in 

the models discussed in Chapter 4.  

The fault growth models employed a single segmented fault array and there is scope to build more 

complex models including additional faults (akin to those generated by Cowie et  al. 2006) to explore 

how drainage interaction with up-dip faults impacts on depocentres down-dip given that the different 

fault growth mechanisms imply different rates of accommodation creation, topography and levels of 

bypass.  

7.2.3 Tectonostratigraphy of salt-influenced rift basins 

The salt-influenced rift modelling explored a limited range of scenarios and this work could usefully 

be expanded. Currently the modelling is reliant on a conceptual model for the evolution and rates of 

uplift and subsidence based on natural examples. More sophisticated modelling might combine the 

Sedsim modelling with a salt-kinematic model so as to explicitly model salt migration and incorporate 

feedbacks such as the effects of sediment loading on salt withdrawal and the balancing the growth of 

salt-cored highs with the extraction of salt and the resultant subsidence occurring elsewhere. Further 

models could also incorporate surface displacements measured in physical models for extension in 

the presence of a low-viscosity buried layer (e.g. Warsitzka et al. 2015). The evolution of footwall 

topography and transverse sediment input is a critical issue and more detailed models could be built 

to explore conditions under which sediment is delivered to the early monocline above the sub-salt 

fault and the elevation of the footwall given that in some cases the footwall remains flooded and little 

sediment may access the basin across this margin (Alves et al. 2003; Elliott et al. 2021). 
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It would also be possible to incorporate feedbacks and the coupled system that exists between 

loading and salt evacuation just using Sedsim. It is possible to stop a model being run by Sedsim at a 

designated time. The topographic surface can then serve as the start point to continue the simulations 

and initial depositional patterns across the model could be assessed and used to determine their 

potential impact on the subsidence pattern. Areas where deposition has occurred will experience 

greater salt withdrawal as a result of loading than those where water fills the depocentres. The 

tectonic model could then be updated to reflect the spatial distribution and thickness of sediment 

before allowing the model to continue. This process could then be repeated a number of times and 

effectively include the feedback between loading and enhanced salt withdrawal. This approach to the 

modelling would be particularly useful where sediment supply is low and is preferentially deposited 

in the proximal parts of the basin. It might be expected that salt withdrawal would be greater in this 

area than in the more distal parts of the basin where depocentres can be starved and are submerged. 

Thus the limitations introduced by the current subsidence model (Chapter 5) could be avoided in 

future work on the existing model suite.  
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Appendices 
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Appendix A.  

Model output from fault growth mechanism sensitivity analysis 

 

Figure 4.A1. Increasing discharge with a constant sediment concentration with fault growth by the 
Isolated fault mechanism. Cross sections through the three hanging wall depocentres at 3 Myr.  
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Figure 4.A2. Increasing discharge with a constant sediment concentration with fault growth by the 
Isolated fault mechanism. Cross sections through the immediate footwall uplift at 3 Myr showing 
erosion into the pre-rift material. The dashed line represents the footwall uplift topography if there 
had been no erosion. 
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Figure 4.A3. Increasing sediment concentration with a constant water discharge with fault growth by 
the Isolated fault mechanism. Cross sections through the three hanging wall depocentres at 3 Myr.  
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Figure 4.A4. Increasing sediment concentration and a constant water discharge with fault growth by 
the Isolated fault mechanism. Cross sections through the footwall up-dip of the faults at 3 Myr 
showing increased deposition on the footwall. 
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Figure 4.A5. Cross sections through the hanging walls of the three faults at 3.4 Myr, post breaching 
for model Iso_8a. The Isopach map shows the deposition and erosion associated with this time period 
when the fault is fully breached. Note persistence of flow at the breached relay zone. 



 
329 

 

Figure 4.A6. Increasing water discharge with a constant sediment concentration and fault growth by 
the Constant Length fault growth mechanism. Cross sections through the immediate hanging wall of 
the three faults. 
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Figure 4.A7. Increasing water discharge with a constant sediment concentration and fault growth by 
the Constant Length fault growth mechanism. Cross sections through the immediate footwall uplift 
of the three faults. Indicating erosion of the pre-rift material.  
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Figure 4.A8 Increasing sediment concentration with a constant water discharge coupled with the 
Constant Length fault growth mechanism. Cross sections through the immediate hanging wall 
depocentres for each fault. 
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Figure 4.A9. Cross section up-dip of the fault array, highly vertically exaggerated, indicating 
deposition and flow position in this part of the model involving the Constant Length fault growth and 
an increasing sediment concentration and a constant water discharge. 
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Figure 4.A10. Cross sections through the hanging wall of the three faults at 3.3 Myr, post 

breaching for model Cons_8a. The Isopach map shows the deposition and erosion associated with 

this time period when the fault is fully breached. Note persistence of transverse flow at what was 

the uplift maximum of fault 1. 
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Appendix B.  

Conference abstracts submitted 

Abstract submitted to Atlantic Ireland Conference 2017 

Testing the ability of forward stratigraphic modelling to replicate tectono-sedimentary 

interactions in rift basins 

Tectonics plays a key role in controlling regional and local surface gradients, drainage patterns, 

sediment entry points, depocentre locations and across-rift asymmetry. Modern rift basins, ancient 

examples and both physical and numerical models have all contributed to understanding the interplay 

between tectonics, climate and sedimentation. Forward stratigraphic modelling is also increasingly 

used to assess the depositional response to variable subsidence, sediment supply and base level and 

can potentially help predict lithology where this is poorly constrained in the subsurface. However, it 

is important to verify that the forward models can replicate the behaviour of natural systems.  One 

way to do this is to test the extent to which numerical simulations can reproduce the stratigraphy 

generated in scaled physical experiments where all the inputs are known. Many of the experiments in 

subsiding tanks have focussed on changing base level combined with subsidence in the form of simple 

hinging, but Kim et al. (2010) introduced a pair of faults separated by a relay zone and showed that 

local fault-related uplift and subsidence could steer channels and divert them via a relay into rapidly 

subsiding hanging wall depocentre. They showed that the ratio of the timescale needed for tectonic 

tilting to produce a lateral slope comparable to the main fluvial slope and the timescale required for 

channels to visit a significant fraction of the basin surface determined whether or not channels were 

steered. 

A set of numerical simulations using SEDSIM were run duplicating the experimental setup, the 

input sediment flux and the location, rates and pattern of subsidence, the latter including both a 

regional tilt and superimposed fault-related uplift and subsidence. Initially, channels in both the 

physical and forward models were not steered and were free to sweep across the surface. After 

approximately 15 hours, channels in both models trenched across the footwall uplift entering the 

developing hanging-wall depocentre transversely, creating a fan. Continuing footwall uplift then 

steered the channels around the uplift and fault tip, but initially the ramp slope was insufficient to 

steer channels in a dominantly lateral pattern back into the hanging-wall depocentre. After 75 hours, 

the lateral ramp slope became steep enough, and axial deltas extended into the footwall basin. The 

two models show very similar behaviour in terms of channel development and overall timing, and 

slicing of the stratigraphy shows both models generate comparable geometries with two coarse 
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grained hanging-wall sand bodies. It appears the SEDSIM model captures many of the key aspects of 

the physical model. 

 

 

Abstract submitted to BSRG conference 2018 

Testing the ability of forward stratigraphic modelling to replicate tectono-sedimentary 

interactions in rift basins 

Tectonics plays a key role in controlling regional and local surface gradients, drainage patterns, 

sediment entry points, depocentre locations and across-rift asymmetry. Modern rift basins, ancient 

examples and both physical and numerical models have all contributed to understanding the interplay 

between tectonics, climate and sedimentation. Forward stratigraphic modelling is also increasingly 

used to assess the depositional response to variable subsidence, sediment supply and base level and 

can potentially help predict lithology where this is poorly constrained in the subsurface. However, it 

is important to verify that the forward models can replicate the behaviour of natural systems.  One 

way to do this is to test the extent to which numerical simulations can reproduce the stratigraphy 

generated in scaled physical experiments where all the inputs are known. Many of the experiments in 

subsiding tanks have focussed on changing base level combined with subsidence in the form of simple 

hinging, but Kim et al. (2010) and Straub et al. (2014) introduced a pair of faults separated by a relay 

zone and showed that local fault-related uplift and subsidence could steer channels and divert them 

via a relay into a rapidly subsiding hanging wall depocentre. They showed that the ratio of the 

timescale needed for tectonic tilting to produce a lateral slope comparable to the main fluvial slope 

and the timescale required for channels to visit a significant fraction of the basin surface determined 

whether or not channels were steered. This was termed the timescale ratio. 

A set of numerical simulations were run duplicating the experimental setup, the input sediment 

flux and the location, rates and pattern of subsidence, the latter including both a regional tilt and 

superimposed fault-related uplift and subsidence. The forward stratigraphic models recreate the 

variable timescale ratio explored in the empirical models. The channel mobility is decreased by 

changing the sediment and water discharge at prescribed time intervals during the model run. As a 

result the timescale ratio is increased which results in a greater influence of the tectonic steering and 

an increase in the duration of cyclicity noted in the experimental models. The cyclicity consists of cross 

system channel steering around the fault tip alternating with periods of footwall trenching and 

transverse supply to the hanging wall. This pattern is replicated in the forward stratigraphic models 

increasing from 27 hrs to 34 hrs to 71 hrs matching the cycle durations in the physical model. This 
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increased cycle interval time has implications for the stratigraphy in the hanging wall depocentre. 

Trenching across the uplifted footwall delivers coarse sediment transversely, creating a fan. When the 

channel is steered away and around the uplifting footwall, finer sediment is deposited into the 

deepest part of the depocentre as a prodelta with coarse sediment close to the fault tip where an axial 

delta forms. Slicing of the stratigraphy shows both models generate comparable geometries with 

coarse grained hanging-wall sand bodies separated by fine grained packages. It appears the forward 

stratigraphic models capture many of the key aspects of the physical model. 

 

Abstract submitted to SEPM conference 2020 

Tectonics plays a key role in controlling both regional and local surface gradients and hence 

drainage patterns, sediment entry points and depocentre locations in rift basins. Studies in modern 

rift basins, ancient examples and both physical and numerical modelling can all contribute to better 

understanding the complex interplay between tectonics, climate and sediment supply. The current 

study employs forward stratigraphic modelling to investigate how details of the fault system evolution 

and intrabasinal relay development can impact hanging wall sediment accumulation and stratigraphy. 

It has been carried out using Sedsim (Stratamod) which uses a hydrodynamic approach to model 

sediment dispersal based on an approximation of the Navier-Stokes equations (Griffiths et. al, 2004). 

The ability of the numerical modelling to replicate syn-rift stratigraphy has been tested by generating 

models for published small scale physical experimental models that demonstrated how local fault-

related uplift and subsidence can steer channels into a rapidly subsiding hanging wall depocenter. The 

numerical models successfully replicated emergent behaviour in terms of autogenic cycles reflecting 

switching between across fault and axial input despite constant tectonic displacement and sediment 

supply. 

Intrabasinal transfer zones (relays) have been proposed as likely entry points for larger hinterland 

supply systems that feed expanded transfer fan systems in the basin. However, relays can arise in 

different ways dependant on how faults grow. Two contrasting models have been proposed for the 

development of large faults by growth and linkage of fault segments. The Isolated Growth Model 

envisages the segments of a fault array initiate as a series of isolated faults. As extension proceeds, 

the faults systematically increase in both maximum displacement and length until they interact and 

form relay zones, ultimately becoming connected to form a larger fault. An alternative model 

recognises that fault length is established rapidly (the Constant Length model) so relay zones between 

fault segments form under low strains; subsequent fault growth is then achieved by an increase in 

fault displacement with minimal change in fault length (Walsh et. al, 2002). 
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Numerical models of the different fault growth models have been generated incorporating 

displacement gradients and uplift and subsidence patterns seen in natural examples. All other inputs 

(sediment flux, base level) are held constant. Relays that form in the Isolated Growth Model can act 

as sediment conduits prior to breaching and feed local, poorly connected hanging-wall depocentres. 

However, although both Isolated and Constant Length Models converge once full breached, the 

early history of the latter involves more distributed transverse input and significant footwall erosion; 

relays are less important sediment entry points. The uplift and subsidence fields around the faults 

also impact the trapping efficiency of the depocentres, with more accommodation and better 

communication between depocentres in the Constant Length model. The implication is the fault 

growth model, and extent to which earlier structures are reactivated, can have an important impact 

on the early syn-rift basin fill.
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